
 
 
 
 
 
 
 

Dresden Integrated Center for Applied Physics and Photonic Materials (IAPP)  
Institut für Angewandte Physik  

Fachrichtung Physik 
Fakultät Mathematik und Naturwissenschaften 

 
 
 

Photon Generation and Dissipation in 
Organic Light-Emitting Diodes 

 
 
 
 
 

Dissertation 
zur Erlangung des akademischen Grades  

Doctor rerum naturalium 
(Dr.rer.nat) 

 
 

vorgelegt von  
Yungui Li 

geboren am 19.05.1990 in Hunan, P. R. China 
 
 
 
 

Dresden 2019 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1. Prof. Dr. Sebastian Reineke 
2. Prof. Dr. Karl Leo 
3. Prof. Dr. Guoli Tu  

 
Eingereicht am 02.05.2019 
 
Verteidigt am 09.07.2019 



I 
 

Abstract 

By using phosphorescent and thermally activated delayed fluorescence emitters, 
the internal quantum efficiency of organic light-emitting diodes (OLEDs) can now 
reach 100%. However, a major fraction of generated photons is trapped inside the 
device, because of the intrinsic multi-layer device structure and the mismatch of 
refractive indices. This thesis comprises different approaches for the efficiency 
enhancement of planar OLEDs. In particular, outcoupling strategies to extract trapped 
photons to obtain highly efficient OLEDs are investigated. 

The thin metal electrode MoO3/Au/Ag has been used as an alternative electrode for 
bottom emitting OLEDs. In this thesis, the optical effect of the MoO3 layer has been 
thoroughly investigated. It is shown that the MoO3 layer can suppress the non-radiative 
surface plasmon polariton (SPP) modes at the interface between glass substrate and 
gold. Meanwhile, the reflectance and transmission of the electrode can be tuned by the 
thin MoO3 layer, which can further modulate the cavity resonance of OLEDs. In 
presence of MoO3 layer, white OLEDs based on Au/Ag electrode possess much higher 
efficiency (1.9 times) compared to the reference without MoO3 layer, while similar 
electrical performance and better angular emission characteristics have been obtained. 

Further, controllable nanostructures with directional randomness and dimensional 
order have been fabricated using reactive ion etching (RIE) on poly(dimethylsiloxane) 
(PDMS). It is possible to manipulate the size of these quasi-periodic nanostructures, by 
tuning the pretreatment condition of PDMS and the RIE recipe. An optical model is 
built to numerically simulate the optical effect of the nanostructure for white tandem 
OLEDs by simplifying the nanostructure into sinusoidal nanotextures. Considering the 
anisotropy factor, dipole positions on the corrugated surface, and the periodicity and 
depth of sinusoidal structures, the enhancement factor of white OLEDs can be 
simulated. Experimentally, the external quantum efficiency of an optimized white 
OLEDs can be enhanced by a factor of ~1.5, together with better angular color stability 
and homogeneous radiance distribution. The experimental result also demonstrate the 
rationality of the simulation model developed in this thesis, which can be applied for 
other new optoelectronic devices. 
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Kurzdarstellung 

Durch den Einsatz von phosphoreszierenden und thermisch aktivierten verzögerten 
Fluoreszenzemittern kann die interne Quanteneffizienz von organischen Leuchtdioden 
(OLEDs) 100% erreichen. Aufgrund der intrinsischen Struktur der mehrschichtigen 
OLED und interner Totalreflexion bleibt jedoch ein großer Teil der erzeugten Photonen 
im Inneren der Struktur eingeschlossen. Diese Arbeit beinhaltet verschiedene Ansätze 
zur Effizienzsteigerung von planaren OLEDs. Insbesondere werden 
Auskoppelsstrategien untersucht, um eingeschlossene Photonen zu extrahieren und 
hocheffiziente OLEDs zu erhalten. 

Eine dünne Metallelektrode bestehend aus MoO3/Au/Ag wurde als alternative 
Elektrode für die OLED verwendet. In dieser Arbeit wurde der optische Effekt der 
MoO3-Schicht ausführlich untersucht. Es zeigt sich, dass die MoO3-Schicht die nicht 
strahlenden Oberflächenplasmon-Polariton-Moden an der Grenzfläche zwischen 
Glassubstrat und Gold unterdrücken kann. Unterdessen können Reflexion und 
Transmission der Elektrode durch die dünne MoO3 -Schicht gezielt eingestellt werden, 
um die Resonanz von OLEDs zu modulieren. In Gegenwart einer MoO3-Schicht 
besitzen weiße OLEDs auf der Basis einer Au/Ag-Elektrode im Vergleich zur Referenz 
ohne MoO3-Schicht eine viel höhere Effizienz (1,9-fach), während eine ähnliche 
elektrische Leistung und bessere winkelabhängige Abstrahlcharakteristik erzielt 
wurden. 

Ferner wurden mittels reaktiven Ionenätzen (RIE) skalierbare Nanostrukturen mit 
zufälliger Ausrichtung und Dimensionierung auf Poly(dimethylsiloxan) (PDMS) 
hergestellt. Es ist möglich, die Größe dieser quasi-periodischen Nanostrukturen durch 
Einstellen der Vorbehandlungsbedingungen des PDMS und des RIE-Rezeptes zu 
beeinflussen. Ein optisches Modell dient zur numerischen Simulation des optischen 
Effekts der Nanostruktur für Weiße-Tandem-OLEDs, indem die Nanostruktur zu 
sinusförmigen Nanotexturen vereinfacht wird. In Anbetracht des Anisotropiefaktors, 
der Dipolpositionen auf der gewellten Oberfläche und der Periodizität und Tiefe kann 
die Effizienzsteigerung für weiße OLEDs simuliert werden. Experimentell kann die 
externe Quanteneffizienz von optimierten weißen OLEDs um einen Faktor ~ 1,5 erhöht 
werden, zusammen mit einer besseren Winkelfarbstabilität und einer homogenen 
Strahlungsverteilung. Das experimentelle Ergebnis zeigt auch die Leistungsfähigkeit 
des in dieser Arbeit aufgebauten Simulationsmodells, das für andere neue 
optoelektronische Bauelemente angewendet werden kann. 
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2. Yungui Li, Milan Kovačič, Jasper Westphalen, Steffen Oswald, Zaifei Ma, Christian 

Hänisch, Paul-Anton Will, Lihui Jiang, Manuela Junghaehnel, Reinhard Scholz, 
Simone Lenk, and Sebastian Reineke. Bridging Chaos and Order: Tailor-Made 
Nnostructures for Highly Efficient White Organic Light-Emitting Diodes. 
(submitted)  

 
3. Yungui Li, Qiang Wei, Liang Cao, Felix Fries, Matteo Cucchi, Zhongbin Wu, 

Reinhard Scholz, Simone Lenk, Brigitte Voit, Ziyi Ge, and Sebastian Reineke. 
Organic light-emitting diodes based on conjugation-induced thermally activated 
delayed fluorescence polymers: Interplay between intra- and intermolecular charge 
transfer states. (in preparation) 

 
4. Yungui Li, Lihui Jiang, Reinhard Scholz, Tian-yi Li, Max Gmelch, Felix Fries, Olaf 

Zeika, Simone Lenk, Karl Leo, and Sebastian Reineke. More Than Heavy Atom 
Effect: Achieving Ultralong Room-Temperature Phosphorescence by Suppressing 
the Intrinsic Non-radiative Loss. (in preparation) 

 
5. Yungui Li, Lihui Jiang, Shunqi Xu, Matteo Cucchi, Tian-Yi Li, Olaf Zeika, 

Reinhard Scholz, Simone Lenk, Xinliang Feng, Karl Leo, and Sebastian Reineke. 
Molecular Packing Enhanced Photoluminescence in Organic Films. (in preparation) 
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 Introduction 

Following the pioneering work by Tang and VanSlyke in 1987, organic light-
emitting diodes (OLEDs) have attracted much interest from both academic and industry 
communities.[1] After decades of development, the technology is now matured to a 
level for applications in fields of display and special lighting. Display screens with 
OLED technology are now used in mobile phones from industry giants such as Apple, 
Samsung and Huawei, because of the merit of light weight, wide viewing angle, high 
color saturation and efficient luminous efficacy, as well as the possibility of flexible 
display and manufacture by inject printing.[2] When decreasing the pixel size of 
OLEDs down to several micrometers, it is possible to use micro-OLED screens for the 
near-eye display.[3] Moreover, monochrome OLEDs have also been used as light 
sources for automobiles.[4] On the other hand, white OLEDs can be a promising 
candidate for solid state lighting application.  

Comparing to the existing light sources, such as incandescent bulbs, fluorescent 
tubes, or inorganic light-emitting diodes (LEDs), OLEDs possess the following 
advantages: 

1. Cost effective. OLEDs mainly consist of organic materials, which can be made 
by economic effective processing techniques, such as inject printing, spin-
coating and/or blade-coating.   

2. High color rendering index (CRI). By using various organic emitters with 
different emissive colors, it is possible to achieve a wide spectrum covering the 
entire visible wavelength range.  

3. Flexibility and light weight. When properly designed, OLEDs can be flexible 
and foldable with a very light weight and a thickness of several micrometers, 
showing the possibility for special applications and new design alternatives. 

4. Face light source with a wide viewing angle, giving a pleasant light perception 
for human beings.  

For both applications - display and lighting - the efficiency of OLEDs is one of the 
key factors, since it relates to power conversion from electricity to light. The internal 
quantum efficiency (IQE), which is defined as the yield of charge-to-photon conversion, 
has been reached unity (100%). However, only a small fraction of generated photons 
can escape the multilayer device structure of OLEDs. The external quantum efficiency 
(i.e. the yield of charges-to-emitting photons escaped to air zone, short as EQE) remains 
as low as 20 - 30% for a typical OLED, indicating that the majority of generated photons 
are trapped inside the device. The extraction for trapped photons is therefore important 
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for display and lighting applications. For display purposes at the specific luminance, 
the increase of outcoupled photons can extend the working time of the battery after one 
charge. On the other hand, reducing the energy loss for OLED light sources and 
improving the conversion of electrical charges into useful photons can directly decrease 
the energy consumption, which has great significance for energy saving and 
environment protection.  

The photon trapping in OLEDs is a well-known phenomenon. Great efforts have 
been made to understand the photon trapping mechanism, and therefore further to 
design strategies to increase the device efficiency via extracting trapped photons. 
Different optical models have been built to describe the photon trapping mechanism 
and now it is possible to simulate the optical performance for a planar device by 
commercial software. Various strategies involving micro/nano structures have been 
introduced to reduce the photon trapping. However, new strategies generate micro/nano 
structures without photolithography processes may be needed, since the fabrication 
routine of micro/nano structures can also make substantial effect on the device 
fabrication process and also the device reliability. Hence, the enhancement of EQE is 
not enough from a practical point of view. The fabrication and implantation process, 
the device lifetime, should be taken into account when evaluating outcoupling strategies. 
On the other hand, in a scientific point of view, there is lack of physical model to 
numerically simulate the photon outcoupling from nanostructures with periodicity and 
depth distributions, which is potentially helpful for white OLEDs and new 
optoelectrical devices such as perovskite LEDs. 

The work of this thesis is mainly focusing on photon generation and dissipation of 
OLEDs. Especially loss channels in OLEDs, like surface plasmon polariton and 
waveguide modes, but also the development of new techniques for outcoupling 
structures and optical modelling, are of interest. Furthermore, triplet harvesting for 
thermally activated delayed fluorescence (TADF) emitter is addressed based on a 
polymer emitter. Together with the introduction and an appendix chapter of TADF, the 
thesis consist of 8 chapters in total.  

This introduction chapter is followed by chapter 2 to introduce the basic theory of 
organic semiconductors, including the fundamental properties of organic molecules, 
including molecular orbitals, photophysical, electrical and thermal properties. To be 
more specific, photophysical properties such as absorption, refractive index, 
photoluminescence quantum yield (PLQY), conventional fluorescent emission, 
phosphorescent emission, TADF, biluminescence and room temperature 
phosphorescence are introduced. Intermolecular energy transfer mechanisms for 
organic emitters, charge transport and molecular doping is briefly introduced. In the 
end, the relation between the thermal properties and the chemical structures is discussed.  
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Chapter 3 focuses on the previous investigation on OLEDs. Firstly, the device 
working principle, representative device configurations and performance 
characteristics are introduced. This is followed by the introduction of monochrome and 
white OLEDs, physical processes of photon generation from injected charges, photon 
dissipation and trapping modes in OLEDs. After the summary of photon trapping 
mechanism in OLEDs, existing outcoupling strategies are summarized and compared. 
In the last section of chapter 3, the general methods to fabricate micro/nano structures 
for outcoupling purposes in OLEDs are introduced. 

The experimental details are presented in Chapter 4, including the chemical 
structure of materials used in this thesis, sample preparation, device characterization 
and physical property measurements.  

Chapter 5 summarizes results about optical effects of molybdenum trioxide (MoO3) 
for OLEDs. It is noted that a thin MoO3 layer has a vital influence on the device 
performance by introducing a synergistic effect of suppressing surface plasmon 
polariton (SPP) modes and decreasing the destructive resonance. The conclusion is 
drawn based on experimental results of device performance, physical property 
investigation of the thin film and optical simulations.  

Chapter 6 describes the investigation on the fabrication of controllable quasi-
periodic nanostructures and their application for extracting trapped photon in bottom 
white OLEDs. Firstly, the general information of these nanostructures is introduced, 
followed by a systematic research on the dimensional control and mechanism 
investigation. An optical model is built to numerically simulate the enhancement factor 
for OLEDs based on these structures. Finally, the device performance based on these 
nanostructures is presented and analyzed.   

The major results of this thesis are summarized in Chapter 7, where outlook of this 
thesis is also presented there. The investigation on the interaction between host 
materials and a thermally activated delayed fluorescence polymer is presented as an 
appendix chapter after Chapter 7.  
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 Basics of organic semiconductors 

The following chapter discusses the fundamental properties of organic 
semiconductors, including the basic knowledge about molecular orbitals, optical, 
electrical and thermal properties. Optical properties of organic emitters including 
absorption, refractive index, photoluminescence quantum yield, the difference of 
conventional fluorescent emitter, phosphorescent emitter and thermally activated 
delayed fluorescent emitter and biluminescence from purely organic emitters are briefly 
introduced. This is followed by the introduction of intermolecular energy transfer 
mechanisms between organic emitters, charge carrier transport in organic 
semiconductors and thermal properties of organic materials. 

 
Organic semiconductors possess unique and fascinating properties compared to 

inorganic semiconductors with main components of carbon, hydrogen and oxygen 
atoms. By means of versatile molecular design, they can be processed by approaches 
of spin-coating, blade-coating or thermal deposition. The basic units of an organic 
semiconductor are organic molecules bound by van der Waals forces. As the binding 
force is weaker compared to covalent or ion bonds in inorganic semiconductors, 
properties of organic semiconductors are primarily determined by the intrinsic optical, 
chemical and electrical properties of the single organic molecule. The fundamental 
knowledge about organic molecules then is of vital importance for further 
understanding physical phenomenon related to OLEDs.  

2.1 Molecular orbitals  

The organic molecules are formed by connection of atoms such as carbon, 
hydrogen and oxygen with different kinds of bond. The σ bond is very strong with a 
high binding energy, with two atoms sharing s orbital from each other, as shown in 
Figure 2.1. Carbon atom possesses six electrons in an electron configuration of 
1s22s22p2, where the four electrons located in 2s and 2p orbitals are loosely bound to 
the nuclei. For a benzene molecule, strong σ bonds are formed between carbon-carbon 
and carbon-hydrogen atoms. The σ bonds formed between two carbon atoms by sharing 
sp2 orbitals while the other σ bond between carbon and hydrogen atoms are resulting 
from sharing s orbitals of hydrogen atoms and sp2 orbitals of carbon atoms. The parallel 
pz orbitals are overlapping, perpendicular to the ring, forming an extended π system. 
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The electrons can flow through the extended π system, giving the possibility of 
electrical conductivity in organic semiconductors.  

According to the theory of frontier orbitals of the molecule, orbitals of benzene 
with lower energy levels are occupied by electrons while orbitals with higher energy 
levels are empty, leading to the generation of an energy gap.[5] The most important 
states of an organic compound are the highest occupied molecule orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO).[6] According to Koopmans’ theorem, 
which ignores the reorganization energy of the molecule, the HOMO level of a 
molecule is equal to its ionization potential Ip and the LUMO level corresponds to the 
electron affinity Ea.[7] The energetic difference between the HOMO and LUMO 
defines the energy gap Eg for an organic molecule. It reads as:  

𝐸g = 𝐸LUMO − 𝐸HOMO  (2.1) 

The energy gap, one of the most important parameters for organic molecules, 
influences the electrical and optical properties of an organic molecule. Fortunately, the 
energy gap of organic molecules can be manipulated by incorporation of various atoms 
and fragments such as nitride, oxygen, sulfur, and numbers of aromatic rings with 
different electron withdrawing/donating abilities. The mature chemical synthesis 
technique allows a significant design freedom for organic molecules with energy gaps 
ranging from the ultraviolet to infrared region, giving the possibilities to obtain 
molecules which are suitable for different purposes, such as injection and transport 
materials in functional devices, emitters in OLEDs, absorbers in organic solar cells. 

Figure 2.1. Schematics of orbitals, bonds and energy level relation for hydrogen and benzene molecules. (a) The 
formation of σ bonds in hydrogen molecule by sharing s orbitals from two hydrogen atoms. (b) The chemical 
structure, bonds and energy levels of a benzene molecule, representing the basic relation of different energy levels 
for organic molecules. Reproduced from reference [7]. 
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2.2 Optical properties 

Since organic molecules in film states are bounded by weak van-der-Waals forces, 
without considering the effect from solvent molecules in solutions or aggregation in 
films, the optical properties including the absorption and emission behavior are similar 
to the single molecule in vacuum. The most important energy transitions following 
photon excitation of an organic molecule, are schematically depicted by the Jablonski 
diagram in Figure 2.2, including the absorption, internal conversion (IC), intersystem 
crossing (ISC), non-radiative relaxations, fluorescence and phosphorescence radiation.  

The general discussion in the following sections is done without consideration of 
external environmental factors. However, it should be noted that for most organic 
emitters, the change of external conditions such as solvent polarity and viscosity, 
packing states in films and temperature can have considerable effects on the optical 
properties, such as the absorption and/or emission behavior. [8,9] 

Figure 2.2. Jablonski diagram for a typical organic molecule, representing the most important energy transitions in 
an organic molecule: absorption, internal conversion, fluorescence, phosphorescence, non-radiative relaxations and 
intersystem crossing. The geometry coordinate indicates the subtle configuration change of the molecule. The 
straight solid arrows indicate radiative deactivation while the dashed lines represent non-radiative relaxations. When 
the single-triplet splitting ΔEST is small enough, the reverse intersystem crossing from T1 to S1 can also happen by 
harvesting the environmental thermal energy. The intersystem crossing can happen between singlet state S1 to triplet 
states Tn with lower energy level compared to S1. Reproduced from reference [10]. 



 Optical properties  

8 
 

2.2.1 Absorption 

Upon absorption of light with energy higher than the energy gap ΔE, the molecule 
is excited from the ground state to a higher singlet state as an exciton with bound 
electron-hole pair. The energy of excitation photons determines which excited singlet 
states can be achieved. The molecule can also be excited to a higher energy level Sn by 
photon excitation. If the molecule is excited to the S2 state, the molecule can lose energy 
to the S1 state by the internal conversion (IC) and vibration relaxation in the time-scale 
of picosecond region.[10] Absorption can also take place from triplet state T1 to a higher 
triplet level T2. However, the molecule has to be in T1 state beforehand. Thus, the 
absorption from ground state directly to the triplet state T1 or T2 is forbidden.  

The Lambert-Beer law describes the absorption A of the light at a single 
wavelength by an isotropic and homogeneous medium under low concentration:[11] 

𝐴 = log (
𝐼0

𝐼
) = 𝜀𝑑𝑐  (2.2) 

where I0 is the intensity of the incident light beam, I is the light intensity through the 
medium with a thickness of d and extinction coefficient ε under the concentration of c. 
The extinction coefficient ε is a wavelength/frequency dependent parameter, which can 
be measured by means of UV-Vis absorption, determined by the intrinsic molecular 
chemical structure, solvent effects and/or packing states.[10] 

For each excited state, there are many vibrational states, where the excited 
molecule can relax to the corresponding lowest excited state by internal conversion and 
then give emission, resulting from the fact that for the majority of organic complexes, 
the relaxation from higher excited states to the lowest excited state is faster than the 
following radiative processes. The vibrational relaxation and internal conversion can 
lose energy, leading to a red-shift of emission peak compared to the lowest absorption 
peak. This phenomenon, named as Stokes-shift, widely exists among organic molecules. 
The other possible processes after photon absorption shown in Figure 2.2 will be 
discussed in details in the following sections.   

2.2.2 Refractive index  

The refractive index n of a material is a dimensionless number, describing how 
light propagates through the medium. It is defined as 

𝑛 =
𝑐

𝑣
(2.3) 
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where c is the speed of light in vacuum, v is the phase velocity of light in the medium.  
For a homogeneous medium, since the velocity of light in the medium is generally 

lower than the one in the vacuum, the refractive index can be regarded as the ability of 
decreasing the speed of light. According to Ewald–Oseen extinction theorem, the 
refraction can be further understood at the atomic scale, in a way that an 
electromagnetic wave's phase velocity is decreased in a medium because the electric 
field generates a disturbance towards the charges of atoms.[12] As the electromagnetic 
fields oscillate, the charges in the medium try to follow the electromagnetic field of the 
light. As a result, the charges radiate electromagnetic wave at the same frequency with 
a phase delay, since the charges may move out of phase. The light wave propagating in 
the medium is the sum of the original incident wave and the waves radiated by the entire 
moving charges of atoms.[12,13] 

The refractive index is about 1.5 for the typical conventional glass and it is 1.7-1.8 
for indium tin oxide (ITO) within the visible wavelength range. For organic materials, 
the refractive index is in range of 1.3-1.7 in the visible wavelength region.[14,15] Since 
most of organic materials consist of atoms like nitrogen, oxygen and carbon, the 
refractive index for most of homogeneous organic films is similar. However, the density 
and the microstructure of the organic films can influence the refractive index.[16] Even 
though the refractive index of organic materials makes a substantial influence on the 
light dissipation in the device, the design of materials with proper refractive indices for 
organic light-emitting diodes is challenging. The reason could be that electrical and 
optical properties should also be realized at the same time, when they are used as a 
functional material (see Section 3.1). It is possible to control the refractive index of to 
some extents, by means of using special components such as sulfur, phosphorus or 
halogen atoms and controlling the microstructure of the films.[17–22]  

2.2.3 Conventional fluorescent emitter 

After photon excitation, the organic molecule can deactivate through channels such 
as radiation, decomposition or thermal vibration, the quantum yield Φ is introduced to 
quantify the deactivation channels.[10] The differential definition for a certain 
deactivation process p reads:  

𝛷𝑝 =
d𝑛𝑝

d𝑛𝑎
 (2.4) 

where np represents the number of excited states that undergo the process p and na is 
the total number of absorbed photons by the medium. For the specific case of radiative 
deactivation in absence of an optical cavity, the photoluminescence quantum yield 
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(PLQY) represents the emissive property of a given luminophore, defined as the ratio 
between the total number of photons emitted and the total number of photons absorbed, 
which is one of the most important parameters of organic emitters.   

For a conventional fluorescent emitter, the competition between the rate of 
radiative deactivation and rates of non-radiative processes determines the PLQY: 

𝛷S =
𝑘r,S

𝑘r,S + 𝑘nr,S + 𝑘ISC
 (2.5) 

Here, 𝛷S denotes the PLQY of the conventional fluorescent emitter from singlet state 
to the ground state, kr,S denotes the radiative rate, knr,S is the non-radiative decay rate, 
kISC represents the intersystem crossing (ISC) rates.  

In general, these kinetic rates of a conventional fluorescent emitter is mainly 
determined by the intrinsic molecular structural and geometric configuration, which can 
be further modified by external surroundings including the solvent, packing modes in 
film state and temperature. The molecular rotation, vibration and stretching can 
contribute to the non-radiative losses, giving rise to a decrease of PLQY.[23]  

The lifetime τS of singlet states is determined as: 

𝜏S =
1

𝑘r,S + 𝑘nr,S + 𝑘ISC
 (2.6) 

Since the relaxation from singlet state to the ground state is spin-allowed, the rates kr,S 
and knr,S is high, giving the lifetime τS for conventional fluorescent organic emitters in 
the nanosecond regime.  

It is well-known that for the conventional fluorescent aromatic components, the 
rate of non-radiative relaxation knr,S is correlated to the energy gap Eg [10]: 

𝑘nr,S = 1013 ∙ 𝑒−4.5𝐸g  (2.7) 

Thus, the non-radiative loss is more significant for emitters with a smaller energy 
gap. As a reason of that, there is a general trend for organic dyes that the PLQY for red 
emitters is generally lower compared to blue emitters.  

In the early stage of OLEDs, the organic emitters are in general based on 
conventional fluorescent emitters, such as tris(8-hydroxyquinolinato)aluminium (Alq3), 
dicyanomethylene-4H-pyran (DCM) and 4-(dicyanomethylene)-2-tert-butyl-6-
(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran (DCJTB).[1,24] The conventional 
fluorescent emitters consisting of the aromatic fragments with a universal design 
freedom and high material stability in the device, are one of the most important kinds 
of material for OLEDs till today.[25] 
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Under photon excitation, the generation of triplets in conventional fluorescent 
emitters is via ISC as a non-radiative channel, as shown in Figure 2.2. However, the 
excitons formed in organic emitters by electrical excitation are statistically following 
the electron spin statistics, with the ratio of singlets to triplets as 1:3. Because the triplet 
state has a multiplicity of three, on average about 75% excitons are in forms of triplets 
under electrical excitation.[26] Since the relaxation from triplet states to the ground 
state for conventional organic emitters is spin-forbidden and non-radiative, the 
conventional fluorescent emitters give only a maximum of 25% internal quantum 
efficiency (IQE) in an electrical driven device, if no triplet harvesting strategy is applied. 
To solve the problem, phosphorescent emitter and thermally activated delayed 
fluorescent (TADF) emitter have been developed. The difference of conventional 
fluorescent emitter, phosphorescent emitter and TADF emitter under electrical 
excitation is schematically presented in Figure 2.3. The detailed mechanism for 
phosphorescent and TADF emitters are discussed in the following sections.  

2.2.4 Phosphorescent emitter 

Phosphorescent emission are theoretically resulting from the radiative relaxation 
from triplets to the ground state, as shown in Figure 2.2. In such a scenario, the PLQY 
ΦT for phosphorescence emission can then be defined as: 

𝛷T =
𝛷ISC ∗ 𝑘r,T

𝑘r,T + 𝑘nr,T
 (2.8) 

Figure 2.3. Emitting mechanism for different emitters in OLEDs under electrical excitation. Conventional 
fluorescent emitters without triplet harvesting gives only 25% IQE; phosphorescent emitters with triplet emission 
resulting from heavy atom effect and thermally activated delayed fluorescent emitters with small singlet-triplet 
splitting to harvest triplets to singlets via RISC by thermal energy. Reproduced from reference [38]. 
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where ΦISC is the quantum yield for ISC, kr, T is the radiative rate of triplet emission and 
knr, T is the non-radiative rate of triplets. The quantum yield ΦISC can be written as: 

𝛷ISC =
𝑘ISC

𝑘r,S + 𝑘nr,S + 𝑘ISC
 (2.9) 

where the kISC is the ISC rate from the singlet state to triplets.  
For an organic emitter under photon excitation, the rate kISC,m from S1 to Tm state is 

dependent on the spin-orbital operator:[27,28] 

𝑘ISC,m =
2𝜋

ℏ
⟨Ψ1

1(0)|ℋSO|Ψm
3(0)

⟩
2

× 𝑓  (2.10) 

where the Ψm
3(0) is the electronic wavefunction of the zeroth vibrational level of an m 

order triplet state (Tm), f is the Frank-Condon-weighted density for S1 to Tm state non-
radiative transition, while the spin-orbit Hamiltonian ℋSO can be written as: [27,28] 

ℋSO = 𝛼F
2 ∑ ∑

𝑍𝜇

𝑟𝑖𝜇
3

𝑛

𝑖

𝑁

𝜇

𝐿𝑖
⃗⃗  ⃗ ∙ 𝑆𝑖

⃗⃗⃗   (2.11) 

where αF denotes the fine-structure constant; Z represents the effective nuclear charge 
at nucleus µ; S and L are the spin and orbital angular momenta of electron i, respectively.  

According to Equation 2.11, the rate kISC and further ΦISC can be enhanced 
significantly when the atomic number and the proximity of atoms is increased. By using 
atoms with the large atomic weight, the spin-orbit coupling is strongly enhanced. For 
organometallic complexes with heavy metal components like platinum, iridium, 
osmium, or palladium as the molecule core, the rate of intersystem crossing is so 
significant that singlets can fully converted to triplets, followed by phosphorescence 
emission with the decay lifetime of τT.[29] Similar to the lifetime of singlets, the 
lifetime τT can be written as: 

𝜏T =
1

𝑘r,T + 𝑘nr,T
 (2.12) 

where the knr,T is the non-radiative rate of triplets.  
Even though the selection rule for the previously spin-forbidden triplet emission is 

weakened with the heavy metallic atoms as the core of organometallic complexes, 
[28,30] the lifetime of triplets, in general, is still orders longer than the lifetime of 
singlets.[31] The first report on phosphorescent emitter for OLEDs was in 1998 by S. 
Forrest et al., namely, 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum(II) 
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(PtOEP), with the triplet lifetime τT ~ 40 μs and phosphorescence quantum yield ΦT ~ 
50%.[29] After this breakthrough, great efforts have been dedicated to achieve 
phosphorescent emitters with high PLQY and different emissive colors in the entire 
visible range.[32] The development of phosphorescent materials makes it possible to 
obtain 100% IQE for OLEDs under electrical excitation. However, the intrinsic long-
lived character of triplets leads to bimolecular processes in the device, giving rise to the 
efficiency roll-off under high current density, which will be explained in Section 3.2.6. 
As a consequence of that, the material design of phosphorescent emitters to obtain 
shorter triplet lifetime is very important for the entire field.[31]  

2.2.5 Thermally activated delayed fluorescent emitter 

The utilization of heavy metallic atoms in phosphorescent emitters brings the 
drawbacks of toxicity and high cost. Apart from phosphorescence emission, another 
possible way to harvest triplet excitons is converting triplets to singlets by finely 
matching the triplet state and singlet state with a small singlet-triplet splitting ΔEST, as 
shown in Figure 2.2. The reverse intersystem crossing (RISC) from triplet states to 
singlet states can be realized by harvesting the environmental thermal energy, known 
as thermally activated delayed fluorescent (TADF) emitter.  

The rate of RISC in TADF emitters is dependent on the ambient temperature T and 
the singlet-triplet splitting ΔEST:[33]  

𝑘RISC = 𝑘ISC ∙ exp (−
∆𝐸ST

𝑘B𝑇
)  (2.13) 

where kB is the Boltzmann constant. 
Fullerene and porphyrin derivatives are known to demonstrate TADF behavior but 

with very low PLQY.[34,35] In 2011, the first purely organic, reliable TADF emitter 2-
biphenyl-4,6-bis(12-phenylindolo[2,3-a] carbazole-11-yl)-1,3,5-triazine (PIC-TRZ) 
was reported by Adachi et al., with a moderate PLQY of 39% and only 32% triplet 
utilization efficiency in the device.[36] Later in 2012, the same group reported purely 
organic TADF emitters with almost 100% triplet harvesting efficiency.[33] The key 
point of the TADF molecular design is the combination of a small ΔEST with a 
reasonable radiative decay rate to overcome the competitive non-radiative decay 
channels. Because the need of a small ΔEST and a reasonable radiative decay rate 
conflicts with each other, the overlap and the spatial separation of the HOMO and 
LUMO level needs to be carefully balanced.[37]  

According to Equation (2.13), the RISC rate for TADF emitters is exponentially 
dependent on ΔEST and linear with the kISC. However, in general, both kISC and kRISC is 
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slower than the prompt fluorescence emission kPF (109 s-1 range) from singlets, giving 
the harvested triplets to the singlet as a delayed fluorescence with a longer lifetime in 
the range of several microseconds to milliseconds. The exact value of kISC and kRISC is 
dependent on the intrinsic chemical structures, molecular configuration and also the 
external environments.[38] After the first report of TADF emitters with high PLQY, 
intensive investigations have been made to obtain purely organic TADF emitters for 
different emissive colors.[38,39] 

2.2.6 Biluminescence and room-temperature phosphorescence 

Biluminescence, or dual emission, is the ability of a molecule to undergo radiative 
relaxation from singlet and triplet states. Some of organometallic complexes with heavy 
atoms, such as copper and osmium, show the dual emission behavior. In these emitters, 
the intersystem crossing and the spin-coupling effect is not effective enough to achieve 
the purely phosphorescent emission, leading to the emission from both singlet and 
triplet states. [40–42]  

According to Equation (2.10) and (2.11), for purely organic materials, the rate of 
ISC can be facilitated with the presence of heavy atoms such as bromine and iodine. 
Other chemical strategies including resonance-activated spin-flipping, integrating 
aromatic carbonyl or/and heterocycle/heteroatom have also been applied to enhance the 
generation of triplets.[43–47]  

The triplets can be quenched by oxygen and/or collisions from solvent molecules. 
It is therefore difficult to observe phosphorescence emission at room temperature, in 
solutions or amorphous films with the presence of oxygen.[48,49] The lifetime of 
triplets τT for room-temperature phosphoresce emitters is dependent on the quenching 
rate kq, T: 

𝜏T =
1

𝑘r,T + 𝑘nr,T + 𝑘q,T
 (2.14) 

To achieve phosphorescent emission from purely organic materials, the exclusion 
of quenching channels is needed. The general way to measure the phosphorescent 
spectrum is cooling down the emitter (e.g. in liquid nitrogen) to reduce the non-radiative 
relaxation and protecting the triplets from oxygen at the same time. However, to achieve 
phosphorescent emission at room temperature from purely organic emitters, reducing 
the non-radiative losses of triplets in forms of molecular vibrations and rotations is of 
vital importance. When the intramolecular motion and the intermolecular collision are 
effectively suppressed, in cases when the emitter is mechanically fixed in a host matrix 
or packed in a crystal, phosphorescence emission at room temperature can be 
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realized.[50] Compared to the fast decay of fluorescent emission in nanoseconds region, 
the phosphorescence emission at room temperature from purely organic materials can 
extend to milliseconds or even minutes region, holding promising potential for sensors 
and data-safety applications.[50–53]  

2.3 Intermolecular energy transfer 

Highly efficient, multi-component luminescent systems are generally based on 
different energy transfer mechanisms from the donor molecule D to the acceptor 
molecule A. In the following discussion, their multiplicities are denoted with subscripts, 
i.e. 1 or 3 for the singlet and triplet. Asterisks represent excited states. The possible 
energy transfer mechanisms are summarized in Figure 2.4, including reabsorption, 
Förster resonance energy transfer (FRET) and Dexter energy transfer.  

2.3.1 Reabsorption 

The simplest energy transfer can happen through a two-step process, involving the 
emission from the donor D and the absorption of a photon having a frequency ν by the 
acceptor A:  

𝐷∗ → 𝐷 + ℎ𝜈  (2.15) 

𝐴 + ℎ𝜈 → 𝐴∗  (2.16) 

Figure 2.4. The possible energy transfer mechanisms for organic molecules. The donor is marked in blue, while the 
acceptor is red. (a) Reabsorption. The photon radiated from the donor molecule is absorbed by the acceptor; (b) FRET; 
The single-side arrow indicates the spin direction of the electron. The FRET happens in forms of non-radiative dipole-
dipole interaction without exchange of the electron. The spin is conserved after the process. (c) Dexter energy transfer, 
where the electron of the donor molecule is exchanged with the electron of the acceptor molecule in the ground state. 
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This energy transfer process is referred as reabsorption with a radiative and an 
absorption process. Because these two steps are completely separated and solely depend 
on the emission property of the donor and the absorption property of the acceptor, the 
process of FRET is not involving the spin of excitons. Since the acceptor can capture 
only small fraction of emitted photons in the device level, giving a quite low energy 
transfer efficiency, energy transfer in a form of reabsorption in OLEDs plays a minor 
role. Nevertheless, there are demonstrations in which utilizing the reabsorption process 
to make white emitting devices with the acceptor molecules as an external down-
conversion layer.[54,55] 

Non-radiative energy transfer processes are of vital importance in OLEDs, which 
in general can be divided into two distinctive transfer mechanisms, named as 
Förster and Dexter energy transfer, ascribing to Coulomb and exchange interaction, 
respectively. The following sections will give a detailed discussion for each mechanism.  

2.3.2 Förster resonance energy transfer 

The FRET happens in a form of dipole-dipole interaction between the donor 
molecule and the acceptor. The spectral overlap between the emission spectrum of the 
donor and the absorption of the acceptor is needed, which can be quantified in the 
spectral overlap integral J:  

𝐽 = ∫ 𝐼�̅�(𝜈)
∞

0

𝜀�̅�(𝜈)

𝜈4
𝑑𝜈  (2.17) 

where 𝐼�̅� and 𝜀�̅� indicate normalized intensities with respect to the integrated band 
for the donor and the acceptor molecule, dependent on the frequency . As shown in 
Figure 2.4b, the FRET happens via dipole-dipole interaction through space. The radius 
(R0) for this process is given by:[10] 

𝑅0 = √
9000𝑐4𝑙𝑛10𝜅2𝛷D𝐽

128𝜋5𝑛4𝑁A

6

 (2.18) 

where c is the velocity of the light, κ is the orientation factor, n is the refractive index 
of the medium, NA is the Avogadro constant, 𝛷D is the PLQY of the donor molecule. 

The FRET can efficiently happen in a distance up to 10 nm, which is much larger 
than the size of small molecules. The transfer efficiency EF is determined by the 
molecular distance r between the donor and acceptor molecules: 
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𝐸F =
1

1 + (
𝑟

𝑅0
)

6  (2.19) 

As shown in Figure 2.4, the total spin of each molecule is conserved after the 
energy transfer, leading to the following allowed energy transfer interactions: 

𝐷1
∗ + 𝐴1 → 𝐷1 + 𝐴1

∗  (2.20) 

𝐷1
∗ + 𝐴3 → 𝐷1 + 𝐴3

∗  (2.21) 

It should be noted that a transfer from a triplet to a singlet state, i.e. 

𝐷3
∗ + 𝐴1 → 𝐷1 + 𝐴3

∗  (2.22) 

is forbidden, since it involves two simultaneous intersystem crossing steps. However, 
if a phosphorescent donor is used, the following transfers are possible because of the 
spin-orbit coupling and the intrinsic longer lifetime of triplet states of phosphorescent 
emitters: 

𝐷3
∗ + 𝐴1 → 𝐷1 + 𝐴1

∗  (2.23) 

𝐷3
∗ + 𝐴3 → 𝐷1 + 𝐴3

∗  (2.24) 

2.3.3 Dexter energy transfer 

In contrast, Dexter energy transfer is an energy transfer process involving the 
electron exchange between two neighboring molecules, which requires an orbital 
overlap between the donor and the acceptor molecules, as shown in Figure 2.4.  

Dexter energy transfer obeys the Wigner–Witmer spin conservation rules, requiring 
the total spin of the spin configuration to be conserved during the transfer.[56] The 
following energy transfer reactions are allowed: 

𝐷1
∗ + 𝐴1 → 𝐷1 + 𝐴1

∗  (2.25) 

𝐷3
∗ + 𝐴1 → 𝐷1 + 𝐴3

∗  (2.26) 

𝐷3
∗ + 𝐴3

∗ → 𝐷1 + 𝐴1,3,5
∗  (2.27) 

Since the singlet-singlet dipole interaction is a very efficient via FRET, it is rarely 
observed in a way of Dexter energy transfer (Equation (2.25)). The triplet energy 
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transfer from a triplet donor (either conventional fluorescent emitter, phosphorescent 
emitter or TADF emitter) to another acceptor in the ground state is allowed within the 
framework of Dexter energy transfer, as shown in Equation (2.26). Equation (2.27) 
represents the triplet-triplet annihilation. The annihilation process transfers two 
excitons to one, leading to the exciton quenching. It should be noted that the typical 
lifetime of triplet excitons are in the microseconds regime, which is long enough to 
introduce triplet-triplet, singlet-triplet or triplet-polaron annihilation under high exciton 
concentration.[57–60] These bimolecular quenching effect can decrease the PLQY for 
phosphorescent and TADF emitters, resulting in an efficiency roll-off under high 
current density, see details in Section 3.2.6. On the other hand, this additional singlet 
exciton generation can theoretically increase the IQE for devices based on conventional 
fluorescent emitters. However, the real efficiency is highly dependent on other 
bimolecular quenching processes. 

In the case of Dexter energy transfer, the energy transfer rate is exponentially 
dependent on the intermolecular distance. As a reason of that, the Dexter energy transfer 
is a short distance interaction, with the typical energy transfer radius up to 1 nm.[10] 

For OLEDs, photophysical properties of organic emitters are important to achieve 
a wide scope of emissive colors with high efficiency. On the other hand, charges should 
be injected and transported into organic emitters from external electrical sources. Thus, 
the charge transport and exciton diffusion of organic semiconductors and the injection 
from conductive electrode (metals or metal oxide) into organics are also of importance. 
In the following sections, electrical properties of organic semiconductors including 
exciton diffusion, charge transport and molecular doping will be introduced. 

2.4 Exciton diffusion 

The natural lifetime of an exciton can be defined by the mean time of a molecule 
remaining in the excited state. For simplification, assuming the molecule without 
competing non-radiative decay channels, the deactivation of an exciton can only occur 
by spontaneous emission. For an ensemble of molecules with an excited state density 
n, the spontaneous emission obeys the first order rate equation: 

d𝑛

d𝑡
= −𝑘r𝑛 (2.28) 

where kr is the rate of emission from the excited states. The integration of the differential 
equation gives the time dependent exciton density with the initial density at n0: 

𝑛(𝑡) = 𝑛0𝑒−𝑘r𝑡  (2.29) 
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In real cases, there are various channels for deactivation from excited states, 
including the radiation, intersystem crossing with a rate of kISC or other non-radiative 
relaxations with a rate of knr, as shown in Figure 2.2. The final lifetime of an exciton is 
dependent on the sum of these rates, as discussed in details in Section 2.2. 

There is a possibility for excitons to diffuse from the generation interface to areas 
with lower exciton concentration. The diffusion of excitons can be described by Fick’s 
2nd law. When neglecting higher order processes, the time dependent exciton density at 
position z reads:[61] 

∂n(𝑧, 𝑡)

∂𝑡
= 𝐺(𝑧, 𝑡) −

𝑛(𝑧, 𝑡)

𝜏
+ 𝐷

∂2n(𝑧, 𝑡)

∂𝑧
 (2.30) 

where G denotes the exciton generation, D is the diffusion constant and τ the lifetime 
of the exciton. When assuming the exciton generation as a delta-shaped profile: 

𝐺(𝑧, 𝑡) = 𝑔𝛿(𝑧 = 0, 𝑡) (2.31) 

the steady state solution (∂n(𝑧, 𝑡) ∂𝑡⁄ = 0) of Equation (2.30) reads: 

𝑛(𝑧) = 𝑛0 ∙ exp (−
𝑧

𝐿
)  (2.32) 

where L is the exciton diffusion length, described as: 

𝐿 = √𝐷𝜏  (2.33) 

A wide range of values has been reported for the diffusion length of organic 
semiconductors, highly dependent on the material and the excitation method. In general, 
the diffusion length for singlets is in the range of few nanometers.[62] The triplets are 
assumed to have a longer diffusion length, resulting from their longer lifetime, which 
can reach to regime of several micrometers in highly ordered systems.[63]  
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2.5 Charge carrier transport  

As discussed in the previous sections, the HOMO level of organic semiconductors 
is occupied with electrons while the LUMO level is empty. Organic molecules can then 
be charged by either adding an additional electron in the LUMO as a negative charge, 
or removing the electron from the HOMO level as a positive particle. Since electrons 
and holes are strongly localized within organic molecules, a band transport like in 
inorganic semiconductors is not possible. The charge carrier transport under the driving 
voltage and/or the charge diffusion because of a difference of charge concentrations is 
determined by a series of hopping events of charge carriers between neighboring 
organic molecules. Charges are hopping from state to state, where the overall states are 
distributed energetically in a form of a Gaussian distribution.[64] Under an external 
electric field, a drift of the charge carriers is induced. The mobility μ can be technically 
defined as the ratio between the velocity ν of the electrical charges and the amplitude 
of the applied electric field F:  

𝜇 =
𝜈

𝐹
 (2.34) 

At the interface of metallic electrode and the organic semiconductor, the energy 
barrier resulting from the difference between the work function of metals and the 
electron affinity ability or the ionization potential of organic semiconductors, sets the 
energy threshold for the excess energy required to inject the electrons from the metal to 
the semiconductor, or vice versa. In the case of Ohmic contact, where almost no 
resistance is in presence between the electrode and the organic semiconductor, the 
organic layer can be charged at the interface in the proximity of metals. The 
accumulation of charges at the interfaces generated an electric field can further hinder 
the charge transport, known as space-charge limited current (SCLC).[65] The current 
density j in a simple device architecture with an intrinsic semiconductor layer 
sandwiching between two metal electrodes under applied bias U for Ohmic injection in 
one-dimensional case can be described by the Mott-Gurney law:[66]  

 𝑗 =
9

8
𝜀0𝜀𝜇

𝑈2

𝐿3
 (2.35) 

where ε0 denotes the permittivity constant, ε the permittivity of the organic material and 
L the thickness of the organic semiconductor.  

The SCLC measurement can be used to determine the charge mobility of organic 
semiconductors, according to Equation (2.35). However, it should be noted that the 
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Mott-Gurney law is valid in the absence of traps at low electric fields without the 
consideration of diffusion contributions and temperature dependence.[66] The 
exclusion of background impurity induced traps, contaminations and/or oxidation on 
the surfaces is needed to obtain reproducible and reliable results, giving the measured 
mobility highly dependent on the sample preparation techniques. There are several 
other methods to measure the charge carrier mobility for organic semiconductor films, 
including the time-of-flight method, field-effect mobility measurements in unipolar 
devices, and field-effect transistor configuration.[66,67]. 

It should be noted that the charge mobility for holes and electrons can be different 
for one organic semiconductor. For typical intrinsic organic semiconductors as 
polycrystalline and amorphous state, the mobility of charge carriers is electrical field, 
temperature and concentration dependent, in the range of 10−8 to 10−2 cm2/Vs, which is 
much lower than inorganic semiconductors.[68–70] As discussed in Section 2.1, since 
the electrical conductivity of organic semiconductor is resulting from the extended 
conjugation system, the enhancement of conjugation of organic compounds can 
potentially enhance the intrinsic conductively for each molecule. In the film state, 
where the charge carrier transport is happening in forms of hopping, the packing can 
make a substantial effect on the charge carrier mobility. 

2.6 Molecular doping 

Similar to inorganic semiconductors, efficient doping of the charge transport layer 
can increase the density of free charge carriers, leading to a significant enhancement of 
conductivity in organic films by several orders of magnitude. The doping of carrier 
transport layers in OLEDs and other organic devices has been intensively explored and 
is still an important scientific research topic.[71–74] In 1998, Bharathan and Yang 
showed a reduced driving voltage for a polymer OLED device based on a structure of 
indium doped tin oxide (ITO)/3,4-polyethylenedioxythiophene-polystyrenesulfonate 
(PEDOT:PSS)/poly(2-methoxy-5-(2’-ethyl-hexyloxy-1,4-phenylene vinylene) (MEH-
PPV)/Al with p-doped hole and n-doped electron transport layer.[75] They achieved 
the p-doping effect by modifying the ITO anode with a thin acid layer and n-doping 
effect with an active metal near the thick cathode Al on the top of the emission layer. 
The Fermi level is pinned to the electrodes, leading to a lower energy barrier for charge 
injection from ITO anode or Al cathode to MEH-PPV layer without matching of the 
work function of these electrodes. However, in this case, excitons generated in the 
MEH-PPV layer can also be quenched by dopant molecules near the emission layer, 
resulting in a low light intensity and efficiency. 



 Molecular doping  

22 
 

The principle of organic p- and n-doping is schematically showed in Figure 2.5. 
For p-doping, the HOMO of the matrix gives an electron to the LUMO of the acceptor 
(dopant), leading to a higher hole density and thus higher conductivity in the doped 
layer. A similar working process is considered for n-doping, but here an electron is 
given from the HOMO of the dopant to the LUMO of the matrix. Since the doped layer 
shows orders of magnitudes higher conductivity compared to the intrinsic transport 
layer, the increase of thickness of the doped layer has little influence on the electrical 
property of OLEDs, but the cavity thickness can be gradually tuned.[76,77] 

It should be noted that the p-dopant possesses usually a small energy bandgap, 
which can absorb the light emitted from the device, decreasing the OLEDs performance 
by absorption.[66] For n-dopants, since the HOMO level should be higher than the 
LUMO energy of the matrix. This requirement pushes the LUMO energy level of the 
n-dopant towards the vacuum energy. As a reason of that, the existing n-type dopants 
are highly reactive metals or salts, which are very sensitive to oxygen.[78,79] It is 
generally more difficult to find suitable n-dopants compared to p-dopants.  

The second effect of organic doping is that effective doping can reduce the energy 
barrier between the conductor and organic materials, which actually might be even 
more important than the effect of increased charge motilities. The energetic alignment 
plays a crucial role when making Ohmic contacts between metals or conductive 
transparent oxides and organic materials. Theoretically, one would choose the contact 
materials such that the surface work function of the conductive oxides or metals aligns 
with the HOMO of organic materials at the hole injection side or with the LUMO level 
at the electron injection side. However, in real case, this is rarely possible because of 
the limited number of molecules meeting all desired properties. Due to the difference 

Figure 2.5. An example of the energy diagram of p-i-n doping concept. (a) Pentacene doped with F4-TCNQ for p-
doping and (b) n-doping with [Ru(t-but-terpy)2]0. Reproduced from reference [261] with permission. 
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in the work function of the metal and organic molecule, the energy level of the organic 
layer is depleted by doping at the interface, while the remaining dopant molecules 
generate a space charge zone. As shown in Figure 2.6, the organic doping leads to an 
energy level bending towards the Fermi energy EF of the anode, increasing the tunneling 
probability of charges into the doped organic layers. The Ohmic injection is achieved 
without energy barrier and decreases the voltage drop at the interface, reducing the 
voltage losses in devices. 

2.7 Thermal property  

Organic materials can be deposited by means of thermal evaporation or spin-
coating, giving the final composition in amorphous or crystalline state. Since the 
crystalline solids possess anisotropic optical, electrical or chemical properties, organic 
materials prepared as amorphous states are preferred over crystalline solids for OLEDs. 
On the other hand, organic semiconductors packed in a form of crystalline state can be 
beneficial for devices such as organic transistors where high charge mobility is needed.  

Amorphous organic films consist of randomly orientated organic molecules 
bounded by weak intermolecular forces. Without introducing phase transition, the 
thermal energy can enhance the atomic vibrations, slowly ordering the molecular 
moieties to reduce the system energy. The glass transition of solid-state materials may 
occur from cooling the system, with significant change of heat capacity, viscosity or 
density, while no pronounced change in material structures. For polymers and small 
organic molecules, they can easily form glasses even upon very slow cooling or 
compression, since lack of a well-defined crystalline structure. Above the glass 
transition temperature (Tg), the movement of molecular groups is enhanced, while the 

Figure 2.6. Energy level bending at the metal-organic interface by organic p-doping technique. Left: Intrinsic 
ZnPc layer without doping; right: doped with F4-TCNQ. Reproduced from reference [262] with permission. 
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entire system keeps as a solid form below the melting temperature. However, it is 
possible to make the material decompose while further increasing the heating 
temperature.  

The thermal property of materials is very important for organic semiconductors, 
since either a thermal evaporation or an annealing process can significantly affect the 
microscopic structure of the amorphous film. By finely tuning the processing 
temperature, films with higher density, different carrier mobility or anisotropic dipole 
orientation could potentially be achieved and lead to an enhancement of device 
performance in organic light-emitting diodes or organic solar cells.[80,81] The glass 
transition temperature of the materials used in OLEDs or solar cells may also relate to 
the device reliability, since the heat generated during operation could potentially warm 
up the device above Tg of some materials used in the device.[82,83] 

Based on a pronounced change of energy absorbing or releasing rate when 
materials shift to the glass state, the differential scanning calorimetry (DSC) method is 
developed to determine Tg. The decomposition temperature, which indicates the highest 
temperature the materials can stand in the absence of oxygen, can be measured by 
thermogravimetric analysis (TGA), by tracking the weight loss in the route of 
increasing temperature in absence of oxygen.   

The glass transition temperature of an organic material is highly dependent on its 
chemical structure. There is an empirical experience that the increase of the molecular 
weight, number of aromatic ring or the rigidity of molecular structure can gradually 
increase the Tg, as presented in Figure 2.7. 

Figure 2.7. The relationship between the glass transition temperature and the chemical structure. For materials (a) 
with molecular weight of 564.7 g/mol, the Tg is 68 oC. For material (c) with one more benzene ring compared to (a), 
the Tg is 99 oC. For material (b), the molecular weight is 508.7 g/mol with Tg about 60-100 oC. The presence of 
twisted group in (d) gives a higher Tg at 115 oC.  
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Previous investigations have revealed that the deposition substrate temperature of 
organic materials by thermal deposition can influence the photostability and emitting 
dipole orientation. [84,85] In cases when the substrate temperature during material 
deposition is in the range of 0.8 to 0.9 Tg of the emissive layer with low growth rates, 
the OLED efficiency can be enhanced with an extended lifetime.[86] The variation of 
substrate temperature can be easily achieved by external heating or cooling, which gives 
an additional pathway for device optimization.  
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 Basics of organic light-emitting diodes 

The chapter focuses on the fundamentals of organic light-emitting diodes. First, a 
brief introduction is given about the device working principle, the general device 
structure and performance parameters. In the following sections, methods to fabricate 
white OLEDs, the conversion of injected charges to photons, the photon dissipation and 
trapped modes in devices are summarized, followed by a summary of the existing 
outcoupling technologies. In the end, the typical methods to make micro/nano structures 
to outcouple trapped photons in OLEDs are reviewed.  

3.1 Working principle and device structure 

In the very early stage of the electroluminescence (EL) from organic 
semiconductors, hundreds of Volts were needed to observe light emission from 
anthracene crystals.[87] In 1987, C. W. Tang et al. reported the first thin film OLED 
working with a bias of less than 10 V, with two organic layers sandwiched between a 
bottom semi-transparent anode ITO and a top cathode (Mg: Ag alloy).[1] After decades 
of research, state-of-the-art OLEDs are in general thermally deposited with multiple 
functional layers based on small molecules and metal oxides. Various functional layers 
including the hole injection layer (HIL), hole transport layer (HTL), electron blocking 
layer (EBL), hole blocking layer (HBL), electron transport layers (ETL) and electron 
injection layer (EIL) have been introduced to achieve high device efficiency and 
lifetime, as well as to decrease the driving voltage. Figure 3.1 illustrates the energy 
diagram and working principle of a multilayer OLED.  

First, under electrical operation with a typical driving voltage, electrical charges 
including holes and electrons are injected from the anode and cathode, respectively. 
Holes are injected from the anode with a high work function into the HOMO of the HIL 
and then hoping to the HTL. Meanwhile, electrons are injected from the cathode into 
the LUMO of the EIL and then into the ETL. Here, the injection layers are very 
important to decrease the energy barrier and the driving voltage, as discussed in Section 
2.5 and 2.6. Second, charges go through the transport layers and the blocking layer 
before they recombine to form excitons in the emissive layer. The area where the 
exciton forms is generally named as the recombination zone. The functionality of 
blocking layers includes preventing the leakage of the opposite type of charge carrier, 
confining excitons within the recombination zone especially when their lifetime is long 
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and spatially separating excitons with dopants in doped transport layers.[88] In the end, 
excitons deactivate to the ground state by spontaneous radiation. Care must be taken to 
choose and optimize the thickness of these functional layers. The variation of the layer 
thickness of injection layers can affect the charge injection from the electrodes into the 
device and further the charge balance and the efficiency of exciton generation. The 
thickness of the ETL and/or HTL layer can substantially affect the cavity resonance, 
which will be discussed in detail in Section 3.9.4. Shift of the emissive color can be 
noted for many OLEDs when increasing the driving voltage, which can raise from many 
reasons, among which the change of the recombination zone is one of the possible and 
important reason. The blocking layers sandwiching the EML, possess the ability to 
confine the injected charges in the recombination zone by matching the HOMO and 
LUMO levels, as shown in Figure 3.1. For devices with phosphorescent and/or TADF 
emitters, the triplet energy of blocking layers should be higher than that of emitters, to 
avoid the reverse energy transfer from emitters to the blocking layer.  

The representative architectures of OLEDs are summarized in Figure 3.2. The 
typical bottom emitting non-inverted device (Figure 3.2a) consists of a transparent 
anode on top of the substrate, followed by functional layers and capped with a highly 
reflective metallic cathode. In this configuration, photons generated in the EML go 
through the bottom transparent anode and then into the substrate and air zone. ITO is 
commercially available and widely used as the bottom transparent anode. However, the 
ITO anode has disadvantages including the utilization of indium, brittleness and the 
requirement of high temperature treatment to obtain high transmittance and low sheet 
resistance. Much research effort has been put in alternative electrodes.[89–92] 

Figure 3.1. The energy diagram of a typical multilayer OLED. In some devices, different functions may be achieved 
by one layer. Reproduced from reference [88] with permission. 
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The typical device structure of top emitting OLEDs is shown in Figure 3.2b. In this 
configuration, the bottom anode is in general an opaque metallic electrode while the 
top cathode consists of a semi-transparent metallic layer. Since the sputtering of ITO 
can damage the deposited organic functional layers, a thermally deposited semi-
transparent metal layer is used as the top electrode in top emitting OLEDs. The top 
emitting configuration is important for the display application, because the bottom 
metallic anode can be thermally deposited on the driving panel beneath.[93–95] It is 
worth noting that the top semi-transparent cathode plays a crucial role on the device 
performance. The microcavity formed between the top semi-transparent cathode and 
the bottom opaque anode can enhance the device efficiency by constructive resonance, 
while it may also introduce a serious angular dependent emission. The balance between 
the efficiency and angular dependent emission should be considered. With a capping 
layer on top of the cathode, the transmittance and the cavity resonance can be tuned, 
leading to comparable or even slightly higher efficiency of top monochrome OLEDs 
compared to the bottom counterpart.[96,97] 

The device configuration of inverted bottom emitting OLEDs is, to some extent, 
similar with the non-inverted bottom OLEDs. As shown in Figure 3.2c, the cathode of 
inverted bottom emitting OLEDs is geometrically located on the substrate, while the 
top opaque metallic anode is located on top of the organic layers. A top emitting inverted 
OLED can also be realized, if the top anode is semi-transparent while the bottom 
cathode is opaque. [98,99]   

The tandem device structure, as shown in Figure 3.2d, consist of several emissive 
units and each of them is connected by a charge generation layer (CGL). Each emissive 
unit can consist of multiple functional layers as in a typical single unit device, with ETL, 
HTL and blocking layers. Much research effort has been dedicated to investigate the 
working mechanism of CGL.[100,101] The intermediate CGL is in general comprised 

Figure 3.2. Representative device architectures for OLEDs. (a) Bottom emission. (b) Top emission. (c) Bottom 
inverted. (d) Two-unit bottom tandem configuration. For (b)-(d), some functional layers are omitted for presentation.  
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of a p-type and another n-type layer. Under an applied voltage, electrons and holes are 
generated within the CGL and then injected into the neighboring injection layers. In 
principle, the EL intensity of the tandem OLED can linearly increase with the number 
of emissive units under the same current density. Hence, it is possible to obtain a 
comparable luminance with half of the driving current density compared to the single 
unit device. This fascinating feature can potentially give a longer device lifetime under 
high luminance intensity, which is of vital importance for display and solid-state 
lighting applications. When carefully tuning the emissive color from each unit, tandem 
white OLEDs can also be realized.[102,103] 

Polymer based OLEDs are typically fabricated by spin-coating, spray-coating or 
ink-printing techniques, where solvents are removed by the following annealing 
process. The fact that organic solvents can harm the underlying layers makes it difficult 
to achieve complicated device structures. In order to get high performance for devices 
based on solution processing, tremendous efforts have been made on improving the 
fabrication techniques. Concepts including the application of crosslinking polymers to 
enable the spin-coating of the sequential layers, using orthogonal solvents to protect the 
layer underneath and cross-linking with direct photolithography to obtain patterned 
polymer layers have been introduced.[104–106] 

According to the discussion above, it is possible to obtain transparent devices when 
both bottom and top electrodes are semi-transparent. This feature can be easily achieved 
by using a bottom transparent ITO or thin metal anode together with a top semi-
transparent metallic cathode. When further replacing the brittle ITO with flexible 
electrodes such as metal nanowires, conductive polymer or graphene based electrodes, 
flexible and bendable OLEDs can be realized on a flexible substrate.[107,108] For a 
typical OLED device, the thickness of each functional layer is in a range of several 
nanometer to tens or hundreds of nanometer, giving the total device thickness as low as 
hundreds of nanometer to several micrometer. Hence, OLEDs possess the merits of 
light-weight, flexibility, tunable emissive color and transparency, making them a 
competitive technology for display and solid-state lighting applications.   
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3.2 Device characterization 
3.2.1 Internal and external quantum efficiency  

The internal quantum efficiency (IQE), is defined as the ratio of emissive excitons 
to injected charge pairs. However, there is only a fraction of emissive excitons that can 
spontaneously emit photons and subsequently escape from the multilayer structure. The 
external quantum efficiency (EQE) is defined as the ratio of the total number of 
escaping photons to the total number of injected charge pairs, which is one of the most 
important parameters to quantify the performance of an OLED. In the ideal case, all the 
injected charge couples form an exciton, which is radiatively deactivated and the photon 
is subsequently coupled from the device into the air zone. Factors which influence the 
IQE and EQE will be discussed in detail in the later sections.  

3.2.2 Current efficiency 

The current efficiency ηCE is defined as the luminance L divided by the injected 
current density j:  

𝜂CE =
𝐿

𝑗
 [cd A⁄ ]  (3.1) 

The current efficiency is widely used in the display industry.  

3.2.3 Luminous efficacy 

The luminous efficacy ηLE is defined as the ratio of the emitted luminous flux Φ to 
the consumed electrical power P externally to drive the device: 

𝜂LE =
𝛷

𝑃
=

𝛷

𝑈𝐼
 [lm W⁄ ]  (3.2) 

where U represents the applied voltage.  
The luminous efficacy is more related to the lighting field than the display 

application. Under the assumption of Lambertian distribution, for a device with an area 
of A, the luminous efficacy can be obtained with: 

𝜂LE =
𝜋𝐿𝐴

𝑈𝐼
 (3.3) 



 Device characterization  

32 
 

3.2.4 Color quantification and quality  

To quantify the color, the human perception of light with different spectra should 
be taken into account. In 1931, the International Commission on Illumination (CIE) set 
up a standard color coordinate (CIE coordinate) to quantify the color in a form of XYZ 
color space. To eliminate the perception variation from different viewers, the CIE 
defined the standard observer to represent as the average chromatic response of human 
beings. The standard observer within the visible wavelength from 380 nm to 780 nm, 
is characterized by three color matching functions, as shown in Figure 3.3a. These color 
matching functions can be treated as the spectral sensitivity curves of three linear light 
detectors (human visibility), yielding the CIE tristimulus values of X, Y and Z, 
respectively.  

In the emissive case, the CIE tristimulus values X, Y, Z can be obtained by: 

𝑋 = ∫𝐼(𝜆)𝑥(𝜆)𝑑𝜆
𝜆

, 𝑌 = ∫𝐼(𝜆)𝑦(𝜆)𝑑𝜆
𝜆

, 𝑍 = ∫𝐼(𝜆)𝑧(𝜆)𝑑𝜆
𝜆

 (3.4) 

where the I(λ) represents the spectral radiance of the light source. 
The x, y, z coordinates in the CIE1931 color diagram then are given by: 

𝑥 =
𝑋

𝑋 + 𝑌 + 𝑍
, 𝑦 =

𝑌

𝑋 + 𝑌 + 𝑍
, 𝑧 =

𝑍

𝑋 + 𝑌 + 𝑍
= 1 − 𝑥 − 𝑦   (3.5) 

The emitted color of OLEDs can be described by x and y in the two dimensional 
CIE1931 color diagram, as shown in Figure 3.3b. Typically, the spectrum with a color 
coordinate (0.447, 0.407) at point A is referred to as the warm white. Meanwhile, the 
coordinate (0.333, 0.333) at point E is defined as cold white.[88]  

NTSC, named after the National Television System Committee in North America, 
is the most widely used color standard for the television color system. The original 1953 
color NTSC standard, defined the colorimetric CIE coordinate values as follows: 
primary red R(0.67, 0.33), primary green G(0.21, 0.71) and primary blue B(0.14, 0.08). 
These typical points are also plotted in Figure 3.3b. In principle, with the primary blue, 
green and red, it is possible to obtain all other colors by mixing the primary colors with 
different ratios.[109]  

For solid-state light sources, another important quality is the ability to reveal the 
color of various illuminated objects. The color rendering index (CRI) is defined as the 
performance of a light source on the color appearance of illuminated objects by 
comparison with their color appearance under a reference radiator. 
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The CRI is defined in the range from 0 to 100. The higher the CRI value, the better 
the color rendition of the light source. By definition, an incandescent lamp has the 
highest CRI of 100. For a typical light source, a CRI value above 90 is very good at 
color rendering and it is still good between 80 and 90. For most of lighting applications, 
a CRI value between 60 and 80 would be sufficient. Generally, a minimum CRI of 75 
is needed for the indoor solid-state lighting. Since the CRI is directly related to the 
emission spectrum of the light source, it is possible to obtain very good CRI values for 
white OLEDs by tuning the emission spectrum.  

3.2.5 Angular dependent emission  

As discussed in the Section 3.1, the basic structure of an OLED is like a sandwich, 
consisting of a bottom and top electrode forming a microcavity. The spectrum observed 
from different angles is dependent on the microcavity and the intrinsic emission of the 
emitter in free space. For general display and solid-state lighting applications, the color 
shift in different observing angles is unwanted. In very typical cases, the angular 
dependent emission behavior for OLEDs can be used to shape the radiated beam into a 
specific zone for some special applications.[110] 

To quantify the angular dependent emission for an OLED, the change of the EL 
spectrum and the CIE color coordinate at different observing angles would be one 
possible way. Since the cavity leads to an inhomogeneous distribution of the 
electromagnetic energy radiated from OLEDs into the forward hemisphere, the 
distribution of radiance at different observation angles can be another parameter to 
describe the angular dependent emission for OLEDs.  

Figure 3.3. (a) Three color matching functions. (b) Two dimensional CIE1931 color diagram. The points B 
represents primary blue, G primary green and R primary red according to the NTSC standard. The CIE coordinates 
A is the warm white and E is the cold white color.  
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3.2.6 Efficiency roll-off 

The fact that the efficiency of OLEDs tends to decrease with increasing luminance 
or current density is referred to as efficiency roll-off, a universal phenomenon found in 
most of OLEDs known today.[57] Intensive research has been conducted to understand 
the cause of this roll-off. For OLEDs based on fluorescent emitters, factors including 
single-singlet, singlet-polariton, singlet-triplet annihilation and unbalanced charge 
carriers could contribute to the efficiency decrease when increasing the current density. 
Compared to the fluorescent counterpart, the roll-off is more pronounced for OLEDs 
based on phosphorescent and TADF emitters. Since the triplet contributes to the device 
efficiency with an intrinsic longer lifetime, additional processes such as triplet-triplet, 
singlet-triplet and triplet-polariton annihilations play important roles.[88] The roll-off 
can be improved by engineering the device architecture, such as using multiple emissive 
layers with different hosts to balance charge transport and graded doped emitters. 
Reducing the aggregation of emitters and decreasing the Förster radius could also 
improve the roll-off.[111] Since the intrinsic reason of roll-off is resulting from several 
orders higher lifetime of triplets compared to singlets, strategies to reduce the exciton 
lifetime are potentially helpful, but reasonable device efficiency should also be 
maintained at the same time.  

3.3 Monochrome and white OLEDs 

The emission color of OLEDs plays an important role, since both display and 
lighting applications are highly dependent on the color quality. It is then reasonable to 
briefly summarize the design principle to realize monochrome and white OLEDs.  

3.3.1 Monochrome OLEDs 

The monochrome OLEDs with a single emission color can be easily realized by 
using a single emitter based on the device structure introduced in Section 3.1. By using 
multiple functional layers together with proper emitters, efficient monochrome OLEDs 
with spectra from deep blue, sky blue, green, yellow, orange, to red and deep red can 
be realized. It should be noted that the microcavity formed between two electrodes can 
be used to enhance the color purity, where the detailed discussed will be done in Section 
3.9.4. For display purposes, OLEDs with emission of the three primary colors (blue, 
green and red) have gained special attention, since the combination of these primary 
colors gives a variety of colors for display purposes. At this moment, the highest EQE 
of blue and green OLEDs has been reached with more than 30% by utilizing 
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phosphorescent and/or TADF emitters.[38] Meanwhile, the device lifetime for OLEDs 
based on blue phosphorescent or TADF emitters needs to be further improved. The 
highest reported lifetime T50 (luminance decreases to 50% of the initial luminance at 
1000 cd/m2) of blue OLEDs based on TADF emitters is ~ 450 h.[112] The lifetime T80 
for OLEDs based on phosphorescent emitter is ~ 330 h with the same initial luminance 
at 1000 cd/m2.[60] 

3.3.2 White OLEDs 

Much research effort has been put in achieving highly efficient and color stable 
white OLEDs, since they can be used as solid-state light sources. Here, strategies to 
achieve white OLEDs are briefly summarized. White OLEDs based on solution-
processing can be applied to precisely control the doping concentration in a single-EML 
structure, but the device efficiency and the reliability need to improve.[113,114] The 
summary here is focusing on OLEDs with small molecules fabricated by thermal 
deposition.  

As shown in Figure 3.4, to achieve white emission, normally more than one 
emissive sources is needed. According to the difference of involved emitters described 
in Section 2.2.3 to 2.2.5, white OLEDs can be divided into three categories: 1. All 
fluorescence white OLEDs based on merely fluorescent emitters including the 
conventional fluorescence emitter and the TADF emitter. 2. Hybrid white OLEDs with 
fluorescent and phosphorescent emitters. 3. All phosphorescence OLEDs with 
phosphorescent emitters only.  

In general, to achieve white OLEDs, the configuration of emissive layers (EMLs, 
Section 3.1) can be divided in three different cases according to the characteristic of the 
EML: 1. Bulk emission layers without doping, where the emission is coming from an 
intrinsic organic material.[115,116] 2. Host-guest systems where the emitters as guests 

Figure 3.4. Color combination for white OLEDs. (a) A representative EL spectrum for white OLEDs with four color 
components: blue, green, yellow and red. (b) The possible emissive units combination in devices to achieve white 
emission. It is possible to have four color components from a single device. In other cases, three primary colors or 
the combination of blue and yellow emissive units can give white emission.  
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are dispersed into wide bandgap host materials.[117,118] There is an energy transfer 
process in the host-guest system, in forms of FRET (Section 2.3.2) and/or Dexter energy 
transfer (Section 2.3.3) between the host and guest materials. The host materials are 
used as the donor while the guest materials as the acceptor in the schemes of energy 
transfer. 3. The hybrid configuration where the host materials are fluorescent emitters 
while the guest molecules are phosphorescent emitters, where both the host fluorescent 
and guest phosphorescent emitters contribute to the white spectrum.[119–121] 

3.3.2.1 All fluorescence white OLEDs   

The IQE for OLEDs based on conventional fluorescent emitters is limited by the 
generation of non-radiative triplet excitons, as discussed in Section 2.2.3. Reports from 
[122] and [123] with EQE close to 5% represent the rule-of-thumb limit for white 
OLEDs based on fully conventional fluorescent emitters. 

The white OLED with bulk emission layer is based on the non-doping technique, 
which has no need to precisely control the doping concentration. However, many 
emissive dyes suffer from aggregation caused quenching (ACQ), leading to an 
efficiency decrease in the neat film. To eliminate the concentration dependent 
fluorescence emission, emitters with aggregation enhanced emission (AEE) property 
have been developed.[9,23,124] For these emitters, the PLQY in solvent with a low 
concentration is lower compared to the one under high concentration or in solid neat 
film. For white OLEDs based on non-doping emissive layers, the thickness of these 
layers needs to be precisely controlled to reach a balanced white spectrum. 

For all fluorescence white OLED based on the host-guest system, they are 
composed with doped emissive layers. In contrast to devices comprising TADF or 
phosphorescent emitters, the triplet energy levels for conventional fluorescent emitters 
have a minor influence on the device performance, since the triplet exciton is anyway 
non-radiative and the energy transfer from singlet to triplet excitons is quantum-
mechanically forbidden (see Section 2.2.3).  

In a single-EML device, the doping concentration of the dopant needs to be 
controlled to realize a balanced white spectrum with high color quality, as shown in 
Figure 3.5.[120] The application of multi-EML configuration or mixed host strategy 
can lead balanced charge injection and broaden the recombination zone, via the 
combination of different host materials with a preferred transporting mobility for holes 
or electrons, which facilitates to achieve stable EL spectra under different driving 
voltages.[117–119] Though the IQE for devices based on fluorescent emitters is limited 
by the generation of non-radiative triplet excitons, these strategies to obtain color stable 
white OLEDs do give insights for the development of white OLEDs based on TADF 
and phosphorescent emitters.  
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The utilization of TADF emitters can harvest non-radiative triplets to emissive 
singlet excitons. Hence, it is then possible to obtain unity IQE by using TADF emitters 
in white OLEDs based on all fluorescence emitters.[125,126] Similar device concepts 
have been developed based on the investigation on conventional fluorescent 
emitters.[127] To avoid the ACQ and color shifting, the host-guest device system is 
widely used to construct efficient white OLEDs based on TADF emitters.[128,129]A 
blue TADF emitter is generally needed to realize 100% IQE for OLEDs based on fully 
fluorescent emitters. It is possible to construct a white OLED with a blue TADF emitter 
and either conventional fluorescent emitters or TADF emitters as longer wavelength 
dyes. For white OLEDs with blue TADF and conventional fluorescent guests, the 
energy transfer from the blue emitter to conventional fluorescent guest should go 
through FRET. Thus, the energy transfer should happen between singlet excitons from 
the blue TADF emitter to the conventional fluorescent emitter to reduce the triplet loss 
from the conventional fluorescent emitter. The triplet energy transfer via Dexter energy 
transfer to conventional fluorescent emitters would lead to a non-radiative energy loss. 
To realize the wanted FRET, the conventional fluorescent emitter should be doped in a 
low concentration, as shown in Figure 3.5, since the Dexter energy is a short distance 
energy transfer and can be easily blocked by reducing the doping concentration, as 
discussed in Section 2.3.3.[126] When all emitters show TADF, the Dexter energy 
transfer would have less impact on the IQE of white OLEDs. [130,131] 

 
 

Figure 3.5. The concentration sensitivity of doped dyes for longer emissive wavelength in the host-guest system for 
white OLEDs with single-EML configuration. RFRET: the radius of FRET; RDET:the radius of Dexter energy transfer. 
(a) Low doping concentration. Since the doping concentration is so low, only part of the energy from blue emitters 
can transfer to doping molecules via the FRET. Energy transfer via Dexter energy transfer is impossible for the 
majority of blue emitters since the distance is much larger than RDET. (b) Medium doping concentration. Both FRET 
and Dexter energy transfer is possible, but some triplets of blue emitter are still too far to show Dexter energy transfer. 
(c) High doping concentration. Both singlets and triplets of the blue emitter are quenched by the doped dyes with 
longer emissive wavelength. For these emitters, it could be conventional fluorescent, phosphorescent or TADF 
emitter. 
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3.3.2.2 Hybrid white OLEDs 

The hybrid white OLED is consisting of fluorescent and phosphorescent emitters 
to obtain a balanced white spectrum. Hybrid white OLEDs with stable blue 
conventional fluorescent emitters and highly efficient phosphorescent emitters as long 
wavelength dyes have been intensively studied during the last couple of years.  

Hybrid white OLEDs can also be built with bulk emissive layers, single-EML or 
multi-EML structures with different emitting dopants. Here, the concentration of 
phosphorescent emitters in the single-EML device should be precisely controlled to 
obtain a white spectrum. The EL spectrum for these hybrid devices with single-EML is 
also sensitive to the driving voltage, since the exciton recombination zone can be shifted 
with different driving voltages.[121] When carefully tuning the material combinations 
and layer thickness, the multi-EML counterpart is more likely to show better color 
stability and/or less pronounced efficiency roll-off.  

Even though it is possible to use the blue TADF emitter for achieving hybrid white 
OLEDs, a specific discussion in the following would focus on devices composite of 
conventional fluorescent blue emitters and phosphorescent emitters, since the 
conventional fluorescent blue emitter is in general, more stable than TADF emitter in 
the device.[112] In the single-EML cases, host materials contribute to the white 
spectrum with higher energy (blue part), while part of energy from host materials is 
transferred to the phosphorescent dopant with a lower energy level, to compensate the 
white spectrum in the longer wavelength range. As shown in Figure 3.5, the doping 
concentration of the guest emitter needs a precise control. In other words, the singlet 
energy transfer from the blue emitter to phosphorescent emitters is hindered, leading to 
the singlet emission from conventional fluorescent emitters and triplet emission from 
the phosphorescent emitters. For very low doping concentration, some of the host blue 
fluorescent emitter cannot find the doped phosphorescent emitter within the triplet 
diffusion length. In this case, a part of triplet energy cannot transfer to the 
phosphorescent emitter, leading to the decrease of device IQE through the non-radiative 
triplets in the conventional fluorescence emitter. When finely tuning the doping 
concentration of phosphorescent emitters, the proportion of the blue emission and the 
yellow/orange emission should be balanced to realize a high color quality white 
spectrum, together with nearly unity triplet harvesting efficiency. However, when 
further increasing the doping concentration of the phosphorescent emitter, both the 
singlet and triplet energy from the blue emitter can transfer to doped phosphorescent 
emitters, leading to a pure emission from the phosphorescent emitter, as shown in 
Figure 3.5c.[132] 
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Compared to the single-EML configuration, another way to harvest triplet excitons 
can be realized in a multi-EML structure by sequentially separating the blue emission 
layer and the doped phosphorescent emission layer. The triplet excitons of the blue 
emitter can transfer to the phosphorescent emitter within a long distance by diffusion. 
At the same time, the blue emission is coming from the relaxation of the singlets of the 
blue emitter. To make sure the triplet energy transfer is allowed, the triplet energy level 
of the phosphorescent emitter should be lower compared to that of the fluorescent 
emitter. As shown in Figure 3.6, the phosphorescent emitter is dispersed in an adjacent 
emissive layer close to the blue fluorescence layer. Since the singlet lifetime is shorter 
than the triplet lifetime, the diffusion length of singlets is shorter than the diffusion 
length of triplets. Hence, singlets will not reach the phosphorescent emitter when the 
recombination zone is carefully controlled. In this manner, the singlet transfer is 
hindered while the triplet transfer is realized by exciton diffusion. The IQE of the device 
is dependent on the fluorescent emitter, the phosphorescent emitters and the thickness 
of the emissive layers.[133,134] In the ideal case, all triplet excitons from the 
conventional blue fluorescent emitter will be transferred to phosphorescent emitters, 
giving the possibility to achieve unity of IQE in this device concept. 

3.3.2.3 All phosphorescence white OLEDs 

Phosphorescent materials are widely used to achieve highly efficient white OLEDs, 
since they can intrinsically realize 100% IQE. The device concepts for all 
phosphorescence white OLEDs are in principle the same as all fluorescence white 
OLEDs. Thus, configurations of both bulk emission layer and host-guest doping system 

Figure 3.6. The mechanism of triplet harvesting from blue emitter by triplet diffusion to phosphorescent emitters 
with lower triplet energy level compared to the blue fluorescent emitter. In this scenario, the triplet level of the blue 
emitter is higher than the red phosphorescent emitter while lower than the green phosphorescent emitter. 
Reproduced from reference [133] with permission. 
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can be applied to achieve a balanced white spectrum. In the first case, non-doped 
intrinsic phosphorescent emitters can be deposited as ultrathin layers and separated by 
space layers.[135,136] Meanwhile, in host and guest doping systems, single-EML and 
multi-EML device configurations have been developed to achieve high efficiency, color 
quality and stability.[137,138] Here again, dopant concentrations and the recombination 
zone have to be optimized to obtain a white spectrum from a single-EML structure, as 
shown in Figure 3.5.[139,140] Compared to the single-EML device, the multi-EML 
configuration allows flexible control of each EML to broaden the exciton distribution, 
which can be used to obtain good device performance including high CRI, stable 
spectrum under different voltages and reduced efficiency roll-off.  

Based on the tandem device structure, the combination of different emitting units 
can also give efficient white OLEDs. In the tandem configuration, it is flexible to 
choose different emitters to achieve 100% IQE and a balanced white spectrum, as 
shown in Figure 3.4. In general, the fabrication of white OLEDs is more complicated 
compared to monochrome OLEDs. Moreover, the color stability and roll-off under 
different luminance is very important for white OLEDs, since high luminance is 
normally needed for lighting applications. The management of singlet and triplet 
excitons, broadening the exciton recombination zone, decreasing the exciton lifetime 
and reducing the molecular aggregation could potentially improve the color stability 
and reduce the roll-off for white OLEDs.[141]  

3.4 Charge-to-photon conversion 

The following summary in Section 3.4 and 3.5 is based on the optical model 
presented by M. Furno et al., which has been successfully applied to understand the 
optical property of planar OLEDs.[61]  

In the presence of a microcavity in the device, the radiative rate of the excitons 
(either singlets or triplets) in free space kr is modified as 𝑘r

∗, while the non-radiative 
rate knr remains the same. The effective radiative quantum yield of the exciton 𝜂rad

∗  in 
OLEDs can be obtained via the formula: 

𝜂rad
∗ =

𝑘r
∗

𝑘r
∗ + 𝑘nr

 (3.6) 

The lifetime τ*, similar to the one in free space stated in Section 2.2.3 and 2.2.4, 
can be determined by the radiative and non-radiative rate in the cavity:  

𝜏∗ =
1

𝑘r
∗ + 𝑘nr

 (3.7) 
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When considering the general case of a system characterized by a single exciton (either 
singlet or triplet), the exciton concentration per unit volume is a time (t) and position 
(z) dependent value, denoted as n(z, t). Since the exciton concentration is related to the 
generation and exciton lifetime τ* in the cavity, it reads: 

𝜕𝑛(𝑧, 𝑡)

𝜕𝑡
= 𝜉𝐺(z, t) −

𝑛(𝑧, 𝑡)

𝜏∗(𝑧)
−

𝜕𝑛(𝑧, 𝑡)

𝜕𝑡
|losses  (3.8) 

where G represents the exciton generation rate from the charge carrier recombination, 
ξ the generation fraction of the exciton species. The last term accounts for the exciton 
losses by exciton annihilation channels. Here, the exciton diffusion is not taken into 
account.  

For low current, the exciton annihilation has little influence on exciton losses, the 
exciton concentration can be further simplified to: 

𝜕𝑛(𝑧, 𝑡)

𝜕𝑡
= 𝜉𝐺(z, t) −

𝑛(𝑧, 𝑡)

𝜏∗(𝑧)
 (3.9) 

Solving Equation (3.9) gives the exciton concentration in the steady state: 

𝑛(𝑧) = 𝜉𝐺(𝑧)𝜏∗(𝑧)  (3.10) 

According to Equation (3.10), the exciton concentration in the steady state can be 
evaluated by the generation profile G and the effective lifetime of exciton 𝜏∗ in the 
given optical environment. 

If further considering the case when the device is electrically driven with a current 
density j, the electrical efficiency γ of the device can be defined as a unitless ratio 
between the density of the decaying excitons and the density of injected electrical 
charges by the external voltage per unit area and unit time: 

𝛾 =
𝑒 ∫ 𝑛(𝑧) 𝜏∗(𝑧)⁄ 𝑑𝑧

𝑧

𝑗
 (3.11) 

where e denotes the elementary charge.  
When excitons are generated within a thin zone in a well-designed device, the 

generation region can be described by the δ distribution: 

𝐺(𝑧) = 𝑔𝛿(𝑧 − 𝑧0)  (3.12) 

where z = z0 represents the generic position within the emitting layer. The relation 
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between the factor g and the generation rate G reads:  

𝑔 = ∫𝐺(𝑧)𝑑𝑧
𝑧

 (3.13) 

The substitution of Equation (3.11) with (3.12) and (3.13) gives the final form of the 
electrical efficiency: 

𝛾 =
𝑒𝜉𝑔

𝑗
 (3.14) 

It is noted that the electrical efficiency γ is dependent on the exciton generation in 
the device, but it is independent on the radiative rate of excitons. The fraction of the 
singlet and triplet excitons can influence the efficiency, since the triplets of the 
conventional fluorescent emitter are non-radiative, giving rise to a pronounced decrease 
of the electrical efficiency in these devices.  

The final EQE of the device ηext can be described as: 

𝜂ext = 𝛾𝜂rad
∗ 𝜂out  (3.15) 

where ηout denotes the outcoupling efficiency of generated photons from multilayered 
structures into the far field. Hence, the final EQE is determined by the electrical 
efficiency of charge carrier conversion to excitons, effective radiative efficiency of the 
excitons in the optical environment and the outcoupling efficiency of generated photons 
from the multilayered device.  

3.5 Photon dissipation  

The radiative decay of excitons and the outcoupling of the generated photons can 
be treated as classical electrical dipole antennas radiating electromagnetic power with 
a spectrum. The total radiated power F(λ), also known as Purcell factor, normalized to 
the power in free space, can be obtained according to: 

𝐹(𝜆) = ∫ 𝐾(𝜆, 𝑢)𝑑𝑢2 
∞

0

= 2 ∫ 𝐾(𝜆, 𝑢)𝑑𝑢
∞

0

 (3.16) 

Here, u represents the normalized transverse wave vector and is defined as u = kx/k, 
with k the total wave vector at the emitter location and kx the wave vector in the plane 
of the emitting source. K is the total spectral power, which is a wavelength dependent 
parameter. 
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The dipole orientation of these emitters can also affect the total radiated power. For 
an emitter with an anisotropic factor a, the total spectral power K per unit normalized 
in-plane wave vector reads: 

𝐾 = 𝑎𝐾TMv + (1 − 𝑎)𝐾TMh + (1 − 𝑎)𝐾TEh (3.17) 

where KTMv denotes the transverse magnetic (TM) mode from vertical dipoles, KTMh is 
the TM mode from horizontal dipoles, KTEh represents the transverse electric (TE) mode 
from the horizontal dipole. The total spectral power F(λ) radiated by the emitter at the 
wavelength λ reads:  

𝐹(𝜆) = 2 ∫ [𝑎𝐾TMv(𝜆, 𝑢) + (1 − 𝑎)𝐾TMh(𝜆, 𝑢) + (1 − 𝑎)𝐾TEh(𝜆, 𝑢)]
∞

0

)𝑑𝑢  (3.18) 

The outcoupled power U(λ) at wavelength λ is calculated by integrating the 
spectrum of externally radiated power Kout(λ, u) per unit normalized in-plane wave 
vector : 

𝑈(𝜆) = 2 ∫ 𝑢𝐾out(𝜆, 𝑢)𝑑𝑢
𝑢crit(𝜆)

0

 (3.19) 

The upper integration limit ucrit(λ) is the maximum value of the in-plane wave vector 
allowing the generated photons for far-field propagation. By using the Snell’s law, with 
refractive index ne(λ) of the light generation medium and the refractive index no(λ) of 
medium in the far-field, the ucrit(λ) is obtained as: 

𝑢crit(𝜆) =
𝑛o(𝜆)

𝑛e(𝜆)
 (3.20) 

The outcoupling efficiency of a planar organic light-emitting diodes reads: 

𝜂out = ∫
𝑈(𝜆)

𝐹(𝜆)
𝑑𝜆

𝜆

 (3.21) 

For a molecular emitter, the radiative decay rate is 𝑘r in free-space, the effective 
radiative decay rate 𝑘r

∗  in the optical microcavity within the device is wavelength 
dependent. It reads: 

𝑘r
∗(𝜆) = 𝐹(𝜆)𝑘r(𝜆)  (3.22) 
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The effective total decay rate reads   

𝑘∗(𝜆) = 𝐹(𝜆)𝑘r(𝜆) + 𝑘nr  (3.23) 

Accordingly, the radiative decay rate of an emitting molecule in an optical cavity is 
proportional to the Purcell factor, but the non-radiative decay rate keeps unmodified. 
Due to a variation of radiative decay rate within the device, the effective radiative 
efficiency of the emitting molecule varies with the change of the optical cavity. The 
final effective radiative quantum yield in the cavity is obtained as a ratio between the 
effective radiative decay rate and the total decay rate: 

𝜂rad
∗ (𝜆) =

𝑘r
∗(𝜆)

𝑘r
∗(𝜆) + 𝑘nr

=
𝐹(𝜆)𝜂rad

1 − 𝜂rad + 𝐹(𝜆)𝜂rad
 (3.24) 

Summarizing the detailed expression for effective radiative efficiency and 
outcoupling efficiency for OLEDs, the final EQE for an OLED reads: 

𝜂ext = 𝜉𝛾 ∫ 𝑆el(𝜆)
𝐹(𝜆)𝜂rad

1 − 𝜂rad + 𝐹(𝜆)𝜂rad

𝑈(𝜆)

𝐹(𝜆)
𝑑𝜆

𝜆

 (3.25) 

where Sel(λ) is the normalized luminescence spectrum of the emitter. 
The EQE ηext is dependent on the electrical efficiency, effective radiative efficiency 

and the outcoupling efficiency. The electrical efficiency is solely determined by the 
electrical properties of the device through the number of useful charge carrier 
recombination events. The effective radiative efficiency is influenced by the intrinsic 
radiative quantum yield and the optical environment. The cavity resonance formed by 
the metallic electrode within the device can induce constructive or destructive 
interference, giving rise to the opportunity to modify the EQE by tuning the Purcell 
factor. The outcoupling efficiency is determined by factors such as the anisotropy factor, 
the refractive index of each functional layer and the device geometry, further discussion 
about outcoupling efficiency is given in the following sections. 
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3.6 Photon trapping modes  

As shown in Figure 3.2, the typical device architecture for a conventional bottom 
emitting OLED is based on glass substrates with a layer of ITO anode. Photons 
generated from organic materials with the typical refractive index n of 1.7-1.8, are 
propagating to the air zone (n = 1.0) via the glass substrate (n = 1.5). As shown in Figure 
3.7, total internal reflection (TIR) can happen when the light beam is propagating from 
a medium with a higher refractive index to the other medium with a lower refractive 
index. The waveguide modes denote photons waveguided in organic layer/ITO anode, 
while the substrate modes represent the photons trapped in the substrate. These two loss 
channels are resulting from the gradual change from the high refractive index organic 
materials, ITO anode to the glass and air with a lower refractive index. In a simple ray-
tracing picture and assuming that the light beam initially emits isotopically in all 
directions within the emissive layer, one can estimate the outcoupling efficiency ηout ≈ 
1/(2n2), where n is the refractive index of the emissive materials.[142] However, this 
approximation is oversimplified, since there is a lack of consideration of the anisotropic 
factor of emitter molecules, the optical cavity thickness and the interaction between 
photons and free electrons in the conductive metals.  

Figure 3.7. Energy trapping mechanism in OLEDs, including refractive indices mismatching induced air mode, 
substrate mode and waveguide mode and the excitation of SPP modes at the interface between the organic layer and 
the conductive metallic electrode.  
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The interaction between electromagnetic waves and free electrons in metals can 
excite surface plasmon polariton (SPP) modes. The SPP modes have been intensively 
investigated after the pioneering work of Ritchie in the 1957.[143] For short, SPP 
modes are electromagnetic waves that propagate along the surface of a conductor, 
usually a metal with free electrons. The electron charges on a metal surface can perform 
coherent fluctuations along the surface, which are denoted as surface plasma 
oscillations, demonstrated by electron energy-loss experiments in 1960, as shown in 
Figure 3.8a.[143,144] The frequency ω of these oscillations is bounded to the in-plane 
wave vector kx by a dispersion relation ω(kx). These charge oscillations are localized in 
the z direction (perpendicular to the planar surface), accompanying by a mixture of 
transversal and longitudinal electromagnetic field components. The intensity of electric 
field E can be described as:[145] 

𝐸 = 𝐸0
± exp[+𝑖(𝑘x𝑥 ± 𝑘z𝑧 − 𝜔𝑡)]  (3.26) 

where E0 is the intensity at the surface, + represents for z ≥ 0, - for ≤ 0, kz is the wave 
vector perpendicular to the surface. The field intensity E is exponentially decaying 
along the perpendicular direction (imaginary kz). The in-plane wave vector kx is parallel 
to the x direction with a relation of kx = 2π/λp, where λp is the plasma oscillation 
wavelength.  

According to Maxwell’s equation, the dispersion relation can be obtained for a 
semi-infinite metal system with a planar surface, adjacent to a dielectric medium with 
dielectric εdiel: 

Figure 3.8. Surface plasmon polariton modes. SPP modes at the interface between a metal and a dielectric medium 
have a combined electromagnetic wave and surface charge character as shown in (a) the electromagnetic field of 
SPP modes propagating on the surface in the x direction. Hy shows the magnetic field in the y direction of the shown 
p-polarized wave. (b) The combined character also leads to the field component Ez being enhanced near the surface 
and exponentially decaying with the distance away from the surface. δd is the decay length of the field into the 
dielectric medium, while δm is the decay length into the metal. (c) The dispersion relation for a SPP mode shows the 
momentum mismatch between the light in frees pace and SPP mode. The momentum of the SPP mode is larger than 
the light in free space, indicating the bound, non-radiative nature of SPP mode. The energy is trapped within the 
surface and evanished. Reproduced from reference [213] with permission. 
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𝐷0 =
𝑘z1

𝜀met
+

𝑘z2

𝜀diel
= 0  (3.27) 

𝜀met (
𝜔

𝑐
)

2

= 𝑘x
2 + 𝑘z,met

2  (3.28) 

𝜀diel (
𝜔

𝑐
)

2

= 𝑘x
2 + 𝑘z,diel

2  (3.29) 

The dispersion relation can then be written as: 

𝑘𝑥
2 = (

𝜔

𝑐
)

2 𝜀met𝜀diel

𝜀met + 𝜀diel
 (3.30) 

According to the Drude model, the dielectric function of metal reads:  

εmet=εmet
' +iεmet

''  (3.31) 

where εmet
'  is the real part and εmet

''  is the imaginary part of the permittivity. For metals, 
the real part is negative and the imaginary part positive.[146]  

For εmet
'' <|εmet

' |, the real part of the SPP in-plane wave vector kx can be written in 
the following way: 

𝑘𝑥
′ = (

𝜔

𝑐
) √

𝜀met
′ 𝜀diel

𝜀met
′ + 𝜀diel

(3.32) 

𝑘𝑥
′′ = (

𝜔

𝑐
) (

𝜀met
′ 𝜀diel

𝜀met
′ + 𝜀diel

)

3
2 𝜀met

′′

2(𝜀met
′ )2

 (3.33) 

Since εmet
'  is negative and εdiel is positive, the SPP dispersion 𝑘x

′  can only exist when 
the absolute value of εmet

'  is larger than εdiel. In this case, a SPP is excited when light 
is propagating between the metal and the dielectric medium. 𝑘x

′′ represents the internal 
absorption of metals. Because 𝑘x

′  denotes the propagation property of SPP modes, in 
the following discussion, kspp is presented rather than 𝑘x

′ .  
According to the dispersion relation of SPP modes, the momentum of SPP modes 

approaches the light line √𝜀diel𝜔/𝑐, but it is always larger than √𝜀diel𝜔/𝑐, as shown 
in Figure 3.8c. The mismatch of momentum makes SPP modes intrinsically non-
radiative. Thus, whenever the SPP modes are excited at the planar surface, this part of 
electromagnetic energy is trapped as SPP mode at the region between the metal 
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conductor and the dielectric medium. The SPP mode can propagate along with a flat 
metal surface, but it will gradually attenuate because of the absorption in the metal. The 
intensity of SPP modes in the plane direction is dependent on the 𝑘x

′′, with a relation 
of:  

𝐸x = 𝐸0 exp[−2(𝑘x
′′𝑥 − 𝜔𝑡)]  (3.34) 

The propagation length Lspp,x along the planar surface is defined as the distance 
where the intensity of the electric field has dropped to 1/e of its initial value. Then the 
propagation length Lspp,x is given by:  

𝐿spp,x = (2𝑘x
′′)−1  (3.35) 

The decay length of SPP modes into the metal δm and the dielectric medium δd, can 
be defined as the depth when the field intensity decreases to 1/e, as shown in Figure 
3.8b. In the metal, the depth reads:  

𝛿m ≈
𝜆

2𝜋
[
𝜀met + 𝜀diel

(𝜀met
′ )2

]

1
2

≈
𝜆

2𝜋
(

|𝜀met
′ + 𝜀diel|

|𝜀met
′ |

)  (3.36) 

In the dielectric medium, the depth reads: 

𝛿d ≈
𝜆

2𝜋
(

𝜀met + 𝜀diel

𝜀diel
2 )

1
2

≈
𝜆

2𝜋
(

|𝜀met
′ + 𝜀diel|

𝜀diel
)  (3.37) 

To give an impression about the respective lengths for SPP modes at the interface 
between silver and organic materials (n = 1.7), for light at wavelength of 600 nm, one 
can obtain δm of 784 Å and δd of 4359 Å. It indicates that the field penetrate into the 
metal side is much shallower than in the organic material. Whenever the silver layer is 
thinner than this value (784 Å), SPP modes at each side of Ag layer can couple with 
each other, giving more complex SPP modes. The long distance of SPP modes coupling 
through an opaque thick metal film shows potential application in special cases, as the 
distance is much longer compared to FRET or Dexter energy transfer.[147–149] The 
propagation length Lspp,x along with the surface can also be calculated according to 
Equation (3.35), which is as high as 129 μm. Thus, when the SPP mode of silver is 
excited by 600 nm of light, the delocalized SPP mode can propagate for a long distance 
before its intensity decreases to 1/e.  
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Because of the fascinating properties of SPP modes, it has been used in fields such 
as optics communication, surface science and photocatalysis.[150] However, the 
excitation of SPP modes in OLEDs represents an energy loss channel. The 
electromagnetic waves are oscillating in resonance with the electrons in metallic 
electrons, propagating along the interface between the dielectric medium and the metal 
electrode. To achieve higher device performance, one should reduce the fraction of 
photons trapped as SPP modes in OLEDs.  

3.7 Quantification of energy loss channels  

For state-of-the-art OLEDs, the IQE can reach unity, when 100% of injected 
charges are converted to photons. Because of loss channels including substrate modes, 
waveguide modes, SPP modes and absorption, the major part of generated photons is 
trapped inside the multilayered device. Before increasing the efficiency of OLEDs by 
reducing and/or extracting the trapped photons, quantification for each energy loss 
channel is needed. 

The fraction of trapped photons in bottom OLEDs is different from those in top 
emitting OLEDs. For the former, loss channels are substrate modes, waveguide modes, 
SPP modes, absorption and non-radiative losses. However, for the top emitting OLEDs, 
there is no substrate mode since the light directly penetrates from the device to air zone. 
When varying the thickness of the ETL and HTL, the fraction of each mode is changed. 
However, it should be noted that, when intrinsic organic material is used as transport 
layers, the electrical properties of the devices can also be altered by changing the 
recombination zone and the electrical efficiency, as stated in the Section 3.1. In a case 
like that, the change of the device performance is not solely resulting from the optical 
effect, but also from the change of electrical efficiency, as described by Equation (3.25). 

Figure 3.9. Quantification of different loss channels for (a) red bottom emitting OLEDs with a change of n-doped 
ETL thickness and (b) red top-emitting OLEDs with different n-doped ETL thickness. The simulation is based on the 
electromagnetic model summarized in Section 3.5. The solid dots are experimental EQE for these two kinds of OLEDs. 
Reproduced from reference [263] with permission. 
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As discussed in Section 2.6, by using the highly efficient organic doped system, 
the mobility of the transport layer can be increased by several orders. The charge carrier 
balanced or the recombination for OLEDs is not influenced when tuning the thickness 
of doped transport layers, giving the possibility to maintain the electrical property while 
optimizing the optical microcavity of devices.[76,78]As a reason of that, the change of 
the device performance results solely from the optical effect, the impact of the electrical 
efficiency variation can be ruled out. 

The contribution of each mode to the entire trapping losses is device dependent. 
Here, state-of-the-art red phosphorescent bottom and top emitting OLEDs are applied 
to make a detailed discussion on the quantification for each loss channel. As shown in 
Figure 3.9a, the maximum EQE for bottom emitting red OLEDs is about 20%. The 
substrate modes account for about 10-20%, depending on the ETL thickness. It should 
be noted that SPP modes and waveguide modes are more sensitive to the change of ETL 
thickness. The increase of the ETL thickness will raise the proportion of waveguide 
modes and decrease SPP modes. Waveguide modes account for about only 5% at low 
ETL thickness and further increase to more than 30% with thick ETL layer. Meanwhile, 
more than 30% of the photons are trapped as SPP modes when the ETL thickness is low 
and it drops to less than 5% when ETL thickness is increased to the second maximum 
of EQE (with ETL thickness about 250 nm). The non-radiative loss is slightly varied 
when changing the ETL thickness, which accounts for about 10% of the total energy 
loss in this case. 

As for the top emitting red OLEDs shown in Figure 3.9b, the maximum EQE can 
reach more than 20% at the maximum position, which is slightly higher compared to 
the bottom one. In the top configuration, the majority of photons are trapped as 
waveguide modes and SPP modes. The total proportion of these two modes account for 
40-70% of the quantum efficiency. Since the performance for top emitting OLEDs is 
sensitive to the cavity length, the change of ETL thickness can significantly vary the 
resonance behavior, the Purcell factor and outcoupling efficiency. For devices at the 
minimum position, a very low EQE about 5% can be obtained where 70% of energy 
are trapped as waveguide and SPP modes.  

3.8 Extraction efficiency  

As discussed in previous sections, the outcoupling efficiency is not only dependent 
on the ETL thickness, but also the dipole orientation (anisotropy factor), the emission 
wavelength and the device architecture. Also, the fraction of each loss channel is varies 
for different devices. It is then reasonable to define a value to evaluate the performance 
of different outcoupling strategies, since the enhancement factor may be misleading, 
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especially in cases the reference sample is off the position of maximum EQE. The 
extraction efficiency ηEE, can be defined as a ratio between the extracted photons next.ph. 
and the trapped photons ntra.ph.: 

𝜂EE =
𝑛ext.ph.

𝑛tra.ph.
 (3.38) 

Since the trapped photons are simulated and represented as percentage of quantum 
efficiency, the extraction efficiency can also be calculated as: [151]  

𝜂EE =
EQEw/ − EQEw/o

𝜒SUB + 𝜒WG + 𝜒SPP
 (3.39) 

where the EQEw/ is the EQE with outcoupling structures, EQEw/o the EQE of reference 
device without extraction strategy, χSUB the quantum efficiency of substrate modes, χWG 
quantum efficiency of the waveguide modes, χSPP the quantum efficiency of SPP modes. 
For top emitting OLEDs, there is no substrate mode, i.e. χSUB = 0. The calculation of 
extraction efficiency for OLEDs should be based on the device performance where 
triplet-triplet annihilation or leakage current have minor influence. Since the 
enhancement factor is normally calculated at a typical luminance or current density for 
the specific reference device, the extraction efficiency can be meaningful in terms of 
comparing the efficiency of light outcoupling structures from different reports. 

3.9 Enhancing photon extraction 

As the energy loss mechanism is varied with different modes, the outcoupling 
strategy is therefore also targeting at different loss channels. From a theoretical point 
of view, it is meaningful to sort the outcoupling strategies according to the targeted loss 
channel. For some cases, photons can be extracted from more than one loss mode at the 
same time. The discussion about different outcoupling strategies in the following part, 
is then sorted by the targeted mode. The discussion in this section is focusing on the 
performance enhancement and the outcoupling mechanism. The fabrication processes 
are mentioned, but a more detailed summary is given in a later section. The advantages 
and disadvantages for different outcoupling strategies are discussed. Since the dipole 
orientation can significantly influence the outcoupling efficiency, the management 
method for tuning the anisotropy factor is also briefly summarized.  
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3.9.1 External outcoupling  

According to the analysis in section 3.6, losses from substrate modes are resulting 
from TIR when light is propagating from the substrate medium (n ≈ 1.5 – 1.8) to air (n 
= 1.0). The critical angle θ for TIR can be calculated according to the Snell’s law 
(Equation (3.20)). For normal glasses (n = 1.5), the incident light with angles higher 
than arcsin(1/1.5) (41.8o) would be reflected at the glass/air interface. As a reason of 
that, methods reducing the TIR at the interface can be used to extract substrate modes.  

Figure 3.10. Microlens arrays used as external outcoupling strategies for bottom emitting OLEDs. (a) SEM of a 
microlens array with detailed side view of the lens as an inset. (b) The outcoupling efficiency vs the ratio of 
microlens to OLED diameter, calculated by 3D Monte Carlo simulations based on hexagonal microlens arrays, in 
which the refractive indices of the microlens and glass substrate is 1.45 and the corresponding microlens contact 
angle θ is 70o. The open circles and dashed lines indicate that the ray-tracing may not be accurate enough when the 
microlens diameters reaching the emissive wavelength. Inset: the OLED structure with the PMMA microlens array 
incorporated on the glass substrate. (c) The outcoupling efficiency vs the microlens diameter, assuming the OLED 
emitting at 550 nm with a diameter of 1 mm and calculated via finite difference time domain method. (d) The 
outcoupling efficiency estimated as a function of the refractive index of microlens (solid squares) with a contact 
angle θ of 70o; and a function of microlens shape θ from the flat case (θ = 0o) to the half-spherical case (θ = 90o). 
Inset: the contact angle θ of the microlens to the substrate. (a) reproduced from references [153] and (b)-(d) 
reproduced from [154] with permission. 
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One of the general ideas to reduce the TIR at the substrate/air interface of bottom 
emitting OLEDs is using external curved structures to change the incident angle of light 
beam from the substrate to the air zone. The application of a half-sphere lens with larger 
size than the OLED pixel would easily increase the EQE by a factor of two for 
conventional device layouts (OLEDs based on standard glass substrates without other 
optical enhancements).[152] However, the application of larger area of half-sphere 
macroextractors could suffer from being too bulky in case of a large area OLEDs.  

In 2002, S. Möller et al. demonstrated that ordered polydimethylsiloxane (PDMS) 
microlens arrays with a size of 10 μm attached to normal glass substrates can enhance 
the EQE of green OLEDs by a factor of 1.5 over flat substrates, as shown in Figure 
3.10a.[153] They showed that the EQE increased from 9.5% to 14.5% at a current 
density of 0.1 mA/cm2. No EL spectrum change was observed at different observation 
angles.  

Later in 2006, detailed studies have been conducted by the same group to 
investigate the influence of the size ratio of the microlens diameter to the OLED pixel, 
the refractive index of microlens, the shape of the microlens and the thickness of glass 
substrates.[154] As shown in Figure 3.10b and c, simulation results based on the Monte 
Carlo method showed that the enhancement is insensitive to the diameter of microlens 
when it is much smaller than the OLED pixel diameter, but larger than the emitted light 
wavelength, while the refractive index and the shape of microlens were held constant. 
When the diameter of the lens increases to a level which is comparable to, or bigger 
than the OLED, the EQE depends on the relative position of the microlens and the 
OLED pixel. Simulations also indicate that in a case of the worst misalignment of the 
OLED from the lens center, corresponding to the edge of the lens bisecting the OLED 
can reduce the EQE. However, the ray-tracing simulation is not accurate enough 
whenever the size of the lens decreases to the emissive wavelength range. The wave 
optics finite difference time domain simulation was conducted to estimate the EQE in 
the case when the diameter is comparable to the emissive wavelength. It was shown 
that the EQE of OLEDs based on these structures decreases rapidly when the diameter 
of lens reaches the emission wavelength. When increasing the refractive index of the 
microlens, the total reflection between the glass/microlens is decreased, but the loss 
between the microlens/air interface is increased, leading to a decrease of the EQE to the 
air zone. Based on these simulation results, they demonstrated a hybrid white OLED 
with a maximum EQE of 14.3 ± 0.3% at 900 cd/m2 and luminous efficacy of 21.6 
± 0.5 lm/W at 220 cd/m2 with hexagonal polymethylmethacrylate microlens arrays. 
An enhancement factor for EQE of about 50% was achieved with the angular 
independent emission and high CRI of 85 at the same time.  
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The picture is slightly different whenever the bottom emitting OLEDs is based on 
thin metal electrodes with a much stronger cavity. Recently, M. Kovačic et al. reported 
an external outcoupling strategy on periodically positive and negative hexagonal dome-
shaped structures, to extract the trapped photons as substrate modes in bottom red 
OLEDs based on MoO3 (2 nm)/Au (2 nm)/Ag (6 nm) composite electrode.[155] As 
shown in Figure 3.11, when using the positive (O dome) and negative dome-shape (U 
dome) textures to extract trapped photons in the optimized bottom red OLEDs, the EQE 
can be improved from 29.6% to 30.3% with O dome texture and up to 31.4% with U 
dome texture. However, if the device was further optimized for devices with 
outcoupling textures, significant improvement of EQE to 39.4% and 39.6% can be 
obtained for the O and U dome textures, respectively. Hence, the optimized device for 
flat substrates was not the optimized configuration for devices with external 
outcoupling textures. In the end, an OLED with 50.5% light extraction efficiency and 
improved angular intensity distribution was obtained with O dome structures 

Figure 3.11. (a) SEM images of positive (O (a, b)) and negative shaped domes (U (c, d)) replicas with period of 
about 7.37 μm and height of about 5.5 μm in experiments (a,c) and matched textures used in simulation models (c, 
d), represented at viewing angles of 45° (a, c) and 90° (b, d). The EQE and energy losses in different layers for 
OLEDs with optimized structure for (e) flat device without any textures and (f) devices with O domes texture. 
Reproduced from reference [155] with permission. 
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Since the outcoupling of substrate modes is based on the principle of decreasing 
the incident angle between glass substrates and air cone, nanostructures with proper 
aspect ratio between the height and the periodicity could potentially enhance the EQE 
for bottom OLEDs. There is no need of precise control of the height and periodicity. 
Corrugations with wide distribution of periodicity and height could enhance the 
EQE.[156,157] Bioinspired nanostructures with different periodicities and heights can 
also extract the photons trapped in substrate modes. In 2016, J. Kim et al. reported the 
unique optical functions of hierarchical ultrastructures in a firefly and the applications 
to build highly efficient OLEDs.[158] As shown in Figure 3.12, the hierarchical 
ultrastructure was comprised of longitudinal nanostructures and asymmetric 
microstructures (AM), which was replicated by using geometry-guided resist reflow, 
replica molding and PDMS oxidation. To mimic the hierarchical structure from the 
firefly, predefined thermoset microstructures with different inclined angles were 

Figure 3.12. Bioinspired OLEDs on hierarchical structures of a firefly. (a) An image of a male firefly (Pyrocoelia 
rufa). (b) SEM image of abdominal segments of a male firefly with normal (N) and lantern (L) cuticles. (c) SEM 
picture of the lantern cuticle in a larger magnification. Longitudinal nanostructures are located on asymmetric 
structures in a micrometer size. (d) The direction of the focused ion beam (FIB) section is along the white dash line. 
(e) A longitudinal cross-section of the lantern cuticle. (f) The biologically inspired OLED panel with an aluminum 
layer, organic functional layers and an optical layer with hierarchical structures on a glass substrate. (g) Maximum 
EQE of an OLED panel vs the device with a smooth surface, asymmetric microstructures and hierarchical 
ultrastructures at different inclined angles (5, 10, 14 and 18°). Reproduced from reference [158] with permission. 
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achieved by using two steps of patterning by photolithography with accurate alignment 
and then replicated by the PDMS precursor. The cured PDMS replica was then 
unidirectionally stretched and oxidized by oxygen plasma treatment to form wrinkle 
nanostructures perpendicular along the stretching direction. The inclined angle of the 
microstructures can slightly influence the outcoupling efficiency. For green OLEDs 
based on bis(2-phenylpyridine)iridium(III)-acetylacetonate (Ir(ppy)2acac) emitter in an 
exciplex host of 4,4’-Bis(N-carbazolyl)-1,1’-biphenyl (CBP) and bis-4,6-(3,5-di-3-
pyridylphenyl)-2-methylpyrimidine (B3PYMPM), the EQE was enhanced by up to  
61% compared to the one on the flat glass substrate with an inclined angle of 18o. As 
shown in Figure 3.12g, the enhancement is comparably lower for devices with only the 
asymmetric microstructures than the Bi-OLEDs with hierarchical ultrastructures.  

It should be noted that the external outcoupling structures discussed above were 
fabricated by complicated lithography, etching and nanoimprinting processes, which 
arises the concern of high costs and environmental hazards. Some facile, low-cost and 
controllable methods to generate micro/nano patterns have been developed for the 
outcoupling of substrate modes. Remarkable EQE enhancement was obtained when 
applying wrinkle patterns formed by UV radiation on polymers[159], nanopatterns 
spontaneously generated by O2 plasma treatment on flexible PET substrates[160] and 
crystallization-assisted nanolens array[161] to the glass substrate of bottom emitting 
OLEDs. By using glass substrates with sand-blasted edges and back-side, a 20% 
improvement of current efficiency has been demonstrated for green OLEDs.[162] By 
wet-etching polymeric micro/nano particles, quasi-periodic structures can also be 
applied as external outcoupling strategies.[98] The fabrication approaches for micro- 
and nanopatterns will be discussed in Section 3.10.  

Figure 3.13. A schematic illustration of outcoupling trapped photons with external scattering films with micro/nano 
particles. D(θ): internal angular distribution of light. The line denotes the trace of a single prototypical ray interacting 
with the medium and scattering nanoparticles (sites a–g). Reproduced from reference [264] with permission. 
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The discussion of external outcoupling strategies above is based on the idea to tune 
the incident angle at the substrate/air interface, in which the light propagation inside the 
substrate is not disturbed. Meanwhile, it is also possible to tune the light propagation 
direction by scattering before it hits the substrate-air interface. In this manner, rays are 
transmitted into the substrate as usual, while the propagation is scattered by micro/nano 
particles with a different refractive index compared to the substrate. The addition of 
particles into the substrate is a relatively simple and cost-effective method. By tailoring 
their distribution, the refractive index and the size of particles, the scattering effect can 
be tuned for outcoupling trapped photons as substrate modes.  

As shown in Figure 3.13, particles buried inside the scattering films can modulate 
the light beam propagation direction by a couple of times. In the end, both forward 
scattering and back scattering have to be taken into account. The scattering efficiency 
and backward scattering efficiency can be calculated according to Mie theory.[163] The 
refractive indices of the doped particles and the medium, the doping concentration and 
the size of particles can significantly affect the scattering efficiency and the backward 
scattering efficiency.[164]  

In work by L. Li et al., nanoparticles of barium strontium titanate (BST) with a 
refractive index of 2.6 (measured at 512 nm) and size of 200 nm were dispersed within 
a polymer poly(diacrylate) substrate to enhance light extraction efficiency of green 
polymer OLEDs and white OLEDs. The nanocomposite electrode consisted of a layer 
of single-walled carbon nanotubes (SWNT) and silver nanowires (AgNWs) which were 
embedded in the surface of the nanoparticle-polymer composite substrate, giving the 
average roughness Ra of the SWNT/AgNW-nanocomposite substrate of only 1.51 nm. 
For green OLEDs based on SWNT/AgNW-nanocomposite substrate, a maximum EQE 
of 38.9% was achieved, which was about 1.8 times higher compared to the device based 
on SWNT/AgNW without BST nanoparticles. For white OLEDs based on 
SWNT/AgNW-nanocomposite substrate, maximum EQE of 30.5% was obtained, with 
an enhancement factor of about 1.6 compared to the reference OLED with 
SWNT/AgNWs electrode on polymer substrate without BST nanoparticle. 

It should be noted that the scattering can also happen whenever the buried particle 
has a lower refractive index than the medium. In recent work by T. Koh et al., a thin 
light scattering layer with air voids as low-index scattering centers buried in a high-
index polyimide matrix was developed, as shown in Figure 3.14.[165] These porous 
polyimide scattering layers with air voids were made through a scalable fabrication 
technique by immersion precipitation relying on the interaction between a solution and 
an anti-solvent for precursors of polyimide. An average haze factor of 77% in the visible 
wavelength range was obtained for the scattering film. When externally attaching 2 μm 
scattering films on the glass substrate of a green OLED stack, they showed an 
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enhancement factor of 65% for the EQE and 77% for the luminous efficacy. 
Furthermore, when integrating the scattering film to an all phosphorescent single unit 
white OLED, the EQE increased from 11.9% for the reference device at 3 mA/cm2, to 
19.0% for devices with the porous polyimide scattering layer at the same current, 
corresponding to an enhancement factor of 1.6. The angular radiant intensity was 
initially broader than Lambertian for the reference white OLED and was similar to the 
Lambertian distribution with the scattering film. The spectral stability was also 
improved considerably across the observation angle range. The CIE coordinate shifted 
from (0.505, 0.439) at 0° to (0.477, 0.437) at 60°, with a |Δ(x, y)| of (0.028, 0.002) for 
the reference device. Meanwhile, the CIE was (0.462, 0.448) at 0° and it shifted to 
(0.461, 0.448) at 60° without big change of CIE the device with the scattering layer. 

Scattering can also be achieved by the crystallization of organic molecules,[161] 
utilizing the refractive index difference between glass fabrics and polymers [166] and 
dry etching the Si3N4 layer to form vacuum nanohole arrays.[167] It should be noted 
that the aggregation of micro/nano particles in the scattering scheme may make a 
detrimental effect on the efficiency. It is also possible to combine micro/nano patterns 
and particles to bring a synergetic effect. Both the geometry change and the buried 
particles can enhance the device performance. Since substrate modes are only relevant 

Figure 3.14. External outcoupling of photons in OLEDs by a high index contrast scattering layer with air voids. (a) 
A schematic illustration of the light scattering film with air voids buried in high-index polyimide flexible films for 
outcoupling substrate modes. (b) EQE-current density curves for white OLEDs with or without the light scattering 
film. (c) The angular radiant intensity for white OLEDs with or without the scattering film. (d) The CIE coordinate 
change for white OLEDs with or without the scattering film. Reproduced from reference [165] with permission. 
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for bottom emitting OLEDs, the outcoupling techniques are usually applied inside the 
substrate or attached externally on the back side of the substrate, without the 
disadvantage of influencing the electrical property of OLEDs.  

Even though it is possible to obtain quite high enhancement factors with different 
external outcoupling strategies to extract trapped photons as substrate modes, reports 
with merely enhancement factor is not ideal. Since the enhancement factor is dependent 
on the performance of the reference device, there is a lack of comparison for different 
strategies. The extraction efficiency (see Section 3.8) is needed to quantitatively 
compare the ability of outcoupling efficiency of strategies showed previously.  

3.9.2 Internal outcoupling  

The excitation of waveguide modes is resulting from the higher refractive index of 
organic layers/ITO anode (n = 1.7-1.8) compared to the conventional glass substrate (n 
= 1.5) within the visible wavelength range. A facile method is applying substrates with 
comparable refractive index compared to the ITO anode. As reported by Rosenow et al. 
[168] and Reineke et al. [152], highly efficient white OLEDs have been obtained based 
on high refractive index glass substrates. However, substrates are doped with toxic 
ingredient to realize high refractive, raising concerns of environmental compatibility 
and high costs for the mass production. It is also possible to use less toxic polymer 
layers with high refractive index to reduce the TIR between the ITO/substrate 
interface.[169] However, since the refractive index of the polymer films cannot fully 
cover the entire visible range, there are still trapped photons as waveguide modes.  

Micro/nano patterns with periodic, quasi-periodic or random structures can be 
applied to extract waveguide modes and/or SPP modes in OLEDs. An appropriate 
periodicity is mandatory to efficiently waveguide light into the substrate to meet the 
Bragg scattering condition.[170,171] It is the same for extracting SPP modes by 
integrating corrugated structures into the device, to reduce the momentum of SPP mode 
by shifting them to emissive modes. Since the Bragg-scattering is wavelength and 
angular dependent, structures with a broad distribution of periodicity would be 
beneficial for white OLEDs, to achieve a wavelength and angular independent emission 
behavior for lighting applications. Besides the periodicity of grating structures, the 
amplitude is also an important factor to influence the light extraction efficiency. 
Because the deposition of functional materials would somehow smooth the structure 
and change the electrical property of OLEDs, these effects should be excluded before 
analyzing the optical effect from micro/nano patterns. [170] 
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In the work from C. Chen et al., ITO nanomesh was fabricated by etching the self-
assembly monolayer of polystyrene nanospheres with an average diameter of 500 nm, 
followed by sputtering the ITO layer and lift-off of polystyrene nanospheres. As shown 
in Figure 3.15b, the spin-coating of PEDOT:PSS can slightly planarize the ITO 
nanomesh, while a corrugation height of about 35-40 nm was retained after the device 
fabrication. The EQE and luminous efficacy of green bottom OLEDs increased from 
(21.0%, 73.2 lm/W) to (25.3%, 107.9 lm/W) without external outcoupling strategy. 
With an extraction lens, planar ITO and ITO nanomesh devices exhibited EQE and 
luminous efficacy of (36.2%, 126.0 lm/W) and (61.9%, 264.3 lm/W), giving an EQE 
enhancement factor of 1.7. These results indicate that the ITO nanomesh indeed 
significantly enhances the coupling of internally generated photons into the substrate, 
but a large fraction of photons were still beyond the critical angle to the air cone. The 
angular spectral radiant intensity for devices based on ITO nanomesh and planar ITO 
indicated a significant enhanced irradiance beyond the critical angle of the glass 
substrate-air interface. 

Figure 3.15. Corrugated nanopatterns formed by reactive ions etching the polystyrene nanosphere. (a) SEM image 
of the sputtered ITO nanomesh. (b) Surface profile for samples after ITO sputtering, after deposition of functional 
layers of OLEDs. (c) EQE of devices measured without and with half-sphere lens. The black represents the device 
based on planar ITO; the red is the device based on planar ITO/PEDOT:PSS and the blue is the device based on 
ITO nanomesh with PEDOT:PSS. (d) The angular spectral radiance for the planar device and the ITO nanomesh 
device with half-sphere lens attached. Reproduced from reference [180] with permission. 
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W. Koo et al. reported a method to extract trapped photons as waveguide modes 
and SPP modes by using spontaneously generated buckling for green fluorescent 
OLEDs.[170] Buckling structures were realized by cooling the bilayer system with a 
bottom elastic PDMS layer and a top stiff aluminum layer. Because of the different 
thermal expansion coefficient of these two layers, corrugated buckling structures form, 
to release the compressive stress after the external heating. The detailed generation 
theory will be discussed in Section 3.10.3. Short periodicity and proper depth is needed 
to efficiently diffract trapped photons into the air zone for the green OLED.  

As shown in Figure 3.16, the atomic force microscope (AFM) measurements 
indicate that the buckling nanostructure has no directional preference. To obtain deeper 
nanostructures for efficient light outcoupling, further deposition of a 10 nm aluminum 
layer on a PDMS replica was needed. The buckling depth can reach 40-70 nm and 50-
70 nm for two times and three times generation, respectively. The multiple generation 
has little influence on the peak periodicity, while a broader periodicity distribution can 
be obtained, as shown in Figure 3.16d. When using these nanostructures in OLEDs, the 
current density of these devices was increased under the same driving voltage compared 
to the reference device without nanostructure, resulting from a stronger electric field 
induced by the distance decrease between the top cathode and ITO anode on corrugated 
nanostructures. To exclude the influence of the electrical efficiency change, devices 
without buckling and with the decreased thickness of organic layers were fabricated 
and compared. Though the driving voltage is lower, the current efficiency for the device 
with 20% reduced thickness was comparable to the planar reference device. Further 
decrease of the organic layer thickness to 40% can dramatically reduce the device 
efficiency. With this, the current efficiency enhancement came from the optical effect, 
not the change of IQE. The current efficiency at 2000 cd/m2 was enhanced by a factor 
of 1.8 and 2.2 with two times and three times generated buckling, respectively. No 
pronounced spectral change was noted after burying these nanostructures into OLEDs. 

In work from C. Peng et al., corrugations were generated with two ETLs with 
different glass transition temperatures.[172] Because of the difference in thermal and 
mechanical properties of the two electron transport materials with the high Tg material 
deposited on a lower Tg material, a buckled surface was spontaneously formed after 
thermal annealing above Tg. With TPD as the low Tg material (∼60°C) fixed at 40 nm 
and Alq3 as the high Tg material (∼172°C), a well-defined corrugated structure can only 
form with a narrow range of the top Alq3 thickness. The OLED showed an enhancement 
of 20% in EQE compared with the planar control device from 10% to 12% at 100 cd/m2. 
However, the efficiency of the control device was quite low because of using PBD as 
ETL. The outcoupling strategy is limited by material combinations, making it difficult 
for getting highly efficient and stable OLEDs. 
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Figure 3.16. Spontaneously formed buckles for light extraction from bottom emitting OLEDs based on 
conventional fluorescent emitters. (a) buckles formed by a 10 nm thick aluminum layer on the soft PDMS. (b) (c) 
buckled nanostructures formed by deposition of a 10 nm aluminum layer twice and three times on a buckled PDMS 
replica, respectively. Inset: fast Fourier transfer (FFT) pattern for each AFM measurement. The ring shape of FFT 
patterns indicate the random distribution of these structures without preferential direction. (d) power spectra density 
function (PSDF) from FFTs as a function of wavelength for these nanostructures obtained by deposition of a 10 nm 
aluminum layer once (black line), twice (red line) and three times (blue line). (e) current density-luminance-voltage 
characteristic of the OLED without (black), with double times (red) and three times generated buckling (blue). The 
dotted and dashed lines denote the current density of OLEDs without nanostructure but with the organic layer 
thickness decreased by 20% and 40%, respectively. (f) current efficiency-luminance, power efficiency-luminance 
characteristics of OLEDs without (black), with double times (red) and three times generated buckling (blue). Error 
bars represent standard deviation of values from several devices. Reproduced from reference [170] with permission.  



 Enhancing photon extraction  

63 
 

In general, the optical effect on OLED performance with gratings or corrugated 
nanostructures can be partially explained by Bragg diffraction. An appropriate 
periodicity is needed to meet the Bragg scattering by diffracting the waveguided light 
into the forward direction. For the trapped SPP modes at the interface between the 
cathode and organic functional layers, the integration of micro/nano patterns with the 
appropriate size is crucial for the outcoupling of trapped photons. There are reports 
where the implementation of nanostructures can decrease the device EQE, since the 
outcoupled electromagnetic waves interact with air modes by destructive interference, 
leading to a decrease of the entire EQE while an enhancement of luminance in the 
forward direction.[173,174] 

The momentum shift of waveguide modes and SPP modes with the additional wave 
vector of gratings with a periodicity of Λ, can be described as: 

𝑘x = 𝑘x0 ±
2𝜋𝑚

Λ
 (3.40) 

where kx denotes the absolute wave vector in-plane component, kx0 denotes the parallel 
component of the wave vectors of waveguide modes or SPP modes without grating, m 
is an integer of the diffraction order based on a grating with a periodicity of Λ. 

Equation (3.40) indicates that it is possible to shift the parallel wave vector of 
waveguide modes and SPP modes to smaller or even higher region with the additional 
wave vector from the grating nanostructures. According to previous analysis in Section 
3.6, the energy of electromagnetic wave dissipated in different region is a function of 
the in-plane wave vector kx. The wave vector for the electromagnetic wave in air zone 
is smaller compared that at the position of emissive layer. With grating nanostructures, 
there is the possibility that the device performance gets worse by adding further 
momentum from grating vectors. Meanwhile, it is difficult to simulate or predict the 
device performance with an unknown diffraction order m. Nevertheless, the theory of 
Bragg scattering shown in Equation (3.40) can give a rough estimation about finding 
proper grating structures before implementing in a device. 

Micro/nano patterns internally extracting photons can bring electrical defects into 
the device, leading to a higher leakage current compared to planar devices or even 
electrical shorts. Based on this fact, non-intrusive strategies to extract or reduce the 
trapped photons as waveguide modes or SPP modes have been developed, without 
disturbing the geometry of organic function layers. For non-intrusive structures in 
bottom OLEDs, the nanostructure is a part of the substrate, but it is further planarized 
by another layer with different refractive index. By doing this, the scattering effect of 
nanostructures is maintained while the effect of changing the geometry of functional 
layers inside the device is reduced.  
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The work of Y. Qu et al. reported a non-intrusive method by using a non-diffractive 
dielectric grid layer between the transparent ITO anode and the substrate, to efficiently 
extract the trapped photons as waveguide modes.[175] As shown in Figure 3.17a, the 
sub-anode grid layer was buried between the anode ITO layer and the glass substrate, 
which is composed with the grid and host materials. The shape of the grid, the thickness 
and the refractive index of the grid and host material can influence the outcoupling 
efficiency. The quantum efficiency of substrate and air mode, namely ηSA, has the 
possibility to be enhanced with an enhancement factor of 1.4 from the simulation. With 
the optimized grid structure, it is possible to fully extract the trapped photons in the 
waveguide modes. However, OLEDs based on thin ETL layer still showed a high 
leakage current, because of the introduction of protrusions during the lithography and 
pattern transferring process. For devices based on a thick ETL layer, it was possible to 
increase ηSA from 12 ± 1% for the controlled device to 18 ± 1% for devices with sub-
anode grid, corresponding to an enhancement factor of 1.50 ± 0.08. 

 

Figure 3.17. Light extraction from bottom OLEDs with a sub-anode grid. (a) a schematic cut-away view of an 
OLED with a sub-anode grid between the substrate and ITO anode. (b) simulated and experimental results about 
the dependence of outcoupling enhancement based on sub-anode grid. Simulated (sim.) and measured (meas.) 
enhancement factor of ηSA of square and hexagonal sub-grids vs grid thickness. (c) proportion of power coupled 
into various optical modes as a function of ETL thickness of the phosphorescent OLEDs. The ηSA and ηEQE of 
OLEDs with sub-anode grid and reference devices (symbols) are compared to the simulated power distribution of 
conventional devices (curves). (d) the enhancement factor of ηSA compared with a conventional device without sub-
anode grid at the current density of 1 mA/cm2. Reproduced from reference [175] with permission. 
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The non-intrusive nanostructures, in principle, should not bring the problem of high 
leakage current or electrical defects. However, the multiple lithography and 
nanoimprinting processes can potentially induce defects into the device. Hence, a 
polishing process or a planarization layer is needed. Other non-intrusive nanostructures 
including microlens arrays with high refractive index inside the glass substrate[176], 
micro/nano patterns smoothed with another polymer layer with high refractive index 
have been introduced[177]. However, it should be noted that the fabrication of grids, 
microlens or micro/nano patterns involve complex lithography processes, which may 
hinder the practical utilization for either lighting or display applications.  

According to Equation (3.20) and (3.32), the generation of waveguide modes 
results from the mismatch of refractive index, while SPP modes can be suppressed by 
matching the refractive index of the dielectric layer close to the metal. The idea to obtain 
efficient OLEDs by choosing functional materials inside the device to mitigate 
waveguide or SPP losses can be potentially useful, since there is no need to introduce 
nanostructures, while optically enhancing the outcoupling efficiency of planar OLEDs. 

C. Fuchs et al. reported that, by using PEDOT:PSS as the HTL material with a low 
refractive index (∼ 1.52), EQE enhancement by a factor of 1.2 compared to a reference 
sample for top emitting OLEDs was achieved.[178] The low refractive index 
PEDOT:PSS decreased the in-plane wave vector of the SPP excited at the interface 
between the bottom metallic anode and the HTL. The shift of SPP modes reduced the 
energy dissipated into evanescent loss modes, giving rise to an increase of the 
outcoupling efficiency. A. Salehi et al. reported a method by using the low refractive 
index ETL material tris-[3-(3-pyridyl)mesityl]borane (3TPYMB) (1.65, 550 nm) to 
effectively enhance the outcoupling efficiency for solution processed bottom emitting 
OLEDs.[179] The OLED showed 76% enhancement in EQE, with 59% of the 
enhancement from the mitigation of SPP modes and the remaining 17% from the 
change in charge balance. In the end, the OLED based on 3TPYMB as ETL and a TADF 
emitter showed a maximum EQE of 21.0%. However, since the refractive index of 
organic materials is related to their chemical structures and film morphology, it is 
challenging to match the refractive index and electrical properties at the same time as a 
functional layer, as discussed in Section 2.2.2 and 3.1.[16]  

Strategies to outcouple substrate modes, waveguide modes and SPP modes may be 
combined together, to achieve highly efficient OLEDs. For example, external microlens 
foils or half-sphere lens were used to extract substrate modes while internal corrugated 
nanostructures were used to scatter waveguide modes and SPP modes.[180] Scattering 
nanoparticles were buried into high refractive polymer substrate to extract waveguide 
modes and substrate modes at the same time.[181] By combining different outcoupling 
strategies, it is possible to get a high enhancement factor compared to the controlled 
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device, together with a very high value of the absolute efficiency. 
The outcoupling techniques to extract waveguide modes and SPP modes for top 

emitting OLEDs are somehow similar with these for bottom emitting OLEDs. 
Microlens array foil directly attaching to the capping layer[182], a reflective sub-
electrode grid [183] and nano-sized texture surface[174] have been demonstrated. 
Compared to bottom OLEDs, there are only limited outcoupling strategies for top 
emitting devices and further exploration is needed, since the top emitting configuration 
is now widely used for display purposes.  

3.9.3 Anisotropy factor  

According to the electromagnetic model summarized in Section 3.5, the anisotropy 
factor a of organic emitters within devices can make an effect on the outcoupling 
efficiency. For highly efficient OLEDs, the transition dipole moment vectors should 
preferentially align in the horizontal orientation with respect to the substrate plane, 
since the horizontal alignment can facilitate the light outcoupling efficiency. According 
to Equation (3.18), only TM modes of vertical dipoles can escape the device. Hence, 
the preference in horizontal orientation of organic emitters can potentially increase the 
outcoupling efficiency. The dipole orientation of organic materials is highly related to 
the intrinsic permanent dipole moment and molecular shape, while it can also 
influenced by the deposition temperature of substrates and the processing method.[81] 
For isotropic emitters such as Ir(ppy)3, the anisotropy factor is 0.333, an average value 
in a three dimension space.[184] The red emitter Ir(MDQ)2(acac) shows a slightly 
horizontal orientation, with an anisotropy factor of 0.24.[185]   

3.9.4 Cavity resonance  

As shown in Figure 3.2, the basic structure of OLEDs is in a form of an optical 
cavity. For devices with highly reflective electrodes, the cavity resonance formed 
between the bottom and top electrode can significantly affect the device performance 
including the device EQE and angular emission pattern. According to the theory of 
Fabry–Pérot cavity and two beam interference, the spectral intensity I(λ) can be written 
as:[186][187]  

𝐼(𝜆) = 𝑄 ∙ 𝐼0(𝜆) =  
(1 − 𝑅top)[1+Rtop+2√Rtop cos(4πnorg, iz0 λ⁄ )]

1+RtopRbot-2√RtopRbotcos(4πLcav λ⁄ ) I0(λ)  (3.41) 
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Lcav= ∑ 𝑛org,i ∙ 𝑑i

𝑛

i

(3.42) 

where the Rtop and Rbot refer to reflectance of top cathode and bottom anode and norg, i is 
the refractive index of the organic material i = {1, 2, …, n}, z0 is the distance from the 
emitter to the top highly reflecting cathode, Lcav is the length of the cavity, di is the 
thickness for each organic layer i, λ is the wavelength and I0 is the spectral intensity in 
the absence of a cavity. Here, the quality factor Q represents the multiple interactions 
of cavity resonance and beam interference. 

It is possible to increase the spectral intensity by using a cavity with the quality 
factor Q larger than 1. According to Equation (3.41) and (3.42), the quality factor Q is 
related to the distance between the emissive layer to the top reflective electrode, the 
emissive spectrum as well as the reflectivity of bottom and top electrodes. As an 
estimation, by considering a simplified system consisting of an ideal metallic conductor 
and organic materials with a refractive index of norg(λ) and a glass substrate, the 
constructive interference orthogonal to the planar cavity at a wavelength of λ is 
determined by the emitter-to metal distance l1 and the emitter-to substrate distance 
l2:[61]  

4π
λ

𝑛org(𝜆)𝑙1 − π = 2π𝑚1  (3.43) 

4π
λ

𝑛org(𝜆)𝑙2 = 2π𝑚2  (3.44) 

where m1 and m2 = {0, 1, 2, …, n} represent the resonance order. In Equation (3.43) 
and (3.44), a phase rotation angle is π at the organic/metal interface and 0 at the 
organic/glass interface. The cavity length Lcav in this case, can be simplified as:  

𝑛org(𝜆)𝐿cav =
𝜆

4
(2𝑚1 + 2𝑚2 + 1)  (3.45) 

For a typical device with fixed l2 = λ/2 and m2 = 0, the first constructive resonance 
can be obtained with cavity length of Lcav = 3λ/4 and the second constructive resonance 
of Lcav = 5λ/4. For a destructive interference, it can be achieved with Lcav = λ, while 
fixing l2 = λ/2 and m2 = 0.  

For top emitting OLEDs, both the bottom and top electrodes are reflective metals. 
The precise design of cavity resonance can even give slightly higher EQE compared to 
the bottom emitting counterpart. For bottom emitting OLEDs with ITO anode, the 
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deposition of a thin reflective silver layer on top of it, could also lead to higher EQE by 
using the constructive resonance.[188] 

The utilization of cavity to enhance the efficiency of OLEDs, however, can bring 
the disadvantage of strong angular dependent emission, which needs to be avoided for 
most applications. Meanwhile, the cavity resonance can also impact the radiative rate 
of excitons with a reduced exciton lifetime, which can mitigate the efficiency roll-off 
for devices operating under high current density.[189]  

3.10  Micro/nano pattern fabrication 

Even though tuning the anisotropy factor of emitting molecules and the cavity 
resonance can somehow enhance the device performance, the excitation of SPP modes, 
waveguide modes and substrate modes can still give rise to significant photon trapping 
in OLEDs. As discussed in previous sections, the application of micro/nano structures 
in OLEDs to extract trapped photons for both top and bottom emitting OLEDs is needed. 
In this section, the attention is paid on the fabrication technique and/or mechanism, to 
realize simple, scalable and cost-effective manufacturing techniques for outcoupling in 
OLEDs based on the mechanism introduced in previous sections. 

3.10.1  Photolithography and laser interference 

Photolithography, a widely used technology in chip industry, can be applied to 
fabricate predefined structures by transferring the geometric pattern from a photomask 
to light-sensitive photoresists via photon exposure. The photoresist-coated substrate is 
exposed to electron or light beams with a pre-defined pattern for conventional 
photolithography. The limited size of the structure, is defined by the light source, the 
lens system and the photoresist. It is possible to fabricate periodic structures from 
micrometers to several hundreds of nanometers by deep-UV radiation with an advanced 
mask/resist system.[190] Other photolithography techniques, such as electron-beam 
lithography (EBL) or interference lithography, possess the ability to directly pattern the 
photoresist without the need of mask to pre-define the pattern. The exposed area 
(positive photoresist) or the unexposed area (negative photoresist) is removed in the 
development solvents. The patterned photoresist can be then used as an etching mask 
during the following chemical or physical etching treatment.  
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To schematically illustrate the procedures of fabricating periodic patterns by 
photolithography, as an example, typical methods based on EBL technique with either 
positive photoresist or negative photoresist are presented in Figure 3.18.[191] Since the 
EBL is directly radiated on the photoresist with electron beams, it is possible to obtain 
pillar or grating patterns with sizes from hundreds of nanometer down to about 20 nm 
by tuning the exposure dose. There is a minor difference for the fabrication procedures 
for silicon dioxide substrate or silicon wafer, based on positive photoresist PMMA 
and/or negative photoresist hydrogen silsesquioxane (HSQ). In method 1 (Figure 3.18), 
the fabrication of nanostructures on silicon dioxide (SiO2) wafer was done by patterning 
soft PMMA resist, followed with a lift-off process. The chromium (Cr) layer was used 
as the etching mask for the reactive ion etching (RIE) process (dry etching), since the 
PMMA can be easily removed during the RIE process, giving shallow patterns in the 
SiO2 wafer. The Cr layer possesses the durability to achieve grating patterns with depth 
to ~100 nm in the SiO2 wafer. In method 2, the nano-pattern is fabricated on silicon 
wafer, where the organic photoresist HSQ is resistant to reactive ions during the RIE 
etching process, without the need of Cr layer. In the finial method 3, pillar patterns with 
size down to sub-20 nm was obtained without the etching process, where the patterned 
resist HSQ was annealed at high temperature and turned to silica-like material. The 
pillar pattern of the HSQ resist can be used as master mold directly for nanoimprinting. 

 

Figure 3.18. Typical procedures for making nanostructures by EBL. Method 1: dry etching with Cr as the etching 
mask following the lithography with positive resist PMMA. Method 2: dry etching with HSQ as the mask, based 
on negative resist HSQ. Method 3: with an EBL lithography process and an annealing treatment, with resist HSQ. 
Reproduced with permission from reference [191]. 
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Even though EBL can fabricate patterns down to sub-20 nm, it is time-consuming 
and expensive technology compared to the interference lithography. Müller-Meskamp 
et al. demonstrated the possibility to structure thin metal films by direct ablation using 
laser interference patterning.[192] Hexagonally periodic array with different sizes can 
be achieved by setting the laser power density and the pulse numbers as a fast and 
simple method. Y Jin et al. demonstrated the feasibility of using periodic nanostructures 
generated by laser beam interference to extract trapped photons in top OLEDs.[193]  

On one hand, as discussed in Section3.9, when integrating periodic nanostructures 
into OLEDs, it is possible to raise the problem of wavelength or angular dependent 
enhancement behavior, which is unwanted for neither display or lighting purposes. It is 
therefore needed to seek for techniques to fabricate structures with a distribution of 
periodicity. On the other hand, photolithography techniques in general are expensive, 
involving multiple steps and different facilities, possessing the difficulty to fabricate 3-
dimensional patterns on curved surfaces. Lithography-free and cost-effective 
technology is needed to fabricate mciro/nano patterns for OLEDs.  

3.10.2  Soft lithography 

Soft lithography is a family of technologies involving of elastomeric stamps and/or 
modes as key elements to transfer the patterns to substrates. For soft lithography 
techniques, the manufacturing of micro/nano structures is realized by photolithography-
free methods, such as self-assembly of organic materials, replica molding from 
structures fabricated beforehand by photolithography with a following contact printing, 
selective wet etching and so on.[194] For outcoupling purposes, it is definitely possible 
to fabricate micro/nano structures in the silicon wafer by photolithography, while the 
pattern can be used as a master mold and replicated as PDMS stamps. The replica 
PDMS modes can be used as stamps to transfer the structures into OLEDs. However, 
the photolithography process is still needed. The idea for lithography-free methods are 
originating from the replacement of photomasks in lithography. In other words, the 
substitution of photomask with a medium which can be used as a mask during the 
etching process, but it has the suitable size for outcoupling purposes at the same time.  

Among lithography-free methods, the self-assembled monolayer of polystyrene 
(PS) nanospheres has been used to fabricate nanostructures for successful extraction of 
trapped photons in OLEDs, as discussed in Section 3.9.2.[180] Here, the detailed 
fabrication processes are introduced, including the patterning, etching, lift-off and 
anode deposition. 
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As shown in Figure 3.19, a close-packed PS nanosphere monolayer was obtained 
by spin-coating with the combination of water. Before the RIE etching with oxygen, 
the average diameter of the nanosphere was about 500 nm. The diameter was shrunk to 
about 270 nm after the RIE etching with oxygen, as shown in Figure 3.19b and f. The 
conductive oxide ITO layer was then deposited on the RIE treated nanosphere (Figure 
3.19c). The structured ITO layer can be obtained by a lift-off process. It should be noted 
that the geometric pattern of ITO nanostructure in this case is dependent on the diameter 
and the distance between nanospheres after RIE etching.  

It is possible to structure the commercial ITO substrate by soft lithography, 
followed by RIE etching and another wet etching processes, as shown in Figure 3.20. 
[195] After the generation of monolayer of PS nanospheres, a layer of tetraethyl 
orthosilicate sol-gel was spin-coated. The sol-gel can be converted to SiO2 film via a 
hydrolysis reaction by thermal treatment in air. Because of the durability difference 
between PS nanosphere and the SiO2 film, the RIE treatment will generate a nano-bowl 
pattern within the SiO2 layer, as shown in Figure 3.20c. Further chemical etching with 
the piranha solution (concentrated sulfuric acid and hydrogen peroxide with a volume 
ratio of 7:3) on the ITO anode by using the nano-bowl geometry as a template, giving 
the final structured ITO with a similar nano-bowl appearance, as shown in Figure 3.20d. 

Figure 3.19. Soft lithography process by using PS nanospheres for outcoupling in OLEDs. (a) PS nanospheres 
assembly on the surface of substrates. (b) RIE etching. (c) ITO sputtering. (d) lift-off process. (e) SEM image of 
the self-assembled monolayer of PS nanospheres on the substrate before the RIE treatment. (f) SEM image of PS 
nanospheres after the RIE treatment. A shrink of the nanosphere is noted. Reproduced with permission from 
reference [180].  
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Since PS nanospheres with different diameters are commercial available, the soft 
lithography method to structure the TIO electrode can be used to fabricate 
nanostructures with a wide range of periodicities and depths.  

3.10.3  Stress release  

Structures with a wide scope of sizes such as wrinkles on aging human skin, folds 
on dried fruits and buckling on the engineering systems by compressing stiff films on 
soft substrates, are geometrical deformations which are theoretically induced by 
compressive or stretched stress in a multi-layer systems. Such systems give the 
impression of the wrinkle/buckling patterns with rich morphologies with a large scale 
scope. Even though it is possible to obtain structures with similar appearance to 
buckling/wrinkles on curved surfaces, the discussion here is focusing on a flat surface 
induced by compress or strain stress, since the aim of nanostructure generation is the 
application into flat OLEDs, while structures on curved surfaces are not 
compatible.[196] 

Young’s modulus E is a mechanical property that describes the stiffness/elasticity 
of a solid material. It is defined as the ratio between the applied stress (force per unit 
area) and proportional deformation of a uniaxial deformation in the linear elasticity 
regime:  

𝐸 =
𝐹 𝐴⁄

∆𝐿 𝐿⁄
 (3.46) 

Figure 3.20. Structuring the commercial ITO substrate by soft lithography. (a) self-assembled monolayer of PS 
nanospheres on the surface of ITO. (b) PS nanospheres covered by a layer of spin-coated tetraethyl orthosilicate 
sol-gel, which can be converted to SiO2 by a hydrolysis reaction. (c) RIE treatment to remove partial of the SiO2 
film and the PS nanospheres. (d) Chemical etching the ITO and remove of the residual SiO2 by controlling chemical 
etching via the perforate SiO2 film. Reproduced with permission from reference [195].  

. .  
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where F is the applied force on the area A, ΔL is the deformation in one direction and L 
is the original length.  

As the proportional deformation is a dimensionless term, the Young’s modulus has 
a unit of Pa from the numerator of Equation (3.46). According to Equation (3.46), it is 
clear that the Young’s modulus E is larger for stiff materials than that for soft elastic 
materials. For example, the Young’s modulus is about 70 GPa for aluminum (Al), while 
it is only several MPa for PDMS, a widely used rubber-like polymer.  

Possion’s ratio ν is a parameter defined as the ratio of transformation in the axial 
and transverse direction under compressive or stretched tension. The plane-strain 
modulus �̅� can be defined as: 

�̅� =
𝐸

1 − 𝜈2
 (3.47) 

For the simple 2-dimensional case, upon loading the compressive stress σ, a 
buckling-like instability pattern can be found in a bi-layer system with a soft base and 
stiff surface layer with a thickness of ts, as shown in Figure 3.21. The appearance of the 
buckling can be treated as a sinusoidal function with the periodicity p and depth h (2 
times of the amplitude of a sinusoidal function). Since there is no need of 
photolithograph or etching processes, a further detailed discussion on generation 
mechanism is meaningful. 

Here, the plane of the soft base and the stiff surface is regarded as x-y plane, while 
the z- axis is perpendicular to the surface. The axis of the compressive force is defined 
as x-axis. The sinusoidal geometry of the buckling pattern can then be described as: 

𝑧 =
ℎ

2
sin(2𝜋𝑥 𝑝⁄ )  (3.48) 

When compress a semi-infinite substrate with a stiff surface layer, the deformation 
of the system is determined by:[197] 

Figure 3.21. schematic illustration of buckling patterns upon compressive stress in a bi-layer system. The system 
forms a buckling pattern upon the compressive stress from the initial length L to a shorter length (L-ΔL). The subscript 
s denotes the surface stiff layer and b is the soft base.  
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𝐸s
̅̅ ̅𝐼

𝑑4𝑧

𝑑𝑥4
+ 𝐹

𝑑2𝑧

𝑑𝑥4
+ 𝑘𝑧 = 0  (3.49) 

where 𝐼 = 𝑤𝑡𝑆
3 12⁄  , 𝑘 = 𝐸𝐵

̅̅̅̅ 𝑤𝜋 𝑝⁄  , F is the applied force and w is the width. 
Substituting Equation (3.48) into (3.49) gives: 

16𝐸S
̅̅ ̅𝐼 (

𝜋

𝑝
)

4

− 4𝐹 (
𝜋

𝑝
)

2

+ 𝑘 = 0  (3.50) 

Solving Equation (3.50), the relationship of sinusoidal pattern and the applied force F 
can be written as: 

𝐹 = 4𝐸S
̅̅ ̅𝐼 (

𝜋

𝑝
)

2

+
𝐸𝐵
̅̅̅̅ 𝑤𝑝

4𝜋
 (3.51) 

Whenever the energy balanced ( 𝜕𝐹 𝜕𝑝⁄ = 0)  is meet, the periodicity p of the 
sinusoidal pattern can be deduced from Equation (3.51):  

𝑝 = 2π𝑡S (
𝐸S
̅̅ ̅

3𝐸B
̅̅ ̅

)

1
3⁄

 (3.52) 

Substituting Equation (3.47) into (3.52) gives 

𝑝 = 2π𝑡S (
𝐸S

1 − 𝜈S
2)

1
3

(
3𝐸B

1 − 𝜈B
2)

−
1
3

 (3.53) 

According to Equation (3.53), it is clear that the periodicity p is dependent on the 
Young’s modulus, Possion’s ratio for both the surface layer and bottom base. Moreover, 
the periodicity is linear with the thickness of the top stiff layer tS.  

The critical stress (σc) needed to initialize the buckling process can be calculated 
by dividing the applied force F to the cross-sectional area of the stiff film:  

𝜎𝑐 =
𝐹

𝑤𝑡S
=

1

4
(9𝐸S

̅̅ ̅ ∙ 𝐸B
̅̅ ̅2

)

1
3

 (3.54) 

Accordingly, the critical strain εc can be calculated by: 
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𝜀𝑐 =
𝜎𝑐

𝐸S
̅̅ ̅

=
1

4
(

3𝐸B
̅̅ ̅

𝐸S
̅̅ ̅

)

2
3

 (3.55) 

Mathematically, according to Equation (3.52) and (3.55), the relation between εc and p 
can be written as: 

𝑝 =
𝜋𝑡𝑆

√𝜀𝑐

 (3.56) 

Once the applied stress exceeds the threshold, the system forms sinusoidal buckling 
patterns. However, further increase the stress, the periodicity is theoretically constant, 
according to Equation (3.53). The depth of the sinusoidal structure should be then 
responsive to the increased stress. The expression of the depth h for the sinusoidal 
structure can be derived, by assuming that the release of strain in forms of deformation 
is equal to the overstrain (ε-εc) upon the onset of the geometrical instability. The 
relationship between the applied strain ε and the εc is written as:[197] 

𝜀 − 𝜀𝑐 =
1

𝑝
∫ √1 + (

d𝑧

d𝑥
)

2𝑝

0

d𝑥 − 1  (3.57) 

The integral in Equation (3.57) denotes the contour length of the buckling within one 
period. When considering: 

√1 + (
d𝑧

d𝑥
)

2

≈ 1 +
1

2
(

d𝑧

d𝑥
)

2

 (3.58) 

one can obtain the relation between parameters of sinusoidal pattern and the overstrain 
by substituting Equation (3.57) with (3.58) and (3.48): 

𝜀 − 𝜀𝑐 =
𝜋2ℎ2

4𝑝2
 (3.59) 

Combining Equation (3.59) and (3.56), the relation between the depth of the sinusoidal 
pattern and the overloading of the strain can be written as: 

ℎ = 2𝑡S√
𝜀 − 𝜀𝑐

𝜀𝑐
 (3.60) 
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Whenever the strain is much larger than the critical strain εc, Equation (3.60) can be 
further simplified as:  

ℎ ≈ 2𝑡S√𝜀  (3.61) 

According to Equation (3.54) and (3.61), in cases when the strain is much larger 
than the critical strain, the depth of the sinusoidal structure is linear with the thickness 
of the top stiff layer and the square root of the applied force F. Since the periodicity of 
the sinusoidal pattern is independent on the applied force, it is then possible to 
independently tune the periodicity and depth in a bi-layer system, by fixing the 
thickness of the top stiff layer with a soft base (EB, νB)and stiff surface (ES, νS) and 
optimizing the applied strain. It is reliable to obtain sinusoidal structures with sizes 
ranging from centimeter to nanometers scale by optimization of material composition 
and/or the thickness, which can be used for many applications including outcoupling 
purposes in OLEDs.[198] However, further increase of the applied force can destroy 
the continuous geometry, giving rise to new morphology such as cracks.[199]  

Considering the previous analysis that the periodicity of sinusoidal pattern merely 
depends on the intrinsic properties of materials, it is accessible to measure the Young’s 
modulus of some special materials such some 2D materials with only several atomic 
layers, by using the buckling generation method, where other general measurement 
strategies is not possible.[200] In some cases, when the Young’s modulus is tunable by 
light or heat, the size of the sinusoidal pattern is changing with the variation of external 
environments, giving the possibility to fabricate sensors for various purposes.[201,202] 

Even though sinusoidal patterns generated by mechanical forces have been widely 
used for flexible/stretchable optoelectronic devices, compressive stress induced by 
thermal radiation possesses vital importance, since the ease of fabricate without the 
need of direct contact. When metal films are deposited on the top of a flat soft based 
(for example, a layer of PDMS) with external heating, disordered buckling patterns can 
be noted on the surface when the system is cool down to room temperature.[203] If the 
soft base is perfectly smooth, while the substrate temperature is TD during the deposition 
before cooling to T afterwards, the biaxial compressive force is given by:[204]  

𝐹 =
𝑤(𝛼B − 𝛼S)(𝑇D − 𝑇)

1 − 𝜈S

𝑡S𝐸S
+

1 − 𝜈B
𝑡B𝐸B

 (3.62) 

Here α refer to coefficient of thermal expansion (CTE).  
The compressive stress can be further calculated as: 
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𝜎 =
𝐹

𝑤𝑡S
=

(𝛼B − 𝛼S)(𝑇D − 𝑇)

1 − 𝜈S

𝐸S
+

𝑡S(1 − 𝜈B)
𝑡B𝐸B

 (3.63) 

Since tS(1-B) << tBEB, Equation (3.63) can be simplified as: 

𝜎 =
𝐸S(𝛼B − 𝛼S)(𝑇D − 𝑇)

1 − 𝜈S
 (3.64) 

According to Equation (3.64), the compressive stress is linear with the difference 
of the CTE between the base and surface materials, the temperature difference and the 
Young’s modulus of the surface layer. 

The generation of nanostructures in the bi-layer system consisting of aluminum 
layer as top stiff surface and PDMS as the bottom soft base is discussed as a 
demonstration. The critical stress to form buckling can be obtained according to 
Equation (3.55). In this case, with the physical parameters ES = 70 GPa, EB = 20 MPa, 
S = 0.35 and B =0.48, one can obtain the c as 1.96×108 Pa. With αS = 960×10-6 K-1 

and αB = 23.1×10-6 K-1, according to Equation (3.64), it is then possible to deduce that 

the system starts to form buckling patterns when the temperature difference is higher 
than 2 K. Such a small temperature difference can be easily reached in a vacuum 
chamber by the thermal energy during deposition of aluminum. According to Equation 
(3.53), to achieve a pattern with the periodicity of 500 nm, the thickness of deposited 
aluminum layer is about 7.9 nm.  

Even though previous analysis demonstrates the facile access of buckling/wrinkle 
pattern by thermal introduction in a bi-layer system, one should note that it is difficult 
to independently control the periodicity and depth. This can be easily deduced by 
comparing Equation (3.53) and (3.56), since both the periodicity and depth are linear 
with the thickness of the top stiff layer. In other words, when increasing the thickness 
of the top layer, the periodicity and depth will increase at the same time. It is still 
technically possible to independently tune the periodicity and depth of micro/nano 
structures generated by thermal heating, since all these analyses are based on the 
assumption of flat substrates for a single generation. Multiple generation runs can in 
principle tune the periodicity and depth independently, as shown in Figure 3.16. 
Moreover, when the soft base is pre-defined with some geometrical patterns, the release 
of compressive stress is then confined with the pre-defined geometry, giving rise to 
much ordered pattern compared to buckling/wrinkles with directional randomness.[203]  

Compared to methods involving photolithography and soft lithography, the 
generation of micro/nanostructures by compressive stress release with an appearance 
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of buckling/wrinkle is a facile, easy-access approach, without the need of expensive 
facilities for lithography or etching. Moreover, it is possible to fabricate structures with 
sizes from centimeters to nanometer regime as well, which is needed for external 
outcoupling and internal outcoupling for OLEDs, as discussed in Section 3.9. By using 
organic materials as the soft base, the generation of controllable nanostructures is 
possible in vacuum, compatible with the fabrication process of OLEDs.  

3.11  Chapter summary 

According to the description in this chapter, it is clear that many factors should be 
taken into account to obtain highly efficient OLEDs: the conversion efficiency of 
charges to excitons including singlets and triplets, the radiative efficiency within the 
device and the outcoupling efficiency from the multilayer microcavity structure. The 
final device performance is a sum of the intrinsic properties of functional materials, the 
device configuration as well as the outcoupling techniques. 

Even though the mitigation of SPP modes and tuning the cavity resonance can 
somehow enhance the device efficiency, micro/nano structures are needed to extract 
photon from loss channels of substrate modes, waveguide modes and SPP modes. 
Extraction strategies for enhancing the EQE are still needed. The application of 
micro/nano patterns can mitigate the energy loss for state-of-the-art OLEDs with unity 
IQE. Even though nanostructures can be fabricated by lithography and etching 
processes with a precise control, complicated fabrication processes and high-costs can 
hinder their practical application. Structures generated by soft lithography and 
compressive stress release hold advantages of easy fabrication and pronounced 
enhancement without side-effects of periodic patterns such as wavelength and/or 
angular dependent emission. To compare the extraction efficiency between different 
strategies, the extraction efficiency is more meaningful compared to the enhancement 
factor. However, the introduction of nanostructure into a functional device can also 
harm the operation stability by altering the electrical property. Hence, the fabrication 
complexity, the device stability and the absolute efficiency with extraction structures 
should be emphasized.  
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 Experimental and methods 

In this chapter, the related materials used in this thesis are introduced, including 
materials for fabricating nanostructures, substrate and OLEDs. The device fabrication, 
encapsulation and evaluation are explained. A brief introduction to supplementary 
measurements including X-ray photoelectron spectroscopy and dynamic mechanical 
analysis are given. Furthermore, important measurements and characterization details 
of the nanostructures and photophysical properties are described. In the end, the device 
modeling details for both planar and structured OLEDs are specified.  

4.1 Materials 

The majority of materials are commercially purchased from different suppliers as 
stated below, while the TADF polymer is synthesized by Leibniz Institute of Polymer 
Research Dresden (IPF). The organic materials for Chapter 5 and Chapter 6 consist of 
small molecules, which are purified twice by vacuum gradient sublimation prior to 
device fabrication, except for the dopants for transport layer, which are used as received. 
For OLEDs based on TADF polymer emitter P1, the HTL, EBL and EML are prepared 
by spin-coating, while the remaining layers of HBL, ETL and cathode are fabricated by 
thermal evaporation.  

Hole injection and transport layer (HIL and HTL): For thermal deposited 
devices, N,N,N’,N’-tetrakis(4-methoxyphenyl)-benzidine (MeO-TPD, Lumtec), spiro-
tetra(p-methyl-phenyl)-benzidine (Spiro-TTB, Lumtec) with small amount (2-4 mol%) 
of 2,2’-(perfluoro-naphthalene-2,6-diylidene) dimalononitrile (F6-TCNNQ, Novaled) 

Figure 4.1. The chemical structure of HIL and HTL. MeO-TPD and Spiro-TTB layer doped with p-dopant F6-
TCNNQ can be used as HIL and HTL. PEDOT:PSS is used as solution-processed HTL.  

 



 Materials  

80 
 

doped films are used as HIL and HTL. For solution processed TADF devices, the well-
known poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS, AI 
4083, Heraeus Clevios™) are used as HTL. Chemical structures are shown in Figure 
4.1.  

Hole and electron blocking layer (HBL and EBL): The 2,2’,7,7’-tetrakis-(N,N’-
diphenylamino)-9,9’-spirobifluorene (Spiro-TAD, Lumtec) and/or N,N-di(naphthalen-
1-yl)-N,N-diphenyl-benzidine (NPB) can be used as electron blocking layer for thermal 
evaporated OLEDs, while the bis(2-,ethyl-8-quinolinolato)-4-(phenyl-phenolato) 
aluminum-(III) (BAlq2, Lumtec) and/or 4,7-diphenyl-1,10-phenanthroline (BPhen, 
Lumtec) is used as hole blocking layer. For solution-processed OLEDs based on TADF 
polymer P1, the poly(9-vinylcarbazole) (PVK, Mw ~1,100,000, Sigma-Aldrich) are 
used as EBL, while different materials are tested as HBL, including 2,4,6-tris[3-
(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T, Lumtec),  bis[2-
(diphenylphosphino)phenyl] ether oxide (DPEPO, Lumtec), BPhen (Lumtec), 2’2’’-
(1,3,5-benzenetriyl)-tris[1-phenyl-1H-benzimidazole] (TPBi, Lumtec) and 1,3,5-tri(m-
pyridin-3-ylphenyl)benzene (TmPyPB, Lumtec). Their chemical configurations are 
shown in Figure 4.2.  

Electron transport layer (ETL): BPhen doped with Cesium (Cs) are used as 
electron transport materials. For OLEDs based on the solution process, TPBi and BPhen 
doped with Cs are tested as ETL.  

Figure 4.2. The chemical structure for HBL and EBL materials. NPB, Spiro-TAD and PVK (solution-processed) can 
be used as EBL, while BAlq2, PO-T2T, TPBi, TmPyPB, DPEPO and BPhen can be used as HBL. 
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Emission layer (EML): Host materials including N,N’-di-1-naphthalenyl-N,N’-
diphenyl-[1,1’:4’,1’’:4’’,1’’’-quaterpheny]l-4,4’’’-diamine (4P-NPD), 4,4’,4’’-tris(N-
carbazolyl)-triphenylamine (TCTA, Lumtec), NPB and TPBi are involved for OLEDs 
based on small molecules. For solution-processed OLEDs based on TADF emitter P1, 
several host materials including 1,3-Bis(N-carbazolyl)benzene (mCP, Lumtec), 9-(4-
tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole (CzSi, Lumtec) and 2,4,6-tris[3-
(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T, Lumtec) are tested.  

The conventional blue emitter 4P-NPD is used as the triplet harvesting blue emitter 
for the tandem white OLEDs. For phosphorescent emitters, the iridium(III)bis(2-
methyldibenzo-[f,h]chinoxalin)(acetylacetonate) [Ir(MDQ)2(acac), Lumtec], fac-
tris(2-phenylpyridine) iridium(III) [Ir(ppy)3, Lumtec],  bis(2-(9,9-dihexylfluorenyl)-
1-pyridine) (acetylacetonate) iridium(III) [Ir(dhfpy)2 (acac) , Lumtec] are involved. The 
chemical structures for these emitters together with the TADF polymer P1 is shown in 
Figure 4.3.  

Nanostructure generation and transfer： To reduce the error of mixing the base 
and curing agent, poly(dimethylsiloxane) (PDMS, SYLGARD® 184, Sigma-Aldrich) 
with a fixed base and curing agent ratio of 10:1 is purchased. To investigate the ratio 
influence and the pattern copy, PDMS (SYLGARD® 184) is bought from Dow Corning, 
where the ratio of the base to curing agent can be varied manually. NOA 63 glue is 
purchased from Norland Products Inc. The surface treatment material 
Perfluorodecyltrichlorosilane (FDTS) is bought from Alfa Aesar.  

 

Figure 4.3. The chemical structure of hosts and different emitters. The pinned colorful ellipsoids indicate the 
emitting color of these organic emitters.  
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4.2 Nanostructure generation with PDMS 

The base and curing agent are mixed manually and then degassed under vacuum 
for ca. 10 minutes. The mixture is then casted on pre-cleaned glass substrates at a speed 
of 1000 rpm. PDMS coated glass substrates are heated in an oven at different 
temperatures for different heating time. After the pretreatment, substrates with PDMS 
are transferred to the reactive ion etching (RIE) instrument (Oxford Plasmalab 80 Plus). 
After RIE treatment, samples are removed to a clean room environment with a humidity 
of 55% and then stored in the lab at room temperature.  

The RIE treated PDMS are modified by FDTS vapor for one day in a closed 
container in a glovebox under nitrogen atmosphere. The PDMS mixture is used as 
replica material to reproduce patterns on the RIE treated PDMS. After mixing and 
degassing, the PDMS mixture with a ratio of 10: 1 of the base to curing agent is 
carefully poured onto FDTS treated samples and then treated in an oven at 80oC for 60 
min. The stamped PDMS can be peeled off and used as nanoimprinting stamps. Diluted 
NOA 63 by mixing with acetone at a weight ratio of 1:1 is spin-coated on cleaned glass 
substrates with a speed of 8000 rpm. The PDMS stamp is pressed into NOA 63 resist 
by a nano-imprinter and cross-linked under UV radiation for 10 min.  

4.3 Thin metal electrode fabrication and characterization  

Quartz substrates (size 25 mm×25 mm) are sequentially cleaned with isopropanol, 
acetone and DI water. After drying at 110 °C in an oven, the surface of the substrates 
are treated with oxygen plasma for 10 min. Molybdenum oxide (MoO3) is deposited at 
a rate of 0.1 Å/s in a vacuum chamber under a pressure of ~10-7 mbar. The substrates 
are then moved to another metal chamber to deposit the Au and Ag films. The Au layers 
are thermally deposited at a rate of 0.3 Å/s. After this, a 7 nm Ag layer is fabricated. A 
four-point probe system is utilized to measure the sheet resistance. The morphology of 
the thin metal electrodes is detected by AFM. The complex permittivity of each material 
is measured by an EP4 imaging ellipsometer (Accurion GmbH). The transmission in 
the forward direction is confirmed with a Shimadzu UV-3100 UV-VIS-NIR 
spectrophotometer. With an integrating sphere, the light scattered to all direction is 
collected to measure the total transmittance.  
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4.4 Topography measurement  

The pattern on NOA 63 resist is measured by SEM (DSM 982, Carl Zeiss), to 
measure the general appearance of the nanostructures. A high scanning resolution of 
AFM measurement (1024 by 1024) is done to determine the periodicity distribution, in 
an area of 10 µm by 10 µm. Another two measurements with a lower scanning 
resolution of 256 by 256 are carried out to get the average depth information. The 
periodicity distribution described in this thesis is coming from the high-resolution scan, 
while the average depth is obtained from all these measurements by averaging the 
results.  

4.5 Device fabrication 

Solution-processed OLEDs: The PEDOT:PSS are filtered and then spin-coated 
with a speed of 1000 rpm on the cleaned ITO substrates. An annealing process is done 
at 120oC for 30 min in ambient atmosphere before the following spin-coating processes. 
The other spin-coated layers are done inside a glovebox under nitrogen atmosphere and 
low water concentration. The PVK with a concentration of 10 mg/ml dissolved in 1,2-
dichlorobenzene is coated with a speed of 2000 rpm. The film is annealed at 150oC for 
10 min and cooled down to room temperature before casting the emissive layer. The P1 
neat film is about 30 nm at a speed of 1000 rpm with a concentration of 5 mg/ml in 
toluene. For host-guest films, a thickness of about 50 nm can be obtained by spin-
coating at a speed of 1000 rpm with a concentration of 7.5 mg/ml in toluene. The 
emissive layer is annealed at 40oC for 20 min in a glovebox. The following organic and 
cathode layers are fabricated in Lesker facilities from Kurt J. Lesker Co., under the 
vacuum of ca.10-7 to 10-8 mbar. Deposition rates are monitored during material 
evaporation via quartz crystals. 

OLEDs based on thin metal electrodes：Eagle XG glass substrates are cleaned 
and dried at 110 °C. The substrates are treated with oxygen plasma for 10 min. The 
OLEDs are fabricated in a Lesker facility as described above.  

OLEDs on sputtered ITO with nanostructures: Glass substrates with 
nanoimprinted NOA 63 are degassed at 70oC under vacuum for 5 hours. The ITO anode 
is patterned as a four finger structure with a metal mask cut by laser. The ITO anodes 
are sputtered by sheet-to-sheet processing in the pilot scale in-line sputter coater. A 
conventional planar single magnetron system with oxide targets driven in direct current 
(DC) sputtering mode is applied. The cathode length is 75 cm. The sputtering is 
processed with a power of 3 kW and an oxygen gas flow of 6 sccm under a pressure of 
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0.3 Pa. After sputtering, the ITO samples are heated at 70oC for 1 hour in vacuum. The 
layer thickness of the ITO film is ca. 90 nm with a sheet resistance of 67 Ω. The ITO 
sputtering process is done in Fraunhofer Institute for Organic Electronics. 

After the ITO sputtering, glass substrates are used without any further cleaning 
process. Substrates are heated under vacuum at 70oC for 1 hour to get rid of moisture 
during transfer. Devices are made in a Lesker tool (see above). The pixel size of OLED 
devices is calibrated, with a slight size variation (from 6.7 to 8.2 mm2) originating from 
difference of mask opening for the ITO sputtering.   

Device encapsulation：All OLEDs are encapsulated in a glovebox under nitrogen 
atmosphere after fabrication. The encapsulation glass lid has a small area to host the 
getter material and make sure that no contact is made to the active area of the OLED 
pixels. The encapsulation lid is glued to the substrate by using an epoxy resin 
(XNR5516Z-L and XNR5590, Nagase Europa GmbH). 

Device evaluation: The current density-voltage-luminance characteristics are 
recorded with a KEITHLEY SMU2400 and a calibrated silicon photodiode at the same 
time. Electroluminescence spectra under different driven voltages are measured by a 
calibrated spectrometer (CAS 140 CT, Instrument Systems). The EQE and luminous 
efficacy are further confirmed with a calibrated integrating sphere (LABSPHERE), 
with a SMU2400 and a calibrated spectrometer (CAS 140 CT). The angular dependent 
emission characteristic is obtained by a goniometer with a calibrated spectrometer and 
a rotatory stage in a step resolution of 1o.  

4.6 XPS measurement  

The chemical bonding energy and atomic concentration are measured by a XPS 
instrument (PHI 5600-CI, Physical Electronics, USA) with non-monochromatic Mg-
Kα (1253.6 eV, 400 W), at the incident angle of 54o. The atomic concentration of PDMS 
surface before and after RIE treatment is calculated with standard single element 
sensitivity factors.  

4.7 Dynamic mechanical analysis (DMA) 

DMA test is done to measure the Young’s modulus by ARES2 (TA Instruments, 
USA). The PDMS samples are cured in petri dish and cut into a bar shape. The size is 
calibrated by a micrometer, with a small size variation from 4 cm×1 cm×1 cm. The 
measurement is carried out in a single-frequency scanning mode at the frequency of 1 
Hz, with a heating rate of 10oC min-1.  
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4.8 Device modeling  

To numerically simulate the loss channels for the planar tandem white device, it is 
divided into two units and each unit is calculated independently, while keeping the other 
unit as passive layers present. The efficiency for air modes, substrate modes, waveguide 
modes and evanescent modes of each unit are summed up, to get the fraction of photons 
in each mode for the tandem device, of which the total assumed IQE is 200%. The 
theory is summarized in Section 3.5 and the tool is based on Mauro Furno’s tool.[61] 
The layer thicknesses with corresponding complex refractive indices are used according 
to the device architecture. Other optical data, such as the anisotropy factor, the effective 
radiative efficiency and the electrical efficiency are obtained from literatures. 

Optical simulations of corrugated devices are done with a commercial tool (Comsol 
Multiphysics 5.3) based on the finite element method (FEM).[205] The emitting dipoles 
and nanostructures are treated as 2D species to reduce the computing load. The 
simulated device architecture is following the experimental device, in which thin layers 
(d ≤ 10 nm) sandwiching emission dipoles are treated as a single layer, to avoid the 
need for very small mesh elements in these layers. The optical indices for each layer 
are set according to the measured values. Sine nanostructures is used with various 
periodicities and amplitudes to simulate light outcoupling to the glass medium, where 
the glass substrate is treated as a half-infinite medium. Emission sources in simulations 
are treated as differently oriented point dipoles located at the corresponding emission 
interface since their much smaller size compared to the emitting wavelength. The model 
area is set to a lateral size of 20 µm around the emitting dipole, while the entire model 
is covered by a perfectly matching layer (PML) as the boundary condition, to avoid any 
reflection at the boundaries. Collection of the radiated light is at least one wavelength 
away (skin depth) from the film structure (planar and textured) to avoid the influence 
from coupling of evanescent waves to the PML.  

The simulation is sweeping in 10 nm wavelength steps within the range from 400 
to 800 nm, for sinusoidal textures with periodicities from 300 nm to 2000 nm and 
different depths. A flat structure is simulated as a comparison, in which internal 
efficiencies are set to match experimental results.  
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4.9 Photophysical properties measurement  

Cleaned quartz substrates are treated with oxygen plasma for 10 min. The host–
guest films are prepared by spin-coating in a glove box. For detailed time-dependent 
measurements, the time-correlated-single-photon-counting (TCSPC) technique is used. 
After exciting the sample with a laser at 373 nm with pulse width of 44 ps, the emitted 
photons are detected by a photomultiplier tube (PicoQuant PMA Hybrid) and the data 
is collected by a TCSPC module (PicoQuant TimeHarp 260). The PLQY of these films 
is confirmed by using a calibrated integrating sphere in nitrogen flow, with the CAS 
140 CT spectrometer and a UV-LED (Thorlabs, 340 nm). The methodology of PLQY 
confirmation is following the method released by Friend et al..[206] The steady-state 
photoluminescence (PL) spectrum is obtained during the PLQY measurement. The UV-
absorption measurement for materials for TADF devices is done with Shimadzu MPC 
3100.  
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 Improved optics by ultrathin MoO3 layer 
for efficient OLEDs 

Molybdenum trioxide (MoO3) has been used as a wetting and energy-level 
modification layer in OLEDs and organic solar cells.[207–210] However, the optical 
effect has not been addressed and fully understood. In this chapter, the optical effect of 
the thin MoO3 layer for bottom emitting tandem white and red OLEDs is thoroughly 
investigated. It is observed that a thin MoO3 layer has a pronounced influence on the 
device performance. A systematic investigation is done on the device performance and 
the physical properties of thin films. Based on the theory of SPP modes and the 
dielectric constant measurements, the SPP mode is suppressed in the range from 400 
nm to 520 nm with the presence of MoO3 layer. Moreover, introducing a thin MoO3 
layer mitigates the reflectance of the composite Au/Ag electrode, resulting in a 
decreased destructive resonance within the device, confirmed by transfer matrix 
simulation and experiments. The synergistic effect enables to achieve efficient two-unit 
stacked white OLEDs, with the EQE and luminous efficacy of 38.8% and 53.9 lm/W at 
1,000 cd/m2, when substrate and air modes are included, making the EQE about 1.9 
times higher compared to the reference without MoO3 layer. The result is published in 
reference [187] and this chapter is based on this publication with permission.  

5.1 Tandem white OLEDs  

White OLEDs in a stacked architecture comprising the thin metal electrode are 
prepared without or with a 3 nm, 6 nm and 10 nm MoO3 layer. The OLED structure is 
shown in Figure 5.1a, with a triplet harvesting blue-red unit (unit 1) and a green-yellow 
unit (unit 2), which has shown high efficiencies for devices with an ITO or PEDOT:PSS 
anode.[90,211] The full name and chemical structure of these materials can be found in 
Chapter 4. Samples with 0, 3, 6 and 10 nm MoO3, are named as D0, D3, D6 and D10 
in the following discussion.  
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The current-voltage and luminance-voltage characteristics for D0, D3, D6 and D10 

are shown in Figure 5.1b. The leakage current for samples with MoO3 is higher than 
those without MoO3. According to Figure 5.1b, it is clear that the leakage current is 
gradually increased when rising the thickness of MoO3 from 0 nm to 3 nm, 6 nm and 
10 nm. The difference of leakage current in the low driving voltage range could result 
from the different roughness. However, at high voltages, the transport and 
recombination behavior of these devices is almost identically while the luminance for 
D0 is lower compared to D3, D6 and D10.  

Compared to D0, the EQE of devices D3, D6 and D10 is much higher. As shown 
in Figure 5.1c, the EQE of D3 reaches over 22.5 % compared to 12.6 % for D0 at a 
luminance of 1,000 cd/m2, corresponding to an enhancement factor of 1.8. To further 
extract trapped photons from the substrate, a half-sphere lens is attached to the planar 
substrate. In this measurement configuration, the EQE of D3 reaches 38.8% at a 
luminance of 1,000 cd/m2, while the EQE for D0 is only 20.9%, which corresponds to 
an enhancement factor of 1.9. Compared to the device without MoO3, the insertion of 
3 or 10 nm MoO3 can significantly improve the EQE. The device efficiency of D3 is 
comparable to white OLEDs based on ITO electrode, which can reach 26.8% at 1000 
cd/m2, while it is 22.5% with the MoO3 composite electrode in the present work.[90] 

Figure 5.1. (a) Device architecture of white OLEDs based on a thin metal electrode. (b) Voltage-current density and 
voltage-luminance curves for samples with increasing thickness of MoO3 (0 -10 nm). (c) EQE without half-sphere 
lens. (d) EQE obtained with attached half-sphere lens to extract photons trapped as substrate modes.  
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The leakage current is slightly higher compared to the ITO-based OLEDs. It is 
interesting to note that the device with 6 nm MoO3 (D6) shows slightly lower EQE 
compared to D3 or D10, but still higher than D0. The EQE of D6 is about 1.5 times 
higher than D0 at 1000 cd/m2. The reason is not fully understood, but most probably 
related to a slight cavity change, since the angular dependent emission of D6 deviates 
more strongly from the Lambertian distribution compared to D3 or D10, as shown in 
Figure 5.2b. Compared to D3, the angular dependent EL change is larger for D0, as 
shown in Figure 5.2c and Figure 5.2d. The irradiance distribution for D3 is closer to the 
Lambertian emission compared to D0, indicating a better angular emission. Also, D0 
gives the largest change of Commission Internationale de L’Eclairage (CIE) 
coordinates from 0o to 75o, with (ΔCIEx, ΔCIEy) of (-0.01, 0.1) for D3 and (-0.10, 0.16) 
for D0, as shown in Figure 5.2a. Moreover, as shown in Figure 5.3, the integrated EL 
spectrum of D6 is slightly different from D3 and 10, which may also contribute to the 
weaker enhancement of EQE.  

Figure 5.2. Angular emission properties for white devices. (a) Angular dependent CIE for devices for D0, D3, D6 
and D10. (b) Normalized spectral radiant intensity for D0, D3, D6 and D10. (c) Angular dependent EL spectra for 
D0. (d) Angular dependent EL spectra for D3. 
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5.2 Enhancement mechanism investigation 
5.2.1 Minor influence on the electrical efficiency  

According to Equation (3.25), the EQE of OLEDs is determined by the electrical 
efficiency γ, the normalized internally generated EL spectrum Sel(λ), the effective 
radiative efficiency ηrad(λ) and the outcoupling efficiency ηout(λ). In the following, it is 
discussed which of these four factors is responsible for the observed EQE improvement. 

One possibility is that the electrical efficiency is enhanced because of a better film 
morphology with MoO3 as a wetting layer, leading to an altered hole injection 
impacting on the charge balance. However, the morphology of thin metal electrodes 
without or with 10 nm MoO3 is very similar, as shown in Figure 5.4. The root mean 
square roughness (Rrms) from AFM measurements of both electrodes is reasonably good 
with Rrms < 1 nm. It is interesting to note that the roughness of the electrode with 10 nm 
MoO3 with Rrms = 0.90 nm is even slightly higher compared to the electrode without 

Figure 5.4. Morphology of thin metal electrodes Au (2 nm)/Ag (7 nm). (a) Without MoO3 layer. (b) With 10 nm 
MoO3 under the Au layer. 

Figure 5.3. EL spectra of white devices. (a) From the integrating sphere; (b) In the forward direction. 
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MoO3 with Rrms = 0.54 nm. This could result from the crystal nature of MoO3, which 
gives slightly higher roughness compared to the flat electrode.[212] The results of AFM 
measurements are consistent with the observed leakage current increase for D10 and 
D0. Furthermore, the sheet resistances of these two electrodes are very similar. The Au 
(2nm)/Ag (7 nm) electrode without MoO3 shows a resistance of 21 Ohm/sq, while for 
the electrode with 10 nm MoO3, the resistance slightly decreases to 17 Ohm/sq. Hence, 
inserting the MoO3 layer shouldn’t cause a significantly better carrier injection. The 
similarity of voltage-current density characteristics of all electrode configurations at 
high driving voltages (U > 6 V) where devices are usually operated, support that the 
electrical efficiency γ is not the cause of EQE differences of these devices. 

Because the devices are electrically identical with respect to the functional organic 
semiconductors and their layer sequence, neither the intrinsic emission spectra of the 
different emitters nor the energy transfer processes between them within the emission 
layers should change under the variation of the MoO3 layer. Based on these 
considerations, the overall internal EL spectrum Sel should be the identical for all these 
devices and, hence, be considered as an unaltered source for the efficiency discussion. 
Thus, the increase of the device performance should originate from a pronounced 
enhancement of the outcoupling efficiency ηout(λ) and/or the effective radiative 
efficiency ηrad(λ). 

5.2.2 The suppression of SPP modes 

The dispersion relation of a SPP mode can be obtained by solving the Maxwell’s 
Equations, as described in Section 3.6. Since the real part of the permittivity εmet

'  is 
negative and the dielectric constant of the dielectric medium εdiel is positive, the SPP 
dispersion can only exist when the absolute value of εmet

'  is larger than εdiel. In this case, 
a SPP mode propagates along the interface between the metal and the dielectric medium. 
Because the wave vector of the SPP is larger than the wave vector in free space ω/c, or 
within the dielectric medium ω/c√εdiel, the SPP is intrinsically non-radiative.[145] The 
electromagnetic field exerts a force on the electron gas in the metal, driving a collective 
electron oscillation.[213] According to this analysis, the SPP cannot be excited when 
εdiel > |εmet

' |. Therefore, it is possible to suppress the SPP loss channel in bottom OLEDs 
by tuning εdiel to be larger than |εmet

' |. [179,214,215] 
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As shown in Figure 5.5, the dielectric constant of MoO3 is almost constant in the 
visible wavelength range. However, the real part of the Au permittivity is highly 
wavelength dependent. It is found that between 400 and about 520 nm (λ2), the 
permittivity of MoO3 is larger than |εmet

' | of Au. Also, in range of 400 to 485 nm (λ1), 
the permittivity of SiO2 is larger than the corresponding |εmet

' | of Au. According to the 
theory, the thin MoO3 layer at the interface can suppress the SPP mode in the 
wavelength range from 400 to 520 nm. Compared to devices without MoO3, the 
difference is relevant in the range from 485 to 520 nm. Experimentally, however, as 
shown in Figure 5.3, no significant change is noted between the normalized 
electroluminescence spectra for D0 and D3 or D10 in this range. The reason is unclear, 
but it could be that there is a coupling of SPP modes on both sides of the thin metal 
layer, making the energy dissipation mixed with another SPP mode along with interface 
of the electrode and hole transport layer.[216]  

5.2.3 Cavity resonance 

Further investigation reveals that the other factor influencing on the EQE of white 
OLEDs is related to the cavity resonance. The bottom semi-transparent anode and the 
highly reflective top cathode form a Fabry-Pérot cavity in these devices. By considering 
the effect of a Fabry-Pérot cavity and two beam interference, the spectral intensity I(λ) 
can be written as Equation (3.41). 

Since the organic functional layers between the bottom thin metal electrode and 
top reflecting cathode is the same for devices with or with MoO3 layer, according to 
Equation (3.41) and (3.42), the distance from the emitting interface to the top reflecting 

Figure 5.5. The measured permittivity of SiO2, MoO3 and Au (real part). Within the range from 400 to λ1, the 
permittivity of SiO2 is larger than the permittivity (real part) of Au, while it is 400 nm to λ2 for MoO3.   
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cathode is important to achieve efficient devices. Assuming the refractive index of 
organic materials to be 1.7 at λ = 610 nm, the term cos(4πnorg,i z0/λ) is about cos(3π) for 
the white OLED structure, corresponding to a minimum value for the cosine function. 
This indicates that the red part of the white device emission is close to the destructive 
interference. A decrease of the reflectance of the bottom thin metal electrode could 
reduce the destructive interference. Therefore, it can increase the device performance. 
This is validated with help of transfer matrix simulations.  

As shown in Figure 5.6a, the transmittance of the composite electrode with MoO3 

is about 10% higher compared to the one without MoO3. Moreover, the reflectance of 
the electrode without MoO3 is about 10% higher compared to the one with MoO3. The 
more detailed simulations, shown in Figure 5.6b, indicate the increase of the MoO3 
thickness from 0 - 10 nm can gradually increase transmittance and reduce the reflection, 
with a film configuration of MoO3 (x nm) /Au (2 nm) /Ag (7 nm). Since the red part of 
the white device is close to the destructive interference, a decrease of the reflectance of 
the bottom thin metal electrode by increasing the MoO3 thickness from 0 to 10 nm can 
reduce the destructive interference, giving a higher device performance. Combing the 
effect of SPP mode suppression, we therefore anticipate a higher device efficiency for 

Figure 5.6. (a) Calculated transmittance and reflectance of the Au (2 nm)/Ag (7 nm) electrode without MoO3 or with 
10 nm MoO3. Solid: transmittance; open: reflectance. (b) Calculated transmittance and reflectance of the electrode 
in a configuration of MoO3 (x nm)/ Au (2 nm)/Ag (7 nm). (c) Calculated Q factor for red OLEDs. PL spectrum of 
red emitter is plotted as EL spectrum in the absence of cavity. (d) Experimental spectral radiant intensity for red 
OLEDs with or without 10 nm MoO3. 
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the white devices with 5, 7, 8 nm MoO3, compared to D0. This is also demonstrated by 
the EL spectra in the forward direction for these white devices, as shown in Figure 5.3b. 
A slight change of the MoO3 thickness can modulate the cavity resonance, leading to a 
significant peak shift in the red region. 

To further analyze the cavity effect, red OLEDs are built based on thin metal 
electrodes with the thickness of MoO3 varied from 0 nm to 140 nm with a step width of 
10 nm. The device structure and performance are summarized in Figure 5.7. A similar 
phenomenon compared to white devices can be found in red ones. The voltage-current 

Figure 5.7. (a) Device architecture of bottom emitting red OLEDs based on a thin metal electrode. The red emitter 
is Ir(MDQ)2(acac). (b) Voltage-current density and voltage-luminance characteristics. (c) EQE without half-sphere 
lens. (d) EQE with half-sphere lens. (e) The dependence of EQE on MoO3 layer thickness. (f) The dependence of 
CIE coordinate as a function of emission angles from 0o to 75o.  
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density characteristics is almost the same, with higher leakage current for devices with 
the MoO3 layer. Also, the EQE measured with a half-sphere lens at 1,000 cd/m2 is 
increased from 24.1% to 34.4% by inserting 10 nm MoO3 beneath the composite 
electrode Au (2 nm)/Ag (7 nm). Moreover, a significant CIE change for devices without 
MoO3 at different emission angles in the range from 0o to 75o indicates pronounced 
cavity effects. The lowest CIE change is noticed for red OLEDs with 10 nm MoO3 
beneath the Au/Ag electrode.  

Numerical simulations for red devices are conducted to investigate the influence of 
the cavity resonance on the spectral radiant intensity I(λ). The transmittance and 
reflectance of these two electrodes are calculated based on a transfer matrix algorithm. 
The Q factor is then calculated according to Equation (3.41) and plotted in Figure 5.6c. 
It is wavelength dependent, and the maximum value can be obtained at λ ≈ 510 nm for 
electrodes without MoO3 and at λ ≈ 540 nm for electrodes with 10 nm MoO3 layer. 
Based on this, the spectral radiant intensity I(λ) with the cavity can be calculated by 
multiplying the Q factor with the spectrum in absence of the cavity (photoluminescence 
spectrum), leading to a narrowing of the spectrum with cavity, as shown in Figure 5.6c. 
Furthermore, the intensity I(λ) for devices with MoO3 is higher compared to the one 
without this interlayer, indicating a higher device efficiency. High intensities I(λ) can 
be obtained if the Q factor is larger than 1 and the shape of Q factor is close to the 
intrinsic emission spectrum. The calculated spectra are in good agreement with the 
experimentally obtained irradiance, which are depicted in Figure 5.6d. The numerical 
simulation of red devices shows that the presence of MoO3 can tune transmittance and 
reflectance of the metal electrode and strongly influence the device performance. 

We should also note that the roughness of the electrode with 10 nm MoO3 is not 
large enough to induce significant light scattering, which is found by transmittance 
measurements, shown in Figure 5.8. The transmittance in forward direction is almost 
identical with the total transmittance, indicating negligible light scattering effect.  

Figure 5.8. The influence of the MoO3 layer on transmittance. Solid: the total transmittance; Open: the forward 
transmittance. 
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5.2.4 Finite element analysis  

To further explore the energy trapping mechanism, a simulation is done based on 
finite element analysis (FEA) with COMSOL multiphysics. The device structure is set 
for the bottom red OLEDs. Parameters for COMSOL simulations are summarized the 
Table 5.1. Wavelengths of 450 nm, 510 nm and 610 nm are chosen to analyze the 
relation between emitting wavelength and trapping mechanism. The simulation details 
can be found in the Section 4.8.  

As shown in Figure 5.9 for each wavelength, 10 nm MoO3 has only a minor 
influence on the energy dissipation of horizontal dipoles. However, energy trapping is 
more pronounced for vertical dipoles. At the wavelength of 450 nm, there is no 
significant energy trapping on the bottom anode for devices with or without MoO3. This 
is consistent with the previous analysis because there is no SPP mode on the interface 
between Au and the substrate at 450 nm for both cases. At 510 nm, more energy is 
distributed near the bottom thin metal electrodes for the vertical dipole in devices 
without MoO3, indicating less energy trapping for devices with MoO3. This is in good 
agreement with the previous analysis, because the SPP mode between Au and the 
substrate is suppressed for devices with MoO3 and the non-radiative SPP mode is 
present for devices without MoO3 between λ1 = 485 nm and λ2 = 520 nm in Figure 5.5. 

 
Table 5.1. COMSOL simulation parameters 

 450 nm 510 nm 610 nm 

 n k n k n k 

Ag 0.04 2.648 0.05 3.223 0.058 4.094 

Organic 1.7 0.001 1.7 0.001 1.7 0.001 

Au 1.508 1.878 0.702 2.007 0.205 3.036 

Glass 1.524 0.001 1.517 0.001 1.512 0 

Al 0.633 5.454 1.015 6.627 1.314 7.296 

MoO3 2.146 0.001 2.091 0 2.050 0 

The lateral dimension of model is set to 5 μm.  

 
For both cases, there is a coupling of SPP modes between Au and the substrate at a  

wavelength of 610 nm. However, the cavity effect in the device with a thin MoO3 layer 
can enhance the irradiance, while the emission is suppressed when there is no MoO3. 
As a result, less energy trapping is noted for vertical dipoles in the device with 10 nm 
MoO3 layer at λ = 610 nm. Since most of the energy losses result from vertical dipoles, 
emitters with a preferentially horizontal dipole orientation could increase the device 
efficiency.[80,217,218] 
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5.3 Chapter summary 

In this chapter, the OLED efficiency is significantly enhanced by inserting a thin 
MoO3 layer beneath a metal bilayer electrode composed of 2nm Au and 7 nm Ag. For 
white (red) OLEDs, the quantum efficiency with air and substrate modes is increased 
from 20.9% (24.1%) to 38.8% (34.4%) at 1,000 cd/m2, leading to device performance 
comparable to ITO-based devices. At the same time, close to Lambertian emission can 
be obtained for devices with MoO3. The improved device efficiency and the better 
angular emission properties are ascribed to a synergetic effect of suppressed non-
radiative SPP modes and an enhanced cavity resonance. The results show that the 
application of MoO3 is an elegant and simple method to control the non-radiative SPP 
mode and the cavity resonance in OLEDs with a thin metal electrode. Hence, this 
method suggests a way to convert photons trapped by SPP modes into radiative modes 
in OLEDs. Finally, by carefully designing the cavity, highly efficient monochrome 
OLEDs are built, showing a smaller full width at half maximum (FWHM). This could 
be a powerful strategy to tune the color purity for emitters with a large FWHM, for 
instance emitters relying on TADF emitters.[33,38,219] 

 

Figure 5.9. COMSOL simulation on the normalized power (|E2|) intensity of horizontal and vertical dipoles at 
wavelength of 450 nm, 510 nm and 610 nm for devices w/ or w/o 10 nm MoO3 layer. The top layer is Al and the 
bottom layer is glass, sandwiching organic layers and thin metal electrodes. The light line between glass and organic 
layer represents the composite electrode.  
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 Tailor-made nanostructures for highly 
efficient white OLEDs 

OLEDs suffer from a significant share of trapped photons in a form of waveguide 
and SPP modes, leading to only moderate efficiencies. In this chapter, the results of an 
easy, scalable and cost-effective method to generate quasi-periodic nanostructures 
bridging chaotic and ordered systems, and its application for white OLEDs are 
summarized. Mechanical deformations with random orientation are generated on the 
surface of PDMS in response to stress release, initialized by RIE through external 
stimuli of physical bombardments, chemical reactions and elastic modulus mismatch 
between the top silica-like skin layer and the bottom elastic PDMS. These quasi-
periodic nanostructures with periodicity and depth distribution from dozens of 
nanometer to micrometer range are induced by RIE treatment on PDMS for merely tens 
to hundreds of seconds. It is possible to independently tune the average depth from ~10 
to 200 nm and the dominant periodicity from ~200 to 800 nm. Integrating these 
nanostructures into a two-unit tandem white OLED to extract trapped photons, a 
maximum EQE of 76.3% and a luminous efficacy of 95.7 lm/W are obtained with 
extracted substrate modes. The enhancement factor of 1.56 ± 0.12 at 10,000 cd/m2 is 
achieved with a more homogeneous radiance distribution and a reduced color shift over 
observing angles, proving excellent potential for lighting applications. Furthermore, 
an optical model is built with consideration of the dipole orientation, emitting frequency 
(wavelength) and the dipole position on the sinusoidal texture. The results are published 
in reference [265] and this chapter is based on this publication.  
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6.1 Nanostructure generation and control 
6.1.1 Basic information of RIE induced nanostructures 

The fabrication of the nanostructures is schematically shown in Figure 6.1a. 
Undulations with dimensions from nanometer to micrometer range are found on the 
entire surface of the PDMS after a short duration of RIE treatment with oxygen and/or 
argon flow, as shown in Figure 6.1b. The appearance of these patterns is similar with 
mechanical instabilities, such as creases, folding or wrinkles induced by non-
equilibrium on multilayered surfaces.[201,220–222]  

 

Figure 6.1. Schematic illustrations of RIE-induced nanostructures on the PDMS surface. (a) Thermally pretreated 
PDMS is modified by RIE with Ar, O2 ions and electrons via physical bombardments and chemical reactions. After 
the treatment, the PDMS surface is turned to silica-like layer with a topography of sinusoidal undulations. The 
presented chemical structure of PDMS after the RIE treatment is one of the possible configurations. (b) SEM 
image. The nanostructure is widely and homogeneously distributed on the entire surface. (c) The periodicity 
distribution of the RIE-induced nanostructure. The orange bar indicates the dominant periodicity. Inset: AFM 
image with a size of 10 µm × 10 µm. The white line is chosen at a random position, showing a wavy profile (blue 
line). The ring shape of the inset FFT pattern indicates the nanostructure is orientated without directional 
preference. The nanostructures can be simplified to a sum of sinusoidal functions with different periodicities and 
amplitudes. 
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As shown in Figure 6.1, cross-section profiles of these nanostructures with 
sinusoidal shape can be found, with amplitudes ranging from tens to hundreds of 
nanometers. The ring shape of the FFT pattern (inset of Figure 6.1c) from AFM 
measurements indicates a random distribution in all directions. The radial power 
spectral density function (PSDF) from AFM measurements indicates widely distributed 
periodicities from less than 100 nm to more than 1,000 nm with a dominant periodicity 
for each individual nanostructure, as shown in Figure 6.1c. There is also a depth 
distribution with a dominant depth (Figure 6.2). The average depth of sinusoidal 
structure can be described as D = 2Ra, where Ra refers to the average roughness obtained 
from the AFM measurement.[160] It should be noted the average depth is different from 
the maximum of the depth distribution (the dominant depth p).   

6.1.2 Nanostructure uniformity 

The nanostructures generated on the PDMS surface is uniform. The general 
appearance of the nanostructure can be measured by SEM, as shown in Figure 6.1b. 
The numerical quantification of the nanostructures is done by AFM measurements on 
different positions (at least four positions) randomly chosen for each sample, followed 
with a statistical analysis to check the deviation from each position. 

As shown in Figure 6.3, the periodicity distribution of a specific structure (named 
as N1) is almost the same for all these measurements, where the periodicity distribution 
is obtained by AFM measurement. The dominant periodicity for N1 is 245.5 nm. There 
is only a slight deviation of the average depth at different positions, resulting from the 
intrinsic difference and the experimental deviation for each AFM measurement. 

Figure 6.2. The depth (height) distribution of the nanostructure with a dominant depth. 
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The statistical parameters, including the FWHM and the dominant depth among 
the depth distribution of all investigated nanostructures at different positions, are 
summarized in Table 6.1 and Table 6.2. According to the statistical analysis, the 
deviation of the proposed aspect ratio (AR, AR = depth / periodicity) for the 
nanostructures at different position is very tiny, indicating that the nanostructures is 
uniform at different positions among the entire surface.  

 
Table 6.1. The deviation of AR for each AFM measurement. The dominant periodicity are obtained from AFM 

measurements with a resolution of 1024×1024. The proposed AR is calculated as FWHM / dominant periodicity. 

 

Sample 

FWHM of depth distribution (nm) Dominant 

periodicity (nm) 

Mean of 

AR 

Standard 

deviation 256×256 1024×1024 

N1 73.6 73.7 90.3 81 77.8 84.1 245.5 0.326 0.026 

N2 90.9 91.6 - 99.9 96.1 95.6 449.9 0.211 0.008 

N3 83.7 89 - 92 82.9 - 245.5 0.354 0.018 

N4 128.1 141.5 - 159.9 132 - 337.5 0.416 0.042 

N5 149 149 - 155.8 150.8 - 1043 0.145 0.003 

 
 
 
 
 
 

Figure 6.3. Uniformity investigation on sample N1 as a representative nanostructure generated by RIE treatment on 
PDMS. The structure is investigated with AFM at different local positions (P1 – P4) on sample N1. (a) Periodicity 
distribution. (b) Average depth. AFM measurements done with a resolution of 1024×1024. 
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Table 6.2. The deviation of AR for each AFM measurement. The dominant periodicity is obtained from AFM 

measurements with a resolution of 1024×1024. The proposed AR is calculated as dominant depth / dominant 
periodicity. 

Sample 
Dominant depth of depth distribution (nm) Dominant 

periodicity (nm) 

Mean of 

AR 

Standard 

deviation 256×256 1024×1024 

N1 123.4 110 142.9 137.8 126.2 136.1 245.5 0.527 0.049 

N2 148.4 155.5 - 161.7 134 158.3 449.9 0.337 0.024 

N3 141 122.8 - 149.8 140.3 - 245.5 0.564 0.046 

N4 184.9 209.4 - 263.4 216.5 - 337.5 0.648 0.097 

N5 213.5 157.5 - 202 175 - 1043 0.179 0.024 

 

6.1.3 Nanostructure reproducibility 

As presented in Figure 6.1, the nanostructure is randomly orientated on the surface 
of PDMS after RIE treatment, but statistically, there is a distribution of the periodicity 
and depth for each nanostructure. The nanostructure is a system bridging chaos and 
order as a quasi-periodic pattern. According to AFM measurements, one can obtain the 
statistical properties including the periodicity, depth distribution and average depth. The 
experimental repeatability is monitored by measuring the quantitative parameters of 
periodicity and depth for the nanostructure generated in different batches with the same 
recipe. 

Figure 6.4. Experimental deviation from multiple runs for the nanostructures prepared with the same recipe. (a) 
Periodicity distribution. (b) The average depth. The error bar is the standard deviation from three AFM measurements 
at different positions for each sample. The PDMS preparation recipe: PDMS from Sigma-Aldrich, 1000 rpm, 80oC, 
80 min. The RIE recipe: 50 sccm O2, 50 W, 60 s.   
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As shown in Figure 6.4, for nanostructures generated in multiple runs, the 
periodicity is peaking ~350 nm. Only very small deviation of the average depth can be 
noted, as shown in Figure 6.4b. Therefore, the generation of nanostructures by RIE 
treatment on PDMS surface is controllable with good repeatability.  

6.1.4 Nanostructure control 

It is possible to maintain the shape of the periodicity distribution without significant 
shift of the dominant periodicity while tuning the average depth D by changing the RIE 
treatment power and duration time. As depicted in Figure 6.5a, the dominant periodicity 
is ~350 nm. There is only a slightly difference in the large periodicity range, when the 
RIE power is increased from 20 to 200 W, while the PDMS preparation condition is the 
same and RIE treatment time is constant at 60 s. However, the average depth increases 
from 20 to 120 nm in a linear form (Figure 6.5b).  

A similar behavior is noted between the RIE duration time and the average depth. 
As shown in Figure 6.6, the prolongation of RIE treatment time from 60 to 210 s varies 
the dominant periodicity slightly, while the average depth increases linearly from 20 to 
50 nm. These results indicate that the RIE treatment energy by either increasing the 
power or the time of the RIE treatment influences the depth of the nanostructure without 
significantly changing the periodicity distribution. 

It is worth noting that a slight variation of the heating time of the PDMS layer can 
significantly affect the periodicity distribution, as shown in Figure 6.5c. The shorter the 
pretreatment time, the larger the dominant periodicity. Under the same RIE recipe, the 
dominant periodicity shifts from 610 nm for PDMS cured for 40 min, to 490 nm for 
samples pretreated for 60 min and further decreases to 180 nm for samples heated for 
80 min or longer. In addition, samples thermally pretreated for 40 and 60 min give a 
wider periodicity distribution than these with thermal pretreatment for 120 min or 160 
min. The main difference is in the range of large periodicities. However, the average 
depth corresponds to 200 nm for PDMS cured for 40 min, which is about 6 times larger 
than the PDMS cured for 160 min (35 nm), as depicted in Figure 6.5d. These results 
demonstrate the possibility to manipulate the periodicity distribution and average depth 
simultaneously by optimizing the pretreatment time of the PDMS layer.  
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Further investigations indicate that the weight ratio of the base to the curing agent 
of PDMS can also tune the periodicity distribution and the average depth. As depicted 
in Figure 6.5e, the dominant periodicity increases from 120 to 250 nm when the weight 
ratio of the base to the curing agent raises from 5:1 to 20:1. Meanwhile, the average 
depth raises when the ratio is increasing, as shown in Figure 6.5f. The average depth is 
40 nm for the sample with a ratio of 20:1, which is about 3 times larger compared to 
the PDMS with a ratio of 5:1 (12 nm).  

Figure 6.5. The control of RIE-induced nanostructures. The influence of the RIE power (a, b), the PDMS 
pretreatment time (c, d) and the weight ratio of the base and curing agent (e, f) on the periodicity distribution (a, c, 
e) and the average depth (b, d, f). The inset AFM figures are shown with a size of 5 μm × 5 µm, with different color 
scale from 0 nm to the maximum height marked for each figure. Error bar: the standard deviation from at least 3 
AFM measurements on different sites. 
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As shown in Figure 6.6, when fixing the RIE treatment power and time, the 
variation of gas species can affect the periodicity distribution and the average depth 
substantially. In general, samples treated with mere argon give larger nanostructures 
compared to samples treated with O2 only. The Ar flow with a rate of 10 sccm leads to 
nanostructures with a dominant periodicity of 730 nm and an average depth of 140 nm, 
while a 10 sccm O2 flow can only induce a pattern with a dominant periodicity of 300 
nm and an average depth of 90 nm. Varying the ratio of O2 and Ar can slightly tune the 
periodicity distribution and average depth. The increase of the oxygen flow in the mixed 
gas can slightly decrease the average depth of the nanostructure.   

In summary, the various options to control the deformation of PDMS by RIE 
conditions significantly increase the design freedom of photonic nanostructures for 
OLED light outcoupling compared to the lithography, molding or nanoimprinting 
techniques. Only this control makes it possible to tailor-make such structures for a given 
OLED architecture, which is of key importance, as the latter can vary strongly 
depending on their application.[88] 

Figure 6.6. The control of the periodicity distribution and average depth. The influence of the RIE treatment duration 
time (a and b) and the influence of the gas flow during RIE treatment (c and d), on the periodicity distribution a, c 
and average depth b, d. For a and b, the PDMS is consisted of a weight ratio of the base to curing agent of PDMS at 
10:1 and cured at 80 oC for 80 min. RIE recipe: 20 W, 50 sccm O2 for varied duration time. For c and d, PDMS is 
pretreated at 80 oC for 80 min, with a weight ratio of the base to curing agent at 10:1. RIE recipe: 50 W, 60 s, with 
various gas flow rates. 
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From all these observations, it is possible to tune the average depth from ~10 to 
~140 nm and the dominant periodicity from ~200 nm to ~800 nm, simultaneously or 
independently. This is realized by controlling the PDMS pretreatment time, the weight 
ratio between the base and curing agent of PDMS, the gas flow, the power and the 
duration time of the RIE treatment. According to these results, we anticipate that the 
characteristic nanostructure parameters can be extended beyond the explored limits 
with a broader variation of those parameters. 

6.1.5 Mechanism of nanostructure control 

As a next step, mechanism behind the nanostructure generation and controllability 
is investigated. To detect the chemical composition of the PDMS surface after the RIE 
treatment, an X-ray photoelectron spectroscopy (XPS) measurement is conducted and 
the result is shown in Figure 6.7a. For the as-prepared PDMS before the RIE treatment, 
the Si 2p binding energy is 102.5 eV, which is in agreement with the previously reported 
value for PDMS.[223] After the RIE treatment, the Si 2p peak shifts to 103.1 eV. Here, 
the XPS spectra can be fitted with three different components, representing possible 
chemical structures (Si-O binding) of the surface layer. According to previous reports, 
the peak at ~102.2 eV represents the chemical configuration of [(CH3)2SiO2/2], ~103.2 
eV [(CH3)SiO3/2] and ~104.0 eV [SiO4/2].[223–225] For the as-prepared PDMS, the 
majority component is [(CH3)2SiO2/2], which is consistent with chemical configuration 
of PDMS. After the RIE treatment, the ratio of [(CH3)2SiO2/2] decreases, while the 
proportion of [(CH3)SiO3/2] and [SiO4/2] increases. 

 

Figure 6.7. Mechanism investigation on the generation and control of RIE-induced nanostructures. (a) The binding 
energy of the Si 2p peak and fitted components. (b) The storage modulus of PDMS after the thermal pretreatment. 
The pretreatment condition for PDMS with different weight ratio of the base to the curing agent: 80 oC, 80 min. The 
thermal pretreatment condition for PDMS with a 10:1 weight ratio: 80 oC and varied time. 
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The atomic concentration (at%) of the as-prepared and RIE-treated PDMS is 
summarized in Table 6.3. The as-prepared PDMS at the surface is composed of 27.8 at% 
oxygen and 46.2 at% carbon. However, the concentration of oxygen increases to more 
than 40 at% and the concentration of carbon decreases to less than 30 at% after the RIE 
treatment. The atomic concentration of silicon is almost the same after the RIE 
treatment. From these observations, it is reasonable to deduce that the surface of PDMS 
is turned to a silica-like layer.  

 
Table 6.3. The atomic concentration for the as-prepared and RIE treated PDMS. 

 C O Si O : Si ratio 

As-prepared 46.2% 27.8% 26.0% 1.07 

RIE treated 28.0% 46.4% 25.6% 1.81 

 
Identical XPS spectra are obtained for samples being treated with different RIE 

recipes, including various values of treatment power or gas flow rate, as summarized in 
Table 6.4. The composition of the surface layer is independent from the treatment power 
when only oxygen is used as treatment gas. Moreover, different gas flow rates result in 
identical XPS spectra, indicating the composition of the top silica-layer does not change 
with different gas flows. This should be attributed to the fact that the silica-like layer 
on the PDMS generated by the RIE treatment hinders further treatment of the deeper 
layer of PDMS[225], and thus, gives the composition of the top layer of RIE-treated 
PDMS identical in the first several or dozens of nanometers. However, the real 
thickness of this silica-like top layer cannot directly be measured, because of the wavy 
geometry and the strong adhesion to the soft PDMS base without a clear boundary.  

To investigate the change of the modulus of the as-prepared PDMS with different 
heating time and weight ratio, the DMA measurement is done. Here, the storage 
modulus is regarded as Young’s modulus in the stressing measurement mode.[226] As 
depicted in Figure 6.7b, the extension of pretreatment time can increase the modulus, 
whenever the weight ratio of base to the curing agent is the same. It is 0.8 MPa for 
PDMS cured for 40 min and further increases to 1.6 MPa when extending the curing 
time to 160 min, while keeping the weight ratio at 10:1. The modulus also raises when 
the weight of curing agent in the mixture is increased. It changes from about 0.3 MPa 
to 1.6 MPa, when the weight ratio of the base to the curing agent varies from 20:1 to 
5:1. This result can be ascribed to the fact that extending the curing time or increasing 
the weight ratio of curing agent of PDMS leads to a higher cross-link level, which gives 
rise to a higher modulus. 
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Since the chemical composition of the silica-like layer is between the intrinsic 
PDMS and silica, it is reasonable to deduce that the Young’s modulus of this layer 
ranges from MPa to GPa (modulus of intrinsic silica), which should be higher compared 
to the as-prepared PDMS and lower than that for pure silica. However, the exact value 
of the Young’s modulus of the top silica-like layer can not be measured directly due to 
the influence of the bottom soft PDMS.[227] Nevertheless, the silica-like layer 
generated on the surface can be regarded as a stiff layer in this bilayer system.  

 
Table 6.4. The RIE treated PDMS with identical XPS spectra. 

Pretreatment condition 
O2 

(sccm) 

Ar 

(sccm) 

Power 

(W) 

RIE 

duration time (s) 

80 oC, 80 min 10 0 50 60 

80 oC, 80 min 10 10 50 60 

80 oC, 80 min 20 10 50 60 

80 oC, 80 min 50 10 150 60 

  
Based on these results, the generation and controllability of RIE-induced 

nanostructures can be explained by the theory of thin-film deformation in a planar 
bilayer system. Layered thin materials generate mechanical deformations such as 
creases, wrinkles and undulations on the surface in response to small compressive stress 
release between the top stiff layer and the bottom soft base, induced by thermal, light, 
mechanical or osmotic stimuli.[196,201,221,228,229] Deformations arrange randomly 
in directions and amplitude, accompanied with in-plane stress release on the entire 
surface. Therefore, the generated pattern depends on the distribution of the stress field, 
mechanical properties of the top stiff film and the elastic soft base, as well as the 
geometry of substrates.[196] Moreover, the further increase of the compressive stress 
leads to new morphological phases such as folds or even cracks.[199,230] 

Oxygen or argon flow can turn to be reactive species such as radicals, ions and 
electrons by the interaction between the glow discharge and undissociated gases during 
RIE treatment.[231] These highly reactive species can modify the PDMS surface by 
chemical reactions and physical bombardments. The components of PDMS can be 
oxidized to volatile gases, which are removed by the vacuum pumping system during 
RIE treatment, transforming the surface into a form of silica-like composition. 
Deformation starts to minimize the total energy of the bilayer system, when the 
compressive stress σ exceeds the critical level σc, induced by the stimuli of RIE 
treatment and the modulus mismatch between the top stiff silica-like layer and the 
bottom soft PDMS. The dominant periodicity p can be influenced by the thickness of 
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the top silica-like layer ts, the modulus of the silica-like layer Es and the modulus of the 
PDMS EPDMS. According to Equation (3.53), the dominant periodicity p drops to a 
shorter range, when the modulus of PDMS (EPDMS) is increased by extending the 
pretreatment time or increasing the weight ratio of the curing agent, which is confirmed 
by the DMA (see Figure 6.7b). In cases of the RIE treatment with only oxygen gas, 
increasing the RIE power or time has little impact on EPDMS, Es or ts, as revealed by 
XPS and DMA measurement. The dominant periodicity p of the RIE-induced 
nanostructures can be maintained without pronounced shift. However, the depth of 
these nanostructures can be tuned by increasing the compressive stress through 
channels of physical bombardment and heat leakage from chemical oxidization, 
according to Equation (3.61). Similar linear relationships between the roughness of 
polymer surface and the plasma treatment power or time have been reported during 
plasma treatment of other polymer systems.[232,233] For RIE treatments with argon 
flow, it could be that the thickness of the top stiff layer ts and the compressive stress σ 
are changed at the same time, leading to a variation of the periodicity distribution and 
depth simultaneously.  

6.2 Optical modeling of planar white OLEDs  

The application of quasi-periodic nanostructures in white OLEDs is investigated 
using optical modelling. First, planar white tandem devices are numerically evaluated 
using an in-house developed simulation tool, which is based on the classical 
electromagnetic theory and considering the Purcell factor, the transition dipole moment 
orientation of the emitter molecules as well as the absorption and non-radiative losses 
over the entire emission spectrum.[61] The model previously showed a good agreement 
with experimental results for planar monochromatic OLEDs,[178,234] as well as for 
tandem white devices.[235] This model enables a detailed analysis of the light 
distribution over different loss channels and is used as a starting point for further 
simulations of nanostructured devices. 
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To numerically simulate the loss channels, the planar tandem device is divided into 
two units, and each unit is simulated separately, while still having the other unit as 
passive layers present. The quantum efficiency for air modes, substrate modes, 
waveguide modes and evanescent modes are summed up respectively, to get the fraction 
of photons in each mode for the tandem device, of which the ideal EQE would be 200%. 
As input data, layer thicknesses with corresponding complex refractive indices are used. 
Other data, like the anisotropy factor, the radiative efficiency and the electrical 
efficiency are taken from the literature.[61,235] We here calculate the loss channels for 
each of unit separately,[235] where the electroluminescent spectrum Sel(λ) for each unit 
is fitted from the emission spectrum obtained in the integrating sphere measurement, as 
shown in Figure 6.8. To calculate the energy losses for each unit, the other unit is treated 
as functional organic layers without emission. The effective radiative quantum yield 
ηrad, the anisotropy factor a, the electrical efficiency γ for each emitter are obtained from 
literatures, as summarized in the Table 6.5. 

 
Table 6.5. The summary of parameters for optical analysis of planar white OLEDs. 

 Emitter ηrad a γ 

Blue-red unit 
4P-NPD 0.92[133] 0.33 0.73[168] 

Ir(MDQ)2(acac)[185] 0.7 0.24 1 

Green-yellow unit 
Ir(ppy)3[61] 0.76 0.31[184] 0.9 

Ir(dhfpy)2(acac)[236] 0.7 0.25[184] 1 

Figure 6.8. The EL spectrum fitting for the planar white tandem OLED. The spectrum is split to two part according 
to the device structure: blue-red unit and green-yellow unit.  
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As shown in the Table 6.6, the majority of non-radiative losses is coming from a 
medium effective radiative efficiency and the electrical efficiency, giving the IQE for 
the planar tandem white OLED about 125%, which is very close to the previously 
reported tandem white OLEDs based on 4P-NPD system.[133,168]  

 
Table 6.6. The fraction of power for each unit of the planar white OLED. 

 χair (%) 
χsub 

(%) 

χwav 

(%) 

χSPP 

(%) 
absorption (%) 

non-radiative 

loss (%) 

Blue-red unit 9.8 7.0 27.4 11.9 11.2 32.7 

Green-yellow unit 10.2 12.0 10.0 15.6 8.8 43.4 

6.3 Optical modeling of structured white OLEDs 

The quasi-periodic nanostructures can be simplified to a sum of sinusoidal 
functions with different periodicities and heights and their effect on optical properties 
in OLEDs is evaluated using the finite element method (FEM).[237] Optical 
simulations of corrugated devices are performed using a commercially available 
simulation tool, Comsol Multiphysics. Dipoles and nanostructures are treated with the 
2D model to reduce the computing load. The simulated device architecture is very 
similar to experimental devices with the same total thickness, in which thin layers 
sandwiching emission dipoles are treated as a single emission layer, to avoid the need 
for very small mesh elements in very thin layers (d ≤ 10 nm). The optical indices (n, k) 
for each layer are set according to the experimental measured results. A sine structure 
with various periodicities and heights is used to simulate light outcoupling to the glass 
substrate, where the glass substrate is treated as a half-infinite medium. Organic 
emitting molecules are much smaller than emitting wavelength, thus emission sources 
in simulations can be treated as differently oriented point dipoles positioned at the 
corresponding emission interface. The simulated area in the model is set to a lateral size 
of 20 µm around the dipole, and the entire structure is surrounded by a perfectly 
matching layer (PML) as the absorbing boundary condition, to suppress any reflections 
at the boundaries. Collection of the emitted light is at least one wavelength away from 
the thin film structure (flat and textured) to avoid coupling of evanescent waves to the 
PML. The simulation is done in 10 nm wavelength steps from 400 to 800 nm, for sine 
textures with periodicities ranging from 300 nm to 2000 nm and different heights. For 
comparison, a flat structure is simulated, and internal efficiencies are set to match 
experimental results. Parameters in simulations are held constant during all simulations 
for nanostructured devices, with only varied values of p and h of the sinusoidal texture. 
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As shown in Figure 6.9a, using 2D simulations, each single sine nanotexture with 
periodicity p and height h at the specific wavelength is modeled separately. The 
emission interface follows the shape of the sine texture, thus five different dipole 
positions on a single period, e.g. dipole in valley, on and between hills are simulated. 
The device configuration is following the one used in experiments. Optical modeling is 
done in the wavelength range from 400 to 800 nm with a step width of 10 nm. When 
focusing on extracting waveguide and SPP modes only, the outcoupling efficiency ηout 

Figure 6.9. Schematic diagrams of the proposed optical modeling and power dissipation for emitting dipoles on 
nanostructures. (a) The device architecture and schematic illustration of the simulation model. The outcoupling 
efficiency ηout is dependent on the dipole orientation Θ and the position on the sinusoidal interface, emitting 
wavelength λ, periodicity p and depth h of the sinusoidal nanostructures. (b) Normalized steady state electric field 
for vertical and horizontal dipoles. At wavelengths 430 nm for vertical dipoles (v1 - v3) and horizontal dipoles (h1 
- h3), 510 nm for vertical dipoles (v4 - v6) and horizontal dipoles (h4 - h6), 610 nm for vertical dipoles (v7 - v9) and 
horizontal dipoles (h7 - h9). Three different configurations are presented – flat (first column), nanostructured devices 
with p = 1000 nm, h = 250 nm (second column) and p = 300 nm, h = 70 nm (third column). Dipoles are located in 
the middle - between minima and maxima of the sine texture inside corresponding emission layers. All dimensions 
are in μm. 
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to the substrate is simulated. The simulated ηSA can be obtained by weighting the 
outcoupling efficiency with the normalized electroluminescent spectrum Sel(λ) and 
multiplying with the effective radiative efficiency ηrad of the planar white device, 
corresponding to experimental measurements of ηSA. The final ηSA is calculated as an 
averaged result over five different dipole positions within one periodicity of sine texture 
for both horizontal and vertical dipoles [217,238] (Figure 6.9a). In principle, the final 
outcoupling performance of each random nanostructure is the sum of different 
periodicities and heights, corresponding to the periodicity and depth distribution for 
each of the nanostructure detected by the AFM measurements. As a first estimation, a 
sinusoidal texture with the dominant periodicity and dominant depth given by measured 
distributions can be representative for the final device performance based on quasi-
periodic nanostructures. 

To illustrate the light distribution inside the device, the color maps of the 
normalized electric field for the planar device is depicted in Figure 6.9b. It shows that 
most photons emitted from the vertical dipoles are trapped in organic layers and at the 
surface of the metal cathodes. On the other hand, energy trapping for horizontal dipoles 
is less pronounced. Hence, the enhancement caused by the nanostructure is expected to 
be more significant for vertical dipoles compared to the horizontal ones. Moreover, the 
light distribution depends strongly on the position of the emitting dipoles in the stack, 
as we can see that the main losses for the blue/red are due to waveguiding, since the 
emitting layers are close to the ITO and far from the top metal cathode. However, for 
the green/yellow emitting dipoles, which are much closer to the metal cathode, the main 
losses arise from the coupling of light to SPP modes. 

Figure 6.9b shows the normalized electric field of horizontal and vertical dipoles 
at three representative wavelengths (emission peaks), on two nanostructures with 
periodicity of 1000 nm and height of 250 nm, and with periodicity of 300 nm and height 
of 70 nm, respectively. It should be noted that the dipole position on the nanostructure 
strongly influences on the outcoupling efficiency ηout. For example, the vertical dipole 
located at the bottom of the sine texture with a wavelength of 510 nm exhibits a value 
ηout of 37.5% while at the middle of the sine texture it can reach up to 52.8%. Similarly, 
for the horizontal dipole, it reaches 55.5% and 71.7% at the bottom and middle of the 
sine texture, respectively. As there can be more than 15% absolute difference in ηout 
between different dipole positions on the nanostructure, five different positions (a 
higher number of dipoles makes only small difference) are taken into account, allowing 
to simulate an uniform distribution of emitting molecules on the textured surface. 
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Numerically, the enhancement of ηSA is dependent on the dipole orientation, the 
size of the nanostructure, the position of dipoles on the nanostructure and the radiated 
frequency and emitting spectrum. The enhancement factors are shown in Figure 6.10, 
in which the intensity is normalized to the peak intensity of the flat device, for textures 
with different periodicities. For the white OLEDs based on nanostructures with 
periodicity p = 300 nm, the highest enhancement factor of ~1.35 can be obtained at a 

Figure 6.10. Numerical simulation of the enhancement for white OLEDs. The depth of 0 nm indicates flat devices. 
The spectra for flat devices are normalized as [0, 1]. The simulated intensity for devices on nanostructures at different 
wavelength is then normalized to the maximum intensity of the flat device. (a) White OLEDs on nanostructures with 
periodicity p = 300 nm. (b) p = 500 nm. (c) p = 500 nm. (d) p = 500 nm. (e) p = 500 nm and (f) p = 500 nm with 
different depth are presented.  



 Optical modeling of structured white OLEDs  

116 
 

wavelength 600 nm, with a texture depth of about 70 nm. At 550 nm, the intensity of 
the planar device is reduced by a factor of about 0.75, while the intensity of the device 
on a sinusoidal nanostructure can still reach up to 1.0. Thus, it is also possible to obtain 
similar enhancement factor (1.0 / 0.75 = 1.33) at 550 nm. When increasing the 
periodicity to 1000 nm, shown in Figure 6.10d, maximum enhancement factor of 1.40 
at 600 nm can be realized with a sine texture depth of 220 nm. An even slightly higher 
enhancement factor can be achieved at 550 nm (1.20 / 0.75 = 1.6). The change of 
periodicity and depth at each wavelength can influence on the enhancement factor. This 
is consistent with the general idea that the device efficiency depends on the geometry 
of the nanostructure and the emitting wavelength. Moreover, a sinusoidal nanostructure 
with only one fixed periodicity can already induce a wavelength-dependent 
enhancement. This shows the advantage of using textures with a periodicity and depth 
distribution for white OLEDs, as these can contain a wider range of periods and heights 
and thus provide a more uniform enhancement over the entire emission wavelength.  

In Figure 6.11, it is demonstrated that the simulated enhancement factor is highly 
dependent on the aspect ratio (AR, AR = depth / periodicity) of sinusoidal textures. 
Rigorous simulations show a distinct trend of improving device efficiency by increasing 
the AR up to ~ 0.25, where a maximum improvement of ~1.45 is predicted. Increasing 
the AR further decreases the efficiency. Moreover, higher efficiencies are predicted by 
using periodicities in the range between 500 nm and 1000 nm, while for a sine texture 
with a periodicity smaller than 300 nm (dimensions near subwavelength range) or larger 
than 1500 nm (structures are becoming flat in the dipole vicinity), improvements are 
less pronounced. 

Figure 6.11. Numerical simulation results of ηSA enhancement factor dependent on the aspect ratio of sinusoidal 
nanostructures with different periodicities. 
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6.4 White OLEDs with nanostructures 

RIE-induced nanostructures are applied for extracting trapped photons from 
bottom-emitting white OLEDs. The layer sequence of the highly optimized two-unit 
tandem white OLED based on a p-i-n structure is shown in Figure 6.8. It consists of a 
triplet harvesting blue-red unit and double emission architecture of a green-yellow unit 
connected by a thin charge generation layer. Although these devices can in principle 
directly be fabricated directly on the PDMS surface, here replicas are used for different 
measurements and device fabrication. The average transmittance of the sputtered ITO 
on the optical resin within the visible wavelength is about 76% (Figure 6.12a), which 
is slightly lower compared to the commercial one, but it is still sufficient to make 
efficient OLEDs. Here, five different nanostructures named N1-N5 with varied 
periodicity distribution and depth distribution is used (Figure 6.12c). Identical flat 
devices are fabricated on the same sputtered ITO for comparison. 

 

 

Figure 6.12. Basic properties of ITO anode and nanostructures used for white OLEDs. a, The transmission and 
reflectance of the sputtered ITO. Thickness: 90 nm. b, The periodicity distribution. c, The depth distribution. d, The 
total transmission and haze facto 
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As shown in Figure 6.13a, under low driving voltage, the difference of voltage-
current density curves mainly arises from the leakage current. The leakage current for 
all devices is in the range from 0.02 to 0.4 mA/cm2 under reverse voltage of 4 V, 
resulting from the perturbation of the nanostructure beneath the ITO and the 
intrinsically higher roughness of ITO films without annealing process.[239] Compared 
to previously reported OLEDs with the same stack on the commercial ITO, the leakage 
current is about 1-2 orders of magnitude higher.[90] In present investigation, the 

Figure 6.13. OLED performance based on RIE-induced nanostructures. (a) The current density – voltage – 
luminance characteristics of investigated devices. The gray area indicates the pronounced influence of leakage 
current during that voltage range. (b) Luminance - ηA characteristics for all devices. (c) Luminance - ηA characteristics 

for all devices. (d) The ηA and ηSA at the luminance of 10000 cd/m2. (e) Luminance - luminous efficacy with a 
hemisphere lens. (f) Recalculate the “real” maximum ηSA with consideration of different leakage current. 
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voltage-current density characteristics for all devices is identical for voltages larger than 
6 V, since the influence from the leakage current is not significant in this range. 

Previously reported nanostructured OLEDs show higher current density under the 
same driving voltage compared to the planar device, because of the partially reduced 
distance between the peak and valley of the nanostructured bottom and top 
electrode.[170,240] However, this is not observed in this investigations, which might 
result from the utilization of p- and n-doped transport layers as they possess much 
higher charge carrier mobility compared to the intrinsic transport materials.[78] The 
thickness reduction of the doped transport layers has little influence on the carrier 
transport and recombination processes.[76,78] Therefore, the efficiency enhancement 
at high luminance arises from the optical effect of the nanostructure and not from the 
thickness reduction of functional layers or change of the electrical efficiency.  

To verify the influence of different nanostructures on the device performance, 
quantum efficiency ηA and ηSA are measured by a calibrated integrating sphere for all 
devices, presented in Figure 6.13b and Figure 6.13c. The planar device shows a 
maximum ηA of 22.2 ± 3.1%. For devices with nanostructures, a maximum ηA of 29.1 
± 1.1% can be obtained. The shape of the EQE versus luminance characteristics is 
influenced by the leakage current for these samples, which mainly influences the 
maximum value of ηA, rendering a comparison at low to medium luminance levels 
improper. At a luminance of 10,000 cd/m2, where the influence of leakage current is 
negligible, the ηA of the planar device slightly drops to 20.4 ± 1.8%, while it remains 
27.3 ± 0.3% for the textured device N5. For the other textured devices, the ηA can stay 
as high as 23% - 27% at 10,000 cd/m2, as summarized in Figure 6.13d.  

The maximum ηSA of 48.3 ± 5.8% can be obtained for the planar device and it rolls-
off to 44.4 ± 3.3% at 10,000 cd/m2. For textured samples based on nanostructures, a 
maximum ηSA of 76.3 % and luminous efficacy of 95.7 lm/W is achieved and it rolls-
off to 69.0 % and 73.9 lm/W at 10,000 cd m-2, as shown in Figure 6.13e. It demonstrates 
an enhancement factor of 1.53 ± 0.12 at 10,000 cd/m2.  

The extraction efficiency ηEE, which is defined according to Equation (3.39), can 
be calculated with the “real” maximum ηSA with consideration of different leakage 
current. As shown in Figure 6.13f, to get the “real” ηSA maxima without the influence 
of leakage current, we choose the device with the minimum leakage current as a 
reference and assume all these devices have the same roll-off. With the simulated 
energy loss fractions in Table 6.6, the extraction efficiency ηEE for devices based on N5 
can be calculated. For example,  

𝜂EE,1 =
𝜂SA

w⁄
− 𝜂SA

w o⁄

𝜒wav. +  𝜒SPP
=

80.1% − 51.2%

27.4% + 11.9% + 10.0% + 15.6%
= 44.5%  (6.1) 
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Furthermore, with different references and devices performance based on N5 in this 
study, an extraction efficiency of 36.6% is demonstrated for a highly optimized white 
OLEDs based on N5. 

It is interesting to note that the ratio of ηSA to ηA is higher for textured devices 
compared to planar devices, as summarized in Table 6.7. For example, the ratio of ηSA 

/ ηA at 10,000 cd/m2 for the planar device is 2.18 compared to 2.47 for device N5 with 
the nanostructure. This result indicates that the nanostructures couple more photons to 
the substrate which are then extracted by the attached hemisphere. The wavy profile of 
nanostructures can indeed guide the photons trapped as waveguide modes by reducing 
the incident angle to the substrate. However, because of the intrinsically flat geometry 
of these nanostructures (low AR), the incident angle is still high when transmitted to 
the interface of the glass substrate and air zone, leading to a situation where some of 
the extracted photons from waveguide modes or SPP modes are still in the substrate. 
Those photons can be rather easily extracted from the substrate with common external 
outcoupling structures. A similar phenomenon has been reported when using an ITO 
nanomesh for improved outcoupling from bottom green OLEDs.[180] 

 
Table 6.7. The ratio of ηSA / ηA for devices with or without nanostructures. 

 Planar ref. N1 N2 N3 N4 N5 

ηSA / ηA 
* 2.18 2.29 2.41 2.45 2.48 2.47 

 

Figure 6.14. Angular dependent EL spectra for different devices. The change of EL spectra for samples with or 
without nanostructure from 0o (forward direction) to 70o.  
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As shown in Figure 6.14, there is no significant spectral change at different angles 
for devices with or without nanostructures. The shift of CIE coordinates for different 
angles is depicted in Figure 6.15a. A more pronounced CIE shift is noted for the planar 
device at different observation angles, while there is no significant CIE shift for the 
textured device, demonstrating that the incorporation of nanostructures into the white 
OLEDs improves the color stability.  

Figure 6.15b shows the angular dependent radiant intensity for these devices with 
or without nanostructures. The emission profile is tuned from slightly less-Lambertian 
for the planar device to super-Lambertian emission for nanostructured devices. The 
angular and wavelength independent emission behavior demonstrates that the presence 
of quasi-periodic nanostructures can reduce the microcavity effect and increase the 
homogeneity of the energy distribution in the forward radiated hemisphere. RIE-
induced nanostructures with a dominant periodicity reported in the present work, bring 
none of the drawbacks such as wavelength or angular dependent emission behavior 
compared to 1D or 2D grating structures, which is important for lighting 
applications.[171] 

6.5 Complexity of experimental aspect ratio 

We have seen an increased ηSA for nanostructured white OLEDs compared to flat 
devices. For nanostructure N1 to N4, the periodicity distribution ranges from less than 
100 nm to more than 1000 nm, while N5 has a broader periodicity distribution to more 
than 3000 nm, peaking at about 1000 nm, as shown in Figure 6.12. There are several 
possibilities to define the experimental AR for these nanostructures, which are 

Figure 6.15. (a) The angular dependence of CIE. (b) The angular radiant intensity. The gray line is the Lambertian 
distribution. 
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dependent on the different definition of the actual depth – none of them seem to 
resemble the complex corrugations perfectly. A detailed analysis is needed to compare 
three cases: 2Ra, FWHM and dominant depth h among the depth distribution. For such 
complicated nanostructure system containing chaotic and ordered features, these 
possibilities allow to get a deeper understanding of the optical influence of these 
nanostructures.  

As shown in Figure 6.12, the depth of these quasi-periodic nanostructures is widely 
distributed from 0 nm to more than 300 nm. The average roughness Ra, which has been 
widely used for describing the depth of nanostructures,[160] is mathematically defined 
as:[241] 

𝑅𝑎 =
1

𝑁
∑(ℎ𝑛 − ℎ̅)

𝑁

1

 (6.2) 

where N represents the total data points of AFM measurements, hn is the height for a 
specific point n and ℎ̅ is the average height for all positions. 

For the nanostructure generation mechanism investigated in this work, it is more 
reasonable to treat the average depth as 2Ra, since the generation of nanostructures is 
in response to the compressive stress release among the entire PDMS surface, as 
discussed in the main text, while the average roughness is taking all the position into 
account. 

However, for outcoupling trapped photos in OLEDs, it is that the real geometry of 
the nanostructures makes the optical influence, not the mathematically averaged depth. 
Therefore, a definition of the depth close to the real geometry would be better for 
outcoupling purposes.  

The area normalized density function of the depth distribution in the AFM 
measurement is defined as:[241] 

∫ 𝜌(ℎ)𝑑ℎ = 1
∞

−∞

 (6.3) 

where the ρ(h) is the density function for all depth. The dominant depth of the density 
function ρ(h) represents the depth with the highest density among all the depth 
measured. In this point of view, the dominant depth can represent the optical effects 
from the real nanostructures.   

It should be noted that the experimental error can influence the absolute value of 
the dominant depth h among a specific depth distribution, resulting from the shift of the 
lowest depth (0 nm) in AFM measurements. Averaging dominant depth among different 
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high-resolution AFM measurements at a low noise level can statistically reduce the 
error.  

For periodic 2D grating or pillar structures, the relative difference of the peaks of 
the depth density function ρ(h) can represent the real depth for these structures.[151] 
For complicated nanostructures with a broad depth distribution in this work, there are 
hardly two peaks in the density function of depth distribution, shown in Figure 6.12.  
A compromised way is using the FWHM of the density function. However, there is a 
lack of clear physical meaning for the FWHM for these nanostructures. 

It is noted that technically, when treating the dominant depth h as the depth to 
calculate the AR of the physical samples prepared in this study, a good match between 
experimental and simulation results of the enhancement factor can be obtained, even 
though the AR may vary in a broad range because of the broad depth distribution, as 
shown in Figure 6.16. In this case (depth = dominant depth h), an AR around 0.2 shows 
the best device performance. When the AR is 0.60 (N4), the enhancement factor is 1.24 
± 0.10, growing towards an enhancement factor of 1.45 ± 0.12 obtained for a reduced 
AR of 0.41 (N2). The enhancement factor can be further increased to 1.53 ± 0.12 when 
AR drops to 0.19 (N5). These results indicate that the final enhancement is a synergistic 
effect from the periodicity and depth distribution of the nanostructures. 

For the other two cases, as discussed previously, because of the weakness of 
physical meaning for the FWHM and the improper description for the outcoupling 
effect with 2Ra, they both give larger deviation from the simulation results. However, 
for such a nanostructure system bridging chaos and order, the evaluation of the depth 
by the dominant depth h among the density function can also bring some system errors, 
e.g. the determination of the ‘zero’ depth cannot be given with absolute certainty.  

The enhancement factor obtained from experimental results is slightly higher than 
in the numerical simulations, such differences can be assigned to the simplification of 
the simulation model to only two spatial dimensions without the consideration of the 
nanostructure directional arrangement because of a limited computing capacity, while 
texture and dipole are both 3D objects. Nonetheless, the similarity of simulation and 
experimental trends reveals the rationality of simplifying quasi-periodic nanostructures 
to sinusoidal textures to estimate their optical performances and understand such a 
complicated system by using the proposed optical model. We anticipate that it is also 
possible to use this model to understand the optical effect of nanostructures on the 
device efficiency of perovskite light-emitting diodes.[242] 
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Figure 6.16. The different definition of depth (dots) for these nanostructures with simulated results (curves). (a) 
Depth = dominant depth; (b) Depth = FWHM; and (c) Depth = 2Ra. The error bar is the standard deviation of at 
least 3 AFM measurements with high quality at different positions. 
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6.6 Comparison with literatures 

To compare the EQE of white OLEDs and the enhancement factor from different 
studies about outcoupling with internal strategies, a literature summary is shown in 
Table 6.8. For both the absolute EQE and the enhancement factor, devices with the RIE-
induced nanostructures in this thesis are among the top values compared to the reported 
results in the literatures, demonstrating the efficiency of these nanostructure to 
outcouple trapped photons from white OLEDs. 

 
Table 6.8. Comparison of internal outcoupling structures for white OLEDs, based on EQE of white OLEDs 

without any outcoupling stratety (w/o), with only internal outcoupling strategy (w/in), with only external outcoupling 
strategy (w/ex) and with both internal and external outcoupling strategy (w/w) reported in literatures. The 
enhancement factor is calculated in three different cases I: EQE(w/w) / EQE (w/o), II: EQE (w/in) / EQE(w/o), III: 
EQE (w/w) / EQE (w/ex) in this summary, depending on the date availability. 

a, averaged peak value, if available. b, at 1,000 cd/m2. c, average value at 10,000 cd/m2. 

*, single-unit white OLEDs. †, double-unit tandem white OLEDs  

 
 
 
 

Light extraction strategies 
External quantum efficiency 

(%) 
Enhancement 

factor 
Ref. 

Internal External w/o  w/in w/ex w/w 

Low index grida,* Micro lens array 14.7 19 25 34 
2.31I, 1.29II, 

1.42III 
[243] 

Deterministic aperiodic 

nanostructures (DANs)a,* 
- 26 56 - - 2.15II [244] 

Vacuum nanohole  array 

(VaNHA)b,* 
Half-sphere lens 19.3 43.9 36.9 75.9 

3.93I, 2.27II, 

2.06III 
[167] 

High index substratea,* 
Index-matched 

half-sphere lens  
13.1 14.4 24 34 

2.60I, 1.10II, 

1.42III 
[152] 

Nano-particle based scattering 

layers  (NPSLs)b,†  
Half-sphere lens 22 33 - 46 2.09I, 1.5II [245] 

Subelectrode micro lens array 

(SEMLA)a,* 
Micro lens array 16 20  27 1.69I, 1.25II [176]  

Multifunctional Nanofunnel 

Arrays  (NFAs)b,* 
NFAs 12.7 20 19.6 29.4 2.31I, 1.57II [246] 

Metal oxide nanostructuresc,†  Half-sphere lens 14.3 20.3 26.6 35.5 
2.48I,1.42II, 

1.33III 
[247] 

RIE-induced nanostructuresc,†  Half-sphere lens 20.4 27.3 44.4 69.0 
3.38I,1.34II, 

1.55III 
This work 
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6.7 Chapter summary 

In this chapter, a new method is demonstrated for extracting trapped photons from 
white OLEDs, by implementing quasi-periodic nanostructures induced by RIE 
treatement on the PDMS surface. The topography of these nanostructures can be 
controlled by tuning the pretreatment conditions of the PDMS and the RIE recipes. The 
mechanism for the nanostructure generation and control is explained by mechanical 
deformation within a bilayer system on a planar surface, initialized by compressive 
stress release because of external stimuli from chemical reactions, physical 
bombardments and the modulus mismatch between the RIE-induced silica-like stiff top 
layer and elastic bottom PDMS. The utilization of RIE-induced nanostructures in white 
OLEDs has shown the capability to efficiently extract waveguide modes and SPP 
modes leading to a higher efficiency, together with improved color stability and more 
homogeneous radiance distribution. An optical model considering the dipole position 
and dipole orientation is proposed to simulate the device performance by dividing the 
nanostructures into sinusoidal textures with a dominant periodicity and height. Optical 
simulations indicate that the highest enhancement can be expected for an aspect ratio 
of AR ≈ 0.25. Because nanostructures can be directly generated on the PDMS surface, 
they are compatible with emerging flexible devices. The controllable, facile and 
scalable method to fabricate these quasi-periodic nanostructures presents a powerful 
tool-set for generation and manipulation of complicated nanostructures, which also 
holds promising application potential in optical, biological and mechanical fields.  
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 Concluding remarks and outlook 

The following chapter summarizes the main results of this thesis. Based on these 
results in OLEDs, the possible expansion into other optoelectronic devices are 
presented. The scientific possibilities for further investigation based on these results 
are discussed.   

7.1 Summary  

In this thesis, different approaches for the light extraction in white OLEDs are 
investigated. Special focus was put on the photon generation and dissipation processes 
inside OLEDs. The outcoupling efficiency of OLEDs can be significantly enhanced by 
suppressing the surface plasmon-polariton mode, mitigating the destructive cavity 
resonance or extracting trapped photons.  

The optical effect of a thin layer of MoO3 has been systematically investigated for 
bottom emitting OLEDs. Previously, it is believed that the thin MoO3 layer can enhance 
the adhesion of composed Au/Ag electrode as a seeding layer. This investigation 
demonstrates that actually, the deposition of 2 nm Au on glass substrates can already 
give a smooth surface with a low mean square roughness (Rrms < 1 nm). Meanwhile, a 
thin MoO3 layer plays a substantial role for the device performance. Based on an 
electrode structure of MoO3 (3 nm)/Au (2 nm)/Ag (7 nm), white tandem OLEDs can 
achieve 22.5% of EQE and 28.2 lm/W at 1,000 cd/m2. After extraction of substrate 
modes by using a half-sphere lens, it can reach up to 38.8% of EQE and 53.9 lm/W of 
luminous efficacy. However, the EQE of the reference device without MoO3 decreases 
to 12.6% (air modes) and 20.9% (substrate and air modes). Thus, by inserting the 3 nm 
MoO3 layer, an efficiency enhancement factor of about 1.9 by is realized. Further device 
characterization demonstrates that devices with MoO3 layer shows a better spectral 
stability and more homogeneous radiance distribution. The insertion of the thin MoO3 
layer under the composite electrode has a minor influence on the electrical property of 
the device, because the MoO3 is located beneath the electrode, rather than being 
sandwiched between two electrodes. 

Even though the suppressing of SPP modes has an influence in the range of 400 – 
520 nm, the dielectric constant of MoO3 is not high enough in wavelength longer than 
520 nm. The replacement of MoO3 by other optical materials with higher dielectric 
constant in this range can even enhance the performance further. The combination of 
SPP theory and different materials with various dielectric constant can expand the result 
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into other wavelength regime and many of other systems. 
The modulation of reflection and transmission of the composite electrode by the 

thin layer of MoO3, can be easily utilized for OLEDs based on emitters with a broad 
emission spectrum, such as many of TADF emitters. Since many of these emitters 
possess a wide emission spectrum with FWHM more than 100 nm, the comparably low 
color quality may jeopardize their practical application.[38] By controlling the cavity 
resonance, the FWHM of EL spectrum can be reduced with enhanced color purity. 
However, a strong cavity effect can also bring serious angular dependent emission. 
Tuning the cavity resonance by a thin layer of MoO3 in this thesis, rather than changing 
the thickness of the semi-transparent metal electrode or charge transport layers, brings 
a smaller side-effect of angular dependent emission.[96] 

Even though the MoO3 layer can reduce SPP modes and enhance the device 
efficiency, the EQE of OLEDs based on MoO3/Au/Ag electrode is only comparable to 
ITO-based devices. Photon trapping in forms of substrate modes, waveguide modes and 
SPP modes still make serious photon trapping in these devices. To reduce these losses, 
a facial and lithography-free method to fabricate controllable nanostructures is 
developed by modifying the surface of PDMS with RIE. These nanostructures possess 
directional randomness and dimensional order, while the dominant periodicity among 
the periodicity distribution and average depth can be manipulated simultaneously or 
independently, by varying the pretreatment condition of PDMS and/or the RIE 
treatment recipe. Experimentally, it is possible to tune the average depth from about 10 
to 140 nm and the dominant periodicity from about 200 nm to 800 nm. The XPS 
measurement indicates that the surface of PDMS is converted to a silica-like layer. 
Together with the modulus measurement of PDMS before the RIE treatment, it suggests 
that the compressive stress release between the top stiff layer and the bottom soft base 
should contribute to the generation of quasi-periodic nanostructures. An enhancement 
factor of EQE 1.53 ± 0.12 at 10,000 cd/m2 is achieved for a highly optimized white 
tandem OLEDs, with a maximum EQE as high as of 76.3% and a luminous efficacy of 
95.7 lm/W with extracted substrate modes. Additionally, a reduced color shift over 
viewing angles can be obtained with a more homogeneous radiance distribution. 
However, it should be noted that a large fraction of outcoupled photons is still trapped 
as substrate modes, while external outcoupling strategies are still needed. We anticipate 
these nanostructures can not only be used for outcoupling purpose in OLEDs, but also 
for many of other potential areas such as sensors, flexible and stretchable devices. [248]   

The nanostructures generated by RIE treatment on PDMS can be further tuned to 
a larger size shown in this thesis, which can also be promising as external outcoupling 
structures for bottom emitting OLEDs.  
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Even though an optical model for flat OLEDs has been reported in 2012, which has 
been successfully applied to understand the trapping mechanism of OLEDs, there is 
still no optical model to numerically simulate the optical behavior for devices based on 
nanostructures with a periodicity and depth distribution.[61] In this thesis, a 2D optical 
model based on finite element analysis is built, by treating the corrugated quasi-periodic 
nanostructures as sinusoidal nanotexture and considering the dipole orientation, 
emitting wavelength and the dipole position on the texture. The numerical simulation 
result indicates that the enhancement factor is highly dependent on the aspect ratio AR 
of sinusoidal textures. A maximum improvement of ~1.45 is predicted with the AR at 
about 0.25. A wavelength dependent enhancement behavior is noted for a single 
sinusoidal texture because of a fixed periodicity, which is consistent with previous 
results for OLEDs based on gratings.   

Technically, there are three possible ways to define the depth of the nanostructure 
for the outcoupling purpose. Even though the dominant depth among the depth 
distribution gives a clear physical meaning, which nicely meets the intrinsic mechanism 
that the real geometrical structure affect the outcoupling efficiency, the lack of an 
absolute certainty of the zero depth during AFM measurements can potentially give an 
error of the value for each nanostructure. Based on the statistics of a series of high 
quality AFM measurements, it shows that the experimental AR calculated with the 
dominant depth among the depth distribution can nicely follow the simulation results.  

Since there is a periodicity and depth distribution for nanostructures generated by 
RIE treatment on PDMS surface, the simulation in this thesis is only considering the 
dominant periodicity, giving rise to a system error without the consideration of the 
periodicities deviated from the dominant periodicity. The evaluation of multiple 
periodicities for the specific nanostructures and weighting their effect according to the 
periodicity density function can improve the accuracy of the optical modelling.  

It should be noted that there is another system error of the simulation results, rising 
from the fact that emitting dipoles are physically 3D elements, while the simulation is 
only 2D. Further improvement of the optical model to 3D level should strengthen it 
with higher accuracy. Nevertheless, the idea of treating these nanostructures as 
sinusoidal texture to model the optical effect may facilitate the further development of 
optical outcoupling for quantum dot LEDs or perovskite LEDs.[242]  
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7.2 Outlook 

The photon trapping in OLEDs, on one hand, leads to a significant energy loss for 
either display or lighting applications. On the other hand, because of the energy loss, a 
higher current density is needed to reach the practical luminance level at several 
thousand candela, leading to triplet-triplet or singlet-triplet annihilation processes. 
These bimolecular quenching processes not only reduce the IQE of OLEDs, but 
facilitate the device degradation at the same time.[60,249] In the ideal case, the 
enhancement of outcoupling efficiency should improve the device lifetime at the same 
luminance level. According to the empirical experience, the lifetime of an OLED is 
related to the luminance:  

LT(𝐿1) =
LT(𝐿0)

(𝐿0 𝐿1⁄ )𝑛
 (7.1) 

where n is an empirical number, defined by intrinsic device structure.[250]   
Tremendous endeavor has been made to develop the new strategies to enhance the 

outcoupling efficiency or understand the optical effect from these nanostructures. At 
this stage, it is likely that more attention should be paid to reduce the side-effects such 
as the change of electrical property or complicated fabrication processes, which can 
move these outcoupling strategies from scientific concepts forward to practical 
application. Moreover, for display applications, in most cases, OLEDs are fabricated 
with a top-emitting configuration, but the investigation on outcoupling strategies for 
top emitting OLEDs is still limited.[97]  

Cost-effective, scalable and compatible with the present fabrication processes of 
OLEDs are some of the basic requirements for outcoupling techniques. The 
development of outcoupling strategies for blue OLEDs is beneficial, which can enhance 
the device efficiency and further, hopefully extend the device lifetime. Fabricating 
outcoupling nanostructures during OLEDs deposition without breaking the vacuum (in-
situ generation) is promising. The compressive stress release induced nanostructures by 
thermal treatment may facilitate the development of in-situ generated patterns for 
outcoupling purposes, but the control of the periodicity and depth independently needs 
further investigations. 
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 Appendix 

TADF emitters have been intensively investigated since their successful application 
for fully harvesting triplets in OLEDs. Remarkable research has been conducted on 
small molecules with TADF property, while the knowledge about TADF polymer 
emitters is still limited. In this appendix chapter, the investigation on the interactions 
between host materials and a guest TADF polymer P1 is summarized. It is noted that 
the host material has a substantial effect on the PLQY and the TADF characteristics. 
The chapter is based on the publication of reference [266].  

8.1 Host influenced TADF 

TADF devices based on dendrimers and/or polymers have gained huge attention, 
because of the possibility of easy fabrication by solution processes and high efficiency 
at the same time. Meanwhile, to achieve macromolecules with TADF property, there 
are in general two approaches: incorporating TADF monomers into polymer side chains 
while the main chain is not conjugated; polymerizing donor and acceptor parts to form 
the main chain where the charge transfer state emission has TADF character and each 
TADF unit is separated without conjugation.[39,251–253] Previously, a method to 
generate an efficient blue TADF polymer was reported from our institute by 
polymerizing a non-TADF monomer (4-(3,6-dibromo-carbazol-9-yl)phenyl)(4-
(dodecyloxy) phenyl)methanone to conjugated polymer macrocycles. The appearance 
of the TADF polymer, named as P1 (Figure A. 1), is resulting from the conjugation-
induced reduction of the effective energy splitting between the respective 1,3CT charge 
transfer states, while keeping a sufficient radiative decay rate.[254] The previous report 
on P1 was focusing on the synthesis and the origin of TADF property, without further 
investigation on the influence of host materials or OLED devices. Here, the research is 
focused on the interactions between the TADF polymer P1 and different host materials 
including 9-(4-tert-Butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole (CzSi), 2,4,6-
Tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) and 1,3-Bis(N-
carbazolyl)benzene (mCP). The chemical structures are shown in Figure A. 1.   
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The PLQY and the delayed fluorescence for P1 is sensitive to the surrounding 
environment. The P1 neat film shows a moderate PLQY of 30.7%. The PL spectrum of 
the neat film is peaking at ~490 nm. When embedded in a host material (structures 
shown in Figure A. 1a) with a wide energy gap and high triplet energy (Figure A.6a), 
the PLQY for the mixed film also changes. Doped with a concentration of 20 wt% in 

Figure A. 1. Photophysical property of P1 in different hosts. (a) Chemical structure of host materials and emitter 
P1, with calculated electrical dipole moment μ. The trimer of P1 is treated as the host for the P1 neat film for dipole 
moment calculation. The calculation is based on the density functional theory with molecules in the ground state, 
using the functional B3LYP and 6-31g(d) basis set. (b) PL spectra of different films with P1. (c) Transient PL decay 
measured at room temperature (ca. 297 K), detected at the peak wavelength in the steady state PL spectra, excited 
with a pulse laser at a wavelength of 373 nm. (d) PL spectra and the PLQY for P1 doped in mCP. (e) PL spectra and 
the PLQY for P1 doped in CzSi. 
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CzSi , a widely used host material for blue emitters with a wide bandgap,[255] a lower 
PLQY of 23.9 % can be realized. The PLQY in CzSi is slightly increased to around 
30 %, with different P1 concentration from 10 wt% to 25 wt%, as shown in Figure A. 
1e. For mCP: P1 films, the PLQY reaches 57.7 % with 10 wt% of P1. It decreases to 
49.4 % when increasing the doping concentration of P1 to 25 wt%. The change of the 
doping concentration within the range of 10 wt% to 25 wt% has only a minor influence 
on the PL spectrum, as shown in Figure A. 1d. The PL spectrum of mCP: P1 20 wt% 
films peak at 477 nm, which is slightly blue-shifted compared to the P1 neat film, 
beneficial for achieving blue OLEDs.  

The change of the emission spectrum of mCP, CzSi and non-doped film is likely 
due to the interaction with hosts with different dipole moments. As shown in Figure A. 
1a, the dipole moment of the mCP is as small as 1.40 D, while it is 6.86 D for P1 Here, 
the trimer is treated as the host material for the P1 neat film in the density functional 
theory (DFT) calculation. It is interesting to note that the PL emission peak is red-
shifted to 532 nm, indicating the possibility of a CT-emission between P1 and PO-T2T. 
Before systematically investigating the photophysical property of the PO-T2T and P1 
mixture, the detailed influence of host materials mCP and CzSi on the TADF 
characteristics is analyzed.  

Time-Correlated-Single-Photon-Counting (TCSPC) measurements done at the 
maximum PL wavelength show that the host molecule makes a substantial influence on 
the decay profile of the prompt and delayed fluorescence. The transient decay of the 
prompt and delayed fluorescence can be fitted by multi-exponential functions: 

y = ∑ 𝐴𝑖 exp (−
𝑥

𝑡𝑖
)

𝑖

 (A. 1) 

The averaged decay lifetime  can be calculated with the fitting parameters by: 

𝜏 =
∑ 𝐴𝑖𝑡𝑖

2
𝑖

∑ 𝐴𝑖𝑡𝑖𝑖
 (A. 2) 

Thus, the lifetime of prompt fluorescence PF and delayed fluorescence DF can be fitted 
by Equation (A.1) and (A.2).  

The intensity of prompt fluorescence IPF and delayed fluorescence IDF can be 
obtained by integrating the area of transient PL measurement shown in Figure A. 2. The 
quantum yield of prompt fluorescence (ΦPF) and delayed fluorescence (ΦDF) among the 
total PLQY can be calculated by: 

𝛷PF =
𝐼PF

𝐼PF + 𝐼DF
𝛷PLQY  (A. 3) 
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𝛷DF =
𝐼DF

𝐼PF + 𝐼DF
𝛷PLQY  (A. 4) 

For typical TADF emitters, the decay rate of the prompt fluorescence kr is orders 
higher than the rate of RISC kRISC. The quantum yield ΦPF is kinetically determined by: 

𝛷PF =
𝑘r

𝑘r + 𝑘nr
𝑠 + 𝑘ISC

= 𝑘r𝜏PF  (A. 5) 

Since ΦPF and PF can be obtained experimentally, the decay rate kr can be obtained by: 

𝑘r =
𝛷PF

𝜏PF
 (𝐴. 6) 

According to Equation (A.3) – (A.6), the ΦPF, ΦDF and kr can be obtained. 
Technically, as shown in Figure A. 2, the transient PL decay profile can be fitted for 
these emissive systems.   

Figure A. 2. Transient PL decay profile fitting, measured at the peak wavelength for each film under the excitation 
of 375 nm laser. The red lines are fit curves. (a) mCP : P1 20 wt%, (b) PO-T2T : P1 20 wt%, (c) CzSi : P1 20 wt% 
and (d) P1 neat film. 
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The detailed fitting parameters for prompt fluorescence and calculated τPF is 
summarized in Table A. 1, while the fitting parameter for delayed fluorescence and τDF 
is summarized in Table A. 2, respectively.  
 

Table A. 1. Fitting details of the prompt fluorescence and intensity (IPF). 

 A1 t1 A2 t2 τPF (s) IPF 

mCP: P1 20 wt% 0.63 2.04×10-9 0.4 4.45×10-9 3.44×10-9 3.09×10-9 

PO-T2T: P1 20 wt% 0.66 1.22×10-9 0.21 1.58×10-8 1.30×10-8 4.6×10-9 

CzSi: P1 20 wt% 0.53 1.46×10-9 0.49 4.66×10-9 3.85×10-9 3.09×10-9 

P1 neat film 0.81 1.98×10-9 0.25 5.49×10-9 3.60×10-9 2.97×10-9 

 
Table A. 2. Fitting details of the prompt fluorescence and intensity (IDF). 

 A1 t1 A2 t2 A3 t3 τDF (s) IDF 

mCP: P1 20 

wt% 
1.26×10-5 6.48×10-5 3.04×10-5 2.12×10-5 1.88×10-5 4.20×10-5 4.43×10-5 1.62×10-9 

PO-T2T: P1 

20 wt% 
0.01015 2.22×10-7 0.00974 1.38×10-6 0 0 1.21×10-6 9.8×10-9 

CzSi: P1 20 

wt% 
2.93×10-6 1.75×10-7 1.22×10-7 1.92×10-6 0 0 7.21×10-7 4.25×10-13 

P1 neat film 1.88×10-4 4.26×10-7 1.22×10-5 4.05×10-6 0 0 1.81×10-6 9.02×10-11 

 
The photophysical properties of P1 in different hosts are summarized in Table A.3. 

The τPF is 3.60 ns for P1 neat film and it is slightly different for CzSi (3.85 ns) and mCP 
(3.44 ns). The τDF varies significantly for the neat film and doped films. The τDF is 1.81 
μs for P1 neat film, while it is 0.72 μs in CzSi and 44.32 μs in mCP. Moreover, big 
variations of the ΦPF and ΦDF, and further the ratio of ΦPF / ΦDF are noted. In the neat 
film, only a very small amount of delayed fluorescence (ΦDF = 0.90 %) is observed, 
with a ratio of ΦDF / ΦPF at 0.03. The delayed fluorescence in CzSi is negligible, with 
ΦDF of only 0.0029 % and extremely low ΦDF / ΦPF (0.00014). The delayed fluorescence 
is much more pronounced in mCP, in which ΦDF = 16.9 % and ΦDF / ΦPF = 0.52 is 
obtained. Compared to CzSi, the ΦDF in mCP host is more than 5900 times higher.  
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Table A.3. Photophysical properties of films with P1. 

Film ΦPLQY λmax (nm) 
ΦPF 

(%) 
ΦDF (%) ΦDF / ΦPF τPF (ns) τDF (μs) kr (× 107 s-1) 

P1 neat 30.7 % 490 29.8 0.90 0.03 3.60 1.81 8.27 

CzSi: P1 20 wt% 23.9 % 477 23.9 2.86×10-3 1.20×10-4 3.85 0.72 6.21 

mCP: P1 20 wt% 49.8 % 476 32.9 16.9 0.52 3.44 44.32 9.50 

PO-T2T: P1 20 wt% 8.1 % 532 2.6 5.5  2.13 13.00 1.21 0.20 

  
A low value of ΦDF / ΦPF can jeopardize the triplet harvesting in an electrical 

driving device, since triplets are generated in the first place, rather than from ISC from 
singlets under optical excitation. The extremely low value of ΦDF / ΦPF in the CzSi host 
gives a hint that most of the generated triplets in the device cannot efficiently transfer 
to singlets, indicating the CzSi : P1 system improper for device applications. 

8.2 Photophysical properties of PO-T2T : P1 mixture 

The large shift of PL spectrum of the PO-T2T : P1 mixed film indicates a possible 
intermolecular CT-emission, which is typically referred to as ‘exciplex’ in the OLED 
community between small molecules.[79,256–258] As shown in Figure A.4, compared 
to the pure emission of PO-T2T and P1, the PL spectrum of the mixed film is red-shifted 
by ~ 170 nm and ~ 60 nm, respectively. According to previous reports, the LUMO level 
of the PO-T2T is about 3.5 eV and the HOMO level of P1 is 5.7 - 5.8 eV.[79] The PO-
T2T as the donor and P1 as the acceptor can form a CT-state with an energy gap of 
about 2.2 - 2.3 eV, which is close to the emission energy of the PO-T2T : P1 mixture, 
indicating that the yellow emission in the PO-T2T : P1 blend is resulting from the 
charge transfer between PO-T2T and P1. As shown in Figure A.4b, when varying the 
P1 concentration in the PO-T2T and P1 mixture films from 20 wt% to 60 wt%, there is 
no significant change of the PL spectra measured under ambient condition, with the PL 
peak at about 540 nm. Increasing the concentration of P1 to 80 wt% can shift the PL 
maximum to 548 nm. 
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Further investigations demonstrate that the CT-emission has also the TADF 
property. The phosphorescence spectra measured under 77 K in liquid nitrogen, have 
only a small red-shift compared to the steady PL spectra, as shown in Figure A.4b and 
Figure A. 3.  

Figure A.4. The CT-emission between PO-T2T and P1 with TADF property. (a) Normalized absorption and 
fluorescence spectrum of P1, PO-T2T and the CT-emission of PO-T2T : P1. (b) Room temperature steady state 
fluorescence spectra with different doping concentration and the representative phosphorescent spectrum in liquid 
nitrogen. (c) The prompt fluorescence decay of CT-emission. The PLQY for the CT-emission with different P1 
concentration is inset. (d) The delayed fluorescence decay of the CT-emission. 

 

Figure A. 3. Phosphorescent spectra of PO-T2T : P1 films in liquid nitrogen (77 K). 
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The similarity of PL spectra at the room temperature and the phosphorescent 
spectra indicates a small ΔEST. The lineshape of normalized emissive spectrum can be 
fitted with a group of Gaussian functions:[259] 

𝐼(𝐸)

𝐸3
= 𝑎1 ∑ (

𝑠𝑛

𝑛!
𝑒−𝑠) 𝐺𝑛(𝑥, 𝜎𝑛, 𝐸vert, 𝐸vir)

∞

𝑛=0

= 𝑎1 ∑ (
𝑠𝑛

𝑛!
𝑒−𝑠)

∞

𝑛=0

[exp (−
(𝑥 − (𝐸vert + 𝑠 ∗ 𝐸vir − 𝑛 ∗ 𝐸vir))

2

2𝜎𝑛
2

)
1

𝜎𝑛√2𝜋
]  (A. 7)

 

where a1 is a scale factor, Evert is the vertical transition energy of the specific state, Evir 
is the vibrational energy of the ground state. Gn is an individual line in a form of 
Gaussian function with a line-width σn. 

As shown in Figure A. 5, by fitting the fluorescent and phosphorescent spectrum, 
both the singlet and triplet transition energy can be obtained. The singlet energy level 
is 2.162 eV, while the triplet energy level is 2.155 eV, giving the ΔEST as small as 7 meV. 
The detailed fitting parameters are summarized in Table A. 4.  

Similar transient PL emission profiles have been obtained for the system with 
varied P1 concentration from 20 wt% to 80 wt%, as shown in Figure A. 2. The τPF is 

13.0 ns for 20 wt% P1, while it only slightly decreases to 11.1 ns, 11.2 ns and 8.6 ns, 
for films with 40 wt%, 60 wt% and 80 wt% P1, respectively. The τDF is around 1.20 μs, 
with a minor variation with different P1 concentrations from 20 wt% to 60 wt%. A more 
pronounced change for films with 80 wt% P1 is more likely raising from the red-shift 
of steady state PL emission, as shown in Figure A. 2b. The results shows that the ratio 
between the donor and acceptor has minor influence on the transient decay of the CT-
emission, which is similar compared to the first reported CT-emission with TADF 
characteristics between small molecules and polymers.[260] 

Figure A. 5. Lineshape fitting of CT-emission (a) Fluorescence. (b) Phosphorescence. For both spectra, it can be 
fitted with six Gaussian functions Gn(x) in Equation (A.7).  
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Table A. 4. Lineshape fitting parameters for both fluorescence and phosphorescence spectra with Equation 

(A.7).  

 a1 s σ0 σ1 σ2 σ3 σ4 σ5 Evir Evert 

Fluo. 0.520104 1.35061 0.13 0.13 0.13 0.13 0.13 0.13 0.174178 2.1615 

Phos. 0.532334 1.20916 0.12 0.12 0.12 0.12 0.12 0.12 0.180028 2.15524 

 
The PLQY of the PO-T2T : P1 system is only 8 - 10% (Figure A. 2c), demonstrating 

that the non-radiative decay is the major relaxation process. Nevertheless, a significant 
delayed fluorescence is observed, with the ratio of ΦDF / ΦPF larger than 2, indicating 
there are cycling processes from triplets and singlets.[254] The detailed photophysical 
properties of PO-T2T : 20 wt% P1 are also summarized in Table A.3.  

It is interesting to observe that, even though the singlet state is decreasing by 
increasing the dipole moment of host materials (Figure A. 1a), the ratio ΦDF / ΦPF is not 
fully following the trend. As we can see, the PL emission is red-shifted for the non-
doped film compared to the mCP : P1 system, while the ratio ΦDF / ΦPF is still much 
lower compared to the later. Thus, a deeper blue emission together with a higher fraction 
of delayed fluorescence are obtained at the same time in host mCP, which is beneficial 
for fabricating efficient blue OLEDs. According to the photophysical investigation and 
DFT analysis, factors including host-guest energy transfer, dipole moment of host 
materials and CT-state generation can contribute to different ΦDF / ΦPF ratios for the 
TADF polymer in different hosts.  

8.3 Monochrome OLEDs based on P1 

Based on the photophysical investigations, we further explore monochrome 
OLEDs based on P1 with different device structures. The device structures and 
characteristics are summarized in Table A. 5. The energy diagram is shown in Figure 
A.6a. As depicted in Figure A.6b, for the monochrome devices D1 (PO-T2T : 20 wt% 
P1) and D2 (mCP : 20 wt% P1), the slight difference of the voltage-current density 
behavior is likely resulting from the different transport property of host materials. 
However, much difference of voltage-current density behavior is noted for D3 (P1 / 
PO-T2T) and D4 (P1 /1,3,5-tri(m-pyridin-3-ylphenyl)benzene, TmPyPB), as shown in 
Figure A.6b. The reason can be ascribed to the difference of the LUMO level for PO-
T2T and TmPyPB (Figure A.6a). A voltage larger than 6 V is needed to turn D1 - D4 
on. Many reasons may contribute to the high turn-on voltage of D1 and D2, including 
limited transport mobility of the PVK and PEDOT:PSS layer.[260]  
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As shown in Figure A.6e and Table A. 5, the emission color for D2 and D4 is cyan 
blue, with the CIE coordinates (0.24, 0.37) for D2 and (0.20, 0.35) for D4. However, a 
very different emission color is noted for D1 (PO-T2T: 20 wt% P1) and D3 (P1 / PO-
T2T ). The EL spectra with a peak wavelength located at about 530 nm for D3 is very 
close to the PL spectrum of the CT-emission between PO-T2T and P1 (Figure A.6b). 
The device cavity and the emission from intrinsic P1 may contribute to the slight 
deviation of EL spectrum of D1 from the PL spectrum of PO-T2T and P1 CT-state. 

For D4 with P1 neat film as emitting layer, as shown in Figure A.6d and Table A. 
5, an EQEmax of 0.87% is obtained. The reason for such low device performance could 
be imbalanced charge carrier injection, intrinsic lower PLQY value and the inefficient 
RISC process. A further device optimization by insetting a PVK layer on top of 
PEDOT:PSS may enhance the charge balance and block the triplet diffusion to hole 
transport layer. A medium EQE of 4.26% can be obtained for D2 with 20 wt% P1 doped 
in mCP, as shown in Figure A.6d and Table A. 5. The EQEmax is 1.11% for D1 and 2.19% 
for D3, with the CT-emission between PO-T2T and P1. 

Figure A.6. Monochrome OLEDs based on P1. (a) Schematic diagram of energy levels of representative devices. 
The top line of the box indicating the LUMO and the bottom line refers to the HOMO level. The solid blue arrow 
represents the intrinsic emission from the TADF polymer P1, while the orange arrow represents the CT-emission 
between PO-T2T and P1, the dashed blue line represents the possible CT-emission between host mCP and PO-T2T. 
The triangles refer to the triplet energy level. (b) The voltage-current density characteristic. (c) The voltage-
luminance characteristic. (d) Current density-EQE. (d) Normalized EL spectrum at 100 cd/m2. The inset picture is 
a photo of the OLEDs with mCP as the host material. 
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Table A. 5. Summary of the device characteristics. 

Device Device structure a (EBL/ EML/ HBL) 
EQEmax 

(%) 

CEmax 

(cd/A) 

LEmax 

(lm/W) 

CIE  

(x, y) 

D1 
PVK (15 nm)/ PO-T2T : P1 20 wt% (50 nm)/ 

DPEPO (10 nm)/ TPBi (50 nm)/ LiF (1 nm) 
1.11 0.92 0.91 (0.42, 0.52) 

D2 
PVK (15 nm)/ mCP : P1 20 wt% (50 nm)/ DPEPO 

(10 nm)/ TPBi (50 nm)/ LiF (1 nm) 
4.26 3.03 2.46 (0.24, 0.37) 

D3 P1 (30 nm)/ PO-T2T (10 nm)/ Bphen : Cs (50 nm) 2.19 1.93 1.90 (0.39, 0.54) 

D4 P1 (30 nm)/ TmPyPB (10 nm)/ Bphen : Cs (50 nm) 0.87 0.69 0.44 (0.20, 0.35) 

D5 
PVK (15 nm)/PO-T2T : P1  99 wt% (50 nm)/ 

DPEPO (10 nm)/ TPBi (50 nm)/ LiF (1 nm) 
1.74 1.81 1.84 (0.28, 0.40) 

D6 
PVK (15 nm)/ PO-T2T : P1 99.5 wt% (50 nm)/ 

DPEPO (10 nm)/ TPBi (50 nm)/ LiF (1 nm) 
1.20 1.34 1.58 (0.31, 0.44) 

a. The complete device is composed as ITO/ PEDOT : PSS ( 70 nm)/ EBL/ EML/ HBL/ Al (100 nm).  

b. Simulation results. Details in experimental sections.  

 

8.4 Polychrome OLEDs with dual emission from P1 and CT-

state 

OLEDs with polychromatic emission are constructed with a single emitting layer 
combining the blue emission from P1 and the yellow emission from the CT-emission 
between PO-T2T and P1. As shown in Figure A.9a, in such a mixed film, there are two 
TADF processes, including the TADF cycling within P1 itself and the CT-emission 
between PO-T2T and P1. Excitons generated in P1 can transfer to the CT-state by 
several different processes: FRET or Dexter energy transfer determined by the CT-state 
concentration;[126] or even simple charge separation from local exciton to CT exciton 
as in solar cells.[258] Since the increase of PO-T2T concentration in the mixed film can 
tune the emission to yellow (e.g. D1), the major part of the film should be P1 to achieve 
a double-color emission. Based on these analyses, we tested the P1 polymer film 
embedded with 0.5 wt% (device D6) and 1 wt% PO-T2T (device D6), to demonstrate 
double-color emission close to white spectrum in a single-EML architecture. 
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As shown in Figure A.7b and Table A. 5, the slight change of the PO-T2T 
concentration has little influence on the electrical property of D5 and D6. The 
luminance for D5 is slightly higher than D6, as shown in the Figure A.7c. A maximum 
EQE of 1.74 % and 1.20 % is achieved for D5 and D6 at around 10 cd/m2, as shown in 
Figure A.9d. The EQE slightly rolls off to 1.41 % at 100 cd/m2 for D5 and 0.97 % at 
100 cd/m2 for D6. A maximum luminous efficacy of 1.84 lm/W for D5 and 1.59 lm/W 
for D6 can be realized.  

The EL spectra are shown in Figure A.7e. The device D5 with 0.5 wt% PO-T2T 
shows two separate peaks, located at ~490 nm and ~570 nm, giving a CIE of (0.31, 
0.43) with the FWHM of 146 nm. Slightly increasing the concentration of PO-T2T to 
1 wt% can shift the first peak to about 510 nm, while the intensity of the shoulder peak 
is enhanced. In the end, D6 gives a final CIE of (0.28, 0.40) with the FWHM of 153 
nm. As far as we know, this is the first demonstration of TADF CT-emission between 
polymer and small molecules for polychromatic OLEDs with a CIE close to a white 
color. It may be possible to further optimize to reach white OLEDs by further increasing 
the concentration of PO-T2T.  

Figure A.7. Single layer OLEDs with dual emission from P1 and the CT-emission for D5 and D6. (a) Schematic 
illustration of the emission for the mixed film with P1 and PO-T2T. The solid lines represent the radiative relaxation, 
while dashed lines represent the non-radiative loss. (b) The voltage-current density characteristics. (c) The voltage-
luminance characteristics. (d) EQE-luminance-luminous efficacy characteristics. (e) Normalized EL spectra in the 
forward direction at 100 cd/m2.  
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8.5 Summary 

In this appendix chapter, the host material in the polymer OLEDs has been proved 
to play a vital role. The influence of different host materials on the photophysical 
property of a TADF polymer P1 and the device performance is investigated. Almost no 
delayed fluorescence is observed in the neat film or in host CzSi. The delayed 
fluorescence can be enhanced by thousands of times when using mCP as host materials 
compared to CzSi. Furthermore, a CT-emission between the PO-T2T and P1 is observed, 
which possesses a pronounced TADF property with a ΔEST as small as 7 meV and a 
ratio of 2.13 between delayed fluorescence to prompt fluorescence. When using the 
TADF polymer P1 to build monochrome OLEDs, cyan blue devices can be achieved 
for P1 neat film or embedded in mCP. A maximum EQE of 4.26% is achieved for 
devices with mCP as the host material, while it is only 0.87% for the device based on 
the P1 neat film.  

Together with the yellow emission from the CT-emission between PO-T2T : P1 
and the intrinsic blue emission from P1, OLEDs with polychromatic emission can be 
realized with a low doping concentration of PO-T2T, which can be a starting point for 
further investigation on high efficiency white OLEDs based on solution processes with 
purely organic TADF polymers. A maximum EQE of 1.74% and luminous efficacy of 
1.84 lm/W is achieved.  
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