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Abstract 

 

This thesis proposes blue organic light-emitting diodes (OLEDs) composed of 

fluorescent and phosphorescent emitting layers (EMLs) and the study was accomplished 

by engineering device architecture and dopant distribution in the EMLs. We investigated 

the electrical and optical properties when both types of emitters are applied as EMLs into 

a single device and determined the emission ratio and contribution between fluorescent and 

phosphorescent emitters by deconvoluting electroluminescent spectra with Gaussian fitting. 

The fluorescent EML is composed of 4,4 -bis(2,2 -diphenylvinyl)-1,1 –diphenyl (DPVBi) 

doped with 4,4'-bis(9-ethyl-3-carbazovinylene)-1,1'-biphenyl (BCzVBi) while Bis[2-(4,6-

difluorophenyl)pyridinato-C2,N](picolinato)iridium(III) (FIrpic) is doped into 1,3-Bis(N-

carbazolyl)benzene (mCP) for the phosphorescent EML.  

Firstly, dual-EML blue OLEDs are introduced and differentiated by doping styles, 

doping concentration and device structure to study the operating principles and changes in 

the efficiency and color characteristic in blue OLEDs. When both types of EMLs are used, 

the predominant emission is phosphorescence and the relative intensity of fluorescent and 

phosphorescent emission is controlled by the fluorescent doping concentration. With the 

incorporation of a step-graded doping profile in the EMLs, the trend of device performance 

is indicative of the effect of the location of the non-doped area. Blue OLEDs with the step-

controlled doping concentration showed higher device efficiency and strengthened 

emission from fluorescence compared to the uniformly doped devices.  



v 

 

Secondly, triple-EML blue OLEDs with the various combinations of EML host 

configurations were studied. The electroluminescent spectra of the devices were 

deconvoluted by Gaussian peak fitting to understand the origin of blue emission. The device 

performance is strongly influenced by the location of the n-type host material. Furthermore, 

effects of interlayer and EML thickness variation in devices were investigated to optimize 

device efficiency and color emission. 
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Chapter 1.  

Introduction  

and Thesis Overview 

 

 1.1 Introduction 

Organic semiconductors have been utilized in many opto-electronic devices such 

as organic light emitting diodes (OLEDs), organic photovoltaics (or so called organic solar 

cells), organic field effect transistors, organic photodetectors and organic lasers. Among 

these known applications, OLEDs have gained a lot of attention as the next generation of 

display applications and solid-state lighting due to several advantages in physical and 

electronic features. OLEDs have a wide viewing angle of nearly 170º, wide color gamut 

and low power consumption. In contrast to conventional display applications such as liquid 

crystal displays, there is no need for OLEDs to have a backlight behind a screen because 

they are self-emissive, enabling thinner and lighter production. In 2015, LG Display 

showcased a 55-inch OLED panel that was 0.97 mm thick and 1.9 kg in weight, so it was 

possible to stick the TV panel to a wall with a magnetic mat as shown in Figure 1.1 (a). In 

addition, OLEDs offer high contrast because each pixel is completely switched on and off 
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without light leakage. OLEDs can be flexible and foldable when they are fabricated onto 

plastic substrates by solution processing techniques like spin coating, roll-to-roll and inkjet 

printings. As a light source, OLEDs are surface lights unlike light emitting diodes (LEDs) 

and fluorescent lamps so that they are more diffusive and can be configured on a large scale 

and in various shapes. OLED lighting is also energy efficient. To gain the upper hand, 

however, over conventional lighting in the marketplace, OLEDs must still come down in 

price. 

These interesting aspects of OLEDs have motivated both academia and industry for 

the last few decades, bringing about the rapid development in OLED technologies.  

Consequently, OLED panels became the mainstream for various display applications in 

televisions, mobile displays and smart watches. Figure 1.1 shows various consumer 

products using OLEDs. The following sections will cover the history of OLEDs, and the 

objectives and outline of this thesis.  
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Figure 1.1: Various OLED applications available in the marketplace: (a) 55-inch OLED television, 

(b) screens for mobile phones and (c) smart watches (photo credit: LG Display, Samsung and 

Apple).  

 

  



PhD Thesis - Bo Mi Lee  McMaster University- Engineering Physics 

 

4 

 

1.2 History of OLEDs  

The first observation of electroluminescence (EL) by an organic single crystal, 

anthracene, was reported by Pope et al. in 1963 [1]. The operating voltage of the device 

was very high, over 400 V. The subsequent remarkable discovery in OLED technology 

was the double-layered OLED demonstrated by Tang and Van Slyke from Eastman Kodak 

in 1987 [2].  The reported OLED was composed of a hole transport material, diamine, and 

emitting and electron transport material, Tris-(8-hydroxyquinoline) aluminum (Alq3). This 

device structure with a heterojunction allowed effective carrier confinement for 

recombination. As a result, a high luminance over 1000 cd/m2 and ~1 % of external 

quantum efficiency (EQE) under 10 V at room temperature were achieved [2]. This 

revolutionary accomplishment has paved the way for a new chapter in OLED technology 

and led to various successive researches for OLEDs. Afterwards, the first polymer light-

emitting diodes (PLEDs) with Poly(p-phenylene vinylene) (PPV) were introduced by 

Burroughs et al. of the University of Cambridge in 1990 [3]. Figure 1.2 displays the 

schematic diagrams of device structures of the first heterojunction OLED and PLED and 

molecular structures of the materials used for the devices. 
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Figure 1.2: (a) Schematic diagram of the first double-layered OLED device structure and molecular 

structures of the organic materials used. The detailed structure of the device consists of indium tin 

oxide (ITO) (120 nm)/ Diamine (75 nm)/ Alq3 (60 nm)/ Mg:Ag (100 nm). (b) Schematic diagram 

of the first PLED and the molecular structure of the conjugated polymer. The detailed device 

structure consists of ITO/ PPV (70 nm)/ Al. 

 

Another noteworthy accomplishment in OLED technology was the introduction of 

phosphorescent materials by Forrest and Baldo in 1998 [4]. Most works at the early stage 

of OLED development focused on fluorescent emitting materials whose internal quantum 

efficiency (IQE) was limited to 25 % based on spin statistics. From this discovery the 

theoretical IQE reached up to nearly 100 % by harvesting triplet excitons. The insertion of 

heavy metal complexes such as Pt or Ir into molecules enables the mixing of singlet and 

triplet states via strong spin-orbit coupling, allowing intersystem crossing (ISC) to the 

triplet states, thereby enabling phosphorescent emission. Afterwards, state-of-the-art 
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thermally activated delayed fluorescence (TADF) was reported by Endo et al. in 2011 [5], 

which allowed OLED technology to go one more step further. This type of material has a 

near zero gap between the lowest singlet and triplet energy states; therefore, 100% of the 

theoretical IQE of fluorescence is achievable via reverse ISC (up-conversion) from the 

lowest triplet state to the lowest singlet state.  

Based on the successive developments in materials the first commercial OLED was 

released by Pioneer Corporation in 1997. This product was a green emissive passive-matrix 

OLED for car audio systems. A decade later, Samsung Mobile Display firstly used the 

active-matrix OLED for mobile phones and the first commercial OLED lighting was 

introduced by Lumiotec in 2011. After the introduction of the first commercial OLED, 

various applications of OLEDs with many different sizes have been released and are easily 

found in our daily life. 

 

1.3 Objectives and Outline of the Thesis  

Tremendous research and development in OLED technology have brought various 

applications into the marketplace in many different manners. Among the three primary 

colors, blue is an essential element for both full color display applications and solid-state 

lighting. The first multi-layered fluorescent blue OLED was reported by Adachi et al. in 

1990 and its maximum luminance was 700 cd/m2 with a power efficiency of 0.22 lm/W at 

10 V [6]. In 2001, Adachi’s group demonstrated the first phosphorescent blue OLED with 

a maximum EQE of 5.7 % and power efficiency of 6.3 lm/W [7]. Research for blue OLEDs 

has been continuously going on; however, research progress and accomplishments 
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regarding blue emitting materials lag behind compared to other two primary colors, red and 

green. Among these three colors, blue emission has the shortest wavelength and highest 

photon energy. Considering that blue emitters need to have a wide energy bandgap, 

particularly in the case of blue phosphorescent emitters, it is difficult to engineer emitting 

materials to simultaneously satisfy requirements such as good stability and short exciton 

lifetime. Host and charge transport materials possessing a sufficiently large triplet energy 

are required to confine triplet excitons in blue phosphorescent emitters [8] and to prevent 

triplet exciton quenching [9]. Emitting regions consisting of a combination of fluorescent 

and phosphorescent emitters have been widely used for white OLEDs; however, for blue 

OLEDs, most of the research has been focused on fluorescent materials. 

 In this thesis, however, the emitting region for blue OLEDs is comprised of 

fluorescent and phosphorescent emitters in common. The introduced devices have different 

designs of emitting regions by controlling doping profiles and by switching combinations 

of emitting materials. 

Based on the design concept of using both fluorescent and phosphorescent emitting 

materials for blue OLEDS, the objectives of this thesis are as follows:  

1) Investigating how device performance changes when both types of emitters are 

adopted into the emitting region compared to purely fluorescent and/or 

phosphorescent blue OLEDs. 

2) Understanding the origin and ratio of fluorescence and phosphorescence from blue 

OLEDs  
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3) Understanding the effects of different doping concentrations and different doping 

configurations on the electrical and optical properties of devices 

 

The first chapter of this thesis is comprised of an introduction to organic 

semiconductors, the history of OLEDs, and the objectives of this thesis. The following 

chapter (Chapter 2) talks about fundamental principles of organic materials and OLED 

mechanisms, which are the foundation to a better understanding of OLEDs. Subsequently, 

photo-physics and electrical properties of OLEDs are explained. Chapter 3 presents the 

experimental details regarding device fabrication, including substrate preparation, material 

deposition and techniques for device characterization. Chapter 4 discusses the organic 

materials used for devices and the blue emitting materials’ electrochemical properties, 

which are strongly related to device performance in terms of color.  In the following chapter 

(Chapter 5), double emitting layered blue OLEDs with both fluorescent and 

phosphorescent emitting materials are proposed. The chapter is divided into two parts in 

accordance with different approaches to the spatial distribution in emitting materials, either 

uniformly or step-graded controlled. The first part of Chapter 5 covers the blue OLEDs’ 

electrical and optical properties when varying the doping concentrations and switching the 

location of two emitting layers (EMLs). Afterwards, blue OLEDs with step-controlled 

doping profiles will be introduced. The phosphorescent doping concentration is step-

controlled by 0, 4 and 8 % while the fluorescent one is fixed so that the effect of step-

controlled doping profile can be explored. Chapter 6 describes electrical and optical 

properties of blue OLEDs with various combinations of triple EMLs. In addition, the origin 
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of blue emission will be investigated by resolving the EL spectra of the devices. The 

relation between the dependence of fluorescence and phosphorescence on EML 

configurations as well as the effect of an interlayer will be addressed. Finally, Chapter 7 

covers the conclusion of the research work and suggestions for future research in blue 

OLEDs. The suggestions for future research provide some complementary experimental 

approaches, material optimization and a suggested path to adopting the presented research 

to white OLEDs with tunable color temperatures by controlling the voltage for the blue 

intensity. 

 

1.4 Contributions to Knowledge 

The research results in this thesis have been published in three peer-reviewed 

journal papers and two conference proceedings. Blue fluorescent OLEDs based on a host-

dopant system have been reported in B. M. Lee et al., Journal of Photonics for Energy, 

3(2013), 033598 and B. M. Lee et al., Proceedings Volume 8412, Photonics North 2012; 

841221 (2012). The study showed the electrical and optical properties of blue fluorescent 

materials and how device performance changed when devices have different structures 

with single or double EMLs and a host-dopant system. Part of this work became a 

preliminary study of the main research work on blue OLEDs with fluorescent and 

phosphorescent emitters and is presented in Chapter 4 to explain the material properties of 

blue fluorescent emitters.  

The dual-EML blue OLEDs with fluorescent and phosphorescent emitters were 

first published in B. M. Lee et al., MRS Proceedings, vol. 1567, pp. mrss13–1567-jj13–77 
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(2013). It mainly discussed the devices with various fluorescent doping concentrations to 

see what the impact of the fluorescent dopant is and how device characteristics change with 

different doping concentrations. The continuation of the work, which was published in B. 

M. Lee et al., Journal of Luminescence, 148 (2014) 72–78, provided expanded 

understanding of the dual-EML blue OLEDs by comparing different EML structures when 

the fluorescent and phosphorescent EMLs were switched. The journal publication of B. M. 

Lee et al., Optical Materials, 86 (2018) 498–504 gave a different approach to the dopant 

distribution in the dual-EML blue OLEDs and so this study explained the effect of step-

controlled phosphorescent doping concentrations. Unlike the former research, another 

project focused on the triple-EML blue OLEDs and investigated the effect of different host 

material combinations, interlayers, and different EML thicknesses. This part of this project 

was published in B. M. Lee et al., Science of Advanced Materials, 8 (2016) 301-306.   

  

1.4.1 Peer reviewed Journal Papers 

1. B. M. Lee, H. H. Yu, Y. H. Kim, N. H. Kim, J. A. Yoon, W.Y. Kim, P. Mascher, 

“Highly efficient blue organic light-emitting diodes using dual emissive layers 

with host-dopant system,” Journal of Photonics for Energy, 3(2013), 033598. 

 [https://doi.org/10.1117/1.JPE.3.033598] 

2. B. M. Lee, N. H. Kim, J. A. Yoon, S. E. Lee, Y. K. Kim, W.Y. Kim, P. Mascher, 

“Luminescence Characteristics of Hybrid Dual Emitting Layers in Blue 

Organic Light-emitting Diodes by Controlling the Fluorescent Doping 

Concentration,” Journal of Luminescence, 148 (2014) 72–78. 

https://doi.org/10.1117/1.JPE.3.033598
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 [http://dx.doi.org/10.1016/j.jlumin.2013.11.065] 

3. B. M. Lee, S. I. Yoo, J. S. Kang, J. A. Yoon, W. Y. Kim, P. Mascher, “Hybrid 

Blue Organic Light Emitting Diodes with Fluorescent and Phosphorescent 

Emitters along with an Interlayer,” Science of Advanced Materials, 8 (2016) 

301-306. [https://doi.org/10.1166/sam.2016.2483] 

4. B. M. Lee, J. Kim, G. J. Yun, W. Y. Kim, P. Mascher, “Study on hybrid blue 

organic light emitting diodes with step controlled doping profiles in 

phosphorescent emitting layer,” Optical Materials, 86 (2018) 498–504. 

 [https://doi.org/10.1016/j.optmat.2018.09.039] 

 

1.4.2 Conference Proceeding Papers 

1. B. M. Lee, H. H. Yu, Y. H. Kim, N. H. Kim, J. A. Yoon, P. Mascher, W.Y. 

Kim, “Highly efficient blue organic light-emitting diodes using dual emissive 

layers with host-dopant system,” Proceedings Volume 8412, Photonics North 

2012; 841221 (2012). [https://doi.org/10.1117/12.2001394] 

2. B. M. Lee, N. H. Kim, J. A. Yoon, W.Y. Kim, P. Mascher, “Characterization 

of Hybrid Dual Emitting Layers in Blue Organic Light-Emitting Diodes by 

Controlling the Fluorescent Doping Concentration,” MRS Proceedings, vol. 

1567, pp. mrss13–1567-jj13–77 (2013). [https://doi.org/10.1557/opl.2013.625] 

 

 

 

http://dx.doi.org/10.1016/j.jlumin.2013.11.065
https://doi.org/10.1166/sam.2016.2483
https://doi.org/10.1557/opl.2013.625
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1.4.3 Conference Presentations 

1. Photonics North 2012, 2012, Montréal, Canada – Oral Presentation 

2. Nano Ontario Conference 2012, 2012, Waterloo, Canada – Poster Presentation 

3. MRS Spring Meeting & Exhibition, 2013, San Francisco, USA – Poster 

Presentation 

4. Photonics North 2013, 2013, Ottawa, Canada – Oral Presentation 

5. Nano Ontario Conference 2013, 2013, Kingston, Canada – Poster Presentation 

6. Photonics North 2014, 2014, Montréal, Canada – Oral Presentation 

7. Nano Ontario Conference 2014, 2014, Winsor, Canada – Poster Presentation 

8. DVCE 2014: Display Valley Conference & Exhibition, 2014, Asan, Korea – 

Poster Presentation 

9. The 17th Canadian Semiconductor Science and Technology Conference 

(CSSTC), 2015, Sherbrooke, Canada – Poster Presentation 
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Chapter 2.  

Fundamental Principles of  

Organic Light Emitting Diodes 

 

Organic materials show unique electronic properties, becoming a source of state-

of-the art electronic devices. For better understanding of OLEDs, this chapter focuses on 

the basic physical fundamentals of organic semiconductors. To be specific, section 2.1 

gives an overview of the electronic properties of organic materials and then the operating 

mechanism of OLEDs will be discussed in section 2.2. Subsequent sections will discuss 

photophysical processes and the electrical properties of OLEDs.  
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2.1 Electronic Properties of Organic Materials 

Organic semiconductors are made of carbon-based materials, so their 

characteristics are strongly affected by the material properties of carbon. The electronic 

configuration of a single carbon atom in the ground state is 1s2 2s2 2p2. When a carbon 

atom combines with another atom, hybrid orbitals are formed. Depending on how many 

atomic p-orbitals there are in each carbon atom contributing to hybridization, the possible 

cases are so-called sp, sp2, and sp3 hybridizations. In the case of sp2 hybridization, three sp2 

hybrid orbitals are formed by the combination of the 2s orbital and two of the three p-

orbitals. These three sp2 hybrid orbitals form three σ-bonds, while the remaining pz-orbitals 

which are orthogonal to the plane of the sp2 hybridization create a π-bond by overlapping 

each other. Delocalized electrons can move freely over the entire molecule via the π-orbital. 

Figure 2.1 shows the configuration of sp2 hybridization in ethene (C2H4).  

 

Figure 2.1: Configurations of sp2 hybridization in ethene showing σ and π bonding between the 

two neighboring carbon atoms.  
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When two carbon atoms combine, the two p-orbitals form a new set of orbitals by splitting 

into π- (bonding) and π*- (anti-bonding) orbitals. When the number of carbon atoms is 

increased for the formation of a molecule, more degenerations in the π- and π*- orbitals are 

generated. If the number of atoms goes to infinity, energy bands are created as shown in 

Figure 2.2. The π-orbital corresponds to the highest occupied molecular orbital (HOMO) 

while the π*-orbital is referred to as the lowest unoccupied molecular orbital (LUMO). 

These orbitals conceptually correspond to the valence and conduction bands in inorganic 

semiconductors, respectively. An energy difference between HOMO and LUMO is defined 

as the energy gap of the material and can be varied by the size of the molecule 

(delocalization).  The gap decreases with the increase of the delocalization and spans the 

range of 1.5 – 4 eV for visible or near-UV emission.  

 

Figure 2.2: Formation of bonding and anti-bonding molecular orbitals and energy bands (reprinted 

with permission from [10]). 
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2.2 Working Principles of OLEDs 

An OLED is an electroluminescent device, meaning that luminescence is achieved 

by energy conversion from electrical to optical energy. It is made up of a stack of organic 

materials, with a thickness of a few hundred nanometers on average, between the anode 

and cathode. For light extraction either the anode or cathode should be transparent. The 

anode must have a high work function (such as ITO) while a low work function is required 

for the cathode (such as Al, Mg, Ca or Ag). When a voltage is applied, electrons and holes 

are injected from the cathode and anode, respectively. In this step, charge carriers need to 

overcome energy barriers between the electrodes and their neighbouring organic materials. 

Therefore, it is important to choose suitable materials to minimize the energy difference 

with the electrode. In OLEDs, a greater number of layers is used compared to inorganic 

LEDs owing to lower carrier mobilities and several orders of magnitude different mobilities 

between electrons and holes. So, in effect, electron/hole injection and transport layers are 

utilized to facilitate carrier flows. The injected electrons and holes migrate toward the 

opposite electrodes by hopping through neighbouring molecules and recombining with 

each other, creating excitons at an EML.  The excitons relax to the ground state either 

radiatively or non-radiatively (by heat dissipation). EMLs can be designed based on the 

concept of a host-dopant system. The incorporation of dopant materials which are highly 

emissive in the visible spectral range into a host material can improve device efficiency. 

The color of emission in OLEDs is determined by the energy gaps of emitting materials 

where a recombination zone is generated. A depiction of the simplified structure of an 
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OLED and its operating process for emission are shown in Figure 2.3. The denoted 

numbers are the sequence of the operating processes in OLEDs. 

 

 

Figure 2.3: Schematic illustration of a three-layer bottom emitting OLED and its operating 

mechanism under a forward bias: (1) electrons and holes are injected from the cathode and anode, 

respectively. (2) Electrons and holes are transported toward the EML by hopping between 

molecules. (3) Electrons and holes recombine and create excitons at the EML and (4) excitons 

radiatively decay as photons which are extracted at the anode side. ΦC and ΦA are cathode and 

anode work functions, respectively.  
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2.3 Excitons 

Excitons are electron and hole pairs bound by Coulomb forces and are electrically 

neutral. Excitons are classified in two different ways depending on spatial sizes and spin 

multiplicity. In the former case, excitons can be divided into three different types: Frenkel, 

Wannier-Mott and charge transfer excitons. The dielectric constant in organic materials is 

relatively low (εr ~ 3) compared to that of inorganic materials (εr ~ 11-16) so excitons in 

organic materials are highly localized with a large binding energy (0.1-1 eV) and small 

radius (< 5 Å ), which is called a Frenkel exciton. On the other hand, the excitons generally 

found in inorganic materials are called Wannier-Mott excitons. They have a large radius, 

usually larger than the lattice constant, due to a high dielectric constant. The electron-hole 

pairs are loosely bound with a small binding energy. Lastly, charge transfer excitons are 

found where electrons and holes are located nearby molecules or lattice sites with 

sufficiently strong coupling. The schematic illustrations of the three different types of 

excitons in spatial size are shown in Figure 2.4.  

 

Figure 2.4: Schematic illustrations of three types of excitons from the spatial size viewpoint:  

(1) Frenkel exciton, (2) Wannier-Mott exciton and (3) intermediate charge-transfer exciton. 
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From the point of view of spin multiplicity (𝑀 = 2𝑆 + 1), there are two types of excitons; 

singlet and triplet excitons. Electrons as fermions follow the Pauli exclusion principle, 

meaning that two electrons with opposite spins can occupy each orbital. The spin states of 

electrons are 𝑆 = ±
1

2
 so that electron-hole pairs have four possible configurations. To be 

specific, when the spins of the electron-hole pair are anti-parallel, the total spin angular 

momentum is 𝑆 = 0 and is called a singlet exciton. On the other hand, if the total spin is 

𝑆 = 1 with a set of parallel spins, the pair is called a triplet exciton. Under electrical 

excitation, the ratio of singlet to triplet excitons is 1:3 based on the spin statistics. Figure 

2.5 shows the four different possible quantum states, creating singlet and triplet excitons. 

 

Figure 2.5: Spin states for singlet and triplet excitons with total spin quantum numbers (S) and 

magnetic quantum numbers (Ms). 
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2.4 Photophysical Processes in OLEDs 

2.4.1 Jablonski Diagram  

Excited electrons go through several transition paths. The Jablonski diagram is an 

illustration to explain various possible transitions for light emission and quenching in 

molecular compounds and the diagram is introduced in Figure 2.6. There exist several 

energy states such as electronic, vibrational, rotational and translational states. The thick 

solid lines are electronic energy states and the thin ones are vibrational states. The capital 

letters imply a spin multiplicity: S for singlet and T for triplet states. The subscript numbers 

represent the level of electronic energy states; therefore, S0 denotes the ground state and 

larger numbers mean higher states.  

 

Figure 2.6: Jablonski diagram showing vibrational and electronic energy states and possible 

transitions in an organic molecule. Each sublevel of vibrational states corresponds to a manifold of 

rotational and translational levels with ~0.01 eV spacing.   
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2.4.2 Non-radiative Transitions 

After an electron in the ground state is either optically or electrically excited, it 

undergoes radiative or non-radiative processes until relaxing back to the ground state. 

Relaxation between vibrational states, to the corresponding lowest vibrational state, is 

called vibrational relaxation. Internal conversion (IC) is another non-radiative transition 

from a higher to a lower electronic state within the same multiplicity. During the 

radiationless transition, heat may be dissipated, equivalent to the magnitude of the 

relaxation. ISC is also a non-radiative transition but it happens between the different 

multiplicities from singlet to triplet energy states. Although this is a forbidden transition, 

the transition can be allowed due to spin-orbit coupling, for example by heavy metal atoms. 

 

2.4.3 Radiative Transitions 

There exist two different luminescence processes: fluorescence and 

phosphorescence, which are differentiated by transition time and multiplicity of the initial 

state in the case of luminescence. Singlet excited states can go through either radiative 

relaxation to the ground state or move to the triplet excited state via ISC. The radiative 

relaxation directly from the lowest singlet excited state (S1) to the ground state (S0)  is 

called fluorescence. In this process, the spin multiplicities of the initial and final states are 

the same and the relaxation is very fast within 10−9~10−8 s. In fluorescent OLEDs, only 

singlet excitons can be involved for luminescence, so the internal quantum yield is limited 

to 25 %. Emission by triplet excitons is forbidden, hence triplet excitons are “wasted” in 

fluorescent OLEDs.  
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For phosphorescence, on the other hand, after ISC, electrons radiatively decay from 

the lowest triplet excited state (T1) to the ground state (S0), meaning that there is a change 

in spin multiplicity. The transition time for the phosphorescence process is much longer 

(10−6~102 s) than for fluorescence. In phosphorescent OLEDs, triplet excitons can be 

harvested by spin-orbit coupling due to the existence of heavy metal complexes such as Pt 

or Ir. The strength of spin orbit coupling is proportional to the forth power of the atomic 

number of the metal, so stronger spin orbit coupling can be achieved by the use of heavier 

metals, leading to improved emission efficiency [11]. The theoretical IQE of nearly 100 % 

is attributed to the utilization of both singlet and triplet excitons for luminescence.  

As depicted in Figure 2.6, the singlet excited states (Sn) are higher in energy than 

the triplet excited states (Tn). This can be explained by the Pauli exclusion principle. In 

singlet excitons, electrons with an antiparallel spin pair are in proximity to each other so a 

strong overlap in wave functions is permitted, leading to a larger Coulombic repulsive 

energy. That is why the energy of singlet states is larger than that of triplet ones.  

 

2.4.4 Energy Transfer 

The host-dopant system has been widely utilized to enhance device efficiency 

through an effective energy transfer between the host (donor) and dopant (acceptor) 

molecules. The two main non-radiative exciton energy transfers mechanisms are called 

Förster [12] and Dexter energy transfers [13].  
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2.4.4.1 Förster Energy Transfer 

Förster energy transfer is a non-radiative transfer process via a long-range dipole-

dipole coupling interaction between two molecules and occurs when the intermolecular 

distance is typically less than 100 Å . The process is represented in Figure 2.7 and allowed 

energy transfer reactions of Förster and Dexter energy transfer are shown in Table 2.1. At 

the initial stage, the host molecule is excited while the dopant molecule stays in the ground 

state. The host molecule relaxes to the ground state and the electron in the dopant molecule 

is excited by the energy transfer. The rate constant of Förster energy transfer (𝑘𝐹𝐸𝑇) [12] is 

given by:  

𝑘𝐹𝐸𝑇  =
1

𝜏𝐻
(

𝑅0

𝑅𝐻𝐷
)

6

 Eq. 2.1 

where 𝜏𝐻 is the fluorescence lifetime of the host in the absence of the dopant, 𝑅𝐻𝐷 is the 

intermolecular distance between the host and dopant molecules and 𝑅0 is the Förster radius. 

𝑅0 can be calculated by the following equation: 

𝑅0 = (
9000𝜅2 ln 10 𝜙𝑃𝐿

128 𝜋5𝑛4𝑁𝐴
  ∫ 𝑓𝐻  (𝜈) 𝜀𝐷(𝜆)𝑑𝜆)

1
6

 Eq. 2.2 

where 𝑓𝐻  (𝜈) is the normalized PL spectrum of the host material, 𝜀𝐷(𝜈) is the absorption 

spectrum of the dopant material (the molar absorption coefficient of the dopant), 𝜆  is 

wavelength, 𝜅 is an orientation factor, 𝜙𝑃𝐿 is the absolute fluorescence quantum yield of 

the host material, 𝑛 is the refractive index of the material, and 𝑁𝐴 is Avogadro’s number.  

When combining Eq. 2.1 and Eq. 2.2, the rate constant of Förster energy transfer (𝑘𝐹𝐸𝑇) 

can be expressed as: 
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𝑘𝐹𝐸𝑇  =
9000𝜅2 ln 10 𝜙𝑃𝐿

128 𝜋5𝑛4𝑁𝐴 𝜏𝐻 𝑅𝐻𝐷
6   ∫ 𝜆4 𝑓𝐻 (𝜈) 𝜀𝐷(𝜆)𝑑𝜆 Eq. 2.3 

From Eq. 2.3 one can identify several important contributors to an efficient Förster energy 

transfer. Firstly, the degree of a spectral overlap between the absorption of the dopant and 

the PL of the host determines the transfer rate constant. Larger overlap means more 

efficient energy transfer between molecules. The energy transfer rate also is dependent on 

the intermolecular distance between host and dopant molecules (~(𝑅𝐻𝐷)−6) but it should 

be less than 100 Å . A large absorption coefficient of the dopant material is beneficial to 

having efficient energy transfer.  

The energy transfer efficiency (𝐸𝐸𝑇) [12] is defined as: 

𝐸𝐸𝑇 =
𝑅0

6

𝑅0
6 + (𝑅𝐻𝐷)6

 Eq. 2.4 

When the Förster radius (𝑅0) is equal to the distance between host and dopant molecules 

(𝑅𝐻𝐷), the energy transfer efficiency is 50 % and the rate constant of the energy transfer 

(𝑘𝐹𝐸𝑇) is 1 𝜏𝐻⁄  which is equivalent to the emission rate of the host molecule [10]. 
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Figure 2.7: Schematic representations of (a) Förster and (b) Dexter energy transfer. 

 

Table 2.1: Available energy transfer processes between the host and dopant molecules. The excited 

state is denoted with an asterisk (*) and the number represents spin multiplicities.  

Förster Energy Transfer Dexter Energy Transfer 

𝐻∗ +1 𝐷1 → 𝐻 +1 𝐷1 ∗ 

Singlet → Singlet 

𝐻∗ +1 𝐷1 → 𝐻 +1 𝐷1 ∗ 

Singlet → Singlet 

𝐻∗ +3 𝐷3 → 𝐻 +1 𝐷3 ∗ 

Triplet → Triplet 

𝐻∗ +3 𝐷1 → 𝐻 +1 𝐷3 ∗ 

Triplet → Triplet 
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2.4.4.2 Dexter Energy Transfer 

Dexter energy transfer is a short-range interaction by exchanging electrons from 

host to dopant molecules. Figure 2.7 (b) shows the process of Dexter energy transfer and 

possible Dexter energy transfer processes are shown in Table 2.1. The electron in the 

excited state in the donor molecule transfers to the donor excited state. Simultaneously, the 

electron in the ground state in the dopant molecule moves to the host molecule. This energy 

transfer can be achieved when the host and dopant molecules are in close proximity, 

typically up to ~ 10 Å , because this process requires the overlap of the wave functions 

between host and dopant molecules.  The transfer rate constant of the Dexter energy 

transfer (𝑘𝐷𝐸𝑋) [13] is obtained by  

𝑘𝐷𝐸𝑋 = (
2𝜋

ℎ
)  𝐾 exp (−

2𝑅

𝐿
) ∫ 𝜆4 𝑓𝐻 (𝜈)𝜀𝐷(𝜆)𝑑𝜆 Eq. 2.5 

where ℎ is Planck’s constant, 𝐾 is a constant proportional to the orbital overlap between 

two molecules, 𝑅 is a distance between host and dopant molecules, and 𝐿 is the sum of the 

Van der Waals radii of the two molecules. Like Förster energy transfer, the rate constant is 

strongly related to the overlap of host PL and dopant absorption spectra and the distance 

between the host and dopant molecules.  

 

2.5 Exciton Quenching Mechanism 

The annihilation of an exciton with another exciton or polaron is called quenching. 

The quenching process is typically found at a high current density and is dominated by 

either Förster or Dexter energy transfer.  
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When two triplet excitons interact, one of them is promoted to the singlet excited state (Sn) 

and the other one relaxes to the ground state (S0). This process is called triplet-triplet 

annihilation (TTA). 

𝐻∗ +3 𝐷∗3 → 𝐻 +1 𝐷1 ∗ 

Considering that the TTA happens in a fluorescent-based device, the singlet exciton can be 

radiatively relaxed, resulting in delayed fluorescence. However, in a phosphorescent-based 

device, the singlet exciton created by the TTA can move back to the triplet excited state 

via ISC, which implies the loss of one exciton and lowers device efficiency. This is a main 

cause of efficiency roll-off under the high population of triplet excitons in phosphorescent 

OLEDs because of the long lifetime of triplet excitons, on the order of microseconds to 

milliseconds. Triplet excitons can also interact with polarons, called Triplet-polaron 

annihilation. This annihilation occurs under a high current density and gives rise to 

efficiency roll-off, similar to TTA.   

 

2.6. Electrical Properties of OLEDs 

Unlike crystalline inorganic materials with periodic lattice structures, organic 

materials are amorphous and have disordered energy states. Due to the different material 

properties, in organic semiconductors, charge carriers are transported via “hopping” 

between distinct localized states. In OLEDs, carrier flows including injection and transport 

is affected by the electrode/organic and organic/organic (bulk) interfaces.  
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2.6.1 Charge Carrier Injection 

The operation of OLEDs begins with charge carrier injection under applied forward 

bias. Electrons are injected from the cathode to the adjacent organic layer, either an electron 

injection layer (EIL) or an electron transport layer (ETL). Similarly, hole injection occurs 

from the anode to the neighboring layer, either a hole injection layer (HIL) or a hole 

transport layer (HTL), depending on device structures.  

There are two models to describe carrier injection: The Fowler-Nordheim model 

[14] involving tunneling and the Richardson-Schottky model involving thermionic 

emission. Although these two models were designed for inorganic semiconductors without 

the consideration of energetic disordered structures in organic materials, they are still 

useful to conceptually understand the injection process at the metal-organic interface in 

organic devices.  

The Richardson-Schottky model [15], [16] explains charge carrier injection by 

thermionic emission, electrons need to carry sufficient thermal energy to overcome the 

potential barrier.  The injection characteristic of the Richardson-Schottky model are given 

as: 

𝐽𝑅𝑆 =  
4𝜋𝑞𝑚∗𝑘2

ℎ3
  𝑇2 exp (−

𝐸𝑏

𝑘𝐵𝑇
) Eq. 2.6 

where 𝑞 is the electric charge, 𝑚∗ is the effective mass of either electron or hole, 𝑘𝐵 is the 

Boltzmann constant, ℎ is Planck’s constant, 𝑇 is temperature, 𝐸𝑏 is the interfacial energy 

barrier and 𝑉 is an applied voltage. The first term of the equation is the Richardson constant. 

The interfacial energy barrier (𝐸𝑏) varies under the electric field at the interface: 
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𝐸𝑏  =  𝜙𝐵 − √
𝑞3|𝐹(0)|

4𝜋𝜀
 Eq. 2.7  

Where 𝜙𝐵 is the Schottky energy barrier at zero field and |𝐹(0)| is the electric field at the 

interface. This phenomenon showing the reduction of the Schottky barrier height is called 

image force lowering as shown in Figure 2.8 (b).  

 

Figure 2.8: Schematic illustrations of (a) the energy barrier height (𝜙𝐵 = ELUMO − 𝐸𝑓)  without 

any effects at the interface (b) Richardson-Schottky model with image force lowering (Eb = 𝜙𝑏 −

Δ𝜑) and (c) Fowler-Nordheim model. 𝐸𝑓 is the Fermi-level of the metal, Δ𝜑 = √𝑞3|𝐹(0)| 4𝜋𝜀⁄  

and 𝑥 is the tunneling distance. 

 

Another way to explain charge injection from the metal is by the Fowler-Nordheim 

model through a tunneling process by the electric field as displayed in Figure 2.8 (c). The 

electrons are injected from the contact via a triangular potential barrier. The temperature 

independent Fowler-Nordheim model yields an injection current JFN: 

𝐽𝐹𝑁 = (
𝑞3𝑉2𝑚0

8𝜋ℎ𝜙𝐵𝑚∗
) exp (−

4(2𝑚∗)0.5𝜙𝐵
1.5

3ℎ𝑞𝑉
) Eq. 2.8 

where 𝑚0 is the mass of a free electron.  
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2.6.2 Charge Carrier Transport 

Crystalline inorganic semiconductor materials show highly ordered structures, 

which causes delocalization of carriers moving through the energy band limited only by 

the scattering through lattice vibrations [10], called the band transport model. On the other 

hand, organic materials have weak electronic coupling between molecules via Van der 

Waals interactions. Because of this unique property carriers tend to move molecule-to-

molecule by hopping rather than by band transport. Figure 2.9 depicts band transport in 

crystalline inorganic materials and hopping transport in disordered organic materials. 

 

Figure 2.9: Schematic illustrations for charge transport models: (a) band transport model for highly 

ordered inorganic materials, and (b) hopping model for highly disordered organic materials.  

 

After carrier injection into the organic layers, carriers are transported toward the 

opposite electrodes. In a very low electric field regime, the current is linearly proportional 

to voltage and is given by:  

𝐽𝑜ℎ𝑚𝑖𝑐 = 𝑒𝑛0𝜇
𝑉

𝑑
 Eq. 2.9 

Where e is the electric charge, n0 is the electron density, 𝜇 is the carrier mobility, 𝑉 is the 

applied voltage, and 𝑑 is the organic layer thickness. When the applied voltage further 
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increases, the number of injected carriers increases more and more and then at some point, 

it is possible for devices to have a higher density of injected carriers than that of thermally 

activated ones. In this case, the current is limited by space charges. The space charge-

limited current (SCLC) can be described by the Mott-Gurney law: 

𝐽𝑆𝐶𝐿𝐶 =
9

8
 𝜀𝜀0𝜇 (

𝑉2

𝑑3
) Eq. 2.10 

Where 𝜀 is the relative dielectric constant, 𝜀0 is the permittivity of free space and 𝜇 is the 

electric field-independent mobility. The Mott-Gurney law is applied for a unipolar trap-

free device with an Ohmic contact.  

It has been well known, however, that most organic semiconductors have a field-

dependent mobility. If an electric field is applied, the external potential is superimposed on 

the Coulomb potential of the hopping sites, so the carrier mobility is modified by the 

applied electric field. When the field-dependent mobility given by the Poole-Frenkel effect 

is applied to the SCLC, an approximation of the SCLC for a field-dependent mobility is 

given by [17]: 

𝐽𝑆𝐶𝐿𝐶 =
9

8
 𝜀𝜀0 𝜇 (𝐹) exp (0.89𝛽√

𝑉

𝑑
) (

𝑉2

𝑑3
) Eq. 2.11 

where 𝜇(𝐹) = 𝜇0𝑒𝑥𝑝(𝛽√𝐹), 𝜇0 is the zero-field mobility, 𝛽 is the field activation factor, 

which is temperature dependent, and F is the electric field. In all organic semiconductors, 

structural defects (traps) impact the charge carrier transport. The trap charge-limited 

current (TCLC) is limited by filling traps with carriers and is expressed by [18]: 
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𝐽𝑇𝐶𝐿𝐶 = 𝑁𝑒𝑓𝑓 𝑞 𝜇 (
𝜀𝑟𝜀0

𝑞 𝑛𝑡(𝐸𝑡)
 )

𝑙

(
2𝑙 + 1

𝑙 + 1
)

𝑙+1

(
𝑙

𝑙 + 1
)

𝑙

(
𝑉𝑙+1

𝑑2𝑙+1
) Eq. 2.12 

Where 𝑁𝑒𝑓𝑓  is the effective density of states in the band, 𝑛𝑡(𝐸𝑡)  is an exponential 

distribution of the density of traps, and 𝑙 is the trap distribution parameter (𝑙 = Tc/𝑇) and 

is greater than 1. Tc is the characteristic temperature of the trap distribution (𝑇𝑐 = 𝐸𝑡/𝑘𝐵). 

The density of traps in the exponential distribution 𝑛𝑡(𝐸𝑡) is 

𝑛𝑡(𝐸𝑡) =
𝑁𝑡

𝑘𝐵𝑇𝑐
exp (−

𝐸𝑡

𝑘𝐵𝑇𝑐
) Eq. 2.13 

where 𝑁𝑡  is the total density of the traps, and 𝐸𝑡  is the trap energy with respect to the 

LUMO/ HOMO energy levels. The TCLC shows a power-law dependence and turns to the 

SCLC if all the traps are filled. Figure 2.10 shows Ohmic, SCL and TCL current 

characteristics.  

 

Figure 2.10: Log J-log V characteristics in three different regimes dependent on the applied voltage. 
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2.6.3 Charge Trapping  

When dopant materials are introduced into a host material, the dopant molecules 

can be trap sites which have an influence on carrier transport as well as play a role as direct 

recombination sites. Since the injected carriers tend to fill the trap sites, the presence of 

traps may result in higher threshold and operating voltages and drastic increases in current 

density. Trap types are determined by the alignment of the HOMO and LUMO energy 

levels of the dopant materials with respect to those of a host material. Three main cases of 

carrier trapping are found in the host-dopant systems such as electron trapping, hole 

trapping, and both electron and hole trappings. 

 

2.6.4 Recombination of Excitons 

When electrons and holes move toward opposite sides after injection, they can 

recombine and create excitons. Based on the Langevin theory, excitons are generated when 

electrons and holes are placed within the Coulomb capture radius. The Langevin 

recombination rate (𝑅) is given by: 

𝑅 =
𝑞(𝜇𝑒 + 𝜇ℎ)

𝜀 𝜀0
𝑛𝑝 Eq. 2.14 

 = 𝛾 𝑛 𝑝 Eq. 2.15 

Where 𝜇𝑒  and 𝜇ℎ  are the electron and hole mobilities, respectively, 𝑛  and 𝑝  are the 

electron and hole densities, respectively, and γ is the Langevin recombination coefficient. 

Electron and hole recombination can take place at trap sites.
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Chapter 3.  

Experimental Methods and 

Performance Metrics 

 

This chapter describes and discusses the experimental details for OLED fabrication, 

organized into three parts: sample preparation, sample fabrication, and characterization 

techniques. Firstly, the sample preparation and organic material depositions by means of 

thermal evaporation are covered. The subsequent sections describe measurement 

techniques and metrics used to characterize the fabricated OLED devices.  

 

3.1 Sample Preparation 

3.1.1 Cleaning ITO glasses 

For bottom emitting OLEDs, ITO is widely utilized for the anode because of its 

high conductivity and transparency. The dimensions of the substrates were 25×25 mm2 and 

0.7 mm thick. The ITO film thickness was 1800 Å  and its sheet resistance was 20 Ω/□. The 

pre-coated ITO glasses were patterned by photolithography. Each substrate has 4 emissive 
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pixels and its active area is 3×3 mm2. Figure 3.1 is the top view layout of fabricated devices 

in the sequence of fabrication.  

 

Figure 3.1: Schematic diagrams of the top view of the device in order of fabrication: (a) pre-coated 

ITO glass, (b) after organic material deposition on the ITO, (c) the metallic cathode layer deposition 

and (d) fabricated device with 4 emissive pixels. 

 

It is known that the surface characteristics of ITO substrates impact device performance 

because any contaminants on the substrates may cause defects. So, substrate cleaning is a 

vital step to enhance device performance. The ITO substrates were chemically cleaned with 

acetone and isopropanol in an ultrasonic bath for 15 min each and then rinsed with 
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deionized water. This cleaning step is to remove organic contaminants on ITO substrates. 

Any particles or contaminants on the ITO surface may cause poor device performance such 

as electrical shorts or defects. After drying with nitrogen (N2) gas, the clean substrates were 

placed into a load-lock chamber for oxygen plasma treatment and organic material 

deposition.  

 

3.1.2 Plasma Treatment for ITO Glass Substrates 

The typical work function of ITO is in the range of 4.5-4.8 eV [19] and the HOMO 

energy level of a common HTL material, NPB, is - 5.4 eV so injected holes encounter a 

large energy barrier which hinders carrier flows toward the adjacent layer. Pretreatment of 

ITO is one of the ways to resolve the problem by enhancing its work function. The widely 

used pretreatment methods are UV-ozone and oxygen plasma treatment. The adsorption or 

desorption of oxygen on the ITO surface greatly influences the work function of ITO. To 

be specific, increasing the oxygen content of the ITO surface results in an increase in the 

work function. Some reports showed that the work function increased by about 0.3 eV from 

untreated ITO with 4.5 eV work function [20]–[24]. In this work, oxygen plasma treatment 

was carried out. Oxygen gas is injected at 3 SCCM (standard cubic centimeters per minute) 

until the chamber pressure reaches 5.0 × 10−2  Torr and then 200 W of RF power is 

applied for 2 min for the O2 plasma treatment. In addition, the oxygen plasma treatment 

makes the surface smoother. The pretreated ITO substrates were transported to the 

deposition chamber without exposure to the air.   
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3.2  Thermal Evaporation of Organic Layers 

3.2.1 Organic Material Deposition  

There are two techniques for OLED fabrication according to the types of organic 

materials used: (1) wet coating (spin coating) for polymers, and (2) thermal evaporation 

for small molecular materials. In this thesis, only thermal evaporation will be covered 

because all devices were fabricated with small molecular materials. Thermal evaporation 

is one of the physical vapor deposition methods. Organic materials in crucibles are 

evaporated by resistive heat. To prevent the exposure of organic materials to water and 

oxygen, the deposition process should take place in an ultra-high vacuum (~  8.0 ×

10−7 Torr) environment. The deposition rate and film thickness of organic materials were 

monitored by quartz crystal microbalances. This allows devices to have multiple layers of 

accurately controlled thickness. The deposition rates of host and dopant materials were 

monitored separately so that doping concentrations can be controlled by varying the 

relative deposition rates between host and dopant materials. The typical deposition rate for 

organic materials was 1 Å /s. The substrates were situated on a rotating stage at the top of 

the vacuum chamber, which enables the formation of a uniformly thick films. The 

deposition system and the internal part of the organic deposition chamber are shown in 

Figure 3.2. The thermal evaporation system used to fabricate all devices for the present 

studies is located at Hoseo University in Asan, Korea.  
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Figure 3.2: (a) OLED fabrication system and (b) the internal feature of the organic deposition 

chamber.  

 

3.2.2 Metal Deposition 

Metal deposition took place in a separate chamber to prevent additional 

contaminations by residual organic materials when the deposition occurred in the same 

chamber. The deposition rate for the cathode was ~ 10 Å /s. After the metal deposition 

process, devices cooled down to room temperature and then were transferred to the glove 

box for encapsulation. The cathode is strongly reactive in the presence of oxygen and/or 

water. The reaction results in the formation of insulating metal oxides as dark spots that 

degrades luminescence. That is why encapsulation is important to protect devices from 

permeating water and oxygen.  
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3.2.3 Encapsulation 

The typical method for encapsulation is sealing the edge of devices with a cover 

glass and UV-cured epoxy resin. However, in this work 3M double-sided tapes were used. 

For this process, a desiccant powder of Barium Oxide (BaO) was applied on the substrate 

and then covered with the cover glass. This process took place in a glove box filled with 

nitrogen and the fabricated devices were stored in the glove box until the measurement 

started. The front and back side views of the completed OLED samples is shown in Figure 

3.3.  

 

Figure 3.3: The (a) front and (b) back side of the completed OLED device.  

 

3.3 Measurements of Electrical and Optical Properties 

3.3.1 UV-Vis Absorption and Photoluminescence 

Photoluminescence (PL) is a radiative phenomenon in a molecule triggered by 

photoexcitation. When incident radiation has the equivalent or larger energy of electronic 

states in the molecule, electrons are excited to one of the higher excited states. These photo-

excited electrons radiatively decay with a peak emission wavelength corresponding to the 
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energy difference between the ground and the excited states of the compound. For the 

absorption measurement, organic materials were dissolved into chloroform (CHCl3) in a 

quartz cuvette and were excited by a Xenon lamp. The intensity of absorbance and 

luminescence as a function of wavelength is recorded, whose spectroscopic results are 

useful to understand intrinsic optical properties of materials and the degree of energy 

transfer between host and dopant materials. The spectral scan for absorption and PL was 

carried out in the UV/Vis range from 220 nm to 800 nm.  

 

Figure 3.4: The absorption and PL spectra of red emitting material, 5,6,11,12-tetraphenyltetracene 

(Rubrene). 
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3.3.2 J-V-L Characteristics and Electroluminescence 

The current density-voltage-luminance (J-V-L) measurement of OLEDs is simplest 

but the most important to understand a devices’ semiconducting characteristics. When a 

forward voltage was applied to a device, current and luminance were detected concurrently. 

The applied voltage was controlled by a Keithley 238 and the luminescence and spectral 

analysis were collected by LMS PR-650 SpectraScan colorimeter. With the calculation of 

these experimental values, luminous, power and external efficiencies of OLEDs were 

determined. The J-V-L measurement setup and devices mounted onto the jig are shown in 

Figure 3.5.   

EL spectral results give insight into the luminescent characteristics of a given 

device as a function of wavelength, similar to PL, however, the electrons are excited 

electrically, which differentiates between the two spectroscopic methods. The 

luminescence from OLEDs is attributed to the energy conversion from electrical to optical 

energy so, EL spectroscopy is a source to understand the optical properties of devices. All 

measurements were carried out at room temperature under ambient conditions.  
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Figure 3.5: (a) J-V-L measurement setup, (b) jig to hold samples and (c) an emissive device when 

the voltage is applied. 

 

3.4 Efficiency Metrics 

Device efficiency is an important performance factor to evaluate display 

applications and lighting. OLED performance can be characterized by several efficiency 

metrics such as luminous, power, and external quantum efficiencies.   

Firstly, luminous efficiency (𝜂𝐿𝐸) is the most widely used parameter and its unit is 

candelas per ampere (cd/A). This quantity is determined by the relation of measured 

luminance (𝐿0) with current density passing (𝐽𝑝) through a given device. The luminous 

efficiency is given by the following equation: 
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𝜂𝐿𝐸 =
𝐿0

𝐽𝑝
 [𝑐𝑑 𝐴⁄ ] Eq. 3.1 

Power efficiency (𝜂𝑃𝐸) is the ratio of the light output (𝐿𝑝) in the forward direction and the 

total input electrical power in a device (𝐼𝑂𝐿𝐸𝐷𝑉) and its unit is lumen per watt (lm/W).  

𝜂𝑃𝐸 =
𝐿𝑝

𝐼𝑂𝐿𝐸𝐷𝑉
 [𝑙𝑚 𝑊⁄ ] Eq. 3.2 

EQE (𝜂𝑒𝑥𝑡) is defined as a fraction of the number of extracted photons to the number of 

injected electrons and is calculated as follows: 

𝜂𝑒𝑥𝑡 =
# 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑜𝑢𝑡 𝑜𝑓 𝑑𝑒𝑖𝑣𝑐𝑒

# 𝑜𝑓 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛𝑡𝑜 𝑑𝑒𝑣𝑖𝑐𝑒
 Eq. 3.3 

 = 𝜂𝑖𝑛𝑡 ×  𝜂𝑜𝑢𝑡𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔  

 = 𝛾 × 𝜙𝑃𝐿 × 𝑟𝑠𝑡 × 𝜂𝑜𝑢𝑡𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔  

 

Here, IQE (𝜂𝑖𝑛𝑡) indicates the total number of photons generated inside a device per the 

number of injected electrons, so this term shows how efficiently photons are created in a 

device.  The factors that determine the IQE of devices are the charge carrier balance (𝛾), 

the PL quantum yield of a given material (𝜙𝑃𝐿), and the fraction of the overall exciton 

formation (𝑟𝑠𝑡). The fraction of radiative exciton formation (𝑟𝑠𝑡) differs by emitter types; 

for example, it is 0.25 from fluorescent emitters and unity from phosphorescent and TADF 

emitters. The PL quantum yield (𝜙𝑃𝐿) and the fraction of radiative excitons (𝑟𝑠𝑡) are related 

to material properties. The charge balance (γ) on the other hand, is related to device 

structures, indicating the ratio of injected electrons and holes in organic layers. This factor 
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can be increased up to unity by reducing the injection barriers at the electrode/organic or 

organic/organic interfaces and by matching the mobility of the holes and electrons. In 

addition to IQE, EQE is a parameter obtained by combining IQE and the out-coupling 

efficiency (𝜂𝑜𝑢𝑡𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔). Since EQE represents the number of photons extracted from a 

device per number of injected electrons, it implies how many photons can escape from the 

device.  Due to the total internal reflection caused by different indices between an organic 

material and an electrode, photons are potentially trapped inside the device.  

 

3.5 CIE Color Coordinates 

Perceiving colors is a psychological response of the human eye, so a numerical 

description of colors is required to characterize device performance in color. Because any 

color is a combination of the three primary colors, red, green and blue, the Commission 

Internationale de L’Eclairage (CIE) system that is based on spectral response of light in 

three different wavelength regions is widely used as the standard for color specification. 

The color coordinates x, y and z are defined by  

𝑥 =
X

X + Y + Z
 Eq. 3.4 

𝑦 =
Y

X + Y + Z
  

𝑧 =
Z

X + Y + Z
= 1 − x − y  

The color coordinates of (x, y) are used to characterize colors of OLEDs. The tristimulus 

values (X, Y and Z) for a color are calculated by integrating the spectral irradiance (𝑠(𝜆)) 

and color matching functions denoted as 𝑥̅(𝜆), 𝑦̅(𝜆) and 𝑧̅(𝜆): 
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𝑋 = ∫ 𝑠(𝜆)𝑥̅(𝜆)𝑑𝜆 Eq. 3.5 

𝑌 = ∫ 𝑠(𝜆)𝑦̅(𝜆)𝑑𝜆  

Z = ∫ 𝑠(𝜆)𝑧̅(𝜆)𝑑𝜆  

The color matching functions are displayed in Figure 3.6 and represent sensitivities of the 

human eye to each color of light. Particularly, 𝑦̅(𝜆) is the normalized photopic response 

and its peak is placed at 555 nm. The CIE chromaticity chart is shown in Figure 3.7.  

 

Figure 3.6: The color matching functions of the CIE 1931 color system. 
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Figure 3.7: CIE 1931 chromaticity diagram of the common standard illuminants. The solid line 

indicates monochromatic colors with the corresponding wavelengths. The standard white emission 

is represented at (0.33, 0.33).  
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Chapter 4.  

Material Selection and Material 

Properties of Fluorescent and 

Phosphorescent Emitters 

 

As one of three primary colors, blue emission is an indispensable component to 

produce both full-color displays and white light sources and requires balanced device 

performance with red and green emission in efficiency, stability and color purity for high 

quality applications. However, for blue emitters there are difficulties in material 

development and in finding suitable host materials to satisfy energy transfer because of 

their intrinsic wide energy bandgap. In addition, low-lying HOMO and high-lying LUMO 

energy levels for deep blue emission hinder carrier injection, resulting in inefficient carrier 

injection into emitting region and a high operating voltage. The deep blue PHOLED is 

defined as having a CIE coordinate y < 0.15 along with x+y < 0.30 [25] and the color 

coordinates of the National Television System Committee (NTSC) for standard blue are 

(0.14, 0.08). In this chapter we discuss the organic materials used for the research work, 
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with their energy levels and functions in the device, and provide the materials properties 

of the three organic emitting materials created the EMLs.  

 

4.1 Materials Selection for OLED Device Fabrication 

OLED devices are typically composed of multiple organic layers for the 

improvement in their performance. The molecular structures, chemical names and 

abbreviations of the organic materials used in the research work are summarized in Table 

4.1. Their corresponding HOMO/LUMO energy levels, triplet energy levels, and functions 

are also included.  

For hole transport materials, both a low ionization potential for facilitating hole 

injection as well as a high hole mobility are required. All of the OLEDs introduced in this 

thesis have the same hole transport material, NPB (see Table 4.1). Widely known and used 

as a hole transporting material, its HOMO energy level is -5.4 eV and its hole mobility is 

2.7×10-4 cm2/Vs at 0.3 MV/cm2 [26]. Hole mobility in organic materials, in general, is one 

order of magnitude higher than electron mobility so carrier imbalance in potential emitting 

regions hinders effective exciton creation. One of approaches to achieving carrier balance 

is the use of a blocking layer that prevents leakage toward the electrodes. Generally, charge 

transport layers play a role as blocking layers with deep lying HOMO/LUMO energy levels. 

In this research work, two different materials, TPBi and BAlq (see Table 4.1) were used 

for this function. The electron mobilities of TPBi and BAlq are 3.3×10-5 cm2/Vs at 0.47 

MV/cm2 [27] and 3.1×10-5 cm2/Vs [28] at 1.0 MV/cm2, respectively.  
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Table 4.1: List of organic materials that have been employed in this work for OLED fabrication. 

Organic Material 
HOMO 

(eV) 

LUMO 

(eV) 

ES 

(eV) 

ET 

(eV) 
Ref. 

 

 

HTL 

-5.4 -2.4 2.9 2.3 [29], [30] 

 

 

F-host 

-5.9 -2.8 3.08 2.2 [31] 

 

 

P-host 

-5.9 -2.4 - 2.9 [32], [33] 

 

 

F-dopant 

-5.4 -2.4 2.98 1.81 [31], [34] 
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Organic Material 
HOMO 

(eV) 

LUMO 

(eV) 

ES 

(eV) 

ET 

(eV) 
Ref. 

 

 

ETL 

-5.9 -3.0 2.6 2.18 [35] 

 

 

ETL/ P-host 

-6.2 -2.7 - 2.73 [36] 

 

 

P-dopant 

-5.8 -2.9 - 2.62 [7] 

• F- and P- represent fluorescent- and phosphorescent-, respectively.  

  



PhD Thesis - Bo Mi Lee  McMaster University- Engineering Physics 

 

51 

 

4.2 Materials Properties of Blue Emitting Materials 

Besides the charge transporting materials, all the devices contained the same blue 

emitting materials. All the EMLs are created based on the host-dopant system. For the 

fluorescent EML, DPVBi was used as a host material and doped with a dopant material, 

BCzVBi. FIrpic was adopted as a dopant for the phosphorescent EML, into mCP. This 

section describes in more detail the properties of two blue fluorescent materials, DPVBi 

and BCzVBi, and one phosphorescent one, FIrpic, that have great influence on the 

performance of the blue OLEDs in this thesis. 

 

4.2.1  4,4 -bis(2,2 -diphenylvinyl)-1,1 –diphenyl (DPVBi) 

DPVBi is a well-known blue fluorescent emitting material and is used as the host 

material in this work. It is one of distyrylarylene (DSA) derivatives which is the most 

promising blue emitting material and was first reported by Hosokawa et al. [37]–[39]. The 

molecular structure with two nonplanar phenyl rings at both ends prevents forming 

exciplex and charge transfer complexes at the charge transport layer and EML [31], [40]. 

The HOMO/ LUMO energy levels of DPVBi are -5.9 eV/ -2.8 eV, respectively as shown 

in Table 4.1. The luminescent spectra and the corresponding data of DPVBi are shown in 

Figure 4.1 and Table 4.2, respectively.   
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 Table 4.2: Summary of spectral data of DPVBi 

𝜆max (nm) 
FWHM 

(nm) Abs PL EL 

351 455 464 72.8 ± 1.4 

 

 

 

Figure 4.1: The absorption and PL spectra of DPVBi and an EL spectrum from a DPVBi-based 

device (ITO/ NPB (70 nm)/ DPVBi (30 nm)/ BPhen (30nm)/ Liq/ Al). 
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4.2.2   4,4'-Bis(2-(9-ethyl-9H-carbazol-3-yl)vinyl)-1,1'-biphenyl (BCzVBi) 

In addition to DPVBi, another fluorescent emitting material, BCzVBi, is employed 

as a dopant. The material is a DSA amine dopant, containing carbazoryl groups at both 

ends of the molecules so that its hole mobility is as large as 10-3 cm2/Vs (at 1-3 MV/cm) as 

obtained by EL transient measurements from the structure: ITO/ BCzVBi (120 nm)/ Mg:Ag 

[40], [41]. When BCzVBi is doped into DPVBi, the emission mainly originates from the 

energy transfer process. As explained in the previous chapter, fluorescent doped devices 

realize higher luminescent efficiency via Förster energy transfer which is strongly 

dependent on the spectral overlap between the PL of host material and the absorption of 

dopant material. The absorption and PL spectra of these two materials are shown in Figure 

4.2 and the following figure shows the EL spectrum of BCzVBi-doped devices.  

 

 Figure 4.2: Absorption and PL spectra of BCzVBi and PL spectrum of DPVBi.  
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In the EL spectrum there are two distinct peaks and one shoulder peak; the main peak at 

472 nm, the secondary peak at 448 nm and the shoulder peak at 508 nm, as seen in Figure 

4.3. Neng Liu et al. reported that the intensity of the short-wavelength peak decreases as 

the BCzVBi doping concentration increases [42]  and is related to energy transfer according 

to the report by Du et al. [43]. 

 

Figure 4.3: The EL spectrum of a BCzVBi-doped device with the structure of ITO/ NPB (70 nm)/ 

DPVBi:BCzVBi (15%, 30 nm)/ BPhen (30 nm)/ Liq/ Al.  

 

A previous report by Hosokawa et al. showed that the device with the use of amino-

substituted DSA dopant has a factor of 2 higher device efficiency (1.5 lm/W) than the non-

doped device (DPVBi only, 0.7~0.8 lm/W) [31]. The experimental results also showed that 
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the presence of one of the DSA-amine dopants (BCzVBi) in the DPVBi layer enhanced the 

power and luminous efficiencies as shown in Figure 4.4.  

 

Figure 4.4: (a) Power efficiency and (b) luminous efficiency of DPVBi-based and BCzVBi-doped 

devices. The structure of the DPVBi-based device is ITO/ NPB (70 nm) /DPVBi (30 nm)/ BPhen 

(30 nm)/ Liq/ Al and that of the BCzVBi-doped device is ITO/ NPB (70 nm)/ DPVBi:BCzVBi 

(15 %, 30 nm)/ BPhen (30 nm)/ Liq/ Al. Adapted from [44], [45]. 

 

Table 4.3: Current density and efficiency of DPVBi-based and BCzVBi-doped devices at 6 V. 

 J (mA/cm2) L (cd/m2) LE (cd/A) PE (lm/W) 

DPVBi-based 24.9 795 3.20 1.68 

BCzVBi-doped 9.33 570 6.10 3.20 
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4.2.3 Bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)Iridium(III)  

(FIrpic) 

FIrpic is a bis-cyclometalated Iridium complex and most widely used as a sky-blue 

phosphorescent dopant. The emission color of Iridium complex phosphorescent emitters 

can be adjusted by changing ligands. In fact, as a modified molecule from Ir(ppy)3, FIrpic 

is created by the introduction of the electron withdrawing fluorine complex, leading to 

lowering the HOMO level for high triplet energy [7], [46] and by a change of the ancillary 

ligand to the picolinate (pic) one. The different ancillary ligands impact emission color and 

quantum efficiency. As can be seen in Table 4.1 FIrpic has HOMO and LUMO energy 

levels of -5.8 eV and -2.9 eV, respectively and has a triplet energy level of 2.62 eV [7].  

For the realization of high luminescence from FIrpic, a host material needs to have 

a higher triplet energy level and its PL spectrum a significant overlap with FIrpic’s 

absorption spectrum. Previous work by Kawamura et al. [47] demonstrated that the PL 

quantum efficiency improved when FIrpic was doped into mCP by preventing non-

radiative decay via back energy transfer to CBP whose triplet energy level is lower than 

FIrpic’s and the maximum PL quantum yield of the mCP:FIrpic films reaches nearly 100 % 

[47] as displayed in Figure 4.5.  
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Figure 4.5: PL quantum efficiency as a function of dopant concentration in CBP:FIrpic [filled 

squares] and mCP:FIrpic [open squares] films. The inset shows PL spectra of CBP:FIrpic  measured 

at given dopant concentrations from 1.4 ~74 mol%. Reprinted with permission from [47].  

 

The phosphorescent EML in this thesis was composed of FIrpic doped into mCP, whose 

triplet energy level is 2.9 eV [33], which makes possible exothermic energy transfer to 

FIrpic. This can be achieved by the large spectral overlap between the fluorescent band of 

the 1LC (ligand-centered) state of mCP and the absorption bands of both 1MLCT (singlet 

metal-to-ligand charge transfer) and 3MLCT(triplet metal-to-ligand charge transfer) states 

from FIrpic [48]. The absorption and PL spectra of FIrpic and mCP are given in Figure 4.6. 

The excitonic energy transfer can occur from the lowest singlet excited state in mCP to 

either the lowest triplet-excited states or the lowest singlet excited state in FIrpic [48]. In 

the latter case, further transition to the lowest triplet excited state in FIrpic occurs through 

ISC and those energy transfer processes are represented by Förster energy transfer via 

Coulomb interaction [35], [48], [49]. In addition, previous work [50] showed that the 
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phosphorescent spectrum of mCP is centered at around 430 nm and overlaps with the 

absorption band of 3MLCTs in FIrpic, resulting in Dexter energy transfer [51]. 

. 

Figure 4.6: The absorption and PL spectra of FIrpic and the mCP PL spectrum. The inset shows 

possible energy transfer processes between mCP and FIrpic. 
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Chapter 5.  

Blue OLEDs with Either Uniformly 

or Step-Controlled Doping 

Strategies in Double EMLs 

 

The research work described in this chapter concerns blue OLEDs consisting of 

double EMLs which are individually doped with fluorescent and phosphorescent emitters. 

We aim to determine how the emitters and various doping strategies influence the electrical 

and optical properties of blue OLEDs. For this study, the layer arrangements and doping 

concentrations in the emitting region are regulated. This chapter is divided into two parts 

according to how the doping concentrations are controlled in the EMLs; either uniformly 

or step-controlled.  

 

The work has been published in a peer-reviewed paper entitled “Luminescence 

Characteristics of Hybrid Dual Emitting Layers in Blue Organic Light-emitting Diodes by 

Controlling the Fluorescent Doping Concentration,” Journal of Luminescence, Volume 148, April 

2014, Pages 72-78 [http://dx.doi.org/10.1016/j.jlumin.2013.11.065] and in a  proceedings paper 

http://dx.doi.org/10.1016/j.jlumin.2013.11.065
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entitled “Characterization of Hybrid Dual Emitting Layers in Blue Organic Light-emitting Diodes 

(OLEDs) by Controlling the Fluorescent Doping Concentration,” Cambridge (2013) MRS Spring 

Meeting, 2013 [https://doi.org/10.1557/opl.2013.625]. The study on the step-controlled doping 

profile has been published in a peer-reviewed paper entitled “Study on Hybrid Blue Organic Light 

Emitting Diodes with Step Controlled Doping Profiles in Phosphorescent Emitting Layer,” Optical 

Materials Volume 86, 2018 Pages 498-504 [https://doi.org/10.1016/j.optmat.2018.09.039].  

 

5.1 Introduction 

Considering the determining factors in IQE (of OLEDs), the intrinsic fluorescent 

quantum yield (𝜙𝑃𝐿), and the fraction of radiative excitons (𝑟𝑠𝑡) correlate with material 

properties while the charge carrier balance factor (𝛾) is dependent on material properties 

as well as a device’s structural design. The balance factor represents how well-balanced 

the electron and hole population is in an effective emitting region, which strongly correlates 

with the probability of exciton creation in a given device. Several approaches to 

engineering device structures have been reported to improve device efficiency; for example, 

utilizing mixed-host structures [52], [53], multiple EMLs [52] including quantum well 

structures [54], [55], and step-graded  [56]–[59] or linearly graded EML [60] structures. 

Among these device design approaches the latter two example cases are based on the host-

dopant system for EMLs created by co-evaporating a certain portion of a dopant material 

into a suitable host material. This particular type of layering is capable of transferring the 

excitonic energy from the host material to the highly emissive and stable dopant emitter, 

which prevents non-radiative decay, ultimately resulting in the enhancement of device 

https://doi.org/10.1557/opl.2013.625
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efficiency. In addition, it is useful to generate desired colors by adjusting dopant materials 

and their concentrations.  

According to spin statistics, there are two possible pathways for luminescence in 

organic materials: fluorescence and phosphorescence.  These two luminescent pathways 

are differentiated by not only a different radiative relaxation process upon excitation but 

also distinct performance characteristics in color, efficiency etc. On the one hand, the 

theoretical IQE of phosphorescent materials reaches 100 % based on the harvest of both 

singlet and triplet excitons [8], [61], [62]. In contrast to the beneficial aspect in efficiency, 

phosphorescent materials are challenged by efficiency roll-off by triplet-triplet or triplet-

polaron annihilations due to the long lifetime of triplet excitons [63] in particular, one of 

the challenges that remains to be overcome in the engineering of blue phosphorescent 

emitters [9], [61] is the color quality due to the fact that these materials require a high triplet 

energy level for blue emission [8]. On the other hand, blue fluorescent materials show 

deeper blue emission although their IQE is limited to 25 % by collecting only singlet 

excitons for emission [64], [65]. Because of these distinct characteristics between the two 

different types of emitters, a hybrid EML structure has been widely utilized for white 

OLEDs with a combination of red and green phosphorescent and blue fluorescent emitters. 

With regard to blue OLEDs, most research has been carried out and focused on either 

fluorescent or phosphorescent emitters only. Unlike hybrid white OLEDs, few studies on 

blue OLEDs with both fluorescent and phosphorescent emitting materials have been 

reported [66]–[73].  
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In this chapter we propose and discuss blue OLED devices with double EMLs 

doped with both fluorescent and phosphorescent emitting materials and explore device 

performance from the point of view of the variation in doping profiles and different EML 

configurations. The chapter is divided into two main parts in accordance with doping 

strategies, either uniformly or step-graded controlled. The effects of dopants, EML 

structures and step-controlled doping distributions are studied for a better understanding of 

the device physics for blue OLEDs with both types of emitters.  

 

5.2 Uniformly Doped EMLs for Blue OLEDs 

5.2.1 Device Fabrication: Device Structures and Doping Profiles 

All devices were fabricated by thermal evaporation and measured by the techniques 

mentioned in Chapter 3. Organic layers were deposited in a vacuum chamber under high 

vacuum condition, ~ 10-7 Torr and the measurement was carried out at room temperature 

after encapsulation. 

All the fabricated devices have a common standard device structure and are 

differentiated by EML configurations and various doping distributions. The standard 

device structure of blue OLEDs introduced in this chapter is as follows: ITO / NPB (70 

nm)/ double EMLs (30 nm)/ BAlq (or TPBi) (30 nm)/ Liq (2 nm)/ Al (100 nm). The blue 

OLEDs are structurally classified into two types in accordance with the EML 

configurations, or more specifically depending on the order of fluorescent (F) and 

phosphorescent (P) EMLs from the anode side; F-P and P-F EMLs. The F-EML used 

DPVBi incorporated with BCzVBi and mCP doped with FIrpic for the P-EML. The 
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schematic energy level diagrams of organic layers in the OLED devices are displayed in 

Figures 5.1.  

 

Figure 5.1: Energy level diagrams of organic layers in the blue OLEDs with BAlq as the ETL (a) 

F-P structure and (b) P-F structure. The dashed line indicates the energy levels of dopant materials 

and the numbers are HOMO and LUMO energy levels of given materials. The triplet energy levels 

of the given organic materials are given in Table 4.1.  
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Apart from the different EML configurations, each device has a different doping 

concentration to study the effect of various fluorescent doping concentrations in the blue 

OLEDs. Devices are divided into two sets and are labelled as F-controlled F-P structures 

and P-F structures. When the fluorescent doping concentration changed from 15 % to 5 %, 

the phosphorescent one was fixed at 10 %. The dopant compositions of the EMLs in each 

device are summarized in Table 5.1.  

 

Table 5.1: Doping profiles of blue OLEDs with F-P (devices A) and P-F (devices B) EML 

structures. 

Device # 

Devices A 

(F-P structure) 

Devices B 

(P-F structure) Note 

F-EML P-EML P-EML F-EML 

1-1 15% 

10% 10% 

15% 

Fluorescent 

doping-

controlled 

1-2 12% 12% 

1-3 8% 8% 

1-4 5% 5% 

• The dopants are uniformly distributed in the EMLs, with the indicated doping 

concentrations.  
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5.2.2 Effects of Fluorescent Doping Concentrations  

The presence of dopant materials enables new charge transporting mechanisms as 

additional channels for carrier movement in organic layers, which can be described either 

by hopping or by trapping at the organic molecules [74], [75]. To be specific, these 

transporting characteristics are determined by the relative energy level offset between host 

and dopant materials. Direct carrier trapping at dopant sites could be found when there is 

a significant difference in HOMO and LUMO energy levels between host and dopant 

materials. Carrier hopping generally occurs via shallow states [76]–[78] and can be 

influenced by the doping concentration in a host material, which influences the distance 

between hopping sites. The possible hopping regimes in host-dopant system as per dopant 

concentration are described in Figure 5.2.  
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Figure 5.2: Various hopping cases in disordered host-dopant (guest) system. (a) Hopping between 

host molecules (no influence of dopant molecules), (b) hopping via host molecules coexisting with 

a small portion of dopant molecules (trap-limited transport), (c) hopping via both host and dopant 

molecules, and (d) hopping mainly via dopant molecules. The densities of states (DOS) of host 

(solid lines) and dopant (dotted lines) are also shown (left side of each panel). Reprinted with 

permission from  [79].  

 

5.2.2.1 Characterizations of the F-P EML Structure 

As shown in Figure 5.1(a), the energy barrier between NPB and DPVBi is 0.5 eV 

where the large HOMO energy barrier results in limited hole injection into DPVBi 

molecules. Holes are favorably injected through the BCzVBi molecules because the energy 

barrier between NPB and BCzVBi is low, only 0.1 eV. The J-V-L characteristics of the F-

P structured blue OLEDs with different fluorescent doping concentrations are plotted in 
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Figure 5.3 and Table 5.2 summarizes the performance of the devices at given conditions. 

It is found that the current density of the F-P EML structured devices are strongly 

dependent on the BCzVBi doping concentration and more specifically, the current density 

increases with increasing doping concentration owing to the reduced hopping distance 

between dopant molecules. Enhanced hole transport via hopping between BCzVBi 

molecules results in a better balance of electrons and holes in the EMLs so the luminance 

increases with increasing fluorescent doping ratio. The luminance of devices A1-1 and A1-

2 shows little difference despite the increased doping concentration. When the doping 

concentration exceeds 12 %, devices tend to show increased non-radiative decay because 

of concentration quenching effects, resulting from dopant aggregation. 

 

Figure 5.3: Current density and luminance of device set A1 as a function of voltage.  
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Table 5.2: J-V-L results and efficiencies of device set A1 (w/ F-P EML structure). The values of 

current density and luminance were measured at 10 V. 

Device J (mA/cm2) L (×103 cd/m2) Max LE (cd/A) 

A1-1 142 6.58 7.78 

A1-2 135 6.40 8.11 

A1-3 110 5.70 7.28 

A1-4 99.6 6.58 6.75 

 

Figure 5.4 shows the luminous efficiencies of devices A1-1 to A1-4 versus current density. 

The maximum luminous efficiency, 8.11 cd/A, was obtained from device A1-2. The 

luminous efficiency increased with increasing doping concentration and decreased at 15 % 

doping concentration. With increasing current density, the difference in luminous 

efficiency between the devices is reduced and becomes insignificant. The decrease in 

efficiency in device A1-1 with 15 % doping concentration is due to concentration 

quenching and carrier imbalance within the recombination zone, which leads to efficiency 

degradation at higher doping concentrations. 
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Figure 5.4: Luminous efficiency from device set A1 as a function of current density. The reference 

luminous efficiency is achieved from the blue fluorescent OLED with a single EML 

(DPVBi:BCzVBi (15 %)) as given in Figure 4.5 (b). 

 

The EL mechanisms in OLEDs based on host-dopant system can be classified as either 

energy transfer between host and dopant materials or carrier trapping at the dopant sites 

[80], [81]. The EL spectra for devices with different BCzVBi doping concentrations are 

displayed in Figure 5.5 (a) and show major and shoulder peaks at 448, 472 and 496 nm, 

which mainly originate from BCzVBi and FIrpic. The EL peaks at 448 and 496 nm varied 

as a function of the BCzVBi doping concentration. More specifically, with increasing 

doping concentration, the intensity of the peak at 448 nm, originating from the F-EML, 

decreases while the intensity of the phosphorescence-related peak at 496 nm increases. This 
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indicates that the recombination zone for blue emission is spread over the interface of the 

F- and P-EMLs and is biased toward the P-EML with increasing doping concentrations and 

driving voltages due to hole transport via BCzVBi molecules. In other words, at low doping 

concentrations, charge carriers are more likely to be trapped at the dopant molecules, so 

this tendency causes the recombination for light emission to occur at the dopant sites. 

However, with increasing doping concentrations hole transport toward the neighboring 

layer is facilitated by hopping between the dopant molecules, resulting in an increased 

probability to form excitons in the neighboring layer.  Also, hole injection and transport 

are facilitated by the hole transport type of the host materials, mCP and DPVBi in addition 

to the additional transport channels of BCzVBi. The normalized fluorescent intensity at 

448 nm of each device decreases with increasing doping concentration and applied voltage 

and is saturated under forward as shown in the inset of Figure 5.5 (b). 
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Figure 5.5: (a) EL spectra of device set A1 at 6 V (the inset is plotted from 420 nm to 456 nm) and 

(b) EL spectra of device A1-4 as a function of voltage (the inset is the normalized EL intensity at 

448 nm of device set A1 as a function of voltage) 
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The CIExy color coordinates of devices A1-1 to A1-4 are shown in Figure 5.6. The CIE x-

coordinates of the fabricated blue OLEDs show little change at the different doping 

concentrations and as a function of the driving voltage, while the values of the CIE y-

coordinates increase, which indicates emission in the longer wavelength region due to the 

predominant recombination at the phosphorescent EML. In terms of color purity, the color 

coordinates for device A1-4 with 5 % BCzVBi doping indicate the best blue emission 

among the devices in set A1, but their variation with voltage is the most significant. Table 

5.3 shows CIExy coordinates at 6 V and their changes with voltages.  

 

Figure 5.6: (a) CIEx and (b) CIEy color coordinates as a function of bias voltage and (c) CIExy 

changes from 5 V to 10 V of devices A1-1 to A1-4. 
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Table 5.3: CIExy color coordinates of device set A1 at 6 V and their variations when the voltage 

changes from 5 V to 10 V. 

 CIExy at 6 V Δ CIExy 

Device A1-1 (0.143, 0.285) (0.003, 0.038) 

Device A1-2 (0.143, 0.286) (0.004, 0.041) 

Device A1-3 (0.142, 0.275) (0.004, 0.047) 

Device A1-4 (0.143, 0.255) (0.003, 0.059) 

 

 

5.2.2.2 Characterizations of the P-F EML Structure  

As mentioned in the previous section, the fluorescent dopant molecules in the F-P 

EML structures play a role as additional hole transport channels, facilitating hole injection 

and transport into the EML region. When the arrangement of the two EMLs is switched, 

the different energy level alignment with neighboring organic materials gives rise to 

different carrier transport characteristics compared to the other EML structure despite the 

same doping concentration. Device performance including J-V-L characteristics and 

device efficiencies are summarized in Table 5.4 and Figure 5.7 shows current density and 

luminance as a function of the applied voltage. One can see that the current density of the 

devices remains almost the same and slightly increases at 5 % doping concentration. From 

the hole transport point of view, it is likely that holes can be transported via either host or 

dopant molecules by considering the HOMO energy level difference between BCzVBi and 

other neighboring materials (mCP, FIrpic and DPVBi) as seen in Figure 5.1 (b). In case of 

electrons, however, they are favorably injected and transported through DPVBi with a 0.1 
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eV LUMO energy level difference with BAlq instead of BCzVBi, which has a higher 

energy barrier compared to DPVBi. Therefore, the transport of electrons is not as strongly 

affected by the presence of dopants or doping profiles as is hole transport. In addition to 

the current density, the luminance of device B1-4 is higher than other devices; however, 

there is no significant effect on various fluorescent doping concentration as can be seen in 

Figure 5.7 (b).   

 

Figure 5.7: (a) Current density and (b) luminance of devices B1-1 to B1-4 as a function of the 

applied voltage.  

 

The luminous efficiency of P-F EML devices as a function of current density is 

shown in Figure 5.8 and the semi-logarithmic inset graph shows the luminous efficiency 

when the current density is higher than 5 mA/cm2. Even though the maximum luminous 

efficiency, 8.17 cd/A, was achieved from device B1-4, at over 20 mA/cm2 device B1-3 
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shows the highest luminous efficiency. Efficiency roll-off in a range of high current density 

is unavoidable; however, the most drastic efficiency roll-off was seen from device B1-4.  

The efficiency trend from B1-1 to B1-3 shows that increasing doping concentration results 

in lower efficiency due to the concentration quenching effect. Furthermore, the triplet 

exciton produced in the P-EML is possibly transferred to the triplet energy level in the F-

EML because of the lower triplet energy level of BCzVBi than that of FIrpic (as given in 

Table 4.1) and consequently, the exciton can be dissipated non-radiatively. Also, additional 

efficiency degradation is found because of concentration quenching at 15 % doping 

concentration. 

 

Table 5.4: J-V-L characteristics and efficiencies of devices in set B1 (w/ P-F EML structure). The 

values of current density and luminance were measured at 10 V. 

Device J (mA/cm2) L (×103 cd/m2) Max LE (cd/A) 

B1-1 145 8.67 7.63 

B1-2 147 9.14 7.62 

B1-3 148 9.25 7.90 

B1-4 169 9.99 8.17 
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Figure 5.8: Luminous efficiency of devices B1-1 to B1-4 as a function of current density (Inset: 

luminous efficiency at current densities higher than 5 mA/cm2 on a Log scale). The reference 

luminous efficiency is achieved from the blue fluorescent OLED with the single EML 

(DPVBi:BCzVBi (15 %)) as shown in Figure 4.5 (b).  

 

As shown in Figure 5.9 (a), the intensity differences of the fluorescent emission 

between devices with various fluorescent doping profiles were not significant but the trend 

of intensity change at 448 nm is different to the F-P EML devices (A1 set), which enhanced 

with increasing doping concentration and voltage. The weak EL intensity from the F-EML 

results from increasing non-radiative decay due to the quenching effects at the F-EML. On 

the other hand, in the case of the phosphorescent emission, with increasing doping 

concentration the emission from the P-EML is slightly strengthened by a 12 % doping 
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concentration; however, it decreases at 15 % doping, which may be caused by the 

quenching effect from the F-EML. It is observed that in both EML structures one can tune 

their electron and hole recombination by adjusting the doping concentrations. Figure 5.9 

(b) presents the EL spectra of device B1-4 with 5 % doping concentration as a function of 

the driving voltage. The increase in the density of electrons is less than that in the density 

of holes in the EMLs due to the nature of the hole transport type of DPVBi and the lower 

mobility of electrons compared to that of holes in organic materials. However, as the 

number of injected electrons into the EML region increases when the applied voltage 

increases, electron and hole recombination occurs more effectively in the EML region, 

which improves both fluorescence and phosphorescence. 
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Figure 5.9: (a) EL spectra of devices B1-1 to B1-4 at 6 V (inset is plotted from 420 nm to 456 nm) 

and (b) EL spectra of device B1-4 as a function of voltage (The top and bottom insets are the EL 

intensity at 448 nm and 496 nm, respectively). 
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The CIExy color coordinates as a function of applied voltage of devices B1-1 to 

B1-4 are shown in Figure 5.10 and their coordinates are displayed in Table 5.5. The CIEx 

coordinates of devices B1-1 to B1-4 show little change with increasing doping 

concentration while the CIEy coordinates of device B1-1 show slightly improved blue 

emission due to the lower phosphorescent emission compared to the other devices. The 

carrier mobility in organic layers is electric field dependent [82] and in general, electron 

mobility increases faster than hole mobility in organic layers [83]. When the applied 

voltage increases above 9 V, electron transport become more favorable so the probability 

for recombination further increases toward the P-EML, resulting in increasing CIExy 

coordinates and the intensity at 496 nm.  

 

Figure 5.10: (a) CIEx and (b) CIEy color coordinates as a function of bias voltage of devices B1-

1 to B1-4. 
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Table 5.5: CIExy color coordinates of device set B1 at 6 V and their changes when the voltage 

changes from 5 to 9 V and 9 to 10.5 V. 

Device CIExy at 6 V Δ CIExy.5-9V Δ CIExy.9-10.5V 

B1-1 (0.145, 0.285) (0.000, -0.014) (0.004, 0.005) 

B1-2 (0.144, 0.298) (0.000, -0.016) (0.004, 0.006) 

B1-3 (0.144, 0.295) (0.000, -0.016) (0.005, 0.007) 

B1-4 (0.144, 0.297) (0.000, -0.014) (0.006, 0.010) 

 

The dominant emission in both the F-P and the P-F EML devices stem from the P-

EML, but the relative intensity of fluorescence and phosphorescence varies according to 

the fluorescent doping concentration. In the two different EML structures, the intensity 

changes at 448 nm show a different tendency. To be specific, the intensity decreases and 

is saturated in the F-P EML structure while it increases in the other structure with 

increasing fluorescent doping concentration. Although the CIEy coordinates are greatly 

dependent on the intensity at 496 nm because of the predominant emission from 

phosphorescence, the additional fine control in CIEy coordinates can be realized by the 

fluorescence, which is controlled by the fluorescent doping concentration. Therefore, better 

emission balance between fluorescence and phosphorescence is expected by a fine control 

of the doping concentration depending on the EML structures.  

Figure 5.11 shows the J-V-L characteristics and luminous efficiency of devices A1-

4 and B1-4 with 5 % fluorescent doping concentration. Across all these characteristics, 

device B1-4 with the P-F EML structure shows better performance compared to device A1-

4 with the F-P EML structure because hole blocking in the P-F EML structure is more 
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effective due to the large HOMO energy level difference between BCzVBi and BAlq. In 

contrast, in the F-P EML structure hole leakage to the cathode occurs due to the low energy 

difference between the BAlq and the P-EML, resulting in the degradation of device 

performance compared to the P-F EML structure. Another possible cause for performance 

degradation in the high current density regime could be the lower triplet energy level of 

BAlq compared to that of FIrpic. The created triplet excitons cannot be accumulated at the 

interface. Although the emission from both types of devices predominantly originates from 

the P-EML, more efficient recombination for emission is generated in the P-F EML 

structure. Hybrid blue OLEDs show improvement in luminous efficiency compared to 3.3 

cd/A (at 172 mA/cm2) of blue fluorescent OLEDs with a single EML (DPVBi:BCzVBi 

(5 %)) reported by Kim et al. [84]. In addition, referring to Figures 5.4 and 5.8 the luminous 

efficiency of blue OLEDs enhanced by using the F- and P-EML.  Also, it was shown that 

the color coordinates of our devices indicate enhanced blue emission with lower ‘y’ 

coordinate values because of fluorescent emission compared to the reported 

phosphorescent blue OLEDs with FIrpic show CIExy coordinates of (0.17, 0.34) [8], [85]. 
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Figure 5.11: (a) Current density and luminance of devices A1-4 and B1-4 as a function of the 

driving voltage and (b) luminous efficiency of devices A1-4 and B1-4 as a function of current 

density. 

 

5.2.3 Effects of Different Electron Transport Layers (ETLs) 

To study the effect of different ETLs in blue OLEDs, the electron transport material 

BAlq is substituted with TPBi without changing any other materials. The device has the P-

F EML structure and the phosphorescent and fluorescent doping concentrations are 8 % 

and 15 %, respectively. Both materials, BAlq and TPBi, have been widely used as an ETL 

because of their high electron mobility and low-lying HOMO energy levels. TPBi has a 

relatively deeper HOMO energy level (-6.2 eV) than BAlq (-5.9 eV). By using TPBi, more 

effective hole confinement at the interface of the EML and ETL can be realized.  
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Table 5.6: EL performance of blue OLEDs with the BAlq and TPBi. 

ETL J (mA/cm2) L (×103 cd/m2) LE (cd/A) CIExy 

TPBi 57.2 4.12 
7.77 

(at 10.8 mA/cm2) 

(0.149, 0.261) 

BAlq 20.0 1.59 
8.19 

(at 11.2 mA/cm2) 

(0.144, 0.277) 

• The device structure is ITO/ NPB (70 nm)/ mCP:FIrpic (15 nm, 8 %)/ DPVBi:BCzVBi (15 

nm, 15 %)/ ETL (30 nm)/Liq (2 nm)/ Al. 

• The electron transport materials are TPBi and BAlq. 

• The current density, luminance and CIExy coordinates are determined at 8 V. 

 

Figure 5.12 displays OLED performance data including J-V-L characteristics, the emission 

spectra and efficiency of devices with different electron transport materials. The current 

density and luminance of the device with TPBi are higher because of a favorable electron 

flow toward the EMLs with the higher electron mobility of TPBi. Although the device with 

TPBi shows a higher efficiency in a lower current density regime (< 5 mA/cm2), the 

efficiency of devices with TPBi becomes lower than that of BAlq structures with increasing 

current density. However, in terms of emission color, the fluorescent emission from the 

device with TPBi was strengthened, which results in a smaller CIEy coordinate and is 

attributed to hole blocking by TPBi.  
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Figure 5.12: (a) J-V-L characteristics, (b) luminous efficiency (on a semi-log scale), (c) EL spectra 

at 6 V and (d) CIExy color coordinates of devices with different electron transport materials, TPBi 

(black) and BAlq (red).  
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5.2.4 Brief Summary of Blue OLEDs with Uniformly Doped Double EMLs 

Section 5.2 introduced blue OLEDs containing fluorescent and phosphorescent 

emitters with controlled doping concentrations and EML structures. Regardless of doping 

concentration and EML structure, the recombination zone was found to lie at the interface 

of F- and P-EMLs along with dominant phosphorescent emission; however, the relative 

contributions of fluorescence and phosphorescence differed depending on doping 

concentration and EML structure. 

Firstly, the fluorescent dopant in the F-P EML structure plays a key role in creating 

hole transport channels due to the HOMO energy offset between the host and dopant 

materials. It was shown that the current density is enhanced with increasing doping 

concentration. The facilitating hole transport affects the location of exciton formation, and 

consequently the intensity of fluorescence decreases and that of phosphorescence increases 

with increasing fluorescent doping concentration. On the other hand, when switching the 

order of the F- and P-EMLs, devices have different heterojunction energy offsets, hence 

the effect of different doping concentrations on hole transport is not considerable, showing 

the intensity change with doping concentration is insignificant. When comparing two 

different EML structures, the P-F EML structure shows the higher device efficiency based 

on the stronger phosphorescent emission. Lastly, when the electron transport material BAlq 

is substituted with TPBi in the P-F EML structure, strengthened fluorescent emission was 

found due to the hole blocking by TPBi.  
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5.3 Step controlled Doped EMLs for Blue OLEDs  

5.3.1 Device Fabrication: Device Structures and Doping Profiles 

For device fabrication, the same preparation and vacuum deposition specifications 

given in the former section were adopted. The change in device structures is the use of a 

different ETL, TPBi. The schematic energy level diagrams of the organic layers in the blue 

OLEDs with TPBi are displayed in Figure 5.13 (a).  

 

Figure 5.13: (a) Energy level diagrams of organic layers in blue OLEDs and (b) doping profiles of 

the P-EML in devices C1-1 to C1-6. 

 

The devices are once more differentiated by the doping distribution in the emitting region. 

Compared to other device sets containing uniformly doped emitters over the entire emitting 

region, here the doping materials are either regularly or irregularly stepwise controlled. 

Although the total thickness of the EMLs is 30 nm, the phosphorescent dopant is varied at 

every 5 nm as shown in Figure 5.13 (b). FIrpic doping concentrations in the P-EML were 

regularly or irregularly stepwise controlled to 0, 4 and 8 % and the BCzVBi doping 
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concentration was fixed at 15 %. Table 5.7 summarizes the different doping distributions 

in each device.  

 

Table 5.7: The step-controlled doping profiles in each device. 

Device 

Device C 

Note 

P-EML F-EML 

C1-1 8-4-0 % 

15 % 

Phosphorescent 

doping-controlled 

C1-2 0-4-8 % 

C1-3 4-8-0 % 

C1-4 0-8-4 % 

C1-5 8-0-4 % 

C1-6 4-0-8 % 

• Thickness of each layer is 15 nm and the step-controlled doping concentration is varied 

every 5 nm. From the anode side each region having the different doping concentration is 

labelled as Region 1- Region 2- Region 3. 
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5.3.2. Analysis of Electroluminescent Spectra 

The EL characteristics of the blue OLEDs with F- and P-EMLs originate from 

either or both emitters so that it is important to analyze the EL spectra for better 

understanding of the origin and contribution of each emitter. The EL spectra displayed in 

Figure 5.14 (a) and (b) were obtained from a BCzVBi-doped (fluorescent) and a FIrpic-

doped (phosphorescent) blue OLED, respectively, where the applied voltage was 8 V. The 

insets in Figure 5.14 are schematic diagrams of the device structure of each device in a 

cross-sectional view. As shown in Figure 5.14 (a), the emission peaks from the fluorescent 

blue OLEDs were found at 448 and 472 nm. Along with those peaks, the main peak at 472 

nm and shoulder peak at 496 nm were observed from the phosphorescent blue OLEDs. Due 

to the fact that both emitters have a common emission peak at 472 nm, the peaks at 448 nm 

and 496 nm provided further information on the emissive contribution of fluorescence and 

phosphorescence, respectively, from the fabricated OLEDs. 
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Figure 5.14: EL spectra at 8 V from fluorescent (a) and phosphorescent (b) blue OLEDs. The inset 

are schematic diagrams of device structures of the fluorescent and phosphorescent OLEDs and 

whose EML compositions are DPVBi doped with BCzVBi (15 %) and mCP doped with FIrpic 

(8 %), respectively. Their common emission peak lies at 472 nm. 
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Figure 5.15: EL spectra of devices C1-1 to C 1-6 under the different applied voltages. 

 

EL spectra of the given devices under voltages varied from 6 to 10 V are shown in 

Figure 5.15, and Table 5.8 summarizes the EL intensity at 448 nm and CIExy coordinates 

at 6 and 10 V. It was observed that all the EL spectra shown in Figure 5.14 have one main 

peak and two shoulder peaks in common, which originated from fluorescent and 

phosphorescent emitters, meaning that the recombination zone was formed at the interface 

of F- and P-EMLs. The exciton formation is extended to region 2 and slightly moved 
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toward the cathode side with increasing voltage, which is confirmed by comparing the 

intensity deduction at 448 nm. As can be seen in Figure 5.15, with increasing voltage, the 

intensity changes from phosphorescence are not significant; whereas, the intensity 

variation at 448 nm from the fluorescent emitter was more noticeable, indicating that the 

emission contribution from the F-EML increased. The fluorescent intensity was also 

characterized by where the non-doped region was placed and then its variation with 

increasing voltage was attributed to the spatially controlled phosphorescent doping 

concentrations.  

 

Table 5.8: The EL intensity at 448 nm and CIExy coordinates of each device at 6 and 10 V.  

• The intensity values at the given voltages are taken from the normalized EL spectra, 

meaning that they are the relative intensities to the ones at 472 nm.  

a. The EL intensity at a given voltage and the intensity deduction at 448 nm ((I448nm.BCzVBi- 

I448nm.Device C1-x)/ I448nm.BCzVBi). 

 

Device 

At 6 V At 10 V 

EL intensity a CIExy EL intensity a CIExy 

C1-1 0.678 (-29.3 %) (0.147, 0.186) 0.687 (-28.3 %) (0.148, 0.182) 

C1-2 0.302 (-68.5%) (0.146, 0.243) 0.395 (-58.8 %) (0.150, 0.239) 

C1-3 0.590 (-38.5%) (0.148, 0.196) 0.705 (-26.4 %) (0.150, 0.181) 

C1-4 0.347 (-63.8 %) (0.149, 0.230) 0.505 (-47.3 %) (0.152, 0.215) 

C1-5 0.437 (-54.4 %) (0.149, 0.208) 0.515 (-46.3 %) (0.150, 0.199) 

C1-6 0.359 (-62.6 %) (0.147, 0.223) 0.396 (-58.7 %) (0.149, 0.221) 
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Figure 5.16: CIE color coordinates of devices C1-1 to C1-6 and BCzVbi- and FIrpic-doped devices 

at 6 V. The BCzVbi- and FIrpic-doped device structures are given in Figure 5.13. 

 

The phosphorescent dopant material, FIrpic, is widely known for sky-blue emission. 

It is found that the cooperation of fluorescent and phosphorescent emitters in one device 

leads to deeper blue emission compared to the phosphorescent only device, as shown in 

Figure 5.16. Devices C1-1 and C1-3 have stronger fluorescent emission compared with the 

other devices, and the corresponding CIE coordinates at 10 V are (0.148, 0.182) and (0.150, 

0.181), respectively. The relatively stronger fluorescent intensity was caused by the EML 

structure where the region without FIrpic was placed in Region 3. This non-doped region 

plays the role of an interlayer; hence the harvest of singlet and triplet excitons is realized 

through separate channels. Referring to Eq. 2.1 the rate of Förster energy transfer is reduced 
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by (1 𝑅𝐻𝐷⁄ )6  where 𝑅𝐻𝐷  is the intermolecular distance between donor and acceptor; 

therefore, the non-doped region hinders Förster energy transfer of singlet excitons from the 

F- to the P-EML, which allows singlets to be effectively confined in the F-EML. It also 

suppresses Dexter energy transfer from triplet states in the P-EML to that in the F-EML, 

preventing triplet exciton loss through the non-radiative pathway when considering the 

triplet states of mCP, FIrpic, and BCzVBi are 2.9 [33], 2.62 [7], and 1.81 eV [34], 

respectively. Furthermore, referring to the CIExy coordinates of uniformly doped blue 

OLEDs in Figure 5.12 (d), the step-controlled phosphorescent doping profile reduces the 

CIEy coordinates, meaning that deeper blue emission can be achieved by controlling the 

phosphorescent contribution in the corresponding recombination zone.  

Considering that, based on the location of the emission peaks, the EL spectra of 

devices originated from both the fluorescent and phosphorescent emitters, we have plotted 

EL spectra with a linear combination of the emission contributions of F- and P-EMLs. A 

cumulative spectrum in the form of a linear combination can be given as 

 𝐶𝐹𝐼𝐹 + 𝐶𝑃𝐼𝑃 = 𝐼𝐶𝑆 Eq. 5.1  

where C is a fraction of fluorescence and phosphorescence intensity and the sum of CF and 

CP is 1. I is the EL intensity and F, P and CS denote fluorescence, phosphorescence and 

cumulative spectrum. Device C1-1 shows a spectral emission ratio between fluorescence 

and phosphorescence (CF:CP) of 70:30 while the ratio is 29:71 in the case of device C1-2, 

which indicates that phosphorescence is dominant. Figure 5.17 displays EL spectra of 

devices C1-1 and C1-2 at 8 V together with the cumulative spectra based on the ratio of 

linear combination. The small differences between the full and the cumulative spectra may 
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come from the possible intensity variations at the secondary peaks of BCzVbi and FIrpic. 

Table 5.9 summarizes the fractions of fluorescence and phosphorescence from devices C1-

1 to C1-4.   

 

Figure 5.17: EL spectra of devices (a) C1-1 and (b) C1-2 at 8 V. The blue dashed lines are 

cumulative spectra of fluorescent and phosphorescent reference devices. 
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Table 5.9: Fraction of fluorescence (CF) and phosphorescence (CP) of devices C1-1 to C1-4 at 8 V. 

Device C1-1 C1-2 C1-3 C1-4 

Fluorescence (CF %) 70 29 68 39 

Phosphorescence (CP %) 30 71 32 61 

 

 

5.3.3 Electrical and Optical Properties  

Figure 5.18 shows the current density of reference samples 1 and 2 whose P-EML 

is uniformly doped with 0 % and 8 %, respectively. The existence of the dopant molecules 

in the host material increased current density. When the FIrpic molecules are introduced, 

they act as transport routes for electrons with direct injection because of the 0.1 eV LUMO 

level difference between DPVBi and FIrpic. The more FIrpic – which is known as an 

electron type material [86] – is inserted, the shorter the distance becomes between 

molecules and more possible transport channels are introduced; therefore, current density 

increased with increasing doping concentration.  
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Figure 5.18: Current density as a function of applied voltage from reference samples 1 and 2 (the 

reference devices have the same device structure: ITO/ NPB/ mCP:FIrpic (0 % or 8 %)/ 

DPVBi:BCzVBi/ TPBi/ Liq/ Al). 

 

The plots of current density and luminance as a function of applied voltage are 

displayed in Figure 5.19. It was found that the current density of the fabricated blue OLEDs 

was firstly determined by the location of the non-doped region in the P-EML. As is shown 

in Figure 5.19 (a), devices C1-2 and C1-4 that have the non-doped region in Region 1, 

exhibit higher current density than any other devices. In the case of holes, HOMO levels 

of mCP and FIrpic have only 0.1 eV difference so that the movement of holes is more likely 

to be affected by mCP, which is a carbazole-based material with high hole mobility [86]. 

From this aspect, the insertion of the non-doped region on the HTL side resulted in a 

widening of the hole transport region.  
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Figure 5.19: (a) Current density and (b) luminance versus the applied voltage of devices C1-1 to 

C1-6.  
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The average and standard deviations of current density, luminance and interpolated 

values of turn-on and operating voltages of devices C1-1 to C1-6 are summarized in Table 

5.10. The results were obtained from 5 measurements. Turn-on and operating voltages are 

defined with luminance of 1 cd/m2 and 1000 cd/m2, respectively. As indicated in Table 

5.10, the turn-on voltage where devices start emitting was the highest when the non-doped 

region was in Region 3 and it decreased as the region moved toward the anode side. In 

addition, devices C1-5 and C1-6 showed lower current density and higher operating 

voltages compared to other devices due to the trap effect by the dopants at the interface.  

 

Table 5.10 a: Average and standard deviations in device performance including current density, 

turn-on and operating voltages and luminance.  

Device 

J b 

(mA/cm2) 

L b 

(cd/m2) 

Turn-on 

voltages c (V) 

Operating 

voltages c (V) 

C1-1 27.4 (± 2.3) 2551 (± 189.2) 4.08 (± 0.02) 7.10 (± 0.05) 

C1-2 58.6 (± 6.3) 7385 (± 385.8) 3.81 (± 0.07) 6.19 (± 0.07) 

C1-3 32.3 (± 2.5) 3244 (± 233.0) 4.03 (± 0.04) 6.88 (± 0.06) 

C1-4 50.8 (± 1.7) 6532 (± 228.6) 3.78 (± 0.03) 6.32 (± 0.05) 

C1-5 10.9 (± 1.0) 1650 (± 122.3) 3.99 (± 0.03) 7.41 (± 0.09) 

C1-6 11.7 (± 1.3) 1930 (± 140.1) 3.92 (± 0.05) 7.24 (± 0.08) 

a. The given values are the average and standard deviation characterized by 5 measurements.  

b. The values of current density and luminance at 8 V. 

c. The turn-on and operating voltages are found by interpolation. Turn-on and operating 

voltages are defined as the voltage where the luminance is 1 cd/m2 and 1000 cd/m2, 

respectively.  
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Table 5.11: Summary of luminous efficiency and roll-off in luminous efficiency for devices C1-1 

to C1-6. 

Device 

Maximum LE 

(cd/A) 

LE a (cd/A) 

Roll-off b 

(%) 

LE c (cd/A) 

C1-1 10.7 10.3 8.04 21.9 8.53 (± 0.1) 

C1-2 18.4 18.1 14.2 21.5 13.0 (± 0.9) 

C1-3 11.1 11.0 8.82 19.8 9.42 (± 0.2) 

C1-4 18.5 17.5 13.0 25.7 12.9 (± 0.3) 

C1-5 19.3 15.9 10.8 32.1 11.4 (± 0.2) 

C1-6 21.6 18.5 13.6 26.5 12.9 (± 0.3) 

a. LE (𝜂) at 1000 and 6000 cd/m2. 

b. LE roll-off was calculated by  (𝜂1000𝑐𝑑 𝑚2⁄ − 𝜂6000𝑐𝑑 𝑚2⁄ )/𝜂1000𝑐𝑑 𝑚2⁄ . 

c. LE (𝜂) at 50 mA/cm2 are averaged over 5 measurements. 

 

The maximum luminous efficiency, luminous efficiency at particular luminance 

(1,000 and 6,000 cd/m2) and efficiency roll-off are summarized in Table 5.11. In addition, 

the values of luminous efficiency at 50 mA/cm2 are shown in Table 5.11 as averages and 

standard deviations. The luminance differed in accordance with the location of the non-

doped region in the P-EML, similar to the current density. As mentioned earlier, the 

recombination zone was found at the interface of the F- and P-EMLs, and hence the FIrpic 

doping concentration adjacent to the F-EML affected the luminance along with the effect 

of the non-doped region. To be specific, when comparing devices with matching non-doped 

layer locations, a higher luminance was observed when the 8% doping area was located 

closer to the F-EML. As a result, devices C1-2 and C1-6 have higher luminance than 
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devices C1-4 and C1-5, respectively. The higher concentration of the FIrpic dopant as 

highly emissive sites explains the higher luminance. 

 

Figure 5.20: Luminous efficiency as a function of (a) current density and (b) luminance (The dotted 

vertical lines indicate 50 mA/cm2, 1,000 and 6,000 cd/m2). 
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Figure 5.20 (a) and (b) show the luminous efficiency with increasing current density and 

luminance, respectively, in devices C1-1 to C1-6. When the carriers are directly injected 

and form excitons within the FIrpic, the higher FIrpic doping concentration in the emitting 

region means there are more possible emissive spots in devices. The triplet energy level of 

mCP is higher than that of FIrpic so the undesired back-energy transfer from FIrpic to mCP 

would be suppressed and triplet excitons can be confined at the dopant molecules. The 

maximum luminous efficiency was found from device C1-6; however, with increasing 

current density, device C1-6 shows drastic roll-off in luminous efficiency. At current 

densities higher than 10 mA/cm2, device C1-2 has a higher luminous efficiency than any 

other device. Firstly, the location of the non-doped region changed the trends of luminous 

efficiency with increasing current density. Among three doping tiers in the P-EML the 

doping concentration in Regions 2 and 3 also affected the device efficiency because the 

formation of a recombination zone occurred at the interface of the F- and P-EMLs and 

expanded to Regions 2 and 3 in the P-EML. That is why higher efficiencies were found in 

devices C1-2 and C1-6, where Region 3 was doped with the higher phosphorescent doping 

concentration at 8 %.  

Previous work by Yoo et al. reported that the efficiency roll-off from a 

phosphorescent blue OLED consisting of FIrpic (8 %) doped into mCP was 20 % when 

current density increased from 30 to 60 mA/cm2 [87].  In the case of the devices in this 

work, the efficiency roll-off of devices C1-1 to C1-4 in the same current density range is 

9.0, 11, 9.6, 13 %, respectively, which indicates reduced efficiency roll-off when both 

fluorescent and phosphorescent emitters are involved in the emission. From the aspect of 
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efficiency roll-off in terms of luminance, devices C1-5 and C1-6 showed a larger efficiency 

roll-off than any other device, particularly, the largest roll-off in luminous efficiency was 

observed from device C1-5 with the value of 32.1 %. This significant efficiency roll-off is 

a result of the narrow recombination zone limited to Region 3 in the P-EML, leading to a 

high triplet exciton accumulation. The movement of the recombination zone with the 

applied voltage is verified again with the tendency of the efficiency roll-off among devices. 

Hence, broadening the recombination region is one of the ideas to reduce the density of 

triplet excitons at high current densities, leading to less efficiency roll-off by bimolecular 

annihilations. In the case of devices C1-1 and C1-3, their luminous efficiency was lower 

than any other devices while the efficiency roll-off of device C1-3 was the lowest at 19.8 %.  

This can be explained by the predominant contribution to luminance from the F-EML by 

singlet excitons. Because of the theoretically limited IQE of singlet excitons, devices C1-

1 and C1-3 showed lower luminous efficiency compared to any other device; however, the 

undesirable exciton loss was effectively blocked by the mCP region and the loss by 

annihilations was reduced by singlet excitons with shorter lifetime.  
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5.3.4 Brief Summary of Blue OLEDs with Step-controlled Doping Profiles 

In Section 5.3, dual-EML blue OLEDs with regularly or irregularly step-controlled 

phosphorescent doping concentrations are introduced. It is worth noting that the 

determination of the fluorescent intensities at 448 nm and their variation as a function of 

voltage can be explained by different spatial FIrpic concentrations, bringing about different 

carrier distributions in the P-EML and varied phosphorescence contribution. Moreover, the 

width of the recombination zone could be changed in devices with the different doping 

profiles, which was connected to device efficiency roll-off by means of bimolecular 

annihilation. The doping conditions next to the F-EML and the position of the non-doped 

region have great impact on the electrical and optical properties. Among the six devices in 

this study, device C1-2, with a regularly stepwise phosphorescent doping concentration, 

showed the best performance in terms of current density and luminance despite showing a 

relatively stronger phosphorescent intensity. Although device C1-3 had the second lowest 

luminous efficiency over the entire driving current density, the lowest efficiency roll-off, 

19.8 % was observed and its EML structure is beneficial for obtaining strong fluorescence. 

It was found that there was a trade-off between efficiency and color due to the properties 

of the fluorescent and phosphorescent emitters and more research to achieve a better 

balance of the two emitters will be required. 



 

104 

 

 

Chapter 6.  

Various Host Combinations in 

Triple Emitting Layers for Blue 

OLEDs  

 

The study for this chapter is based on blue OLEDs with triple EMLs which were 

composed of various host material combinations without changing the blue dopant 

materials and their concentrations. We will discuss the blue OLEDs’ electrical and optical 

performance depending on the triple EMLs’ configurations by the different host 

combinations, the change of layer thickness and the use of interlayers.  

 

The research work in this chapter has been published in the paper entitled “Hybrid Blue Organic 

Light Emitting Diodes with Fluorescent and Phosphorescent Emitters along with an Interlayer,” 

Science of Advanced Materials, Volume 8, Number 2, 2016, pp. 301-306.  

[DOI: https://doi.org/10.1166/sam.2016.2483] 

 

 

https://doi.org/10.1166/sam.2016.2483
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6.1 Introduction 

Light generation in OLEDs occurs by electron and hole recombination; therefore, 

an additional structural design to confine excitons within EMLs should be considered to 

further improve efficiency. In general, the diffusion length of triplet excitons can be as long 

as 100 nm, which is much longer than the typical 10 nm of singlet excitons. Also, their 

excited state lifetime is of the order of ~  𝜇s, which is sufficient to diffuse to adjacent layers 

[51], [88], [89], and therefore the employment of charge blocking materials with a high 

triplet energy level is important for confining triplet excitons inside the recombination zone. 

In the case of a hybrid EML structure, which is made up of both fluorescent and 

phosphorescent EMLs, inserting an interlayer between fluorescent and phosphorescent 

EMLs can block undesirable energy transfer to adjacent layers, causing non-radiative decay.  

When multiple EMLs are applied to OLEDs, controlling the location of the 

recombination zone is crucial to achieve a desirable color emission and to improve 

efficiency [68], [90]–[92]. The location of the recombination zone in OLEDs can be tuned 

by the variation in layer thickness and doping concentration [93] as well as the control in 

charge transport properties of host materials [94]. When any host material has a certain 

polarity in charge transport, the exciton formation is narrow and created at the interface 

between the EML and the other side of charge transport layer [94].  

In this chapter, blue OLEDs with triple EMLs consisting of fluorescent and 

phosphorescent emitters are introduced. Their device architectures are differentiated by 

various combinations of host materials, the use of interlayers, and the thickness of each 

EML to understand how different device structures affect electrical and optical properties 
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of devices. The investigation concentrates particularly on the color quality and efficiency 

of blue OLEDs. 

 

6.2 Device Fabrication: Device Structures and Doping Profiles 

Unlike the previous chapter, the blue OLED devices have triple EMLs and each 

device has a different EML configuration by varying the host material combinations. The 

standard device structure of blue OLEDs introduced in this chapter is as follows: ITO / 

NPB (70 nm)/ triple EMLs (30 nm without interlayers and 33 nm with interlayers)/ TPBi 

(30 nm)/ Liq (2 nm)/ Al (100 nm). For the P-EMLs, mCP (p-type), and TPBi (n-type) are 

used as host materials and doped with FIrpic (8 %). The host material for the F-EML is 

DPVBi and doped with BCzVBi (15 %). The triple EMLs are composed of two P- and one 

F-EMLs and specifically, the F-EML is sandwiched by the two P-EMLs. The sum of 

thickness of two P-EMLs and the thickness of the F-EML is kept at 15 nm. The interlayer 

is mCP and is 1.5 nm thick each. The details of the triple EML configurations and their 

corresponding host combinations are listed in Table 6.1.  
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Table 6.1: List of triple EML structures.  

Device Triple EML Structure 
Host Material 

Combination 

E1-1 
mCP:FIrpic (8 %)/ mCP/ DPVBi:BCzVBi (15 %)/ 

mCP/ TPBi:FIrpic (8 %) 
p-F-n 

E1-2 
mCP:FIrpic (8 %)/ mCP/ DPVBi:BCzVBi (15 %)/ 

mCP/ mCP:FIrpic (8 %) 
p-F-p 

E1-3 
TPBi:FIrpic (8 %)/ mCP/ DPVBi:BCzVBi (15 %)/ 

mCP/ mCP:FIrpic (8 %) 
n-F-p 

E1-4 
TPBi:FIrpic (8 %)/ mCP/ DPVBi:BCzVBi (15 %)/ 

mCP/ TPBi:FIrpic (8 %) 
n-F-n 

• ‘p’ and ‘n’ represent the phosphorescent EML with p (hole transport)-type and n (electron 

transport)-type host materials, respectively and ‘F’ indicates the fluorescent EML. 

• The thickness of each P-EML is 7.5 nm and that of the F-EML is 15 nm.  

 

6.3. Characterization of Devices with Various Host Combinations 

6.3.1 Deconvoluted EL Spectra for Understanding the Origin of Emission 

Luminescence is attributed to electronic transitions and each luminescent material 

shows different characteristics. Each electronic state has a series of vibrational states and 

the typical spacing of vibrational energies is on the order of 0.1 eV [95]. To investigate the 

origin of blue emission in devices, deconvolution of the EL spectra by Gaussian peak fitting 

was carried out. The previous work by Yoo et al. reported that the deconvoluted peaks from 

the FIrpic-doped devices were observed at 468, 490, 515, 546 and 579 nm, as given in 

Figure 6.1 [87].  
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Figure 6.1: The deconvoluted EL spectrum by Gaussian peak fitting of (a) a FIrpic-doped OLED 

with the structure: ITO/ NPB (70 nm)/ mCP:FIrpic (30 nm, 8 %)/ TPBi (30 nm)/ Liq (2 nm)/ Al. 

(Reprinted with permission from [87]). 

 

On the other hand, as seen in Figure 6.2 the Gaussian peaks at 422, 444, 468, 483, 

503, 522 and 551 nm correspond to the BCzVBi-doped devices. A common Gaussian peak 

was found at 468 nm from the given deconvoluted EL spectra and hence, other peaks are 

meaningful to analyze the origin of blue emission and recombination zones of devices. The 

first Gaussian peak originates from the electronic transition from the lowest singlet state to 

the ground state (S10→S00) of BCzVBi, which was found at the wavelength where the 

absorption and PL spectra intersected as shown in Figure 4.2. The subsequent two peaks 

are related to Förster energy transfer between host and dopant materials [43], [84]. 
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Figure 6.2: The deconvoluted EL spectrum by Gaussian peak fitting of a BCzVBi-doped OLED 

with the structure: ITO/ NPB (70 nm)/ DPVBi:BCzVBi (30 nm, 15%)/ TPBi (30 nm)/ Liq (2 nm)/ 

Al. 

 

Figure 6.3 shows the EL spectra of devices E at 6, 8 and 10 V and their 

deconvoluted EL spectra by Gaussian peak fitting. The Gaussian peaks were plotted for 

each device at 6 V with dotted lines and at 10 V with solid lines. The blue emission of 

device E1-1 originates from both F- and P-EMLs as seen from the Gaussian peaks at 422 

and 444 nm from BCzVBi and the rest from FIrpic.  Figure 6.3 (a) shows that the intensity 

of fluorescence at 444 nm increases because exciton formation more favorably happens at 

the F-EML when the applied voltage increases. In the case of device E1-2, mainly 

phosphorescent emission is generated and there is no significant change with increasing 

voltage as shown in Figure 6.4 (b). mCP and DPVBi are hole transport-type host materials, 

and consequently the exciton formation is more likely to occur at the n-type P-EML.  
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Figure 6.3: (a)-(d) EL spectra of devices E1-1 to E1-4 at 6, 8 and 10 V, respectively and (e)-(h) 

Gaussian peak fitting of each device at 10 V. The dotted lines in the Gaussian peak fitting indicate 

the Gaussian peaks at 6 V.  
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Unlike the first two devices, devices E1-3 and E1-4, however, exhibit Gaussian peaks at 

427 and 446 nm which cannot explain the origin of emission based on the indicated peaks 

from FIrpic (phosphorescence) and BCzVBi (fluorescence)-doped devices. This is because 

the electron and hole recombination in these devices tends to occur at the interface of the 

HTL and EML by exciplex due to the high energy offset. Jankus et al. reported that a device 

with an NPB:TPBi (1:1) film showed the exciplex emission at 445 nm which is a red-

shifted NPB emission from 430 nm as shown in Figure 6.4 [96].  

 

Figure 6.4: (a) PL spectra of NPB and NPB:TPBi (1:1) films and EL spectrum of the device whose 

structure is ITO /NPB (30 nm) /NPB:TPBi (35 nm)/ TPBi (35 nm)/LiF (1 nm)/Al(100 nm). (b) 

Time-resolved spectra from NPB:TPBi (1:1) film excited with 355 nm pulsed laser and recorded 

with gated intensified charged coupled device (iCCD) camera. Indicated numbers are camera 

opening times after excitation in nanoseconds (delay time), the integration times are ~1/10th of the 

delay time. Adapted with permission from [96]. 

 

The EL results of devices E1-3 and E1-4 elucidate the fact that there is no fluorescent 

emission achieved from BCzVBi when the n-type host material is located at the HTL side 

due to carrier distribution. In device E1-4 the intensity of the peaks at 427 and 446 nm 
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decreases and that from the phosphorescence slightly increases when the applied voltage 

increases, due to the fact that the recombination zone moves to the P-EML of the HTL side. 

Figure 6.5 provides the EL spectra comparison of device E1-4 and 2 references which 

consist of only the P-EMLs. Ref 2 with the n-type host material placed at the HTL showed 

emission in the shorter wavelength region (colored region in Figure 6.5), and hence the 

emission is affected by the F-EML.  

 

Figure 6.5: Comparison of EL spectra between the phosphorescent emitter only devices and E1-4. 

The EML structure of Ref. 1 is mCP:FIrpic (8 %)/ CBP:FIrpic (8 %)/ TPBi:FIrpic (8 %) while that 

of Ref. 2 is TPBi:FIrpic (8 %)/ CBP:FIrpic (8 %)/ mCP:FIrpic (8 %). 

 

CIExy color coordinates as a function of voltage for devices E1-1 to E1-4 and their 

changes from 5 to 10 V are shown in Figure 6.6. The CIE y-coordinates varied depending 
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on the EML configurations. The CIExy coordinate variations when the voltage increases 

from 5 V to 10 V is relatively large in devices E1-1 and E1-4, which are (0.002, -0.017) 

and (-0.004, 0.032), respectively. When only p- or n-type phosphorescent host material is 

used, carriers are prone to dominantly move to the one side so that there is no significant 

color variation with voltage. Device E1-3 shows the best performance possessing the 

lowest y-coordinate, (0.150, 0.110) at 6 V and is the most stable as a blue emitting device 

in the range of driving voltages. Device E1-4 still accomplishes the standard value for blue 

emission even though there is a large variation in its y coordinate with increasing the 

contribution of phosphorescent emission. 

 

Figure 6.6: (a) CIEx and (b) CIEy color coordinates as a function of bias voltage and (c) CIExy 

changes from 5 V to 10 V of devices E1-1 to E1-4. 
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6.3.2 Electrical and Optical Properties 

The current density as a function of voltage is displayed in Figure 6.7 and it is 

shown that the characteristics of current density in devices E1-1 to E1-4 are greatly affected 

by which type of host material was placed beside the charge transport layers. Although 

dopant sites can become additional transport channels for charge carriers in doped OLEDs, 

the carrier transport in organic layers is mainly determined by the properties of host 

materials because all devices have the same phosphorescent doping concentration. The n-

type host material is the same one for the ETL, indicating that there is no energy barrier 

between two layers; therefore, electron transport toward the EMLs is more facilitated by 

the structure. Based on this aspect, the current density of devices E1-1 and E1-3 is higher 

than that of the other two devices. Contrary to the previous case, placing the p-type host 

material next to the ETL is energetically unfavorable for charge transport. In particular, the 

lowest current density of device E1-4 stems from the unfavorable host material 

combination with adjacent charge transport materials.  The electrical and optical properties 

of devices E1-1 to E1-4 are summarized in Table 6.2. 
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Figure 6.7: Current density and luminance as a function of voltage from devices E1-1 to E1-4. 

 

Table 6.2: J-V-L characteristics and device efficiency of devices E1-1 to E1-4. 

Device J (mA/cm2) a L (×103 cd/m2) b  LE max (cd/A) LE (cd/A) c 

E1-1 200 14.5 11.8 9.26 

E1-2 57.2 7.54 17.6 11.8 

E1-3 214 1.80 0.97 0.97 

E1-4 26.1 0.38 1.48 1.46 

a. Current density at 10 V. 

b. Luminance at 10 V. 

c. Luminous efficiency of devices A to D at 80.6, 86.5, 78.4 and 75.9 mA/cm2, respectively. 
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Figure 6.7 shows the luminance with increasing voltage and indicates that the 

tendency of luminance between devices is different compared to that of current density. 

Although device E1-3 has the highest current density (together with device E1-1), its 

luminance is much lower than device E1-1. This is because the hole transport toward the 

EML side is hindered by the large HOMO energy barrier between the HTL and EML in 

device E1-3, resulting in a carrier imbalance in the EML region. Also, it should be 

considered that the absence of effective electron blocking toward the anode side can cause 

a current leakage. Figure 6.8 shows the luminous efficiency versus current density of 

devices E1-1 to E1-4. Device E1-2 with the p-F-p combination has the highest luminous 

efficiency based on the predominant phosphorescent emission but a significant efficiency 

roll-off with increasing current density is found. Bimolecular annihilation such as triplet-

triplet or triplet-polaron annihilation is an inevitable phenomenon due to a high local 

density of excitons in phosphorescent OLEDs [97]–[99]. In this respect, the efficiency roll-

off of device E1-2 is the largest because of the dominant phosphorescent emission, 

resulting in bimolecular annihilation with increasing current density. However, the roll-off 

is alleviated by the contribution of the fluorescent emission compared to that of reference 

1 as shown in Figure 6.8. Device E1-1 shows the second highest luminous efficiency 

among the four devices but the roll-off of its efficiency is lower than of device E1-2. The 

difference in luminous efficiency between devices E1-1 and E1-2 decreases with increasing 

current density because the strengthened exciton formation in the fluorescent EML in 

device E1-2 reduces the density of triplet excitons in the EML preventing triplet-triplet or 

triplet-polaron annihilation. The trade-off between efficiency and efficiency roll-off by the 
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incorporation of the fluorescence is unavoidable; however, controlling the contribution of 

fluorescence and phosphorescence with voltage can be helpful to balance between the 

efficiency and its roll-off.  

 

Figure 6.8: Luminous efficiency of devices E1-1 to 1-4 and Ref. 1. The EML structure of Ref. 1 is 

given in Figure 6.5. 

  



PhD Thesis - Bo Mi Lee  McMaster University- Engineering Physics 

 

118 

 

6.3.3 Effects of Different EML Thicknesses in the p-F-n EML Structure 

To study the effects of different EML thickness the F- and P-EML thicknesses of 

device E1-1 were changed from 15 nm and 7.5 nm, respectively to 10 nm each. The total 

EML thickness is kept constant. When each EML has the same thickness of 10 nm, the 

total thickness ratio of F- and P-EMLs becomes 1:2. Figure 6.9 shows the device 

performances of the two devices. The luminous efficiency at 20 mA/cm2 of the two devices 

is 14.9 and 10.9 cd/A and 1.3 times improved when the total P-EML thickness increases. 

The difference of CIE y-coordinates between two devices increases at a higher voltage due 

to the further increase in the fluorescent intensity from device E1-1.  

 

Figure 6.9: (a) J-V-L characteristics, (b) luminous efficiency (c) EL spectra at 6 and 10 V and (d) 

CIExy coordinates as a function of voltage of devices with even EML thickness (black) and E1-1 

(red).  
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6.3.4 Effects of mCP Interlayers in the p-F-n EML Structure 

The utilization of an appropriate interlayer between the P- and F-EMLs is important 

to optimize exciton harvesting by preventing triplet exciton quenching toward neighboring 

layers with a lower triplet energy state. The triplet energy state of the blue fluorescent 

emitter is 1.81 eV [34] which is lower than that of FIrpic [7]. As mentioned earlier, in these 

devices mCP was chosen as an interlayer whose triplet energy state is 2.9 eV [33]. The 

device structure without the interlayer is the same as device E1-1 except for the absence of 

the interlayer, mCP, between EMLs. As shown in Figure 6.10, the use of the interlayer 

improves device efficiency to about 1.4 times higher at 20 mA/cm2 in the p-F-n structure. 

To optimize the device performance, the use of interlayer is indispensible to block 

undesirable triplet exciton quenching by Dexter energy transfer, particularly if the triplet 

energy state of the blue fluorescent emitting materials is lower than that of neighboring 

phosphorescent emitting materials. In tems of emission color, the fluorescent intensity of 

device E1-1 is lower than that of the device without the interlayer, implying that the 

interlayer is not thick enough to prevent Förster energy trasnfer from the F- to P-EMLs. To 

prohibit the Förster energy transfer between two EMLs, the interlayer thickness needs to 

be larger than the Förster radius (~3 nm) [100]. Referring to the step-controlled blue 

OLEDs in Section 5.3, devices showed enhanced fluorescent intensity when the non-doped 

area (5 nm) acting as an interlayer was placed at the right next to the P-EML, resulting 

from the separate emission channels at each EML. Further reasearch on the effect of 

interlayer thickness would be required to optimize device performances.  
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Figure 6.10: (a) J-V-L characteristics, (b) luminous efficiency and (c) EL spectra at 8 V and (d) 

CIExy coordinates of devices E1-1 with (red) or without (black) the interlayer, mCP.  
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6.4 Summary 

A new architecture of triple-EML blue OLEDs with fluorescent and 

phosphorescent emitters was introduced. For the study of structural effects on device 

performance, the EML configurations are differentiated by various combinations of the 

host materials. The origin of the emission was studied based on Gaussian peak fitting and 

the fluorescence from device E1-1 with a p-F-n EML structure was strengthened with 

increasing voltage due to the host material combination to facilitate carrier transport toward 

the F-EML. When the n-type host material was placed at the HTL side, the exciton 

formation was generated at the HTL side because of the unfavorable hole transport at the 

large energy barrier. Therefore, the emission occurred at the interface between the HTL 

and the n-type EML. In the case of device E1-2, the strongest phosphorescent emission 

was found, which undergoes significant efficiency roll-off due to triplet-triplet or triplet-

polaron annihilations. When the total P-EML thickness became larger, the efficiency 

increased 1.3 times. It was shown that the utilization of the interlayer caused the efficiency 

improvement by preventing triplet exciton quenching toward the neighboring materials 

with the lower triplet energy state; however, there was no enhancement in the color 

emission because it is not sufficient to avoid Förster energy transfer between the F- and P-

EMLs. 
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Chapter 7.  

Conclusions and Suggestions for 

Future Study 

 

7.1 Conclusions 

This thesis is mainly focused on blue OLEDs whose architectural key feature is the 

use of both fluorescent and phosphorescent emitters in a device. The device structures of 

blue OLEDs were engineered not simply by varying layer composition but also by tailoring 

the doping concentration to study device operation and electrical and optical performance. 

The important findings derived from the experiments and analysis presented in the thesis 

can be summarized as follows: 

In Chapter 5, blue OLEDs with double EMLs were introduced and their EML 

structure designs were varied by controlling doping concentrations and by switching the 

order of the F- and P-EML. Although the relative emission contribution from F-and P-

EMLs varied depending on doping concentration and EML structure, it was seen that the 

dominant emission originated from the P-EML. The fluorescent dopants in the F-P EML 

structured devices played a distinct role as additional transport channels and hence devices 
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showed a strengthened phosphorescent emission with increasing fluorescent doping 

concentration. On the other hand, the transport effect of the fluorescent dopant in the P-F 

EML structure became insignificant and the change in the fluorescent intensity with doping 

concentration was negligible. However, when compared to the other EML structures, the 

devices with the P-F EMLs had higher device efficiency based on the stronger 

phosphorescent emission. If the ETL is replaced with TPBi in the P-F EML structure, the 

fluorescent emission intensity increased due to the hole blocking by TPBi.  

When the phosphorescent doping concentration of the blue OLEDs is regularly or 

irregularly controlled by 0, 4 and 8 %, the phosphorescent doping concentration at the 

interface of F- and P-EMLs and the placement of the non-doped (0 %) area in the P-EML 

determine the electrical and optical performance of the devices. The fluorescent emission 

and their variation as a function of voltage can be described by different spatial 

distributions of the phosphorescent dopant and particularly, when the non-doped area is 

next to the F-EML, this acts as an interlayer, resulting in stronger fluorescent emission.  

In Chapter 6, triple-EML blue OLEDs were proposed and the effect of different 

host material combinations, layer thicknesses and interlayers in the triple-EML blue 

OLEDs were investigated. The location of the n-type phosphorescent host affects device 

performance in current density and recombination zones. Moreover, the utilization of the 

interlayer prevents triplet exciton quenching to the neighboring materials with the lower 

triplet energy state. Deconvoluted EL spectra based on Gaussian fitting were used to 

understand the origin of the fluorescent and phosphorescent emission.  
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7.2 Suggestions for Future Study 

The incorporation of both fluorescent and phosphorescent emitters in EMLs is one 

of the common design concepts for white OLEDs, called hybrid white OLEDs; however, 

most research work for blue OLEDs used only either of the two emitters rather than both 

in a single device. This thesis presented blue OLEDs with fluorescent and phosphorescent 

emitters and showed their performance changes with different doping profiles and EML 

compositions. Although this research work suggested and showed blue OLEDs with 

fluorescent and phosphorescent emitters, there is still room to improve device performance 

with respect to color purity (and stability with voltage) and device efficiency and to study 

in-depth the mechanisms of device operation and degradation. Some suggestions to expand 

the presented research work are given below. 

 

7.2.1 Device Characterization Relative to the Presented Research 

This research work had sought to determine the respective emissive contribution 

from F-and P-EMLs by deconvoluting EL spectra of devices as well as by comparing the 

EL intensity at certain wavelengths. Therefore, complementary studies such as time-

resolved luminescent spectroscopy measurements can be undertaken for in-depth 

understanding of the dynamics of singlet and triplet excitons and ultimately of the 

efficiency roll-off caused by bimolecular or exciton-polaron interactions.  

In addition, the precise probing of the recombination zone in the EMLs would be 

beneficial for a better understanding on the origin of emission within two EMLs and for 

realizing the control in the emission zone. The profiling of the recombination zone can be 
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carried out by inserting a sensing layer [60], [101]. The position of the sensing layer is 

changed within the EML and the position-dependent EL intensity of the sensing material 

is monitored to study the recombination zone in each device [52], [60], [101]–[104]. It is 

necessary that the sensing layer itself should not affect any charge transport characteristics 

of the devices. 

 

7.2.2 Material Selection  

The optimal material selection is important to enhance device efficiency and quality 

of emission color. Blue emitters are categorized into three types: fluorescent, 

phosphorescent and delayed fluorescent emitters [105]. From the efficiency point of view, 

the theoretical maximum IQE of the fluorescent emitters is limited to 25 % based on spin 

statistics. The fluorescent dopant in this thesis has a low triplet energy level and so the 

observed losses were unavoidable due to the fact that triplet excitons in conventional 

fluorescent emitters are “lost” to fluorescence by a non-radiative transition. Even though 

this effect was moderated by using an interlayer, using different types of blue fluorescent 

emitters that prevent these losses can be more effective because of the elimination of an 

additional step for interlayer deposition. Blue delayed fluorescent emitters, achieving 

emission from the singlet excited state by an up-conversion (TADF) or a down-conversion 

(triplet-triplet fusion, TTF) leading to a reverse intersystem crossing [106] can be 

candidates to resolve this problem. Because triplet excitons in these two cases are still 

involved for emission, the theoretical IQE in the TTF-based device is 62.5 % and that in 

the TADF-based device is 100 %. The most common TTF blue fluorescent emitters are 



PhD Thesis - Bo Mi Lee  McMaster University- Engineering Physics 

 

126 

 

anthracene- and pyrene-based materials [106]. It has been shown that the EQE from the 

TTF-based device reached 14.8 %, which is superior to that (~5 %) of common blue 

fluorescent emitters [106], [107].  

Furthermore, the thesis showed that the non-doped mCP layer played a role as an 

interlayer by blocking an undesirable energy transfer between the fluorescent and 

phosphorescent EMLs, resulting in the increase in device efficiency. The result of Chapter 

6 indicated that the different types of host materials influence the carrier transport 

characteristics. Based on these results, further investigations by fine controlling the layer 

thickness and/or by replacing different charge transport type materials can be conducted to 

optimize the device performance.  

From the color point of view, the emission spectrum of FIrpic shows the maximum 

peak at 472 nm and extends from 450 nm to over 600 nm owing to vibrational levels [108], 

implying that it is detrimental to deep blue emission. Other available blue phosphorescent 

emitters with a blue-shifted emission compared to FIrpic, are FIr6, Iridium (III) bis(4,6-

difluorophenylpyridinato)(5-(pyridine-2-yl)-1,2,4-triazolate) (FIrtaz), Iridium (III) bis(4,6-

difluorophenylpyridinato)(5-(pyridine-2-yl)-tetrazolate (FIrN4), and tris((3,5-difluoro-4-

cyanophenyl)-pyridine) iridium (FCNIr) whose emission peaks are placed at 458 [109], 

460 [110], 459 [111] and 448 nm [112], respectively. The CIE coordinates of FIr6 and 

FCNIr are (0.16, 0.26) [85] and (0.15, 0.19) [111], respectively, which shows a potential 

improvement for blue emission.  
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7.2.3 The Adoption for White OLEDs 

White OLEDs have had a lot of attention as a promising candidate for 

environmentally friendly and energy-saving lighting [113]–[122]. Color temperature 

tunable white OLEDs have been demonstrated [123]–[125], which is desirable for sunlight-

style illumination by comparison with the conventional lighting sources, such as 

incandescent bulbs and fluorescent tubes with a fixed color temperature [123], [126]. The 

correlated color temperature (CCT) is strongly connected to the relative intensity of blue 

emission in the white spectrum [127] and has physiological and psychological impacts on 

human beings [125]. High CCT light stimulates the cortisol secretion, which makes people 

awake and active [128]–[130]; therefore, it allows people to be more focused and 

productive at work [128], [129] and is beneficial during working hours. However, high 

CCT light inhibits melanin secretion [131]–[133], which disrupts the human circadian 

clock and increases the growth of cancer cells [131]. Photochemical damage to the retina 

can also be caused by deep blue emission.  

For white OLEDs, there are two different ways to generate white emission, which 

are using two complementary or three primary color mixtures. For either way, blue is an 

indispensable component. In the case of the two-color approach using yellow 

phosphorescent emitters, blue emitters possessing CIE coordinates (x < 0.2, y < 0.2) are 

required to achieve a reasonable white emission [134]. As was shown in Chapters 4 and 5, 

from the color aspects, the CIE results of blue OLEDs seem to be far from the NTSC 

standard of deep blue emission for display applications, which is (0.14, 0.08), mainly 

because of the predominant emission from the P-EML.  
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The research work on blue OLEDs with both fluorescent and phosphorescent 

emitters in this thesis can be extended as a new approach towards white emission. Because 

the CCT of white OLEDs can be controlled by the relative contribution of blue emission 

to the white emission, the variation in emission peaks as well as EL intensity along with 

the movement in recombination zones between blue F- and P-EMLs may bring out a 

different insight into controlling the CCT of white OLEDs. The spectral results of blue 

OLEDs in the thesis showed the change in the fluorescent and/or phosphorescent intensities 

when the voltage is changed. It has been reported that the insertion of charge modulation 

layers leads to a fine control the location of the recombination zone with applied voltage 

by managing the flows of electrons and holes in the EMLs [59], [113], [135], [136]. Jou et 

al. reported, as is shown in Figure 7.1, CCT tunable white OLEDs with a combination of 

double sky-blue (FIrpic) and one orange EMLs along with 1,3,5-tri(m-pyrid-3-yl-

phenyl)benzene (TmPyPB) as the charge modulation layer [125], [137].  
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Figure 7.1: (a) Schematic energy level diagram of CCT tunable white OLED by Jou’s group and 

(b) EL spectra of the given device from 4 V to 9 V on 1 V interval (The CCT changed from 1,500 

K to 4,200 K). Reprinted with permission from [125].  

 

Xia et al. in 2016 reported tunable white OLEDs with two different blue emitters, N,N’-

(4,4’-(1E,1’E)-2,2’-(1,4-phenylene) bis(ethene-2,1-diyl)bis(4,1-phenylene))-bis(2-ethyl- 

6-methyl-N-phenylaniline) (BUBD-1) and BCzVBi [138]. The white OLED with BUBD-

1 (device A) showed a 3,000-10,000 K CCT range and CRI 75-78 while that with BCzVBi 

(device B) showed a wider CCT variation of 2,500-15,000 K and a higher CRI of 94-97 

when the applied voltage is 4-10 V, which indicates that a deep blue emitter enables one to 

realize high color rendering index (CRI) and broader color temperature variation for white 

OLEDs [138]. Although further material and thickness optimization will be required, 

incorporating fluorescent and phosphorescent blue emitters could open another channel to 

realize CCT tunable white OLEDs. 
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