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Organic light-emitting diodes (OLEDs) are particularly promising organic 

semiconductor devices for applications in lighting and displays. However, OLEDs 

exhibit lower power efficiencies than other light sources. Recently reported external 

quantum efficiencies (EQEs) of 29–30% for phosphorescent OLEDs (PhOLEDs) are 

close to the theoretical limit for isotropically oriented iridium complexes. The 

preferred orientation of the transition dipole moments has not been considered for 

PhOLEDs because of the lack of an apparent driving force for the molecular 

arrangement, even though horizontally oriented transition dipoles can result in 

efficiencies of > 30%. The origin of preferred orientation of the emitting dipoles of 

Ir complexes, and the design of a horizontal orientation for the emitting dipoles of 
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the Ir complexes has not been studied in detail. Furthermore, EQEs in excess of 30% 

for horizontal emitting dipoles have not previously been reported. 

Recent investigations of triplet harvesting in pure organic phosphors via 

reverse intersystem crossing (RISC) have used charge-transfer complexes. 

Intramolecular charge transfer complexes reduce the energy gap between singlet and 

triplet states, ΔEST, resulting in more efficient triplet harvesting, as well as an internal 

quantum efficiency (IQE) of almost 100%, and an EQE of 30%. The excited state 

intermolecular charge transfer complex (or exciplex) can result in very small values 

of ΔEST, and highly efficient triplet harvesting via RISC. However, fluorescent 

OLEDs (FOLEDs) using exciplex emission still exhibit lower efficiencies than 

FOLEDs based on single molecule thermally activated delayed fluorescent (TADF) 

emitters; furthermore, there are no clear strategies for improving the efficiency of 

FOLEDs using exciplex emission. 

This thesis concerns two research topics: (1) exciplex dynamics for efficient 

triplet harvesting of FOLEDs, and (2) the emitting dipole orientation of phosphors 

for PhOLEDs. Our analysis shows that we could achieve unprecedented efficiency 

for both fluorescent and PhOLEDs. 

In Chapter 2, the exciplex dynamics that determine the IQE of FOLEDs are 

analyzed quantitatively using temperature-dependent transient photoluminescence 

(PL) and electroluminescence (EL) measurements. To date, most researchers have 

concentrated on reducing ΔEST to obtain high RISC rates, resulting in efficient triplet 

harvesting; however, this study shows that a high RISC rate does not necessarily lead 
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to efficient triplet harvesting in exciplex emitters if there is a high non-radiative 

transition rate (knr). Not only efficient RISC, but also low non-radiative losses in both 

singlet and triplet exciplex emitters is required for efficient triplet harvesting. Triplet 

harvesting from exciplex emission can be increased by using exciplex emitters with 

a low knr; furthermore, suppressing knr by cooling the exciplex can result in an IQE 

of 100%. As a result, FOLEDs using exciplex emission were achieved that exhibited 

an IQE of 100% and an EQE of 25.2% at 150 K; this compares with an IQE of 48.3% 

and an EQE of 11.0% at room temperature, and is due to a reduction in the non-

radiative transition rate. 

TADF and exciplex-based FOLEDs have disadvantages compared with 

conventional FOLEDs in terms of the broad emission spectra and low device stability. 

In Chapter 3, rather than using exciplex emission, an exciplex system was used as 

a host for a conventional fluorescent dopant without delayed fluorescence. By 

exploiting the narrow emission spectra and stability of fluorescent molecules, we use 

exciplex triplet harvesting via the Förster energy transfer mechanism from the 

exciplex to the conventional fluorescent dopant. As a result, red FOLED with 

conventional fluorescent dopant was obtained with an unprecedented EQE of 10.6%. 

A fraction of radiative excitons greater than 35% was achieved using the exciplex 

host, which is clearly indicative of triplet harvesting in the system. 

In Chapters 4–8, we discuss the emitting dipole orientation of the 

phosphorescent emitter for highly efficient PhOLEDs. Origin of the preferred 

orientation of phosphorescent emitting dipoles and relationships between the 
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molecular structures of the phosphorescent emitter and the orientation of the emitting 

dipoles are discussed. OLEDs with unprecedented efficiencies are demonstrated 

using horizontally emitting dipoles. The orientation of the emitting dipoles of Ir 

complexes is influenced significantly by the ancillary ligand (Chapter 4) and the 

main ligand of the Ir complex (Chapter 5). Homoleptic Ir complexes exhibit almost 

isotropic orientation of the emitting dipoles; by contrast, heteroleptic Ir complexes 

(HICs) exhibit preferred orientations of emitting dipoles, despite their globular shape. 

The preferred orientation of the emitting dipole moments of HICs in amorphous host 

films results from the preferred direction of the triplet transition dipole moments of 

the HICs and the strong supramolecular arrangement within the co-host environment. 

This study shows that the C2 axis of HICs preferentially aligns normal to the substrate 

with some distribution and triplet transition dipole moments in the HICs direct from 

Ir to N-heterocycles. This results in horizontally emitting dipoles of HICs in the 

amorphous emitting layer. Furthermore, OLEDs with an EQE of 35.6% (red HICs) 

and 32.3% (green HICs) are demonstrated, with phosphorescent transition dipole 

moments oriented in the horizontal (in-plane) direction (Chapters 4 and 5). 

Based on these observations, HICs with a high fraction of horizontally 

oriented dipoles (Θ) were designed and synthesized by substituting the main ligand 

of the HICs. This design strategy includes two strategies: the substituents induce (1) 

triplet transition dipole moments in HICs located normal to the C2 axis of HICs 

(Chapter 6), and (2) the doubly degenerated transition dipole moments are parallel 

to the substrate (Chapter 7). Cyclometalated ligands of HICs were systematically 

substituted by methyl groups to control the direction of transition dipole moments of 
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HICs. This methyl substitution resulted in different directions of the transition dipole 

moments in the iridium complexes, giving molecules with larger angles between the 

C2 axis and the transition dipole moments (Φ) in the molecules, resulting in a larger 

Θ in the emitting layer. As a consequence, a bis(2-(3,5-dimethylphenyl)-4-

methylpyridine) Ir (III) (2,2,6,6-tetramethylheptane-3,5-diketonate) (Ir(3′,5′,4-

mppy)2tmd) with a high Θ of 80% (which is 6% higher than that of HICs without 

methyl substituents) was developed, and green OLEDs exhibiting a high EQE of 

34.1% were demonstrated using the new emitter (Chapter 6).

In Chapter 7, various functional groups were substituted on the 4-position of 

the pyridine ring of the HICs to align Ir-N bonds of HICs and transition dipole 

moments parallel to the substrate. These HICs exhibited Θ in the range 80–86.5%, 

which is 1–7.5% greater than that of the reference HIC (Ir(3′,5′,4-mppy)2tmd), 

coming from different molecular orientation in the emitting layer. Consequently, we 

demonstrated unprecedented high EQE of 38% for yellow OLED and 36% for green 

OLED with new HICs in iridium-based PhOLEDs. 

An amorphous emission layer can have orientational ordering, as with a liquid 

crystal; however, the orientation of molecules exhibits some distribution around an 

average orientation. Thus, it will be difficult to increase Θ due to the amorphous 

nature of typical emitting layers. In this regard, organic crystals would be the better 

emitters because of the orientational and positional ordering; however, organic 

crystals have been rarely used in OLEDs due to low PL quantum yield that results 

from concentration quenching, and the low device stability that results from the 



vi

rough surface. In Chapter 8, an unprecedented Θ of 93% and an EQE of 39% were 

realized for red OLEDs using a crystalline emission layer with perfectly oriented 

platinum complexes. The relationship between the orientation of the emitting dipole 

and the crystalline properties of the undoped Pt complex thin film are discussed 

based on grazing incident wide angle X-ray diffraction analysis and quantum 

chemical calculations. The orientation of the emitting dipole of the crystalline 

emission layers was affected not only by the crystallinity of the layer, but also by the 

molecular arrangement of the crystal, which are both influenced by the symmetry 

and position of the CF3-substituted pyrazolate units in Pt complexes.  

 
Keywords: Organic light-emitting diodes, exciplex, delayed fluorescence, triplet 

harvesting, emitting dipole orientation, crystalline emitting layer, iridium complex, 

platinum complex 
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Chapter 1. Introduction         

1.1 Brief history of organic light-emitting diodes 

The optoelectronic properties of organic materials have been investigated 

actively for several decades, following the discovery of conducting polymers by A. 

J. Heeger et al., for which he received the Nobel prize for chemistry in 2000. Organic 

semiconductor materials, due to their molecular diversity, offer multi-functionality 

in optoelectronic devices, and there is significant scope for economic and 

manufacturing advantages compared with inorganic semiconductor materials. The 

distinctive features of organic light-emitting diode (OLED) displays are high color 

purity, a large contrast ratio, and fast response times. OLEDs can be incorporated 

into a variety of substrates, including polymer films, metal foils, paper and glasses, 

and can form exceptionally thin and flexible layers, which can be transparent. 

OLEDs also represent a promising technology for lighting applications, with a 

number of advantages over fluorescent tubes and conventional LEDs. OLED lighting 

exhibits warm color temperatures and a high color rendering index, and can be used 

to create surface light sources, which can be flexible and transparent. The large 

potential markets have led many companies to develop OLED displays and OLED 

lighting products (see Figure. 1.1). However, OLEDs generally exhibit lower power 

efficiencies than conventional LED. 

Electroluminescence from organic materials was first demonstrated by M. 

Pope et al. in 1963 using anthracene single crystals.1 However, the operating voltage 

for these devices was high, and the efficiency was low. In 1987, C. W. Tang et al.  
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Figure 1.1 Applications of OLEDs as flexible display (upper left; Samsung 

Electronics 2016), car back lighting (upper right; Audi 2013), OLED lighting (lower 

left; Philips), OLED TV (lower right; LG Electronics 2016). 
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demonstrated OLEDs using a heterojunction consisting of a hole-transport layer 

(HTL) and an electron-transport layer (ETL).2 They used Tris(8-

hydroxyquinoline)aluminum(III) (Alq3) as the ETL material, which acted not only 

as a charge-transport layer, but also as the light-emitting layer. In 1989, C. W. Tang 

et al. attempted to create an alternative color light source, and to improve on the 

efficiency of OLEDs, by developing a host–guest system, whereby red dye was used 

to dope an Alq3 layer to transfer energy from Alq3 to the red dye.3 However, the 

efficiency was low. The reasons for this were follows: 1) the exciton binding energy 

of organic emitters is high, 2) the exchange energy of the organic emitters is also 

high, and 3) the triplet excitons did not lead to efficient phosphorescence with only 

~25% of the excitons leading to optical emission in those fluorescent light-emitting 

materials. 

In 1998, M. A. Baldo et al. reported strong phosphorescence at room 

temperature using Pt-based organometallic compounds.4 Organometallic compounds 

with a heavy metal (Ir, Pt, Os, Ru) enabled triplet excitons to generate strong 

phosphorescence due to the strong spin-orbit coupling. The phosphorescent emitter 

with organometallic compounds exploited the excitons for optical emission. The 

development of the new phosphorescent emitters, leading to OLEDs with internal 

quantum efficiencies (IQEs) of 100%, was important in the commercialization of 

OLED devices. 

Recently, C. Adachi et al. used triplet exciton harvesting via reverse 

intersystem crossing (RISC) to obtain a singlet state, without requiring heavy metal 
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compounds, demonstrating an IQE of 100%.5 The intramolecular charge transfer 

complexes and excited-state intermolecular charge transfer complexes (or 

exciplexes) reduce the energy gap between singlet and triplet states (ΔEST), resulting 

in efficient RISC from a triplet to singlet state.5,6 There has been much recent 

research interest in developing and synthesizing efficient thermally activated delayed 

fluorescence (TADF) materials and exciplex pairs with a small ΔEST to facilitate 

efficient RISC. 
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1.2 Efficiency of OLEDs 

The external quantum efficiency (EQE) of OLEDs is one of the most 

important factors in evaluating the performance of emitting materials. The EQE, 

EQE� , is defined as the number of photons per injected electron;7 i.e., 

  int / ( , ) ( , )EQE out S T eff PL outq� � � � � � �� � � � � 	 � 
 	  (1) 

where �  is the charge balance factor, /S T�  is the fraction of radiative excitons 

( /S T� =0.25 for fluorescent emitters and /S T� =1 for phosphorescent emitters), and 

effq  is the effective radiative quantum yield of the emitter in the cavity structure. 

Note that effq  is a function of the PL quantum yield of the emitter in free space, 

PL� , as well as the structure of the microcavity, including the position of the emission 

zone represented by 	 (a factor related to the device structure). The out-coupling 

efficiency out�  depends on 	 and the proportion of horizontally oriented dipoles, 

( / )p p p�
 � � )p p p/ �/ , where p  and p�  are the fractions of horizontal and vertical 

dipoles, respectively. The IQE of OLEDs can be improved significantly by 

exploiting triplet excitons in the emission process,4,5 by doping with n- or p-type 

dopants in the transport layers,8,9 or by the use of a charge injection layer10 to improve 

the charge injection and transport properties, resulting in an IQE of 100%. However, 

out�  of OLEDs is always much smaller than the IQE due to the large difference in 

the refractive index between the different layers in the structure. 
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1.3 Emitting dipole orientation of OLEDs 

1.3.1 Effects of emitting dipole orientation  

The orientation of the dipoles of the emitters is one of the most important 

material properties determining the efficiency of OLEDs. Horizontally oriented 

emitting dipoles in OLEDs lead to less losses from surface plasmon mode, and 

waveguide modes; thus, horizontally emitting dipoles increase the out�  of OLED. 

The theoretical limit of out�  for conventional bottom-emission OLEDs is 

approximately 30% under the assumption of isotropically oriented emitting dipoles 

(see Figure 1.2a).11 In theory, EQEs in excess of 45% can be achieved using 

horizontally oriented emitting dipoles, without requiring a light extraction layer (see 

Figure. 1.3).7 Horizontally oriented transition dipole moments within the emitter 

have been demonstrated in polymer-based and vacuum-evaporated fluorescent 

OLEDs (FOLEDs).12-17 The orientation of the emitting dipoles of phosphorescent 

emitters based on iridium complexes in the emitting layer is considered to be 

isotropic due to the octahedral globular geometry (see Figure 1.2b); therefore, it is 

believed that the theoretical limit for the EQE of phosphorescent OLEDs (PhOLEDs) 

is 30%.11 It has recently been reported that heteroleptic Ir complexes (HICs) exhibit 

preferential orientation of the emitting dipoles in the horizontal direction, implying 

that an EQE greater than 30% should be possible.7,18-20 However, the origin of the 

horizontal orientation of HICs has not previously been reported, and neither has an 

OLED with an EQE in excess of than 30%.  
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Figure 1.2 (a) Contour plot of theoretically maximum achievable EQE of green 

OLED as functions of thickness of organic layer and ITO layer assuming that the 

emitting dipole orientation is isotropic11 (b) Optimized geometry of Ir(ppy)3 at T1 

geometry calculating from DFT calculation. 
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Figure 1.3 Contour plot of theoretically maximum achievable EQE of green OLED 

as functions of PL quantum yields and the ratio of horizontal dipoles of emitter.7 
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1.3.2 Analysis of the emitting (or transition) dipole orientation 

The orientation of transition dipoles can be investigated using (1) variable 

angle spectroscopic ellipsometry (VASE) (2) angle dependent PL or EL analysis, and 

(3) exciton decay rate analysis. VASE is a well-known method of characterizing the 

optical anisotropy of amorphous layers (see Figure 1.4).21,22 Linearly polarized light 

with the same amplitude and phase angle for p- and s-polarized light was used as an 

incident light source, and differences in the amplitude and phase between the p- and 

s-polarized light were analyzed to obtain the refractive index n and the extinction 

coefficient k. These values were characterized by measuring reflected elliptically 

polarized light that underwent multiple reflections within the film, generating 

interference patterns. D. Yokoyama et al. reported transition dipole orientations of 

organic layers using VASE.16 VASE analysis can provide information on the 

orientation of the transition dipoles of a pristine film, but not on the orientation of 

the transition dipoles of dopants in a doped film. This is because the quantity of 

dopants in the host matrix is too small to detect using ellipsometry. Angle-dependent 

PL or EL spectroscopy can be used to analyze the orientation of transition dipoles of 

dopants. 

W. Brütting et al. determined the orientation of emitting dipoles using angle-

dependent PL and EL spectra (see Figure 1.5).17,18 Angle-dependent PL analysis has 

several advantages for characterizing the orientation of emitting dipoles in dye-

doped films because the material properties (including the PL spectra and refractive 

indices) of the dye are not required to determine the orientation of the emitting 

dipoles. The emitting dipoles consist of px, py and pz components, where px and py  
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Figure 1.4 Schematic description of variable angle spectroscopic ellipsometry 
(VASE).16,22 
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Figure 1.5 Schematic description of angle dependent PL spectra measurement 

setup.23 
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are parallel to the plane of the substrate. The py dipoles radiate s-polarized light, 

whereas the px and pz dipoles radiate p-polarized light. Thus, the orientation of the 

emitting dipoles can be determined by measuring the p-polarized light (comprising 

vertical dipole components) as a function of the detection angle. Angle-dependent 

PL spectra can be fitted based on the calculated angle-dependent spectra obtained 

from the classical dipole model developed by Chance, Prock and Silbey.24 Using this 

model, the p- and s-polarized emission can be calculated separately from the 

horizontally and vertically oriented dipoles in a non-absorbing anisotropic medium. 

Since px and pz exhibit significant differences in the intensity of the angle-dependent 

emission of the p-polarized light, simulating the p-polarized intensity with different 

ratios of px and pz, and fitting the resulting experimental data, makes it possible to 

determine the fraction of horizontal dipoles. Using this method, the ratio of 

horizontal ( x yp p p� �xp pxpx ) to vertical ( zp p� � ) dipoles can be determined. Either PL 

or EL analysis can be used to make the required measurements. 

Neyts et al. determined the orientation of emitting dipoles by analyzing the 

exciton decay rate tot	 .20 The exciton decay rate in a microcavity structure is 

determined by the Purcell factor F, which depends on the optical environment and 

orientation of emitting dipoles.25,26 The total exciton decay rate tot	  can be 

expressed as follows:  

tot r nr	 �	 �	   (1.1) 

where r	  is the radiative decay rate and nr	  is the non-radiative decay rate. The 
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Purcell factor of dipoles tilted by a given angle with respect to the substrate can be 

calculated from  

(1 )F F F�� �
 �
F      (1.2) 

where FF  is the parallel component and F�  is the perpendicular component. These 

relations allow us to express the total exciton decay rate as  

,0 ,0(1 )tot r nr r nrF F F�� �	 � 	 �	 � �
 �
 	 �	� � ,,	���F  (1.3) 

where 
,0r	  is the radiative decay rate in an infinite medium of constant refractive 

index. The decay rates can be measured using PL with samples consisting of an 

organic layer and an aluminum layer deposited on a glass substrate. The measured 

decay rates were fitted using simulated decay rates to determine the orientation of 

the emitting dipoles (see Figure 1.6). 
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Figure 1.6 Calculated and measured exciton decay rate of dipoles as function of 

space thickness for (a) Ir(MDQ)2acac and (b) Ir(ppy)3.20 
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1.4 Exciplex OLEDs 

An exciplex is an excited charge transfer complex whereby the molecules are 

planar organic molecules forming a “sandwiched” structure. Interactions between 

electronically excited species M* and ground-state molecules N lead to charge 

transfer interactions and excitation exchange interactions, and hence to the formation 

of stabilized complexes M*N.27 These complexes can be categorized into two types 

depending on their constituents: complexes consisting of the same molecules are 

referred to as excimers, and those consisting of differing molecules are referred to as 

exciplexes. Exciplexes have a large binding energy between molecules (~5–20 

kcal/mol), and exhibit partial charge character on each molecule.28,29  

Figure 1.7 shows a potential energy diagram of exciplex formation and 

emission. Here, monomer M* is located far from monomer N, and the transition 

energy is the same as for monomer M*. Monomer M* is then located close to 

monomer N, and the binding energy between M* and N increases due to charge-

transfer interactions, resulting in a U-shaped potential (upper surface). The ground 

state energy increases as the distance between the molecules decreases due to the 

lack of substantial attractions between M and N (lower surface). Thus, there are a 

few MN ground state complexes and no associated optical absorption due to 

instabilities of the ground state complexes. Exciplex emission occurs vertically, 

according to the Franck–Condon principle, from the excited state minimum to the 

repulsive ground state. Thus, ground state MN complexes dissociate rapidly 

following emission, resulting in a short lifetime. For this reason, exciplex emission 

is red-shifted with a long decay  
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Figure 1.7 Potential energy diagram of the exciplex formation and emission. 
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lifetime, and is featureless because of the short lifetime and indefinite vibrational 

character of the ground state.27 

In recent years, highly efficient phosphorescent OLEDs (PhOLEDs) and 

Fluorescent OLEDs (FOLEDs) have been reported using exciplex hosts or emitters. 

Doping of phosphorescent emitters in exciplex-forming co-hosts has been reported 

to exhibit EQEs of greater than 30%, leading to devices with a low driving voltage 

and low efficiency roll-off due to perfect charge balance, a lack of an injection barrier 

from the charge-transport layers to the emitting layer, and a reduction in the 

quenching processes associated with the carrier and exciton densities in the emitting 

layer.30-35 The exciplex itself has also been explored for emission in OLEDs, and 

EQEs of 5–15% have been reported without dopants, utilizing RISC of the triplet 

exciplex.6,36-43 This is because of the very small STE�  of exciplex, which facilitates 

efficient RISC.6,36 These results appear to indicate that the exciplex is a platform for 

efficient phosphorescent and FOLEDs. However, the efficiencies of FOLEDs 

formed using exciplex hosts or exciplex emitters are lower than FOLEDs based on 

single molecular TADF emitters, even though exciplex can, in principle, be used to 

achieve 100% IQE. In addition, there are no clear strategies for improving the 

efficiency of exciplex-based FOLEDs. 
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1.5 Outline of the thesis 

In this thesis, we investigate the exciplex dynamics for triplet harvesting in 

FOLEDs and the orientation of the emitting dipoles of phosphorescent dye molecules 

for applications in high-efficiency PhOLEDs. Following on from this analysis, we 

demonstrate FOLEDs and PhOLEDs with unprecedented efficiencies.  

The exciton dynamics that influence IQE exciplex emission in FOLEDs are 

quantitatively analyzed using temperature-dependent current density–voltage–

luminance (J-V-L) measurements, as well as transient PL measurements. We show 

that a high RISC rate does not necessarily lead to efficient exciplex triplet harvesting 

if it occurs with a high non-radiative transition rate. A fluorescent OLED with IQE 

of 100% and an EQE of 25.2% at 150 K was demonstrated, which exhibited an IQE 

of 48.3% and EQE of 11.0% at room temperature; the increase in efficiency is 

attributed to a reduction in the non-radiative transition rate (Chapter 2). 

In contrast to using the exciplex as an emitter, conventional fluorescent 

emission does not exhibit delayed fluorescence, and doped exciplex hosts can be 

exploited for RISC. A red fluorescent OLED with an unprecedented EQE of 10.6% 

was demonstrated using an exciplex system as a host with a conventional fluorescent 

emitter. The fraction of the radiative excitons was greater than 35%, which is clearly 

indicative of triplet harvesting in the system (Chapter 3). 

The relationships between the orientation of the emitting dipoles and the 

molecular structure of the Ir complex were investigated using angle-dependent PL 

analysis. Homoleptic Ir complexes exhibit isotropic orientation of the emitting 
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dipoles; by contrast, heteroleptic iridium complexes (HICs) exhibit horizontally 

oriented emitting dipoles. Not only the ancillary ligand but also the main ligand of 

HICs are significantly influenced by the orientation of the emitting dipole of the 

HICs in an OLED. The origin of the preferred orientation of the transition dipole 

moments was investigated using quantum chemical calculations. This work shows 

that the preferred orientation of the transition dipole moments of HICs in OLEDs 

originates from the preferred direction of the HIC triplet transition dipole moments, 

as well as the strong supramolecular arrangement within the co-host environment. 

OLEDs with an EQE of 35.6% (red HICs) and 32.3% (green HICs) were 

demonstrated, with phosphorescent transition dipole moments oriented in the 

horizontal direction (Chapters 4 and 5). 

The effects of the main ligands of HICs on the emitting dipole orientation in 

doped films were investigated to inform the design and synthesis of iridium 

complexes whereby the hydrogen atom(s) at different positions in the cyclometalated 

ligands of HIC were systematically replaced with methyl group(s). Molecules with 

a larger angle between the C2 axis and the transition dipole moment in the molecules 

resulted in a larger fraction of horizontally oriented emitting dipoles in the emission 

layer. Based on this observation, a new green emitter with a large Θ of 80% and a 

PL quantum yield of 97% was developed, resulting in a green OLED exhibiting an 

unprecedented EQE of 34.1%, with a power efficiency of 157.6 lm/W and a current 

efficiency of 120.5 cd/A (Chapter 6). 

Various substituents were investigated on the 4-position of the pyridine ring 
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of the HICs to improve the molecular orientation factor, as described in Chapter 5. 

We have shown that HICs can be aligned with the Ir-N bonds and TDMs parallel to 

the surface of doped films if the molecules have an elongated structure with a high 

aspect ratio, and exhibit strong intermolecular interactions between the donor and 

the host molecules. The Θ of the resulting HICs was in the range 80–86.5%, which 

is 1–7.5% greater than that of the reference HICs. This suggests that substituents on 

the 4-position of the pyridine ring significantly affect the molecular orientation factor, 

and hence also affect Θ. Consequently, a yellow phosphorescent OLED with an 

unprecedented EQE of 38% was demonstrated, as well as a green OLED with an 

EQE of 36% (Chapter 7). 

The orientation of the emitting dipole and the crystal properties of thin films 

formed of undoped platinum complexes were investigated. The molecular 

orientation of the Pt complex in the film was analyzed using grazing incident wide-

angle X-ray diffraction. Thin film crystals that were perfectly oriented along the (100) 

direction were obtained, resulting in a very large Θ of 93%. The orientation of the 

emitting dipoles of the crystalline emission layer was affected not only by the 

crystallinity of the layer, but also by the molecular arrangement within the crystal, 

which was determined by the symmetry and position of the CF3-substituted 

pyrazolate units in the Pt complexes. An OLED with an unprecedented EQE of 39% 

was demonstrated using a crystalline emission layer (Chapter 8). 
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Chapter 2. Boosting triplet harvest by reducing non-radiative 
transition of exciplex toward fluorescent organic light-
emitting diodes with 100% internal quantum efficiency 

 

2.1 Introduction 

The efficiency of fluorescent organic light-emitting diodes (OLEDs) based on 

thermally activated delayed fluorescent (TADF) emitters has been improved 

drastically by harvesting triplet excitons via reverse intersystem crossing (RISC), 

demonstrating internal quantum efficiency (IQE) of nearly 100% and external 

quantum efficiency (EQE) of 30% exhibiting intra-molecular charge transfer in 

recent years.5,44-54 Efficient RISC from triplet to singlet state is available using the 

intra-molecular charge transfer complexes to reduce the energy gap between singlet 

and triplet states ( STE� ). There are large research activities to synthesize efficient 

TADF materials with small STE�  to facilitate efficient RISC. 

Excited state inter-molecular charge transfer complexes (exciplexes) have 

also been used to reduce the singlet-triplet energy gap for efficient RISC.6,36-43 In 

recent years, high efficiency phosphorescent and fluorescent OLEDs were reported 

using exciplex as hosts or emitters. Doping of phosphorescent emitters in exciplex 

forming co-hosts has been reported to exhibit EQEs over 30%, low driving voltage 

and low efficiency roll-off, coming from perfect charge balance, no injection barriers 

for the charges from the charge transporting layers to the emitting layer and reducing 

quenching process by lowering the carrier and exciton densities in the emitting 

layer.30-35 Moreover, doping of conventional fluorescent emitters in exciplex forming 
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co-hosts resulted in the EQE of 10~15%.55-57 Exciplex itself has also been explored 

as emitters in OLEDs exhibiting EQEs of 5~15% without dopant by utilizing RISC 

of triplet exciplex.6,36-43 These results seem to indicate that exciplex is a platform for 

efficient phosphorescent and fluorescent OLEDs. Unfortunately, however, the 

efficiencies of the fluorescent OLEDs using exciplex hosts or exciplex as emitters 

are still lower than fluorescent OLEDs based on single molecular TADF emitters 

even though exciplex can, in principle, realize 100% IQE because of very low STE�  

facilitating efficient RISC.6,36 In addition to that there are no clear guidelines to 

improve the efficiency in exciplex based fluorescent OLEDs. 

In this work, we quantitatively analyze the exciton dynamics influencing IQE 

of exciplex and demonstrate a fluorescent OLED with IQE of 100% and EQE of 

25.2% at 150 K, which are improved from IQE of 48.3% and EQE of 11.0% at room 

temperature by reducing non-radiative transition of exciplex. This study shows that 

high RISC rate ( RISCk ) does not necessarily lead to efficient harvesting of triplet 

exciplex if it occurs with high non-radiative transition rate ( nrk ). High IQE requires 

not only efficient RISC but also low non-radiative loss in both singlet and triplet 

exciplexes for sufficient triplet harvesting. We harvested more triplet exciplex by 

adopting exciplex with low nrk  and further suppressed the nrk  by freezing the 

exciplex, to achieve IQE of 100%. 
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2.2 Experimental 

Organic materials were purchased from Nichem Fine Technology. The 

OLEDs were fabricated on clean glass substrates pre-patterned with 70-nm-thick 

ITO under the pressure of 5 × 10−7 Torr by thermal evaporation without breaking the 

vacuum. Before the deposition of organic layers the ITO substrates were pre-cleaned 

with isopropyl alcohol and acetone, and then exposed to ultraviolet-ozone for 10 min. 

Each layer was deposited at a rate of 1 Å/s and the deposition rate of the co-deposited 

layers was 1 Å/s in total.  

Current density, luminance, and EL spectra were measured using a 

programmable source meter (Keithley 2400) and a spectrophotometer (Spectrascan 

PR650, Photo Research) which measures power per unit steradian per unit 

wavelength per unit area (W/nm·sr·m2) at normal direction. Luminance of an OLED 

was calculated from power of light considering the CIE luminosity function. The 

angular distribution of the EL was measured with a programmable source meter 

(Keithley 2400), goniometer, and fiber optic spectrometer (Ocean Optics S2000). 

The EQE and the power efficiency of the OLEDs were calculated from current 

density−voltage−luminance characteristics, EL spectra, and the angular distribution 

of the EL intensity.  

Transient photoluminescence (PL) was measured by using a pulsed N2 laser 

(KEN-2X, USHO) as the excitation light source and a streak camera (C10627, 

Hamamatsu) as the optical detection system. 
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2.3 Result and discussion 

Chemical structures of the materials used in this study are shown in Figure 

2.1a. We used 4,4’,4”-tris(N-carbazolyl)- triphenylamine (TCTA) as the donor and 

4,6-bis[3,5-(dipyrid-4-yl)phenyl]-2-methylpyrimidine (B4PYMPM)58 as the 

acceptor. PL spectra of TCTA, B4PYMPM and TCTA:B4PYMPM co-host films at 

300 K. The molar ratio of TCTA to B4PYMPM in the TCTA:B4PYMPM co-

deposited film was 1:1. The peak wavelengths of the PL spectra were 393 nm for 

TCTA, 420 nm for B4PYMPM, and 509 nm for the TCTA:B4PYMPM co-host film, 

respectively (Figure 2.1b). The PL spectrum of the co-deposited film showed red 

shifted featureless emission from the PL spectra of the consisting materials, 

indicating that the mixed film forms exciplex whose energy is similar to the 

difference between the lowest unoccupied molecular orbital (LUMO) level of 

B4PYMPM and the highest occupied molecular orbital (HOMO) level of TCTA. The 

time resolved PL spectra showed that the exciplex emission shifts to longer 

wavelengths with increasing delay time probably due to broad distributions of the 

singlet and the triplet energies of the exciplex (Figure 2.2).36 The PL quantum yield 

(PLQY) of the TCTA:B4PYMPM exciplex was 60 �  2% at 300 K. 

The transient PL intensities of the exciplex emission at various temperatures 

are shown in Figure 2.3a, where the transient PL intensity was integrated from 350 

nm to 750 nm. The transient PL decays showed significant delayed emission along 

with prompt emission, indicating that triplet exciplex participates in the emission. 

The rate constants of the prompt emission ( pk ) extracted from the slope of the decay 
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Figure 2.1 (a) Chemical structures and energy levels of TCTA and B4PYMPM. (b) 

PL spectra of TCTA, B4PYMPM, and TCTA:B4PYMPM. 
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Figure 2.2 Time resolved PL spectra of the TCTA:B4PYMPM film at various times 

after excitation at (a) 300 K and (b) 50 K. 
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Figure 2.3 (a) Transient PL decay patterns of the TCTA:B4PYMPM film at various 

temperatures within long time range (0 – 450 μs) (inset: normalized transient PL 

decay of the TCTA:B4PYMPM film at various temperatures within short time range 

(0 – 200 ns)). The transient PL intensities were obtained from the integration of the 

emission spectra from the wavelength of 350 nm to 750 nm. (b) Temperature 

dependence of PLQY for total (black square), prompt (red circle), and delayed (blue 

triangle) components of the TCTA:B4PYMPM exciplex. 
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curves are almost the same as 4.0×106 s-1 regardless of temperature (inset of Figure 

2.3a). However the delayed emission showed multi-exponential decays, supporting 

the existence of a broad distribution of the energy level of the exciplex described 

before. Low bound of the rate constant of the delayed emission ( dk ) decreases as the 

temperature is reduced. The PLQYs of the prompt ( p� ) and the delayed components 

( d� ) at various temperatures were calculated by the integration of the prompt and 

delayed transient PL intensities and calibrated with the PLQY of the exciplex 

emission measured at room temperature using an integration sphere and are shown 

in Figure 2.3b. The PLQY of the exciplex reaches 100% at 150 K due to large 

increment of d� , indicating 100% harvest of triplet exciplex.  

The exciplex dynamics of the singlet and triplet has been analyzed based on 

the energy diagram and transition rates shown in Figure 2.4a. In the presence of the 

intersystem crossing (ISC) and the RISC between singlet and triplet states, the pk  

and dk  can be expressed as follows under the assumption that the radiative ( S
rk ) 

and non-radiative ( S
nrk ) transition rate of the singlet and the rate constant of ISC ( ISCk ) 

are significantly faster than those of non-radiative transition rate of the triplet 

exciplex ( T
nrk ) and the rate constant of RISC ( RISCk ).6,36 

S S
p r nr ISCk k k k� � �   (2.1) 

1T ISC
d nr RISCS S

r nr ISC

kk k k
k k k

� �
� � � � �� �� �

  (2.2) 
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Figure 2.4 (a) The exciplex dynamics of the singlet and triplet has been analyzed 

based on the energy diagram and transition rates. (b) pk , dk , ISCk , RISCk , S
nrk , and

T
nrk  at various temperatures. (c) Arrhenius plot of the RISC rate in 

TCTA:B4PYMPM exciplex systems. The activation energy of the RISC rate is found 

to be 8.5 meV. 
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The PLQY of 100% at 150 K indicates that S
nrk  and T

nrk  are negligibly small 

at the temperature. Thus, ISCk  can be expressed as (1 )p pk ��  at 150 K using 

Equation (2.1) and ISCk  is 2.44×106 s-1. Assuming that ISCk  is independent of 

temperature because the ISC process is considered as an adiabatic process, RISCk  is 

obtained from the following equation6,36: 

p d d
RISC

ISC p

k k
k

k
�

�
�

  (2.3) 

S
nrk  and T

nrk  above the temperature of 150 K were obtained from Equation (2.1) 

and Equation (2.2) from experimentally obtained rate constant’s. All the transition 

rates at various temperatures are displayed in Figure 2.4b and summarized in Table 

2.1. S
nrk  and T

nrk  are exponentially reduced as the temperature is reduced and 

becomes zero at 150 K. Non-radiative transitions could be coming from phonon 

mediated process as well as dissociation of exciplex to free charge carriers because 

both of them are activated by environmental thermal energy. Origin of the non-

radiative decay of exciplex has not fully understood yet and further study is required 

to clarify it. RISCk  was reduced but with much slower rate than the reduction rate of 

the nonradiative rate constants as the temperature was decreased, indicating that the 

activation energy is very small. The activation energy of 8.5 meV was estimated 

from the Arrhenius plot of RISCk  shown in Figure 2.4c, manifesting that STE�  is 

indeed much smaller than the thermal energy at room temperature in this system and 

most the single molecular TADF emitters. However, the PLQY stays at 60% even  
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Table 2.1 S

rk , pk , dk , ISCk , RISCk , S
nrk , T

nrk  at various temperatures. The unit 
of transition rates is s-1. 
 
 
 S

rk  pk  dk  ISCk  RISCk  S
nrk  T

nrk  

300 K 1.32×106 4.00×106 5.26×104 2.44×106 7.11×104 2.44×105 2.49×104 

250 K 1.51×106 4.00×106 3.38×104 2.44×106 6.27×104 4.54×104 9.40×103 

200 K 1.55×106 4.00×106 2.23×104 2.44×106 5.43×104 1.05×104 1.12×103 

150 K 1.56×106 4.00×106 1.57×104 2.44×106 4.03×104 - - 

100 K 1.56×106 4.00×106 1.28×104 2.44×106 2.99×104 - - 

50 K 1.56×106 4.00×106 5.71×103 2.44×106 1.31×104 - - 
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with such a low activation energy and high RISC rate as a result of a large 

nonradiative loss at room temperature. At 150 K, on the contrary, the PLQY reaches 

100% because S
nrk  or T

nrk  decreases to a larger extent than it does for other 

transition rates. At the temperature lower than 150 K, PLQY goes down because 

d�  decreases with the reduced RISCk . This analysis clearly demonstrate that high 

RISCk  with low STE�  does not necessarily lead to efficient harvest of triplet 

exciplex if nrk  is high. High IQE requires not only efficient RISC but also low 

nonradiative loss. 

Similar behavior was observed in the TCTA: bis-4,6-(3,5-di-3-

pyridylphenyl)-2-methylpyrimidine (B3PYMPM) mixed film which exhibited the 

PLQY of 36% at 300 K and reached PLQY of 99% at 35 K.36 However, the PLQY 

of the TCTA:B4PYMPM exciplex was 1.7 times higher at room temperature and 

reached 100% at higher temperature of 150 K than that of TCTA:B3PYMPM 

exciplex even though S
rk  of TCTA:B4PYMPM (1.3×106 s-1) is lower than that of 

TCTA:B3PYMPM (7.0×106 s-1) at room temperature. Higher PLQY of 

TCTA:B4PYMPM at room temperature does not come from higher RISCk  value but 

from smaller nonradiative transition rate than TCTA:B3PYMPM. RISCk  of 

TCTA:B4PYMPM (7.11×104 s-1) is only slightly higher than that of 

TCTA:B3PYMPM (5×104 s-1) but the S
nrk  of TCTA:B3PYMPM (1.27×107 s-1) is 

fifty times higher than that of TCTA:B4PYMPM (2.44×105 s-1 ). The lower value of 
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S
nrk  resulted in the higher p�  of TCTA:B4PYMPM (33%) which is 1.4 times 

higher than that of TCTA:B3PYMPM (23%), and higher d�  at room temperature.  

An OLED was fabricated using the exciplex emitter. The device structure of 

the OLED was as follows; indium tin oxide (ITO) (70 nm)/1,1-bis((di-4-

tolylamino)phenyl)cyclohexane (TAPC) (75 nm)/TCTA (10 nm)/TCTA:B4PYMPM 

(1:1, 30 nm)/B4PYMPM (40 nm)/LiF (0.7 nm)/Al (100 nm). The current density–

voltage–luminance (J–V–L) characteristics of the exciplex OLED (Figure 2.5a) at 

various temperatures show the low turn-on voltage of 2.5 V at room temperature and 

7 V at 150 K, due to the reduction of the mobility of charge carriers with decreasing 

temperature. The electroluminescent (EL) spectra of the device (Figure 2.5b) are 

almost the same as the PL spectra of the exciplex (Figure 2.6). The EQEs and current 

efficiencies (CEs) of the devices at various temperatures are displayed in Figure 2.5c. 

The EQE of the device was calibrated using the angle-dependent emission intensity 

profile. The maximum efficiencies of the OLED were EQE of 11.0% and CE of 28.9 

cd/A, but the efficiency were drastically improved to EQE of 25.2% and CE of 63.5 

cd/A as temperature was decreased to 150 K. The EQE of the TCTA:B4PYMPM 

device (11.0%) at room temperature is 3.5 times higher than that of 

TCTA:B3PYMPM’s (3.1%), indicating that low nonradiative transition rate results 

in higher efficiency in the TCTA:B4PYMPM OLED. The nonradiative transition in 

the TCTA:B4PYMPM device was further suppressed by decreasing temperature to 

get EQE of 25.2% at 150 K. 
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Figure 2.5 (a) The J–V–L curves of the OLED at various temperatures. Solid scatter 

indicates current density and open scatter indicates luminance. (b) EL spectra of 

OLED with 0.1 mA/cm2 at various temperatures. (c) The EQEs and CEs against 

current density at various temperatures. (d) Measured EQEs and theoretical EQEs at 

various temperatures. Outcoupling efficiencies of OLED were calculated with 

optical simulation based on the measured the ratio of horizontal emitting dipoles 

(61%), under the assumption of no electrical loss. 
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Figure 2.6 PL spectra of TCTA:B4PYMPM 30 nm thick film at various temperature. 
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The RISC efficiency ( RISC� ) and IQEs of the OLED were analyzed using the 

experimentally obtained values using the following equations, where ISC�  is the 

efficiency of ISC of singlet exciplex.6.36 Equation (2.6) is obtained from Equation 

(2.5). 

ISC
ISC

p

k
k

� �             (2.4) 

1
( )k

d ISC RISC pk

�

�
� � � � ��   (2.5) 

( )
d

RISC
ISC p d

�
� �

�  � ��
   (2.6) 

0 0
0.75 ( ) 0.25 ( )k k

p RISC ISC RISC p ISC RISCk k
IQE � �

� �
� � � � � � � � �� �  (2.7) 

The results are shown in Figure 2.7. RISC�  and IQE were increased with decreasing 

temperature for both of them to reach 100% at 150 K.  

Outcoupling efficiency of the OLED was calculated using the optical 

simulation based on the measured ratio of horizontal emitting dipoles (61%).24,59 

Birefringence of the film of TCTA:B4PYMPM was considered to calculate the 

outcoupling efficiency. The outcoupling efficiency was 26.6% assuming that 

emission zone was located middle of emitting layer. The theoretical EQEs calculated 

using the calculated outcoupling efficiency and the IQEs were 12.9% at 300 K and 

26.6% at 150 K. The experimentally obtained maximum EQEs at different 

temperatures are well consistent with theoretical EQEs as shown in Figure 2.5d, 

indicating that the electrical loss is almost zero in the device even at low temperature. 
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Figure 2.7 RISC� and IQE against temperature. IQE was obtained with 

experimentally observable values using the Equation (2.7). 
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2.4 Conclusion 

In conclusion, we realized a fluorescent OLED with IQE of 100% and EQE 

of 25.2% at 150 K by reducing the non-radiative transition of exciplex. Our results 

show that not only efficient RISC but also low nonradiative loss in both singlet and 

triplet exciplexes is required for efficient exciplex based OLEDs. Even though the 

high efficiency approaching the 25.2% EQE was obtained at low temperature, these 

results clearly demonstrate that OLEDs with 100% IQE harvesting all the triplets are 

possible using exciplex if an exciplex system is designed to have almost zero non-

radiative process of triplet exciplex by clever design of molecules. 
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Chapter 3. Triplet harvesting by a conventional fluorescent 

emitter using reverse intersystem crossing of host triplet 

exciplex 

 

3.1 Introduction 

Fluorescent organic light-emitting diodes (FOLEDs) have advantages over 

phosphorescent OLEDs (PhOLEDs) in terms of flexibility of material design, low 

price, long device lifetime, and short exciton lifetime. One critical drawback of 

fluorescent OLEDs is the low efficiency because only singlet excitons can be 

harvested by fluorescent molecules.  

Use of delayed fluorescence originated either from triplet–triplet 

annihilation60,61 (TTA) or thermally activated reverse intersystem crossing 5,6,36-54 

(RISC) from triplet to singlet excitons have been actively pursued to increase the 

efficiency of fluorescent OLEDs. Both intra- and intermolecular charge transfer 

complexes upon excitation have been used to reduce the singlet–triplet energy gap 

for efficient RISC.5,6,36-54 Among them, the intramolecular charge transfer materials 

exhibiting thermally activated delayed fluorescence (TADF) have been very 

successful in recent years, demonstrating the external quantum efficiency (EQE) 

over 20%.49,50 Performance of the OLEDs using the excited state intermolecular 

charge transfer complexes (exciplexes) have also been improved steadily, 

demonstrating EQE over 10%.6,36-41 One drawback of the TADF and exciplex 
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materials in OLEDs is their broad emission spectra compared to fluorescent 

molecules without delayed fluorescence. Device stability is an issue to be discussed 

further.  

Instead of using the exciplex as an emitter, exciplex forming systems have 

been used as host for phosphorescent and TADF OLEDs in recent years.30-35,50 The 

exciplex host composed of an electron transporting material (ETM) and hole 

transporting material (HTM) behaves as a bipolar host and removes the charge 

injection barrier from the charge transporting layers to the emitting layer (EML). The 

host allows an efficient singlet and triplet energy transfer from the exciplex to the 

dopant because the singlet and triplet energy of the exciplex are almost identical. 

Using the characteristics of the exciplex systems, we have demonstrated highly 

efficient phosphorescent and TADF OLEDs with the EQEs over 30%, low turn on 

voltage and low efficiency roll-off. 30-35,50  

Doping of conventional fluorescent molecules in TADF host or use of TADF 

molecules as assistant dopants in fluorescent host doped with fluorescent molecules 

have been reported to take advantage of narrow emission spectra and high stability 

of fluorescent molecules on the one hand, and efficient RISC of the triplet exciton to 

the singlet exciton in the TADF molecules on the other hand, to harvest both singlet 

and triplet excitons by the Förster energy transfer from the TADF molecules to the 

fluorescent dopant.62,63 This concept has been quite successful to reach the EQE over 

10% using TADF materials as host or sensitizers recently in fluorescent OLEDs. 

Zhang et al. reported EQE of 10% using 2-biphenyl-4,6-bis(12-phenylindolo)-[2,3-

a]carbazole-11-yl)-1,3,5-triazine as TADF host and 3,11-diphenylamino-7,14-
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diphenylacenaphtho[1,2-k]fluoranthene as a conventional fluorescent emitter62 and 

Nakanotani et al. reported EQE of 18% using TADF materials as assistant dopant.63 

However, in order to utilize the RISC efficiently in a fluorescent dye doped OLEDs, 

it is desirable to form excitons on TADF materials rather than direct formation on 

the fluorescent dopant. In this regard, exciplex forming cohost systems are good 

candidates as host for fluorescent dopants because the bimolecular recombination on 

host molecules is dominant rather than the trap assisted recombination as reported in 

an exciplex host doped with a phosphorescent dye.35  

Here, we report a red fluorescent OLED with unprecedented high EQE of 

10.6% using an exciplex system as host for a conventional fluorescent dopant not 

showing delayed fluorescence. The fraction of the radiative exciton is over 35% by 

using the exciplex host, clearly indicating the triplet harvesting in the system. 
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3.2 Experimental 

Organic materials were purchased from Nichem Fine Technology. The 

OLEDs were fabricated on clean glass substrates prepatterned with 100-nm-thick 

ITO under a pressure of 5×10−7 Torr by thermal evaporation without breaking the 

vacuum. Before the deposition of organic layers the ITO substrates were precleaned 

with isopropyl alcohol and acetone, and then exposed to ultraviolet-ozone for 10 min. 

Each layer was deposited at a rate of 1 Å/s and the deposition rate of the codeposited 

layers was 1 Å/s in total.  

Density functional theory (DFT) and time dependent-DFT calculations were 

performed using Gaussian09 program.64 The optimization of geometry and TDM 

were calculated using B3LYP, 6-31g(d) basis set for all atoms.  

Current density, luminance, and EL spectra were measured using a 

programmable source meter (Keithley 2400) and a spectrophotometer (Spectrascan 

PR650, Photo Research). The angular distribution of the EL was measured with a 

programmable source meter (Keithley 2400), goniometer, and fiber optic 

spectrometer (Ocean Optics S2000). The EQE and the PE of the OLEDs were 

calculated from J–V–L characteristics, EL spectra, and the angular distribution of the 

EL intensity.  

Orientation of TDMs was measured using a continuous wave laser (325 nm, 

melles Griot). The incident angle of the excitation source was fixed at 45°. P-

polarized PL spectra were detected 600 nm by a fiber optic spectrometer (Ocean 

Optics Maya2000). 

Transient PL was measured by using a pulsed ND:YAG laser (355 nm, 
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Continuum) as the excitation light source and intensified charge coupled device (PI-

MAX, Princeton Instruments) as optical detection system.  
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3.3 Result and discussion 

Figure 3.1a shows the chemical structures of the host and the red-emitting 

dopant used in this study. The red fluorescent dopant 4-(dicyanomethylene)-2-tert-

butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) was used as the 

emitter which showed a high photoluminescence (PL) quantum yield and negligible 

delayed fluorescence with the EQEs of 3% – 6% in previous reports.65-68 4,4′,4″-

tris(N-carbazolyl)-triphenylamine (TCTA) and 4,6-bis[3,5-(dipyrid-4-yl)phenyl]-2-

methylpyrimidine (B4PYMPM)58 were used as the exciplex host.  

The PL spectra of TCTA, B4PYMPM and the mixed films with 1:1 ratio are 

shown in Figure 3.1b. The peak wavelengths were 393 nm for TCTA, 420 nm for 

B4PYMPM, and 509 nm for the mixed film, respectively. The mixed film showed a 

broad featureless emission red shifted from the consisting materials, indicating that 

the mixed film forms exciplex upon excitation. The delayed PL spectrum of the 

exciplex measured after 10 μs at 30 K was almost the same as the one measured at 

room temperature, suggesting almost the same energy levels of the triplet and the 

singlet exciplexes. The PL quantum yield of TCTA:B4PYMPM exciplex measured 

using a 50 nm thick mixed film on a quartz substrate in an integrating sphere was 60 

± 2%, which was much larger than that of Alq3 (32%) widely used as host for red 

fluorescent emitters.69 The absorption spectrum of the TCTA:B4PYMPM mixed 

film was fitted very well with the weighted linear combination of the absorption 

spectra of TCTA and B4PYMPM as presented in Figure 3.1c, indicating that 

aggregates or charge transfer complexes are not formed in the ground state of the 
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Figure 3.1 (a) Chemical structures of host and red fluorescent dopant and (b) PL 

spectra of TCTA, B4PYMPM, and TCTA:B4PYMPM at 295 K and delayed PL 

spectrum of TCTA:B4PYMPM after 10 μs at 30 K. (c) Absorption spectra of TCTA, 

B4PYMPM, and mixed TCTA:B4PYMPM films. The absorption spectrum of the 

mixed TCTA:B4PYMPM film is the same as the weighted addition of the TCTA 

and B4PYMPM absorption spectra. (d) The molar extinction coefficient of the 

DCJTB and normalized PL spectra of TCTA:B4PYMPM film, exhibiting large 

spectral overlap between them. 
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mixed film. The extinction coefficient of the DCJTB in methylene chloride and the 

emission spectrum of the exciplex are displayed in Figure 3.1d, exhibiting excellent 

spectral overlap between them to allow efficient energy transfer from the exciplex 

to the dopant. The calculated Förster energy transfer radius from the exciplex to 

DCJTB was 4.5 nm.70  

The PL spectrum of the TCTA:B4PYMPM mixed film doped with DCJTB 

(0.5 wt%) is shown in the inset of Figure 3.2a. The peak wavelength was 596 nm 

and the PL quantum yield was 73 ± 2%. The transient PL intensity at 600 nm (Figure 

3.2a) exhibited long delayed emission with the PL lifetime of 190 ns. In contrast, 

DCJTB doped in Alq3 host did not show the delayed PL. The difference in the 

transient behavior between the two systems clearly indicates that the delayed PL 

originates from the RISC of the triplet exciplex of the host, not from the TTA. The 

Förster energy transfer from the triplet exciplex to the singlet exciton of DCJTB was 

not considered as an origin of the delayed fluorescence because of the lack of the 

oscillator strength of the triplet exciplex.  

Angle dependent PL intensity of the p-polarized light from the 

TCTA:B4PYMPM: 0.5 wt% DCJTB film was measured to determine the orientation 

of the emitting dipoles of the DCJTB in the exciplex host and the result is shown in 

Figure 3.2b.7,17,24,59 The angle dependent PL intensity at 600 nm was analyzed using 

the classical dipole model where the emission from excitons is considered as the 

dissipated (or radiating) power from oscillating dipoles. The experimental data were 

fitted very well with the ratio of horizontal dipoles (Θ) of 0.86 as shown in Figure 

3.2b with the uncertainty of ±0.02, indicating that the emission dipoles of the red 
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Figure 3.2 (a) Normalized intensity of transient PL of TCTA: B4PYMPM: 0.5 wt% 

DCJTB film and Alq3:0.5 wt% DCJTB film (inset: PL spectrum of 0.5 wt% DCJTB 

doped in exciplex host). (b) Angle dependent PL intensity of the p-polarized light 

from the 30 nm thick TCTA: B4PYMPM: 0.5 wt% DCJTB film at 600 nm. (c) Top 

view of TDM on optimized structure of DCJTB. (d) Side view of TDM on optimized 

structure of DCJTB. 

  



48

fluorescent dyes are preferentially oriented along the horizontal direction (parallel to 

the substrate). In order to identify the molecular orientation of DCJTB in EML, the 

direction of transition dipole moment (TDM) from the S1 to S0 state in DCJTB was 

calculated by using the time dependent DFT calculation (Figure 3.2c,d). The 

direction of TDM was toward julolidine (donor) from pyran (acceptor) in the plane 

of molecule. The high horizontal portion of the emission dipole and the inplane 

direction of the TDM in DCJTB indicates that DCJTB molecules are preferentially 

oriented along the horizontal direction in the film. 

We fabricated the OLEDs using the DCJTB doped exciplex host as the EML. 

The structure of the OLED was as follows: indium tin oxide (ITO) (100 nm)/1,1-bis-

(4-bis(4-methylphenyl)-amino-phenyl)-cyclohexane (75 nm)/TCTA (10 

nm)/TCTA:B4PYMPM: x wt% DCJTB (30 nm)/B4PYMPM (50 nm)/LiF (0.7 

nm)/Al (100 nm). TCTA and B4PYMPM were employed as the HTM and the ETM, 

respectively. The HTM and ETM were used as the cohost of the EML with the molar 

ratio of 1:1. The cohost facilitates the efficient charge injection from the electrodes 

to the EML due to absence of injection barrier of electrons (or holes) from the 

electron transporting layer (or hole transporting layer) to EML. The current density-

voltage-luminance (J-V-L) characteristics of OLEDs for different DCJTB doping 

concentrations are shown in Figure 3.3a. All the devices exhibited the similar J–V 

characteristics with the turn on voltage of 2.4 V, indicating that the bimolecular 

recombination on host molecules is dominant in this system rather than the direct 

exciton formation on DCJTB. The electroluminescent (EL) spectra are shown in 

Figure 3.3b. The peak wavelengths of the EL spectra were shifted from 600 nm for  
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Figure 3.3 (a) The J–V–L curves of the OLEDs. (b) The normalized EL spectra of 

devices at 10 mA/cm2. (c) The current efficiencies and power efficiencies against 

current density. (d) The EQEs against current density. 
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the doping concentration of 0.5 wt% to 632 nm for the doping concentration of 12 

wt% due to the substantial aggregation of DCJTB.71 Less appearance of host 

emission in the EL spectrum of the 0.5 wt% DCJTB device than the PL spectrum 

indicates that direct exciton formation on DCJTB by trap-assisted recombination 

plays a role along with the energy transfer in the device. Further study is required to 

identify the exact mechanism. The EQE, power efficiency (PE), and current 

efficiency (CE) of the OLEDs are shown in Figure 3.3c,d. The EQE and PE of 

OLEDs were calibrated using the angle dependent emission profiles. The device with 

the doping concentration of 0.5 wt% exhibited the highest EQE of 10.6%, PE of 26.8 

lm/W, and CE of 20.5 cd/A. To the best of our knowledge, the EQE of 10.6% is 

much higher than the fluorescent OLEDs (3%–6%) reported up to now using DCJTB 

as an emitter.65-68 Lower efficiency of the OLEDs at high doping concentrations 

might originate from the concentration quenching (low PL quantum yields) as well 

as increasing Dexter energy transfer from the triplet exciplex to the triplet state of 

dopant. 

To understand the high EL efficiency of the device, the fraction of the 

radiative exciton of DCJTB was calculated using the measured Θ of 0.86 and PL 

quantum yield of 0.73 under the assumption of no electrical loss.7,24,59 The classical 

dipole model was employed for the calculation using the experimental parameters 

with the consideration of the modification of the radiative decay rate in the 

microcavity structure (the Purcell factor). The calculated fraction of the radiative 

exciton in the device was 35.1%, indicating that extra 10.1% of the excitons were 

converted from the triplet states to the singlet excitons through the RISC of the triplet 
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exciplex to the singlet exciplex in the device. Up-conversion from the triplet to 

singlet on DCJTB is hardly probable because of the large energy gap of 0.35 eV 

between T1 state and S1 state of DCJTB.72 To manifest the mechanism of the delayed 

emission of the OLED, the transient EL decays at various current densities were 

measured (Figure 3.4a). The intensity of the delayed EL emission of the OLED was 

linearly proportional to the current density, indicating that the delayed emission of 

the OLED originates from RISC not from TTA (Figure 3.4b). 
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Figure 3.4 (a) Transient EL intensity of device at various current level. The 

wavelength of detection is 605 nm. The voltage pulse width was 100 μs, and the 

pulse was periodically applied to the devices with a frequency of 100 Hz. (b) Initial 

intensity of delayed emission against current density. 
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3.4 Conclusion 

In conclusion, we report a red fluorescent OLED with unprecedented high 

EQE of 10.6% using DCJTB as an emitter doped in an exciplex forming host. 

Analysis indicated that the fraction of the radiative exciton formed on DCJTB was 

35.1%, indicating that extra 10.1% of the singlet excitons were formed by the RISC 

of the triplet exciplex to the singlet exciplex followed by the energy transfer to 

DCJTB. Further study is required to identify the exact mechanism. 
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Chapter 4. Highly efficient organic light-emitting diodes with 

phosphorescent emitters having high quantum yield and 

horizontal orientation of transition dipole moments 

 

4.1 Introduction 

Orientation of the transition dipole moments of an emitter is an important 

factor influencing the effective quantum efficiency and the outcoupling efficiency in 

OLEDs. Horizontally oriented dipoles result in higher outcoupling efficiency than 

vertically oriented dipoles.12,13 Not only fluorescent molecules but also some 

phosphorescent molecules were reported to have preferred horizontal orientation in 

OLEDs to improve the outcoupling efficiency over the limit set under the assumption 

of the isotropic or random orientation of the molecules.7,17-20 However, the factors 

influencing the orientation of the phosphorescent dyes in phosphorescent OLEDs 

have not been reported yet. Here, we report that the ancillary ligands in heteroleptic 

iridium complexes significantly influence the orientation of the transition dipole 

moments. In addition, we demonstrate an unprecedented highly efficient green 

OLED exhibiting the external quantum efficiency (EQE) of 32.3% and power 

efficiency of 142.5 lm/W using an emitter with high quantum yield and horizontally 

oriented dipoles. 
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4.2 Experimental 

Organic materials were purchased from Daejoo Electronic Materials and 

Luminescence Technology Corp., and LiF from Materion.  

The OLEDs were fabricated on clean glass substrates pre-patterned with 70-

nm-thick indium tin oxide (ITO) under a pressure of 5 × 10-7 Torr by thermal 

evaporation without breaking the vacuum. Before the deposition of organic layers 

the ITO substrates were pre-cleaned with isopropyl alcohol and acetone, and then 

exposed to ultraviolet-ozone for 10 min. The devices had the following structure: 

ITO (70 nm)/1,1-bis-(4-bis(4-methylphenyl)-amino-phenyl)-cyclohexane (TAPC) 

(75 nm)/4,4′,4″-tris(N-carbazolyl)-triphenylamine (TCTA) (10 nm)/TCTA:bis-4,6-

(3,5-di-3-pyridylphenyl)-2-methylpyrimidine (B3PYMPM): green dopants [tris(2-

phenylpyridine) iridium(III) (Ir(ppy)3), bis(2-

phenylpyridine)iridium(III)acetylacetonate (Ir(ppy)2acac), bis(2-

phenylpyridine)iridium(III)(2,2,6,6-tetramethylheptane-3,5-diketonate) 

(Ir(ppy)2tmd)] (30 nm, 8.4 mol%)/B3PYMPM (45 nm)/LiF (0.7 nm)/Al (100 nm). 

Each layer was deposited at a rate of 1 Å/s and the deposition rate of the co-deposited 

layers was 1 Å/s in total. 

Current density, luminance, and electroluminescent (EL) spectra were 

measured using a programmable source meter (Keithley 2400) and a 

spectrophotometer (Spectrascan PR650, Photo Research). The angular distribution 

of the EL was measured with a programmable source meter (Keithley 2400), 

goniometer, and fiber optic spectrometer (Ocean Optics S2000). The EQE and the 
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power efficiency of the OLEDs were calculated from current 

density−voltage−luminance characteristics, EL spectra, and the angular distribution 

of the EL intensity. 

Orientation of transition dipole moments was measured using a continuous 

wave diode laser (405 nm, Edmund optics Inc.). The incident angle of the excitation 

source was fixed at 45°. P-polarized emitted light was detected at 520 nm that is 

close to the peak wavelength of the PL spectra of the phosphorescent dyes. 

Permanent dipole moment of dyes was calculated using the density functional 

theory (DFT) with Gaussian09.64 Ground state geometry optimization was 

performed using the B3LYP exchange-correlation functional, the LANL2DZ basis 

set for Ir atom, and the 6-311G(d) basis set for all other atoms. 
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4.3 Result and discussion 

Chemical structures of green-emitting dopants used in this study are presented 

in Figure 4.1a. We used Ir(ppy)3, Ir(ppy)2acac, Ir(ppy)2tmd as green-emitting 

dopants.73 They have the same cyclometalated ligand but different ancillary ligands. 

Schematic diagram of the device structure of the OLEDs is shown in Figure 4.1b. 

The devices have a simple structure consisting of three organic materials and 

phosphorescent dopants.7,30,31 TAPC was used as the hole injection layer, TCTA as 

the hole transporting layer (HTL) and B3PYMPM as the electron transporting layer 

(ETL). TCTA and B3PYMPM were also used as the co-host of the emitting layer 

(EML) with the molar ratio of 1:1 to exploit the exciplex forming character for low 

driving voltage, and good electron-hole balance.7,30,31 The detailed structure of the 

OLEDs is; ITO (70 nm)/TAPC (75 nm)/TCTA (10 nm)/TCTA:B3PYMPM:8.4 mol% 

dye (30 nm)/B3PYMPM (45 nm)/LiF (0.7 nm)/Al (100 nm). 

The photoluminescence (PL) spectra of the TCTA:B3PYMPM co-host films 

doped with the three dyes with the doping concentration of 8.4 mol% are shown in 

Figure 4.2a. The peak wavelength of the PL of Ir(ppy)3, Ir(ppy)2acac, and 

Ir(ppy)2tmd were 513 nm, 520 nm, 524 nm, respectively. The orientations of the 

transition dipole moments of the dyes in the host were determined through the 

analysis of the angle dependent PL spectra of the films.7,17 Figure 4.2b shows the 

measured angle-dependent PL intensities of the p-polarized light emitted from the 

30 nm-thick films composed of TCTA:B3PYMPM:green dyes (0.46:0.46:0.08 molar 

ratio) at 520 nm close to the PL maxima of the green dyes. The angle dependent PL  
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Figure 4.1 (a) Molecular structure of green phosphorescent dyes and (b) schematic 

diagram of the device structure and energy levels (eV) of the devices. 
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Figure 4.2 (a) The PL spectra of the 8.4 mol% Ir(ppy)3, Ir(ppy)2acac, and 

Ir(ppy)2tmd doped TCTA:B3PYMPM films. (b) Angle-dependent PL intensities of 

the p-polarized light from the 30-nm-thick films composed of 

TCTA:B3PYMPM:green dyes (0.46:0.46:0.08 molar ratio) at 520 nm. Solid lines 

represent theoretical fits to the experimental data. 
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spectra were analyzed using the classical dipole model where the emission from 

excitons is considered as the dissipated power from oscillating dipoles.24,59 

Birefringence of the films composed of TCTA:B3PYMPM:green dyes was 

considered in the theoretical fittings. The experimental data were well fitted by the 

horizontal-dipole ratios (Θ’s) of 0.67 for Ir(ppy)3, 0.72 for Ir(ppy)2acac, and 0.74 for 

Ir(ppy)2tmd with an uncertainty of 0.02, where Θ was defined as the ratio of the 

horizontal dipoles to the total dipoles of an emitter. Ir(ppy)3, a homoleptic Ir complex, 

exhibited isotropic dipole orientation, whereas, the heteroleptic Ir complexes of 

Ir(ppy)2acac and Ir(ppy)2tmd showed preferred dipole orientation in the horizontal 

direction, indicating that the structure of the ancillary ligands in the Ir complexes 

strongly affects the orientation of the transition dipole moment of the emitters. 

Different ancillary ligands will give rise to different molecular structures and 

resultantly different orientations of transition dipole moments which are related to 

the relative position of the Ir atom and the main ligands even though ancillary ligands 

are not involved in the transition. In contrast, the symmetry of homoleptic Ir 

complexes with three main ligands has an effect of randomization of the orientation 

of the transition dipole moments in the molecules.  

The photoluminance quantum yields (qPL) of the EMLs were directly 

measured by using 50 nm thick films on quartz substrates in an integration sphere. 

The qPL’s of the TCTA:B3PYMPM co-hosts doped with 8.4 mol% Ir(ppy)3, 

Ir(ppy)2acac, and Ir(ppy)2tmd were 92 ± 1%, 94 ± 1%, and 96 ± 1%, respectively. 

The qPL's of the dopants in the low doping concentration of 2 mol% were almost 100% 

(Figure 4.3). Therefore the difference in the qPL’s among the dopants at the doping 
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Figure 4.3 PL quantum yields at doping concentrations of 2, 4.2, and 8.4 mol % of 

dyes in TCTA:B3PYMPM (1:1) co-host. 
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concentration of 8.4 mol% must be related to concentration quenching.74 Higher 

qPL’s of the heteroleptic Ir complexes might originate from their lower permanent 

dipole moments (μ’s). Increase in μ seems to result in strengthening the 

intermolecular interaction and consequently increase in degree of aggregation and 

concentration quenching. DFT calculations of the ground state of the emitters 

showed the permanent dipole moment of 6.2, 1.8, and 1.4 debyes for Ir(ppy)3, 

Ir(ppy)2acac, and Ir(ppy)2tmd, respectively. The molecule Ir(ppy)3 with the highest 

μ showed the lowest qPL and the molecule Ir(ppy)2tmd with the lowest μ showed the 

highest qPL among the three dyes, supporting the correlation between the PL quantum 

yield and the permanent dipole moments of the phosphorescent dyes. The high Θ 

combined with high qPL of Ir(ppy)2tmd is expected to give a high EQE from the 

OLED doped with the dye. Higher qPL can be obtained if the doping concentration 

of the dyes is lowered in the EMLs. However, the energy transfer from the co-host 

molecules to the dopants becomes insufficient if the doping concentration is lowed 

too much so that we used the doping concentration of 8.4 mol% to maximize the 

EQEs as reported in our previous report.30 

The current density-voltage-luminance (J-V-L) characteristics of the OLEDs 

doped with Ir(ppy)3, Ir(ppy)2acac, and Ir(ppy)2tmd are presented in Figure 4.4a. The 

OLEDs doped with the heteroleptic Ir complexes showed the same J-V 

characteristics with the turn on voltage of 2.4 V but the device doped with Ir(ppy)3 

showed higher turn on and driving voltages, indicating that the J-V characteristics 

are influenced not only by the host but also by the dopants. All the EL spectra of the 

OLEDs with green dyes in the EML were well consistent with the PL spectra of the  
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Figure 4.4 (a) The current density–voltage–luminance curves of the OLEDs. Inset: 

The angular distributions of the EL intensity of the OLEDs. The dashed line in the 

inset shows the Lambertian distribution. (b) The normalized EL spectra of the 

OLEDs. (c) Luminous efficiencies and power efficiencies against the luminance. (d) 

EQE’s against the luminance. The EQE’s and the power efficiencies of the devices 

were calibrated using the angle-dependent emission intensity profiles. 
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dyes doped in the co-host (Figure 4.4b). The EQE and the power efficiency of the 

devices calibrated using the angle-dependent emission intensity profiles are 

displayed in Figure 4.4c,d. The optimized device with an ETL with a thickness of 45 

nm showed 26.3% for Ir(ppy)3, 30% for Ir(ppy)2acac, and 32.3% for Ir(ppy)2tmd, 

respectively. The EQE of 32.3% is the highest efficiency reported to date for green 

OLEDs.7,30,75,76 The efficiency roll-off was also very small with the EQE of 32.3% at 

1000 cd/m2 and 30.0% at 10,000 cd/m2 for the OLED doped with Ir(ppy)2tmd. The 

high EQE combined with low driving voltage results in high power efficiency with 

the maximum of 104.0 lm/W for Ir(ppy)3, 122.8 lm/W for Ir(ppy)2acac, and 142.5 

lm/W for Ir(ppy)2tmd in the optimized devices, respectively. The larger difference in 

the power efficiencies than the EQEs among the devices comes from the difference 

in their emission spectra. The low driving voltage of the devices can be explained by 

the existence of no injection barriers for the charges from the charge transporting 

layers to the EML. The low efficiency roll-off comes from the exciplex forming co-

host by lowering the carrier density in the EML to reduce the triplet–polaron 

quenching and by lowering the triplet-triplet annihilation due to the broad emission 

zone.30 

The maximum EQEs of the OLEDs achievable using the dyes were simulated 

using the classical dipole model based on the measured Θ and qPL.7,24,59 We used the 

device structure shown in Figure 4.1b for the simulation, and the recombination zone 

was assumed to be located in the middle of the EML. The maximum EQE can be 

obtained by assuming the perfect electron and hole balance. The calculated 

maximum EQEs of the devices doped with Ir(ppy)3, Ir(ppy)2acac, and Ir(ppy)2tmd 
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dyes were 25.9 ± 1%, 30.5 ± 1%, and 32.0 ± 1%, respectively, and are well consistent 

with the measured maximum EQEs of the devices with Ir(ppy)3, Ir(ppy)2acac, and 

Ir(ppy)2tmd indicating that all the injected charges form excitons in the device (Table 

4.1). 
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Table 4.1 Photoluminescence quantum yield and horizontal portion of transition 

dipole moments of three different phosphorescent dyes, and experimentally obtained 

EQEs of the OLEDs doped with three different phosphorescent dyes compared with 

the calculated EQEs using the classical dipole model under the assumption of perfect 

electron and hole balance in the devices. 

 

Dyes PL quantum 
yield (qPL) 

Horizontal 
dipole ratio (Θ) 

EQE of device 
(%) 

Calculated 
EQE (%) 

Ir(ppy)3 0.92 0.67 26.3 25.9 

Ir(ppy)2acac 0.94 0.72 30.0 30.5 

Ir(ppy)2tmd 0.96 0.74 32.3 32.0 
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4.4 Conclusion 

In summary, we found that the ancillary ligand of phosphorescent dyes 

significantly influences the dipole orientation and Ir(ppy)2tmd with the ancillary 

ligand of 2,2,6,6-tetramethylheptane-3,5-diketonate resulted in high horizontal 

dipole ratio of 74% along with high qPL of 96%. Using the Ir(ppy)2tmd as the dopant, 

we could realize a bottom emission OLED with the maximum EQE of 32.3% and 

the maximum power efficiency of 142.5 lm/W, the highest values ever reported in 

literature. Furthermore we experimentally and theoretically correlated the EQE of 

OLEDs to the qPL and the horizontal dipole ratio of phosphorescent dyes using three 

different dyes. 
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Chapter 5. Phosphorescent dye-based supramolecules for 

high-efficiency organic light-emitting diodes 

 

5.1 Introduction 

The efficiency of light emission from organic light-emitting diodes (OLEDs) 

is one of their most important characteristics, along with emission colour and lifetime, 

because it is directly related to power consumption and device longevity. External 

quantum efficiencies (EQEs) of 30% have been reported recently7,11,30,75-77; this is 

considered to be the light-outcoupling efficiency limit of phosphorescent OLEDs 

under isotropically oriented transition dipole moments4. It has long been recognized 

that orienting the transition dipole moment of an emitter along the horizontal 

direction (parallel to the substrate) can enhance the outcoupling efficiency beyond 

that achieved under isotropic orientation, as demonstrated in polymer-based and 

vacuum evaporated fluorescent molecule-based OLEDs.12-17,22 Nonetheless, the 

orientation of the transition dipole moments of iridium complexes used as 

phosphorescent emitters in efficient OLEDs is typically considered to be isotropic 

because they are near-globular and small enough to have configurational diversity in 

their orientational states. Therefore, it is believed that the theoretical EQE limit of 

phosphorescent OLEDs is 30%. Recently, however, some heteroleptic iridium 

complexes (HICs) have been reported to have transition dipole moments oriented 

preferentially along the horizontal direction.7,18-20 This implies that it may be possible 
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to exceed the efficiency limit of 30% under isotropic orientations of the emitting 

dipoles. Unfortunately, the origin of the preferred orientation of some 

phosphorescent dyes is not fully understood, and OLEDs with an EQE over 30% 

have not yet been demonstrated using oriented phosphorescent dyes.  

In this article, we use quantum chemical calculations to show that the 

heteroleptic structure and the strong intermolecular interactions between HICs and 

their host molecules lead to preferred dipole orientations in the HICs. We 

demonstrate an unprecedentedly high EQE of 35.6% for red-emitting HICs with 

triplet transition dipole moments oriented along the horizontal direction.  
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5.2 Experimental 

Materials. Materials (>99%) were purchased from Furuya Metals (Tokyo, Japan) 

and Nichem Fine Technology Co., Ltd (Hsinchu County, Taiwan). The energy 

levels of the organic materials were obtained from the literature30, except for those 

of N,N’-di(naphthalen-1-yl)-N,N’-diphenylbenzidine (NPB). The highest occupied 

molecular orbital (HOMO) level of NPB was measured using cyclic voltammetry. 

The lowest unoccupied molecular orbital (LUMO) level of NPB was estimated 

using the HOMO level and the optical band gap from its absorption spectrum.  

Photoluminescence (PL) measurements. PL spectra of the organic materials were 

measured using samples thermally deposited on fused silica under a vacuum of 

<5 10-7 Torr. The samples were excited with a He/Cd laser (325 nm) to detect PL 

using a photomultiplier tube attached to a monochromator. 

Device fabrication. The OLEDs were fabricated on clean glass substrates 

prepatterned with 100-nm-thick indium tin oxide (ITO) under a pressure of 5 10-7 

Torr by thermal evaporation without breaking the vacuum. Before the deposition of 

the organic layers, the ITO substrates were pre-cleaned with isopropyl alcohol and 

acetone, then exposed to ultraviolet-ozone for 10 min. The devices had the following 

layer structure: ITO (100 nm)/1,1-bis((di-4-tolylamino)phenyl)cyclohexane (TAPC) 

(75nm)/NPB (10nm)/NPB:bis(4,6-(3,5-di-(3-pyridyl)phenyl))-2-methylpyrimidine 

(B3PYMPM): red dopants tris(2-phenylquinoline)iridium(III) [Ir(phq)3]78, (bis(2-

(3,5-dimethylphenyl)quinoline)Ir(III)(acetylacetonate) [Ir(mphq)2acac]79, bis(2-

methyldibenzo-[f,h]-quinoxaline)Ir(III)(acetylacetonate) [Ir(MDQ)2acac]80, (bis(4-
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methyl-2-(3,5-dimethylphenyl)quinoline))Ir(III)(tetramethylheptadionate) 

[Ir(mphmq)2tmd]79 (30nm, 3.5 mol%)/B3PYMPM (10nm)/B3PYMPM:Rb2CO3 (45 

nm, 2 wt%)/Al (100nm). Each layer was deposited at a rate of 1Å/s, and the 

deposition rate of the co-deposited layers was 1Å/s in total. 

Device characterization. The current density-voltage-luminance (J-V-L) and 

electroluminescent (EL) spectra were measured using a programmable source meter 

(Keithley 2400) and a spectrophotometer (Spectrascan PR650, Photo Research). The 

angular distribution of the EL was measured with a programmable source meter 

(Keithley 2400), a goniometer, and a fiber optic spectrometer (Ocean Optics S2000). 

The EQE and the power efficiency of the OLEDs were calculated from their J-V-L 

characteristics, their EL spectra and the angular distribution of the EL intensity. 

Measurement and calculation of angle-dependent PL spectra. The dipole 

orientations in the red dyes in the birefringent NPB:B3PYMPM co-host were 

determined by analysing the angle-dependent PL of the film using the classical 

dipole model.17,18,24,57,81 This model allows for the separate calculation of the p- and 

s-polarized light emission from horizontally and vertically oriented dipoles in a non-

absorbing anisotropic medium. According to the dipole model, the horizontally and 

vertically oriented dipoles, px and pz, emit p-polarized light, whereas the other 

horizontally oriented dipole, py, emits s-polarized light. The angle-dependent 

emission intensity of the p-polarized light is significantly different for the px and pz 

dipoles, allowing the proportion of horizontal dipoles to be determined by fitting the 

simulated p-polarized intensity for various ratios of px and pz to the experimental 

data. Using this method, the ratio of horizontal ( x yP p p� �xP pxp ) to vertical ( zP p� � ) 
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dipoles can be evaluated. The refractive index of the optically anisotropic 

NPB:B3PYMPM layer was measured by variable angle spectroscopic ellipsometry 

(VASE). The incident angle was varied from 45° to 75° in steps of 5°. 

The experimental setup has been reported previously7,17 and was composed of 

a motorized rotation stage, a half cylinder lens with a sample holder, a dichroic 

mirror to filter the excitation beam, a polarizer to select the polarization of the 

emitted light and a fiber optic spectrometer (Ocean Optics Maya2000). A He-Cd 

continuous wave laser (325 nm) was used as the excitation source. NPB:B3PYMPM 

films (30-nm thick) doped with 3.5 mol% red dye, which were thermally deposited 

on a 1-mm-thick fused silica substrate and encapsulated under N2 atmosphere before 

use, were used for the angle-dependent PL measurements. P-polarized light was used 

to analyse the orientation of the dipoles in the films. 

Simulation of the outcoupling efficiency of the OLEDs. The outcoupling 

efficiency of the devices was evaluated using the obtained dipole orientations. The 

device structure used to calculate the outcoupling efficiency was ITO (100 

nm)/TAPC (75 nm)/NPB (10 nm)/NPB:B3PYMPM:Ir(mphmq)2tmd (30 

nm)/B3PYMPM (x nm)/Al (100 nm). The thickness (x nm) of the B3PYMPM layer 

was varied from 0 to 200 nm. The method has been described in detail elsewhere.11,81 

The refractive indices of the organic materials were measured by VASE, and those 

of ITO and Al were obtained from the literature.82,83 The refractive index of the glass 

substrates (Corning Incorporated Eagle 2000) was taken from the manufacturer. The 

influence of the dopant on the refractive index of the emitting layer (EML) was 

ignored because of the low doping concentration used.  



73

Density functional theory (DFT)/time dependent-DFT (TD-DFT) calculations 

on the iridium phosphorescent dyes. Quantum chemical calculations based on 

DFT were carried out using Gaussian 09 programm.64 An N,N-trans structure was 

used as the starting geometry. The ground state and triplet-state geometry 

optimization were performed using Becke’s three-parameter B3LYP exchange-

correlation functional84-86, the ‘double-ξ’ quality LANL2DZ basis set for the Ir atom, 

and the 6-311+G(d,p) basis set for all other atoms. A pseudo potential (LANL2DZ) 

was applied to replace the inner core electrons of the Ir atom, leaving the outer core 

[(5s)2(5p)6] electrons and the (5d)6 valence electrons. For the TD-DFT calculations, 

the unrestricted uB3LYP functional and the same basis sets used for geometry 

optimization were applied to the optimized geometry. The 20 lowest singlet and 

triplet states were calculated and analysed. The transition dipole moments of the 

triplet states were calculated using the Dalton 2011 program with a quadratic 

response function and the 6-31G(d) basis set for C, H; the 6-311G(d) basis set for N, 

O; and the Stuttgart ECP basis set for Ir in the TD-DFT calculations. Structure 

optimization and the Kohn–Sham orbitals were calculated using the Gaussian 09 

program64, while the triplet transition dipole moments were calculated using the 

Dalton 2011 programme.87 

To efficiently identify the binding geometry between the host and the dopant, 

the calculations for the electrostatic potential (ESP) map, which suggests plausible 

binding sites for the hosts and dopants by scanning the partial charge distributions 

on the molecular skeletons of each host and dopant molecule, were performed using 

the ESP method by Singh and Kollman.88 The DFT geometry optimizations were 
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then performed with the initial geometries, where the host and dopant were placed 

near the binding space suggested by the ESP map of each molecule. For the DFT 

computations, the Perdew–Burke–Ernzerhof89 exchange–correlation functional was 

used using DMol3 in Materials Studio.90,91 The electronic configurations were 

described by the double numerical basis set and the polarization basis set under an 

ECP. The optimization convergence thresholds for energy change, maximum force 

and maximum displacement were 0.00001 Ha, 0.002 Ha/Å and 0.005 Å, respectively. 
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5.3 Result and discussion 

5.3.1 Materials for OLEDs  

The red-emitting HICs Ir(mphq)2acac79, Ir(MDQ)2acac80 and 

Ir(mphmq)2tmd79 were used as phosphorescent emitters, and NPB and B3PYMPM 

were used as co-hosts for the fabrication of the OLEDs. A reference complex (fac-

Ir(phq)3)78 with a homoleptic disposition of the ligands identical to those of 

Ir(mphq)2acac was also prepared. The chemical structures of the red-emitting dyes 

and the host materials are presented in Figure 5.1a. The PL quantum yields (qPL’s) 

of the EMLs were directly measured using 50-nm-thick films on quartz substrates in 

an integration sphere. The measured qPL’s of the dyes were 0.71 for fac-Ir(phq)3, 0.83 

for Ir(mphq)2acac, 0.82 for Ir(MDQ)2acac and 0.96 for Ir(mphmq)2tmd. The co-host 

system was selected to take advantage of its exciplex-forming characteristics 

because OLEDs containing an exciplex-forming co-host have an almost perfect 

electron-hole balance, low driving voltage and low efficiency rolloff.7,30,31,35 Figure 

5.1b shows the PL spectra of vacuum-evaporated films of NPB and B3PYMPM and 

a co-evaporated film of NPB and B3PYMPM with a molar ratio of 1:1. The co-

evaporated film exhibits featureless emission at 510nm that is red-shifted compared 

with those of its constituent materials. The peak wavelength is close to the energy 

difference between the energy levels of LUMO of B3PYMPM and HOMO of NPB, 

indicating that the co-host system efficiently forms exciplexes upon photoexcitation. 
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Figure 5.1 Material characteristics. (a) Molecular structures of the red 

phosphorescent dyes and the host molecules. (b) Normalized PL spectra of the NPB, 

B3PYMPM and mixed NPB:B3PYMPM films. 
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5.3.2 Orientations of transition dipole moments of the phosphorescent dyes 

The orientations of the transition dipole moments of the red dyes in the mixed 

co-host films were determined by analysing the angle-dependent PL spectra of the 

films.7,17,18 The birefringence of the EML was considered in the theoretical fittings. 

Figure 5.2a shows the measured angle-dependent PL intensities of the p-polarized 

light emitted from the 30-nm-thick NPB:B3PYMPM:red dye (0.48:0.48:0.035 molar 

ratio) films at 605 nm, which are close to the PL maxima of the red emitters. The 

experimental data fit the horizontal transition dipole ratios (Θ’s) of 0.70 for fac-

Ir(phq)3, 0.77 for Ir(mphq)2acac, 0.80 for Ir(MDQ)2acac and 0.82 for Ir(mphmq)2tmd 

with an uncertainty of ± 2%, where Y is defined as the ratio of the horizontal 

component of the transition dipole moments to the total transition dipole moments. 

Moreover, the angle-dependent PL spectra were well matched, with theoretical 

fittings at all wavelengths (Figure 5.2b). Fac-Ir(phq)3, a homoleptic iridium complex, 

exhibited nearly isotropically oriented transition dipole moments, whereas the 

transition dipoles of the HICs were preferentially oriented along the horizontal 

direction, as manifested by the Θ values of over 0.75. 

Two conditions should be satisfied to obtain transition dipole moments 

preferentially oriented in the horizontal direction in the red HIC-doped co-host films: 

(1) the HIC should have triplet transition dipole moments preferentially oriented 

along a specific direction and not have a combination of transition dipole moments 

with various orientations, and (2) the HIC molecule itself should have a preferred 

orientation with respect to the substrate, in such a way that the combination of both 

conditions leads to transition dipole moments that are parallel to the horizontal  
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Figure 5.2 Analysis of the orientations of the transition dipole moments. (a) Angle-

dependent PL intensities at 605nm and (b) angle-dependent PL spectra of p-polarized 

light from the 30-nm-thick NPB:B3PYMPM:red dye (0.5:0.5:0.035 molar ratio) film. 

The theoretical calculations fit the experimental data well. 
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direction. To determine the detailed mechanism for (1) and (2), molecular 

simulations were performed.  

The triplet-state geometries of the red dyes were calculated using an 

unrestricted B3LYP level of theory without symmetry constraints. The triplet-state 

geometries of the HICs were found to possess a molecular C2 axis that intersected 

the iridium core and the central carbon atom of the -diketonate ancillary ligand. 

The pseudo octahedral geometry was completed by the remaining phenylato parts 

of the main ligands, which were located along the diagonal lines that cross the 

oxygen atom and the iridium core. In the case of fac-Ir(phq)3, the triplet-state 

geometry adopted C3 symmetry. Inspection of the Kohn–Sham orbitals revealed that 

the HOMO was distributed over the d(t2g)-orbital of Ir(III) and the π-orbital of the 

phenylato moiety, whereas the LUMO was mainly localized in the π *-orbital of the 

N-heterocycles (Figure 5.3a). Time-dependent DFT calculations were subsequently 

carried out for the optimized geometries to determine their adiabatic triplet transition 

energies, and these were found to be 1.81 eV for fac-Ir(phq)3, 1.79 eV for 

Ir(mphq)2acac, 1.86 eV for Ir(MDQ)2acac and 1.83 eV for Ir(mphmq)2tmd. In each 

case, the triplet transition mainly comprised an electronic transition from the HOMO 

to the LUMO with a configuration interaction coefficient larger than 0.62. The triplet 

transition dipole moment was calculated using the quadratic response function.87,92 

Figure 5.3b shows the x, y, z directions of the dipole moment for the transition from 

three sublevels of the triplet state. The angles between the C2 axis and the direction 

of the total triplet transition dipole moments of the HICs were found to be nearly 

right angles, with values of 89.02° for Ir(mphq)2acac, 85.19° for Ir(MDQ)2acac and  
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Figure 5.3 Quantum chemical calculations of the red dyes based on DFT. (a) 

Frontier molecular orbitals contributing to the lowest triplet transitions of Ir(phq)3, 

Ir(mphq)2acac, Ir(MDQ)2acac and Ir(mphmq)2tmd. (b) The triplet transition dipole 

moments of Ir(phq)3, Ir(mphq)2acac, Ir(MDQ)2acac and Ir(mphmq)2tmd from three 

spin sublevels are shown as arrows. The transition dipole moments of the Tx, Ty and 

Tz sublevels correspond to the black, red and blue arrows respectively. 
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90.45° for Ir(mphmq)2tmd. In sharp contrast, the directions of the triplet transition 

dipole moments of fac-Ir(phq)3 adopted a slant angle of 67.6° with respect to the C3 

axis. Therefore, the axial components (� ) of the transition dipole moments along 

the C3 axis were approximately half of the equatorial components ( ) in the molecule 

(� : = 2.4:1). The full calculation results, including the individual values of the 

transition dipole moments, are summarized in Table 5.1. 

The molecular arrangements and orientations of the red emitters with respect 

to the underlying substrate in the EML also influenced the orientation of the 

transition dipole moments. The optical anisotropy with different ordinary and 

extraordinary refractive indices was measured by VASE, and the data indicated that 

the molecular long axes of the host molecules were parallel to the substrate (Figure 

5.4).93 Because the EML contains a small amount of red dyes (~0.035 mol fraction), 

the molecular orientations of the red dyes and their resultant electro -optic 

performance rely on the binding geometries of the red dyes with the host molecules. 

To computationally investigate the intermolecular interactions between the 

constituent molecules in the EML, geometry optimizations were performed on the 

NPB/B3PYMPM/red dye ternary systems using DFT with the Perdew–Burke–

Ernzerhof functional89 with a double numerical basis set and the polarization basis 

set under an effective core potential. Figure 5.5a-d shows the optimized geometries 

of the red dye/cohost molecular clusters (or supramolecules), revealing that the C2 

axis of the HICs (Ir(mphq)2acac, Ir(MDQ)2acac and Ir(mphmq)2tmd), as well as the 

C3 axis of fac-Ir(phq)3 were almost perpendicular to the molecular long axes of the  
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Table 5.1 Dipole moment (M (Tk)) of the S0-T1 transition for the T1 geometry.  

represents the direction of the transition dipole moment and k represents the 

Cartesian component of the ZFS triplet state spin sublevel. All values of the dipole 

moments are in a.u. 

 

Transition 

moment 

(sublevel) 

Ir(phq)
3
 Ir(mphq)

2
acac Ir(MDQ)

2
acac Ir(mphmq)

2
tmd

 

Mx(Tx) -1.12  10-4 7.95  10-4 1.31  10-3 -1.62  10-3 

My(Tx) 1.13  10-3 3.18  10-4 0 4.00  10-5 

Mz(Tx) -7.86  10-4 0 1.14  10-4 1.10  10-5 

Mx(Ty) 4.9  10-5 2.00  10-3 0 1.63  10-3 

My(Ty) -6.42  10-4 7.19  10-4 -2.38  10-4 -9.00  10-6 

Mz(Ty) 2.09  10-4 0 0 -2.00  10-6 

Mx(Tz) 1.83  10-4 0 1.51  10-3 6.82  10-4 

My(Tz) -3.93  10-4 0 0 -1.40  10-5 

Mz(Tz) 2.64  10-4 -5.10  10-5 -1.29  10-4 1.80  10-5 
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Figure 5.4 Refractive index of the undoped co-host layer (NPB:B3PYMPM, 1:1 

molar ratio) film (50 nm thick) as measured by VASE. 
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Figure 5.5 Optimized binding geometries of the red dye co-host supramolecules. (a) 

B3PYMPM-Ir(mphq)2acac-NPB, (b) B3PYMPM-Ir(MDQ)2acac-NPB, (c) 

B3PYMPM-Ir(mphmq)2tmd-NPB and (d) B3PYMPM-Ir(phq)3-NPB. 
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NPB and B3PYMPM molecules. The binding energies of the four red dye/co-host 

systems (that is, NPB-dye-B3PYMPM) were almost identical at ~70 kcal/mol. The 

pairwise binding energies of the NPB/B3PYMPM/dye systems are given in Table 

5.2. Notably, the binding energies between the HICs and the host molecules (NPB 

or B3PYMPM) were ~10 - 20 times stronger than the binding energies between the 

other binding pairs (2 - 3 kcal/mol). The strong binding energies of the HICs with 

the host molecules can be attributed mainly to the electron-deficient nature of the N-

heterocycles that interact strongly with the electron-rich region of the aromatic rings 

in the tail of the host molecules. Isosurfaces of the molecular ESP for the HICs and 

the host molecules are shown in Figure 5.6a-f. The isosurfaces suggest that the highly 

electropositive spots (+ 0.1 J/C) at the methyl groups (Ir(mphmq)2tmd and 

Ir(MDQ)2acac) or hydrogens (Ir(mphq)2acac) belonging to the N-heterocycles of the 

HICs are responsible for the strong Coulomb interactions with the electronegative 

aromatic planes of the host molecules. From the optimized binding geometries in 

Figure 5.5a-c, the host molecules are docked in the space between these two spots 

(N-heterocycles and -diketonate ancillary ligands), and these are almost 

perpendicular to the C2 axes of the HICs. The spaces between the highly 

electropositive spots can thus be regarded as binding sites for the HIC molecules that 

lead to supramolecular assembly between the HICs and the host molecules. Because 

the NPB and B3PYMPM molecules are horizontally oriented in the co-host films, 

the C2 axes of the HIC molecules tend to be more or less perpendicular to the film 

surface. Therefore, it is inferred from these calculations that the preferred orientation 

of the transition dipole moments of the HICs in the EMLs is along the horizontal
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Figure 5.6 Isosurfaces of the molecular ESP. (a) Ir(phq)3, (b) Ir(mphq)2acac, (c) 

Ir(MDQ)2acac, (d) Ir(mphmq)2tmd, (e) NPB and (f) B3PYMPM. The numerals on 

the isosurfaces are in J/C. The electron-deficient nature of the N-heterocycles and 

the -diketonate ancillary ligand interact strongly with the electron-rich region of 

the aromatic rings in the tail of the host molecules. 
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direction because of the almost perpendicular direction of the transition dipole 

moments to the C2 axis in the HICs. However, a smaller horizontal transition dipole 

moment is predicted for fac-Ir(phq)3 because the molecule has a horizontal-to-

vertical transition dipole moment ratio of ~ 0.705:0.295 from the � :  =  2.4:1 

because the C3 axis is perpendicular to the substrate. The ratio is very close to the 

experimentally obtained Θ = 0.70. Notably, the rotation of the homoleptic molecule 

does not significantly change the orientational factor Θ because of the molecular 

symmetry. 

It is worth commenting that our simulations of the binding geometries were 

based only on the optimization of three molecules, consisting of one emitter 

molecule and two host molecules. Nonetheless, because the content of emitters in 

this amorphous mixture is quite small, and because the emitters investigated in this 

study have only two binding sites with extremely high binding energies to the host 

molecules (10-20 times those of the emitter–emitter and host–host interactions), we 

presume that the host–emitter–host supramolecule is a unit pseudo-molecule 

comprising the emission layer with excessive host molecules and that its internal 

geometry is little affected by neighboring pseudo-molecular units or host molecules. 
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5.3.3 Fabrication and performance of the OLEDs 

Having verified the preferred horizontal orientation of the HIC transition 

dipoles, we fabricated OLEDs to examine the influence of the anisotropic dipole 

alignment. Figure 5.7a schematically shows the configuration of the device and the 

energy levels of the layers that were incorporated into the devices. The multilayer 

OLEDs were prepared with the following layers: ITO (100 nm)/ TAPC (75 nm)/NPB 

(10 nm)/NPB:B3PYMPM: 3.5 mol% red dyes (30 nm)/B3PYMPM (10 

nm)/B3PYMPM: 2 wt% Rb2CO3 (45 nm)/Al (100 nm). The NPB and B3PYMPM 

were used as the hole transport material and the electron transport material, 

respectively. The hole transport material and electron transport material were also 

used as co-hosts of the EML at a molar ratio of 1:1. This co-host system facilitates 

efficient charge injection from the electrodes to the EML because it removes the 

injection barrier for electrons (or holes) from the electron transport layer (ETL or 

hole transport layer) to the EML.    

The current density–voltage–luminance (J-V-L) characteristics of the OLEDs 

containing fac-Ir(phq)3, Ir(mphq)2acac, Ir(MDQ)2acac or Ir(mphmq)2tmd are shown 

in Figure 5.7b. The devices showed identical J-V characteristics but different L-V 

characteristics because of the differences in their emission spectra and EQEs. The 

EL spectra (Figure 5.7c) of the OLEDs matched the PL spectra of the dyes doped in 

the co-host film well. The EQEs and power efficiencies of the devices calibrated 

using the profiles of the angle-dependent number of emitted photons (inset of Figure 

5.7b) are shown in Figure 5.7d. The EQE of the Ir(mphmq)2tmd device was higher 

than that of the devices containing Ir(MDQ)2acac, Ir(mphq)2acac or fac-Ir(phq)3.  



90

 

 

 

 

Figure 5.7 Device structure and OLED performance for red dyes. (a) Schematic 

diagram of the device structure and the energy levels of the device. (b) J-V-L curves. 

Inset: the angular distribution of the EL intensity of the OLEDs. The dashed line in 

the inset shows the Lambertian distribution. (c) EL spectrum of the OLEDs. (d) 

EQEs and power efficiency as a function of the luminance. 
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Specifically, the Ir(mphmq)2tmd device showed a very high EQE of 35.6% at a 

luminance of 350 cd/m2, which is 1.5 times higher than the highest efficiency 

reported to date for red OLEDs and even higher than that of green 

OLEDs.30,75,76,79,94,95 The efficiency roll-off was also very small, as the EQE was 35.1% 

at 1,000 cd/m2 and 30.0% at 10,000 cd/m2. If one considers the sensitivity of human 

eyes, red emission with a luminance of 10,000 cd/m2 corresponds to a radiative 

intensity 2 - 3 times higher than that of green emission at the same luminance. The 

high EQE combined with a low turn-on voltage (2.1 V) and a low driving voltage 

resulted in a high power efficiency with a maximum value of 66.2 lm/W (53.6 lm/W 

at 1,000 cd/m2) in the optimized device.  
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5.3.4 Optical simulation of the EQE of devices 

To explain the high EQE, the maximum EQE for the Ir(mphmq)2tmd device 

was simulated as a function of the total thickness of the ETL (tETL) using qPL = 0.96 

and Θ = 0.82.24 As shown in Figure 5.8a, the calculated profiles exhibit a sinusoidal 

variation in the EQE with increasing tETL and match the experimental data very well 

over a wide tETL range. The J-V-L data, angle-dependent emission patterns, emission 

spectrum, quantum efficiency and power efficiency data for the devices in Figure 

5.8a are shown in Figure 5.9-12. We repeated the calculation of the maximum EQEs 

of the optimized devices with red dyes using (qPL, Θ) values of (0.71, 0.70) for fac-

Ir(phq)3, (0.83, 0.77) for Ir(mphq)2acac, (0.82, 0.80) for Ir(MDQ)2acac and (0.96, 

0.82) for Ir(mphmq)2tmd. We assumed a perfect electron-hole balance in these 

devices. The predicted maximum EQE values for the devices based on fac-Ir(phq)3, 

Ir(mphq)2acac, Ir(MDQ)2acac and Ir(mphmq)2tmd were 22.2%, 29.1%, 29.6% and 

34.9%, respectively. These values are in excellent agreement with the measured 

maximum EQEs of the fac-Ir(phq)3 (20.9%), Ir(mphq)2acac (27.6%), Ir(MDQ)2acac 

(27.1%) and Ir(mphmq)2tmd (35.6%) containing devices. The unprecedented value 

of EQE 35.6% is originated from high Θ combined with high qPL of Ir(mphmq)2tmd. 
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Figure 5.8 Optical simulation of the EQE of devices. (a) EQEs of the 

Ir(mphmq)2tmd-based OLEDs with varying ETL thickness (circles with dots). The 

J-V-L, angle-dependent emission patterns, emission spectra, quantum efficiencies 

and power efficiency data for these devices are shown in Figure 5.9-12. (b) Contour 

plot of the maximum EQEs achievable with Ir(mphmq)2tmd possessing a certain PL 

quantum yield (qPL) and ratio of the horizontal dipole (Θ). 
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Figure 5.9 Performance of OLEDs with different thicknesses of ETL (20, 25, 30, 

and 35 nm). (a) Current density–voltage–luminance curves. Inset: Angular 

distribution of the EL intensity of the OLEDs. The dashed line shows the Lambertian 

distribution. (b) EL spectra. (c) external quantum efficiencies and (d) power 

efficiencies versus luminance of the OLEDs. 
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Figure 5.10 Performance of OLEDs with different thicknesses of ETL (50, 55, 60, 

and 65 nm). (a) Current density–voltage–luminance curves. Inset: Angular 

distribution of the EL intensity of the OLEDs. The dashed line shows the Lambertian 

distribution. (b) EL spectra. (c) external quantum efficiencies and (d) power 

efficiencies versus luminance of the OLEDs. 
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Figure 5.11 Performance of OLEDs with different thicknesses of ETL (100, 105, 

110, and 115 nm). (a) Current density–voltage–luminance curves. Inset: Angular 

distribution of the EL intensity of the OLEDs. The dashed line shows the Lambertian 

distribution. (b) EL spectra. (c) external quantum efficiencies and (d) power 

efficiencies versus luminance of the OLEDs. 
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Figure 5.12 Performance of OLEDs with different thicknesses of ETL (150, 155, 

160, and 165 nm). (a) Current density–voltage–luminance curves. Inset: Angular 

distribution of the EL intensity of the OLEDs. The dashed line shows the Lambertian 

distribution. (b) EL spectra. (c) external quantum efficiencies and (d) power 

efficiencies versus luminance of the OLEDs. 
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5.4 Conclusion 

Using quantum chemical calculations, we demonstrated that the preferred 

orientation of HICs in OLEDs originates from the preferred direction of the HIC 

triplet transition dipole moments and the strong supramolecular arrangement within 

the co-host environment. The elongated supramolecules themselves or the preferred 

horizontal orientation of the host molecules resulted in the preferred horizontal triplet 

transition dipole moments of the HICs in the EML. Understanding the origin of the 

preferred orientation of HICs will enable us to design dyes with highly oriented 

transition dipole moments. As a result, it will be possible to achieve EQEs much 

higher than the conventional limit of 30%. To verify the effect of the orientation of 

the transition dipole moments on EQE, the simulation was extended to calculate the 

maximum achievable EQEs for red OLEDs using the emission spectrum of 

Ir(mphmq)2tmd with arbitrary values of qPL and Θ. Figure 5.8b shows a contour plot 

of the maximum EQEs for the red OLEDs as a function of qPL and Θ assuming a 

perfect electron-hole balance without any electrical loss. The figure clearly shows 

that an EQE of over 45% is achievable if the emitter has a qPL of 1 and horizontally 

oriented transition dipole moments. Practically, an EQE of 40% is possible with qPL 

= 0.95 and Θ = 0.95. The value is significantly higher than that achievable with 

randomly oriented emitting dipoles.  
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Chapter 6. Controlling emitting dipole orientation with methyl 

substituents on main ligand of iridium complexes for highly 

efficient phosphorescent organic light-emitting diodes 

 

6.1 Introduction 

Phosphorescent iridium complexes have long been thought to have random 

orientation when doped in an emitting layer (EML) due to their octahedron structures. 

External quantum efficiency (EQE) of organic light-emitting diodes (OLEDs) 

without any out-coupling structures is theoretically limited to 25%–30% if the 

orientation of emitting dipoles is randomly oriented.11 Some platinum complexes and 

homoleptic iridium complexes indeed exhibited nearly isotropic orientation with the 

horizontal dipole ratio (Θ) of 67%–70%32,33,96,97, where Θ is defined as the ratio of 

the horizontal transition dipole moments (TDMs) to total TDMs in an EML. 

Recently, however, some heteroleptic iridium complexes that have the ancillary 

ligands of β-diketonate or picolinate have been reported to have preferred orientation 

of emission dipoles along the horizontal direction (parallel to substrates) with Θ of 

76%–82%.7,8-20,32-34 The outcoupling efficiency of the emitted light from the 

horizontally oriented emitting dipoles in an OLED can reach 45% that is much higher 

than isotropically oriented transition dipoles.7,18,20,33 

However, the origin of the preferred emitting dipole orientation (EDO) and 

the factors influencing the orientation have not been studied much. There are two 
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requirements for a phosphorescent dye to have preferred EDO in a film: (1) the 

phosphorescent dye should have triplet TDMs preferentially oriented along a 

specific direction and not have a combination of transition dipole moments with 

various orientations, and (2) the phosphorescent molecules themselves should align 

in the film with a preferred orientation with respect to the substrate.33 It was proposed 

based on quantum chemical calculation that the heteroleptic molecular structure of 

the Ir (III) complexes and strong Coulombic interaction between the dopant and host 

molecules are the driving forces of the preferred EDO.32,33 In this regard, the 

structure of the emitting molecules, as well as the organic host molecules, must 

influence the EDO. The effect of the ancillary ligands in the heteroleptic Ir 

complexes (HICs) on the EDO and the photoluminescence quantum yields (PLQY) 

in doped films were reported recently, exhibiting that bis(2-

phenylpyridine)Ir(III)(2,2,6,6-tetramethylheptane-3,5-diketonate) (Ir(ppy)2tmd) 

results in higher PLQY and Θ values than bis(2-

phenylpyridine)Ir(III)acetylacetonate (Ir(ppy)2acac), which in turn has higher values 

than tris(2-phenylpyridine)Ir(III) (Ir(ppy)3). Unfortunately, the reason why different 

ancillary ligands resulted in different EDOs has not been reported yet and their 

discussion was limited to rather qualitative description and there are few reports on 

the quantitative and systematic investigation of the effect of the structure of the 

emitting molecules on the EDO in films. Furthermore, the effect of the main ligands 

in HICs has not been investigated up to now to our best knowledge. The 

understanding of the structure–property relationship will eventually lead us to 

identify phosphorescent dyes with high Θ in films to fabricate OLEDs with high 
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EQE. 

In this study, we investigated the effect of main ligands of HICs on the EDO 

in doped films and related the EDO to the angle between the TDM of emission 

dipoles and the C2 axis of the molecules. For this purpose, we designed and 

synthesized four iridium complexes where the hydrogen atom(s) at different 

positions of the cyclometalated ligands of Ir(ppy)2tmd were systematically replaced 

by methyl group(s) keeping the ancillary ligand the same as tmd. We used the same 

host for the dopants to minimize the host effect, i.e., to minimize the variation of the 

intermolecular interaction between the dopants and the host. We found that the 

methyl substitution resulted in different directions of the TDM in the iridium 

complexes. Moreover, the molecules with higher angle between the C2 axis and the 

TDM in the molecules resulted in a higher horizontal portion of the emitting dipole 

orientation in the emitting layer. Based on the observation, we were able to develop 

a new green emitter having high Θ of 80% and PLQY of 97% and resultantly 

demonstrate a green OLED exhibiting an unprecedented high EQE of 34.1%, power 

efficiency (PE) of 157.6 lm/W, and current efficiency (CE) of 120.5 cd/A using the 

new emitter. 
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6.2 Experimental 

Materials synthesis. New Ir complexes were designed by K.-H. Kim and J.-J. Kim 

at Seoul National University and synthesized by Y.-H. Kim and co-workers at 

Gyeongsang National University. 

Calculation of triplet transition dipole moments of molecules.Triplet geometries 

of molecules were calculated using Gaussian09 program64. The optimization of 

triplet state geometry were performed using B3LYP, LANL2DZ basis set for Ir, and 

the 6-311+G(d,p) for all other atoms. To calculate triplet transition properties of 

molecules, time-dependent density functional theory (TD-DFT) were carried out 

with optimized geometries using Dalton2013 program98,99. The transition dipole 

moments of triplet states were calculated with a quadratic response function and 

LANL2DZ basis set for Ir, and 6-31G(d) for all other atoms. 

Measurement of orientation of transition dipoles. Orientation of transition dipole 

moments was measured using a continuous wave laser (325 nm, Melles Griot). The 

incident angle of the excitation source was fixed at 45°. The angle dependent PL 

spectra of p-polarized light was detected using charge-coupled device (MAYA 2000, 

Ocean optics). 

Device fabrication and characterization. The OLEDs were fabricated on clean 

glass substrates that were pre-patterned with 70-nm thick ITO under a pressure of 5 

 10-7 Torr by thermal evaporation without breaking the vacuum. Current density, 

luminance, and electroluminescence spectra were measured using a programmable 

source meter (Keithley 2400) and a spectrophotometer (Spectrascan PR650, Photo 
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Research). The angular distribution of the EL was measured with a programmable 

source meter (Keithley 2400), a goniometer, and a fiber optic spectrometer (Ocean 

Optics S2000). 
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6.3 Result and discussion 

Chemical structures of the green-emitting phosphorescent dyes investigated 

in this study are shown in Figure 6.1a. All the structures are based on Ir(ppy)2tmd 

having high Θ and high PLQY.32,73 Bis(2-phenyl-3-methylpyridine)Ir(III)(2,2,6,6-

tetramethylheptane-3,5-diketonate) (Ir(3-mppy)2tmd), bis(2-phenyl-4-

methylpyridine)Ir(III)(2,2,6,6-tetramethylheptane-3,5-diketonate) (Ir(4-mppy)2tmd), 

and bis(2-phenyl-5-methylpyridine)Ir(III)(2,2,6,6-tetramethylheptane-3,5-

diketonate) (Ir(5-mppy)2tmd) have a methyl substituent on different sites of the 

pyridine ring, whereas bis(2-(3,5-dimethylphenyl)-4-methylpyridine)Ir(III)(2,2,6,6-

tetramethylheptane-3,5-diketonate) (Ir(3′,5′,4-mppy)2tmd) has three methyl 

substituents on both pyridine and phenyl rings of Ir(ppy)2tmd. We designed the 

molecules under the expectation that the methyl substitution of the hydrogen atom(s) 

in the cyclometalated ligands of the Ir complexes will modify the electron density 

and its distribution in the lowest unoccupied molecular orbital (LUMO) and the 

highest occupied molecular orbital (HOMO) of the molecules, resulting in the 

change of the direction of the TDMs in the molecules. 

The absorption and emission spectra of the compounds are shown in Figure 

6.1b. The absorption at 340–370 nm can be assigned to a spin allowed singlet metal-

to-ligand charge transfer (1MLCT) transition and weak long absorption at 450–470 

nm can be assigned to the spin-forbidden triplet ligand centered (3LC) and/or triplet 

MLCT (3MLCT) transitions. The peak wavelengths of the PL spectra were 529 nm 

for Ir(3-mppy)2tmd, 520 nm for Ir(4-mppy)2tmd, 522 nm for Ir(5-mppy)2tmd, and  
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Figure 6.1 (a) Molecular structures and (b) absorption and PL spectra of Ir(3-

mppy)2tmd, Ir(4-mppy)2tmd, Ir(5-mppy)2tmd, and Ir(3′,5′,4-mppy)2tmd in 

chloroform. 
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531 nm for Ir(3′,5′,4-mppy)2tmd, respectively. The HOMO levels of the compounds 

were measured by using cyclic voltammetry, and the LUMO levels were calculated 

from the HOMO levels and the optical bandgaps. The HOMO levels of Ir(3-

mppy)2tmd, Ir(4-mppy)2tmd, and Ir(5-mppy)2tmd are similar because of the same 

substituents of phenyl rings, whereas Ir(3′,5′,4-mppy)2tmd that has two methyl 

substituents on the phenyl ring showed a higher HOMO level than the other Ir-

complexes (Table 6.1). The PLQYs of the Ir complexes were measured by using 50 

nm thick films on quartz substrates in an integrating sphere. The PLQYs of Ir(3- 

mppy)2tmd, Ir(4-mppy)2tmd, Ir(5-mppy)2tmd, and Ir(3′,5′,4-mppy)2tmd doped (8 

wt%) in 4,4’,4″-tris(N-carbazolyl)-triphenylamine (TCTA): bis-4,6-(3,5-di-3-

pyridylphenyl)-2-methylpyrimidine (B3PYMPM) co-hosts were 92%, 93%, 93%, 

and 97%, respectively. The photophysical and electronic properties of the 

compounds are summarized in Table 6.1. 

The triplet transition properties of the Ir complexes were studied using the 

time-dependent density functional theory (DFT) with B3LYP level, the LANL2DZ 

basis set for the Ir atom, and the 6–31g(d) basis set for all other atoms. Details of the 

calculation scheme were reported previously.33 The triplet transition energies were 

found to be 2.09 eV for Ir(3-mppy)2tmd), 2.16 eV for Ir(4-mppy)2tmd), 2.13 eV for 

Ir(5-mppy)2tmd, and 1.99 eV for Ir(3′,5′,4-mppy)2tmd. The total TDMs of the 

molecules are shown in Figure 6.2. The TDMs of the three sublevels of the T1 state 

for each molecule are shown in Figure 6.3. The Ir complexes have different 

directions of the triplet TDMs that are significantly affected by the methyl  
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Figure 6.2 The triplet transition dipole moments of (a) Ir(3-mppy)2tmd, (b) Ir(4-

mppy)2tmd, (c) Ir(5-mppy)2tmd, and (d) Ir(3′,5′,4-mppy)2tmd from the DFT 

calculations. Arrows represent the directions and relative magnitudes of the triplet 

transition dipole moments. 
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Figure 6.3 The triplet transition dipole moments of Ir(3-mppy)2tmd, Ir(4-mppy)2tmd, 

Ir(5-mppy)2tmd, and Ir(3’,4’,5-mppy)2tmd from three spin sublevels are shown as 

arrows. The transition dipole moments of the Tx, Ty and Tz sublevels correspond to 

the black, blue, red arrows respectively. 
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substituents of the cyclometalated ligand, as expected. The TDMs of Ir(3-mppy)2tmd, 

Ir(4-mppy)2tmd, and Ir(5-mppy)2tmd are directed from the iridium metal to the 

methyl substituent in the main ligands. That is because the carbon adjacent to the 

methyl substituent has higher electron density than other carbon atoms in the N -

heterocycle. The high electron density results from inductive effect of methyl 

substituents, which generates large transition from the carbon atoms adjacent to the 

methyl substituent when MLCT and LC charge transfer take place. The angles (Φs) 

between the C2 axis and the direction of transition dipole moments were found to be 

78.0° for Ir(3-mppy)2tmd), 79.7° for Ir(4-mppy)2tmd), 82.4° for Ir(5-mppy)2tmd), 

and 85.5° for Ir(3′,5′,4-mppy)2tmd, respectively. Oscillator strengths of the Ir 

complexes were calculated to be 4.89 × 10−4 a.u. for Ir(3-mppy)2tmd, 5.65 × 10−4 a.u. 

for Ir(4-mppy)2tmd, 5.69 × 10−4 a.u. for Ir(5-mppy)2tmd, and 1.01 × 10−3 a.u. for 

Ir(3′,5′,4-mppy)2tmd, respectively. The values of oscillator strengths are well 

consistent with the PLQYs of the dyes, as expected. 

The emitting dipole orientation of the dyes in the emitting layer composed of 

TCTA:B3PYMPM:8 wt% dyes was determined from the analysis of the angle-

dependent PL spectra obtained from the 32 nm thick films on fused silica substrates 

(Figure 6.4a–d). The angle-dependent PL spectra were analyzed using the classical 

dipole model considering the birefringence effect of the film.7,17,24,59,100 The 

experimental data were well fitted by the Θ values of 0.74 for Ir(3-mppy)2tmd, 0.75 

for Ir(4-mppy)2tmd, 0.77 for Ir(5-mppy)2tmd, and 0.80 for Ir(3′,5′,4-mppy)2tmd. The 

Θ value of Ir(3-mppy)2tmd is the same as the Θ value of Ir(ppy)2tmd that has no 

substituents on the main ligands,100 whereas Θs of the other dyes are larger than that  
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Figure 6.4 Angle-dependent PL spectra of the p-polarized light from the 32 nm thick 

fi lms composed of TCTA:B3PYMPM for (a) Ir(3-mppy)2tmd, (b) Ir(4-mppy)2tmd, 

(c) Ir(5-mppy)2tmd, and (d) Ir(3′,5′,4-mppy)2tmd, respectively. Dashed lines 

represent theoretical fits to the experimental data. (e) The ratio of horizontal emitting 

dipoles (Θ) in films against the angle between the C2 axis and TDM (Φ) of the 

molecules. 
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of Ir(ppy)2tmd. Figure 6.4e shows the Θ values in the films against the Φ values of 

the molecules. Strikingly, good linear correlation can be observed in the figure. The 

highest Φ value of Ir(3′,5′,4-mppy)2tmd resulted in the highest Θ, and the lowest Φ 

of Ir(3-mppy)2tmd showed the lowest Θ among the four dyes. The excellent 

proportionality between Φ and Θ of the phosphorescent dyes implies that the C2 axes 

of the Ir complexes doped in the films composed of TCTA:B3PYMPM are aligned 

almost perpendicular to the substrate on average with some distributions. These 

results clearly demonstrate that the direction of the TDM against the C2 axis of 

heteroleptic Ir complexes is an important factor determining the orientation of the 

emission dipoles in films. Interaction between the Ir complexes and the host 

molecules must be almost the same because intermolecular interaction between the 

host and the dopants largely depends on the electrostatic potentials of the N-

heterocycles of the iridium complexes and the tail of the host and the same host was 

used for the dyes.33,101 The DFT calculation showed that the electrostatic potential 

values of the methyl substituents and the N-heterocycles in the four dyes are similar 

(0.09–0.1 a.u.) (Figure 6.5), indicating that the Coulomb interactions between the 

host and the dyes must be similar despite the different positions of the methyl 

substituent. Therefore, the methyl substituent in the iridium complexes at different 

positions does not largely affect the intermolecular interaction. The photophysical 

data are summarized in Table 6.1. 

We fabricated OLEDs using the dyes to investigate the influence of preferred 

horizontal orientation of the emitting dipoles on efficiency. The device structure of 

the OLEDs was as follows; indium tin oxide (ITO) (70 nm)/1,1-bis((di-4- 
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Figure 6.5 Electrostatic potential of iridium complexes. Unit of electrostatic 

potential is arbitrary unit. 
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tolylamino)phenyl)cyclohexane (TAPC) (75 nm)/TCTA (10 

nm)/TCTA:B3PYMPM:8 wt% green dyes (32 nm)/B3PYMPM (45 nm)/LiF (0.7 

nm)/Al (100 nm).30-32 TCTA and B3PYMPM were used as the hole-transporting 

material and the electron-transporting material, respectively, and also used as the co-

hosts of the EML with the molar ratio of 1:1. The co-host forms exciplex upon 

excitation as reported before.30 We used the device structure because the device 

exhibited no electrical loss, low driving voltage, and low efficiency roll-off. 

Moreover, the device resulted in excellent match with the theoretically predicted 

efficiencies within ±1% calculated using the classical dipole model with the 

measured PLQY and Θ of the emitters and the refractive indices of the consisting 

layers under the assumptions of zero electrical loss.7,30,32,100 The current density–

voltage–luminance (J-V-L) characteristics of the OLEDs doped with the dyes are 

shown in Figure 6.6a. The OLEDs showed the same turn-on voltage of 2.4 V. 

However the device of Ir(3′,5′,4-mppy)2tmd showed higher driving voltage because 

the higher HOMO level of Ir(3′,5′,4-mppy)2tmd plays a role as deep hole traps. The 

electroluminescent (EL) spectra of the devices were almost the same as the PL 

spectra of the dyes (inset of Figure 6.6a). The PE and the EQE of the devices are 

displayed in Figure 6.6b. The EQEs and PEs of the devices were calibrated using the 

angle-dependent emission intensity profiles (inset of Figure 6.6a). The maximum 

EQEs were 30.5%, 31.9%, 32.0%, and 34.1% with the standard deviation (std) of 

0.5% and the maximum PEs were 145.8, 135.8, 147.5, and 157.6 lm/W with the std 

of 1.7 lm/W for the devices doped with Ir(3-mppy)2tmd, Ir(4-mppy)2tmd, Ir(5-

mppy)2tmd, and Ir(3′,5′,4-mppy)2tmd, respectively. The maximum CEs were 108.1,  
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Figure 6.6 (a) The current density–voltage–luminance curves of the OLEDs. Inset: 

the normalized EL spectra of the OLEDs and the angular distributions of the EL 

intensities of the OLEDs. The dashed line in the inset shows the Lambertian 

distribution. (b) EQEs and power efficiencies against luminance. (c) Contour plot of 

the maximum achievable EQE possessing a certain PLQY and ratio of the horizontal 

dipoles compared with experimental EQE. 
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104.2, 107.5, and 120.5 cd/A with the std of 1.4 cd/A for the dyes, respectively. The 

EQE of 34.1% and the PE of 157.6 lm/W for the device doped with Ir(3′,5′,4-

mppy)2tmd are the highest efficiency reported to date for green OLEDs without any 

outcoupling structures. The highest EQE reported in the literature up to now is 32.3% 

to our best knowledge where Ir(ppy)2tmd was used as the dopant using the same 

device structure as ours.32 The unprecedented high value of 157.6 lm/W originated 

from the high EQE combined with the low driving voltage and the spectral shift. 

The experimentally obtained maximum EQEs of the devices are consistent 

with the maximum achievable EQEs predicted by the optical simulation based on 

the measured Θs and PLQYs, as shown in Figure 6.6c.24,59 The contour plots of the 

maximum achievable EQEs were calculated as functions of PLQY and Θ under the 

assumption of no electrical loss. The emission zone was assumed to be located in the 

middle of the EML. The calculated maximum achievable EQEs of the devices doped 

with Ir(3-mppy)2tmd, Ir(4-mppy)2tmd, Ir(5-mppy)2tmd, and Ir(3′,5′,4-mppy)2tmd 

were 31.1%, 31.2%, 32.2%, 35.1%, respectively. These values well matched with 

the experimentally obtained maximum EQEs. The device of Ir(3′,5′,4-mppy)2tmd 

having the highest Θ and PLQY exhibited the highest theoretical EQE, as well as the 

highest measured EQE. The device performances along with the orientation factors 

and the PLQYs are summarized in Table 6.2. 
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6.4 Conclusion 

In summary, we found that there is a strong linear correlation between the 

orientation of the emitting dipoles (Θ) in films and the orientation of the TDMs (Φ) 

against the C2 axis of the heteroleptic Ir complexes. Higher Φ resulted in higher Θ 

in the same host molecules. We also showed that the methyl substitution of the 

hydrogen atom(s) in the pyridine and phenyl rings of a heteroleptic phosphorescent 

iridium complex significantly influences the orientation of the emission dipoles, as 

well as the angle between the C2 axis and the direction of the transition dipole 

moments. Based on the observation, we were able to develop new green emitters 

having high horizontal orientation of phosphorescent emitting dipoles and 

resultantly a high performance green OLED with unprecedentedly high EQE of 

34.1%, PE of 157.6 lm/W, and CE of 120.5 cd/A, respectively. 
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Chapter 7. Design of heteroleptic Ir complex with horizontal 

emitting dipoles for organic light-emitting diodes 

7.1 Introduction 

The orientation of emitting dipoles for organic light-emitting diodes is one of 

the most important material properties influencing the optical outcoupling efficiency. 

Horizontally oriented emitting dipoles in organic light-emitting diodes (OLEDs) lead 

to reduced losses from surface plasmon modes and waveguide modes, which 

increases the outcoupling efficiency of OLEDs.12,13,16-20 The theoretically predicted 

maximum achievable EQE is 45–55% for emitters with the emitting dipoles 

horizontally oriented with respect to the substrate, with a photoluminescence 

quantum yield (PLQY) of 100%, which is considerably higher than the EQE of 25–

30% for randomly oriented emitting dipoles.7,23 This prediction is supported by the 

demonstration of an EQE of 39% using a crystal OLED with an undoped Pt complex 

where the emitting dipoles were horizontally oriented.103  

Horizontal orientation of the emitting dipoles has been reported for spin-

coated polymer films and vacuum-evaporated films for rod- or disk-like 

molecules.12-17 Recently, the emitting dipoles of heteroleptic, and some homoleptic, 

Ir-based phosphorescent dyes were reported to exhibit a preferential orientation in 

doped films.18-20,32-34,100-102 There have been attempts to increase the fraction of 

horizontal emitting dipoles (Θ) by modifying the main and ancillary ligands of 

heteroleptic Ir complexes (HICs)32,102, increasing Θ to 74–80%, and achieving EQEs 
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of > 30%.32-34,102,104 It transpires that Θ is strongly dependent on the host molecules, 

indicating that intermolecular interactions are important in the orientation of the 

emitting dipoles.33,101 Models have been proposed to explain why some Ir complexes 

have a preferred orientation;33,105 however, it remains unclear what strategies should 

be followed in the design of molecules to achieve a high Θ.  

There are two factors that should be considered to understand the preferred 

orientation of Ir complexes: the symmetry of the transition dipole moment (TDM) 

in a specific molecule, and the orientation of that dopant molecule in a film of host 

molecules.32,33,105 The degeneracy of the TDMs and their relative orientations in the 

molecule must be taken into account in the molecular symmetry. High values of Θ 

are expected for HICs if the emitting dipole vectors are perpendicular to the C2 axes 

in the molecules, and the doubly degenerated TDMs are parallel to the substrate. The 

influence of the orientation of the transition dipoles in a molecule with respect to the 

C2 axis on Θ (i.e. the average dipole orientation in films) was investigated by slight 

modifications to the main phenyl pyridine (ppy) ligands; i.e. by substituting methyl 

group(s) at different positions of ppy with the same ancillary ligand in the same host 

to minimise variations in the intermolecular interactions (or the molecular axis 

against the substrate) in the film.102 The larger the angle (Φ) between the C2 axis and 

the emitting dipole vector, the larger the value of Θ. A value of Θ = 80% was obtained 

from an Ir complex where the angle between the C2 axis and the emitting dipole 

vector was almost 90�; this may be the limit that is achievable using this 

approach.33,102 This limitation may result from variations in the alignment of the 

TDMs of the molecules with respect to the direction parallel to the surface in a doped 
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amorphous film. This can be represented as the average and the standard deviation 

of the angle between the TDMs of the molecules and the film surface.  Therefore, 

we may expect that is will be valuable in the design of molecules such that their 

TDMs are parallel to the surface. 

Here, we show that orienting Ir complexes with the TDMs parallel to the 

substrate is possible if they are elongated by substituting conjugated functional 

moieties at the para-position of the pyridine in the main ligands. We demonstrate 

values of Θ up to 86.5%, obtaining unprecedentedly high-efficiency yellow and 

green OLEDs, with EQEs of 38% and 36%, respectively.  
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7.2 Experimental 

Materials. New Ir complexes were designed by K.-H. Kim and J.-J. Kim at Seoul 

National University and synthesized by Y.-H. Kim and E. S. Ahn at Gyeongsang 

National University. The hole- and electron-transport materials (> 99%) were 

purchased from Nichem Fine Technology Co., Ltd (Hsinchu County, Taiwan). Al 

and LiF were purchased from Meterion (Fremont, CA, USA). 

DFT calculations. Optimized geometries and HOMO and LUMO frontier orbitals 

were calculated using Gaussian 09.64 Geometry optimization of the triplet states was 

performed using the B3LYP exchange–correlation functional, where the ‘double-ξ’ 

quality LANL2DZ basis was used for the Ir atom, and the 6-31G+(d) basis set was 

used for all other atoms. A pseudopotential (LANL2DZ) was used to describe the 

inner core electrons of the Ir atom. The triplet transition properties of the Ir 

complexes were investigated using quantum chemistry calculations, implemented 

via the Jaguar package106,107 that is included in Schrödinger Materials Science 

Suite108. Geometry optimization of triplet states was performed using the B3LYP 

exchange–correlation functional, with the LACVP** basis set for all atoms. The 

triplet energies and triplet TDMs of the Ir complexes were determined using time-

dependent DFT (TD-DFT) calculations, where the spin-orbit Hamiltonian was 

described using the Tamm–Dancoff approximation. The B3LYP exchange–

correlation functional was used with the DYALL-2ZVCP_ZORA-J-PT-GEN basis 

set for all atoms, and the spin-orbit zeroth order regular approximation (ZORA) was 

used to calculate relativistic effects. 
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Analysis of emitting dipole orientation. The orientation of the dipoles of Ir 

complex was determined based on angle-dependent PL using a classical dipole 

model.7,17 This model allows for separate calculation of the p- and s-polarised optical 

emissions from horizontally and vertically oriented dipoles in a non-absorbing 

anisotropic medium. The experimental setup has been reported previously.7,17 Briefly, 

it consisted of a motorised rotation stage, a half cylinder lens with a sample holder, 

a dichroic mirror to filter the excitation beam, a polariser to select the polarisation of 

the emitted light, and a fibre optic spectrometer (Maya2000; Ocean Optics, Oxford, 

UK). An He-Cd continuous-wave laser (325 nm; Melles Griot, Rochester, NY, USA) 

was used as the excitation source. The emitting films were thermally deposited on a 

1-mm-thick fused silica substrate and encapsulated under an N2 atmosphere prior to 

use. P-polarised light was used to analyse the orientation of the dipoles in the films. 

Device fabrication and characterization. OLEDs were fabricated on cleaned glass 

substrates that were pre-patterned with 70-nm-thick ITO, which were formed using 

thermal evaporation at a pressure of 5 × 10−7 Torr without breaking the vacuum. Prior 

to deposition of the organic layers, the ITO substrates were pre-cleaned using 

isopropyl alcohol and acetone, then exposed to ultraviolet–ozone for 10 min. Each 

layer was deposited at a rate of 1 Å/s, and the total deposition rate of the co-deposited 

layers was 1 Å/s. Current density, luminance, and EL spectra were measured using a 

programmable source meter (Keithley 2400; Keithley Instruments, Cleveland, OH, 

USA) and a spectrophotometer (Spectrascan PR650; Photo Research Inc., 

Chatsworth, CA, USA), which measures power per steradian per unit wavelength 

per unit area (in units of W/(nm·sr·m2)). Luminance was calculated based on the 
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measured optical power considering the CIE luminosity function. The angular 

distribution of the EL was measured using a programmable source meter (Keithley 

2400), a goniometer, and a fibre optic spectrometer (Ocean Optics S2000). The EQE 

and PE were calculated based on the J-V-L characteristics, EL spectra and angular 

distributions of the EL intensity. 
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7.3 Result and discussion 

Figure 7.1 shows the chemical structures of Ir complexes used in this work, 

together with optimized geometries and the triplet TDMs of the Ir complexes. The 

4-position of pyridine of bis(2-(3,5-dimethylphenyl)-4-methylpyridine) Ir (III) 

(2,2,6,6-tetramethylheptane-3,5-diketonate) [Ir (3’,5’,4-mppy)2tmd]102 was 

substituted with functional groups such as a trifluoromethyl (CF3) group, which is 

strongly electron withdrawing, as well as with a propyl group, which is elongated, 

and with a phenyl group, which is planar and charge conjugated, creating the 

following compounds: bis(2-(3,5-dimethylphenyl)-4-(trifluoromethyl)pyridine) Ir 

(III) (2,2,6,6-tetramethylheptane-3,5-diketonate) [Ir(dmppy-CF3)2tmd], bis(2-(3,5-

dimethylphenyl)-4-propylpyridine) Ir (III) (2,2,6,6-tetramethylheptane-3,5-

diketonate) [Ir(dmppy-pro)2tmd] and bis(2-(3,5-dimethylphenyl)-4-phenylpyridine) 

Ir (III) (2,2,6,6-tetramethylheptane-3,5-diketonate) [Ir(dmppy-ph)2tmd].  

Geometry optimisations and calculations of the frontier orbitals of the T1 

states were implemented using the density functional theory (DFT) package 

Gaussian 09,64 where the triplet energies and TDMs of the molecules were found 

using time-dependent calculations, and where spin-orbit coupling was included 

using the quantum chemistry package Jaguar106,107 (part of the Schrödinger Materials 

Science Suite108). Details of calculations are given in the experimental section. 

Ir(dmppy-pro)2tmd and Ir(dmppy-ph)2tmd have relatively high aspect ratios of 1.81 

and 1.99, respectively (c.f. 1.34 for  Ir(3’,5’,4-mppy)2tmd and Ir(dmppy-CF3)2tmd). 

The dihedral angle between the pyridine and phenyl groups at the 4-position of the  
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Figure 7.1 (a) Chemical structures and (b) optimized geometries along with triplet 

transition dipole moments of Ir(3’,5’,4-mppy)2tmd, Ir(dmppy-CF3)2tmd, Ir(dmppy-

pro)2tmd, and Ir(dmppy-ph)2tmd from three sublevels are shown as bars based on 

the center of mass. The transition dipole moments of the Tx, Ty, Tz sublevels 

correspond to the blue, green, and red bars, respectively. Scaled TDMs were shown 

in inset of Figure 1(b). 
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pyridine of Ir(dmppy-ph)2tmd was 23°. The small dihedral angle enables conjugation 

between the phenyl and pyridine groups, resulting in sufficiently large dipole length 

in the horizontal direction.  

The triplet TDMs of Tx, Ty and Tz sublevels of the HICs are shown by the bars 

in Figure 7.1. The triplet TDMs of all the Ir complexes were aligned almost vertically 

with the C2 axis (see Tables 7.1 and 7.2). The TDMs and oscillator strengths of the 

T1 transition of Ir(dmppy-CF3)2tmd and Ir(dmppy-ph)2tmd were significantly larger 

than those of Ir(dmppy-pro)2tmd and Ir(3’5’,4-mppy)2tmd. This is attributed to 

conjugation between the pyridine and phenyl substituents of Ir(dmppy-ph)2tmd, the 

increased dipole length, and the phenyl and CF3 substituents at the 4-position of 

pyridine pull the large amount of electrons at the lowest unoccupied molecular 

orbital (LUMO) (see Figure 7.2). Thus, the contributions of the ligand-centred (LC) 

orbitals of Ir(dmppy-CF3)2tmd and Ir(dmppy-ph)2tmd were almost twice that of 

Ir(3’,5’,4-mppy)2tmd, resulting in increased oscillator strengths for Ir(dmppy-

CF3)2tmd and Ir(dmppy-ph)2tmd. By contrast, the LUMO and highest occupied 

molecular orbital (HOMO) of Ir(3’,5’,4-mppy)2tmd and Ir(dmppy-pro)2tmd 

exhibited similar electron distributions (see Figure 7.2); therefore the metal-to-ligand 

charge transfer (MLCT) and LC of the two emitters were similar (Table 7.1). 

Figure 7.3a shows photoluminescence (PL) and absorption spectra of HICs 

in solution. The absorption at 300–400 nm can be assigned to a spin-allowed singlet 

MLCT (1MLCT) transition, and the weak absorption at 430–500 nm can be assigned 

to a spin-forbidden triplet LC (3LC) and/or triplet MLCT (3MLCT) transitions. The 
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Figure 7.2 The frontier molecular orbitals of the HICs at triplet state, calculated 
using the density functional theory with B3LYP/6-31+G(d) for C, H, N, O and 
LANL2DZ for Ir as basis set. 
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peak wavelengths of the PL spectra were 587 nm for Ir(dmppy-CF3)2tmd, 532 nm 

for Ir(3’5’,4-mppy)2tmd and Ir(dmppy-pro)2tmd, 579 nm for Ir(dmppy-ph)2tmd. The 

HOMO levels of the compounds were measured using cyclic voltammetry, and the 

LUMO levels were calculated from the HOMO levels and the optical bandgaps; 

these data are listed in Table 7.3. The PLQYs of 4 wt% HICs doped in a 4,4’,4”-

tris(N-carbazolyl)-triphenylamine (TCTA): bis-4,6-(3,5-di-3-pyridylphenyl)-2-

methylpyrimidine (B3PYMPM) co-host film were 97 ± 2%, 75 ± 2%, 98 ± 2%, and 

98 ± 2%, for Ir(3’,5’,4-mppy)2tmd, Ir(dmppy-CF3)2tmd, Ir(dmppy-pro)2tmd and 

Ir(dmppy-ph)2tmd, respectively.  

The orientation of the emitting dipoles of the Ir complexes doped at 4 wt% 

into 30-nm-thick TCTA:B3PYMPM films was determined based on angle-

dependent PL spectra (Figure 7.3b)7.17 using a classical dipole model considering 

the birefringence of the film.100 Figure 7.4 shows the angle-dependent p-polarized 

PL intensities at various wavelengths. The measured angle-dependent PL spectra 

were well fitted by Θ values of 79% for Ir(3’,5’,4-mppy)2tmd, 80% for Ir(dmppy-

CF3)2tmd, 83.5% for Ir(dmppy-pro)2tmd, and 86.5% for Ir(dmppy-ph)2tmd. Note 

that larger values of Θ correspond to a greater degree of parallel orientation of TDMs 

of the molecules in the films, rather than orientation of the TDM against the C2 axis 

in the molecules; this is because the TDMs are almost 90� with respect to the C2 axis 

for all molecules. Parallel orientation of Ir-N bonds with the substrate becomes more 

effective as the aspect ratio of the molecules increases, which corresponds to 

substitution of an elongated group (propyl and phenyl), and to the strength of the 

host–dopant π–π interactions increasing due to the substituent being a planar 
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Figure 7.3 (a) Absorption (close scatter) and PL spectra (open scatter) of Ir 

complexes in choloroform. (b) Angle-dependent PL intensities of the p-polarized 

light from the 30 nm thick films composed of TCTA:B3PYMPM: 4 wt% Ir 

complexes measured at 530 nm for Ir(3’,5’,4-mppy)2tmd and Ir(dmppy-pro)2tmd, 

570 nm for Ir(dmppy-ph)2tmd, and 590 nm for Ir(dmppy-CF3)2tmd, respectively. 
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Figure 7.4 Angle-dependent PL spectra for (a) Ir(3’,5’,4-mppy)2tmd, (b) Ir(dmppy-
CF3)2tmd, (c) Ir(dmppy-pro)2tmd, and (d) Ir(dmppy-ph)2tmd, respectively. Dashed 
lines represent theoretical fits to the experimental data.  
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conjugated group (phenyl) rather than to a strong intermolecular interaction with an 

electron-withdrawing substituent group such as CF3. 

We fabricated OLEDs using these dyes to investigate the influence of the 

preferred horizontal orientation of the emitting dipoles on the efficiency of the 

devices. The device structure was as follows: indium tin oxide (ITO) (70 nm)/ 1,1-

bis((di-4-tolylamino)phenyl)cyclohexane (TAPC) (75 nm)/TCTA (10 

nm)/TCTA:B3PYMPM: 4 wt% green dyes (30 nm)/B3PYMPM (45 or 55 nm) / LiF 

(0.7 nm)/Al (100 nm). TCTA was used as the hole-transport material, with 

B3PYMPM used as the electron-transport material. These two compounds were also 

used as the exciplex-forming co-hosts of the EML, where the molar ratio was 1:1.30 

The thickness of the B3PYMPM layer was 45 nm for Ir(3’,5’,4-mppy)2tmd and 

Ir(dmppy-pro)2tmd, compared to 55 nm for Ir(dmppy-ph)2tmd and Ir(dmppy-

CF3)2tmd. The device results of Ir(3’,5’,4-mppy)2tmd are from ref. 102. Figure 7.5a 

shows the current density–voltage–luminance (J-V-L) characteristics of these 

OLEDs.  The  OLEDs a l l  exhibi ted  turn -on vol tages  of  2 .4  V.  The 

electroluminescence (EL) spectra of the devices were almost identical to those of 

the PL spectra of the dyes (Figure 7.5b). The power efficiencies (PEs) and current 

efficiencies (CEs) of the devices are shown in Figure 7.5c, and the EQEs are shown 

in Figure 7.5d. The EQE and PE were calibrated using angle-dependent emission 

intensity profiles (see the inset of Figure 7.5a). The maximum EQEs were 34.1%, 

25.5%, 36.0% and 38.1% for the devices doped with Ir(3’,5’,4-mppy)2tmd, 

Ir(dmppy-CF3)2tmd, Ir(dmppy-pro)2tmd, and Ir(dmppy-ph)2tmd, respectively; the 

corresponding PEs were 123, 51, 139 and 108 lm W-1 at 1,000 cd m-2, and the 
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Figure 7.5 (a) Current density�voltage�luminance characteristics (b) EL spectra, (c) 

current efficiency and power efficiency as a function of the luminance of OLEDs, 

and (d) EQEs as a function of the current density with different Ir complexes as 

dopants. Inset of (a) shows the angular distributions of the EL intensities of the 

OLEDs with the dashed line of the Lambertian distribution. 
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maximum respective CEs of the dyes were 120, 54, 126 and 108 cd A-1. The EQE of 

36.0% for the green OLED that was doped with Ir(dmppy-pro)2tmd, and the EQE of 

38.1% for the yellow OLED that was doped with Ir(dmppy-ph)2tmd, represent the 

highest efficiencies yet reported for Ir-based phosphorescent OLEDs with no 

outcoupling structures. This is attributed to the large values of Θ and PLQY. To the 

best of our knowledge, the highest previously reported EQEs are 34.1% for a green 

OLED and 27.2% for a yellow OLED.102,109 The experimentally measured EQEs 

reported here are in good agreement with the calculated maximum achievable EQEs 

of 27.2%, 36.4%, and 38.2% for Ir(dmppy-CF3)2tmd, Ir(dmppy-pro)2tmd, and 

Ir(dmppy-ph)2tmd, OLEDs respectively (these calculations were based on measured 

values of Θ and PLQY and assumed no electrical losses.)  
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7.4 Conclusion 

In conclusion, we have shown that HICs can be aligned with the Ir-N bonds 

and TDMs parallel to the surface of doped films if the molecules have an elongated 

structure with a high aspect ratio, and exhibit strong intermolecular interactions 

between the donor and the host molecules. Ir-based complexes with unprecedentedly 

large horizontal emitting dipoles were formed in doped films by substituting 

functional groups at the 4-position of pyridine in the ppy main ligands, allowing it 

to realise high EQEs of 38.1% for a yellow OLED and 36% for a green OLED. 

Substituents at the 4-position of the pyridine ring significantly affect the molecular 

orientation of HICs. Although this approach was developed using HICs, it may also 

be applied to homoleptic Ir complexes. 
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Chapter 8. Crystal organic light-emitting diodes with perfectly 

oriented non-doped Pt-based emitting layer 

 

8.1 Introduction 

Organic semiconductor materials have gained widespread popularity for 

electrical and optical devices because they are light weighted, flexible, transparent, 

and easily processable. In recent years, ordered organic materials come to the fore to 

enhance the performance of organic optoelectronic and electronic devices because 

preferred orientation of organic materials can significantly enhance charge carrier 

mobility,110,111 absorption of organic photovoltaic materials,112-116 and outcoupling 

efficiency of organic light-emitting diodes (OLEDs).7,12-20 In this respect, organic 

single crystals have exhibited big advantages in the device performance over 

amorphous or polycrystalline organic films, especially in organic field effect 

transistors because of the perfect molecular orientation and arrangement of organic 

materials. Hence, efforts have been poured into growing highly oriented 

polycrystalline thin films for organic transistors to realize high charge carrier 

mobility.110,111,117-119 However, organic crystal has been rarely used for OLEDs 

because crystals of most phosphorescent emitters exhibit low photoluminescence 

quantum yield (PLQY) due to concentration quenching,74 and trapped holes and 

electrons at grain boundaries. Moreover, rough surface results in high leakage 

current and low device stability. Because of these reasons, majority of researchers 
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have focused on the amorphous organic film by substituting bulky substituents on 

chromophore and emitters doped in host matrix instead of growing highly oriented 

crystalline films. Apparently, amorphous organic layers increase the driving voltage 

due to low electron and hole mobilities in OLEDs. Orientation of emitting dipoles is 

one of the most important material properties influencing outcoupling efficiency 

along with the refractive indices of the consisting materials. Recently, it has been 

theoretically predicted that external quantum efficiency (EQE) over 45% can be 

realized without any extra light extraction structures using horizontally oriented 

emitting dipoles parallel to the substrate compared to 25%–30% for randomly 

oriented emitting dipoles if the emitter has 100% PLQY and the device has no 

electrical loss.7 Some iridium complexes and thermally activated delayed 

fluorescence (TADF) emitters have shown the possession of preferred horizontal 

transition dipole ratio (Θ) of 70%–82% and demonstrated high EQEs over 30% 

without any outcoupling layers.7,50,32-33,102 However, it will be difficult to obtain an 

even higher Θ due to the amorphous nature of typical emitting layers. In this regard, 

organic crystals would be the better emitters because of the orientational and 

positional ordering. 

Among the various phosphorescent emitters, Pt complexes can be one of the 

best candidates to form organic crystals because they have d8 square planar structure 

and dz
2 orbital placed to the molecular plane, leading to strong metal–metal 

interaction between Pt complexes.120,121 Chi and co-workers synthesized a series of 

columnar stacked Pt(II) pyridyl azolate complexes.122-124 The stacking was strongly 

influenced by the ligating substituents and the complexes with the CF3-substituted 
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pyrazolate ligands such as Pt(II)bis(3-(trifluoromethyl)-5-(2-pyridyl)-pyrazolate) 

[Pt(fppz)2] showed strong tendency toward the formation of columnar structure with 

short Pt−Pt distances, as well as large red shift in photoluminescent (PL) and 

electroluminescent (EL) spectra in solid state. Cocchi and co-workers observed 

similar results using Pt(II) complexes bearing both phenylpyridine (ppy) and 2-

(pyridyl)tetrazolate (2-PTZ) chelates, and observed that the F substituents on 

Pt(F2ppy)(2-PTZ) promote the molecular self-assembly into more uniform ordered 

structures in neat thin films.125 Formation of the crystalline thin films was previously 

demonstrated using a platinum porphyrin derivative.111 Both groups (Chi and Cocchi) 

fabricated red emitting OLEDs using the neat crystalline thin films based on the Pt 

complexes as the emitting layers with the EQEs of 2% and 8%, respectively.122,125 In 

contrast, many of the highly efficient Pt complexes did not show ordered crystalline 

packing.126-129 Recently Wang and co-workers reported that the neat film of Pt(fppz)2 

exhibits the PLQY of 96% and demonstrated an OLED with a remarkably high EQE 

of 31.1% using the same as the emitting layer.130 However, orientation of emitting 

dipoles and crystal properties of non-doped emitting layer were not discussed. 

Here, we investigated the emitting dipole orientation of the thin films 

fabricated using Pt complexes and discussed the structural relationship between X-

ray structural analyses and structures in thin films based on quantum chemical 

calculations. Crystal structures are largely influenced by the symmetry of the 

molecules. Interestingly enough, the emitting dipole orientation and the PLQY of the 

thin-film crystal layers were largely affected not only by the crystallinity of the 

emitting layer but also by the molecular arrangement in the crystal. We realized 
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highly oriented emitting dipoles with the horizontal emitting dipole ratio of 93% and 

the PLQY of 96% and resultantly an unprecedentedly high efficiency OLED with 

the EQE 38.8% using the Pt(fppz)2 based perfectly oriented thin film crystal as the 

emitting layer. 
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8.2 Experimental 

Materials. Hole transporting and electron transporting materials (>99%) were 

purchased from Nichem Fine Technology Co., Ltd (Hsinchu County, Taiwan). Al 

and LiF were purchased from Meterion (United States). Pt complexes were 

synthesized by Y. Chi and co-workers in National Tsing Hua University. 

Pt complex thin film fabrication. Films were fabricated on substrate under a 

pressure of 5×10-7 Torr by thermal evaporation without any pre- and post-treatments. 

The deposition rate of the Pt complex layers was 0.18 Å/s. 

Grazing incident wide-angle X-ray diffraction (GIWAXD) measurements. 

GIWAXD measurements were performed at 5A scattering beamline for materials 

science at the Pohang Light Source II (PLS-II) in Korea. X-rays with 11.57 keV 

energy and 2D image plate were used for the measurement.  

PL measurements. PL spectra of the organic materials were measured using 

samples thermally deposited on fused silica under a vacuum of 5×10-7 Torr. The 

samples were excited with a He/Cd laser (325 nm) to detect PL using a 

photomultiplier tube attached to a monochromator. 

Measurement and simulation of angle-dependent PL spectra. The dipole 

orientations of Pt complex thin films were determined by analyzing the angle-

dependent PL of the film using the classical dipole model. This model allows for the 

separate calculation of the p- and s-polarized light emission from horizontally and 

vertically oriented dipoles in a non-absorbing anisotropic medium. The principle of 

the characterization of the emitting dipole orientation in a birefringent medium was 
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described in the reference 100. The refractive indices of the Pt complex thin films 

were measured using VASE. The incident angle was varied from 45˚ to 75˚ in steps 

of 5˚. 

The experimental setup was reported previously7,17 and is composed of a half 

cylinder lens with a sample holder on a motorized rotation stage, a dichroic mirror 

to filter the excitation beam, a polarizer to select the polarization of the emitted light 

and a fiber optic spectrometer (Ocean Optics Maya2000). A He-Cd continuous wave 

laser light (325 nm, Melles Griot) used as the excitation source was guided by an 

optical fiber which is fixed behind of sample holder at an angle of 45˚. Emitting 

layers were thermally deposited on a 1-mm-thick fused silica substrate and 

encapsulated under N2 atmosphere before use for the angle-dependent PL 

measurements. P-polarized light was used to analyze the orientation of the dipoles 

in the films. 

Transient PL measurement. Transient PL was measured by using a pulsed N2 laser 

(KEN-2X, USHO) as the excitation light source and a streak camera (C10627, 

Hamamatsu) as the optical detection system. 

Device fabrication. The OLEDs were fabricated on clean glass substrates pre-

patterned with 100-nm-thick indium tin oxide (ITO) under a pressure of 5×10-7 Torr 

by thermal evaporation without breaking the vacuum. Before the deposition of the 

organic layers, the ITO substrates were pre-cleaned with isopropyl alcohol and 

acetone, then exposed to ultraviolet-ozone for 10 min.  

Device characterization. The current densities, luminance intensities and EL 
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spectra were measured using a programmable source meter (Keithley 2400) and a 

spectrophotometer (Spectrascan PR650, Photo Research). The angular distribution 

of the EL was measured with a programmable source meter (Keithley 2400), a 

goniometer, and a fiber optic spectrometer (Ocean Optics S2000). The EQE and the 

power efficiency of the OLEDs were calculated from their J–V–L characteristics, 

their EL spectra and the angular distribution of the EL intensity. 

Density functional theory (DFT) calculations on the platinum complexes. 

Quantum chemical calculations based on DFT were carried out using Gaussian 09 

programm.64 The ground state geometry optimization were performed using M062X 

exchange–correlation functional, the ‘double-ξ’ quality LANL2DZ basis set for the 

Pt atom, and the 6-31G+(d) basis set for all other atoms. A pseudo potential 

(LANL2DZ) was applied to replace the inner core electrons of the Pt atom. 
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8.3 Result and discussion 

Three Pt complexes were synthesized to investigate the effect of the symmetry 

of the molecules and photophysical properties, whose structural drawings are shown 

in Figure 8.1a-c. Pt(fppz)2 possesses two-fold rotational symmetry, Pt(II)(5,5′-

di(trifluoromethyl)-3,3′-bipyrazolate)(2,2′-bipyridine) [Pt(f2bipz)(bpy)] possesses a 

mirror symmetry, but Pt(II)(3-(trifluoromethyl)-5-(2-pyridyl)pyrazolate)(picolinate) 

[Pt(fppz)(pic)] does not have the mirror or rotational symmetry caused by the 

picolinate ancillary ligand. All the compounds are composed of two pyridyl units 

and at least one CF3-substituted pyrazolate unit to promote the molecular self-

assembly into more ordered structures and packing in neat films.122,125 The ground 

state geometries and isosurfaces of the molecular electrostatic potential (ESP) of the 

Pt complexes calculated using DFT are shown in Figure 8.1d-f. The ESP of the Pt 

complexes was calculated with M062X level of theory without symmetry constraints. 

The isosurfaces of the studied molecules show that there are highly electropositive 

spots (0.12–0.15 a.u.) at the hydrogen atoms of pyridine and electronegative spots 

(−0.04–−0.03 a.u.) at the fluorine atoms of CF3-substituted pyrazolate ligands, which 

will induce strong coulomb interactions between molecules. Pt(f2bipz)(bpy) has 

stronger electropositivity at the hydrogen atoms of pyridine and electronegative 

spots in the CF3-substituted pyrazolates than those of Pt(fppz)2 and Pt(fppz)(pic). 

The oxygen of Pt(fppz)(pic) exhibited the strongest electronegativity (−0.1 a.u.) in 

the molecules.  

The energetics of the Pt complexes as dimer were calculated with geometries 

based on the single-crystal X-ray diffraction (XRD) data of Pt(fppz)2 and  
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Figure 8.1 Molecular structures of (a) Pt(fppz)2, (b) Pt(f2bipz)(bpy) and (c) 

Pt(fppz)(pic). Isosurfaces of the molecular ESP for (d) Pt(fppz)2, (e) Pt(f2bipz)(bpy), 

and (f) Pt(fppz)(pic). Optimized dimer geometries of (g) Pt(fppz)2, (h) 

Pt(f2bipz)(bpy), and (i) Pt(fppz)(pic). 
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Pt(f2bipz)(bpy). 90° and 180° rotational alignments were considered as the initial 

geometries for optimizing the dimer structure of Pt(fppz)(pic) due to the lack of 

structural data. The optimized geometries of all Pt dimers are shown in Figure 8.1g-

i. The Pt(fppz)2 and Pt(f2bipz)(bpy) dimers are juxtaposed parallel each other. In 

contrast, the 90°-disposed Pt(fppz)(pic) dimer (Figure 8.1i) is more stable than the 

180°-aligned geometry (Figure 8.2) and the molecules are slanted due to the stronger 

coulomb interaction between overlapping pyridine and oxygen in picolinate in the 

dimer than the interaction between pyridine and CF3-substituted pyrazolate. Steric 

hindrance also plays a major role for the non-parallel alignment in the Pt(fppz)(pic) 

dimer. The calculated interplanar distances between the dimeric Pt complexes were 

found to be 3.25 Å for Pt(fppz)2, 3.18 Å for Pt(f2bipz)(bpy), and 3.25 Å (center of 

molecule) for Pt(fppz)(pic) and the binding energies of the Pt complex dimers were 

−31.1 kcal/mol for Pt(fppz)2, −44.1 kcal/mol for Pt(f2bipz)(bpy), −29.5 kcal/mol for 

Pt(fppz)(pic), respectively. The strongest binding energy of Pt(f2bipz)(bpy) resulted 

in the shortest interplanar distance. As results, Pt(f2bipz)(bpy) possesses higher 

intermolecular binding than Pt(fppz)2 due to stronger coulomb interaction between 

ligands, and Pt(fppz)(pic) exhibits non-parallel molecular alignment coming from 

lower symmetry.  

Figure 8.3 shows the GIWAXD and the atomic force microscope (AFM) 

images of the neat films of Pt(fppz)2 (Figure 8.3a,b), Pt(f2bipz)(bpy) (Figure 8.3c,d), 

and Pt(fppz)(pic) (Figure 8.3e,f), respectively, which were vacuum deposited under 

5 × 10−7 Torr on Si substrates. The Pt(fppz)2 and Pt(f2bipz)(bpy) films showed the 

single-crystal-like GIWAXD images, which are very well indexed as the perfectly 
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Figure 8.2 Optimized geometry of Pt(fppz)(pic) dimer at 180° rotational geometry. 

The binding energy of 180° rotational geometry (21.7 kcal/mol) is lower than that of 

90° rotational geometry (29.5 kcal/mol). 

 

 

  



150

 

 

 

 

 

Figure 8.3 GIWAXD images measured at 0.15° incident angle of 30 nm thick film 

(a) Pt(fppz)2, (c) Pt(f2bipz)(bpy), (e) Pt(fppz)(pic) on silicon substrate. AFM images 

of 30 nm thick (b) Pt(fppz)2, (d) Pt(f2bipz)(bpy), (f) Pt(fppz)(pic). 
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oriented crystals along the [100] direction. The unit cells of the thin-film crystals are 

shown in Figure 8.4a,b, which are different from the unit cells of single crystals 

shown in Figure 8.4c,d, respectively. The lattice parameters and the angles of the 

crystals of the unit cells are summarized in Table 8.1. The thin-film crystals have the 

pseudo orthorhombic structures with β = 91° for Pt(fppz)2, 89° for Pt(f2bipz)(bpy) 

and α = γ = 90° whereas the single crystals have the monoclinic structures with β = 

99° and 93° for Pt(fppz)2 and Pt(f2bipz)(bpy), respectively. The lattice parameters 

of the Pt(fppz)2 crystal in the film are similar with those of the single crystal. 

However, the lattice parameter a of the Pt(f2bipz)(bpy) crystal in the thin film is 

almost twice of the single crystal because the molecules of upper layer in the unit 

cell are translated by the half of the lattice parameter c along the z-axis from the 

bottom layer, shown in Figure 8.4b. The x, y, z-projection views of the thin-film unit 

cell are shown in Figure 8.5. Thus, Pt(fppz)2 crystals in thin film and single crystal 

have 4 molecules in monoclinic C-lattice, but Pt(f2bipz)(bpy) crystals in thin film 

and single crystal have 8 and 4 molecules in monoclinic P-lattice, respectively. The 

single-crystal-like GIWAXD images were assigned as the polycrystalline structures 

perfectly oriented along the [100] direction based on the same diffraction images 

independent of the azimuthal angle as shown in Figure 8.6. In contrast, the 

Pt(fppz)(pic) film has much less ordered structure, but still showed the preferred 

orientation with the edge on molecular ordering based on the layer spacing of ≈2.1 

nm calculated from the k value of the strong diffraction peak. The grain sizes of 

Pt(fppz)2, Pt(f2bipz)(bpy), and Pt(fppz)(pic) in the 30 nm thick films were 20.1, 21.6, 

and 12.5 nm along the vertical direction ([100] direction), and 8.9, 14.7, and 3.3 nm  
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Figure 8.4 Unit cells of a) Pt(fppz)2 crystal in the film, b) Pt(f2bipz)(bpy) crystal in 

the film, c) Pt(fppz)2 single crystal, d) Pt(f2bipz)(bpy) single crystal. Orange arrows 

in a) and b) indicate the direction of transition dipole moments of MMLCT. e) 

Angular volume fractions of Pt(fppz)2 , Pt(f2bipz)(bpy), and Pt(fppz)(pic) crystals in 

the film f) Schematic drawing of Pt(fppz)2 crystals in thin film. 

  



15
3

  Ta
bl

e 
8.

1 
C

ry
st

al
 d

at
a 

of
 si

ng
le

 c
ry

st
al

 a
nd

 th
in

 fi
lm

 fo
r P

t(f
pp

z)
2, 

Pt
(f

2b
ip

z)
(b

py
) a

nd
 P

t(f
pp

z)
(p

ic
). 

 
Pt

(f
pp

z)
2 

Pt
(f

2b
ip

z)
(b

py
) 

Pt
(f

pp
z)

(p
ic

) 
 

Si
ng

le
 c

ry
st

al
 

Th
in

 fi
lm

 
Si

ng
le

 c
ry

st
al

 
Th

in
 fi

lm
 

Si
ng

le
 c

ry
st

al
 

Th
in

 fi
lm

 
a 

(Å
) 

19
.6

 
22

.3
 

12
.5

 
22

.6
 

- 
20

.8
 

b 
(Å

) 
12

.6
 

12
.7

 
12

.0
 

12
.0

 
- 

- 

c 
(Å

) 
7.

7 
6.

9 
13

.3
 

13
.9

 
- 

6.
8 

α 
(˚

) 
90

 
90

 
90

 
90

 
- 

- 

β 
(˚

) 
99

 
91

 
93

 
89

 
- 

- 

γ 
(˚

) 
90

 
90

 
90

 
90

 
- 

- 
Ve

rti
ca

l g
ra

in
 si

ze
  

(n
m

, [
10

0]
 d

ire
ct

io
n)

 
- 

20
.1

 
- 

21
.6

 
- 

12
.5

 

H
or

iz
on

ta
l g

ra
in

 si
ze

  

(n
m

, [
01

0]
 d

ire
ct

io
n)

 
- 

12
.7

 
- 

11
.6

 
- 

- 

H
or

iz
on

ta
l g

ra
in

 si
ze

  

(n
m

, [
00

1]
 d

ire
ct

io
n)

 
- 

8.
9 

- 
14

.7
 

- 
3.

3 



154

 

 

 

 

 

Figure 8.5 Projection view of thin film unit cell of Pt(f2bipz)(bpy). Y and Z axis are 

parallel to the substrate. 
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Figure 8.6 GIWAXD images at various azimuthal angle with 30 nm thick film for 

(a) Pt(fppz)2 at 0°, (b) Pt(fppz)2 at 45°, (c) Pt(fppz)2 at 90°, (d) Pt(f2bipz)(bpy) at 0°, 

(e) Pt(f2bipz)(bpy) at 45°, (f) Pt(f2bipz)(bpy) at 90°, (g) Pt(fppz)(pic) at 0°, (h) 

Pt(fppz)(pic) at 45°, (i) Pt(fppz)(pic) at 90°. 
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along the [001] direction, and 12.7 nm for Pt(fppz)2 and 11.6 nm for Pt(f2bipz)(bpy) 

along the [010] direction, respectively, which were calculated from the full width at 

half maximum of the XRD peak using the Scherrer’s equation (Table 8.1). AFM 

images of the films show that the Pt(fppz)2 and Pt(f2bipz)(bpy) crystals have needle 

and granular shapes, respectively, with larger grains than the circular shape crystals 

for Pt(fppz)(pic), consistent with the X-ray analysis. The root mean square roughness 

of the films were 1.17 nm for Pt(fppz)2, 0.54 nm for Pt(fppz)(pic) and 0.88 nm for 

Pt(f2bipz)(bpy), respectively. The films are smooth enough to fabricate OLEDs with 

little leakage current.  

Angular volume fraction of platinum crystals was calculated to compare the 

degree of preferential ordering in each case. The angular volume fractions were 

obtained from the intensity distribution in the (200) hallo in the 2D diffraction 

images by counting all the crystals having the same angular orientation in the in-

plain direction (x-y plane), but different orientations from the surface normal under 

the assumption of homogeneous film in the in-plane direction. Angular volume 

fraction of platinum complex is defined as volume fraction of platinum crystal 

placed between θ and θ + δθ from surface normal direction. The spherical integration 

was performed because 2D diffraction image is the cross sectional view of the Ewald 

sphere of a film as shown in Figure 8.7. Analysis of the angular volume fraction 

indicated that more than 95% of the crystals in the Pt(fppz)2 and Pt(f2bipz)(bpy) 

films have the tilt angle less than 10° from the (100) orientation, respectively (Figure 

8.4e). Based on the analysis, the crystal structure of the Pt(fppz)2 thin film is 

schematically depicted in Figure 8.4f, displaying the perfectly oriented molecules 
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Figure 8.7 Integration geometry of (200) 2D circular peak data in the spherical 

coordinate. 
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with the edge-on molecular alignment tilted by 14° from the surface normal direction, 

but with random orientation in the lateral direction. It is interesting to note that Pt 

atoms are aligned parallel to the substrate. Similar crystal structure can be drawn for 

the Pt(f2bipz)(bpy) film. We measured GIWAXD with various substrates to figure 

out if they are influenced by the underlying layers. The 30 nm thick neat films of Pt 

complexes were deposited on the piranha-treated Si substrate, OTS-treated Si 

substrate, Si/1,1-bis(4-p-tolylaminophenyl)cyclohexane (TAPC) (80 nm)/4,4′,4″-

tri(N-carbazolyl)-triphenylamine (TCTA) (10 nm) substrate with the respective 

contact angles of 10°, 104°, and 81° determined from water droplet.131,132 All the 

samples exhibited the same crystal pattern but different crystallinity, indicating that 

crystallinity is influenced by the surface energy of the under layers even though the 

crystal structures are not affected (Figure 8.8). Especially, the grain sizes in the 30 

nm thick Pt(fppz)2 films on organic layer (Figure 8.8c) are almost same with that on 

Si substrate (22.3 nm along the vertical direction ([100] direction), and 8.7 nm along 

the [001] direction, and 12.5 nm along the [010] direction, respectively) but 

orientation of Pt(fppz)2 crystals on organic layer exhibited slightly broader 

distribution against the surface normal direction than that on Si substrate. 

PL spectra of the platinum complexes are shown in Figure 8.9a. The PL peaks 

of 10−5 M Pt complexes in THF were 447 nm for Pt(fppz)2, 403 nm and 423 nm for 

Pt(f2bipz)(bpy) and 403 nm for Pt(fppz)(pic), respectively. The PL intensities were 

very low. All Pt complex thin films exhibited intense PL emission with featureless 

and red-shifted spectra corresponding to the excimer originated from metal-metal-

to-ligand charge transfer (MMLCT) caused by Pt–Pt metallophilic ligand  
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Figure 8.8 GIWAX images of 30 nm thick Pt(fppz)2 neat film on (a) piranha treated 

Si substrate, (b) OTS treated Si substrate, (c) hole transporting materials deposited 

Si substrate.  
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Figure 8.9 (a) PL spectra of 10−5 M solution and thin film for Pt(fppz)2, 

Pt(f2bipz)(bpy), and Pt(fppz)(pic). (b) Angle-dependent PL intensity of p-polarized 

light at 625 nm from platinum complex 30 nm thick film for for Pt(fppz)2, 

Pt(f2bipz)(bpy), and Pt(fppz)(pic). 
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interactions.133-135 It is interesting to note that the Pt(fppz)2, Pt(f2bipz)(bpy), and 

Pt(fppz)(pic) neat films showed essentially identical peak maximum at 625, 622, and 

620 nm, respectively. These emission patterns indicate that the Pt–Pt interaction 

plays a major role in the optical transition versus the Pt–ligand or ligand–ligand 

interaction. The PLQYs of the neat films were 96% for Pt(fppz)2, 43% for 

Pt(f2bipz)(bpy), and 56% for Pt(fppz)(pic). It is not clear at this moment why 

different complexes result in so different PLQYs, which requires further study. 

Transient PLs of the Pt complex films are shown in Figure 8.10. The lifetimes of 

MMLCT were 382 ns for Pt(fppz) 2 , 479 ns for Pt(f2bipz)(bpy), and 489 ns for 

Pt(fppz)(pic), respectively. The emitting dipole orientations of these thin films were 

analyzed from the angle-dependent PL intensities using p -polarized light at 625 nm 

shown in Figure 8.9b.7,17 Birefringence of the films was considered in the analysis.100 

The Θ’s of the emitting dipoles were 93%, 90%, and 86% for Pt(fppz)2, 

Pt(f2bipz)(bpy), and Pt(fppz)(pic), respectively. Analysis of angle-dependent PL 

intensities at various wavelengths is shown in Figure 8.11. Moreover, the Θ of 

Pt(fppz)2 film deposited on hole-transporting layer (Fused silica/TCTA 5 nm/ 

Pt(fppz)2 30 nm) is almost the same as that of the film deposited on fused silica 

substrate (Figure 8.12). Apparently the emitting dipoles are aligned along the 

horizontal direction in the films. MMLCT is almost orthogonal to metal-ligand 

charge transfer (MLCT) in the films because the experimentally observed orientation 

of the emitting dipoles (MMLCT) is along the horizontal direction while the 

molecular plane is almost vertical within which the MLCT is located. Naturally, the 

preferred orientation of the Pt(fppz)2 crystals resulted in unprecedented high Θ value  



162

 

 

 

 

 

Figure 8.10 Transient PLs of 30 nm thick films for Pt(fppz)2, Pt(f2bipz)(bpy), and 

Pt(fppz)(pic). 

 

  



163

 
Figure 8.11 Angle-dependent PL spectra of p-polarized light from platinum complex 

30 nm thick film for (a) Pt(fppz)2, (b) Pt(f2bipz)(bpy) and (c) Pt(fppz)(pic). Dashed 

lines represent theoretical fits to the experimental data. 
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Figure 8.12 Angle-dependent PL intensity of p-polarized light at 625 nm from 30 

nm thick Pt(fppz)2 deposited on hole transporting material (fused silica/TCTA 5 nm/ 

Pt(fppz)2 30nm) and fused silica (fused silica/Pt(fppz)2 30nm). 
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of 93%. Pt(fppz)(pic) exhibited lower Θ than Pt(fppz)2 and Pt(f2bipz)(bpy) because 

the Pt(fppz)(pic) crystal is less oriented than others as shown in Figure 8.4e. 

Structural analysis of the thin-film crystals showed that the Pt−Pt bonds in the 

Pt(fppz)2 crystal aligned entirely parallel to the substrate (Figure 8.4), but those of 

the Pt(f2bipz)(bpy) molecules are tilted by 22.6° from the substrate (Figure 8.5). The 

direction of Pt–Pt bonds in crystal is shown by orange arrow in Figure 8.4a,b. Thus, 

the Θ of Pt(f2bipz)(bpy) was lower than that of Pt(fppz)2 even though Pt(f2bipz)(bpy) 

have higher crystallinity. Therefore, not only the orientation and crystallinity but also 

the molecular arrangement in crystals is a crucial factor for having preferred 

orientation of emitting dipoles. 

OLEDs were fabricated using these Pt complexes as an emitting layer. The 

structure of the OLEDs are: ITO (100 nm)/TAPC (80 nm)/TCTA (10 nm)/Pt(fppz)2 

or Pt(fppz)(pic) (30 nm)/1,3-bis(3,5-di(pyridin-3-yl)phenyl)benzene (BMPYPB) (15 

nm)/BMPYPB: 1 wt% Rb2CO3 (40 nm)/Al (100 nm), or ITO (100 nm)/1,3-Bis(N-

carbazolyl)benzene (mCP): 5 wt% ReO3 (60 nm)/mCP (10 nm)/Pt(f2bipy)(bpz) (30 

nm)/bis-4,6-(3,5-di-3-pyridylphenyl)-2-methylpyrimidine (B3PYMPM) (15 

nm)/B3PYMPM: 1 wt% Rb2CO3 (40 nm)/Al (100 nm). We applied mCP as the hole-

transporting layer and B3PYMPM as the electron-transporting layer in the 

Pt(f2bipz)(bpy) device to achieve balanced carrier transport because the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energy levels of Pt(f2bipz)(bpy) are lower than those of Pt(fppz)2 and 

Pt(fppz)(pic). The HOMO and LUMO levels of Pt complexes are summarized in 

Table 8.2. Their current density−voltage−luminance (J-V-L) characteristics are sho- 
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Table 8.2 Energy levels of HOMO and LUMO for Pt(fppz)2, Pt(f2bipz)(bpy) and 
Pt(fppz)(pic). 

 HOMO (eV) LUMO (eV) 
Pt(fppz)2 5.67 2.65 

Pt(f2bipz)(bpy) 6.14 3.16 
Pt(fppz)(pic) 5.72 2.73 
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Figure 8.13 (a) J-V-L characteristics. (Inset: the angular distributions of the EL 

intensities of the OLEDs. The dashed line in the inset shows the Lambertian 

distribution.) (b) EL spectra of the OLEDs. (c) Current efficiency and power 

efficiency as a function of the luminance. (d) EQEs as a function of the current 

density. 
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wn in Figure 8.13a. The turn on voltages were recorded to be 2.4 V for Pt(fppz)2 and 

Pt(fppz)(pic), and 2.7 V for Pt(f2bipz)(bpy). OLEDs composed of crystal emitting 

layer exhibit low leakage currents and smooth J-V-L curves, results from smooth 

surface of crystal emitting layer. The EL spectra of the OLEDs matched very well 

with the respective PL spectra (Figure 8.9a). The EQEs and power efficiencies of the 

devices calibrated using the profiles of the angle-dependent emitted number of 

photons (inset of Figure 8.13a) are shown in Figure 8.13c,d. The maximum EQEs 

were 38.8%, 15.7%, and 22.6% and the maximum current efficiencies were 62, 22.4, 

and 36.3 cd/A and the power efficiencies at 1000 cd/m2 were 53.8, 8.4, and 18.2 

lm/W for the devices of Pt(fppz)2, Pt(f2bipz)(bpy), and Pt(fppz)(pic), respectively. 

This EQE of 38.8% is the highest efficiency ever reported to date.33,130 The calculated 

maximum achievable EQEs of the devices based on the measured Θ’s and PLQY’s 

under the assumption of no electrical loss were 40.5%, 17.9%, and 22.8% for 

Pt(fppz)2, Pt(f2bipz)(bpy), and Pt(fppz)(pic), respectively. Refractive indices of 

platinum complex thin film used in optical simulation are shown in Figure 8.15. 

These values match well with all of the recorded EQEs, indicating that all devices 

had lowered leakage current, among which the Pt(fppz)2 devices exhibited the 

highest measured EQE as well as the highest calculated EQE. OLED light emission 

is uniform for eyes even though emitting layer is polycrystalline because the grain 

size of crystal is in nanometer scale (Figure 8.14). 
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Figure 8.14 A light emission image of a Pt(fppz)2 based OLED at 0.75 mA/cm2. 
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Figure 8.15 Refractive indices of 30 nm thick (a) Pt(fppz)2, (b) Pt(f2bipz)(bpy) and 

(c) Pt(fppz)(pic) films. 
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8.4 Conclusion 

In summary, we realized OLED with an extremely high maximum EQE of 

38.8% using the Pt-based thin-film emitting layer with PLQY of 96% and Θ of 93%, 

versus the theoretical EQE limit of 45% for the highest possible PLQY and Θ of 

100%. The emitting dipole orientation of the crystal emitting layers was largely 

affected not only by the crystallinity of the emitting layer but also by the molecular 

arrangement in the crystal, which are influenced by both the symmetry and position 

of the CF3-substituted pyrazolate units in Pt complexes. These results demonstrate 

the potential that thin-film crystal based OLEDs can outperform amorphous thin-

film-based OLEDs.  
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Chapter 9. Summary and Outlook 

Organic light-emitting diodes (OLEDs) have become increasingly important 

as next-generation display because they have a high color gamut and are thin, 

flexible and transparent. Having recognized the market potential, Samsung and LG 

have worked on the development of OLED displays, and have recently released a 

high resolution and flexible display for mobile devices as well as a large area, curved 

display for televisions. Lighting is one of the greatest strengths of OLEDs, as 

compared to LEDs. The surface light source of OLEDs allow them to be thin, flexible, 

and transparent, permitting more freedom and creativity in product design. Several 

companies have released OLED lighting products into the market. Automobile 

companies have applied the technology to active backlighting. Light emission 

efficiency is one of the most important characteristics of OLED devices, as it is 

directly related to power consumption and influences the lifetime of the device. 

However, OLEDs still have lower power efficiency than LEDs, and greater 

efficiency is required for these devices to gain widespread popularity in lighting and 

displays.  

This thesis presents exciplex dynamics and emitting dipole orientation of 

emitters for highly efficient OLEDs. Based on these observations, record-breaking 

efficiencies of fluorescent and phosphorescent OLEDs are demonstrated.  

In chapters 2 and 3, exciplex dynamics influencing triplet harvest were 

analyzed quantitatively. Our results show that not only efficient reverse intersystem 

crossing (RISC) but also low nonradiative loss in both singlet and triplet exciplexes 
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is required for efficient exciplex-based OLEDs. Even though a high efficiency, 

approaching the 25.2% external quantum efficiency (EQE), was obtained at a low 

temperature, these results clearly demonstrate that OLEDs with 100% internal 

quantum efficiency (IQE) harvesting all triplets are possible using an exciplex, if the 

exciplex system is designed to have almost zero nonradiative triplet exciplex 

processes through smart molecular design. Furthermore, an exciplex was used as a 

host for a conventional fluorescent dopant (DCJTB) to improve the fraction of 

radiative excitons over 25%. Our analysis indicated that an extra 10.1% of singlet 

excitons were formed by the RISC of the triplet exciplex to the singlet exciplex, 

followed by the energy transfer to DCJTB. As a result, a red fluorescent OLED with 

an unprecedented high EQE of 10.6% was demonstrated using DCJTB as an emitter 

doped in an exciplex forming host. 

In chapters 4-7, the emitting dipole orientation of Ir complexes and their 

nature are described. We investigated the relationship between molecular structures 

and emitting dipole orientation of Ir complexes, and the origin of the preferred 

orientation of emitting dipoles for heteroleptic Ir complexes. Unprecedented, high-

efficiency phosphorescent OLEDs were demonstrated using horizontally-oriented 

emitters. This study shows that intermolecular interactions are important in the 

orientation of the emitting dipoles, and high values of the ratio of horizontal emitting 

dipoles (Θ) are expected for HICs if the emitting dipole vectors are perpendicular to 

the C2 axes in the molecules, and the doubly degenerated TDMs are parallel to the 

substrate. Based on these observations, new heteroleptic Ir complexes with 

horizontal emitting dipoles were designed and synthesized. These complexes 
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showed an improved Θs from 74% to 86.5% and demonstrated an unprecedented, 

high EQE of 38.1% for Ir based phosphorescent OLEDs.  

Emitter molecules in the emitting layer can have a preferred molecular 

orientation with some distributions; however, the molecular orientation is not perfect 

due to the amorphous nature of typical emitting layers. Thus, it will be difficult to 

obtain an even higher Θ using Ir complexes. In this regard, organic crystals would 

be better emitters because of their orientational and positional ordering. In chapter 8, 

perfectly oriented Pt based thin film emitting layers were designed, with a Θ of 93% 

and a photoluminescence quantum yield of 96%. A crystal OLED with an 

unprecedented, high EQE of 38.8% was demonstrated using a crystal emitting layer. 

This study shows the structural property relationships between molecular structures, 

crystal structures and the emitting dipole orientation of Pt complexes. These results 

demonstrate the potential for thin film crystal-based OLEDs to outperform 

amorphous thin-film-based OLEDs. 

The reported origin of the preferred orientation dipoles of the phosphorescent 

dyes, and the high efficiency of 38.8%, change the conceptual understanding of the 

isotropic orientation of phosphorescent dyes and break the efficiency limit set in 

OLED studies to date. A method for improving Θ using a crystal-emitting layer and 

the design of Ir complexes with high Θ are demonstrated here, which provide new 

pathways to the development of high performance OLEDs that are practically 

applicable in OLED industries. Hence, we believe that the present work will be of 

interest to engineers and scientists in the OLED research and display industries, and 
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will promote the goal of increasing the EQE further. 
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