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Organic electronics, commonly referred as plastic electronics, is an emerging technology for 

addressing many challenges that our society is facing. Over the past two decades, organic 

electronics has gained enormous attention due to its many advantages, including low power 

consumption, low-cost, scalable, and flexible design. Development of high-performance devices 

by designing new materials and related device engineering is crucial to the future advances in 

organic electronics. This dissertation focuses on studies of two classes of optoelectronic devices, 

organic light-emitting diodes (OLEDs) and all-polymer solar cells, fabricated by solution-

processing of organic semiconductors, and aims to better understand structure-property-

performance relationships resulting from solution-based fabrication. 



 

 

Study of bisindenoanthrazolines and dendritic oligoquinolines were found to be promising 

new electron-transport materials (ETMs) for high-performance phosphorescent OLEDs 

(PhOLEDs). Solution-processed multilayered blue PhOLEDs with orthogonal solution-processed 

ETMs were found to have the highest efficiency (luminous efficiency = 28.3 cd/A and external 

quantum efficiency = 15.5 %) observed to date among polymer-based devices. The surface 

morphology and charge-transport properties of the ETMs were successfully tuned by solution-

deposition, which made it possible to eliminate the need for interfacial materials and low work 

function metals commonly used as cathode materials in OLEDs. High-performance solution-

processed PhOLEDs using commercial ETMs were also demonstrated using orthogonal solution-

processing. The bulk conductivity and charge transport properties of ETMs were enhanced by a 

novel solution n-doping with alkali metal salts. 

Sulfone- and dibenzosuberane-based materials were demonstrated as promising new classes 

of ETMs that possess high triplet energies (> 2.8 - 3.0 eV). Multilayered PhOLEDs with a 

solution-processed blue triplet emission layer using high triplet energy ETMs as an electron-

transport layer were found to have significantly improved performance, including high current 

efficiency and external quantum efficiency (~ 20 %). 

Finally, solution-processed polymer/polymer blend solar cells using new naphthalene 

diimide-based acceptor copolymers were investigated and found to be the most efficient all-

polymer solar cells reported to date. Controlling polymer blend morphology by solution-

processing from a co-solvent system also led to further enhancement of device performance. 
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Chapter 1.  Introduction 

1.1. Overview 

Since Tang and VanSlyke in 1987 developed novel electroluminescent (EL) device using 

organic materials with a double-layered structure
1
 and Tsutsui and Saito in 1988 with separate 

hole and electron-transport layers,
2
 tremendous research effort has been made in the field of 

organic light-emitting diodes (OLEDs). The Nobel Prize for Chemistry awarded in 2000 to 

Heeger, MacDiarmid and Shirakawa for their discovery of “conductive plastics (polymers)” 

boosted the research in the field of organic electronics. Among these organic based electronics, 

OLEDs would be the nearest future technology which has been already launched into market as 

commercial products. It demonstrates the final outcome from a fascinating small discovery to our 

daily life that we may enjoy from our palm as small hand-held electronic devices to large 

domestic appliances, automobiles, or even inner/outer lighting sources. The relevant materials, 

device engineering, and manufacturing skills will not only be limited to OLEDs but will 

definitely give a way to open the real era of organic electronics, such as organic solar cells 

(OSCs), organic field-effect transistors (OFETs), and organic sensors, etc. It is therefore 

appropriate to review the progress and current status of research in organic light-emitting diodes 

at this stage. 

Advanced organic semiconducting material is crucial factor to achieve high device 

performance, durability, feasible processability and low-cost. A carefully designed molecular 

architecture made possible to tune the electronic structure, charge carrier mobility, morphology, 

physical and chemical characteristics of the organic semiconductors. Most materials of interest in 

organic electronics have either hole-transport (p-type) or electron-transport (n-type) 

characteristics. However, it is rather challenging to achieve efficient electron-transport 
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characteristics compared to hole-transport due to the difficulty in the formation of very stable 

anion in the organic semiconductor by preventing trapping of the electron by intrinsic chemical 

impurities and extrinsic factors such as molecular oxygen.
3
 High electron affinity (EA) with 

good electron-accepting ability is known to achieve high electron-transport in the presence of 

oxygen-containing atmosphere. 

 

1.2. Organic Light-Emitting Diodes (OLEDs) 

1.2.1. Basic Principles of OLEDs 

 

Organic Light-Emitting Diodes. OLEDs are basically double charge injection diodes, requiring 

simultaneous injection of holes and electrons to the organic material sandwiched between both 

electrodes. The schematic diagram of the basic operation of OLEDs and energy level diagram of 

OLEDs are presented in Figure 1.1a and 1.1b, respectively. The key processes involved are: (i) 

Double charge injection: Upon applying a bias on both electrodes, holes are injected from the 

anode into the highest occupied molecular orbital (HOMO) energy level of adjunct layer and 

electrons are injected from the cathode into the lowest unoccupied molecular orbital (LUMO) 

energy level. (ii) Charge transport: The injected charge carriers move towards each other under 

the applied electric field. The charge carriers are then directly or via hole / electron transport 

layers transport into emission layer. (iii) Charge recombination (exciton generation): Inside the 

emission layer, the opposite charge carrier make contact and annihilate each other leading to the 

excited state formation of hole-electron pairs, called excitons. The excitons could be either 

singlet or triplet excitons. (iv) Light emission: The radiative decay of the excitons releases light 

from the device. The decay of singlet excitons is called electroluminescence (fluorescent 
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emission) and that of the triplet excitons is called electrophophorescence (phosphorescent 

emission). 

 

 

Figure 1.1. (a) Schematic of basic operation of OLEDs; and (b) Energy-level diagrams of OLEDs. 

Device Structure and Efficiency. The simplest structure of OLEDs is single emitting layer 

(EML) device. However, device with single layered architecture is not preferred in order to 

achieve high-performance OLEDs. In a single layer OLED, the electron affinity (EA) or LUMO 

level and the ionization potential (IP) or HOMO level relative to the cathode work function and 

the anode work function, respectively, determine the feasibility of the charge injection into the 

emission layer. Large mismatches, thus large energy barriers for hole injection at the anode and 

electron injection at the cathode, lead to poor OLED performance. To overcome the mismatch of 

energy barrier between the adjunct layers, multilayered device architectures are used. Hole 

injection and/or transport layers (HTL) are used at the anode and electron injection and /or 

transport layers (ETL) are used at the cathode to overcome the barrier between the organic layers 

and electrodes (Figure 1.1b). The use of more additional layers to enhance charge injection and 
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transport properties has resulted significant improvement in device performance, although more 

complicated OLED architecture is needed. 

There are many factors that may determine the overall performance of the OLEDs. To 

discuss the device efficiency in OLEDs, precise definition of internal quantum efficiency (ηint) 

and external quantum efficiency (ηext) is essential. The internal quantum efficiency is defined as 

the ratio of the total number of photons generated within the device structure to the number of 

electrons (charge carriers) injected. While the generally known definition of the external 

quantum efficiency is that the ratio of the number of photons emitted by the device into the 

viewing angle to the number of electrons injected.
5,6 

From the above, the internal quantum 

efficiency and external quantum efficiency were differed by the fraction of photons coupled out 

from the device (ηc), a.k.a. outcoupling efficiency (ηc ). The relationship can be expressed as: ηext 

= ηc • ηint (eq. 1) The internal quantum efficiency can be divided into three different factors. Those 

are: (i) Fraction of total excitons formed which result in radiative transitions (ηex). By the spin 

statistics the ratio of singlet to triplet excitons are known to be 1 to 3, which means ηex = 25% for 

fluorescent molecules and polymers and it can approach ηex = 100% for highly phosphorescent 

materials. (ii) Intrinsic photoluminescence quantum efficiency (Φp) for radiative decay (quantum 

yield of the emitting material), including both fluorescence and phosphorescence. (iii) Ratio of 

electrons to holes injected from opposite contacts (γ), which we commonly call charge carrier 

balance. As a result, we can rewrite the equation (eq. 1.1): ηext = ηc • γ • ηex • Φp  (eq.1.2). 

OLEDs has been mainly fabricated with the multilayered device structure with emission 

layer (EML) sandwiched between hole-injection / -transport layers (HIL/HTL) and electron-

injection / -transport layers (EIL/ETL) with the electrode located on either side. General OLED 

structure consisted of: Anode/HIL/HTL/EML/ETL/EIL/Cathode. Additional layers can be 
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inserted or doped layers can be used to further enhance device performance. For the electrodes, 

transparent conductive metal oxides (TCOs) such as ITO (In2O3:Sn), FTO (SnO2:F), IZO 

(In2O3:Zn), or AZO (ZnO:Al)
7
 and metal electrodes such as Al, Ag, Au, Pt Cu, or Ni are 

commonly used. Most of the conventional OLEDs use ITO glass substrate as transparent anode 

to inject holes while it can also be used as cathode to inject electrons depending on the sequence 

of the multilayered structure (i.e. inverted OLEDs). On the opposite side, metals are usually 

deposited as either cathode or anode to inject counter charges into the adjunct layer. Figure 1.2 

shows schematic of typical OLED structures where ITO electrode is used as transparent anode 

(Figure 1.2a) or used as transparent cathode (Figure 1.2b). Furthermore, if transparent electrodes 

are used in both sides of the electrodes, transparent OLEDs can be fabricated to emit light from 

both sides. Various types of transparent electrodes based on nanoscale materials other than TCOs 

have emerged recently. Percolative networks with randomly distributed carbon nanotubes 

(CNTs)
8-10

 or graphene
11-13

, metal thin films,
14

  nanogrids, nanowires, and nanofibers
15-17

 are 

applied as promising transparent electrodes. An easiness of adopting various types of electrodes 

or rigid/flexible substrates provides an opportunity of innovative product design. 

Fabrication method of OLEDs can be largely divided into two categories: vacuum thermal 

evaporation (dry-process) and solution-based deposition (wet-process). Optoelectronic devices 

with small molecular organic semiconductors are conventionally deposited using vacuum 

thermal evaporation. This traditional method has ability to deposit films with monolayer 

precision and preserves the purity of source material. Especially, vacuum thermal evaporation 

has been widely used in fabrication of high-performance OLEDs, since the multilayered 

structure can be achieved by the carefully controlled sequential evaporation of organic 

semiconductors. 
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Although current small-molecules have enabled the development of highly efficient  OLEDs 

with multilayered structures, vacuum thermal deposition of small molecules is an expensive 

process.
18,19

 Solution-processing can be an economically attractive alternative to vacuum thermal 

evaporation method. Solution-based device fabrication methods, such as spray-on or spin-on 

deposition, ink-jet printing, screen printing, and roll-to-roll printing processes, are considered 

critical to next generation, low cost, large area, high performance OLEDs. However, fabrication 

of multilayered devices by solution-based processing is challenging because of the requirement 

of orthogonal solvents that would not dissolve or disrupt the underlying emissive layer.
20-22

 

 

Figure 1.2. Schematic of OLED structure: (a) Conventional OLED with ITO as transparent anode and PEDOT:PSS as 

hole-injection/-transport layer; (b) Inverted OLED with ITO as transparent cathode and metal oxide as electron-injection 

layer. 

 

1.2.2. Advantages of OLEDs 

The primary reason for the high interest in the organic light-emitting diodes (OLEDs) 

technology is that it offers many advantages over traditional displays such as liquid-crystal 

displays (LCD). These advantages can be categorized as following: (i) Potential low 

manufacturing cost. In the near future, the manufacturing cost of the OLEDs can be reduced 

from the feasible low-temperature processing organics by dry or wet processing techniques. (ii) 
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Thin, lightweight, and flexibility. OLEDs have only several hundred nanometers of thin film 

structure which can be easily deposited onto various types of substrates. OLEDs can be 

embedded to flexible plastic substrates, clothing, and fabrics that can be easily carried and rolled 

up. There can be unlimited potential applications as variety of substrates and device architectures 

are being developed. (iii) Low power consumption and bright contrast. Inactive OLED pixels do 

not consume power or emit light which make more efficient than the LCDs that require a 

consistently turned-on white backlight. The ability of completely turned off states offers better 

contrast with darker blacks. (iv) Wide viewing angle with fast response time. As the OLED 

pixels directly emit light, it enables wider viewing angle almost 180 degrees. OLEDs also have a 

quick response time of less than 0.01 milliseconds which is 100 to 1000 times faster than LCDs. 

(v) Wide operating temperature range. OLEDs have a larger range of operating temperatures, 

particularly at low temperature (~ -40 °C), compared to the LCDs (~ -10 °C). It enables the use 

of displays or lighting in extreme environmental conditions. 

 

1.3. Organic Solar Cells (OSCs) 

1.3.1. Basic Principles of OSCs 

Organic Solar Cells. A solar cell (or photovoltaic cell) is a semiconductor device that converts 

absorbed sunlight (photons) into electricity. Incident photons in a semiconductor create excitons 

(bound electron-hole pairs) whose subsequent dynamics, relaxation, and dissociation are crucial 

to the photoconversion process. Equally important to the overall efficiency of the photon-to-

electricity conversion is the nature of the charge carrier transport to collecting electrodes after 

exciton dissociation into free charge carriers. Unlike Si and other inorganic semiconductors, in 

which photoexcitation produces free charge carriers directly or delocalized excitons with small 
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binding energies (~10 meV) light absorption in current organic/polymer semiconductors creates 

Frenkel excitons with large binding energies (~ 0.4 - 1.0 eV) and small diffusion lengths (5-20 

nm). Consequently, photogeneration of free charge carriers in organic semiconductors requires 

dissociation of excitons at a heterojunction with another material having energy band offsets 

suitable for exciton dissociation. Furthermore, carrier mobilities in inorganic semiconductors are 

orders of magnitude larger than their organic counterparts. These fundamental differences in the 

photoconversion and charge transport mechanisms translate to a huge difference in photovoltaic 

power conversion efficiency: ~ 15-35 % for inorganic semiconductors (Si, GaAs, etc.) compared 

to ~ 3-10 % for organic semiconductors. 

The bulk heterojunction (BHJ) organic photovoltaic (OPV) cell, consisting of a binary blend 

or composite of a donor polymer and an acceptor material, was introduced in 1995 by Heeger to 

address the problem of small exciton diffusion lengths (Ld = 5-20 nm) in current organic/polymer 

semiconductors. Extensive studies of such BHJ-OPV cells have focused largely on blends or 

nanocomposites of donor polymer with acceptor materials based on fullerenes although CdSe 

and PbS nanocrystals, TiO2 nanoparticles, carbon nanotubes, acceptor polymers and acceptor 

small molecules have also been explored to a much lesser extent. BHJ-OPV cells based on 

fullerene (PCBM) acceptors and donor polymers currently give the highest power conversion 

efficiencies (~10 % PCE). Optimization of factors such as blend composition, processing 

conditions, various annealing protocols, and use of processing additives has recently led to 

enhanced photovoltaic performance. 

Operation of OSCs. OSC (or organic photovoltaics, OPVs) s are basically consisted of double 

charge collection diodes, requiring simultaneous collection of holes and electrons generated by 

dissociation of excitons from the conjugated organic material sandwiched between both 
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electrodes. The schematic diagram and the basic operation of OSCs are presented in Figure 1.3a 

and 1.3b, respectively. The key processes involved are: (i) Absorption of photons (exciton 

generation) and exciton diffusion: Under illumination of a sun light on transparent electrodes, 

excitons, i.e. hole-electron pairs are formed by excitation of ground state electrons inside the 

active layer which consisted of p-n binary junction or heterojuction, and then they are diffused 

into the active layer. (ii) Charge dissociation: Diffused excitons make contact with the interfacial 

junction between p- and n- type semiconductors result in charge separation to create separate 

charge carriers. (iii) Charge transport: The separated charge carriers move towards each side of 

the electrodes via the highest occupied molecular orbital (HOMO) energy level of donor 

materials and the lowest unoccupied molecular orbital (LUMO) energy level of the acceptor 

materials. (iv) Charge collection: Both charge carriers are collected by each electrode and thus 

generate photovoltage and photocurrent throughout the circuit between anode and cathode 

electrodes. 

 

Figure 1.3. (a) Schematic diagram of OSCs; and (b) Operation schematic of OSCs. 
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1.3.2. Advantages of OSCs 

The main reason for the high interest in the organic solar cell technology is that it offers 

many advantages over traditional silicon-based photovoltaic devices. These advantages can be 

categorized as following: (i) Potential low manufacturing and processing cost. In the near future, 

the manufacturing cost of the OSCs can be reduced from the feasible low-temperature processing 

organics by dry or wet processing techniques. (ii) Thin, lightweight, transparent and flexibility. 

OSCs have only several hundred nanometers of thin film structure which can be easily deposited 

onto various types of substrates. OSCs can be embedded to flexible plastic substrates, clothing, 

and fabrics that can be easily carried and rolled up. Furthermore, there can be unlimited potential 

applications in windows or buildings as a clean energy source as well as satisfying the design 

needs resulted from their flexibility and transparency. (iii) Tailoring molecular structure. Since 

conjugated polymers and small molecules can be designed and modified to obtain specific 

electronic structures and absorption properties, it is feasible to obtain desired properties which 

can be used for various photovoltaic applications. 

 

1.4. Major Challenges and Research Objectives 

1.4.1. Major Challenges 

In the past few decades, extensive studies of organic electronics have been performed by 

academia and industry to understand the underlying principles/mechanisms, develop new 

materials and fabrication methods, to improve device performance by engineering for real 

commercialization of products. However, there are still many challenges in the research field 

such as designing suitable organic materials, control solid-state morphology to desired form, 
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achieving durability for the improved cycle life, and manufacturing technology in a large scale 

with assured productivity. 

Organic light-emitting diodes (OLEDs) have been already launched into market for 

applications in full-color display panels, flexible displays, and solid-state lighting. Recently, 

much progress has been made in developing phosphorescent OLEDs (PhOLEDs) compared to 

traditional fluorescent OLEDs since nearly 100% internal quantum efficiency can be achieved. 

However, blue emitting PhOLEDs remain challenging since high energy triplet excitons tend to 

flow out without radiative decay in the emissive layer (EML). Insertion of a wide-energy-gap / 

high triplet energy electron-transport material between the cathode and the blue-phosphorescent 

EML represents a successful strategy for confining excitons to the EML and for blocking holes, 

facilitating a good charge balance in the EML. However, most of the high-performance 

PhOLEDs achieved to date have been mainly based on vacuum-deposited small-molecules 

involving thermal evaporation processes to obtain multilayered device structures. Solution-based 

PhOLEDs provide an economically attractive alternative to those processed by vacuum 

deposition, and are considered essential to low-cost, large area lighting devices. Although 

sequential solution-processing of highly efficient multilayered device structures has great 

potential, it is very challenging because the solvent used to deposit the subsequent layer tends to 

dissolve or swell the underlying layer. 

Among the field of organic electronics, organic solar cells (OSCs) or polymer solar cells 

(PSCs) are of great interest as promising economic technology to convert solar energy to 

electricity. So far, significant progress has been made in developing polymer/fullerene bulk 

heterojunction (BHJ) solar cells with around 10.0% of power conversion efficiency (PCE) to 

date. However, polymer/polymer BHJ solar cells have been investigated in order to overcome 
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disadvantages of fullerene acceptors and also to take advantages of polymer/polymer systems 

despite of much lower PCE compared to polymer/fullerene solar cells. All-polymer BHJ solar 

cells consisted of binary blends of p-type (donor) and n-type (acceptor) polymers have potential 

benefits compared to polymer/fullerene system, including enhanced absorption coefficient and 

increased open-circuit voltage (Voc) of the devices, easy control of viscous solution for industrial 

coating, and superior life durability and thermal / mechanical robustness of the devices due to the 

morphological stability. Despite of these advantages, the main drawback of all-polymer solar 

cells is their relatively low short-circuit current density and external quantum efficiency (EQE), 

rarely exceeding 5.0 mA/cm
2
 and 30%, respectively, and thus low PCE value generally not more 

than 3.0%. 

Further advances in improving the efficiencies of polymer/polymer solar cell systems to 

commercially useful levels require major innovations in acceptor and donor materials and 

optimization of device architectures at the molecular- and nano-scales. Although fullerene 

molecules have proven to be excellent acceptor materials in bulk heterojunction (BHJ) 

polymer/fullerene solar cells, they are inherently chemically, thermally, and photochemically 

unstable in ambient air, which limits their potential in practical OSCs. In addition, a better 

fundamental understanding of the photoconversion processes, charge transport, charge collection, 

and blend morphology in polymer/polymer BHJ solar cells is critical towards achieving the 

theoretical device conversion efficiency. The intrinsic, photochemical, and environmental 

stability/durability of all-polymer solar cells is also a major scientific challenge that requires 

investigation. 
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1.4.2. Research Objectives 

The primary objective of this research is to investigate and demonstrate high-performance 

organic optoelectronic devices enabled by new electron-transport materials and novel solution-

processing that could be exploited in low-cost, large scale device fabrications. The objectives of 

this research focus on addressing several current issues in the field. 

(i) Development of novel electron-transport materials and understand the factors 

affecting electronic/optoelectronic properties to demonstrate high-performance 

optoelectronic devices. To be effective in enhancing the performance of optoelectronic devices, 

electron transport material must combine (i) a high electron affinity to enable efficient electron-

injection and (ii) a high electron mobility to enhance electron flux, with (iii) a high ionization 

potential and (iv) a high triplet energy to confine excitons within the emissive layer. Thus far, 

few electron transport materials (ETMs) satisfy these criteria. The development of new electron 

transport materials with optimum properties achieved by molecular design, device engineering, 

and processing optimization are essential for next generation optoelectronic devices, especially 

for PhOLEDs. For this purpose, intensive development of novel electron-transport materials has 

been performed (Chapter 2, 3, and 5), regarding detailed case studies of the relationships 

between molecular structures, morphology, electronic and charge transport properties of various 

series of electron-transport materials. Especially Chapter 5 describes new classes of electron-

transport materials based with high triplet energies. 

(ii) Engineering and studying novel orthogonal solution-processing for multilayered 

device structures. The longstanding challenge in solution-based fabrication of high performance 

optoelectronic and other devices is achieving orthogonal sequential solution deposition of 

multilayered structures. This requirement that the solvent used to deposit the overlayer thin film 
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not dissolve or swell the underlying layer can conflict with the factors essential to good surface 

wetting properties of the second solution on top of the underlying layer. Chapter 3 discusses new 

orthogonoal solution-processing of new oligoquinole-based electron-transport materials in 

PhOLEDs. The structure-morphology-property relationship has been studied to demonstrate 

high-performance all-solution-processed optoelectronic devices. Furthermore, the orthogonal 

solution-processing strategy of electron-transport materials has been extended to commercially 

available materials, demonstrating the advantage of the developed processing method in general. 

(iii) Studying solution n-doping enabled by orthogonal solution-processing. Solution n-

doping of the electron-transport materials by orthogonal solution-processing was investigated in 

Chapter 4. The small-molecule electron-transport material doped with alkali metal salts by 

solution-processing of the electron transport layer to achieve high-performance all-solution-

processed PhOLEDs was investigated. It was found that incorporation of the dopant into the 

electron-transport layer by orthogonal solution-processing significantly changes the surface 

morphology leading to better charge-transport and facile electron-injection from the electrode. 

(iv) Studying highly efficient all-polymer solar cells. Recently, polymer/polymer solar 

cells have gained much attention due to their various advantages compared to polymer/fullerene 

solar cells. Chapter 6 describes highly efficient all-polymer solar cells based on new acceptor 

copolymers. Record power conversion efficiency with high photovoltaic parameters in all-

polymer solar cells was demonstrated and investigated. Further device optimization of 

polymer/polymer blend by the control of blend morphology to achieve state-of-the-art 

performance of all-polymer solar cells was also discussed. 
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Chapter 2.  Highly Efficient Phosphorescent Organic Light-Emitting 

Diodes Enabled by Bisindenoanthrazolines as a New Class of n-Type 

Organic Semiconductors 

This chapter presents a study of bisindenoanthrazolines as a new class of n-type organic 

semiconductors. Novel electron-transport materials with π-conjugated heptacyclic framework 

have been studied as efficient electron-transport layers for high-performance phosphorescent 

OLEDs. The results in this chapter are reprinted in part with permission from Earmme, et al. 

(Copyright 2009, American Chemical Society), and from Ahmed and Earmme, et al. (Copyright 

2010 American Chemical Society). 

 

2.1. Introduction 

 Organic semiconductors are of broad interest for applications in electronic and optoelectronic 

devices
1-20

 such as photovoltaic cells,
1-2

 light-emitting diodes
3,20

 and field-effect transistors.
4 

Among the classes of organic semiconductors, large polycyclic heteroaromatics are of special 

interest due to their extended quasi-two dimensional (2D) -conjugation that results in planar 

backbone framework, improved intermolecular interactions and improved thermal properties.
5-22

 

The vast majority of the literature to date has focused on the design, synthesis and structure-

property relationships of p-type organic semiconductors,
5-10

 including: oligoacenes,
8
 fused 

oligothiophenes,
9
 anthradithiophenes,

8
 bisindolocarbazoles,

10
 oligophenylenes and 

oligofluorenes,
6,11

 some of which have resulted in field-effect transistors with performance 

superior to amorphous silicon.
8
 In contrast, the development of n-type oligomer and polymer 

semiconductors has lagged behind p-type materials.
12-24

 A common strategy in the design of n-

type organic semiconductors is the substitution of hydrocarbons with electron-deficient moieties 
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Chart 2.1. Molecular Structures of Bisindenoanthrazolines 

 

 

 

 

such as fluorine,
12,13,25

 cyano groups,
14-17

 carbonyls,
15

 and/or imine nitrogens.
19-24

 Among n-type 

ladder oligomers studied to date are perfluorinated oligoacenes
25

 and thiophenes,
26

 

oligoindenofluorenes,
11,15

 naphthalene diimides,
13,17,18

 perylene diimides,
16,27

 and imine nitrogen-

rich oligomers.
19-24

 The design and synthesis of new n-type organic semiconductors is necessary 

for understanding structure-property relationships in the materials and for improving their 

performance in organic electronics and optoelectronics. 

 Ladder polycyclic aromatic molecules that contain imine nitrogens are of increasing interest 

in the development of n-type semiconductors.
14-24

 Incorporation of imine nitrogens into ladder-

type conjugated oligomers can result in: (i) an increase in electron affinity;
19-24

 (ii) enhancement 

of the propensity of -stacking;
21-24

 (iii) ability to tune the electronic and optoelectronic 

properties by protonation or metal ion complexation
21a-b,22a 

and (iv) result in a substantial 

improvement in photo-oxidative stability of the molecules.
 
Experimental

14-23
 and theoretical

24
 

studies have shown that 

heteroaromatic rings containing 

imine nitrogens have higher 

reduction potential compared to 

similar hydrocarbons.  

Theoretical studies have also 

showed that linear expansion of 

size in such imine nitrogen-

containing polycyclic molecules 

is very beneficial toward increasing the reduction potential
24

 and reducing intrinsic energy 

barriers and trapping centers that cause low carrier mobility.
28a-b

 Examples of such an extension 
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of the size of π-conjugated polycyclic molecules and incorporation of imine nitrogens and/or 

heteroatoms to increase the reduction potentials include core-expanded perylene bisimides,
29

 

quinoxaline and pyrazinoquionoxaline derivatives,
21,22

 bisphenazine derivatives
23 

and 

indenofluorenes/bisindenofluorenes derivatives.
11,15 

 In this chapter, we report the synthesis, electrochemical properties, photophysics, electron-

transport, and light-emitting properties of novel ladder-type bisindenoanthrazolines (BIDAs). 

The molecular structures of the four bisindenoanthrazolines (DADA, DADP, DADF, and 

DADK) investigated are shown in Chart 2.1.  The series of BIDAs has a common framework of 

a highly planar heptacyclic ring that contains a core of anthrazoline ring with two imine 

nitrogens in the backbone. Various substitutions were examined towards tuning the electronic 

properties and solid-state structures.  The simplicity and flexibility of the synthesis allows for the 

retention of n-type characteristics while tuning the electronic structures and intermolecular 

interactions by simple substitutents (X = methylene, benzyl, carbonyl, and ether). We discovered 

that small changes in the molecular structures result in drastic effects on both the solid-state 

packing and the electronic and optoelectronic properties. Structure-property relationships of the 

bisindenoanthrazolines were investigated by cyclic voltammetry, photophysical measurements, 

space charge limited current (SCLC) measurements of electron mobility, and electroluminescent 

devices.  The new n-type materials had reversible electrochemical reductions from which an 

electron affinity of 3.6-3.7 eV was estimated. 

 We also found that highly efficient and bright green polymeric phosphorescent OLEDs 

(PhOLEDs) can be achieved by means of a new electron transport material (ETM), 4,9-

diphenylbisindenoanthrazoline (DADA). By virtue of its high electron affinity (3.67 eV) and 

efficient π-stacking, DADA as an electron-transport layer (ETL) offers new features that can 
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potentially enhance the performance of OLEDs. DADA was placed between the Al cathode and 

the polymeric emissive layer (EML) as an ETL to facilitate electron injection and transport from 

the high work-function metal. 

2.2. Experimental Section 

Materials. All commercially available reagents were purchased from Sigma-Aldrich and used 

without further purification. 

Synthetic Procedures. 2,5-Dibenzoyl-1,4-diphenylenediamine was synthesized according to the 

known literature method.
7a

 

General Procedure for Synthesis of BIDAs.  A mixture of 2,5-dibenzoyl-1,4-

diphenylenediamine (1.0 equiv), indanone-functionalized compound (2.1 equiv) and diphenyl 

phosphate (8 equiv) in 5 mL of toluene were refluxed in inert atmosphere for 12 hours.  The 

reaction mixture was precipitated from 10% methanol/triethylamine and the solid was collected 

by vacuum filteration.  The resulting product was recrystallized from THF/ MeOH.   

DADA. A mixture of indanone (0.53 g, 4.0 mmol), 2,5-dibenzoyl-1,4-diphenylenediamine (0.6 g, 

1.89 mmol) and diphenyl phosphate were refluxed in toluene.  DADA was extracted and purified 

according to the above general procedure in 96 % yield as a yellow solid.  
1
H-NMR (300 MHz, 

CDCl3): δ ppm = 8.677 (s, 2H), 8.303 (d, 2H), 7.674-7.606 (m, 10H), 7.530 (m, 6H), 3.943 (s, 

4H). 
13

C-NMR (TFA-d6):  δ ppm 160.00, 153.70, 150.38, 137.50, 134.07, 131.67, 131.27, 130.59, 

129.53, 128.59, 128.21, 126.39, 124.55, 34.04. HRMS (FAB) calcd for C38H24N2 508.19395 

Found M+. 508.19418. 

DADP. A mixture of 3-phenyl-1-indanone (0.69 g, 3.3 mmol), 2,5-dibenzoyl-1,4-

diphenylenediamine (0.5 g, 1.58 mmol) and diphenyl phosphate were refluxed in toluene 

overnight.  DADP was extracted and purified according to the above general procedure to give a 
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yellow solid in 91 % yield.  
1
H-NMR (300 MHz, CDCl3): δ ppm = 8.5271 (s, 2H), 8.2989 (d, 

2H), 7.575-7.402 (m, 12H), 7.159 (t, 2 H), 6.694 (d, 2H), 6.579 (d, 2H), 5.217 (s, 2H).  
13

C-NMR 

(TFA-d6):  δ ppm = 160.41, 155.51, 154.57, 142.19, 138.14, 135.19, 134.06, 131.16, 130.45, 

129.96, 129.70, 129.56, 129.28, 128.65, 128.49, 128.04, 127.81, 127.57, 126.77, 124.15, 119.46. 

HRMS (FAB) calcd for C50H32N3 660.25387 Found M+. 660.25469.  

DADF. A mixture of 2H-benzofuran-3-one (0.466 g, 3.48 mmol), 2,5-dibenzoyl-1,4-

diphenylenediamine (0.5 g, 1.58 mmol) and diphenyl phosphate were refluxed in toluene 

overnight.  DADF was extracted and purified according to the above general procedure to give 

an orange solid in 85 % yield. 
1
H-NMR (300 MHz, TFA-d6): δ ppm = 9.519 (s, 2H), 8.586 (d, 

2H), 8.220 (t, 2H), 8.022-7.907 (m, 12H), 7.803 (t, 2H).  
13

C-NMR (TFA-d6):  δ ppm = 163.39, 

139.79, 139.39, 132.53, 132.16, 130.08, 129.44, 127.61, 126.42, 124.62, 120.09, 115.83, 114.53, 

113.54.  HRMS (FAB) calcd for C36H20N2O2 513.1603 Found M+. 513.16092.  

DADK. A mixture of 1,3-indanedione (0.509 g, 3.48 mmol), 2,5-dibenzoyl-1,4-

diphenylenediamine (0.5 g, 1.58 mmol) and diphenyl phosphate were refluxed in toluene.  

DADA was extracted and purified according to the above general procedure in 90 % yield as an 

orange solid.  
1
H-NMR (300 MHz, TFA-d6): δ ppm = 8.999 (s, 2H), 8.454-8.427 (m, 2H), 8.184-

8.079 (m, 6H), 7.957-7.841 (m, 6H), 7.704-7.677 (m, 4H).  
13

C-NMR (TFA-d6):  δ ppm = 186.07, 

157.50, 138.81, 138.53, 137.90, 135.89, 133.49, 132.37, 131.94, 129.14, 128.79, 128.17, 126.18, 

125.81, 125.55, 124.45. HRMS (FAB) calcd for C38H20N2O2 537.1603 Found M+. 537.16054.  

Characterization. 
1
H-NMR spectra were recorded on a Bruker AV300 at 300 MHz using 

deuterochloroform (CDCl3) or deuterotrifluoroacetic acid (CF3COOD) as the solvent.  Mass 

spectra were obtained from JEOL/HX-110 using 2-nitrophenyloctylether as a matrix.  

Thermogravimetric analysis of the molecules was conducted on a TA Instruments model Q50 
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TGA. A heating rate of 10 C/min under a flow of N2 was used with runs conducted from room 

temperature to 500 C. Cyclic voltammetry was done on an EG&G Princeton Applied Research 

Potentiostat/Galvanostat (Model 273A). Data were analyzed by using a Model 270 

Electrochemical Analysis System Software on a PC computer.  A three-electrode cell was used, 

using platinum wire electrodes as both counter and working electrode.  Silver/silver ion (Ag in 

0.1 M AgNO3 solution, Bioanalytical System, Inc.) was used as a reference electrode.  

Ferrocene/ferrocenium (Fc/Fc
+
) was used as an internal standard.  The potential values obtained 

in reference to Ag/Ag
+
 were converted to the saturated calomel electrode (SCE) scale. Solution 

cyclic voltammetry was performed in 1 mM solution of the compound in a mixed 1,3-

dichlorobenzene/acetonitrile (1.6:1 v/v) solvent containing 0.1 M TBAPF6 as electrolyte at 

100 °C. All solutions were purged with N2 for 20 minutes before each experiment.  UV-vis 

absorption spectra were collected on a Perkin-Elmer model Lambda 900 UV/vis/near-IR 

spectrophotometer.  The photoluminescence (PL) emission spectra were obtained with a Photon 

Technology International (PTI) Inc. model QM2001-4 spectrofluorimeter. 

Fabrication and Characterization of OLEDs.  We fabricated multilayer OLEDs using the 

indenoanthrazolines as an emitter. ITO-coated glass substrates (10 Ω/sq, Shanghai B. Tree Tech. 

Consult Co., Ltd., Shanghai, China) were cleaned sequentially in ultrasonic baths of acetone, 

deionized water, isopropanol, and then dried at 60 °C in a vacuum oven overnight. The 

commercially available 1 wt % dispersion of PEDOT:PSS (Clevios PVP4083, H.C. Starck) in 

water was used after it was filtered through 0.45µm GHP syringe filters. A 50 nm thick 

PEDOT:PSS layer was spin coated on top of ITO glass and dried at 150 °C under a vacuum to 

get rid of residual water molecules. A 15-20 nm thick TAPC (1,1-bis-(di-4-

tolylaminophenyl)cyclohexane) hole-transport/electron-blocking layer was spin-coated from its 
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0.3 – 0.5 wt% toluene solution onto the PEDOT:PSS layer and dried at 60 °C overnight under a 

vacuum. A 20 nm thick film of each bisindenoanthrazoline was obtained on top of TAPC layer 

by evaporation from resistively heated quartz crucibles at a rate of ca. 0.1-0.3 nm/s in a vacuum 

evaporator (Edwards Auto 306) at base pressure of < 7 x 10
-7

 Torr.  When TPBI (1,3,5-tris(N-

phenylbenzimidizol-2-yl)benzene) was used, it was evaporated right after evaporation of 

bisindenoanthrazoline. Then LiF and Al were sequentially deposited onto the organic layer 

without breaking vacuum.   

 To investigate PhOLEDs using bisindenoanthrazolines as an ETL, we fabricated green 

PhOLEDs using blends of poly(N-vinylcarbazole) (PVK) and 1,3-bis(2-(4-tert-butylphenyl)-

1,3,4-oxadiazo-5-yl)benzene (OXD-7) (PVK:OXD-7=60:40 wt/wt) as the host doped with 1.0 

wt% fac-tris(2-phenylpyridine)iridium (Ir(ppy)3) as the green triplet emitter in the EML. For the 

hole injection layer, a solution PEDOT:PSS was spin-coated to make a 30-nm thick layer onto a 

pre-cleaned ITO glass and annealed at 150 ºC under vacuum. A 70-nm thick EML was obtained 

by spin-coating of the PVK:OXD-7:Ir(ppy)3 blend in chlorobenzene onto the PEDOT:PSS layer 

and vacuum-dried t at 100 ºC. Then 20-nm thick bisindenoanthorazolines followed by LiF and 

Al cathode are thermally vacuum evaporated to obtain the device structures: 

ITO/PEDOT/EML/BIDA/LiF/Al. 

 Film thickness was measured by an Alpha-Step 500 profilometer (KLA-Tencor, San Jose, 

CA). EL (Electroluminescence) spectra were obtained using the same spectrofluorimeter in 

photophysical properties. Current-voltage characteristics of the OLEDs were measured by using 

a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Tokyo). The 

luminance was simultaneously measured by using a model 370 optometer (UDT Instruments, 

Baltimore, MD) equipped with a calibrated luminance sensor head (Model 211) and a 5x 
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objective lens. The device external quantum efficiencies were calculated by using procedures 

reported previously.
20d,e

 All the device fabrication and device characterization steps were carried 

out under ambient laboratory condition. 

 Devices for space-charge limited current (SCLC) measurement were fabricated with 

Al/bisindenoanthrazolines/Al structure. The Al electrode and organic layer were obtained by the 

same evaporation method as the fabrication of OLED devices. Current-voltage characteristics of 

SCLC devices were measured using the same semiconductor parameter analyzer as for OLED 

devices. The measurements were performed under dark and ambient conditions. 

2.3. Results and Discussion 

Synthesis and 

Characterization. The 

bisindenanthrazoline 

framework contains seven-

fused rings, including 5 

hexagons and 2 pentagons.  

The synthesis of the heptacyclic bisindenoanthrazolines involved a cyclization reaction of 2,5-

dibenzoyl-1,4-phenylenediamine (1) as outlined in Scheme 2.1. The four BIDAs were 

synthesized in high yield via Friedlander condensation using diphenyl phosphate (DPP) as an 

acid catalyst.   The diphenyl phosphate (DPP) catalyst was readily removed by precipitation into 

a 10 % triethylamine/methanol solution.
34

 DADA, DADP, DADF and DADK were recrystallized 

from 1:1 THF:MeOH solvent mixture.  
1
H-NMR spectra, 

13
C-NMR spectra, and high resolution 

mass spectrometry of the molecules and X-ray single crystal determination on two of them 

confirmed the structures. The four BIDAs are soluble in common organic solvents (chloroform, 

NH2

H2N
O

O +
X

O

N

N X

X

X  =  -CH2, -CH2-Ph, -C=O, -O-

DPP
Toluene
84-96%

  
Scheme 2.1. Synthesis of Bisindenoanthrazolines. 
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Figure 2.1. Optical absorption (A) and PL (B) spectra of 

bisindenoanthrazolines in THF solutions.  (C) 

Photograph of bisindenoanthrazolines in toluene 

solution under UV irradiation. 
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toluene, dichlorobenzene, etc.) to varying degrees.  Thin-films of the molecules were easily 

obtained by vacuum deposition.  The decomposition temperatures are in the range of 418-498 °C 

as determined by thermogravimetric analysis (TGA). Glass transition temperature and melting 

points were not observed by differential scanning calorimetry (DSC) up to 300 °C. 

Photophysics. Figure 2.1A shows the 

normalized absorption spectra of the four 

bisindenoanthrazolines in dilute 

tetrahydrofuran (THF) solutions.  The spectra 

show two bands, a lower intensity band in the 

range of 340-410 nm and a higher intensity 

band in the 280-310 nm range.  These 

absorption bands in DADA, DADP, and 

DADF spectra are associated with π-π* 

transitions.  However, the lowest energy 

absorption band in DADK is due to n- π* 

transition whereas the higher energy band is 

from π-π* transition. All the solution 

absorption spectra show clear vibronic 

structures, indicative of well-defined rigid 

chromophores.  All the BIDA molecules 

except DADF show an absorption maximum 

that corresponds to the 0-1 optical transition 

(the highest oscillator strength). The 
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absorption maximum of DADF corresponds to the 0-2 transition.  The absorption maxima (λmax) 

of DADA, DADP and DADF are 398, 404, 397 nm, respectively; whereas that of DADK (340 

nm) is blue shifted by 58 nm compared to DADA (Table 2.1). 

 Figure 2.1B shows the normalized PL emission spectra of the four BIDAs in dilute THF 

solution (10
-6 

M).  The four PL emission spectra have structured bands.  DADA and DADP have 

almost identical blue emission spectra with PL maximum of 438 and 434 nm, respectively, 

implying that the benzyl groups in DADP have no influence on the transition energies.  However, 

a bathochromic shift of 40 and 56 nm are observed in the PL spectra of DADF and DADK 

compared to DADA and DAP.  The PL emission of DADF and DADK are green and orange 

with PL maxima of 478, and 494 nm, respectively.  When the 0-0 transition in the emission is 

compared with the 0-0 transition of the corresponding absorption bands, the Stokes shift is small 

for all the molecules except for DADK.  In the case of DADK, there is a large Stokes shift of 114 

nm, indicating an intramolecular energy transfer due to carbonyl moieties.
11a,15a 

The PL quantum 

yields of the BIDAs in dilute toluene solution are summarized in Table 2.1.  The PL quantum 

yields of DADA, DADP, and DADF are 52%, 47%, and 33%, respectively.  However, a 

 
 

Figure 2.2. Optical absorption (a) and PL (b) spectra of bisindenoanthrazolines thin films. 
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significantly lower quantum yield for DADK (3%) was observed, evidence of fluorescence 

quenching due to the carbonyl moieties.
11a,15a 

Figure 2.1C shows a photograph of the 

bisindenanthrazolines in toluene solutions under UV irradiation.  Emission spanning blue to 

yellow is seen in the solutions corresponding to various substituents in bisindenanthrazoline 

backbone.  

 Figure 2.2a shows the thin film optical absorption spectra of the four BIDAs.  The structured 

absorption bands and the two absorption peaks observed in dilute solution are also seen in 

evaporated thin films, except for DADK thin film which has only one broad absorption peak.  

The thin film absorption bands of DADA, DADP, DADF are almost identical to those in dilute 

solution whereas that of DADK has a red shift of 20 nm.  The optical band gaps were determined 

from the onset thin film absorption and are shown in Table 2.1. The optical band gaps are 2.43 

eV for DADF, 2.67 eV for DADA, 2.76 eV for DADP, and 2.99 eV in the case of DADK. 

 The PL emission spectra of the thin films of BIDAs are shown in Figure 2.2B.  The emission 

spectra are significantly red shifted compared to the solution emission spectra by 60-130 nm. In 

addition, the thin film emission spectra have broad, featureless characteristics.  This suggests that 

the thin film luminescence is from “static” excimer states formed as a result of the -stacking of 

the molecules in the solid-state.
35

 The PL maxima of DADA, DADP, and DADF are summarized 

in Table 2.1.   DADA and DADP have similar green-yellow emission spectra with PL maxima of 

545 and 531 nm, respectively.   Orange emission spectra with PL maximum of 608 nm and green 

Table 2.1. Photophysical and Electrochemical Properties of Bisindenoanthrazolines. 

 

Compd 

TD 

(˚C) 

max
abs 

(soln) 

(nm) 

max
abs 

(film) 

(nm) 

Eg
opt 

(eV) 

max
em 

(soln) 

(nm) 

max
em 

(film) 

(nm) 

f 

(soln) 

Ered
onsest 

(V) 

EA 

(eV) 

IP 

(eV) 

DADA 420 398 405 2.67 438 545 0.52 -0.73 3.67 6.34 

DADP 418 404 406 2.76 434 531 0.47 -0.75 3.65 6.41 

DADF 498 397 403 2.43 478 608 0.33 -0.68 3.72 6.15 

DADK 490 340 321 2.99 494 553 0.03 -0.70 3.70 6.69 
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emission spectra with PL maximum of 553 nm were observed for DADF and DADK, 

respectively.  

Electrochemical Properties. Cyclic voltammetry was performed in millimolar solutions of the 

BIDAs in 1,2-dichlorobenzene/acetonitrile (10:3 v/v) at 100˚C. The electrochemical data are 

collected in Table 2.1. The reduction cyclic voltammograms (CVs) of the four molecules in 

solution are shown in Figure 2.3.  DADA and DADP show two reduction waves which are quasi-

reversible. One reversible reduction wave was observed in the CVs of DADF and DADK.  The 

onset reduction potential of the BIDAs are -0.73, -0.75, -0.68, and -0.70 V (vs SCE) for DADA, 

DADP, DADF, and DADK, respectively. We note that the reduction potentials of all the four 

molecules are comparable with a difference of only 0.1 V.  It is evident that the heptacyclic 

bisindenoanthrazolines can be more easily reduced than the tricyclic anthrazolines which show 

reversible reduction with onset reduction potential of -1.30 V (vs. SCE).
20a

  Irreversible 

oxidation potentials were observed for DADA and DADP with onset oxidation potential of 1.33 

and 1.48 V (vs. SCE), respectively.  However, oxidation potentials were not observed for DADF 

and DADK. The electron affinity (EA) or LUMO level and ionization potential (IP) or HOMO 

level were estimated from the onset of either the reduction waves or the oxidation waves in CVs, 

respectively by using an SCE energy level of -4.4 eV vs vacuum (EA = Ered
onset

 + 4.4 eV; IP = 

Eox
onset

 + 4.4 eV).
20b

 The electron affinity was in the range of 3.65-3.72 eV for the series of 

BIDAs. The ionization potentials (IP) or the HOMO levels for DADA and DADP are 5.73 and 

5.88 eV, respectively.   We estimated an IP of 6.15 eV and 6.69 eV for DADF and DADK, 

respectively, from optical band gap, IP = EA + Eg
opt

. 

The observed electron affinity of ~3.7 eV in the series of BIDA molecules is important and it 

clearly suggests a good potential for electron transport in these n-type materials.  Although the 
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EA and IP values derived from cyclic voltammetry can be significantly different from absolute 

values measured by photoemission techniques,
20b

 we believe that our estimates based on an SCE 

energy level of -4.4 eV relative to vacuum are conservative. We also conclude from the 

estimated IP values of 5.73-6.69 eV that the bisindenoanthrazolines could not transport holes and 

indeed would be excellent for blocking holes in OLEDs. 

 

Electron Transport.  The mobility of electrons in films of the bisindenoanthrazolines was 

evaluated by the space-charge limited current (SCLC) method in ambient conditions.  Figure 2.4 

shows the current-density/ voltage (J-V) characteristics of SCLC devices which have the 

structure Al/BIDA (< 190 nm)/Al.  The electron mobility was extracted by fitting the J-V curves 

in the near quadratic region according to the modified Mott-Gurney equation
36

,                    

 
Figure 2.3. Cyclic voltammograms of (A) DADA; (B) DADP; (C) DADF; and (D) DADK (1.5-3 mM) in 1,2-

dichlorobenzene/acetonitrile (10:3 v/v), 0.1 M TBPF6 at 100 °C.  Scan rate = 300 mV/s. 
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where  J is the current density, V is the applied voltage, L is the thickness of active layer, μ is the 

mobility, ε is the permittivity of free space, ε0 is the permittivity of free space, and β is the field-

activation factor (Table 2.2).
36

  The solid lines in Figure 2.4 represent the best fitting curves in 

the quadratic SCLC region. 

 The mobility of electrons was calculated to be 3.84 x 10
-4

, 3.07 x 10
-5

, 2.29 x 10
-6

, 4.33 x 10
-7

 

cm
2
/Vs for DADK, DADA, DADF, and DADP, respectively. The SCLC electron mobility of 

DADK was the highest observed among the series of molecules. The electron mobility is an 

order of magnitude higher than that of DADA and two orders of magnitude higher than that of 

 
 

Figure 2.4. Current density , J vs. V of Al/Bisindenoanthrazoline/Al devices in ambient 

conditions. The solid lines represent SCLC model with field-dependent mobility. 
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DADF.  The high mobility of DADK could be explained by the close intermolecular 

distance that results in a better intermolecular orbital overlap than DADF.  The SCLC 

electron mobility of DADP was two orders of magnitude lower than that of DADA.   The charge 

carrier mobility of DADA and DADK is about one to two orders of magnitude higher than those 

of conventional electron transport materials such as Alq3,
37a

 oxadiazole derivatives,
37b

 and 

diphenylphenanthroline (BPhen).
37c

  The low carrier mobility in DADP could be due to the poor 

intermolecular interactions as a result of the benzyl groups.  Based on the previously discussed 

EA and IP values for the 4 BIDA molecules the small energy barrier for electron injection from 

Al (Φ = 4.3 eV)
 20b

 is small and comparable in all 4 molecules. Thus, the observed 3 orders of 

magnitude variation in the SCLC electron mobility of the series of BIDAs must be due to 

variation in the solid state morphology of the materials.  Nevertheless, the fact that a simple 

substitution in the structure of the bisindenoanthrazolines can translate into a huge variation in 

charge transport properties is instructive in the design of organic semiconductors.
28c

 The 

observed low carrier mobility measured by SCLC could be due to the fact that the mobility is not 

measured along the π-stacking direction which is the optimum direction for charge transport. 

This is because the direction of charge transport measured by SCLC method is perpendicular to 

the substrate whereas the π-stacking direction is generally parallel to the substrate.  
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 Initial attempts to measure the electron mobility of single-crystalline self-assembled 

nanowires of DADK using the field effect transistor geometry
32a,e

 were unsuccessful.  This lack 

of n-channel field effect charge transport may be due to the high injection barrier between the 

gold source/drain electrodes (Φ = -5.1 eV) and the LUMO level of DADK (-3.7 eV).  In addition, 

n-channel transport is highly unstable in ambient conditions, especially in bottom contact and 

bottom gate devices used in our study.  

Organic Light-Emitting Diodes (OLEDs). The BIDAs were explored in electroluminescent 

(EL) devices both as emissive materials in OLEDs and as electron transport materials in 

phosphorescent OLEDs (PhOLEDs).  The following three different device structures 

incorporating a BIDA as the emitter were fabricated and tested:  ITO/PEDOT:PSS/BIDA/LiF/Al 

(diode I); ITO/PEDOT:PSS/TAPC/BIDA/LiF/Al (diode II); and ITO/PEDOT:PSS/TAPC/ 

BIDA/TPBI/LiF/Al (diode III).  The EL properties of diodes I-III are summarized in Tables 2.3 

and 2.4. The EL spectra of diode III incorporating DADA, DADP, or DADF as the emissive 

layer and diode II using DADK as the emitter are shown in Figure 2.5. The EL spectra of DADA, 

DADP, and DADF are very similar to their respective PL spectra with EL maximum of 547, 540 

and 608 nm, respectively.  The EL spectra of these three BIDA molecules (DADA, DADP, 

DADF) are very similar with the PL spectra, which as discussed above, originated from excimer 

emission.
35

 In contrast, the EL spectrum of DADK has a peak at 685 nm, which is significantly 

Table 2.2. SCLC Characteristics of Bisindenoanthrazolines. 

Compound 
L 

(nm) 

β 

(cm/V)
1/2

 

Emax 

(V/cm) 

μe (E=0) 

(cm
2
/V s) 

DADA 182 8.9 x 10
-3

 8.0 x 10
4
 3.1 x 10

-5
 

DADP 179 1.1 x 10
-2

 8.6 x 10
4
 4.3 x 10

-7
 

DADF 144 7.9 x 10
-3

 1.1 x 10
5
 2.3 x 10

-6
 

DADK 161 4.9 x 10
-3

 8.4 x 10
4
 3.8 x10

-4
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different from the PL emission maximum at 553 nm.  We propose that EL emission from 

DADK-based diode II results from the recombination of charges at the interface of the hole 

transport layer (TAPC) and DADK layer and thus exciplex formation.
38 

We attempted to directly 

confirm this hypothesis by obtaining the PL emission spectrum of a TAPC/DADK bilayer.  

However, the PL emission spectrum from the bilayer was different from the EL spectrum. The 

CIE coordinates of the EL emission of the four compounds are shown in Figure 2.5B.  Greenish-

yellow EL with CIE coordinates of [(0.33, 0.57), (0.32, 0.56)] was observed for DADA and 

DADP whereas orange with CIE coordinates (0.53, 0.46) and red EL with CIE coordinates of 

(0.65, 0.35) were observed in DADF and DADK, respectively.  

 
Figure 2.5. (A) Normalized EL spectra of bisindenoanthrazolines (inset is a photo of a DADA-

based device III).  (B) CIE coordinates of the EL spectra of device III. 
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Figure 2.6. Current density-voltage (A) and luminance-voltage (B) characteristics of diode III with device 

geometry of: ITO/PEDOT(50 nm)/TAPC (20 nm)/BIDA (20 nm)/TPBI (20 nm)/LiF (2 nm)/Al. Current 

density-voltage (C) and luminance-voltage (D)  characteristics of diode III with device geometry of: 

ITO/PEDOT(50 nm)/TAPC (10 nm)/BIDA (20 nm)/TPBI (20 nm)/LiF (2 nm)/Al. 
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 Figure 2.6 A-D shows the current density-voltage and luminance-voltage characteristics of 

diode III based on DADA, DADP, DADF, or DADK as the emissive layer. The turn-on voltage 

of the three diodes was in the range of 3.8-4.0 V, indicating low charge injection barriers.  

Device III gave the best performance for DADA, DADP and DADF as expected from the 

incorporation of both a TAPC hole transport layer (HTL) and a TPBI hole blocking layer (HBL). 

Among the bisindenoanthrazolines, DADA gave the best performance as an emissive material in 

EL diodes, giving a maximum brightness of 7610 cd/m
2
, an EQE of 0.66 %, and a luminous 

efficiency of 2.1 cd/A (Table 2.4).   The maximum luminous efficiency of diode III containing 

DADA was 6.6 cd/A with an EQE of 2.0 % at a brightness of 936 cd/m
2
 (Table 2.3).  In the case 
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of DADP, the maximum brightness was 5040 cd/m
2
 with an EQE of 0.55% and a luminous 

efficiency of 1.7 cd/A (Table 2.4). The maximum efficiency of diode III containing DADP was 

4.8 cd/A at a brightness of 604 cd/m
2 

with an EQE of 1.55 % (Table 2.3).  The maximum 

brightness of diode III containing DADF was 5110 cd/m
2
 with an EQE of 0.42% and a current 

efficiency of 1.5 cd/A.  EL performance of diodes I-II containing DADK was very poor.  EL 

from diode III containing DADK did not originate from DADK but rather from an exciplex 

emission.
35,38 

An alternative possibility is that the red EL of DADK originates from 

electrophosphorescence.  However, additional photophysical studies at low temperatures will be 

required to confirm such an unprecedent phenomenon in a molecule without a heavy atom. The 

higher brightness and efficiency of DADA compared to DADP could be explained by its 

relatively higher fluorescence quantum yield and higher electron mobility. Single-layer diode I 

further confirms that DADA is a superior electron transport material than DADP; a brightness of 

584 cd/m
2
 was obtained from DADA compared to a brightness of 2 cd/m

2
 from DADP.  The low 

luminous efficiency and brightness in diodes I-III containing DADF and DADK can be 

explained by the low fluorescence quantum yield in the materials.   

 
Figure 2.7. (A) Normalized EL spectra of the PhOLEDs at a drive voltage of 17.6-20.4 V.  (B) Luminous 

efficiency - luminance (LE-L) curves of PhOLEDs with the structures: ITO/PEDOT:PSS/EML/LiF/Al and  

ITO/PEDOT:PSS/EML/BIDA (ETL)/LiF/Al. 
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Electron Transport Properties of BIDAs in PhOLEDs.  We also evaluated the new 

bisindenoanthrazolines as electron transport materials (ETMs) in phosphorescent OLEDs 

(PhOLEDs). A blend of poly(N-vinylcarbazole) (PVK) and 1,3-bis(2-(4-tert-butylphenyl)-1,3,4-

oxadiazo-5-yl)benzene (OXD-7) (PVK:OXD-7=60:40 wt/wt) served as the host to which a 1.0 

wt% fac-tris(2-phenylpyridine)iridium (Ir(ppy)3) green triplet emitter was doped, resulting in an 

emissive polymer layer (EML). Five sets of devices were investigated, including: 

ITO/PEDOT:PSS/EML/LiF/Al without an electron-transport layer (ETL) which served as a 

reference. Four diodes, each containing a BIDA molecule as an ETL, were fabricated with the 

structure: ITO/PEDOT:PSS/EML/ETL/LiF/Al. The normalized EL emission spectra of the 

PhOLEDs are shown in Figure 2.7A.  At all drive voltages, EL emission was observed only from 

the green triplet emitter, which has a maximum emission peak at 512 nm due to the Ir(ppy)3.   EL 

emission from the BIDA ETMs was not observed. This clearly means that the BIDA molecules 

function exclusively as electron-transport materials, efficiently confining charge carriers and 

excitons within the EML.
39

  

 The luminous efficiency-luminance (LE-V) curves of the PhOLEDs are shown in Figure 2.7B 

and the associated device performance are collected in Table 2.5. PhOLEDs using a DADA ETL 

showed the highest brightness of 62 000 cd/m
2
 and the highest luminous efficiency (LE) value of 

39.2 cd/A (EQE of 12.6%) at a brightness of 4270 cd/m
2
, which is almost 4-fold higher than 

PhOLEDs without an ETL. DADP ETL also enhanced the PhOLED performance, showing a LE 

value of 31.7 cd/A (EQE of 10.2%) at a brightness of 4470 cd/m
2
. PhOLEDs with a DADF as 

ETL also showed improved performance (Table 2.5). Unexpectedly, PhOLEDs using DADK as 

an ETL showed a severely quenched EL with a brightness of only 630 cd/m
2
, which is two 

orders of magnitude less than the device without an ETL. This means that whereas DADA, 
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DADP, and DADF are good ETMs for use in PhOLEDs, DADK is not an effective ETL material.  

We note that it is better for an electron-transport layer to have an amorphous morphology.
20b

 

Aggregation of the molecules of an ETM and crystallization of the ETL can result in poor 

charge-injection at the interface. The strong intermolecular interactions in DADF and DADK 

were already evident in their self-assembled nanostructures discussed above. This could explain 

the poor performance of PhOLEDs based on DADK and DADF ETLs. Overall, these results 

demonstrate that DADA and DADP are very promising electron-transport materials for 

applications in PhOLEDs, whereas DADF and DADK are not as promising apparently because 

of their tendency to crystallize readily. 
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Table 2.3. EL Properties of  Bisindenoanthrazolines.a 

Compound Diode Von
b
 

Drive 

voltage 

(V) 

Current 

density 

(mA/cm
2
) 

Luminance 

(cd/m
2
) 

Luminous 

efficiency 

(cd/A) 

[EQE
c 
%] 

λmax
EL

 

(nm) 

DADP I 5.0 6.0 452 2 
0.05 

[0.0002] 
539 

 II 2.8 7.0 217 1850 0.85 [0.32] 540 

   5.2 15 335 2.2 [0.71]  

 III 4.5 11.1 100 2410 2.4 [0.79] 540 

   9.1 13 604 4.8 [1.55]  

DADA I 4.0 8.7 410 584 
0.14 

[0.045] 
545 

 II 3.0 10.8 215 2140 1.00 [0.30] 547 

   8.5 31 604 2.0 [0.60]  

 III 3.8 9.3 91 3840 4.2 [1.29] 547 

   7.7 14 936 6.6 [2.03]  

DADF I 3.8 7.5 388 189 
0.05 

[0.022] 
599 

 II 2.8 8.5 361 912 0.25 [0.11] 601 

   5.6 36 102 0.29 [0.13]  

 III 4.0 10.6 266 3400 1.3 [0.58] 601 

   9.0 75 1330 1.8 [0.81]  

DADK I 4.0 5.6 266 1 0.0005 [-] 683 

 II 3.0 7.9 449 37 0.008 [-] 685 

   5.4 66 9 0.01  [-]  

 III
d
 - - - - -  

a
 Values in italic correspond to those for maximum device efficiencies at a practical brightness of at least 100 cd/m

2
 

except values in DADK case. 
b
 Turn-on voltage (at which EL is visible to the eye). 

c 
EQE = External quantum 

efficiency.
20d,e

 
d 

EL from diode III did not originate from DADK. The structure of device III is ITO/PEDOT(50 

nm)/TAPC (20 nm)/BIDA (20 nm)/TPBI (20 nm)/LiF (2 nm)/Al. 

 

Table 2.4. Device Characteristics with Maximum Brightnessa. 

Compound 
Von 

(V) 

Drive 

voltage 

(V) 

Current 

density 

(mA/cm
2
) 

Luminance 

(cd/m
2
) 

Luminous 

efficiency 

(cd/A) [EQE
 
%] 

λmax
EL

 

(nm) 

DADP 4.0 9.8 290 5040 1.7 [0.55] 540 

DADA 3.8 9.1 367 7610 2.1 [0.66] 547 

DADF 4.0 10.4 349 5110 1.5 [0.42] 601 
a
 Device structure is ITO/PEDOT(50 nm)/TAPC (10 nm)/BIDA(20 nm)/TPBI (20 nm)/LiF (2 nm)/Al. 
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Table 2.5. PhOLEDs Performances Using Bisindenoanthrazolines as ETMs. 

ETL 
Von 

(V) 

Drive  

voltage 

(V) 

Current 

Density 

(mA/cm2) 

Luminance 

 (cd/m2) 

Luminous 

Efficiency  

(cd/A) [EQE %] 

- 10.8 
18.9 

17.9 

290 

116 

21 300 

10 326 

7.3 [2.3] 

8.9 [2.9] 

DADA 8.1 
16.9 

13.5 

233 

11.8 

62 000 

4270 

26.6 [8.7] 

39.2 [12.6] 

DADP 8.2 
16.8 

13.6 

215 

14.1 

56 300 

4470 

26.2 [8.5] 

31.7 [10.2] 

DADF 9.5 
17.6 

15.6 

194 

38.5 

25 900 

6900 

13.3 [4.3] 

17.9 [5.8] 

DADK 12.0 
20.4 

19.5 

233 

136 

630 

460 

0.27 [0.13] 

0.34 [0.16] 
a 
Values in italic correspond to those for maximum device efficiencies. 

 

2.4. Conclusions 

A novel π-conjugated heptacylic framework has been synthesized and found to be a new 

class of n-type organic semiconductors. The high electron affinity (3.7 eV) and high electron 

mobility (10
-7 

to 10
-4

 cm
2
/V.s) of the bisindenoanthrazolines makes them attractive candidates for 

electron transport in organic electronics.  The bisindenoanthrazoline emitted electroluminescence 

with a high brightness (7610 cd/m
2
), and high efficiency (6.6 cd/A with EQE of 2.0 % at a 

brightness of 936 cd/m
2
).  Some of the BIDAs (DADA and DADP) were excellent electron-

transport materials in realizing high performance phosphorescent OLEDs, a brightness of 62 000 

cd/m
2
 and luminous efficiency of 39.2 cd/A at a brightness of 4270 cd/m

2
 was achieved in green 

PhOLEDs. These results demonstrate that the bisindenoanthrazolines is a promising new class of 

n-type semiconductors for organic electronics and optoelectronics. 
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Chapter 3.  High-Performance Phosphorescent OLEDs (PhOLEDs) 

Enabled by Orthogonal Solution-Processing 

 

This chapter investigates orthogonal solution-processing of organic semiconductors to 

achieve highly efficient multilayered phosphorescent OLEDs. The results in this chapter are 

reprinted in part with permission from Earmme, et al. (Copyright 2010 Wiley-VCH), Ahmed and 

Earmme, et al. (Copyright 2011 Wiley-VCH), and from Earmme, et al. (Copyright 2012 Royal 

Society). 

3.1. Solution-Prcessed Phosphorescent OLEDs Using New Dendritic Oligoquinoline-

based Electron-Transport Materials 

3.1.1. Introduction 

Organic light emitting diodes (OLEDs) are finding applications in various next generation 

flat-panel displays and solid state lighting.
[1-4]

 To date, highly efficient OLEDs are based on 

phosphorescent emitters which can convert both singlet and triplet excitons into photons and 

have resulted in 100 % internal quantum efficiency.
[5-11]

 Despite advances in red
[12]

 and green
[13]

 

phosphorescent OLEDs (PhOLEDs), the development of blue PhOLEDs remains challenging 

due to the high photon energy of blue phosphorescent emitters. An effective approach toward 

improving the efficiency of PhOLEDs is the incorporation of an electron-transport material 

between the emissive layer and the cathode.
[7-21]

 To be effective in enhancing the performance of 

blue PhOLEDs, such an electron transport material must combine (i) a high electron affinity to 

enable efficient electron-injection and (ii) a high electron mobility to enhance electron flux, with 

(iii) a high ionization potential and (iv) a high triplet energy to confine excitons within the 

emissive layer.
[5,9]

  Thus far, few electron transport materials (ETMs) satisfy these criteria for 
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blue PhOLEDs.
[9,19-21]

 The development of new electron transport materials with optimum 

properties are needed for next generation PhOLEDs.   

Imine-nitrogen rich heterocyclic capable of high electron mobility are of increasing interest 

in the development of ETMs and hole-blocking layers (HBLs).
[7-9,14-21]

  Incorporation of imine 

nitrogens into aromatic organic semiconductors provide many advantages, including increase in 

electron affinity, improved photo-oxidative stability, and processbility from both aprotic and 

protic organic solvents. To date, only a few classes of n-type materials have been used as 

ETMs/HBLs for blue PhOLEDs,
[14-20]

  including phenanthroline,
[15,16]

 benzoimidazole,
[17]

 and 

triazole
[18]

 derivatives.  However, these materials generally have low carrier mobility and their 

triplet energy is significantly lower than that of the blue phosphorescent emitters. Recently, high 

performance blue PhOLEDs were achieved by the use of wide-energy-gap ETMs/HBLs based on 

phenylpyridine
[9,19]

 and phenylpyrimidine
[20]

 derivatives fabricated by vacuum deposition.  

Although small-molecule ETMs have enabled the development of highly efficient  PhOLEDs 

with multilayered structures, vacuum thermal deposition of small molecules is an expensive 

process.
[22,23]

 Solution-processed PhOLEDs provide an economically attractive alternative to 

vacuum-deposition. However, fabrication of multilayered devices by solution-based processing 

is challenging because of the requirement of orthogonal solvents that would not dissolve or 

disrupt the underlying emissive layer. Only several solution-processed PhOLED devices have 

been reported.
[24-32]

 Although the emissive layer is solution-processed, the polymer-based 

PhOLEDs generally include a thermally deposited ETM, HBL, cathode interfacial layers (e.g. 

LiF, CsF) or low work-function metal cathode.
 [24-31]

  Our group has previously reported 

multilayered solution-based processing of heterocyclic polymer electron-transport layers (ETLs) 

onto various emissive layers in multilayered OLEDs using organic acid solvents.
[33-42]

 More 
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recently, polyfluorene-based polyelectrolytes were also used as ETLs in multilayered OLEDs.
[43-

45]
 However, ionic side groups in the conjugated polyelectrolytes can result in electrochemical 

doping at the polymer/electrode interface.
[46]

 Recently, we reported a wide-energy-gap electron-

transport material based on 1,3,5-tris(4-phenylquinolin-2-yl)benzene (TQB) that enabled highly 

efficient polymer-based blue PhOLEDs to be fabricated by sequential solution-processing.
[7]

 

In this section, we discuss the synthesis, electrochemical properties, and photophysics of a 

series of new dendritic oligoquinolines and their use as electron-transport layers in solution-

processed highly efficient polymer-based blue PhOLEDs. The molecular structures of the 

oligoquinolines (TMQB, TQB, TFQB, and TPyQB) are shown in Chart 3.1. The molecular 

design of these oligoquinolines focused on connecting tris(quinolin-2-yl)benzene with meta-

linkage to confine the -conjugation length and thus to enable wide-energy-gap. Various 

substitutions (R1 = methyl, phenyl, 4-fluorophenyl, and 4-pyridyl) on the quinoline rings were 

examined towards tuning the electronic and solid state properties.  We found that simple 

variation of R1 group in the quinoline rings leads to a 100-fold variation in charge carrier 

mobility among the four oligoquinolines.  
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Blue PhOLEDs based on FIrpic 

triplet emitter-doped poly(N-

vinylcarbazole) (PVK) emission 

layer and a solution-processed 

oligoquinoline electron-transport 

layer (ETL) gave a high luminous 

efficiency of 30.5 cd A
-1

 at a 

brightness of 4130 cd m
-2

 with an 

external quantum efficiency (EQE) 

of 16.0 %. These solution-processed 

PhOLEDs exhibit the highest 

performance observed to date in 

polymer-based blue PhOLEDs. The 

approach of using solution-processed 

oligoquinoline ETLs has resulted in high performance blue PhOLEDs while eliminating the need 

for a cathode interfacial  layer (e.g. LiF, CsF) in OLEDs. The results also clearly demonstrate 

that small-molecule electron-transport layer/hole-blocking layer (ETL/HBL) can be solution-

processed to fabricate high-performance PhOLEDs instead of using vacuum-deposition. We also 

found that the solution-processed ETL films exhibit a unique morphology which facilitates 

improved carrier mobility, higher device performance, and better ETL/electrode interface 

compared with vacuum deposited films.  Structure-property relationships of the series of 

oligoquinolines were investigated by cyclic voltammetry, photophysical measurements, space-

 
 

Chart 3.1 Chemical Structure of Oligoquinolines. 
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charge-limited current (SCLC) measurements of electron mobility, electrophosphorescent 

devices, and atomic force microscopy (AFM). 

 

3.1.2. Experimental Section 

Synthetic Procedures.  All commercially available reagents were used without further 

purification. 

Synthesis of 1,3,5-Tris(4-methylquinolin-2-yl)benzene (TMQB).  A mixture of 2-

aminoacetophenone (3.0 g, 14.7 mmol), 1,3,5-triacetylbenzene (6.2 g, 45.5 mmol) and diphenyl 

phophate (8 equiv) in 12 mL of toluene were refluxed under argon for 18 h.  The reaction 

mixture was precipitated from 10% methanol/triethylamine and the solid was collected by 

vacuum filteration.  The product was purified by flash column chromatography using 

dichloromethane and acetonitrile mixture (9.5:0.5). The product was then recrystallized twice 

from dichloromethane and once from THF/ MeOH mixture (2:1 v:v)  to give a white solid (3.69 

g, 50% yield).   
1
H NMR (300 MHz, CDCl3): δ ppm = 9.102 (s, 3H), 8.325 (d, J = 8.0 Hz, 3H), 

8.101-8.068 (m, 6H), 7.788 (t, J = 8.1 Hz, 3H), 7.614 (m, 3H), 2.882 (s, 9 H). 
13

C NMR (500 

MHz, CDCl3): δ ppm = 156.76, 148.20, 144.99, 140.90, 130.40, 129.38, 127.53, 126.16, 123.73, 

120.14, 19.08.  HRMS(FAB) m/z calcd for [(M+H)
+
] C36H28N3  (502.22879), found 502.22908. 

Synthesis of 1,3,5-tris(4-phenylquinolin-2-yl)benzene (TQB): A mixture of 2-

aminobenzophenone (6 g, 30.5 mmol), 1,3,5-triacetylbenzene (2.0 g, 9.79 mmol) and diphenyl 

phophate (DPP, 8 equiv.) in 12 mL of toluene was refluxed in argon  for 18 h.  The reaction 

mixture was precipitated into 10% methanol/triethylamine and the solid was collected by 

vacuum filtration. The product was purified by flash column chromatography using 

dichloromethane and acetonitrile mixture (9.5:0.5), followed by recrystallization from 
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tetrahydrofuran/methanol solvent mixture (2:1, v/v) to give a white solid (5 g, 74% yield). 
1
H 

NMR (300 MHz, CDCl3): δ ppm = 9.175 (s, 3H), 8.3714 (d, 3H), 8.139 (s, 3H), 7.979 (d, 3H), 

7.784 (t, 3H), 7.679-7.5067 (m, 18H). 
13

C NMR (300 MHz, CDCl3):  δ ppm = 156.4905, 

149.3806, 148.8507, 140.9459, 130.2619, 129.7142, 129.5713, 128.8807, 128.6283, 128.4425, 

127.7615, 126.4845, 125.7167, 125.3298, 119.5872. HRMS (FAB) m/z calcd for [(M+H)
+
] 

C51H34N3 (688.27551), found 688.27619. 

Synthesis of 1,3,5-tris(4-(4-fluorophenyl)quinolin-2-yl)benzene (TFQB). A mixture of 2-amino-

4′-fluorobenzophenone (3.2 g, 14.9 mmol), 1,3,5-triacetylbenzene (1.0 g, 4.9 mmol) and 

diphenyl phophate (8 equiv) in 12 mL of toluene were refluxed under argon for 18 h.  The 

reaction mixture was precipitated from 10% methanol/triethylamine and the solid was collected 

by vacuum filteration.  The product was purified by flash column chromatography using 

chloroform and acetonitrile mixture (9.5:0.5). The product was then recrystallized from from 

chlorofrom/ MeOH mixture (1:1 v:v)  to give a white solid (3.1 g, 85% yield).   
1
H NMR (300 

MHz, CDCl3): δ ppm = 9.158 (s, 3H), 8.352 (d, J = 8.4 Hz, 3H), 8.106 (s, 3H), 7.927 (d, J = 8.1 

Hz, 2H), 7.787 (t, 3H), 7.620 (m, 9H), 7.328 (m, 6H), 2.882 (s, 9 H). 
13

C NMR (500 MHz, 

CDCl3): δ ppm = 163.972, 161.997, 156.400, 148.824, 148.351, 140.845, 134.304, 131.452, 

130.275, 129.744, 127.761, 126.717, 125.991, 125.479, 119.640, 115.816, 115.644.  HRMS 

(FAB) m/z calcd for [(M+H)
+
] C51H31F3N3 (742.24625), found 742.24393. 

Synthesis of 1,3,5-tris(4-pyridinquinolin-2-yl)benzene (TPyQB). A mixture of 4-(2-

aminobenzoyl)pyridine (1.0 g, 5.04 mmol), 1,3,5-triacetylbenzene (338 mg, 1.66 mmol) and 

diphenyl phophate (8 equiv) in 12 mL of toluene were refluxed under argon for 18 h.  The 

reaction mixture was precipitated from 10% methanol/triethylamine and the solid was collected 

by vacuum filteration.  The product was then recrystallized from chloroform/ MeOH mixture 
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(1:1 v:v)  to give a white solid (840 mg, 89% yield).   
1
H NMR (300 MHz, CDCl3): δ ppm = 

9.184 (s, 3H), 8.887 (d, J = 6.0 Hz, 6H), 8.391 (d, J = 8.4 Hz, 3H), 8.120 (s, 3H), 7.886-7.813 (m, 

6H), 7.602-7.582 (m, 9H). 
13

C NMR (500 MHz, CDCl3): δ ppm =156.24, 150.25, 148.77, 146.60, 

146.22, 140.70, 130.47, 130.18, 127.83, 127.28, 125.04, 124.96, 124.45, 119.12. HRMS (FAB) 

m/z calcd for [(M+H)
+
] C48H31N6 (691.26046), found 691.25988. 

Characterization. 
1
H NMR spectra were recorded on a Bruker AV300 at 300 MHz, whereas 

13
C 

NMR spectra were recorder on a Brucker AV 500 at 500 MHz using CDCl3 as the solvent. Mass 

spectra were obtained from Bruker Esquire LC/ Ion Trap Mass spectrometer and JEOL/ HX-110. 

Cyclic voltammetry was measured on an EG&G Princeton Applied Research 

Potentiostat/Galvanostat (Model 273A). Data were analyzed by Model 270 Electrochemical 

Analysis System Software on a PC computer.  A three-electrode cell was used, consisting of 

platinum wire electrodes as both counter and working electrode.  Silver/silver ion (Ag in 0.1 M 

AgNO3 solution, Bioanalytical System, Inc.) was used as a reference electrode.  

Ferrocene/ferrocenium (Fc/Fc
+
) was used as an internal standard.  The potential values obtained 

in reference to Ag/Ag
+
 were converted to the saturated calomel electrode (SCE) scale. Thin film 

cyclic voltammetry was performed in acetonitrile containing 0.1M TBAPF6.  Thin films of each 

oligoquinoline were coated onto a platinum electrode from a concentrated solution (10 mg mL
-1

) 

in formic acid and dried in vacuum for 2 hours. All solutions were purged with N2 for 10-15 

minutes before each experiment.  UV-vis absorption spectra were collected on a Perkin-Elmer 

model Lambda 900 UV/vis/near-IR spectrophotometer. The photoluminescence (PL) spectra 

were obtained with a Photon Technology International (PTI) Inc. Model QM 2001-4 

spectrofluorimeter. 
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Fabrication and Characterization of PhOLEDs.  The blue EML consisted of a blend of 

poly(N-vinyl carbazole) (PVK, Mw = 135,600, Mn = 56,400, Polysciences) and 1,3-bis(2-(4-tert-

butylphenyl)-1,3,4-oxadiazo-5-yl)benzene  (OXD-7, LumTec., Taiwan) (PVK:OXD-7 = 60:40, 

wt/wt) as a host and 10 wt% bis(3,5-difluoro-2-(2-pyridyl)phenyl-(2-carboxypyridyl)iridium 

(FIrpic, LumTec., Taiwan) as the dopant. A solution of PEDOT:PSS (poly-

(ethylenedioxythiophene)-polystyrenesulfonate, H.C.Starck, Clevios PVP Al 4083) in water was 

spin-coated to make a 30-nm hole-injection layer onto a pre-cleaned ITO glass and annealed at 

150 ºC under vacuum. The 70-nm blue EML was obtained by spin coating of the PVK:OXD-

7:FIrpic blends in chlorobenzene onto the PEDOT:PSS layer and vacuum dried at 100 ºC. A 20-

nm film of each oligoquinoline was evaporated in a vacuum (< 6.0 x 10
-7

 torr) or spun cast from 

a 16 mg mL
-1

 solution oligoquinoline in formic acid:water (3:1) mixture  at a spin speed of 7000 

rpm onto the EML, followed by vacuum drying at 50 ºC overnight. After drying, 100-nm Al was 

deposited onto the ETL. The structure of devices I and II were identical: ITO/PEDOT:PSS (30 

nm)/EML (70 nm)/oligoquinoline (20 nm)/Al (100 nm). Film thickness was measured by an 

Alpha-Step 500 profilometer (KLA-Tencor, San Jose, CA). Electroluminescence (EL) spectra 

were obtained using the same spectrofluorimeter described above. Current-voltage characteristics 

of the PhOLEDs were measured by using a HP4155A semiconductor parameter analyzer 

(Yokogawa Hewlett-Packard, Tokyo). The luminance was simultaneously measured by using a 

model 370 optometer (UDT Instruments, Baltimore, MD) equipped with a calibrated luminance 

sensor head (Model 211) and a 5x objective lens. The device external quantum efficiencies 

(EQEs) were calculated from the luminance, current density and EL spectrum assuming a 

Lambertian distribution using procedures reported previously.
[7,33]

 All the device fabrication and 

device characterization steps were carried out under ambient laboratory condition. 
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Devices for space-charge-limited current (SCLC) measurement were fabricated with 

ITO/oligoquinoline/Al structure. The Al electrode and organic layer were obtained by the spin-

coating of oligoquinolines onto the substrate followed by deposition of Al electrode. Current-

voltage characteristics of SCLC devices were measured using the same semiconductor parameter 

analyzer as for PhOLED devices. The SCLC measurements were performed under dark and 

ambient conditions. 

AFM characterization of surface morphology was done on a Veeco Dimension 3100 Scanning 

Probe Microscope (SPM) system. The AFM topographical images were directly measured on the 

same PhOLEDs used for device characterization. 

 

3.1.3. Results and Discussion 

Synthesis and Characterizations.  The synthesis of the four dendritic oligoquinolines, 1,3,5-

tris(4-methylquinolin-2-yl)benzene (TMQB), 1,3,5-tris(4-phenylquinolin-2-yl)benzene (TQB), 

1,3,5-tris(4-(4-fluorophenyl)quinolin-2-yl)benzene (TFQB), and 1,3,5-tris(4-pyridinquinolin-2-

 
 

Scheme 3.1. Synthesis of Oligoquinolines. 
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Figure 3.1. Thermogravimetric analysis (TGA) curves of 

oligoquinolines. 
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yl)benzene (TPyQB), is outlined in Scheme 3.1. They were synthesized by acid-catalyzed 

Friedlander condensation using diphenyl phosphate (DPP).
[47,48]

 The products were precipitated 

from 10% methanol/triethylamine mixture.  TMQB, TQB, and TFQB were purified by flash 

column chromatography followed by recrystallization to give the final products in 50-85% yield.  

TPyQB was purified by recrystallization from chloroform and methanol mixture to give the final 

product in 89% yield.  The oligomers were soluble in chloroform, toluene, and tetrahydrofuran to 

varying degrees and they were readily soluble in formic acid. 
1
H NMR, 

13
C NMR and high 

resolution mass spectrometry confirmed the proposed structure.  

The thermal stability and thermal transition properties of the oligoquinolines were 

investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).  

The TGA scans (Figure 3.1) showed that the four oligoquinolines are thermally robust materials 

with onset decomposition temperatures (TD) in the range of 378-437 °C. The observed TD values 

are slightly lower than those of para-substituted oligoquinolines (TD ~ 417-492 °C).
[47]

 The 
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second-heating DSC scans of the oligoquinolines are examplified by those of TQB and TFQB in 

Figure 3.2. and TMQB and TPyQB are shown in Figure 3.3.  A clear glass transition temperature 

(Tg) of 172 °C  was only observed in TPyQB. The thermal properties including the melting 

transition (Tm), crystallization transition (Tc) and onset decomposition temperature (TD) are 

summarized in Table 3.1. The Tm slightly decrease from 300 °C in TMQB to 276 °C in TQB and 

281 °C in TFQB and then significantly increase to 390 °C in TPyQB.  The higher Tm value 

observed in TMQB compared to TQB and TFQB suggest that TMQB has better intermolecular 

packing in the solid-state. On the other hand, the Tm of TPyQB is higher by 114 °C than that of 

TQB, where the main difference between the two derivatives is the substitution of carbon atom 

with nitrogen. This suggest that in addition to the π-π intermolecular interactions, additional 

strong intermolecular interactions such as CH···N hydrogen-bonding is also present in TPyQB 

and likely responsible for the observed high Tm value.  All four oligomers showed clear thermal 

transitions during the cooling from the melt.  

 

 

 

 

 

 

 



54 

 

 
 
Figure 3.2. DSC scans of (a) TQB and (b) TFQB at a heating/cooling 

rate of 10 °C min-1 in nitrogen. 
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Photophysical Properties.  The 

normalized optical absorption 

spectra of vacuum-deposited and 

solution-deposited thin films of 

the four oligoquinolines on quartz 

substrates are shown in Figure 3.4 

(a).  The thin film absorption 

spectra of the oligoquinolines 

show two bands, a lower intensity 

band in the range of 310-340 nm 

and a higher intensity band in the 

250-280 nm range.  These 

absorption bands in TMQB, TQB, 

TFQB and TPyQB spectra are 

associated with π-π* transitions. 

Absorption maxima (λmax) of the 

oligoquinolines in solution and as 

thin films and the optical band 

gaps (Eg
opt

) are listed in Table 3.1. The λmax values of the vacuum-deposited thin films of the 

materials are very similar ranging from 256 nm in TMQB to 276 nm in TFQB and TPyQB 

(Table 3.2). Solution-deposited thin films of TMQB, TQB, TFQB, and TPyQB have similar λmax 

(256, 276, 274, and 273 nm; respectively) to that of the vacuum-deposited films. Solution-
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Figure 3.3. DSC scans of (a) TMQB and (b) TPyQB at a 

heating/cooling rate of 10 °C min-1 in nitrogen. 
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deposited films of TMQB, TQB, 

and TFQB showed enhanced 

absorption at 330 nm compared to 

their vacuum-deposited films. In 

contrast, solution-deposited film of 

TPyQB showed enhanced 

absorption at 230 nm compared to 

the vacuum-deposited films. The 

enhanced absorption in solution-

deposited films (e.g. at 330 nm) 

suggests the formation of 

aggregates due to improved 

intermolecular interactions. The 

solution- and vacuum-deposited 

films showed identical band gaps. 

The optical band gap from the 

absorption edge of the thin films 

was in the range of 3.40 eV in 

TQB  to 3.33 eV in TPyQB.  The 

Eg
opt

 of these meta-substituted oligoquinolines is higher by 0.3-0.5 eV compared to previously 

reported para-substituted oligoquinolines
[47]

.  

The photoluminescence (PL) emission spectra of the solution-deposited and vacuum-

deposited thin films of oligoqouinolines are shown in Figure 3.4 (b). Vacuum-deposited films of 
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all four oligoquinolines showed violet PL emission spectra. TQB, TFQB, TPyQB have almost 

identical violet emission spectra with PL maximum in the range of 391-395 nm and a narrow 

full-width-half-maxim (fwhm) ranging from 57 nm in TQB to 63 nm in TPyQB.  In contrast, 

TMQB has a broad PL spectrum with shoulder peak at 441 nm and a fwhm of 100 nm. The broad 

PL emission spectrum of TMQB suggests that it favors strong aggregation compared to the other 

three oligoquinolines. The PL emission spectra of the solution-deposited films were significantly 

different compared to the vacuum-deposited films.  The PL spectra in solution-deposited films 

were red shifted and broader.  TQB and TPyQB showed similar PL spectra with PL maximum of 

413-416 nm with fwhm of 84-88 nm.  In contrast, TMQB and TFQB PL spectra show significant 

bathochromic shift with PL maximum of 468 and 505 nm and fwhm of 92 and 102 nm, 

respectively.  The significant bathochromic shift and broader PL spectra of the solution-

deposited TMQB and TFQB films suggest that the photoluminescence originates from excimer 

or aggregate states formed as a result of aggregation from solution.
[49,50]

    

 
Figure 3.4. (a) Optical absorption spectra and (b) PL emission spectra of vacuum-deposited and solution-

deposited thin films of the oligoquinolines. 
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Figure 3.5. Reduction cyclic voltammograms of (a) 

TMQB and (b) TFQB thin films in 0.1 M 

TBAPF6/MeCN. Scan rate = 50 mV s-1. 
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Electrochemical properties. We estimated the lowest unoccupied molecular orbital (LUMO) 

energy levels or electron affinity (EA) and the highest occupied molecular orbital (HOMO) 

energy levels or the ionization potential (IP) of the oligoquinolines from cyclic voltammograms 

of thin films. The reduction CVs of the oligoquinolines exemplified by those of TMQB and 

TFQB are shown in Figure 3.5 while the reduction CVs of TQB and TPyQB are shown in Figure 

3.6.  The onset reduction potentials of the oligomers are summarized in Table 3.2. The reduction 

CVs scans of TQB and TFQB show one 

reversible reduction wave, whereas a 

quasi-reversible reduction wave was 

observed in TMQB, and irreversible 

reduction wave was observed in TPyQB.  

The onset reduction potentials of the 

oligoquinolines are in the range of -1.85 V 

to  -1.60 V (vs SCE).  The various 

substitutions in the quinoline rings lead to 

a slighty more positive reduction 

potentials by 0.1-0.2 V. The EA values or 

LUMO energy levels, estimated from the 

onset reduction potential [EA = Ered
onset

 + 

4.4 eV]
[21]

, are in the range of -2.55 eV in 

TMQB to -2.8 eV in TPyQB. These values 

are similar to previously reported EA 

values of para-linked oligoquinolines
[47]
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Figure 3.6. Reduction cyclic voltammograms of (a) TQB and (b) 

TPyQB thin films in 0.1 M TBAPF6/MeCN. Scan rate = 50 mV s-1. 
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and polyquinolines.
[35-37]

 

The oxidation CVs of the oligoquinoline thin films were similarly used to estimate the 

HOMO energy levels (IP values).  Irreversible oxidation waves were observed for all four 

materials with onset oxidation potential of 1.68-1.85 V (vs SCE) (Table 3.2). The estimated IP 

[IP = Eox
onset

 + 4.4 eV]
[21]  

values of 6.08-6.25 eV show rather deep HOMO energy levels for this 

class of electron transport materials. These IP values are significantly higher than that of well-

known ETMs, including tris(8-

hydroxyquinoline)aluminum (Alq3) 

(IP = 5.7-5.9 eV),
[51]

 and previously 

reported oligoquinolines (IP = 5.53-

5.81 eV).
[47]

  The IP values of the 

present meta-substituted 

oligoquinolines are higher by up to 

0.7 eV compared to those of para-

substituted oligoquinolines
[47]

. This 

suggests that meta-substitution of 

the oligoquinolines mainly leads to 

a lowering of the HOMO energy 

levels while the LUMO energy 

levels essentially remain unchanged, 

which in turn leads to the desired 

wide-energy gap ETMs that could 

also function as an excellent hole-
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blocking layer in  PhOLEDs. These results clearly demonstrate that the HOMO energy levels or 

IP values of oligoquinolines can be varied significantly (0.7 eV) by simply changing the 

substitution of the conjugated core from  para-substitution to meta-substitution. 

Charge transport. We investigated the electron mobilities of the oligoquinoline films by the 

space-charge-limited current (SCLC) method in ambient conditions.  The current density-voltage 

(J-V) characteristics of the SCLC devices, which have the structure ITO/oligoquinoline/Al, are 

shown in Figure 3.7.  The electron mobility was extracted by fitting the J-V curves in the near 

quadratic region according to the modified Mott-Gurney equation
[52]

 (eq.2.1), where J is the 

current density, ε is the relative permittivity, ε0 is the permittivity of free space, μ is the zero-field 

mobility, V is the applied voltage, L is the thickness of active layer, and β is the field-activation 

factor (Table 3.3). The solid lines in Figure 3.7 represent the SCLC fitting curves in the quadratic 

SCLC region. 

The zero-field electron mobility of the solution-deposited oligoquinoline films varied from 

5.0 × 10
-5 

cm
2
 V

-1
s

-1 
in TMQB to 3.3 × 10

-3 
cm

2
 V

-1
s

-1
 in TPyQB (Table 3.3). The electron 

mobility in TPyQB is an order of magnitude higher than that of TQB and two orders of 

magnitude higher than that of TMQB. However, the charge carrier mobility of TMQB and 

TPyQB is still about one to three orders of magnitude higher than those of conventional electron 

transport materials such as Alq3,
[53] 

oxadiazole derivatives,
[54]

 and phenylphenanthroline.
[55]

 The 

general trend among the four molecules is an increase in carrier mobility as EA increased. 

However, it is unlikely that the high carrier mobility in TPyQB compared to TMQB is to due the 

slightly higher electron affinity.  Based on the EA of the four molecules, the large energy barrier 

for electron injection from Al (Φ = 4.3 eV)
[21]

 is comparable in all four molecules. Thus, the 

observed two orders of magnitude variation in the SCLC electron mobility of the oligoquinoline 
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Figure 3.7. Current density-voltage (J-V) curves of  ITO/oligoquinoline/Al devices in ambient conditions.  

The solid lines represent the SCLC model with field-dependent mobility. 
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series must be due to variation in the solid state morphology of the materials and/or the relative 

ease of electron injection at oligoquinoline/Al interface. Attempt to measure the electron 

mobility of vacuum-deposited oligoquinoline films were unsuccessful due to a lack of clear SCL 

current.  This could be due to poor interfacial contact between the vacuum-deposited 

oligoquinolines/Al interface. 
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PhOLED Characterization. We fabricated blue PhOLED

Table 3.1. Thermal and Photophysical Properties of Oligoquinolines. 

 TMQB TQB TFQB TPyQB 

TD [°C] 378 429 437 427 

Tm/Tc  [°C] 300/265 276/245 281/251 390/325 

max
abs

  [soln]  [nm] [a] 249, 323 274, 325 276, 325 273, 326 

max
abs

 [film] [nm] [b] 256, 329 261, 332 276, 332 276, 333 

max
abs

 [film]
 
[nm] [c] 256, 331 276, 332 274, 333 273, 337 

Eg
opt

  [eV] 3.38 3.40 3.39 3.33 

max
PL

[film] [b], [fwhm]
 

[nm] 

387 

[100] 

391 [57] 389 [57] 395 [63] 

max
PL 

[film] [c], [fwhm]
 

[nm] 

468 [92] 413 [88] 505 

[102] 

416 [84] 

[a] Absorption in dilute  (1.3-1.8 × 10
-6

 M) THF solution. [b] Vacuum-deposited films. [c] Solution-

deposited films. 

 

Table 3.2. Electrochemical Properties of Oligoquinolines. 

Compound 
Ered

onset
 

[V] 

Eox
onset

 

[V] 

EA 

[eV] 

IP 

[eV] 

Eg
el
 

[eV] 

TMQB -1.85 1.85 2.55 6.25 3.70 

TQB -1.75 1.73 2.65 6.13 3.48 

TFQB -1.73 1.68 2.67 6.08 3.41 

TPyQB -1.60 1.74 2.80 6.14 3.34 

 

Table 3.3. SCLC Electron Mobilities of Oligoquinolines. 

Compound 
L 

[nm] 

β 

[cm
1/2 

V
-1/2

] 

Emax 

[V cm
-1

] 

µe (E=0) 

[cm
2 
V

-1 
s

-1
] 

TMQB 102 4.2 × 10
-4

 3.3 × 10
5
 5.0 × 10

-5
 

TQB 100 6.9 × 10
-4

 3.8 × 10
5
 3.6 × 10

-4
 

TFQB 107 5.5 × 10
-4

 3.1 × 10
5
 8.0 × 10

-4
 

TPyQB 120 2.9 × 10
-3

 3.8 × 10
5
 3.3 × 10

-3
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Figure 3.8. (a) Current density (J) – voltage (V), and 

luminance (L) - voltage (V); and (b) luminous efficiency 

(LE) - luminance (L) curves of PhOLEDs with vacuum-

deposited ETLs. 
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s using the new oligoquinolines as electron-transport layers (ETLs) deposited by both vacuum-

deposition and solution-processing methods. The emission layer (EML) consisted of blends of 

poly(N-vinylcarbazole) (PVK) and 1,3-bis(2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl)benzene 

(OXD-7) as the polymeric host doped with the blue triplet emitter FIrpic as described in the 

Experimental Section. Initially, a series of four devices using different ETLs deposited by 

vacuum thermal evaporation were 

fabricated to verify and compare the 

effectiveness of oligoquinolines as 

electron-transport materials in blue 

PhOLEDs: device IA, 

ITO/PEDOT:PSS/EML/vacuum-

deposited TMQB/Al; device IB, 

ITO/PEDOT:PSS/EML/vacuum-

deposited TQB/Al; device IC, 

ITO/PEDOT:PSS/EML/vacuum-

deposited TFQB/Al; and device ID, 

ITO/PEDOT:PSS/EML/vacuum-

deposited TPyQB/Al. The current density-

voltage-luminance (brightness) (J-V-L) 

and luminous efficiency-luminance (LE-L) characteristics of these series of diodes are shown in 

Figure 3.8. Device IA with vacuum-deposited TMQB ETL showed the lowest device 

performance overall.  This may be due to the relatively low electron mobility (~10
-5

 cm
2
 V

-1
s

-1
) 

and small EA value (2.55 eV) of TMQB, which creates a large energy barrier for electrons to be 
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injected from high work-function Al cathode (4.3 eV). Device IC with vacuum-deposited TFQB 

ETL showed a slightly better performance, giving a maximum brightness of 5240 cd m
-2

 and an 

LE value of 13.6 cd A
-1

 (at 1700 cd m
-2

) whereas device IB with a TQB ETL had a maximum 

brightness of 4020 cd m
-2

 (at 16.6 V) and an LE value of 12.2 cd A
-1

(at 1060 cd m
-2

). Device ID 

with vacuum-deposited TPyQB ETL showed the highest performance, giving an LE value of 

16.0 cd A
-1

 (at 2200 cd m
-2

) and a maximum brightness of 6970 cd m
-2

 (at 17.8 V). These blue 

PhOLEDs with vacuum-deposited oligoquinoline ETLs have decent device performances with 

high LE values (> 12 cd A
-1

) and high brightness values (> 3000 cd m
-2

), demonstrating that the 

new of oligoquinolines can function as good electron-injection and electron-transport materials 

in blue PhOLEDs.  
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Towards our main goal of achieving highly efficient multilayered blue PhOLEDs by 

sequential solution-processing, we also fabricated a series of four devices with solution-

processed oligoquinoline ETLs (device IIA to IID). The oligoquinoline ETMs were dissolved 

and spin-coated onto the EML from a formic acid/water mixture solvent (FA:H2O = 3:1) as 

introduced in our preliminary report.
[7] 

For device II, the device structure and layer thicknesses 

were exactly the same as device I except that the ETLs were solution-processed onto the EML: 

ITO/PEDOT:PSS/EML/oligoquinoline ETL/Al. All the blue PhOLEDs with solution-processed 

ETLs (device IIA to IID) indeed show far superior performance compared to those with vacuum-

deposited ETLs (device IA to ID).  

 
Figure 3.9. (a) Current density (J) – voltage (V), (b) luminance (L) - voltage (V) and (c) luminous efficiency 

(LE) - luminance (L) curves of blue PhOLEDs with solution-deposited ETLs using a formic acid/water (3:1 

v/v) mixture.  (d) Electroluminescence (EL) spectra. 
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The J-V, L-V and the LE-L characteristics of the blue PhOLEDs with solution-processed 

ETLs are shown in Figure 3.9.  Although device IIA with a solution-processed TMQB ETL 

showed a similar turn-on voltage to device IA, it had increased efficiency and brightness with an 

LE value of 16.7 cd A
-1

 (at 8420 cd m
-2

) and a maximum brightness of 12700 cd m
-2

 (at 17.0 V). 

Devices IIB and IIC with solution-processed TQB and TFQB ETLs also showed significant 

improvement in performance compared to devices IB and IC with vacuum-deposited ETLs. The 

LE value of device IIB was 27.2 cd A
-1

 (at 2750 cd m
-2

) with a maximum brightness of 12200 cd 

m
-2

 (at 12.3 V) whereas the LE value of device IIC was 29.5 cd A
-1

 (at 3660 cd m
-2

) with a 

maximum brightness of 12900 cd m
-2

 (at 12.4 V), which is more than two-fold superior relative 

to the vacuum-deposited TQB (device IB) and TFQB (device IC). As we can see in Figure 3.9a-c 

and Table 3.4, the best performance was obtained in device IID with a solution-processed 

TPyQB ETL. The blue PhOLEDs of device IID had the lowest turn-on voltage (4.7 V) and 

highest brightness of 13300 cd m
-2

 at lowest drive voltage (10.9 V). The LE value was 30.5 cd A
-

1
 (EQE of 16.0 % and a power efficiency (PE) value of 10.9 lm W

-1
) at a brightness of 4130 cd 

m
-2

. Even at extremely high brightness (~10
4
 cd m

-2
), device IID remained very efficient 

showing an LE value higher than 20 cd A
-1

. The relatively large EA value (2.8 eV) and high 

electron mobility of TPyQB (~ 10
-3

 cm
2 

V
-1 

s
-1

) should facilitate enhanced electron-injection and 

transport in the diode and thus can explain the high PhOLED performance. All fabricated device 

characteristics of the blue PhOLEDs are summarized in Table 3.4.  

Electroluminescence (EL) spectra of the PhOLEDs with the solution-processed 

oligoquinoline ETL and without an ETL are shown in Figure 3.9d.  The EL emission of all the 

devices are identical with an EL maximum of 472 nm, corresponding to the EL of the blue triplet 

emitter FIrpic.  The Commision Internationale de L’Eclairage (CIE) 1931 coordinates of all the 
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devices were identical at the maximum brightness of ~ 12000 cd m
-2

 (0.14, 0.28). This clearly 

demonstrate that the solution-processed oligoquinoline function solely as the electron-transport 

layer, efficiently confining charge carriers and exciton within the EML.  These results 

demonstrate that high-performance multilayered blue PhOLEDs can be readily fabricated by 

sequential solution-processing while also eliminating the need for interface modification layers 

such as  NaF, LiF, and CsF. 

 Table 3.4. Device Characteristics of Blue PhOLEDs. [a] 

Device 

[b] 
ETL 

ETL 

depositio

n method 

Von[c] 

[V] 

Drive 

voltage 

[V] 

Current 

density 

[mA cm
-2

] 

Luminance 

[cd m
-2

] 

Device 

efficiency 

[cd A
-1

, 

(%EQE)] 

Device 

IA 
TMQB Vacuum 11.5 

18.5 

15.8 

47.2 

8.6 

3710 

1110 

7.9, (4.0) 

12.9, (6.8) 

Device 

IB 
TQB Vacuum 9.6 

16.6 

14.0 

54.9 

8.7 

4020 

1060 

7.3, (4.0) 

12.2, (6.9) 

Device 

IC 
TFQB Vacuum 11.2 

17.4 

15.2 

60.2 

12.5 

5240 

1700 

8.7, (4.3) 

13.6, (7.2) 

Device 

ID 
TPyQB Vacuum 11.0 

17.8 

15.6 

72.0 

20.6 

6970 

2200 

9.7, (4.8) 

16.0, (8.5) 

Device 

IIA 
TMQB Solution 11.6 

17.0 

16.3 

96.2 

50.4 

12700 

8420 

13.2, (6.9) 

16.7, (8.9) 

Device 

IIB 
TQB Solution 7.0 

12.3 

9.8 

82.9 

10.1 

12200 

2750 

14.7, (7.6) 

27.2, (14.9) 

Device 

IIC 
TFQB Solution 6.2 

12.2 

10.4 

71.9 

12.4 

12900 

3660 

17.9, (8.7) 

29.5, (15.7) 

Device 

IID 
TPyQB Solution 4.7 

10.9 

8.9 

69.5 

16.0 

13300 

4130 

19.2, (9.9) 

30.5, (16.0) 

[a] Values in italic correspond to those at maximum device efficiencies. [b] Device I with vacuum-deposited ETL 

and device II with solution-deposited ETL (TMQB, TQB, TFQB, or TPyQB). [c] Turn-on voltage (at brightness of 1 

cd m
-2

). 
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Surface Morphology of ETLs.  We used atomic force microscopy (AFM) to investigate the 

surface morphology of both vacuum-deposited and solution-deposited oligoquinoline ETLs to 

understand the likely ETL/Al cathode interface morphology that underlies the observed trends in 

charge transport and the efficiency of the blue PhOLEDs.  Figure 3.10 shows the 2D and the 

corresponding 3D topological surface morphologies of the vacuum-deposited oligoquinoline thin 

films. The thin films have smooth surfaces with RMS values of surface roughness of 1.75, 0.553, 

0.754, and 0.867 nm for TMQB, TQB, TFQB and TPyQB, respectively. Vacuum-evaporated 

 
 

Figure 3.10. AFM topographical images (5 × 5 μm) and the corresponding 3D height images of vacuum-deposited 

oligoquinoline films.  Scale bar is 500 nm. 

 
 

 
Figure 3.11. AFM topographical images (5 × 5 μm) and the corresponding 3D height images of solution-deposited 

oligoquinoline films.  Scale bar is 500 nm. 
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TMQB film shows some vertical aggregates dispersed on the surface, which likely resulted in the 

higher RMS value compared to the other vacuum-deposited thin films. In contrast, the surface 

morphologies of the solution-deposited oligoquinoline ETLs (Figure 3.11) are significantly 

different from those of the vacuum-deposited ETLs. The RMS values of the solution-deposited 

ETLs increased to 2.35, 3.35, 4.01 and 3.75 nm for TMQB, TQB, TFQB and TPyQB films, 

respectively. We can clearly see from the 3D surface morphology shown in Figure 3.11, that the 

solution-deposited thin films form a high density of vertically aligned nanopillars with the 

exception of TMQB.  The morphology of solution-processed TMQB thin films is characterized 

by horizontally oriented large crystallites or aggregates (~ 500 nm width). The observed 

morphology of TMQB thin films is consistent with its poor carrier mobility and poor PhOLED 

performance. On the other hand, the observed vertically oriented nanopillars in solution-

deposited TQB, TFQB, and TPyQB thin films, and thus high surface roughness, suggest that the 

area of the ETL/cathode contact is maximized, facilitating efficient electron injection.  The 

observed nanopillar morphology of the solution-deposited ETLs implies that maximum charge 

transport can be expected in the vertical direction, which is consistent with measured high 

electron mobility by the SCLC method. Furthermore, the oligoquinoline/Al interface is expected 

to involve a chemical bonding between Al metal and the nitrogen heteroatom in the organic 

electron-transport materials.
[35,56] 

The additional nitrogen and fluorine
[57]

 heteroatoms in TFQB 

and TPyQB are likely to result in improved interactions between the ETL and Al at the 

ETL/cathode interface, thus leading to improved electron injection and charge transport 

compared to TQB and TMQB. 
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3.1.4. Conclusions 

In summary, novel wide-energy-gap n-type organic semiconductors based on dendritic 

oligoquinolines were synthesized and were demonstrated to be effective solution-processable 

electron-transport layers in blue PhOLEDs.  The new oligoquinolines have robust thermal 

stability with high decomposition temperatures and high melting temperatures.  The new electron 

transport materials have enabled orthogonal sequential solution-processing of multilayered blue 

polymer-based PhOLEDs with the highest efficiency to date.  The molecular design of the new 

n-type oligomers with meta-linkages enabled achievement of large band gaps (~ 3.4 eV) and 

low-lying HOMO energy levels (~ -6.1 eV) that also facilitate excellent hole-blocking properties.  

The high electron affinity and high electron mobility (3.3 × 10
-3

 cm
2
 V

-1 
s

-1
) of the solution-

deposited thin films facilitated good electron-injection/transport properties.  Blue PhOLEDs 

based on FIrpic triplet emitter-doped PVK host emission layer and a solution-processed 

oligoquinoline electron-transport layer gave a high luminous efficiency of 30.5 cd A
-1

 at a 

brightness of 4130 cd m
-2

 with an external quantum efficiency (EQE) of 16.0 %. AFM imaging 

of the solution-deposited oligoquinoline ETLs revealed a high density of  vertically oriented 

nanopillars which lead to a rough surface that enhance electron injection and transport compared 

to the smooth vacuum-deposited ETLs.  These results demonstrate that small-molecule electron-

transport layers can be readily processed from solution to fabricate high performance 

multilayered PhOLEDs.  These results are also instructive in the design of ETMs with high 

electron mobilities, low-lying HOMO energy levels, and high performance solution-processable 

PhOLEDs for next-generation flat-panel displays and solid state lighting. 
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3.2. High-Performance Multilayered Phosphorescent Organic Light-Emitting 

Diodes by Solution-Processed Commercial Electron-Transport Materials  

3.2.1. Introduction 

Organic light-emitting diodes (OLEDs) are of current scientific and commercial interest for 

applications in full-color display panels, flexible displays, and solid-state lighting.
1-7

 Compared 

to conventional fluorescent OLEDs, considerable recent efforts have gone into developing 

phosphorescent OLEDs (PhOLEDs), which utilize triplet excitons to achieve superior 

performance.
2
  However, most of the high-performance PhOLEDs achieved to date have been 

mainly based on vacuum-deposited small-molecules involving thermal evaporation processes to 

obtain multilayered device structures. Solution-based PhOLEDs provide an economically 

attractive alternative to those processed by vacuum deposition, and are considered essential to 

low-cost, large area lighting devices.
3
 In contrast to the considerable progress made in 

developing highly efficient vacuum-processed PhOLEDs, reports on solution-processed 

PhOLEDs are relatively few.
4
 Surprisingly, most of the prior reports on solution-processed 

PhOLEDs have mainly focused on solution-processable hole-transporting materials,
5
 or emissive 

materials,
6
  or host materials for triplet emitter guest

7
 while still using vacuum-deposited small 

molecule electron-transport layer (ETL) / hole-blocking layer (HBL) and/or vacuum-evaporated 

thin layer of low work-function metals (e.g. Ba, Ca) or cathode interfacial materials (e.g. LiF, 

CsF) between the organic layer and metal cathode in multilayered device structures. 

 Although sequential solution-processing of highly efficient multilayered device structures 

has great potential, it is very challenging because the solvent used to deposit the subsequent layer 

tends to dissolve or swell the underlying layer. One general strategy towards overcoming this 

problem is to utilize orthogonal sequential solvent processing.
8
 We have showed that many 
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heterocyclic conjugated polymers or dendrimers can be solution-processed from an organic acid 

solvent as ETLs onto various emissive polymer layers to fabricate multilayered OLED 

structures
9
 and multilayered polymer solar cells.

10
 Others also have reported alcohol/water-

soluble polyelectrolytes as ETLs in multilayered OLEDs.
11

 Although sequential solution-

processed multilayer can be obtained using alcohol/water soluble polyelectrolyte ETLs, the 

choice of the materials is rather limited and the ionic groups in such polyelectrolytes can induce 

undesired electrochemical doping effect, reducing the air-stability of high work function metal 

cathodes such as Al.
8 

 

In contrast to several prior reports of sequential solution-processing of multilayered devices 

based on conjugated polymers,
8-11

  solution-based processing of small molecules as an overlayer 

in multilayered devices has been rarely reported.
12-13

  The utilization of small-molecule electron-

transport materials through orthogonal sequential solution-processing, while highly attractive, is 

quite challenging due to their poor film-forming and surface wetting properties. A few studies 

have reported the use of alcohol-based solutions to deposit small molecules as ETLs in 

multilayered OLEDs.
12

 However, the poor solubility of small-molecule ETMs in alcoholic 

solvents limits the thickness of the layer and indeed severely affects the film quality.
7d,12a,13

 

Recently, we successfully demonstrated highly efficient blue PhOLEDs fabricated by orthogonal 

 
Chart 3.2. Molecular structures of commerical electron-transport materials. 

TmPyPB BPhen BCP
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sequential solution-processing, involving new solution-processable dendritic oligoquinoline 

electron-transport materials (ETMs).
14

 We showed that an organic acid/water mixture solvent for 

the new oligoquinoline ETMs can enable orthogonal solution-processing without harming the 

underlying poly(N-vinylcarbazole)-based emissive layer. 

  

3.2.2. Experimental Section 

Materials. All commercially available materials were purchased and used as received without 

further purification. 

Device fabrication. The phosphorescent emission layer (EML) consisted of a blend of Poly(N-

vinyl carbazole) (PVK, Mw = 1,100,000; Sigma-Aldrich) and 1,3-bis(2-(4-tert-butylphenyl)-

1,3,4-oxadiazo-5-yl)benzene  (OXD-7, LumTec., Taiwan) (PVK:OXD-7 = 60:40, wt/wt) as a 

host and 1.0 wt% fac-tris(2-phenylpyridine)iridium (Ir(ppy)3, LumTec., Taiwan) as the dopant. A 

solution of PEDOT:PSS (poly-(ethylenedioxythiophene) : polystyrenesulfonate, H. C. Starck, 

Clevios P VP Al 4083) in water was spin-coated to make a 30-nm hole-injection layer onto a 

pre-cleaned ITO glass and annealed at 150 ºC under vacuum. The 70-nm polymer EML was 

obtained by spin coating of the PVK:OXD-7:Ir(ppy)3 blend in cholorobenzene onto the 

PEDOT:PSS layer and vacuum dried at 100 ºC. Commercial small-molecule electron-transport 

materials (ETMs), 1,3,5-tri(3-pyrid-3-yl-phenyl)benzene (TmPyPB, LumTec., Taiwan), 4,7-

diphenyl-1,10-phenanthroline (BPhen, sublimed grade, Sigma-Aldrich) and 2,9-dimethyl-4,7-

diphenyl-1,10-phenanthroline (BCP, sublimed grade, Sigma-Aldrich) were evaporated in a 

vacuum (< 8.0 x 10
-7

 torr) or spun cast from different concentration of ETMs in formic 

acid:water (FA:H2O = 3:1) mixture at a spin speed of 7000 rpm onto the EML followed by 

vacuum drying at 50 ºC. After drying, 100-nm Al was deposited onto the ETL. The structure of 
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devices IA, IIA, and IIIA was ITO/PEDOT:PSS(30 nm)/EML(70 nm)/vacuum-deposited 

ETM/Al (100 nm). The structure of devices IB-D, IIB-D, and IIIB-D was identical except 

electron-transport layer was solution-processed, ITO/PEDOT:PSS(30 nm)/EML(70 

nm)/solution-deposited ETM/Al (100 nm). Film thickness was measured by an Alpha-Step 500 

profilometer (KLA-Tencor, San Jose, CA). 

Device Characterization. Electroluminescence (EL) spectra were obtained using a Photon 

Technology International (PTI) Inc. Model QM 2001-4 spectrofluorimeter. Current-voltage (J-V) 

characteristics of the PhOLEDs were measured by using a HP4155A semiconductor parameter 

analyzer (Yokogawa Hewlett-Packard, Tokyo). The luminance was simultaneously measured by 

using a model 370 optometer (UDT Instruments, Baltimore, MD) equipped with a calibrated 

luminance sensor head (Model 211) and a 5x objective lens. The device external quantum 

efficiency (EQE) was calculated from the luminance, current density and EL spectrum assuming 

a Lambertian distribution using procedures previously reported.
21b

 All the device fabrication and 

device characterization steps were carried out under ambient laboratory conditions. 

Devices for space-charge-limited current (SCLC) measurement were fabricated with 

electron-dominant device structure: ITO/Al(100 nm)/PVK:OXD-7 (60:40, wt/wt, 100 

nm)/ETL/Al. The 100-nm thick Al electrode was deposited onto ITO substrate followed by spin-

coating of subsequent polymer host layer. ETL was vacuum-deposited or solution-deposited 

using the exact same condition as for PhOLED fabrication followed by deposition of Al 

electrode. Current-voltage characteristics of SCLC devices were measured using the same 

semiconductor parameter analyzer as for the characterization of PhOLED devices. The SCLC 

measurements were performed under dark and ambient conditions.  
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Atomic force microscopy (AFM) characterization of ETL surface morphology was done on a 

Veeco Dimension 3100 Scanning Probe Microscope (SPM) system. The AFM topographical 

images were measured with the same PhOLEDs used for device characterization. 

 

3.2.3. Results and Discussion 

PhOLEDs with vacuum- and solution-deposited ETMs. We fabricated multilayered 

PhOLEDs using the commercial electron-transport materials (ETMs), TmPyPB, BPhen and BCP 

as the electron-transport layers(ETLs). The emissive polymer layer (EML) consisted of a blend 

of PVK and OXD-7, doped with triplet emitter tris(2-phenylpyridine)iridium(III) (Ir(ppy)3) as 

 
 

Figure 3.12. PhOLEDs with TmPyPB ETLs: (a) Current density (J) – voltage (V); (b) luminance (L) - voltage 

(V); (c) luminous efficiency (LE) - luminance (L); and (d) power efficiency (PE) - luminance (L) curves. 

Device structures, device IA: ITO/PEDOT:PSS/EML/vacuum-deposited TmPyPB/Al and devices IB, IC, and 

ID: ITO/PEDOT:PSS/EML/solution-deposited TmPyPB/Al with TmPyPB deposited from 8, 16, and 24 mg 

mL-1 solution, respectively. 
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described in Experimental section. To facilitate comparison in PhOLED performance, the 

commercial ETMs were deposited by vacuum or solution methods to create an ETL thin film 

onto the EML. For the solution-processing method, the ETMs were deposited from formic acid 

(FA) and water (H2O) solvent mixture (FA:H2O = 3:1) as previously reported,14 while varying 

the concentration of the ETM in solution. Three sets of PhOLEDs were fabricated using the 

different commercial ETMs: Device IA, ITO/PEDOT:PSS/EML/vacuum-deposited TmPyPB/Al; 

devices IB, IC, and ID, ITO/PEDOT:PSS/EML/solution-deposited TmPyPB/Al with different 

casting concentrations of TmPyPB; Device IIA, ITO/PEDOT:PSS/EML/vacuum-deposited 

BPhen/Al; devices IIB, IIC, and IID, ITO/PEDOT:PSS/EML/solution-deposited BPhen/Al with 

different casting concentrations of BPhen; Device IIIA, ITO/PEDOT:PSS/EML/vacuum-

deposited BCP/Al; devices IIIB, IIIC, and IIID, ITO/PEDOT:PSS/EML/solution-deposited 

BCP/Al with different casting concentrations of BCP. 
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Figure 3.12a-d shows the performance of PhOLEDs using TmPyPB as an ETL. Devices IB, 

IC, and ID with solution-deposited TmPyPB were obtained by spin-coating onto the EML from 

8, 16, and 24 mg mL
-1

 solutions to deposit 15, 30, and 40 nm of TmPyPB ETL, respectively.  

Device IA included a vacuum-deposited 40-nm thick TmPyPB ETL. As shown in Figure 1a, 

device IB with the ETL deposited from 8 mg mL
-1

 solution showed a higher current density than 

devices IC and ID due to its smaller thickness (15 nm). On the other hand, device IA with 

vacuum-deposited TmPyPB showed very low current density even though it has the same ETL 

thickness (40 nm) as device ID with TmPyPB ETL deposited from 24 mg mL
-1

 solution. Despite 

 
Figure 3.13. PhOLEDs with BPhen ETLs: (a) Current density (J) – voltage (V); (b) luminance (L) - 

voltage (V); (c) luminous efficiency (LE) - luminance (L); and (d) power efficiency (PE) - 

luminance (L) curves. Device structures, device IIA: ITO/PEDOT:PSS/EML/vacuum-deposited 

BPhen/Al and devices IIB, IIC, and IID: ITO/PEDOT:PSS/EML/solution-deposited BPhen/Al 

with BPhen deposited from 16, 20, and 24 mg mL
-1

 solution, respectively. 
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their different current densities, devices IC and ID showed similar turn-on voltages (9.1 and 8.5 

V), and luminance (brightness)-voltage (L-V) characteristics with similar maximum brightness of 

34900 - 35100 cd m
-2

 (Figure 1b). Device ID showed the highest luminous efficiency (LE) value 

of 32.4 cd A
-1

 and power efficiency (PE) of 5.7 lm W
-1 

(Figure 4.1c,d) with an external quantum 

efficiency (EQE) of 9.7% (Table 4.1). Surprisingly, device IA containing vacuum-deposited  

TmPyPB ETL had a very high turn-on voltage of 15.0 V and a very low maximum brightness of 

14100 cd m
-2 

at high drive voltage of 29.0 V. Device IA showed an LE value of 24.4 cd A
-1

 and a 

power efficiency (PE) value of 3.0 lm W
-1 

(EQE of 7.3%), higher than devices IB and IC but 

 
Figure 3.14. PhOLEDs with BCP ETLs: (a) Current density (J) – voltage (V); (b) luminance (L) - voltage 

(V); (c) luminous efficiency (LE) - luminance (L); and (d) power efficiency (PE) - luminance (L) curves. 

Device structures, device IIIA: ITO/PEDOT:PSS/EML/vacuum-deposited BCP/Al and devices IIIB, IIIC, 

and IIID: ITO/PEDOT:PSS/EML/solution-deposited BCP/Al with BCP deposited from 16, 20, and 24 mg 

mL-1 solution, respectively. 
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lower than device ID. However, device IA showed severe efficiency roll-off as the luminance 

increases (Figure 3.12c,d). Although devices IB and IC showed lower efficiencies than device 

IA, their turn-on voltages (9.4 and 9.1 V) and drive voltages (18.8 and 20.6 V) were much lower 

than device IA. These results clearly demonstrate that the PhOLEDs with solution-deposited 

TmPyPB ETLs show significantly decreased operating voltage, higher brightness and efficiency, 

depending on the solution-processing condition, compared to the device with vacuum-deposited 

TmPyPB ETL. 

The J-V, L-V, LE-L, and the PE-L characteristics of PhOLEDs with BPhen ETLs are shown 

in Figure 3.13. In devices IIB, IIC, and IID, the solution-deposited BPhen ETL was spin-coated 

onto the EML from 16, 20, and 24 mg mL
-1

 solutions to deposit 20, 30, and 40 nm of BPhen 

ETLs, respectively. Device IIA contained a 40-nm thick vacuum-deposited BPhen ETL. Similar 

to devices IB-ID, device IIB from a lower concentration of BPhen solution showed a higher 

current density than devices IIC and IID (Figure 3.13a), whereas device IIA with vacuum-

deposited BPhen showed a very low current density. As shown in Figure 4.2b-d, devices IIC and 

IID with solution-processed BPhen ETL showed significant improvement in performance 

compared to device IIA containing vacuum-deposited BPhen. The operating voltages for devices 

IIC and IID were much lower with turn-on voltages of 5.8-6.0 V and drive voltages of 15.8-16.1 

V, compared to device IIA with vacuum-deposited BPhen with a turn-on voltage of 8.8 V and a 

drive voltage of 19.3 V. The luminous efficiency of device IIC was 46.9 cd A
-1

 (EQE of 14.1% 

at 8200 cd m
-2

), showing a PE value of 11.1 lm W
-1

 with a maximum brightness of 42800 cd m
-2

 

(at 15.8 V). Device IID gave the best performance with a luminous efficiency of 53.8 cd A
-1

 

(EQE of 16.1% at 5900 cd m
-2

) while showing a PE value of 13.3 lm W
-1

 with a maximum 

brightness of 52800 cd m
-2

 (at 16.1 V). It is noteworthy that device IID has a 40% higher 
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efficiency and brightness than device IIA with vacuum-deposited BPhen (LE = 38.7 cd A
-1

 , 

EQE = 11.6% and PE = 8.7 lm W
-1

). We also note that device IIB with solution-deposited BPhen 

ETL from 16 mg mL
-1

 solution also enhanced power efficiency and brightness. 

PhOLEDs with BCP ETL were also fabricated using vacuum- and solution-deposition 

methods. Devices IIIB, IIIC, and IIID had solution-deposited BCP ETLs, spin-coated onto the 

EML from 16, 20, and 24 mg mL
-1

 of solutions to deposit 20, 30, and 40 nm ETLs, respectively. 

In the case of device IIIA, BCP was thermally deposited to form a 30-nm thick  ETL onto the 

EML. Although the J-V and L-V characteristics of devices IIIB-D with BCP ETLs (Figure 

3.13a,b) showed similar characteristics as devices IIB-D with solution-deposited BPhen ETLs, 

the luminous and power efficiencies did not significantly increase with increasing BCP solution 

concentration (Figure 4.3c,d). The LE value of device IIIB was 34.6 cd A
-1

 (EQE of 10.4% at 

5970 cd m
-2

) with a maximum brightness of 34600 cd m
-2

 whereas the LE value of device IIIC 

was only slightly higher at 36.5 cd A
-1

 (EQE of 10.9% at 4880 cd m
-2

) with a maximum 

brightness of 34600 cd m
-2

. Device IIID with 30-nm thick solution-deposited BCP ETL showed 

a slightly lower LE value of 33.3 cd A
-1

 (EQE of 10.0% at 8910 cd m
-2

) with a maximum 

brightness of 30400 cd m
-2

. Thus, the performance of all devices IIIB-D with solution-deposited 

BCP ETL is essentially comparable in LE values (33.3 - 36.5 cd A
-1

), EQEs (10.0 - 10.9 %) and 

maximum brightnesses (30400 - 34600 cd m
-2

) in contrast to devices IIB-D with solution-

deposited BPhen ETL which showed a significant increase of performance with increasing 

BPhen solution concentration. Compared to devices IIIB-D with solution-deposited BCP ETLs, 

device IIIA containing vacuum-deposited BCP ETL had a significantly lower performance in all 

measures with an LE value of 21.0 cd A
-1

 (EQE of 6.3% at 2450 cd m
-2

), a maximum brightness 

of 18100 cd m
-2

 with very high turn-on (14.4 V) and drive voltage (25.0 V). These results 
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demonstrate that the PhOLEDs with solution-deposited ETLs have superior performance 

compared to the corresponding devices with vacuum-deposited ETLs. Device characteristics of 

all PhOLEDs are summarized in Table 3.6. 

Table 3.6. Device chracteristics of PhOLEDs with commercial ETMs. [a] 

Device [b] ETL 

ETL 

deposition 

method 

Von[c] 

[V] 

Drive 

voltage 

[V] 

Current 

density 

[mA cm
-2

] 

Luminance 

[cd m
-2

] 

Device efficiency 

[cd A
-1

, lm W
-1

,
 

(%EQE)] 

Device IA TmPyPB Vacuum 15.0 
29.0 

25.5 

70.0 

14.1 

14100 

3460 

20.1, 2.2, (6.0) 

24.4, 3.0, (7.3) 

Device IB TmPyPB 
Solution 

8 mg mL
-1

 
9.4 

18.8 

9.6 

234.9 

132.2 

19100 

12600 

8.1, 1.4, (2.4) 

9.6, 1.7, (2.9) 

Device IC TmPyPB 
Solution 

16 mg mL
-1

 
9.1 

20.6 

19.1 

234.0 

88.9 

35100 

16500 

15.0, 2.3, (4.5) 

18.5, 3.0, (5.5) 

Device ID TmPyPB 
Solution 

24 mg mL
-1

 
8.5 

20.9 

19.6 

155.6 

24.5 

34900 

7950 

22.4, 3.4, (6.7) 

32.4, 5.7, (9.7) 

Device IIA BPhen Vacuum 8.8 
19.3 

14.6 

112.8 

4.6 

31900 

1800 

28.2, 4.6, (8.4) 

38.7, 8.3, (11.6) 

Device IIB BPhen 
Solution 

16 mg mL
-1

 
6.5 

14.4 

12.1 

151.8 

26.8 

42800 

10300 

28.2, 6.2, (8.4) 

38.5, 10.0, (11.5) 

Device IIC BPhen 
Solution 

20 mg mL
-1

 
6.0 

15.8 

13.4 

168.6 

21.0 

48700 

8200 

34.7, 6.7, (10.4) 

46.9, 11.0, (14.1) 

Device IID BPhen 
Solution 

24 mg mL
-1

 
5.8 

16.1 

12.8 

148.8 

10.9 

52800 

5860 

35.5, 7.0, (10.7) 

53.8, 13.3, (16.1) 

Device IIIA BCP Vacuum 14.4 
25.0 

20.9 

111.0 

11.7 

18100 

2450 

16.3, 2.0, (4.9) 

21.0, 3.1, (6.3) 

Device IIIB BCP 
Solution 

16 mg mL
-1

 
9.1 

18.7 

16.0 

145.8 

17.2 

34600 

5970 

23.7, 4.0, (7.1) 

34.6, 6.8, (10.4) 

Device IIIC BCP 
Solution 

20 mg mL
-1

 
10.7 

20.0 

17.3 

132.3 

13.8 

34600 

5060 

26.2, 4.1, (7.8) 

36.5, 6.1, (10.9) 

Device IIID BCP 

Solution 

24 mg 

mL
-1

 

12.5 
21.9 

20.4 

121.0 

26.7 

30400 

8910 

25.2, 3.6, (7.6) 

33.3, 5.1, (10.0) 

[a] Values in italic correspond to those at maximum device efficiencies. [b] Devices I with TmPyPB, devices II with 

BPhen, and devices III with BCP ETLs with the structure: ITO/PEDOT:PSS/EML/ETL/Al. [c] Turn-on voltage (at 

brightness of 1 cd m
-2

). 
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 The electroluminescence (EL) spectra of the PhOLEDs are all shown in Figure 3.15. The EL 

spectra of all the devices are identical in lineshape with a maximum peak at 507 nm, which is 

originated from the Ir(ppy)3 green triplet emitter.
2k 

The Commission Internationale de 

L’Eclairage (CIE) 1931 coordinates of the devices were identical at (0.24, 0.63). However, we 

observed slight increase of the shoulder around 550 nm with the PhOLEDs with solution-

processed ETLs, presumably due to the microcavity effect.
4d 

Surface morphology of vacuum- and solution-deposited ETLs. In order to understand the 

improved performance of the PhOLEDs with solution-deposited commercial ETMs, the surface 

morphology of both vacuum-deposited and solution-deposited ETLs was investigated by atomic 

force microscopy (AFM). Figure 3.16 shows the 2D and the corresponding 3D topological 

surface morphologies of vacuum-deposited (Figure 3.16a) and solution-deposited TmPyPB ETLs 

casted from different concentrations (Figure 3.16b-d). The vacuum-deposited TmPyPB ETL has 

a smooth surface with root-mean-square (RMS) roughness value of 0.792 nm whereas the 

solution-deposited thin films show a significant change in morphology as the casting solution 

concentration increases. TmPyPB ETL deposited from 8 mg mL
-1

 solution shows a low density 

of vertically aligned nanopillars (Figure 3.16b) throughout the surface while a progressively 

 
Figure 3.15. Normalized EL spectra of PhOLEDs with: (a) TmPyPB; (b) BPhen; and (c) BCP ETLs at drive 

voltages. 
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higher density of vertically aligned nanopillars was observed in TmPyPB ETLs that were 

solution-deposited from 16 and 24 mg mL
-1

 (Figure 3.16c,d). The RMS roughness values were 

1.41, 1.40, and 2.39 nm for solution-deposited TmPyPB ETLs from 8, 16, and 24 mg mL
-1

, 

respectively. The relatively poor performance of device IB while device ID with solution-

deposited TmPyPB from 24 mg mL
-1

 has the highest performance among the PhOLEDs with 

TmPyPB ETLs suggest a good correlation of performance with the roughness and density of the 

vertical nanopillars on ETL surface. 

 A similar trend in surface morphology was observed in the vacuum- and solution-

deposited BPhen ETLs. A smooth surface was observed in the AFM images of the vacuum-

deposited BPhen ETL (RMS value = 0.459 nm, Figure 3.17a) and the solution-deposited BPhen 

ETL from 16 mg mL
-1

 (RMS value = 0.545 nm, Figure 3.17b). In contrast, a much rougher 

surface was observed in the solution-deposited BPhen ETL from higher concentrations of 20 

(RMS value = 1.84 nm, Figure 4.6c) and 24 mg mL
-1

 (RMS = 2.63 nm, Figure 4.6d). We can 

also clearly see that the density of the vertical nanopillars on the ETL surface increases 

dramatically with increasing solution concentration. Similar to TmPyPB ETLs, the observed 

variation of the surface morphology of BPhen ETLs with solution concentration is consistent 

with the enhanced performance of the PhOLEDs with BPhen ETLs. The observed high surface 

roughness and high density vertical nanopillars in the solution-deposited ETLs imply maximized 

area of ETL/Al cathode interface which facilitates efficient electron-injection. Furthermore, we 

expect that the vertically oriented nanopillars would result in improved charge-transport in the 

vertical direction.
14b

 

 On the other hand, the surface morphology of BCP ETL did not show noticeable change 

by solution-processing (Figure 3.18). However, in contrast to the very smooth surface of 
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vacuum-deposited BCP ETL (Figure 3.18a), we can still see a relatively rougher surface of the 

solution-deposited BCP ETLs (Figure 3.18b-d). The RMS roughness value of vacuum-deposited 

BCP was 0.311 nm whereas the RMS values of solution-deposited BCP ETLs was 0.467-0.504 

nm. Although the change in surface morphology of the solution-processed BCP ETLs is small, 

the PhOLEDs with solution-deposited BCP ETLs showed superior performance compared with 

devices with vacuum-deposited BCP ETL. Thus, overall these results are consistent with the 

performance PhOLEDs with TmPyPB and BPhen ETLs, demonstrating that higher performance 

PhOLEDs can be achieved by solution-processing of ETLs compared to vacuum-processing. 

 

 

Figure 3.16. AFM topographical images (5 × 5 μm) and the corresponding 3D height images of TmPyPB ETL films.  (a) 

vacuum-deposited TmPyPB; solution-deposited TmPyPB from (b) 8 mg mL-1; (c) 16 mg mL-1; and (d) 24 mg mL-1. 
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Figure 3.17. AFM topographical images (5 × 5 μm) and the corresponding 3D height images of BPhen ETL films.  (a) 

vacuum-deposited BPhen; solution-deposited BPhen from (b) 16 mg mL-1; (c) 20 mg mL-1; and (d) 24 mg mL-1. 

 

Figure 3.18. AFM topographical images (5 × 5 μm) and the corresponding 3D height images of BCP ETL films.  (a) 

vacuum-deposited BCP; solution-deposited BCP from (b) 16 mg mL-1; (c) 20 mg mL-1; and (d) 24 mg mL-1. 

 

Electron-injection and transport properties. We investigated electron-injection and transport 

in the vacuum- and solution-deposited commercial electron-transport materials by using 

electron-dominant devices: ITO/Al(100 nm)/PVK:OXD-7(60:40 wt/wt, 100 nm)/ETL(15-40 

nm)/Al, which were fabricated and their current density - voltage (J-V) characteristics were 

measured and analyzed. The ETL thickness and deposition method were exactly the same as 

used in the PhOLEDs I-III with TmPyPB, BPhen, and BCP ETLs, as already discussed. The 

electron mobility of the devices was measured by the space-charge-limited current (SCLC) 

method under ambient conditions. In Figure 3.19, the current density-electric field (J-E) 
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Figure 3.19. Current density vs electric field (J vs E) of 

ITO/Al/PVK:OXD-7/commercial ETM/Al devices in ambient 

conditions. ETM: (a) TmPyPB; (b) BPhen; and (c) BCP. The 

solid lines represent SCLC model with field-dependent mobility. 
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characteristics of the devices with TmPyPB (Figure 3.19a), BPhen (Figure 4.8b), and BCP 

(Figure 4.8c) ETLs are shown. Applied voltage (V) was converted to electric field (V m
-1

) by 

using the active layer thickness, allowing a relative comparison of electron-injection ability at the 

same electrical bias. The electron 

mobility was extracted by fitting the J-

V curves in the near quadratic region 

according to the following modified 

Mott-Gurney equation,
14,18 

where J is 

the current density, ε0 is the 

permittivity of free space, ε is the 

relative permittivity, μ is the zero-field 

mobility, V is the applied voltage, L is 

the thickness of active layer, and β is 

the field-activation factor (Table 3.7). 

The solid lines in Figure 4.8 represent 

the SCLC fitting curves in the 

quadratic SCLC region. 

As shown by the highest current 

density in Figure 3.19a, electron-

injection was the most efficient in the 

device with TmPyPB ETL from 24 mg 

mL
-1

 solution compared to other 

devices with a TmPyPB ETL. This 
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trend matches well with the observed highest PhOLED performance compared to other devices 

with a TmPyPB ETL. The electron mobility estimated from these devices showed a three orders 

of magnitude increase, from ~10
-9 

to ~10
-6 

cm
2 

V
-1 

s
-1

, with increasing TmPyPB solution 

concentration (Table 3.7). Devices with a BPhen ETL showed similar results, i.e. efficient 

electron-injection and increased electron mobility (from ~10
-7 

to ~10
-5 

cm
2 

V
-1 

s
-1

) with 

increasing BPhen solution concentration (Figure 3.19b, Table 3.7). The highest electron mobility 

of 1.3 × 10
-5 

cm
2 

V
-1 

s
-1

 was measured from the device with a BPhen ETL deposited from 24 mg 

mL
-1

 solution which also corresponds very well to the observed highest PhOLED performance. 

The previously discussed surface morphology, i.e. high surface roughness and high density of 

nanopillars of the surface of BPhen ETL deposited from a 24 mg mL
-1

 solution, implies that 

maximum charge-transport can be expected, which is consistent with the measured high electron 

mobility of the electron-dominant device by the SCLC method. We note that it has been reported 

in the case of organic photovoltaic cells, that rough surface features of small-molecule thin films 

deposited from solution can increase the crystallinity and the roughness of the layer and thus 

increase device efficiency through improved charge-transport.
19 

 The J-E characteristics of electron-dominant devices with solution-deposited BCP ETL 

showed ETL are shown in Figure 3.19c. The current density characteristics indicate similar 

electron-injection properties as of the devices with BCP ETL. The extracted electron mobilities 

of the devices were (4.3 - 5.8) × 10
-9 

cm
2 

V
-1 

s
-1

. However, the device with vacuum-deposited 

BCP ETL showed a relatively lower current density compared to the devices with solution-

deposited BCP ETL as well as a significantly lower device electron mobility of 1.8 × 10
-10

 cm
2 

V
-1 

s
-1

, which explains the relatively poor performance of the corresponding PhOLED (device 

IIIA). The J-E characteristics of the electron-dominant devices with solution processed ETLs 
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well-matched with the performance of the PhOLEDs and are also in accord with the observed 

AFM surface morphology of the ETLs. In general, the results suggest that the rough surface 

morphology with a high density of vertically aligned nanopillars formed by strong intermolecular 

interactions
20

 of solution-processed ETL maximize the contact area between the ETL and Al 

cathode, facilitating efficient electron-injection and transport which lead to much higher device 

performance compared to PhOLEDs with vacuum-deposited ETL. 

 

            Table 3.7. SCLC Electron Mobilities of Electron-Dominant Devices. 

ETL 
Deposition 

method 

µ (E=0) 

[cm
2 
V

-1 
s

-1
] 

β 

[cm
1/2 

V
-1/2

] 

Emax 

[V m
-1

] 

Device layer 

thickness 

[nm] 

TmPyPB 8mg mL
-1

 6.1 × 10
-9

 1.1 × 10
-5

 3.5 × 10
7
 115 

TmPyPB 16 mg mL
-1

 1.2 × 10
-8

 1.2 × 10
-5

 3.1 × 10
7
 130 

TmPyPB 24 mg mL
-1

 3.7 × 10
-6

 9.6 × 10
-6

 2.9 × 10
7
 140 

TmPyPB Vacuum 2.5 × 10
-7

 5.9 × 10
-6

 2.9 × 10
7
 140 

BPhen 16 mg mL
-1

 1.6 × 10
-7

 3.7 × 10
-6

 3.3 × 10
7
 120 

BPhen 20 mg mL
-1

 3.6 × 10
-6

 2.8 × 10
-6

 3.1 × 10
7
 130 

BPhen 24 mg mL
-1

 1.3 × 10
-5

 2.8 × 10
-5

 3.1 × 10
7
 140 

BPhen Vacuum 3.8 × 10
-8

 6.0 × 10
-6

 3.1 × 10
7
 140 

BCP 16 mg mL
-1

 5.7 × 10
-9

 7.7 × 10
-7

 3.3 × 10
7
 120 

BCP 20 mg mL
-1

 5.8 × 10
-9

 8.9 × 10
-6

 3.1 × 10
7
 130 

BCP 24 mg mL
-1

 4.3 × 10
-9

 7.0 × 10
-6

 3.1 × 10
7
 140 

BCP Vacuum 1.8 × 10
-10

 8.0 × 10
-6

 3.1 × 10
7
 130 
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3.2.4. Conclusions 

In summary, high-performance multilayered phosphorescent OLEDs have been successfully 

fabricated, for the first time, by sequential solution-processing of commercial small-molecule 

electron-transport materials (ETMs). The PhOLEDs with solution-processed electron-transport 

layers (ETLs) showed superior device performance compared to the devices with vacuum-

deposited ETLs. Solution processing enabled the tuning and control of the ETL surface 

morphology by varying the solution concentration. The measured SCLC characteristics of the 

electron-dominant devices demonstrated that an ETL surface with a high density of vertically 

oriented nanopillars facilitated efficient electron-injection and transport, leading to enhanced 

PhOLED performance. The present approach of using a binary organic acid/water mixture as a 

solvent for the solution processing of ETMs is also applicable to the solution-deposition of many 

other commercial small-molecule ETMs, such as 2,2’2”-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-

benzimidazole) (TPBI),
21 

 and 3-(4-biphenyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazole 

(TAZ)
22

, since they also contain imine nitrogens which facilitate solubility in organic acids.
9,23

  

 The results also suggest that control of the surface morphology of organic semiconductors by 

solution-processing is a very important and promising strategy to achieve efficient charge-

injection and charge-transport properties. The density of vertically oriented nanopillars on the 

ETL surface and the device electron mobility strongly depend on the solution-processing 

condition and can be controlled to improve device performance. Furthermore, we expect that the 

orthogonal solution-processing approach demonstrated here has potential applications not limited 

to PhOLEDs but various other multilayered organic electronic devices. 
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Chapter 4.  High Performance Phosphorescent OLEDs with Solution-

Processed Doped Electron-Transport Layers 

This chapter investigates novel orthogonal solution-doped electron-transport layers in 

phosphorescent OLEDs. The results in this chapter are reprinted in part with permission from 

Earmme, et al. (Copyright 2012 Wiley-VCH and Copyright 2013 American Institute of Physics).  

 

4.1. Solution-Processed Alkali Metal Salt Doped Electron-Transport Layers for 

High Performance Phosphorescent Organic Light-Emitting Diodes 

4.1.1. Introduction 

Organic light-emitting diodes (OLEDs) are finding various applications in full-color display 

panels, flexible displays, and solid-state lighting.
[1-5] 

Recently, intensive efforts have been 

focused on developing phosphorescent OLEDs (PhOLEDs), which utilize triplet excitons to 

achieve superior performance compare to conventional fluorescent OLEDs.
[6-11] 

 Highly efficient 

multilayered PhOLEDs are generally fabricated by sequential deposition of multilayered 

structures that facilitate charge-injection and transport from both electrodes to the emission layer 

(EML). Most high-performance PhOLEDs have been achieved by vacuum-deposition of small 

molecules involving sequential thermal evaporation to obtain the multilayered structures. In 

contrast to the intensive efforts made on developing highly efficient multilayered PhOLEDs by 

thermal vacuum evaporation, reports on solution-processed PhOLEDs are relatively few.
[12-16] 

 

Although solution-processing has advantages of low-cost fabrication and/or large-area 

devices,
[17] 

challenges remain in sequential solution-processing of a multilayered device structure 

because the solvent used to deposit the subsequent layer can easily dissolve or disrupt the 

underlayer. One general approach to overcome this problem is to employ orthogonal solvent 
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processing.
[18-21] 

We have reported that many conjugated polymers or dendrimers-based electron-

transport materials (ETMs) can be solution-processed from an organic acid solvent onto various 

underlying polymers, enhancing the performance of polymer OLEDs,
[22-26] 

polymer 

transistors,
[18] 

or polymer solar cells.
[27,28] 

More recently, we have shown that high performance 

solution-processed multilayered PhOLEDs can be realized by orthogonal solution-processing of 

new oligoquinoline ETMs
[29,30]  

and other commercially available small molecule ETMs.
[31] 

  

Despite the demonstration of multilayered device structures fabricated by orthogonal 

solution-processing, improving electron-injection and transport from the metal cathode is a major 

challenge in realization of all-solution-processed PhOLEDs with higher performance. Because 

widely used metal cathodes (e.g. Al, Ag) have a high work function (~ 4.2 eV) which leads to 

high electron-injection barriers between the ETM and the cathode, cathode interfacial materials 

such as alkali metal halides (e.g. LiF, CsF) or low work function metals (e.g. Ca, Ba, or Mg) are 

generally inserted as a thin interlayer (~ 0.5 to 2 nm) between the ETM and cathode to achieve 

facile electron injection. Another approach to improve electron-injection/transport is by doping 

the ETM with organic,
[32-34] 

inorganic,
[35] 

or low-work-function metal
[36] 

 n-type dopants to 

modify the interface electronic structure and/or to enhance bulk conductivity of the ETMs.  

Various n-type doping approaches and basic mechanisms have been proposed and studied to 

achieve an increased charge carrier concentration with high conductivity to realize high-

performance OLEDs. N-type doping of the organic ETMs is known to be challenging due to the 

difficulty of finding suitable n-type dopants. For efficient doping, the HOMO level of n-type 

dopant must be higher than the LUMO level of the organic semiconductors, which is generally 

unstable in the air. 
[37] 

The use of alkali metal is well-known approach to improve electron-

injection from cathode. For example, an evaporation of Li metal or LiF monolayer or co-
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evaporation of the dopants into bulk organic ETMs have been known as an efficient n-type 

doping method. 
[38-41] 

The influence of n-doping by Li metal or LiF on tris(8-

hydroxyquinoline)aluminum (Alq3) ETM has been studied in detail by X-ray photoelectron 

spectroscopy (XPS) or ultraviolet photoemission spectroscopy (UPS) indicating a chemical 

reaction of LiF and Al which may release Li ions into the bulk organic ETM. 
[40,41] 

 

There also have been many efforts on utilizing organic materials with a high-lying HOMO as 

n-type dopants which would act as strong electron donor to organic ETMs. The use of strong 

reducing molecule such as cobaltocene (CoCp2) was reported and investigated, showing that the 

Fermi level shifted toward the unoccupied states of the host ETM, which resulted in three orders 

of magnitude current increase.
[42] 

Other examples of n-type dopants include electrochemically 

reduced form of the transition metal complex
[43] 

 or salts of cationic dyes as strong molecular 

donors.
[44,45] 

 

Recently, alkali metal salts have proven to be effective n-type dopant to enhance electron-

injection and transport of organic ETMs. For example, cesium carbonate (Cs2CO3),
[46-49] 

 lithium 

carbonate (Li2CO3),
[50] 

 cesium fluoride (CsF),
[51] 

 and lithium fluoride (LiF)
[52] 

 have been co-

evaporated as n-type dopants with various organic ETMs. The n-type doping effect of alkali 

metal salt was demonstrated by surface analysis techniques showing that the Fermi level of the 

organic ETMs shifts toward the LUMO edge.
[35] 

 The proposed mechanism of n-type doping 

effect was that the alkali metal salt such as Cs2CO3 would decompose into a mixture of Cs and 

oxides of Cs during thermal evaporation, which may have sufficient n-doping ability. 
[48,49] 
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Nevertheless, such a doping is mainly carried out by thermal evaporation or co-evaporation 

under high vacuum especially in the case of alkali metal salts. Furthermore, for the co-

evaporation process, a precise control of the co-deposition rate via complicated vacuum thermal 

evaporation process is critical to obtain exact dopant to host ratio and this is highly challenging 

and economically undesirable. 

In this chapter, we report for the first time that organic small-molecule electron-transport 

materials can be doped with alkali metal salts by solution-processing of the electron transport 

layer (ETL) to achieve high-performance all-solution-processed PhOLEDs. We found that 

incorporation of the dopant into the ETL by solution-processing significantly changes the surface 

morphology of ETL forming a good interfacial contact between ETL and metal cathode, leading 

to facile electron-injection and transport. Our results suggest that solution-processing of metal 

salt doped small-molecule ETMs is a new strategy that could enable the fabrication of various 

high-performance multilayered all-solution-processed organic electronic devices. High 

performance solution-processed blue PhOLEDs were achieved by sequential solution-processing 

of electron-transport material doped with an alkali metal salt, cesium carbonate (Cs2CO3) or 

lithium carbonate (Li2CO3). PhOLEDs based on FIrpic blue triplet emitter-doped poly(N-

vinylcarbazole) emission layer and a solution-processed 4,7-diphenyl-1,10-phenanthroline 

 
Chart 4.1. Molecular structures of electron-transport materials. 

TmPyPB
BPhen

TPyQB
BmPyPB
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(Bathophenanthroline, BPhen)
[53-55] 

electron-transport layer (ETL) doped with Cs2CO3 show a 

luminous efficiency (LE) of 35.1 cd A
-1

 at a brightness of 1820 cd m
-2

 with a power efficiency of 

15.0 lm W
-1

 and an external quantum efficiency of 17.9%. Furthermore, our approach of 

solution-processing of alkali metal salt doped ETL was readily extended to other small-molecule 

electron-transport materials, including 1,3,5-tris(4-pyridinquinolin-2-yl)benzene (TPyQB),
[30] 

1,3,5-tris(m-pyrid-3-yl-phenyl)benzene (TmPyPB),
[56,57] 

and 1,3-bis(3,5-di(pyridine-3-

yl)phenyl)benzene (BmPyPB) (Chart 4.1).
[58] 

The blue PhOLEDs with solution-processed 

BmPyPB ETL doped with Cs2CO3 show a high LE value of 37.7 cd A
-1

 at a brightness of 1300 

cd m
-2

 with a power efficiency of 13.1 lm W
-1

 and an external quantum efficiency of 19.0%, 

which is the highest performance reported to date for all-solution-processed blue PhOLEDs. 

 

4.1.2. Experimental Section 

Materials. Poly(N-vinyl carbazole) (PVK, average Mw = 1,100,000 g mol
-1

), 4,7-diphenyl-1,10-

phenanthroline (BPhen, 99%, sublimed grade), cesium carbonate (Cs2CO3, 99.9% trace metals 

basis), and lithium carbonate (Li2CO3,  99%) were purchased from Sigma-Aldrich Co. 1,3-Bis(2-

(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl)benzene (OXD-7), bis(3,5-difluoro-2-(2-

pyridyl)phenyl-(2-carboxypyridyl)iridium(III) (FIrpic), 1,3,5-Tris(m-pyrid-3-yl-phenyl)benzene 

(TmPyPB), and 1,3-bis(3,5-di(pyridine-3-yl)phenyl)benzene (BmPyPB) were purchased from 

Luminescence Technology (LumTec) Co., Taiwan. 1,3,5-tris(4-pyridinquinolin-2-yl)benzene 

(TPyQB) was synthesized as previously reported. 
[30]

 A solution of PEDOT:PSS (poly-

(ethylenedioxythiophene):polystyrenesulfonate, Clevios P VP CH 8000) dispersed in water was 

purchased from Heraeus GmBH, Germany. All purchased chemicals were used as received 

without further purification. 
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Device Fabrication. The phosphorescent emission layer (EML) consisted of a blend of PVK and 

OXD-7 (PVK:OXD-7 = 60:40, wt/wt) as a host and 10.0 wt% FIrpic as the blue dopant. A 

solution of PEDOT:PSS was diluted with DI water by 1:1 ratio and filtered before spin-coating 

to make a 30-nm hole-injection layer onto a pre-cleaned ITO glass. Clevios P VP CH 8000 

(PEDOT:PSS) was used to prevent current leakage and suppressing of hole-current.
[63] 

 The film 

was then annealed at 150 ºC under vacuum to remove residual water. The 70-nm polymer EML 

was obtained by spin coating of the PVK:OXD-7:FIrpic blend in chlorobenzene onto the 

PEDOT:PSS layer and vacuum dried at 100 ºC. A small-molecule electron-transport material 

(ETM, e.g. BPhen) was co-dissolved with alkali metal salt (Cs2CO3 or Li2CO3) in formic 

acid:water (FA:H2O = 3:1) mixture and spun cast onto the EML at a spin speed of 7000 rpm 

followed by vacuum drying at 50 ºC to form an electron-transport layer (ETL). After drying, 

thermally evaporated Al cathode was deposited onto the ETL. The structure of PhOLEDs with 

solution-processed ETLs was: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/solution-processed 

ETM:alkali metal salt (20 nm)/Al (100 nm). The device structure of PhOLEDs with a vacuum-

deposited bilayer of BPhen ETL and alkali metal salt was: ITO/PEDOT:PSS(30 nm)/EML(70 

nm)/vacuum-deposited BPhen ETL (20 nm)/vacuum-deposited Cs2CO3 or Li2CO3 (1 nm)/Al. 

BPhen and alkali metal salt were sequentially vacuum-deposited by thermal evaporation onto 

EML using Edwards Auto Vacuum 306, followed by a deposition of Al without breaking the 

vacuum (< 2.0 x 10
-6

 torr). 

For the single charge carrier-dominant devices, two types of devices were fabricated. 

Electron-dominant devices: ITO/polymer host (70 nm)/solution-deposited BPhen:M2CO3 ETL 

(20nm)/Al; and hole-dominant devices: ITO/PEDOT:PSS (30 nm)/polymer host (70 
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nm)/solution-deposited BPhen: M2CO3 ETL (20 nm)/Au. All layers were deposited under 

exactly the same conditions as the fabrication of PhOLEDs. 

Devices for space-charge-limited current (SCLC) measurement were fabricated with 

ITO/solution-processed BPhen:M2CO3 ETL (~ 200 nm)/Al structure. The organic layer was 

obtained by the spin-coating of ETM solution onto the substrate followed by deposition of Al 

electrode. 

Characterization. Film thickness was measured by an Alpha-Step 500 profilometer (KLA-

Tencor, San Jose, CA) and also confirmed by Atomic Force Microscopy (AFM). 

Electroluminescence (EL) spectra were obtained using the same spectrofluorimeter described 

above. Current-voltage (J-V) characteristics of the PhOLEDs were measured by using a 

HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Tokyo). The 

luminance (brightness) was simultaneously measured by using a model 370 optometer (UDT 

Instruments, Baltimore, MD) equipped with a calibrated luminance sensor head (Model 211) and 

a 5x objective lens. The device external quantum efficiencies (EQEs) were calculated from the 

forward viewing luminance, current density and EL spectrum assuming a Lambertian 

distribution using procedures reported previously.
[64] 

All the device fabrication and device 

characterization steps were carried out under ambient laboratory condition. 

Current-voltage characteristics of single charge carrier dominant and SCLC devices were 

measured using the same semiconductor parameter analyzer as used for PhOLED devices. The 

measurements were performed under dark and ambient conditions. AFM characterization of 

surface morphology was done on a Veeco Dimension 3100 Scanning Probe Microscope (SPM) 

system. The AFM topographical images were directly measured on the same PhOLEDs used for 

device characterization. 
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4.1.3. Results and Discussion 

Performance of PhOLEDs with alkali metal salt doped BPhen ETLs. We fabricated solution-

processed multilayered PhOLEDs with polymer-based blue phosphorescent emission layer 

(EML) and solution-deposited BPhen electron-transport layer (ETL) doped with an alkali metal 

salt (M2CO3, M= Li, Cs) dopant, Cs2CO3 or Li2CO3. The concentration of the dopant in the ETL 

was: 2.5, 5.0, 7.5, 10.0, 12.5 or 15.0 wt% Cs2CO3 and 1.0, 2.5, 5.0, 7.5 or 10.0 wt% Li2CO3. The 

 
 
Figure 4.1. Blue PhOLEDs with BPhen ETL doped with Cs2CO3: (a) Current density (J) – voltage (V); (b) 

luminance (L) - voltage (V); (c) luminous efficiency (LE) - luminance (L); and (d) power efficiency (PE) - 

luminance (L) curves. Device structures: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/solution-processed 

BPhen:Cs2CO3 ETL(20 nm)/Al (100 nm), ETL doped with different concentration of Cs2CO3; and 

ITO/PEDOT:PSS(30 nm)/EML(70 nm)/vacuum-deposited BPhen ETL(20 nm)/vacuum-deposited Cs2CO3(1 

nm)/Al (100 nm). 

 

 

0

50

100

150

200

0 4 8 12 16

BPhen:Cs2CO3 0 wt%
BPhen:Cs2CO3 2.5 wt%
BPhen:Cs2CO3 5.0 wt%
BPhen:Cs2CO3 7.5 wt%
BPhen:Cs2CO3 10.0 wt%
BPhen:Cs2CO3 12.5 wt%
BPhen:Cs2CO3 15.0 wt%
BPhen/Cs2CO3 vacuum

Voltage [V]

1

10

100

1000

1x10
4

1x10
5

4 6 8 10 12 14 16 18

BPhen:Cs2CO3 0 wt%
BPhen:Cs2CO3 2.5 wt%
BPhen:Cs2CO3 5.0 wt%
BPhen:Cs2CO3 7.5 wt%
BPhen:Cs2CO3 10 0 wt%
BPhen:Cs2CO3 12.5 wt%
BPhen:Cs2CO3 15.0 wt%
BPhen/Cs2CO3 vacuum

Voltage [V]

0

5

10

15

20

25

30

35

40

0 2000 4000 6000 8000 1x10
4

BPhen:Cs2CO3 0 wt%
BPhen:Cs2CO3 2.5wt%
BPhen:Cs2CO3 5.0wt%
BPhen:Cs2CO3 7.5wt%
BPhen:Cs2CO3 10.0wt%
BPhen:Cs2CO3 12.5wt%
BPhen:Cs2CO3 15.0wt%
BPhen/Cs2CO3 vacuum

Luminance [cd m
-2

]

0

4

8

12

16

0 2000 4000 6000 8000 1x10
4

BPhen:Cs2CO3 0 wt%

BPhen:Cs2CO3 2.5wt%

BPhen:Cs2CO3 5.0wt%

BPhen:Cs2CO3 7.5wt%

BPhen:Cs2CO3 10.0wt%

BPhen:Cs2CO3 12.5wt%

BPhen:Cs2CO3 15.0wt%

BPhen/Cs2CO3 vacuum

Luminance [cd m
-2

]

(a)

(b)

(c) (d)



103 

 

blend of BPhen and alkali metal salt, BPhen:Cs2CO3 or BPhen:Li2CO3 ETL, was deposited from 

a formic acid (FA) / water (H2O) solvent mixture (FA:H2O = 3:1) onto the EML.
[29,30] 

 A series 

of PhOLEDs with solution-processed BPhen:M2CO3 ETL were fabricated: 

ITO/PEDOT:PSS/EML/BPhen:M2CO3/Al; the metal salt (M2CO3, M = Cs, Li) concentration 

was varied in the ETL. To verify the relative effectiveness of the solution-processed  

BPhen:M2CO3-doped ETLs, PhOLEDs with a vacuum-deposited BPhen ETL and an alkali metal 

 
 

Figure 4.2. Blue PhOLEDs with BPhen ETL doped with Li2CO3: (a) Current density (J) – voltage (V); (b) 

luminance (L) - voltage (V); (c) luminous efficiency (LE) - luminance (L); and (d) power efficiency (PE) - luminance 

(L) curves. Device structures: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/solution-processed BPhen:Li2CO3 ETL(20 

nm)/Al (100 nm), BPhen ETL doped with different concentration of Li2CO3; and ITO/PEDOT:PSS(30 nm)/EML(70 

nm)/vacuum-deposited BPhen ETL(20 nm)/vacuum-deposited Li2CO3(1 nm)/Al (100 nm). 
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salt electron-injection layer (EIL) were also fabricated: ITO/PEDOT:PSS/EML/vacuum-

deposited BPhen/vacuum-deposited Cs2CO3 or Li2CO3/Al. The detailed PhOLED fabrication 

procedures are described in the Experimental Section. 

Figure 4.1 shows the performance of PhOLEDs with solution-processed BPhen:Cs2CO3 ETL. 

As shown in Figure 4.1a-d, the PhOLEDs with solution-deposited BPhen ETL without Cs2CO3 

dopant (BPhen: Cs2CO3 0 wt%) showed a high turn-on voltage of 7.7 V, a drive voltage of 16.4 

V and lower current density compared to other devices with BPhen ETL doped with Cs2CO3. 

The performance of the PhOLEDs dramatically changes when Cs2CO3 is incorporated into 

BPhen ETL (Figure 4.1, Table 4.1). PhOLEDs with 2.5 wt% Cs2CO3 dopant showed a 

significantly reduced turn-on voltage (4.8 V), drive voltage (13.9 V), and also a significantly 

increased luminous efficiency (LE) of 26.4 cd A
-1

 with a power efficiency (PE) of 8.5 lm W
-1

 

(external quantum efficiency (EQE) = 13.5 %). This represents a 1.6-fold higher efficiency 

compared to the device without Cs2CO3 dopant. As the concentration of Cs2CO3 in BPhen ETL 

increased from 2.5 to 10.0 wt%, the PhOLEDs showed much enhanced performance; the current 

density and maximum luminance (brightness) increased while the turn-on voltage and drive 

voltage decreased (Figure 4.1a,b, Table 4.1). The blue PhOLEDs with solution-processed 

BPhen:Cs2CO3 (10.0 wt% Cs2CO3) showed the highest luminous efficiency (LE) of 35.1 cd A
-1

 

(at 1820 cd m
-2

) (Figure 4.1c) and the maximum power efficiency (PE) of 15.0 lm W
-1

 (Figure 

4.1d) with an EQE of 17.9 %, which is more than two-fold superior compared to the devices 

without Cs2CO3 doping. Even compared to the devices with vacuum-deposited BPhen ETL and 

Cs2CO3 EIL layers, PhOLEDs with solution-processed BPhen ETL doped with Cs2CO3 showed 

much superior performance. We note that PhOLEDs with solution-processed ETL reached the 

maximum efficiency at high brightness (1820 - 3600 cd m
-2

) while the devices with vacuum-
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Figure 4.3. Normalized EL spectra of blue PhOLEDs with: (a) 

BPhen:Cs2CO3; and (b) BPhen:Li2CO3 ETLs at the 

maximum brightness. 
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deposited ETL/EIL showed the maximum efficiency at low brightness of 320 cd m
-2

. 

Furthermore, PhOLEDs with vacuum-deposited ETL/EIL showed much more severe efficiency 

roll-off (Figure 4.1c,d) compared to the devices with solution-processed doped ETLs. These 

results suggest that the solution-

processing of metal salt doped small-

molecule electron-transport layer is 

promising for achieving high 

efficiency devices with high 

brightness. 

A further increase of the Cs2CO3 

concentration in BPhen:Cs2CO3 ETL 

to 12.5 and 15.0 wt% resulted in 

decreased device performance, even 

though these later PhOLEDs have 

similar current density (J-V) 

characteristics as the devices with 

10.0 wt% Cs2CO3 (Figure 4.1a). 

PhOLEDs with 12.5 and 15.0 wt% 

Cs2CO3 –doped ETLs showed a 

higher turn-on and drive voltages and lower device efficiencies compared to the devices with 

10.0 wt% Cs2CO3 (Figure 4.1b-d, Table 4.1). These later PhOLEDs ( > 10% Cs2CO3 ETLs) also 

showed severe efficiency roll-off as the brightness increases, similar to the devices with vacuum-
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deposited ETL/EIL. The optimum doping concentration in BPhen:Cs2CO3 ETLs is thus 10.0 

wt% Cs2CO3. 

The J-V, L-V, LE-L, and the PE-L characteristics of PhOLEDs with BPhen ETLs doped with 

Li2CO3 are shown in Figure 4.2. Incorporation of Li2CO3 in the solution-processed BPhen ETL 

show significantly improved device performance. PhOLED with 1.0 wt% of Li2CO3 showed an 

increased LE value of 19.8 cd A
-1

 (at 4030 cd m
-2

) and a PE value of 5.7 lm W
-1

 (EQE of 

10.1 %) compared to the device without Li2CO3 doping. As the Li2CO3 concentration increased 

to 2.5 and 5.0 wt%, the PhOLEDs showed much more enhanced performance. PhOLEDs with 

solution-deposited BPhen ETL doped with 2.5 wt% Li2CO3 gave a LE value of 27.1 cd A
-1

 and a 

PE value of 10.4 lm W
-1 

(EQE of 13.8%), while the PhOLEDs with 5.0 wt% Li2CO3 showed the 

highest device performance with an LE value of 27.9 cd A
-1

 and EQE of 14.2 % (PE = 10.1 lm 

W
-1

) with significantly reduced turn-on voltage of 4.4 V and a drive voltage of 12.3 V compared 

to the devices without Li2CO3 dopant (Figure 4.2c,d, Table 4.2). However, a further increase of 

the Li2CO3 concentration to 7.5 and 10.0 wt% resulted in a decreased device performance with 

LE values of 26.0 and 20.7 cd A
-1

 (PE values of 9.2 and 8.0 lm W
-1

), respectively, even though 

the J-V characteristics of these later devices were similar compared to the devices with 5.0 wt% 

Li2CO3-doped ETL (Figure 4.2a). 

Similar to the PhOLEDs with BPhen:Cs2CO3 ETLs, PhOLEDs with solution-processed 

BPhen ETL doped with 2.5 - 5.0 wt% Li2CO3 had superior performances compare to the devices 

with vacuum-deposited BPhen ETL/Li2CO3 EIL. We also note that PhOLEDs with vacuum-

deposited ETL/EIL showed the maximum LE value (23.0 cd A
-1

) and PE value (11.8 lm W
-1

) at 

low brightness (~ 120 cd m
-2

), whereas the devices with solution-processed ETL doped with 

Li2CO3 showed the highest efficiency at high brightness (1720 - 4340 cd m
-2

). These results 
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clearly demonstrate that the solution-processing of ETL doped with alkali metal salt is a 

promising strategy to achieve high-performance blue PhOLEDs with high brightness. The device 

characteristics of the blue PhOLEDs with solution-processed BPhen ETL are summarized in 

Table 4.1 and 4.2. 

Table 4.1. Device chracteristics of solution-processesd PhOLEDs with BPhen ETL doped with  Cs2CO3. [a] 

ETL[b] 

Dopant 

concentrati

on [wt%] 

Von[d] 

[V] 

Drive 

voltage 

[V] 

Current 

density 

[mA cm
-2

] 

Luminance 

[cd m
-2

] 

Device 

efficiency 

[cd A
-1

, lm W
-1

,
 

(%EQE)] 

BPhen 0.0 7.7 
16.4 

12.6 

133.4 

11.5 

11200 

1890 

8.4, 1.6, (4.3) 

16.5, 4.1, (8.4) 

BPhen: 

Cs2CO3 
2.5 4.8 

13.9 

10.2 

108.9 

13.6 

14800 

3600 

13.6, 3.0, (6.9) 

26.4, 8.5, (13.5) 

BPhen: 

Cs2CO3 
5.0 4.8 

13.2 

8.9 

107.5 

9.0 

14600 

2530 

13.6, 3.2, (6.9) 

28.1, 10.5, 

(14.3) 

BPhen: 

Cs2CO3 
7.5 4.6 

12.8 

8.7 

103.3 

10.2 

18200 

3520 

17.6, 4.3, (8.9) 

34.7, 13.1, 

(17.7) 

BPhen: 

Cs2CO3 
10.0 4.5 

12.6 

7.8 

144.3 

5.2 

20100 

1820 

13.9, 3.4, (7.0) 

35.1, 15.0, 

(17.9) 

BPhen: 

Cs2CO3 
12.5 4.8 

12.4 

7.5 

177.5 

6.0 

17700 

1360 

9.6, 2.5, (4.9) 

22.9, 9.6, (11.7) 

BPhen: 

Cs2CO3 
15.0 4.9 

13.6 

7.6 

187.8 

4.2 

15100 

830 

8.0, 1.9, (4.0) 

19.6, 8.1, (10.0) 

BPhen / 

Cs2CO3 

[c] 

- 5.5 
15.1 

7.6 

112.6 

1.2 

13400 

320 

11.9, 2.5, (6.1) 

26.9, 11.7, 

(13.7) 

[a] Values in italic correspond to those at maximum device efficiencies. [b] PhOLEDs with solution-deposited 

BPhen ETL doped with Cs2CO3 or with vacuum-deposited BPhen/Cs2CO3 ETL/EIL. Device structures:  

ITO/PEDOT:PSS/EML/ETL/Al with solution-deposited doped BPhen ETL; and [c] 

ITO/PEDOT:PSS/EML/BPhen/Cs2CO3/Al with vacuum-deposited BPhen and Cs2CO3. [d] Turn-on voltage (at 

brightness of 1 cd m
-2

). 
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Table 4.2. Device chracteristics of solution-processed PhOLEDs with BPhen ETL doped with Li2CO3.[a] 

ETL[b] 

Dopant 

concentra

tion 

[wt%] 

Von[d] 

[V] 

Drive 

voltage 

[V] 

Current 

density 

[mA cm
-2

] 

Luminance 

[cd m
-2

] 

Device 

efficiency 

[cd A
-1

, lm W
-1

,
 

(%EQE)] 

BPhen 0.0  7.7 
16.4 

12.6 

133.4 

11.5 

11200 

1890 

8.4, 1.6, (4.3) 

16.5, 4.1, (8.4) 

BPhen: 

Li2CO3 
1.0  5.5 

14.8 

11.4 

148.4 

20.4 

15700 

4030 

10.6, 2.5, (5.4) 

19.8, 5.7, (10.1) 

BPhen: 

Li2CO3 
2.5  5.4 

13.8 

9.1 

162.9 

6.4 

17800 

1720 

11.0, 2.5, (5.6) 

27.1, 10.4, 

(13.8) 

BPhen: 

Li2CO3 
5.0  4.4 

12.3 

8.9 

100.8 

12.8 

14500 

3600 

14.5, 3.7, (7.4) 

27.9, 10.1, 

(14.2) 

BPhen: 

Li2CO3 
7.5  4.5 

12.5 

9.2 

120.0 

16.7 

15600 

4340 

13.0, 3.3, (6.6) 

26.0, 9.2, (13.2) 

BPhen: 

Li2CO3 
10.0  4.6 

12.5 

8.4 

162.2 

11.7 

15800 

2430 

9.8, 2.5, (5.0) 

20.7, 8.0, (10.6) 

BPhen / 

Li2CO3 [c] 
- 4.6 

14.7 

6.5 

163.9 

0.52 

13400 

120 

8.1, 1.7, (4.1) 

23.0, 11.7, 

(11.7) 

[a] Values in italic correspond to those at maximum device efficiencies. [b] PhOLEDs with solution-deposited 

BPhen ETL doped with Li2CO3 or with vacuum-deposited BPhen/Li2CO3 ETL. Device structures:  

ITO/PEDOT:PSS/EML/ETL/Al with solution-deposited doped BPhen ETL; and [c] 

ITO/PEDOT:PSS/EML/BPhen/Li2CO3/Al with vacuum-deposited BPhen and Li2CO3. [d] Turn-on voltage (at 

brightness of 1 cd m
-2

). 
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The electroluminescence (EL) spectra of all the blue PhOLEDs, including those containing 

BPhen:Cs2CO3 or BPhen:Li2CO3 ETLs, are identical in lineshape with a maximum peak at 472 

nm, which originates from the FIrpic blue triplet emitter (Figure 4.3).
[26,27]

 The Commission 

Internationale de L’Eclairage (CIE) 1931 coordinates of the devices were identical at (0.14, 0.28). 

 
 

Figure 4.4. Blue PhOLEDs with TmPyPB ETL doped with Cs2CO3: (a) Current density (J) – voltage (V); (b) 

luminance (L) - voltage (V); (c) luminous efficiency (LE) - luminance (L); and (d) power efficiency (PE) - 

luminance (L) curves. Device structures: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/solution-processed 

TmPyPB:Cs2CO3 ETL(20 nm)/Al (100 nm), TmPyPB ETL doped with different concentration of Cs2CO3. 
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We observed a slight increase of the vibronic shoulder around 500 nm in the case of PhOLEDs 

with solution-processed BPhen ETLs doped with 7.5 wt% Cs2CO3 and 5.0 wt% Li2CO3, which 

can be due to microcavity effects.
[38]

 

PhOLEDs with various small-molecule ETMs doped with Cs2CO3. To test how general our 

approach of solution-processing of alkali metal salt doped electron transport materials is, we 

investigated various other known electron transport materials, including 1,3,5-tris(4-

pyridinquinolin-2-yl)benzene (TPyQB),
[30] 

1,3,5-tris(m-pyrid-3-yl-phenyl)benzene 

(TmPyPB),
[56,57] 

and 1,3-bis(3,5-di(pyridine-3-yl)phenyl)benzene (BmPyPB).
[58] 

 The solution-

processed ETL was doped with 5.0, 7.5, or 12.5 wt% Cs2CO3 and incorporated into multilayered 

blue PhOLEDs similar to BPhen:Cs2CO3 ETL devices described above. 

Electron-transport materials with pyridyl groups were reported by Kido and co-workers 
[44,45]

 

as high triplet energy ETMs. For example, TmPyPB was reported to have a high triplet energy of 

2.78 eV and a high electron mobility of µe = 1.0 x 10
-3

 cm
2
 V

-1
s

-1
. As shown in Figure 4.4, the 

PhOLEDs with undoped TmPyPB had a much lower performance (LE = 16.5 cd A
-1

, PE = 4.7 

lm W
-1

, and EQE = 8.4 %), whereas Cs2CO3-doped TmPyPB ETL led to a large enhancement of 

device performance. In Figure 4.4, the performance of PhOLEDs with TmPyPB:Cs2CO3 (7.5 

wt%) ETL showed a LE value of 37.7 cd A
-1

 (PE = 14.1 lm W
-1

, EQE = 19.0 %), which is the 

highest performance reported to date for all-solution-processed blue PhOLEDs. We also 

fabricated PhOLEDs with solution-processed BmPyPB:Cs2CO3 ETLs and, as expected, the 

PhOLEDs with BmPyPB ETL doped with Cs2CO3 similarly had a large enhancement in 

performance compared to non-doped ETL devices. The devices with BmPyPB ETL doped with 

7.5 wt% Cs2CO3 showed an LE value of 37.4 cd A
-1

 at a high brightness of 1760 cd m
-2

, and a 

PE value of 16.1 lm W
-1

 (with an EQE of 19.0 %). The performance of blue PhOLEDs 
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incorporating BmPyPB:Cs2CO3 ETL at the optimum doping concentration of 7.5 wt% Cs2CO3 is 

essentially identical with that of devices incorporating TmPyPB:Cs2CO3 at the same doping 

concentration. Further increase of the Cs2CO3 concentration in the TmPyPB:Cs2CO3 and 

BmPyPB:Cs2CO3 ETLs resulted in decreased performance of the PhOLEDs (Figure 4.4) and 

these trends are very similar to those of PhOLEDs incorporating BPhen:Cs2CO3 ETLs. 

These results demonstrate that the solution-processing of ETL doped with alkali metal salt is 

applicable to various small-molecule electron-transport materials
[31] 

 of current interest for the 

fabrication of all-solution-processed multilayered OLEDs and other organic electronic devices. 

Among the four electron-transport materials investigated, blue PhOLEDs with solution-

processed TmPyPB:Cs2CO3 ETLs and BmPyPB:Cs2CO3 ETLs have the best performance and 

thus TmPyPB and BmPyPB are superior to BPhen and TPyQB in this respect. We can also 

conclude that Cs2CO3 is superior to Li2CO3 as an alkali metal salt dopant of the series of small-

molecule electron-transport materials. 

 
Figure 4.3. AFM topographical height images (left, 5μm × 5μm) and the corresponding phase images (right, 

5μm × 5μm) of solution-processed BPhen ETL films doped with different concentration of Cs2CO3:  (a) 0 

wt%; (b) 5.0 wt%; (c) 7.5 wt%; (d) 10.0 wt%; (e) 12.5 wt%; and (f) 15.0 wt%. 

 

 

 

20 nm 30°(a) 20 nm 30°(b) 20 nm 30°(c)

20 nm 30°(d) 20 nm 30°(e) 20 nm 30°(f)
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Surface morphology of doped BPhen ETLs. The surface morphology of solution-deposited 

alkali metal salt-doped ETLs was investigated by atomic force microscopy (AFM). Figure 4.5 

shows AFM topographical height and the corresponding phase images of solution-deposited 

BPhen ETLs with different concentrations of Cs2CO3. BPhen ETL without Cs2CO3 doping has a 

smooth surface with root-mean-square (RMS) roughness of 0.312 nm (Figure 4.5a) whereas the 

solution-deposited Cs2CO3-doped BPhen ETLs show a significant change in surface morphology 

as the Cs2CO3 concentration increases (Figure 4.5b-f). BPhen ETLs with 5.0 and 7.5 wt% 

Cs2CO3 have rougher surfaces (RMS values = 0.570 and 0.840 nm) compared to the BPhen ETL 

without Cs2CO3 doping (Figure 4.5b,c). As the Cs2CO3 concentration increases to 10.0 wt%, the 

ETL surface morphology becomes even much rougher, having an RMS roughness value of 1.12 

nm (Figure 4.5d). In the light of the surface morphology variation with Cs2CO3 concentration in 

the ETL, we suggest that in addition to n-doping effects of the alkali metal salt, the surface 

roughness of the solution-processed ETL, which enhances the ETL/Al contact area and thus 

facilitates efficient electron-injection. According to our previous reports, the rough surface 

morphology and vertical nanopillars formed in the solution-processed ETL leads to enhanced 

 
Figure 4.4. AFM topographical height images (left, 5 μm × 5 μm) and the corresponding phase images 

(right, 5μm × 5μm) of solution-processed BPhen ETL films doped with different concentration of Li2CO3:  

(a) 0 wt%; (b) 1.0 wt%; (c) 2.5 wt%; (d) 5.0 wt%; (e) 7.5 wt%; and (f) 10.0 wt%. 
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charge transport in the vertical direction and also provide good contact between ETL and Al 

cathode for facile electron-injection.
[29-31] 

 

On the other hand, BPhen ETLs with a high Cs2CO3 concentration of 12.5 and 15.0 wt% 

have extremely rough surfaces with RMS roughness values of 2.53 and 5.53 nm (Figure 5.5e and 

4.5f). At these high concentrations a clear phase separation in the BPhen:Cs2CO3 blend appears 

to occur and explains the observed decrease in device performance at high (> 10.0 wt%) Cs2CO3 

concentrations. A significantly decreased charge-injection from cathode and charge-transport in 

the ETL can be expected when a separate insulating Cs2CO3 phase emerges in the ETL. 

A similar trend was observed in the solution-processed BPhen ETLs doped with Li2CO3. A 

smooth surface was observed in the AFM images of the solution-deposited BPhen ETL without 

the dopant (RMS value = 0.312 nm, Figure 4.6a) and the BPhen ETL doped with 1.0 wt% 

Li2CO3 (RMS value = 0.331 nm, Figure 4.6b), whereas BPhen ETLs doped with 2.5 (Figure 

4.6c) and 5.0 wt% (Figure 5.6d) showed increased surface roughness with RMS values of 0.477 

and 0.581 nm, respectively. The increased surface roughness is consistent with the improved 

performance of PhOLEDs with ETLs at these doping levels. However, solution-processed BPhen 

ETL at a higher concentration (10.0 wt% Li2CO3) showed severe phase-separated surface 

morphology (Figure 4.6f). We can also understand the decreased performance of devices with 

BPhen ETLs doped at 10.0 wt% Li2CO3 as a consequence of such a phase-separated surface 

morphology. The observed surface morphology variation with alkali metal salt concentration in 

the doped ETL correlates very well with a similar observed variation of device performance with 

concentration of the alkali metal salt. 
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Electron- and hole-dominant devices. To further investigate the charge-injection and transport 

properties in PhOLEDs containing  solution-processed ETL doped with alkali metal salts 

(M2CO3, M = Cs, Li), two types of single-carrier dominant devices were fabricated, including 

electron-dominant devices, ITO/polymer host (70 nm)/solution-deposited BPhen:M2CO3 ETL 

 
 

Figure 4.5. Single charge-carrier dominant devices: (a) electron-dominant devices with solution-processed 

BPhen:Cs2CO3 ETLs; (b) electron-dominant devices with solution-processed BPhen:Li2CO3 ETLs; (c) hole-

dominant devices with solution-processed BPhen:Cs2CO3 ETLs; and (d) hole-dominant devices with solution-

processed BPhen:Li2CO3 ETLs. Device structures of electron-dominant devices: ITO/polymer host(70 

nm)/solution-processed BPhen:Cs2CO3 ETL (20 nm)/Al; and hole-dominant devices: ITO/PEDOT:PSS(30 

nm)/polymer host(70 nm)/ solution-processed BPhen:Li2CO3 ETL (20 nm)/Au. 
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(20nm)/Al, and hole-dominant devices, ITO/PEDOT:PSS (30 nm)/polymer host (70 

nm)/solution-deposited BPhen:M2CO3 ETL (20 nm)/Au. The polymer host consisted of PVK and 

OXD-7 with the same ratio of 6:4 as in the PhOLEDs, except that the blue triplet emitter FIrpic 

was excluded. It is assumed that hole-injection from the ITO can be suppressed by the large 

energy barrier between the work function of ITO (Φf = ~ 4.5 eV) and the ionization potential (IP) 

values of the polymer host (5.8 eV for PVK and 6.2 eV for OXD-7) in the electron-dominant 

devices. Similarly, electron-injection can be prevented by the energy barrier between the work 

function of Au (Φf  = 5.0 eV) and the electron affinity (EA) of BPhen (3.0 eV) in the hole-

dominant devices. 

Figure 4.7 shows the single charge carrier-dominant devices with solution-processed 

BPhen:M2CO3 ETL with varying concentration of the M2CO3 dopants (M = Cs, Li). The J-V 

characteristics of the electron-dominant devices with solution-processed BPhen ETL doped with 

Cs2CO3 and Li2CO3 are shown in Figure 4.7a and 4.7b, respectively. A significant increase of the 

current density was observed when the BPhen ETL was doped by the alkali metal salt in 

electron-dominant devices. As shown by the highest current densities, the electron-injection and 

transport was the most efficient when the Cs2CO3 and Li2CO3 doping concentrations were 10.0 

wt% and 5.0 wt%, respectively. This trend matches well with the observed highest performance 

of PhOLEDs with BPhen doped with alkali metal salt. These results imply that electron-injection 

and transport are enhanced by incorporating alkali metal salt into the ETL, achieving the 

maximum current density at optimum concentration of the alkali metal salt. However, further 

increase of the M2CO3 dopant concentration (12.5 and 15.0 wt% for Cs2CO3, 7.5 and 10.0 wt% 

for Li2CO3) results in decrease of the current density. The trend also matches with the observed 

decrease PhOLED performance at the higher doping levels, presumably due to the phase 
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Figure 4.6. Current-voltage (I-V) characteristics of 

ITO/solution-processed BPhen:alkali metal salt dopant film 

(~200 nm)/Al devices in ambient conditions. (a) BPhen doped 

with different concentration of Cs2CO3; and (b) Li2CO3. 
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separation in the solution-processed BPhen:M2CO3 blend ETLs which interrupts facile electron-

injection and transport. 

The J-V characteristics of the hole-dominant devices containing the solution-processed 

BPhen ETL doped with Cs2CO3 and Li2CO3 are shown in Figure 4.7c and 4.7d, respectively. The 

trends are similar to those for electron-dominant devices in that increased current density is seen 

with incorporation of alkali metal salt 

doped ETL. It has been reported that 

devices with BPhen ETL doped with 

Li2CO3 by vacuum co-deposition 

showed reduced hole-current as the 

dopant concentration increased.
[50] 

 In 

contrast, the solution-processed BPhen 

ETL doped with alkali metal salt show 

enhanced hole-current and this can be 

understood to result from a good 

contact between the ETL and Au 

electrode enabled by solution-

processing. This result implies that the 

strategy applied to improve charge-

injection and transport by tuning the 

surface morphology of the ETMs to 

improve the interfacial contact 

between the ETL and metal cathode is 
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not limited to Al, but can also be applied to other metal electrodes. However, the current density 

of the hole-dominant devices is severely reduced at higher concentrations of the dopant (Cs2CO3 

= 12.5 - 15.0 wt%, Li2CO3 = 10.0 wt%), presumably due to the reduced charge-injection and 

transport when phase separation occurs in the BPhen:M2CO3 blend ETL. This means that for a 

given electron-transport material there is an optimum alkali metal salt doping level for maximum 

PhOLED performance.  

Space-charge-limited current (SCLC) measurement of solution-processed BPhen ETLs.

 We investigated the electron transport properties of the solution-processed alkali metal 

salt doped BPhen ETL films by space-charge-limited current (SCLC) measurement. The current-

voltage (I-V) characteristics of the SCLC devices with the structure of ITO/ETL(~200 nm)/Al, 

are shown in Figure 4.8.  The BPhen:M2CO3 blend ETLs were spin coated from FA:H2O (3:1) 

solutions with different concentrations of the alkali metal salts to form ~ 200-nm thick layers, 

which were vacuum dried overnight at 50°C followed by Al deposition. The thickness of the 

BPhen ETLs was measured by a profilometer and also confirmed by AFM measurement. The 

electron mobility was extracted by fitting the J-V curves in the near quadratic region according to 

the modified Mott-Gurney equation,
[59,60] 

 

   
 

 
     

  

  
   (     

√ 

√ 
) 

where J is the current density, ε0 is the permittivity of free space, ε is the relative permittivity, μ 

is the zero-field mobility, V is the applied voltage, L is the thickness of active layer, and β is the 

field-activation factor (Table 5.3). The zero-field electron mobility of the solution-deposited 

BPhen:M2CO3 blend films varied from 4.2 × 10
-5

 cm
2
 V

-1 
s

-1
 without doping, which is consistent 

with the reported value by SCLC measurement,
[55] 

 to 3.7 × 10
-3

 cm
2
 V

-1 
s

-1
 when the doping 

concentration is 10.0 wt% Cs2CO3 (Figure 5.8a, Table 5.3). The electron mobility of BPhen with 
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10.0 wt% Cs2CO3 was an order of magnitude higher than that with 5.0 wt% Cs2CO3 and two 

orders of magnitude higher than the non-doped BPhen. Similarly, BPhen doped with 2.5 – 5.0 

wt% Li2CO3 had two orders of magnitude higher mobility (1.3 × 10
-3

 cm
2
 V

-1 
s

-1
) than that of 

non-doped BPhen. 

However, further increase of the doping concentration to 15.0 wt% for Cs2CO3 and 10.0 wt% 

for Li2CO3, resulted in the electron mobilities dropping to 1.8 × 10
-5

 and 7.5 × 10
-5

 cm
2
 V

-1 
s

-1
, 

respectively. Interestingly, I-V curves of the SCLC devices with the highest doping 

concentrations (15.0 wt% Cs2CO3, 7.5 - 10.0 wt% Li2CO3) showed steep slopes at high electric 

field, implying that the current increases faster than V
2
. These curvatures indicate the presence of 

charge trapping sites, which likely originate from the phase separated morphology of the 

solution-processed BPhen:M2CO3 blend ETLs.
[61,62] 

 

 

Table 4.3. SCLC electron mobility of BPhen ETL at various doping levels. 

 

Dopant 

concentration  

[wt%] 

L  

[nm] 

β 

 [cm
1/2 

V
-1/2

] 

Emax  

[V cm
-1

] 

µe (E=0) 

[cm
2 
V

-1 
s

-1
] 

None 0 200 8.7 × 10
-6

 1.8 × 10
5
 4.2 × 10

-5
 

Cs2CO3  5.0 200 6.8 × 10
-7

 1.8 × 10
5
 5.6 × 10

-4
 

Cs2CO3  10.0 200 8.3 × 10
-6

 1.8 × 10
5
 3.7 × 10

-3
 

Cs2CO3  15.0 200 4.9 × 10
-5

 1.8 × 10
5
 1.8 × 10

-5
 

Li2CO3  5.0 200 1.3 × 10
-5

 1.5 × 10
5
 1.3 × 10

-3
 

Li2CO3  7.5 200 1.1 × 10
-5

 1.5 × 10
5
 1.0 × 10

-3
 

Li2CO3  10.0 190 1.5 × 10
-5

 1.6 × 10
5
 7.4 × 10

-5
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4.1.4. Conclusions 

We have showed for the first time that alkali metal salt doped electron-transport layers 

(ETLs) can be solution-deposited to fabricate high performance, multi-layered, phosphorescent 

OLEDs. The solution-processing approach is applicable to diverse electron-transport materials 

and any desirable metal salt. Blue PhOLEDs with solution-deposited Cs2CO3-doped TmPyPB 

ETLs have a luminous efficiency of 37.7 cd A
-1

 with an EQE of 19.0 % at a high brightness 1300 

cd m
-2

, which is the highest performance reported to date for all-solution-processed blue 

PhOLEDs. Studies of the surface morphology and electron transport properties of the alkali 

metal salt doped electron transport layers showed that doping dramatically enhances the electron 

mobility and modifies the ETL/cathode interface morphology, enabling efficient electron-

injection and transport. The results demonstrated that the properties and nanomorphology of the 

solution-processed ETLs can be fine-tuned by the concentration of the metal salt (M2CO3) and 

type of metal (M = Cs, Li). The orthogonal solution-processing of multilayered high 

performance PhOLEDs and metal salt-doped ETLs demonstrated here are also useful for the 

fabrication of other multi-layered organic electronic devices. 
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4.2. Low-cost, air-stable n-dopant for solution-processed phosphorescent organic 

light-emitting diodes 

4.2.1. Introduction 

Organic light-emitting diodes (OLEDs) have been extensively investigated over the last few 

decades for their various applications in industry such as full-color displays, flexible displays, 

transparent displays and solid-state lighting.
1-3

 Recently, intensive progress has been made on 

developing highly efficient phosphorescent OLEDs (PhOLEDs) which show internal quantum 

efficiency of nearly 100%.
4, 5

 High-performance PhOLEDs are mainly achieved by sequential 

thermal vacuum-evaporation of organic semiconductors to fabricate multilayered device 

structure, whereas solution-processed PhOLEDs have gained much attention recently due to their 

advantages of economic and/or large area device fabrication.
6
 We have demonstrated that highly 

efficient multilayered solution-processed PhOLEDs can be achieved by new orthogonal solution-

processing of oligoquinoline electron-transport materials (ETMs) 
7, 8

 and also other commercial 

ETMs.
9
 However, challenges yet remain in further developing high-performance solution-

processed PhOLEDs. Especially facile electron-injection and transport in electron-transport layer 

(ETL) are critical and still has a room to improve to enhance the performance of PhOLEDs with 

balanced charge carriers.
10

 

One promising strategy is an n-type doping of ETL by simultaneous co-deposition of ETM 

and n-dopant to achieve efficient electron-injection and transport in the ETL.
11-13

 Since organic 

semiconductors generally have relatively low bulk conductivity (< 10
-11

 S cm
-1

), the approach to 

enhance bulk conductivity of the ETL can reduce the resistance of the layer, realize Ohmic 

contact and thus facilitates electron-injection and transport. 
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N-type doping is intrinsically more difficult compared to p-type doping, because it is difficult to 

find suitable n-dopant due to their instability in air.
14

 Typical n-type dopant includes elemental 

alkali metal
15

 and organic n-dopant with a high-lying HOMO 
16, 17

 which are both highly reactive 

to oxygen and moisture. As an alternative, alkali metal derivatives such as metal carbonates (e.g. 

Cs2CO3, Li2CO3)
18-21

, metal fluorides (LiF)
22

, metal nitrides (LiN3, CsN3)
23, 24

, metal phosphates 

(Cs3PO4)
25, 26

 have been demonstrated as effective n-dopants to enhance electron-injection and 

transport of ETMs in organic electronic devices. Although alkali metal derivatives are known to 

be air-stable, such n-type doping of ETL has been predominantly accomplished by thermal 

vacuum co-evaporation to obtain n-doped film. 

We have recently reported that various organic small-molecule ETMs can be n-doped 

with alkali metal carbonate (Cs2CO3, Li2CO3) by orthogonal solution-processing of the ETL to 

achieve high-performance all-solution-processed PhOLEDs.
27

 There are only a few reports on 

solution-processable n-dopant,
28, 29

 the demonstrated orthogonal solution-processing method is 

very promising and general to utilize various metal salt as n-type dopant in solution-processed 

ETL. 

Sodium bicarbonate (NaHCO3) is well-known material as baking soda, widely used in cooking 

as a leavening agent as well as deodorizer. Sodium chloride (NaCl) is the most common ionic 

compound that has been not only used for domestic purposes as table salt, but much widely 

consumed in chemical production and de-icing. Both materials are very abundant, very cheap, 

environmentally friendly and indeed air-stable. The use of NaCl has been scarcely reported only 

in fluorescent OLEDs, solely employing NaCl as cathode interfacial material between Alq3 and 

Al cathode
30

 or as a buffer layer between organic layer and electrode 
31, 32

 to improve overall 

device performance. However, thin film of NaCl was deposited by thermal vacuum-evaporation 
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and OLEDs with NaCl as electron-injection layer showed only comparable device performance 

compared to other cathode interfacial materials (e.g. LiF). Very recently, solution-processed 

NaCl layer was reported as efficient cathode interfacial layer in P3HT:PCBM-based polymer 

solar cells, which showed comparable device performance as Ca interlayer.
33

 Surprisingly, there 

are no prior reports regarding the use of NaHCO3 in organic electronic devices. 

In this chapter, we demonstrate sodium bicarbonate (NaHCO3) and sodium chloride (NaCl) as an 

effective n-dopant for electron-transport layer (ETL) in solution-processed PhOLEDs. We found 

 
 

Figure 4.9. Blue PhOLEDs with BPhen ETL doped with NaHCO3: (a) Current density (J) – voltage (V); (b) 

luminance (L) - voltage (V); (c) luminous efficiency (LE) - luminance (L); and (d) power efficiency (PE) - 

luminance (L) curves. Device structures: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/solution-processed 

BPhen:NaHCO3 ETL(30 nm)/Al (100 nm), BPhen ETL doped with different concentration of NaHCO3. 
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that incorporation of NaHCO3 or NaCl dopant into the ETL by orthogonal solution-processing 

significantly enhance the performance of PhOLEDs, especially the device doped with NaHCO3 

showed much improved performance than NaCl. 

4.2.2. Experimental Section 

We fabricated solution-processed blue PhOLEDs based on phosphorescent emission layer 

(EML) doped with triplet emitter. The phosphorescent EML was consisted of a blend of Poly(N-

vinyl carbazole) (PVK, average Mw = 1,100,000 g mol
-1

) and 1,3-bis(2-(4-tert-butylphenyl)-

1,3,4-oxadiazo-5-yl)benzene (OXD-7, LumTec, Taiwan) (PVK:OXD-7 = 60:40, wt/wt) as a 

polymer host and 10.0 wt% FIrpic (LumTec, Taiwan) as the blue emitter. A solution of 

PEDOT:PSS was filtered before spin-coating to make a 30-nm hole-injection layer onto a pre-

cleaned, oxagen plasma-treated ITO glass. Then the film was annealed at 150 ºC under vacuum 

to remove residual water. The polymer EML was obtained by spin coating of the PVK:OXD-

7:FIrpic blend in chlorobenzene onto the PEDOT:PSS layer and vacuum dried at 100 ºC. 4,7-

diphenyl-1,10-phenanthroline (bathophenanthroline, BPhen, 99%, sublimed grade, Sigma-

Aldrich) small-molecule electron-transport material (ETM) was co-dissolved with the dopant 

(NaHCO3 or NaCl) in formic acid:water (FA:H2O = 3:1) mixture and spun cast onto the EML 

followed by vacuum drying to form solution-deposited ETL as previously reported.
7, 8

. The 

concentration of the dopant in the BPhen ETL was: 0.6, 1.3, 2.0, 2.7, 3.5 or 4.3 wt % (2.5, 5.0, 

7.5, 10.0, 12.5 or 15.0 mol%) NaHCO3 and 0.5, 1.0, 1.5, 2.0 or 2.5 wt% (1.0, 2.5, 5.0, 7.5, 10.0 

or 12.5 mol%) NaCl. The structure of PhOLEDs: ITO/PEDOT:PSS(30 nm)/EML(70 

nm)/solution-processed BPhen:dopant (30 nm)/Al (100 nm). Device characterization, including 

external quantum efficiency (EQE), was done using the same procedures as previously reported.
5, 
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7, 9
 All the device fabrication and characterization steps were performed under ambient laboratory 

conditions. 

4.2.3. Results and Discussion 

The current density-voltage (J-V), luminance-voltage (L-V), luminous efficiency – luminance 

(LE-L), and power efficiency- luminance (PE-L) characteristics of PhOLEDs with BPhen ETLs 

doped with NaHCO3 are shown in Figure 4.9. Incorporation of NaHCO3 in the solution-

processed BPhen ETL show significantly improved device performance. PhOLED with 2.5 

 
 

Figure 4.10. Blue PhOLEDs with BPhen ETL doped with NaCl: (a) Current density (J) – voltage (V); (b) 

luminance (L) - voltage (V); (c) luminous efficiency (LE) - luminance (L); and (d) power efficiency (PE) - 

luminance (L) curves. Device structures: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/solution-processed 

BPhen:NaCl ETL(30 nm)/Al (100 nm), BPhen ETL doped with different concentration of NaCl. 
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mol% of NaHCO3 showed an increased LE value of 18.0 cd A
-1

 (at 3000 cd m
-2

) and a PE value 

of 5.6 lm W
-1

 with an EQE of 9.0 % compared to the device without NaHCO3 dopant (LE = 14.3 

cd A
-1

, PE = 4.0 lm W
-1

, and EQE = 7.2 %). As the concentration of NaHCO3 in BPhen ETL 

increased from 2.5 to 10.0 mol%, the PhOLEDs showed much enhanced performance with the 

increased current density (Figure 1a), decreased turn-on voltage and drive voltage (Figure 4.9b). 

PhOLEDs with BPhen ETL doped with 7.5 mol% NaHCO3 gave a LE value of 22.7 cd A
-1

 and a 

PE value of 8.2 lm W
-1

 (EQE of 11.4 %), while the PhOLEDs with 10.0 mol% NaHCO3 showed 

the highest device performance with an LE value of 24.1 cd A
-1

 (at 3680 cd m
-2

), PE of 8.1 lm 

W
-1

 with an EQE of 12.1 %, which is 1.6-fold increase compared to the device without dopant 

(Figure 4.9c,d). PhOLEDs with NaHCO3 dopant also showed significantly reduced turn-on 

voltage of 3.9 V and a drive voltage of 12.6 V compared to the devices without n-doping (Von = 

6.6 V, drive voltage = 14.4 V). However, further increase of the NaHCO3 concentration to 12.5 

and 15.0 mol% resulted in a decreased device performance with LE values of 18.8 and 17.8 cd 

A
-1

 (PE values of 6.3 and 6.2 lm W
-1

), presumably due to a severe phase separation between 

BPhen and the dopant in the ETL.
27

 Nevertheless, PhOLEDs with high concentration of 

NaHCO3 (12.5 and 15.0 mol%) still had higher device efficiency than the device with undoped 

BPhen ETL. These results clearly demonstrate that NaHCO3 performed as effective n-dopant in 

solution-deposited BPhen ETL with significantly enhanced device performance and decreased 

operating voltage. 

PhOLEDs with BPhen ETL doped with NaCl were also fabricated using solution-deposition 

of the ETL. The J-V, L-V, LE-L, and PE-L characteristics were shown in Figure 4.10.  PhOLEDs 

with BPhen ETL doped with NaCl showed similar J-V and L-V characteristics, which are quite 

different from the devices with NaHCO3. The J-V and L-V characteristics only showed slight 
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Figure 4.11. Current density (J) – voltage (V) characteristics of BPhen 

doped with (a) NaHCO3 and (b) NaCl with different concentration. 
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increase of the current density and reduced operating voltage when incorporating NaCl dopant 

into the BPhen ETL (Figure 4.10a,b) However, PhOLED with 2.5 mol% NaCl dopant showed 

enhanced device performance with LE value of 17.9 cd A
-1

 (at 2540 cd m
-2

) with an EQE of 

9.0% (PE = 5.1 lm W
-1

) and reduced turn-on voltage (6.0 V) and drive voltage (14.0 V), 

compared to the device with non-

doped ETL (Figure 4.10c,d) A 

similar trend as PhOLEDs with 

NaHCO3 was observed when 

further increasing the NaCl 

concentration, which resulted in 

decreased device performance. 

The result demonstrates that 

NaCl indeed functions as n-

dopant in solution-processed 

BPhen ETL enhancing the 

performance of PhOLEDs, 

although NaCl was less efficient 

than NaHCO3. We can conclude 

that NaHCO3 is superior to NaCl 

as an n-dopant in solution-

processed ETL. 

In order to investigate the 

effect of using NaHCO3 and 
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NaCl on conductivity increase in BPhen ETL, we measured the bulk conductivity of ETL from 

single carrier device with different dopant concentration. The BPhen:dopant layer was solution-

deposited onto a plasma treated ITO glass to form ~150 nm thick ETL, followed by a deposition 

of Al to fabricate the single carrier device: ITO/BPhen:NaHCO3 or BPhen:NaCl/Al. Figure 4.11 

shows the current density-voltage (J-V) characteristics of the single carrier devices. The 

conductivity was calculated from the linear region below 0.1 V, which follows Ohmic law in the 

J-V curves plotted in double logarithmic scale.
22, 25

 Pristine BPhen ETL without dopant showed a 

conductivity of 5.8 × 10
-12

 S cm
-1

 while incorporating 5.0 mol% of NaHCO3 resulted in 

conductivity enhancement, showing 1.9 × 10
-8

 S cm
-1

 which was 4 orders of magnitude increase. 

BPhen ETL doped with 10.0 mol% of NaHCO3 show increased conductivity of 3.8 × 10
-7

 S cm
-1 

which is 5 orders of magnitude higher compared to the pristine BPhen ETL. However, further 

increasing the NaHCO3 concentration to 15.0 mol% had decreased conductivity of 1.1 × 10
-9

 S 

cm
-1

, which is consistent with the device performance shown above.  
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BPhen ETL doped with NaCl showed a similar trend as NaHCO3. Incorporating 2.5 mol% 

NaCl into the BPhen ETL showed a slight conductivity increase (6.6 × 10
-10

 S cm
-1

) whereas 

with a high concentration of NaCl (10.0 mol%) showed a conductivity of 1.6 × 10
-11

 S cm
-1

 

which is similar to undoped BPhen ETL. A trend of conductivity change by NaCl dopant is 

consistent with the improved performance of PhOLEDs at these doping levels. Detailed 

 
 

Figure 4.12. Blue PhOLEDs with TmPyPB ETL doped with NaHCO3: (a) Current density (J) –voltage (V); 

(b) luminance (L) - voltage (V); (c) luminous efficiency (LE) - luminance (L); and (d) power efficiency (PE) - 

luminance (L) curves. Device structures: ITO/PEDOT:PSS(30 nm)/EML(70 nm)/solution-processed 

TmPyPB: NaHCO3 ETL(30 nm)/Al (100 nm), TmPyPB ETL was undoped or doped with 1.7 wt% (10.0% 

molar) concentration of NaHCO3. The inset in (a) shows semi-log scale of J-V characteristics. 
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mechanism of the solution-processed n-type doping by NaHCO3 and NaCl has not been 

confirmed yet and is currently under investigation. Nevertheless, the observed enhancement of 

conductivity of BPhen ETL clearly indicates the effectiveness of NaHCO3 and NaCl as n-dopant. 

Applicability of NaHCO3 as n-dopant for other electron transport materials in solution-

processed blue PhOLEDs was tested by using 1,3,5-tris(m-pyrid-3-yl-phenyl)benzene 

(TmPyPB).
34

 As shown in Fig. 4.12, PhOLEDs with undoped TmPyPB ETL showed a LE of 

16.3 cd/A and a PE of 4.0 lm/W with an EQE of 8.2%, whereas those with a 10.0 mol% 

NaHCO3-doped TmPyPB ETL had a significant enhancement in performance with an LE of 25.5 

cd/A and a PE value of 8.2 lm/W (EQE of 12.7 %). The devices with doped ETL also had 

increased current density and reduced operating voltage (Fig. 4.12a,b). These results demonstrate 

that NaHCO3 is an effective n-dopant for TmPyPB ETL and solution-processed ETL in general. 

 

4.2.4. Conclusions 

In summary, sodium bicarbonate (NaHCO3) and sodium chloride (NaCl) is found to be an 

effective n-dopant for solution-processed electron-transport layer in optoelectronic devices. 

Especially blue PhOLEDs with NaHCO3-doped BPhen or TmPyPB ETL were found to have 

significantly enhanced performance. The bulk conductivity of NaHCO3- or NaCl-doped ETL 

was increased up to 5 orders magnitude. These results show that widely available, low-cost, and 

environmentally friendly NaHCO3 and NaCl are a promising n-dopants for high-performance 

organic electronics. 
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Chapter 5.  High-Performance Phosphorescent OLEDs Using High 

Triplet Energy Electron-Transport Materials 

This chapter presents the synthesis, characterization and device application of novel high 

triplet energy electron-transport materials for high-performance phosphorescent OLEDs 

(PhOLEDs), especially for blue PhOLEDs.  

5.1. Blue Phosphorescent OLEDs with New Sulfone-based High Triplet Energy 

Electron-Transport Materials 

5.1.1. Introduction 

Organic light-emitting diodes (OLEDs) are finding applications in full-color flat panel 

displays, flexible displays, and solid-state lighting.
1 

Recent research on OLEDs has largely 

focused on developing new materials and device strategies for achieving highly efficient 

phosphorescent organic light-emitting diodes (PhOLEDs) because nearly 100% internal quantum 

efficiency can be realized.
2
 One promising strategy towards highly efficient PhOLEDs is through 

the utilization of high triplet energy materials to confine triplet exitons inside the emission layer 

(EML) in multilayered device structures.
3-6

 

High-performance PhOLEDs
5-19

 and OLEDs
20-21

 have been achieved by using various classes 

of electron-transport materials (ETMs) such as pyridine,
5,9,10

 phenylpyrimidine,
11

 triazine,
12,13

 

quinoline
14,15

 and phosphine oxide (PO) derivatives.
7,16-19

 Phosphine-oxide-based  ETMs have 

gained much attention due to their good exciton blocking ability enabled by their high triplet 

energy.
19 

The PO group is known to lower the LUMO level predominantly by inductive electron-

withdrawing effect, which facilitates electron-injection while retaining high triplet energy. The 

sulfonyl group (SO2) is another attractive group with good electron withdrawing properties 
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comparable to the phosphine oxide (PO) group. Sulfone-based materials can be expected to have 

efficient electron-injection and transport due to the strong electron withdrawing character of the 

disulfoxide group and the high triplet energy and wide band gap of the materials. They are also 

known to have good electrochemical and thermal stability.
20-23

 

High triplet energy materials containing the sulfone group were recently reported for 

applications in PhOLEDs. Hsu et al. reported bis(phenylsulfonyl)fluorine-based molecule as the 

host material for red PhOLEDs.
24

 More recently, Marder and Kippelen et al. synthesized and 

evaluated a bis(phenylsulfonyl)biphenyl molecule, and Kido et al. reported a sulfone derivative 

as a high triplet energy (Calcd. ET = 3.11 eV) host material for bis(3,5-difluoro-2-(2-

pyridyl)phenyl-(2-carboxypyridyl)iridium (FIrpic) triplet emitter in blue PhOLEDs.
25.26  

However, all previous reports on sulfone-based materials to date have focused on their use as 

host materials for PhOLEDs,
24-26

 which involves vacuum co-deposition of the host material with 

a triplet emitter. 

In this section, we report 

the synthesis, experimental 

and theoretical electronic 

structure, photophysics, and 

thermal and electron-

transport properties of a 

series of new sulfone-based 

high triplet energy materials 

and demonstrate their use as efficient electron transport materials in high performance blue 

PhOLEDs. The new electron transport materials (ETMs) include 3,3'-(4,4'-sulfonylbis(4,1-

 
 

Chart 5.1. Diagram of singlet energy (S1) and triplet energy (T1) (a) and 

diphenylsulfone core structure with different substituents (b).  
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phenylene))dipyridine (SPDP), 5,5'-(4,4'-sulfonylbis(4,1-phenylene))bis(3-phenylpyridine) 

(SPPP), and 3,3'-(4,4'-sulfonylbis(4,1-phenylene))diquinoline (SPDQ). The new sulfone-based 

ETMs, whose molecular structures are shown in Chart 5.1, have a diphenylsulfone core with 

different electron withdrawing substituents (pyridine, phenylpyridine, and quinoline) aimed at 

controlling the triplet energy (ET), band gap (Eg) and electron transport properties. The triplet 

energy (ET) of the new electron transport materials was measured from the low temperature 

(77K) phosphorescence spectra and compared to density functional theory (DFT) based 

predicted values. The electron mobility of the ETMs was measured in space-charge limited 

current (SCLC) experiments on evaporated thin films. Finally, a series of blue PhOLEDs was 

fabricated and evaluated toward investigation of the electron transport and exciton blocking 

properties of the new sulfone-based ETMs. The results demonstrate that the new sulfone-based 

molecules are promising electron transport materials with high triplet energy for high-

performance PhOLEDs. 

 

5.1.2. Experimental Section 

Materials Bis(4-chlorophenyl) sulfone, 3-pyridinylboronic acid, quinoline-3-boronic acid, 

phenylboronic acid, tetrakis(triphenylphosphine)palladium(0), potassium carbonate, 3,5-

dibromopyridine, n-butyllithium, 1,4-dioxane, trimethyltin chloride, copper iodide, anhydrous 

toluene and tetrahydrofuran (Aldrich) were used without further purification. 

Synthesis 3-Bromo-5-phenylpyridine (1). A mixture of 3,5-dibromopyridine (5.0 g, 21.1 

mmol), phenylboronic acid (3.08 g, 25.3 mmol) and tetrakis(triphenylphosphine)palladium(0) (5 

mol %) in 80 mL of 1,4-dioxane was refluxed under argon for 12 h. To the reaction mixture was 

added slowly a solution of potassium carbonate (2 M, 80 mL). After cooling to room temperature, 
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the reaction mixture was extracted with dichloromethane and water. The organic layer was 

evaporated with a rotary evaporator. The product was purified by column chromatography using 

ethyl acetate and hexane mixture (10 : 90) and a white solid product was obtained (3.5 g, 72 % 

yield). 
1
H NMR (300 MHz, CDCl3, ppm): δ 8.74-8.64 (d, 2H), 7.99 (s, 1H), 7.54- 7.38 (m, 5H).  

4,4'-Sulfonylbis(4,1-phenylene)bis(trimethylstannane) (2). To a solution of bis(4-

chlorophenyl) sulfone  (3.0 g, 10.4 mmol) in 50 mL anhydrous tetrahydrofuran, 2.5 M solution 

of n-BuLi (9.19 mL, 22.9 mmol) was added dropwise at -78 
o
C. The solution was stirred at -78 

o
C for 2 h and 1.0 M solution of trimethyltin chloride (22.9 mL, 22.9 mmol) in tetrahydrofuran 

was added. The solution was warmed to room temperature and 50 mL of water and 50 mL of 

ethyl ether were added. The organic layer was washed twice with 50 mL of water and dried over 

anhydrous MgSO4. The organic layer was evaporated and dried over vacuum to afford white 

solid (5.5 g, 97 % yield). 
1
H NMR (CDCl3, 300 MHz, ppm): δ 7.72-7.66 (m, 4H), 7.34-7.28 (m, 

4H), 0.42 (s, 18H). 

3,3'-(4,4'-Sulfonylbis(4,1-phenylene))dipyridine (SPDP). A mixture of bis(4-chlorophenyl) 

sulfone (2.0 g, 6.96 mmol), 3-pyridinylboronic acid (1.02 g, 8.35 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (5 mol %) in 20 mL of anhydrous tetrahydrofuran was 

refluxed under argon for 12 h. To the reaction mixture was slowly added a solution of potassium 

carbonate (2 M, 20 mL). After cooling to ambient temperature, the reaction mixture was 

extracted with dichloromethane and water. The organic layer was evaporated with a rotary 

evaporator. The product was purified by column chromatography using ethyl acetate and n-

hexane mixture (10 : 90) and a white solid product was obtained (1.65 g, 63 % yield); Tm 239 
o
C. 

1
H NMR (300 MHz, CDCl3, ppm): δ 8.85 (s, 2H), 8.67 (s, 2H), 8.12- 8.09 (d, 4H), 7.90-7.87 (d, 

2H), 7.76-7.74 (d, 4H), 7.45-7.40 (m, 2 H).
13

C NMR (500 MHZ, CDCl3, ppm) : δ 149.7, 148.3, 
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142.9, 141.0, 134.6, 128.5, 128.1, 123.7. MALDI-TOF/MS: 373 [(M + H)
+
]. Anal. Calcd. for 

C22H16N2O2S : C, 70.95; H, 4.33; N, 7.52; S, 8.61. Found: C, 70.99; H, 4.19; N, 7.50; S, 8.45. 

5,5'-(4,4'-Sulfonylbis(4,1-phenylene))bis(3-phenylpyridine) (SPPP). 3-Bromo-5-

phenylpyridine (1) (3.0 g, 12.8 mmol) and 4,4'-sulfonylbis(4,1-phenylene)bis(trimethylstannane) 

(2) (4.18 g, 7.68 mmol) and catalyst tetrakis(triphenylphosphine)palladium (0) (5 mol %) and 

copper iodide (1 mol %) in anhydrous toluene (30 mL) were heated at 120 
o
C for 24 h. The 

solution was warmed to room temperature and extracted with 50 mL of water and 50 mL of 

dichloromethane. The organic layer was dried over anhydrous MgSO4. The product was purified 

by column chromatography using ethyl acetate and n-hexane mixture (10 : 40) and a white solid 

product was obtained. Yield 45 %; Tm 180 
o
C. 

1
H NMR (CDCl3, 300 MHz, ppm): δ 8.93-8.90 (d, 

4H), 8.12 (s, 2H), 7.69-7.47(m, 18H). 
13

C NMR (500 MHZ, CDCl3, ppm) : δ 148.0, 146.9, 137.3, 

137.0, 133.4, 133.0, 129.3, 128.5, 127.3. MALDI-TOF/MS: 525 [(M + H)
+
]. Anal. Calcd. for 

C34H24N2O2S : C, 77.84; H, 4.61; N, 5.34; S, 6.11. Found: C, 77.90; H, 4.58; N, 5.31; S, 5.98. 

3,3'-(4,4'-Sulfonylbis(4,1-phenylene))diquinoline (SPDQ). A mixture of bis(4-

chlorophenyl)sulfone (1.77 g, 6.10 mmol), quinoline-3-boronic acid (2.56 g, 14.7 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (5 mol %) in 20 mL of anhydrous tetrahydrofuran was 

refluxed under argon for 12 h. To the reaction mixture was slowly added a solution of potassium 

carbonate (2 M, 20 mL). After cooling to ambient temperature, the reaction mixture was 

extracted with dichloromethane and water. The organic layer was evaporated with a rotary 

evaporator. The product was purified by column chromatography using ethyl acetate and n-

hexane mixture (10 : 90) and a white solid product was obtained (0.90 g, 32 % yield); Tm 229 
o
C. 

1
H NMR (300 MHz, CDCl3, ppm): δ 9.17 (s, 2H), 8.35 (s, 2H), 8.20- 8.10 (m, 4H), 7.98-7.78 (m, 

8H), 7.67-7.62 (m, 2H), 7.55-7.53 (m, 2H). 
13

C NMR (500 MHZ, CDCl3, ppm) : δ 149.2, 147.9, 
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143.1, 143.0, 140.9, 140.6, 140.1, 140.0, 134.1, 131.8, 130.3, 129.7, 129.3, 129.2, 128.6, 128.5, 

128.3, 128.2, 127.7, 127.5. MALDI-TOF/MS: 473 [(M + H)
+
]. Anal. Calcd. for C30H20N2O2S : C, 

76.25; H, 4.27; N, 5.93; S, 6.79. Found: C, 76.14; H, 4.21; N, 4.89; S, 7.34. 

General Analysis 
1
H NMR spectra were recorded on a Bruker AV300 at 300 MHz, whereas 

13
C 

NMR spectra were recorder on a Bruker AV500 at 500 MHz using CDCl3 as the solvent. The 

MLADI-TOF mass spectra were recorded using a Bruker Autoflex II spectrometer. The 

Ultraviolet–Visible (UV-Vis) spectra were obtained by means of a Perkin-Elmer model Lambda 

900 UV/vis/near-IR spectrophotometer and the photoluminescence (PL) spectra were recorded 

on a Photon Technology International (PTI) Inc. Model QM 2001-4 spectrofluorimeter. The UV-

Vis absorption and solution PL emission spectra of electron transport materials (ETMs) were 

obtained from dilute toluene solution, while the solid PL spectra were obtained from thin films 

prepared by vacuum evaporation. Triplet energy values of the ETMs were obtained from the 

photoluminescence spectra at 77K using liquid nitrogen. The differential scanning calorimeter 

(DSC) measurements were performed on a TA Instruments Q100 under nitrogen at a heating rate 

of 10 °C min
-1

 to measure the melting point (Tm) and glass transition temperature (Tg). 

Thermogravimetric analysis (TGA) was done on a TA Instruments Q50 under flowing nitrogen 

at a heating rate of 20 
o
C min

-1
. The energy levels were measured by using cyclic voltammetry 

(CV). Each ETM was dissolved in anhydrous acetonitrile with 0.1 M tetrabutylammonium 

hexafluorophosphate as the electrolyte to measure the reduction CV from which the LUMO 

energy level was estimated. We used a platinum wire electrode both working and counter 

electrode and a saturated Ag/AgCl reference electrode. Ferrocene was used as the standard 

reference. All solutions were purged with nitrogen for 10 minutes before each experiment. 
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Device Fabrication and Characterization The phosphorescent emission layer (EML) consisted 

of a blend of poly(N-vinylcarbazole) (PVK) and 1,3-bis(2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-

yl)benzene (OXD-7) (PVK:OXD-7 = 60:40, wt%:wt%) as a host and 10.0 wt % FIrpic as the 

blue dopant. A solution of Clevios PVP Al 4083 PEDOT:PSS (poly-(ethylenedioxythiophene)-

polystyrenesulfonate) as received, was filtered before spin-coating to make a 30 nm hole 

injection layer onto a precleaned ITO glass. Then the film was annealed at 150 ºC under vacuum 

to remove residual water. The 70 nm polymer EML was obtained by spin coating of the 

PVK:OXD-7:FIrpic blend in chlorobenzene onto the PEDOT:PSS layer and vacuum dried at 100 

ºC. Sulfone-based ETM was vacuum-deposited onto the EML followed by deposition of 1 nm 

LiF and 100 nm Al cathode without breaking the vacuum. The device structure with different 

thickness of SPDP ETL: ITO/PEDOT:PSS/Blue EML/SPDP/Al with 5, 15, and 30 nm thick 

SPDP. A set of blue PhOLEDs were also fabricated; Device I: ITO/PEDOT:PSS/Blue 

EML/LiF/Al; Device II: ITO/PEDOT:PSS/Blue EML/SPDP (15 nm)LiF/Al; Device III: 

ITO/PEDOT:PSS/Blue EML/SPPP (15 nm)/LiF/Al; and Device IV: ITO/PEDOT:PSS/Blue 

EML/SPDQ (15 nm)/LiF/Al. 

Film thickness was measured by using an Alpha-Step 500 profilometer (KLA-Tencor, San 

Jose, CA). Electroluminescence (EL) spectra were obtained by using the same spectrofluorimeter 

described above. Device performance of the PhOLEDs was measured by using a HP4155A 

semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Tokyo). The luminance was 

simultaneously measured by using a model 370 optometer (UDT Instruments, Baltimore, MD) 

equipped with a calibrated luminance sensor head (Model 211) and a 5× objective lens. The 

device external quantum efficiency (EQE) was calculated from the luminance, current density 

and EL spectrum assuming a Lambertian distribution using procedures reported previously.
27

 All 
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the device fabrication and device characterization steps were carried out under ambient 

laboratory conditions. 

Devices for space-charge-limited current (SCLC) measurement were fabricated with single 

carrier device structure: ITO/Sulfone-based ETM (100 nm)/Al. The 100 nm sulfone-based ETM 

was deposited onto the plasma cleaned ITO substrate followed by vacuum-deposition of Al 

electrode. Current density-voltage (J-V) characteristics of SCLC devices were measured using 

the same semiconductor parameter analyzer as for the characterization of PhOLEDs. The SCLC 

measurements were performed under dark and ambient conditions. 

 

5.1.3. Results and Discussion 

Synthesis and Characterization. The synthetic route to the new sulfone-based electron 

transport materials is shown in Scheme 5.1. The compounds, 3,3'-(4,4'-sulfonylbis(4,1-

phenylene))dipyridine (SPDP) and 3,3'-(4,4'-sulfonylbis(4,1-phenylene))diquinoline (SPDQ), 

were synthesized by Suzuki coupling reaction of bis(4-chlorophenyl) sulfone with 3-

pyridylboronic acid and quinoline-3-boronic acid, respectively using 

tetrakis(triphenylphosphine)palladium(0) in anhydrous tetrahydrofuran. The reaction of 3,5-

 
 

Scheme 5.1. Synthetic route of sulfone-based ETMs SPDP, SPDQ, and SPPP. 
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Figure 5.1. DSC and TGA thermograms of sulfone-based ETMs: (a) SPDP; (b) SPPP; and (c) SPDQ. 
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dibromopyridine with phenylboronic acid in the presence of palladium catalyst in 1,4-dioxane 

gave 3-bromo-5-phenylpyridine (1) in 72% yield. 4,4'-Sulfonylbis(4,1-

phenylene)bis(trimethylstannane) (2) was prepared by stannylation of bis(4-chlorophenyl) 

sulfone with 97 % yield. The compound 5,5'-(4,4'-sulfonylbis(4,1-phenylene))bis(3-

phenylpyridine) (SPPP) was synthesized by Stille coupling reaction between 1 and 2 with 

tetrakis(triphenylphosphine)palladium(0) and copper iodide in anhydrous toluene. The three final 

products (SPDP, SPPP, SPDQ) were purified by column chromatography and molecular 

structures were confirmed by 
1
H NMR, 

13
C NMR and elemental analysis. 

Thermal properties of the sulfone-based ETMs were characterized by thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC). TGA and DSC curves of the new sulfone-

based ETMs are shown in Figure 5.1. Numerical values extracted from the TGA and DSC scans 
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are given in Table 5.1. Three distinct transitions were seen in the second-heating/cooling DSC 

scans of SPDP, SPPP and SPDQ. These materials showed a high melting point (Tm) of 239, 180 

and 229 
o
C, respectively, whereas they did not exhibit a glass transition temperature (Tg) up to 

the Tm. The sulfone-based materials crystallize upon cooling from the melt. The SPDP, SPPP 

and SPDQ showed onset crystallization temperature (Tc) at 223, 146 and 197 
o
C, respectively. 

The onset decomposition temperature (Td) of the new sulfone-based materials showed high 

values in the range of 386 to 453 
o
C, which demonstrate their thermal robustness. The new 

ETMs are stable to temperatures above 350 
o
C. The fact that apparent complete thermal 

decomposition with zero % weight remaining is observed in the TGA curves suggests that the 

materials can be readily evaporated to form thin films.  

Photophysical Properties Optical absorption and photoluminescence (PL) spectra of the SPDP, 

SPPP and SPDQ molecules in dilute toluene solution (5 × 10
-5 

M) and thin films are shown in 

Figure 5.2. The solid state absorption and PL emission spectra of SPDP, SPPP and SPDQ were 

obtained from thermally evaporated thin films. The key numerical values of the photophysical 

properties of the sulfone-based ETMs, including absorption maximum (λmax
abs

), molar absorption 

Table 5.1. Thermal and photophysical properties of sulfone-based ETMs. 

 

Tm 

(
o
C) 

Td 

(
o
C) 

λmax
abs

 (nm) λmax
em

 (nm) 
HOMO/ 

LUMO 

(eV) 

Eg 

(eV) 

ET 

(eV) 
 

Soluti

on 

log ϵ  

(M
-

1
cm

-1
) 

Film Solution Film 

SPDP 239 386 285 4.33 296 291 399 
-6.17/-

2.57 
3.6 2.9 

SPPP 180 342 281 4.36 289 294 393 
-6.16/-

2.37 
3.79 2.81 

SPDQ 229 453 298 3.47 279,306 375 409 -6.32/-2.7 3.64 2.53 
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coefficient (log ϵ), PL 

emission maximum (λmax
em

) 

and optical band gap (Eg) are 

summarized in Table 5.1. A 

strong solution absorption 

peak was observed between 

281nm and 298 nm which is 

assigned to the absorption of 

the diphenylsulfone unit in the 

molecules. Similar absorption 

spectra were observed in the 

three ETMs due to the 

common diphenylsulfone core 

in the molecules. In the case 

of SPDP, it showed an 

absorption maximum (λmax
abs

) 

at 285 nm (log ϵ = 4.33). The 

thin film absorption spectrum 

has a similar line shape except 

that λmax
abs

 is at 296 nm. 

SPPP has an absorption with 

a maximum centered at 281 

nm (log ϵ = 4.36) in solution 

 

 

 
 

Figure 5.2. Normalized absorption and PL emission spectra of sulfone-based 

ETMs in dilute toluene solution (5 × 10-5 M) and thin solid films: (a) SPDP; 

(b) SPPP; and (c) SPDQ. 
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but red shifts to 289 nm in thin film. The absorption spectrum of the quinoline functionlized 

ETM, SPDQ, has a λmax
abs

 at 298 nm (log ϵ = 3.47) in solution. However, the absorption 

spectrum of SPDQ thin films showed two absorption peaks at 279 nm and 306 nm; the latter 

λmax
abs 

value originates from quinoline ring.
15

 The red-shift of the π-π* band between solution 

and thin film was 11 nm for SPDP, indicating an increase in electron delocalization in the bulk 

solid state. In addition, the π-π* band in SPPP and SPDQ in both dilute solution and thin film is 

red-shifted by 8 nm compared to that of SPDP. This means that the extent of electron 

delocalization is greater with phenylpyridine and quinoline than with the pyridine. The PL 

emission maximum (λmax
em

) of SPDP, SPPP and SPDQ was observed at 291, 294 and 375 nm, 

respectively. The emission maximum is red-shifted with increasing π-conjugation. Optical band 

gaps of SPDP, SPPP and SPDQ were estimated from the absorption edge of the UV-Vis spectra, 

revealing Eg of 3.6, 3.79 and 3.64 eV, respectively. 
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The triplet energy (ET) of the 

new ETMs was estimated from the 

shortest wavelength emission peak 

of the phosphorescence spectrum 

obtained at low temperature (77K) 

in dilute 2-methyl tetrahydrofuran 

solution. The phosphorescent 

spectra of the sulfone-based ETMs 

are shown in Figure 5.3. The 

measured triplet energies of the 

three ETMs are given in Table 5.1. 

In the case of SPDP and SPPP, 

their ET values of 2.9 eV and 2.8 eV, 

respectively, are high enough to 

confine the triplet excitons of blue 

emitting FIrpic which has a triplet 

energy of 2.7 eV.
14,15

 These triplet 

energy values are much higher than 

those of commercial ETMs, such as 

2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline (BCP) (ET  = 2.5 

eV).
28

 The ET value of SPDQ (2.53 

eV), which is comparable to that of 

 
 

Figure 5.3. Normalized phosphorescence spectra of sulfone-based 

ETMs at 77 K: (a) SPDP; (b) SPPP; and (c) SPDQ. 
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BCP, is too low to confine the triplet excitons of blue emitters but could be more useful for green 

and red triplet emitters.  

Cyclic Voltammetry and Electronic 

Structure Electronic structure 

(LUMO/HOMO energy levels) of the 

sulfone-based ETMs was studied by cyclic 

voltammetry (CV). The cyclic 

voltammograms of the ETMs in solution are 

shown in Figure 5.4. SPDP show two 

reversible reduction waves whereas the 

reduction CVs of SPPP and SPDQ were not 

reversible. The onset reduction potentials 

(Ered
onset

) of the sulfone-based ETMs SPDP, 

SPPP and SPDQ are -1.83, -2.03 and -1.7 V 

(vs SCE), respectively. The LUMO energy 

levels of the ETMs were obtained according 

to the equation ELUMO = eEred
onset

 + 4.4 

eV,
8,29

 using ferrocene as the internal 

standard. The LUMO levels of SPDP, SPPP 

and SPDQ were found to be -2.57, -2.37 and 

-2.7 eV, respectively. Oxidation CV was not 

observed for any of the sulfone-based 

materials. The HOMO levels of SPDP, 

 
 

Figure 5.4. Cyclic Voltammogramms of sulfone-based 

ETMs in solution: (a) SPDP; (b) SPPP; and (c) SPDQ. 
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SPPP and SPDQ were found to be -6.17, -6.16 and -6.32 eV, respectively, as estimated from the 

difference between the LUMO level and the optical band gap (Eg). The HOMO levels of SPDP 

and SPPP are similar to those of other ETMs with deep HOMO level such as BCP (-6.1 eV) or 

4,7-diphenyl-1,10-phenanthroline (BPhen) (-6.2 eV).
30 

Similar with BCP and Bphen, we believe 

that the low-lying HOMO energy levels of the new materials suggest good exciton and hole 

blocking properties. The 

LUMO/HOMO energy levels of 

the sulfone-based ETMs are 

shown together in Figure 5.5. 

Space-Charge-Limited 

Current (SCLC) Carrier 

Mobility We investigated the 

electron transport properties of 

the sulfone-based materials by 

space-charge-limited current 

(SCLC) measurement of the 

electron mobility. The current density-voltage (J-V) characteristics of the SCLC devices with the 

structure of ITO/Sulfone-based ETM (100 nm)/Al are shown in Figure 5.6. The sulfone-based 

ETMs were thermally vacuum-evaporated to form 100 nm thick layers followed by Al 

deposition. The electron mobility was extracted by fitting the current density-voltage (J-V) 

curves in the near quadratic region according to the modified Mott-Gurney equation,
33,34
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Figure 5.5. Energy level diagram of the blue PhOLEDs with sulfone-based 

ETMs. 
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where J is the current density, ε0 is the permittivity of free space, ε is the relative permittivity, μ 

is the zero-field mobility, V is the applied voltage, L is the thickness of active layer, and β is the 

field-activation factor. We fixed the maximum electric field at 3.0 × 10
5
 V cm

-1
. The zero-field 

electron mobility of SPDP was found to be 5.9 × 10
-6

 cm
2
 V

-1
 s

-1
 (β = 3.9 × 10

-5
 cm

1/2 
V

-1/2
) 

whereas the value for SPDQ was 1.6 × 10
-6

 cm
2
 V

-1
 s

-1 
(β = 4.7 × 10

-5
 cm

1/2 
V

-1/2
). The electron 

mobility of SPDP is higher than that of SPDQ although they are of the same order of magnitude. 

However, SPPP showed a relatively low electron mobility of 7.3 × 10
-8

 cm
2
 V

-1
 s

-1 
(β = 1.3 × 10

-

5
 cm

1/2
V

-1/2
), which is two orders of magnitude lower than the electron mobility of SPDP and 

SPDQ. The low carrier mobility in SPPP could be due to the poor intermolecular interactions as 

a result of the phenyl groups on each side. Attached phenyl ring disturbs planar molecular 

structure and thus hinders efficient molecular packing. 
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Blue PhOLEDs with Sulfone-

based Electron Transport Layer 

To evaluate electron-transport and 

exciton blocking ability of the new 

sulfone-based ETMs, we initially 

fabricated PhOLEDs with SPDP 

ETL. In order to optimize device 

performance, the thickness of SPDP 

ETL was varied as 5, 15, and 30 nm 

in blue PhOLEDs. Figure 5.7 shows 

the electrical characteristics and 

performance of PhOLEDs with 

different thicknesses of SPDP. The 

PhOLEDs with 5 and 15 nm thick 

SPDP showed similar current 

densities whereas the device with 30 

nm thick SPDP showed a lower 

current density due to its much 

larger thickness. The maximum 

 
Figure 5.6. Current-voltage characteristics of the SCLC devices with 

the structure of ITO/sulfone-based ETM(100 nm)/Al; (a) SPDP; (b) 

SPPP; and (c) SPDQ. 
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Figure 5.7. (a) Current density-voltage-luminance (J-V-L) characteristics (b) 

Current efficiency-luminance (CE-L) of blue PhOLEDs with different 

thicknesses of SPDP ETL. 
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decreased with increasing 

thickness of the SPDP ETL. 

However, the performance of 

the PhOLEDs significantly 

increased with 15 and 30 nm 

SPDP ETL compared to the 5 

nm ETL. The PhOLEDs with 

5 nm thick SPDP showed a 

high turn-on voltage of 6.6 V 

and a current efficiency (CE) 

of 13.4 cd A
-1 

(power 

efficiency (PE) = 3.9 lm W
-1

). 

The performance of the 

PhOLEDs dramatically 

changes with thicker SPDP 

ETL (15 and 30 nm). 

PhOLEDs with 15 nm SPDP 

ETL showed a reduced turn-on 

voltage (5.2 V) and also a significantly increased efficiency (Figure 5.7b). This represents a 2.5-

fold higher efficiency compared to the device with 5 nm ETL thickness. As the thickness of 

SPDP increases to 30 nm, device showed a slightly higher turn-on voltage (5.5 V) compared to 

the device with 15 nm ETL thickness. The CE and PE of the PhOLEDs with 30 nm thick SPDP 
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ETL was comparable to the device with 15 nm thick SPDP. Nevertheless, the current efficiency 

of the 30 nm SPDP device showed the highest value of 33.9 cd A
-1

. The device with 15 nm 

SPDP ETL had a high current efficiency of 33.6 cd A
-1

, which is similar to the 30 nm SPDP 

ETL device performance. We could observe severe roll-off in efficiency in the PhOLED with 30 

nm thick SPDP whereas the device with 15 nm thick SPDP showed a reduced roll-off in 

efficiency at high luminance. 

Electroluminescence (EL) spectra of all the blue PhOLEDs with different thicknesses of 

SPDP are shown in Figure 5.8. The EL spectra showed that
14

 the blue emission originated from 

FIrpic triplet emitter with the maximum peak at 472 nm. We can clearly see the EL intensity of 

shoulder peak around 500 nm increases as 

the thickness of SPDP increases. The 

increased EL intensity of the shoulder peak 

is due to a microcavity effect
35

, which is 

also consistent with the increased device 

performance. Commission Internationale de 

L’Eclairage (CIE) 1931 coordinates of the 

devices changed from (0.13, 0.28) to (0.14, 

0.34) when the thickness of SPDP changed 

from 5 to 30 nm. This result imply that 

although increased EL intensity of the 

shoulder peak around 500 nm is effective for the enhancement of the device performance, there 

is an undesirable change in the purity of blue color due to the green emission. Therefore, we 

 
Figure 5.8. Normalized EL spectra of the blue PhOLEDs 

with different thicknesses of SPDP ETL. 
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consider the 15 nm thickness as the optimum for high efficiency and low roll-off in efficiency for 

blue PhOLEDs using sulfone-based ETMs. 

We fabricated blue PhOLEDs with all the sulfone-based ETMs (SPDP, SPPP, and SPDQ) with 

the ETL thickness fixed at 15 nm. 

Standard device configuration for the 

blue PhOLEDs were 

ITO/PEDOT:PSS/PVK:OXD-

7:FIrpic/ETM/LiF/Al. Four different 

series of PhOLEDs were fabricated to 

investigate the effect of high triplet 

energy, electron mobility and energy 

levels on device performance. Device 

I had no ETL and devices II, III, and 

IV had SPDP, SPPP, and SPDQ 

ETL, respectively.  

The current density – voltage – 

luminance (J-V-L), and current 

efficiency – luminance (CE-L) 

characteristics of PhOLEDs with 

sulfone-based ETMs as the electron 

transport layer are shown in Figure 

5.9. PhOLEDs with sulfone-based 

ETLs all showed enhanced device 

 
Figure 5.9. (a) Current density-voltage-luminance (J-V-L) of 

blue PhOLEDs with sulfone-based ETLs. (b) Current efficiency-

luminance (CE-L) of blue PhOLEDs with sulfone-based ETMs. 
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performance (devices II, III, and IV) compared to the device without ETL (device I) as shown in 

Figure 5.9 and Table 5.2. Device II showed a significantly reduced turn-on voltage (5.2 V) and 

had an increased current efficiency (CE) of 33.6 cd A
-1

 with an external quantum efficiency 

(EQE) of 19.6 %, while device I showed a high turn-on voltage (6.3 V) and a CE of 16.2 cd A
-1

 

with an EQE of 10.2%. Devices III and IV also had enhanced device performance, showing CE 

of 27.1 and 30.6 cd A
-1

 (EQE = 13.9 and 15.7%), respectively. However, the maximum 

luminance of device IV was much lower than that of device II and device III, which is 

presumably due to the low current density. Comparing the current densities, device II showed the 

highest current density and the device IV showed the lowest current density, which can be 

correlated with the energy levels of the sulfone-based ETMs. SPDP has an energy barrier of only 

0.27 eV with PVK-based polymeric host material (Figure 5.4), whereas SPDQ has a large 

energy barrier of 0.4 eV with the host material. Although the energy barrier between SPPP and 

PVK host material is very small (0.07 eV), 

the electron mobility of SPPP is very low 

(~ 10
-8

 cm
2 

V
-1

s
-1

) compared to the 

SPDP and SPDQ (~ 10
-6

 cm
2 

V
-1

s
-1

), 

which is consistent with the 

performance of the blue PhOLEDs. 

Device IV with SPDQ also showed 

significantly enhanced device 

performance despite the relatively low 

triplet energy value of SPDQ (ET = 

2.53 eV) compared to the other high triplet energy sulfone-based ETMs (SPDP, ET = 2.9 eV and 

 
Figure 5.10. Normalized EL spectra of the blue PhOLEDs 

with sulfone-based ETMs. 
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SPPP, ET = 2.8 eV). We note that in order to confine triplet excitons effectively inside the EML, 

the triplet energy of ETL should be higher than that of the FIrpic emitter (2.7 eV).
9,36

 

Nevertheless, SPDQ ETL with a low triplet energy significantly improved the PhOLED 

efficiency, which implies that facilitating efficient injection and electron transport by an ETM 

with high electron mobility is also an important factor to obtain high performance PhOLEDs 

even without a high triplet energy. Furthermore, EL spectrum of device IV with SPDQ ETL 

showed blue emission with very weak shoulder peak around 500 nm with CIE coordinates of 

(0.13, 0.28) while the EL spectrum of device III with SPPP ETL had a more prominent shoulder 

peak with CIE coordinates (0.14, 0.32) with unwanted greenish emission (Figure 5.10). These 

results suggest that an appropriate LUMO level of the ETM is essential while high electron 

mobility is also important to facilitate electron-transport to achieve high-performance PhOLEDs. 

Table 5.2.  Device chracteristics of blue PhOLEDs based on sulfone-based ETMs. a 

Device ETL 
Von

b
 

[V] 

Drive 

Voltage 

[V] 

Current 

Density 

[mA 

cm
-2

] 

Lumina

nce 

[cd m
-2

] 

Current 

Efficiency  

[cd A
-1

] 

Power 

Efficiency  

[lm W
-1

] 

External 

Quantum 

Efficiency 

[%] 

Device I None 6.3 
15.4 

9.8 

53.4 

2.2 

3490 

360 

6.5 

16.2 

1.3 

4.1 

4.1 

10.2 

Device 

II 
SPDP 5.2 

13.8 

10.4 

39.6 

33.4 

7810 

2730 

19.2 

33.6 

4.3 

10.6 

11.2 

19.6 

Device 

III 
SPPP 6.7 

15.4 

10.0 

49.7 

4.1 

6010 

1100 

12.1 

27.1 

2.1 

8.9 

6.2 

13.9 

Device 

IV 
SPDQ 6.3 

14.8 

10.2 

37.2 

4.5 

5990 

1390 

16.1 

30.6 

3.2 

8.2 

7.3 

15.7 
a
Values in italic correspond to those at maximum device efficiencies. 

b
Turn-on voltage (at luminance of ~1 cd m-

2
). 

 

5.1.4. Conclusions 
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A series of new sulfone-based electron transport materials with high triplet energies and wide 

band gaps are synthesized, characterized and demonstrated to lead to highly efficient blue 

PhOLEDs. The combination of a diphenylsulfone core with electron withdrawing end groups 

such as pyridine, phenylpyridine, and quinoline is found to be effective in achieving a  high 

triplet energy (2.8 – 2.9 eV) and a wide energy gap (3.6 – 3.8 eV), resulting in efficient 

exciton/hole blocking with good electron-transport characteristics. SCLC derived electron 

mobility was (2 – 6) × 10
-6

 cm
2 
V

-1
s

-1
 for SPDP and SPDQ thin films but was significantly lower 

in the case of SPPP (7 × 10
-8

 cm
2
 V

-1
s

-1
). Density functional theory (DFT) calculated triplet 

energy values of the sulfone-based materials were found to be in good agreement (within 5 – 

10%) of experimental values measured from low temperature phosphorescence spectra. Blue 

PhOLEDs incorporating the new sulfone-based materials as an electron transport layer had a 

significantly enhance performance with a current efficiency of up to 33.6 cd A
-1

 and external 

quantum efficiency of 19.6%. The results suggest that sulfone-based electron transport materials 

are promising for achieving high-performance phosphorescent optoelectronic devices. 
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5.2. Blue Phosphorescent OLEDs with Dibenzosuberane-based High Triplet Energy 

Electron-Transport Materials 

5.2.1. Introduction 

Spirobifluorene-based materials are promising class of electron-transport materials (ETMs) 

due to their high luminescence efficiency, high charge carrier mobility and excellent thermal 

stability. We theoretically investigated spiro-based materials which can have high mobility and 

good electron transport property. We have also designed spiro-based materials containing 

dibenzosuberane unit with the aim to increase the triplet energy. Furthermore, there is no patent 

related to the spiro structure containing dibenzosuberane core as electron transport materials in 

PhOLEDs. The molecular structures of the spiro-based materials are shown in Chart 5.2. The 

dibenzosuberane unit is formed by two aromatic phenyl rings fused with a seven-atom ring with 

a non-conjugated structure. Advantage of the dibenzosuberane unit designed here is that it can 

have a high triplet energy (ET > 3.0 eV) with potentially good electron transport properties. 

 

 

 

Chart 5.2. Molecular structure of possible dibenzosuberane-based ETMs. 

 

Initial molecular simulation results of the new dibenzosuberane-based ETMs are shown in 

Figure 5.11. The ab initio calculations were performed using a suite of Gaussian 03 programs 
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and the molecular structures of the newly designed dibenzosuberane-based materials were fully 

optimized by density functional theory (DFT) using Beck’e three parameterized Lee-Yang-Parr 

exchange functional (B3LYP) with 6-31G* basis sets. The HOMO orbitals are distributed over 

the whole structure of the dibenzosuberane-based materials. This indicates that HOMO levels of 

these new dibenzosuberane-based ETMs is determine largely by the fluorene structure. The 

LUMO orbitals of the pyridine substituents are dispersed in the fluorene and suberane moieties. 

However, the molecular structure of quinoline substituted compounds, and the LUMO orbital 

was distributed into the quinoline groups. By this mean, the LUMO mostly depends on the 

substituents with strong electron transport properties, leading to the LUMO level for electron 

injection. It is expected that the dibenzosuberane-based ETMs with quinoline substitution will 

show better electron transport properties than dibenzosuberane-based ETM with pyridine 

substituents.  

The calculated data of triplet energy and HOMO/LUMO energy levels are shown in Table 

5.3. The calculated results indicate that the triplet energy of 3,7-DPSDF, 10,11-DPSDF, 3,7-

DQSDF and 10,11-DQSDF are 3.01, 3.01, 2.70 and 2.66 eV, respectively. 
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Figure 5.11. Molecular structures and calculated HOMO/LUMO orbitals of dibenzosuberane-based materials. 

 

Table 5.3. Calculated energy levels and ET of dibenzosuberane-based ETMs. 

 HOMO (eV) LUMO (eV) Eg (eV) ET (eV) 

3,7-DPSDF -5.82 -0.99 4.83 3.01 

10,11-DPSDF -5.79 -0.97 4.81 3.01 

3,7-DQSDF -5.77 -1.41 4.35 2.70 

10,11-DQSDF -5.76 -1.48 4.27 2.66 
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5.2.2. Experimental Section 

 

Scheme 5.4. Synthesis of the 2PySDP, 3PySDP, 4PySDP and PSDP. 

 

Synthesis of Monosubstituted Dibenzosuberane-based ETMs. Synthetic routes of 

monosubstituted dibenzosuberane-based electron transport materials are shown in Scheme 5.4. 

We have synthesized four spiro-compounds with a new backbone structure, 5,5-(4-

bromophenyl)(phenyl)-9H-dibenzosuberane (2) using 4-bromobenzophenone. A coupling 

reaction of 2-bromobenzyl bromide with n-BuLi in tetrahydrofuran gave 1,2-bis(2-

bromophenyl)ethane (1) in 91% yield, and 2 was prepared by lithiation of 1 with over 60 % yield 

and followed by cyclization using acid-catalysts. A palladium-catalyzed Negishi cross coupling 

reaction between 2-pyridylzinc bromide and 2 was conducted to get 2PySDP. The other final 

compounds 3PySDP, 4PySDP and PSDP were synthesized by a Suzuki coupling reaction with 

pyridinylboronic acid and phenylboronic acid using tetrakis(triphenylphosphine)palladium(0) 

2PySDP 3PySDP

PSDP4PySDP

21
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catalyst in anhydrous tetrahydrofuran. The four final products (2PySDP, 3PySDP, 4PySDP and 

PSDP) were purified by column chromatography. 

Synthesis of Disubstituted Dibenzosuberane-based ETMs. The synthetic routes of the 

disubstituted dibenzosuberane-based electron transport materials are shown in Scheme 5.5. We 

have synthesized three spiro-compounds with a new backbone structure, 5,5-bis(4-

bromophenyl)-9H-dibenzosuberane (2) using 4,4’-dibromobenzophenone. The coupling reaction 

of 2-bromobenzyl bromide with n-BuLi in tetrahydrofuran gave 1,2-bis(2-bromophenyl)ethane 

(1) in 91% yield, and 2 was prepared by lithiation of 1 with over 67 % yield and followed by 

cyclization using acid-catalysts. The three final compounds 3DPySDP, 4DPySDP and DPSDP 

were synthesized by a Suzuki coupling reaction with pyridinylboronic acid or phenylboronic acid 

using tetrakis(triphenylphosphine)palladium(0) catalyst in anhydrous tetrahydrofuran. The three 

products (3DPySDP, 4DPySDP and DPSDP) were purified by column chromatography. 

 

 

Scheme 5.5. Synthesis of 3DPySDP, 4DPySDP, and DPSDP. 

 

21
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Scheme 5.6. Synthesis of 2,7-DpySDF and 3,6-DPySDF. 

 

Synthesis of 2,7- and 3,6-Substituted Spiro[fluorene-9,5'-dibenzosuberane] ETMs. The 

synthetic routes of disubstituted dibenzosuberane-based electron transport materials are shown in 

Scheme 5.6. We have synthesized four spiro-compounds with a new backbone structure, 2,7-

dibromo-spiro[fluorene-9,5'-dibenzosuberane] (2) and 3,6-dibromo-spiro[fluorene-9,5'-

dibenzosuberane] (4) using 2,7-dibromofluorenone and 3,6-dibromofluorenoen, respectively. A 

coupling reaction of 2-bromobenzyl bromide with n-BuLi in tetrahydrofuran gave 1,2-bis(2-

bromophenyl)ethane (1) in 91% yield, and 2 was prepared by lithiation of 1 with over 60 % yield 

and followed by cyclization using acid-catalysts. The final compounds: 2,7-DPySDPF and 3,6-

DPySDF were synthesized by a Suzuki coupling reaction with pyridinylboronic acid using 

tetrakis(triphenylphosphine)palladium(0) catalyst in anhydrous tetrahydrofuran. The two final 

products (2,7-DPySDPF and 3,6-DPySDF) were purified by column chromatography. 
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5.2.3. Results and Discussion 

Photophysical, Electrochemical, and Thermal Properties of Monosubstituted 

dibenzosuberane-containing ETMs. UV-vis optical absorption and photoluminescence (PL) 

spectra of monosubstituted dibenzosuberane-based ETMs in dilute THF solution (10
-5

 M) and 

thin films are shown in Figure 5.12. Photophysical properties of the four ETMs are summarized 

in Table 5.4. The absorption peak of 2PySDP was 275 nm in dilute THF solution and 259 nm 

with a shoulder peak at 280 nm in thermally evaporated thin films. In the case of 3PySDP and 

PSDP, the absorption maximum (λmax
abs

) values were 258 nm and 257 nm, respectively, in 

solution as well as thin films. The absorption peak of 4PySDP was found at 264 nm in solution 

and at 268 nm in thin film. The similarity of the λmax
abs

 values of these four ETMs is originated 

from the same core molecular structure: 5,5’-bis(phenyl)-9H-dibenzosuberane. The optical band 

gaps (Eg
opt

) of the four ETMs determined from the absorption edge of the thin film spectra was 

found to be 3.88 - 4.00 eV (Table 8). The PL emission peak of 3PySDP and 4PySDP in solution 

were observed at 298 nm whereas 2PySDP and PSDP showed at 310 nm and 307 nm, 

respectively. Thin film PL emission peak were found in the 414 to 425 nm range. The solid-state 

emission spectra were dramatically red shifted from the solution spectra, which implied high 

intermolecular interactions. 

Thermal properties of the four different compounds (2PySDP, 3PySDP, 4PySDP and 

PSDP) were characterized by differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA) (Figure 5.13). We could not observe glass transition temperatures (Tg) or a 

melting temperatures (Tm) from DSC scans in the 30 – 300 
o
C range. The onset decomposition 

temperatures (Td) of the dibenzosuberane-based materials were high (> 329 
o
C), which 
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demonstrates their thermal robustness. This means that the dibenzosuberane-based materials 

have amorphous structure and indeed thermally stable. 

 

 

Figure 5.12. Normalized absorption and PL emission spectra of (a) 2PySDP (black square); (b) 3PySDP (red circle); (c) 

4PySDP (green triangle); and (d) PSDP (blue inverse triangle). 
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Figure 5.13. TGA and DSC thermograms of four monosubstituted dibenzosuberane-based ETMs (a),(e) 2PySDP; (b),(f) 

3PySDP; (c),(g) 4PySDP; and (d),(h) PSDP. 

 

Figure 5.14. Normalized phosphorescence spectra of dibenzosuberane-based ETMs at 77 K: (a) 2PySDP; (b) 3PySDP; (c) 

4PySDP; and (d) PSDP. 
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The HOMO/LUMO energy levels of 2PySDP, 3PySDP, 4PySDP and PSDP were estimated 

from cyclic voltammetry (CV) and in some cases in combination with the absorption edge 

optical band gap. The HOMO/LUMO energy levels of dibenzosuberane-based materials are 

summarized in Table 5.4. The LUMO levels of 2PySDP, 3PySDP, 4PySDP and PSDP were 

obtained from the onset reduction potential of the CV, giving LUMO levels of -2.43, -2.33, -2.4 

and -2.32 eV, respectively, which are much higher than that of well-known ETM tris(8-

hydroxyquinoline)aluminum (Alq3) (-3.0 eV) and similar to well-known hole-blocking material 

2,9-dimethyl-4,7-diphenyl-phenathroline (BCP) (-2.4 eV). The HOMO levels of the four 

compounds were found to be -6.3, -6.33, -6.33 and -6.29 eV, respectively, which were estimated 

from the difference between LUMO level and the optical band gap. It may also be possible to use 

these ETMs as host materials because the HOMO/LUMO energy levels of the four molecules are 

very similar with those of N,N-dicarbazolyl-3,5-benzene (mCP) (-6.1 eV/-2.4 eV), which is a 

very well-known host material in highly efficient PhOLEDs. 

Phosphorescence spectra were obtained at 77 K to measure the triplet energies of the ETMs 

as shown in Figure 5.14. The triplet energies of the four mono-substituted dibenzosuberane-

based ETMs (2PySDP, 3PySDP, 4PySDP, PDSP) were determined from the highest energy 

peak of the low temperature phosphorescent PL spectra and found to be 2.80-2.87 eV (Table 5.4). 

The triplet energies of the four ETMs are high enough to confine the triplet excitons of blue 

FIrpic (ET = 2.7 eV). The results demonstrate that these four materials with high triplet energy 

are very promising for blue PhOLEDs. 
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Table 5.4. Photophysical, electrochemical, and thermal properties of 2PySDP, 3PySDP, 4PySDP and PSDP. 

  2PySDP 3PySDP 4PySDP PSDP 

λmax
abs 

(nm) 

Solution
a
 

(log ϵ)
b

 
275 (4.64) 258 (4.97) 264 (4.87) 257 (5.04) 

Thin film
c

 259, 280 258 268 258 

λmax
em 

(nm) Solution
a

 310 298 298 307 

 Thin film
c

 421 414 425 419 

Eg 
opt
(eV)

d
 3.88 4.00 3.93 3.97 

ET (eV) 2.87 2.85 2.84 2.80 

LUMO (eV) -2.43 -2.33 -2.4 -2.32 

HOMO (eV) -6.3 -6.33 -6.33 -6.29 

Tm (
o
C) 170 154 155 200 

Td (
o
C) 347 349 329 342 

a
The absorption and emission spectra in dilute THF solution (10

-5
M). 

b
log ϵ calculated at λmax

abs
. 

c
The thin films 

were thermally evaporated. 
d
Calculated from the absorption band edge of the thin film. 

 

Photophysical, Electrochemical, and Thermal Properties of Disubstituted 

Dibenzosuberane-based ETMs. Optical absorption and photoluminescence (PL) spectra of the 

3DPySDP, 4DPySDP and DPSDP in dilute THF solution (10
-5

 M) and in thin films are shown 

(Figure 5.15). The solid state absorption and PL emission spectra of 3DPySDP, 4DPySDP and 

DPSDP were obtained from thermally evaporated thin films. The key numerical values of the 

photophysical properties of the disubstituted dibenzosuberane-based ETMs, including absorption 

maximum (λmax
abs

), molar absorption coefficient (log ϵ), PL emission maximum (λmax
em

) and 

optical band gap (Eg
opt

) are summarized in Table 9. A strong solution absorption peak was 

observed between 254 nm and 263 nm which is assigned to the absorption of the 

spirodibenzosuberane unit in the molecules. Similar absorption spectra were observed in the 

three ETMs due to the common spirodibenzosuberane core in the molecules. The absorption 

peak of 3DPySDP, 4DPySDP and DPSDP were observed 266, 271 and 262 nm, respectively, as 

thin films. The PL emission maximum (λmax
em

) of 3DPySDP, 4DPySDP and DPSDP was 
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observed at 375, 381 and 374 nm, respectively in THF solution. The emission maxima in the 

films are red shifted around 20 nm from the solution spectra. Optical band gaps of 3DPySDP, 

4DPySDP and DPSDP were estimated from the absorption edge of the UV-Vis spectra, 

revealing Eg
opt

 of 3.4, 3.44 and 3.46 eV, respectively. 

 

Figure 5.15. Normalized absorption and PL emission spectra of dibenzosuberane-based ETMs: (a) 3DPySDP; (b) 

4DPySDP; and (c) DPSDP. 

 

The triplet energy (ET) of the new ETMs was estimated from the shortest wavelength 

emission peak of the phosphorescence spectrum obtained at low temperature (77K) in dilute 2-

methyl tetrahydrofuran solution. The phosphorescent spectra of the disubstituted 

dibenzosuberane-based ETMs are shown in Figure 5.16. The measured triplet energies of the 

three ETMs are given in Table 5.5. 3DPySDP, 4DPySDP and DPSDP with ET values over 3.0 

eV are high enough to confine the triplet excitons of FIrpic triplet emitter with ET of 2.7 eV. The 

measured triplet energy values of disubstituted dibenzosuberane-based ETMs are much higher 

than those of commercial ETMs, such as 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) 

(ET = 2.5 eV) and 1,3,5-tri(m-pyrid-3-yl-phenyl) (TmPyPB) (ET= 2.78 eV). 
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Figure 5.16. Normalized phosphorescence spectra of dibenzosuberane-based ETMs at 77 K: (a) 3DPySDP; (b) 4DPySDP; 

and (c) DPSDP. 

 

Electronic structure (LUMO/HOMO energy levels) of the disubstituted dibenzosuberane-

based ETMs was studied by cyclicvoltammetry (CV). The cyclic voltammograms of the ETMs 

in solution are shown in Figure 5.17. The reduction CVs of three materials were not reversible. 

The LUMO levels of 3DPySDP, 4DPySDP and DPSDP were found to be -2.7, -2.51 and -2.48 

eV, respectively. Oxidation was not observed for any of the disubstituted dibenzosuberane-based 

materials. The HOMO levels of 3DPySDP, 4DPySDP and DPSDP were found to be -6.1, -5.95 

and -5.94 eV, respectively, estimated from the optical band gap (Eg
opt

). We believe that the new 

disubstituted dibenzosuberane-based ETMs have good exciton as well as hole blocking 

properties for blue PhOLEDs. 

 

 

Figure 5.17. Cyclic voltammograms of dibenzosuberane-based ETMs (a) 3PySDP; (b) 4PySDP; and (c) DPSDP. 
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Thermal properties of the disubstituted dibenzosuberane-based ETMs were characterized by 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA and DSC 

curves of dibenzosuberane-based ETMs are shown in Figure 5.18 and Figure 5.19, respectively. 

Numerical values extracted from the TGA and DSC scans are given in Table 5.5. Three distinct 

transitions were observed in the second-heating/cooling DSC scans of 3DPySDP, 4DPySDP and 

DPSDP. Both 3DPySDP and DPSDP did not show glass transition temperature (Tg) whereas 

4DPySDP showed at 112 
o
C. Disubstituted dibenzosuberane-based materials showed onset 

decomposition temperature (Td) in the range of 382 to 418 
o
C demonstrating their thermal 

robustness. A complete thermal decomposition with remained weight ratio of zero% suggests 

that the materials can be readily evaporated to form thin films. 

 

 

Figure 5.18. TGA thermograms of (a) 3DPySDP; (b) 4DPySDP; and (c) DPSDP. 
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Figure 5.19. DSC thermograms of (a) 3DPySDP; (b) 4DPySDP; and (c) DPSDP. 

 

Table 5.5. Photophysical, electrochemical, and thermal properties of 3DPySDP, 4DPySDP and DPSDP. 

  3DPySDP 4DPySDP DPSDP 

λmax
abs 

(nm) 

Solution
a
 

(log ϵ)
b

 
258 (4.45) 263 (4.80) 260 (4.56) 

Thin film
c

 266 271 262 

λmax
em 

(nm) Solution
a

 375 381 374 

 Thin film
c

 395 396 397 

Eg 
opt
(eV)

d
 3.4 3.44 3.46 

ET (eV) 3.0 3.26 3.29 

LUMO (eV) -2.7 -2.51 -2.48 

HOMO (eV) -6.1 -5.95 -5.94 

Tg (
o
C) None 112 None 

Tm (
o
C) 157 None None 

Td (
o
C) 418 382 404 

a
The absorption and emission spectra in dilute THF solution (10

-5 
M). 

b
log ϵ calculated at λmax

abs
. 

c
Thin films were 

thermally evaporated. 
d
Calculated from the thin film absorption band edge. 

 

Photophysical, Electrochemical, and Thermal Properties of 2,7- and 3,6-Substituted 

Spiro[fluorene-9,5'-dibenzosuberane] ETMs. Optical absorption and photoluminescence (PL) 

spectra of the 2,7-DPySDF and 3,6-DPySDF in dilute toluene solution (10
-6

 M) and thin films 

are shown in Figure 19. Photophysical properties of the new ETMs were summarized in Table 
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5.6. The absorption peaks of 2,7-DPySDF and 3,6-DPySDF are observed at 311 nm and 254 nm 

in THF solution. The PL emission spectra of 2,7-DPySDF and 3,6-DPySDF showed maximum 

peak around 355 nm with a shoulder peak around 370 nm in solution and the PL emission 

maximum peak at 395 nm in thin films. The optical band gaps of the two compounds were 3.4 

and 3.53 eV, respectively, determined from the absorption edges of the thin films. 

 

Figure 5.20. Normalized absorption and PL emission spectra of dibenzosuberane-based ETMs in dilute THF solution (10-

5M)and thin films: (a) 2,7-DPySDF and (b) 3,6-DPySDF. 

 

Figure 5.21. Normalized phosphorescence spectra of dibenzosuberane-based ETMs at 77 K: (a) 2,7-DPySDF and (b) 3,6-

DPySDF. 
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 The phosphorescence spectra were also obtained at 77 K to measure the triplet energy of 

ETMs as shown in Figure 5.21. The triplet energy of 2,7-DPySDF and 3,6-DPySDF was also 

determined from the highest energy peak of the low temperature PL spectrum and found to be 

2.45 eV and 3.17 eV, respectively. In the case of 3,6-DPySDF, the triplet energy is high enough 

to confine the triplet excitons of FIrpic (ET = 2.7 eV). The HOMO/LUMO and triplet energy 

levels of dibenzosuberane-based materials are summarized in Table 5.6.  

The HOMO/LUMO energy levels of 2,7-DPySDF and 3,6-DPySDF were estimated by 

cyclic voltammetry (CV) and absorption edge of the UV-Vis spectrum. The cyclic 

voltamogramms are shown in Figure 5.22. The LUMO levels of 2,7-DPySDF and 3,6-DPySDF 

were estimated from the onset reduction potential of CV, giving LUMO levels of -2.61 eV and -

2.71 eV, respectively. The HOMO levels of the 2,7-DPySDF and 3,6-DPySDF were -6.01 eV 

and -6.24 eV, estimated from the optical band gap. We believe that the HOMO and LUMO 

levels of both materials are suitable for facile electron-injection. 3,6-DPySDF showed large 

optical band gaps (3.53 eV), high lying LUMO energy levels with high triplet energy (3.17 eV). 

The results demonstrate that the dibenzosuberane-based materials are promising for high-

performance blue PhOLEDs. 

 

Figure 5.22. Cyclic voltammograms of dibenzosuberane-based ETMs (a) 2,7-DPySDF and (b) 3,6-DPySDF. 
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TGA and DSC curves of the 2,7-DPySDF and 3,6-DPySDF ETMs are shown in Figure 22 

and Figure 23, respectively. Thermal properties of the 2,7-DPySDF and 3,6-DpySDF were 

characterized by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 

and are summarized in Table 10. We could not observe a melting temperature (Tm) from the 

DSC scans in the range of 30 – 300 
o
C whereas glass transition temeperatures (Tg) were observed 

at 100 and 130 
o
C. The onset decomposition temperatures (Td) of the dibenzosuberane-based 

materials were high more than 415 
o
C, which shows their thermal robustness. These results 

suggest that changing the attached position of the pyridine to the spiro-structure can lead to a 

significant increase of the thermal stability. 

Table 5.6. Photophysical, electrochemical, and thermal properties of 2,7-DPySDF and 3,6-DPySDF. 

  
2,7-

DPySDF 

3,6-

DPySDF 

λmax
abs 

(nm) 
Solution

 a

(log ϵ)
b

 311 (4.55) 254 (4.89) 

Thin film
c

 327 261 

λmax
em 

(nm) 
Solution

a

 358, 375 353, 370 

Thin film
c

 393.5 395 

Eg 
opt
(eV)

d
 3.4 3.53 

ET (eV) 2.45 3.17 

LUMO (eV) -2.61 -2.71 

HOMO (eV) -6.01 -6.24 

Tg (
o
C) 100 130 

Tm (
o
C) 163 None 

Td (
o
C) 415 439 

a
The solution absorption and emission spectra in dilute THF solution (5 ⅹ 10

-5
M). 

b
log ϵ calculated at λmax

abs
. 

c
The 

thin films were thermally evaporated. 
d
Calculated from the thin film absorption band edge. 
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Figure 5.23. TGA thermograms of (a) 2,7-DPySDF, and (b) 3,6-DpySDF. 

 

Figure 5.24. DSC thermograms of (a) 2,7-DPySDF, ad (b) 3,6-DpySDF. 

Device Performance. We evaluated the use of new dibenzosuberane-based materials as 

electron-transport layers (ETLs) in blue phosphorescent organic light-emitting diodes 

(PhOLEDs). Blue PhOLEDs with dibenzosuberane-based ETL showed enhanced device 

performance compared to the device without an ETL. Molecular structures of the new 

dibenzosuberane materials are shown in Chart 5.3. To verify the effectiveness of 

dibenzosuberane-based small molecules as ETLs, a set of blue PhOLEDs were fabricated using 

PVK-based emission layer (EML) doped with triplet emitter. Device I without ETL: 

ITO/PEDOT:PSS/Blue EML/LiF/Al; Device II with 3DPySDP ETL: ITO/PEDOT:PSS/Blue 
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EML/3DPySDP (10 nm)LiF/Al; Device III with 4DPySDP ETL: ITO/PEDOT:PSS/Blue 

EML/4DPySDP (10 nm)/LiF/Al; Device IV with 2,7-DPySDF ETL: ITO/PEDOT:PSS/Blue 

EML/2,7-DPySDF (10 nm)/LiF/Al; Device V with 3,6-DPySDF ETL: ITO/PEDOT:PSS/Blue 

EML/3,6-DPySDF (10 nm)/LiF/Al; Device VI with  2PySDP ETL: ITO/PEDOT:PSS/Blue 

EML/2PySDP  (10 nm)/LiF/Al;  Device VII with  3PySDP ETL: ITO/PEDOT:PSS/Blue 

EML/3PySDP  (10 nm)/LiF/Al;  Device VIII with  4PySDP ETL: ITO/PEDOT:PSS/Blue 

EML/4PySDP  (10 nm)/LiF/Al;  Device IX with  PSDP ETL: ITO/PEDOT:PSS/Blue 

EML/PSDP  (10 nm)/LiF/Al; and Device X with  DPSDP ETL: ITO/PEDOT:PSS/Blue 

EML/DPSDP  (10 nm)/LiF/Al. Blue EML was consisted of PVK:OXD-7=6:4 (wt/wt) host 

doped with 10 wt% of FIrpic blue triplet emitter solution-deposited by spin-coating and all ETLs 

were vacuum-evaporated onto EML followed by evaporation of 1 nm LiF and 100 nm Al 

without breaking the vacuum. 

 

Chart 5.3. Molecular structures of new dibenzosuberane-based electron-transport materials: materials showed here are 

specified as blue. 
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The current density-voltage (J-V) characteristics are shown in log and linear scales (Figure 

5.25). The current densities of the blue PhOLEDs with new dibenzosuberane ETLs increased 

compared to the device without ETL, except the devices with 2PySDP (device VI) and DPSDP 

(device X). The luminance-voltage (L-V) characteristics of the PhOLEDs are shown in Figure 

5.26. The turn-on voltage of the PhOLEDs with dibenzosuberane ETLs were all reduced (5.4 – 

5.8 V) compared to the device without ETL (6.3 V). Blue PhOLEDs with 3DPySDP and 

4DPySDP ETLs showed significantly increased brightness of 11920 and 11350 cd/m
2
, 

respectively. The brightness of the blue PhOLED with dibenzosuberane-based ETL all showed 

increased brightness compared to the device without ETL (~ 3500 cd/m
2
).  However, PhOLEDs 

with 2PySDP (device VI) and DPSDP (device X) showed rather poor brightness compared to 

other devices with dibenzosuberane-based ETLs. 

 

Figure 5.25. Current density-voltage (J-V) characteristics of the blue PhOLEDs with dibenzosuberane-based ETMs in (a) 

log-scale and (b) linear scale. Device I without ETL: ITO/PEDOT:PSS/Blue EML/LiF/Al; Device II with 3DPySDP ETL: 

ITO/PEDOT:PSS/Blue EML/3DPySDP (10 nm)LiF/Al; Device III with 4DPySDP ETL: ITO/PEDOT:PSS/Blue 

EML/4DPySDP (10 nm)/LiF/Al; Device IV with 2,7-DPySDF ETL: ITO/PEDOT:PSS/Blue EML/2,7-DPySDF (10 

nm)/LiF/Al; Device V with 3,6-DPySDF ETL: ITO/PEDOT:PSS/Blue EML/3,6-DPySDF (10 nm)/LiF/Al; Device VI with  

2PySDP ETL: ITO/PEDOT:PSS/Blue EML/2PySDP  (10 nm)/LiF/Al;  Device VII with  3PySDP ETL: 

ITO/PEDOT:PSS/Blue EML/3PySDP  (10 nm)/LiF/Al;  Device VIII with  4PySDP ETL: ITO/PEDOT:PSS/Blue 

EML/4PySDP  (10 nm)/LiF/Al;  Device IX with  PSDP ETL: ITO/PEDOT:PSS/Blue EML/PSDP  (10 nm)/LiF/Al; and 

Device X with  DPSDP ETL: ITO/PEDOT:PSS/Blue EML/DPSDP  (10 nm)/LiF/Al. Blue EML was consisted of 

PVK:OXD-7=6:4 (wt/wt) host doped with 10 wt% of FIrpic blue triplet emitter solution-deposited by spin-coating and all 

ETLs were vacuum-evaporated onto EML followed by evaporation of 1 nm LiF and 100 nm Al without breaking the 

vacuum. 
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The blue PhOLEDs with dibenzosuberane-based ETLs showed significantly increased 

efficiency compare to the device without ETL (Figure 5.26). The luminous efficiency (LE) 

value of the PhOLED with 4DPySDP ETL (device III) showed the highest LE value of 38.1 

cd/A at 2030 cd/m
2
 and power efficiency (PE) = 13.9 lm/W with an EQE of 20.0 %, significantly 

higher compared to the device without ETL (16.3 cd/A at 600 cd/m
2
 and 5.4 lm/W). PhOLED 

with PSDP also showed high LE (37.8 cd/A) and PE (14.0 lm/W) values with an EQE of 19.8 % 

(device IX), however, the device showed severe roll-off of efficiencies with increased luminance. 

All device performance of blue PhOLEDs with new dibenzosuberane-based materials are 

summarized in Table 5.7. The blue PhOLEDs with dibenzosuberane-based ETM showed 

improved device performances. These results demonstrate that these new dibenzosuberane-based 

ETMs can be promising ETMs with good exciton blocking ability in PhOLEDs. 

 

Figure 5.26. Luminance-voltage (L-V) characteristics of the blue PhOLEDs with dibenzosuberane-based ETMs in (a) log-

scale and (b) linear scale. 
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Figure 5.27. (a) Luminous efficiency-luminance (LE-L) and (b) power efficiency-luminance (PE-L) characteristics of the 

blue PhOLEDs with new dibenzosuberane-based ETMs. 

Although blue PhOLEDs with dibenzosuberane ETLs with high triplet energy showed similar 

device performance, we expect that these materials will function as an excellent host material in 

order to confine high energy triplet excitons within the EML, for example deep blue triplet 

emitter. These results suggest that dibenzosuberane-based materials have large potential as 

ETMs as well as host materials for high-performance PhOLEDs. 
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Table 5.7.  Device chracteristics of PhOLEDs with dibenzosuberane-based materials. [a] 

Device ETL 
Von[b] 

[V] 

Drive 

voltage 

[V] 

Current 

density 

[mA/cm
2
] 

Luminance 

[cd/m
2
] 

Device efficiency 

[cd/A, lm/W,
 

(%EQE)] 

Device I None 6.3 
16.4 

9.9 

63.3 

2.5 

3480 

600 

5.5, 1.1, (2.8) 

16.3, 5.4, (8.5) 

Device II 3DPySDP 5.4 
15.6 

9.5 

88.0 

3.3 

11920 

1090 

13.5, 2.7, (7.1) 

32.9, 12.2, (17.2) 

Device III 4DPySDP 5.4 
15.6 

9.9 

80.6 

5.3 

11350 

2030 

14.1, 2.8, (7.4) 

38.1, 13.9, (20.0) 

Device IV 
2,7-

DPySDF 
5.5 

15.7 

8.8 

102.3 

2.4 

11920 

760 

11.6, 2.3, (6.1) 

33.9, 13.0, (17.7) 

Device V 
3,6-

DPySDF 
5.5 

15.2 

8.2 

90.3 

1.7 

11500 

570 

12.8, 2.6, (6.7) 

33.1, 12.5, (17.4) 

Device VI 2PySDP 5.8 
16.8 

9.8 

57.8 

1.8 

4700 

460 

8.1, 1.5, (4.2) 

25.0, 8.7, (13.1) 

Device VII 3PySDP 5.4 
13.6 

9.8 

187.8 

4.8 

12500 

1560 

15.0, 3.2, (7.9) 

32.5, 11.5, (17.0) 

Device VIII 4PySDP 5.4 
15.9 

9.1 

90.0 

2.2 

10370 

880 

11.5, 2.3, (6.0) 

34.3, 11.7, (18.0) 

Device IX PSDP 6.0 
14.8 

9.2 

53.3 

2.6 

7480 

1000 

14.0, 3.0, (7.3) 

37.8, 14.0, (19.8) 

Device X DPSDP 6.1 
16.1 

9.2 

57.9 

1.6 

5540 

530 

9.6, 1.9, (5.0) 

32.3, 11.7, (16.9) 

[a] Values in italic correspond to those at maximum device efficiencies. [b] Turn-on voltage (at brightness of 1 

cd/m
2
). 

 

5.2.4. Conclusion  

We have developed new classes of electron-transport materials (ETMs) based on 

dibenzosuberane for highly efficient phosphorescent organic light-emitting diodes (PhOLEDs). 

New high triplet energy ETMs based on dibenzosuberane core unit showed substantially high 

triplet energy (ET > 3.0 eV) with good thermal and electrochemical properties. Blue PhOLEDs 
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with dibenzosuberane-based ETMs showed significantly improved device performances (CE = 

38.1 cd/A and EQE = 20.0 %), demonstrating that these high triplet energy ETMs are a 

promising class of ETMs with excellent singlet/triplet exciton blocking ability. 
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Chapter 6.  Highly Efficient All-Polymer Solar Cells Enabled by New n-

Type Acceptor Polymers 

The chapter investigates polymer/polymer solar cells, i.e. all-polymer solar cells based on 

new acceptor polymers and new processing method. The results in this chapter are reprinted in 

part with permission from Earmme, et al. (Copyright 2013 American Chemical Society) and will 

be submitted to Wiley-VCH. 

 

6.1. All-Polymer Solar Cells Based on Naphthalene Diimide-Selenophene Copolymer 

Acceptor 

 

6.1.1. Introduction 

Solution-processed organic photovoltaic devices are promising low cost solar energy 

technologies.
1
 Much progress has been made in developing polymer/fullerene solar cells in the 

last decade, with efficiencies now approaching 10 %.
2
 In contrast, the performance of all-

polymer solar cells, composed of both donor and acceptor polymers and free of fullerenes, has 

remained relatively low with no significant advance in the same period.
3
 All-polymer active 

layers of solar cells have potential advantages over polymer/fullerene systems, including 

enhanced absorption coefficients, increased photovoltage, superior photochemical, thermal, and 

mechanical robustness, and facile control of solution viscosity and industrial coating process. 

Perylene diimide (PDI) and naphthalene diimide (NDI) have been the most widely explored 

building blocks
3,4

 in the design and investigation of acceptor (n-type) polymers for all-polymer 

solar cells.
3,4

 A PDI-based acceptor polymer in combination with polythiophene derivatives has 

produced bulk heterojunction (BHJ) solar cells with a power conversion efficiency (PCE) of 
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2.23 %.
3h

 An NDI-bithiophene copolymer (PNDI2OD-T2) with very high field-effect electron 

mobilities (0.1 - 0.85 cm
2
/Vs) and moderate bulk electron mobility (~ 10

-3
 cm

2
/Vs) has so far 

shown only low efficiencies of 0.2 - 1.4 % PCE in BHJ solar cells using P3HT donor 

polymer.
3e,3l

 Among acceptor polymers in BHJ solar cells, a benzothiadiazole-fluorene 

copolymer has the highest PCE (2.7 %) reported to date.
3k

 The short circuit current density (Jsc < 

6.3 mA/cm
2
) and external quantum efficiency (EQE < 43 %) obtained to date in all-polymer 

solar cells
3
 have also been far lower than in polymer/fullerene devices.

1,2
 

In this section, we report all-polymer solar cells with 3.3% PCE enabled by a novel 

polymer/polymer blend system composed of a new NDI-selenophene copolymer acceptor and a 

thiazolothiazole-dithienylsilole copolymer donor. Three n-type polymer semiconductors, 

including an NDI-thiophene copolymer (PNDIT) and two new NDI-selenophene copolymers 

(PNDIS, PNDIS-HD) whose molecular structures are shown in Figure 6.1a, are investigated as 

electron acceptors in BHJ solar cells for the first time. We show that these NDI-based 

copolymers exhibit unipolar electron transport with high field-effect and bulk mobilities. The 

donor polymer, 

poly[(4,4′-bis(3-(2-ethyl-hexyl)dithieno[3,2-b:″,3′-d]silole)-2,6-diyl-alt-(2,5-bis-(3-(2- ethylhexyl

)thiophen-2-yl)thiazolo[5,4-d]thiazole)] (PSEHTT, Figure 6.1a) has previously been shown to be 

a promising electron donor and hole-conducting material in polymer/fullerene BHJ solar cells.
5
 

The morphology of the polymer/polymer blends was imaged by atomic force microscopy (AFM). 

Charge transport in the active layer blends was investigated by organic field-effect transistors 

(OFETs) and space-charge-limited current (SCLC) measurements. Finally, we show that the all-

polymer solar cells can be as efficient as the similarly evaluated PC60BM/PSEHTT BHJ devices. 
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6.1.2. Experimental Section 

PNDIT and PNDIS were synthesized by Stille coupling copolymerization of 4,9-dibromo-

2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]-phenanthroline-1,3,6,8-tetraone with 2,5-

bis(trimethylstannyl)thiophene and 2,5-bis(trimethylstannyl)selenophene, respectively, in the 

presence of Pd2(dba)3 and P(o-tolyl)3 in chlorobenzene solvent. 

Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-

selenophene)} (PNDIS). 4,9-Dibromo-2,7-bis(2-

decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (480.6 mg, 0.44 mmol), 2,5-

bis(trimethylstannyl)selenophene (200 mg, 0.44 mmol), Pd2(dba)3 (8 mg, 0.0088 mmol) and P(o-

tolyl)3 (10.7 mg, 0.035 mmol) were added into a 100 mL three-neck round-bottom flask. The 

flask equipped with a condenser was then degassed and filled with argon three times. Afterwards, 

22 mL of chlorobenzene was added and degassed and filled with argon three times. The reaction 

mixture was refluxed for 72 h under argon. After cooling down to room temperature, the 

polymerization mixture was poured and stirred into 200 mL methanol and 5 mL hydrochloric 

acid solution for 3 h. The polymer precipitated out as a dark reddish purple solid and was filtered 

using a filter paper. The polymer was purified by Soxhlet extraction with methanol, hexane, and 

acetone. PNDIS (365 mg; yield = 81.9 %), 
1
H NMR (CDCl3, 300 MHz): d (ppm) 9.1 (2H), 7.7 

(2H), 4.2 (4H), 2.1 (2H), 0.9–1.5 (92H). GPC: Mw = 31.5 kDa, Mn = 26.1 kDa, PDI = 1.2. TGA: 

Td = 415 °C. 
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Poly{[N,N’-bis(2-hexyldexyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-

selenophene)} (PNDIS-HD). 4,9-Dibromo-2,7-bis(2-

hexyldecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (200 mg, 0.23 mmol), 2,5-

bis(trimethylstannyl)selenophene (104.6 mg, 0.23 mmol), Pd2(dba)3 (4.2 mg, 0.0046 mmol) and 

P(o-tolyl)3 (5.6 mg, 0.0184 mmol) were added into a 100 mL three-neck round-bottom flask. The 

flask equipped with a condenser was then degassed and filled with argon three times. Afterwards, 

10 mL of chlorobenzene was added and degassed and filled with argon three times. The reaction 

mixture was refluxed for 72 h under argon. After cooling down to room temperature, the 

polymerization mixture was poured and stirred into 200 mL methanol and 5 mL hydrochloric 

acid solution for 3 h. The polymer precipitated out as a dark reddish purple solid and was filtered 

using a filter paper. The polymer was purified by Soxhlet extraction with methanol, hexane, and 

acetone. PNDIS-HD (165 mg; yield = 82.3 %), 
1
H NMR (CDCl3, 300 MHz): d (ppm) 9.15 (2H), 

 
 

Scheme 6.1. Synthetic route of NDI-copolymers: PNDIT, PNDIS, and PNDIS-HD. 
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7.8 (2H), 4.2 (4H), 2.05 (2H), 0.8-1.5 (60H). GPC: Mw = 177.9 kDa, Mn = 79 kDa, PDI = 2.3. 

TGA: Td = 400 °C. 

Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-

thiophene)} (PNDIT). 4,9-Dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]phenanthroline-

1,3,6,8-tetraone (350 mg, 0.32 mmol), 2,5-bis(trimethylstannyl)thiophene (130.7 mg, 0.32 

mmol), Pd2(dba)3 (5.84 mg, 0.0064 mmol) and P(o-tolyl)3 (7.77 mg, 0.026 mmol) were added 

into a 100 mL three-neck round-bottom flask. The flask equipped with a condenser was then 

degassed and filled with argon three times. Afterwards, 15 mL of chlorobenzene was added and 

degassed and filled with argon three times. The reaction mixture was refluxed for 72 h under 

argon. After cooling down to room temperature, the polymerization mixture was poured and 

stirred into 200 mL methanol and 5 mL hydrochloric acid solution for 3 h. The polymer 

precipitated out as a dark reddish purple solid and was filtered using a filter paper. The polymer 

was purified by Soxhlet extraction with methanol, hexane, and acetone. PNDIT (310 mg; yield = 

92.3 %), 
1
H NMR (CDCl3, 300 MHz): d (ppm) 9.0 (2H), 7.5 (2H), 4.2 (4H), 2.1 (2H), 0.8-1.45 

(92H). GPC: Mw = 31.6 kDa, Mn = 23.9 kDa, PDI = 1.3. TGA: Td = 430 °C. 

Characterization. The molecular structure and physical properties of PNDIBS and PNDIBT 

were investigated by 
1
H NMR, gel permeation chromatography (GPC) analysis, 

thermogravimetric analysis (TGA), and X-ray diffraction (XRD). 
1
H NMR spectra at 300 MHz 

were recorded on a Bruker-AF300 spectrometer. GPC analysis of the copolymers was performed 

on GPC Model 120 (DRI, PLBV400HT viscometer) against polystyrene standards in 

chlorobenzene at 60 °C. TGA thermograms were obtained on a TA Instruments Q50 TGA at a 

heating rate of 20 °C/min under nitrogen gas flow. XRD data were obtained from Bruker D8 

Discover with a Cu Kα beam using  ADD XRD system, and the samples were prepared by 
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drop-casting of polymer solutions in chloroform onto glass substrates followed by annealing at 

200 °C for 10 min. Optical and electrochemical properties were investigated by UV-vis 

absorption spectroscopy and cyclic voltammetry. Absorption spectra were measured on a 

PerkinElmer model Lambda 900 UV/vis/near-IR spectrophotometer. Solution and solid state 

absorption spectra were obtained from polymer solutions in chloroform and as thin films on glass 

substrates, respectively. Cyclic voltammetry (CV) experiments were done on an EG&G 

Princeton Applied Research potentiostat/galvanostat (model 273A) in an electrolyte solution of 

0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) in acetonitrile at a scan rate of 100 

mV/s. A three-electrode cell was used in this analysis. Platinum wires were used as counter and 

working electrodes, and Ag/Ag
+ 

(Ag in 0.1 M AgNO3 solution, Bioanalytical System, Inc.) was 

used as a reference electrode. Ferrocene/ferrocenium was used as an internal standard by running 

CV at the end, and this data was used to convert the potential to saturated calomel electrode 

(SCE) scale. The films of the copolymer were coated onto the Pt wires by dipping the wires into 

1 wt % polymer solutions in chloroform. 

Fabrication and Characterization of Inverted All-Polymer Solar Cells.  Solar cells with the 

inverted device structure of ITO/ZnO/active layer/MoO3/Ag were fabricated. ITO substrates 

were cleaned as the same procedure mentioned above, followed by oxygen plasma treatment. 

Zinc oxide (ZnO) precursor was prepared by dissolving 1 g of zinc acetate dehydrate (99.999 % 

trace metals basis, Aldrich) in 10 mL of 2-methoxyethanol (99.8 %, anhydrous, Aldrich) with 

adding 0.28 g of ethanolamine (≥99.5 %, Aldrich) under stirring for overnight in ambient 

conditions., spin-coated on top of the ITO and annealed at 250 °C for 1 hr in air. The ZnO film 

thickness was approximately 30 nm which is confirmed by the profilometer (Alpha Step 500). 

The active layer was then spin-coated from the PSEHTT:PNDIT or PNDIS mixture solution to 
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make a thin film of  80 nm thickness and thermally annealed at 150 °C for 10 min in a glovebox. 

The substrates were then loaded in a thermal evaporator (BOC Edwards, 306) to deposit an 

anode composed of thin layer of 7.5 nm MoO3 and 100 nm Ag under high vacuum (8 × 

10
−7

 Torr). Five solar cells, each with an active area of 4 mm
2
, were fabricated per ITO substrate. 

The current density–voltage (J–V) curves of solar cells were measured using a HP4155A 

semiconductor parameter analyzer under laboratory ambient air conditions. An AM1.5 

illumination at 100 mW/cm
2
 was provided by a filtered Xe lamp and calibrated by using an 

NREL-calibrated Si diode. The external quantum efficiency (EQE) was measured using a 

QEX10 solar cell quantum efficiency measurement system (PV Measurements, Inc.) and was 

calibrated with a NREL-certified Si diode before measurement. Film thickness was measured by 

an Alpha-Step 500 profilometer (KLA-Tencor, San Jose, CA). AFM characterization of surface 

morphology was done on a Veeco Dimension 3100 Scanning Probe Microscope (SPM) system. 

The AFM images were directly measured on the same devices used for J-V characterization. 

 

6.1.3. Results and Discussion 

The number average molecular weight (Mn) of PNDIT and PNDIS was 23.9 and 26.1 kDa 

with polydispersity index (PDI) of 1.3 and 1.2, respectively. PNDIS-HD had a much higher Mn 

of 79.0 kDa with a PDI of 2.3. These polymers had onset decomposition temperature (Td) of 400 

- 430 ˚C. X-ray diffraction (XRD) analysis of solution-cast films of PNDIT, PNDIS, and PNDIS-

HD revealed lamellar crystallinity with intense (100) peak. A lamellar d-spacing (d100) of 24.86 

Å, 22.92 Å and 21.53 Å, respectively, was observed for PNDIT, PNDIS, and PNDIS-HD. The 

shorter d100 spacing compared to the alkyl chain length (2 × 14 C) of 43.12 Å indicates 

interdigitation of the alkyl chains. As expected, PNDIS-HD has a smaller d100 value compared to 
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the other two polymers with 2-decyltetradecyl side chains. The shorter d100 spacing of PNDIS 

compared to PNDIT is due to a larger torsion angle between NDI and selenophene moieties, 

which is a consequence of the larger Se orbitals compared to S. The observed π- π stacking 

distance (d010) of 

4.16 Å in PNDIS 

and PNDIS-HD 

and 4.2 Å in 

PNDIT are 

comparable with 

values seen in 

other NDI-based 

copolymers (~ 4.0 

Å).
6
 

Optical 

absorption spectra 

of PNDIT, PNDIS, 

and PNDIS-HD thin films (Figure 6.1b) and dilute (~ 10
-6

 M) CHCl3 solutions show two 

distinctive absorption peaks, one due to π- π* transition at 340 - 360 nm and the other centered at 

598 - 621 nm, which is a result of intramolecular charge transfer (ICT) (Table 6.1). It is 

interesting that the selenophene-linked polymers, PNDIS and PNDIS-HD, have slightly smaller 

band gaps and broader full-width-at-half-maximum (fwhm) in the ICT bands, which imply 

potentially better near-infrared light harvesting compared to the thiophene-linked PNDIT. At 

their visible absorption maxima of 598 - 621 nm, all three NDI copolymers have an absorption 

 
Figure 6.1. (a) Molecular structures of acceptor (PNDIT, PNDIS, and PNDIS-HD) and 

donor (PSEHTT) polymers. (b) UV-vis absorption spectra of PNDIT, PNDIS, and 

PNDIS-HD. (c) LUMO/HOMO energy levels of PNDIT, PNDIS, PNDIS-HD, PC60BM, 

and PSEHTT. 
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coefficient (α) of (2.7 - 2.9) × 10
4
 cm

-1
. In contrast, an absorption coefficient of 1.1 × 10

5
 cm

-1
 is 

observed at the absorption maximum (584 nm) of the donor polymer (PSEHTT). The lowest 

unoccupied and highest occupied molecular orbitals (LUMO/HOMO) energy levels of the NDI 

copolymers along with those of PC60BM
7
 and PSEHTT

5
 are shown in Figure 6.1c. The LUMO 

energy levels of the NDI copolymers were estimated from cyclic voltammetry while the 

corresponding HOMO energy levels were obtained from the LUMO levels and the optical band 

gaps. 

Table 6.1.  Molecular Weight, Thermal Stability, Photophysical, and XRD Properties of NDI-Copolymers. 

Polymer 
M

w
 

(kDa) 

M
n
 

(kDa) 
PDI 

T
d
 

(̊ C) 
λmax

sol
 λmax

film
 

Eg  

(eV) 

d100 

(Å) 

d010 

(Å) 

PNDIT 31.5 23.9 1.3 430 326, 542 341, 598 1.77 24.86 4.20 

PNDIS 31.6 26.1 1.2 415 341, 556 353, 621 1.70 22.92 4.16 

PNDIS-HD 177.9 79.0 2.3 400 341, 556 351, 614 1.65 21.53 4.16 

 

Electron transport properties of PNDIT, PNDIS, and PNDIS-HD thin films were 

characterized by using organic field-effect transistors (OFETs) with bottom gate / top contact 

geometry. The OFETs showed only n-channel transistor behavior with unipolar electron 

transport. The average saturated region field-effect electron mobilities of PNDIT, PNDIS, and 

PNDIS-HD were 2 × 10
-4

, 2 × 10 
-3

, and 7 × 10
-3

 cm
2
/Vs, respectively. The order of magnitude 

higher electron mobility of PNDIS and PNDIS-HD compared to PNDIT can be understood from 

the larger π-orbitals of selenium compared to sulfur, which improves overlap of the orbitals. In 

addition, interaction between Se-Se atoms could enhance the crystallinity of the copolymers and 

interchain charge transport.
8
 The higher electron mobility of PNDIS and PNDIS-HD can also be 

explained by their favorable solid state morphology and molecular packing with shorter d100 and 
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d010 spacings compared to PNDIT (Table 6.1). The higher electron mobility of PNDIS-HD with 

shorter hexyldecyl side chains compared to PNDIS with decyltetradecyl side chains can be 

largely understood in terms of the higher molecular weight of PNDIS-HD.  

We fabricated and evaluated polymer/polymer blend solar cells with inverted device 

structure of ITO/ZnO/blend/MoO3/Ag. The active layer blend was PNDIT:PSEHTT, 

PNDIS:PSEHTT, or PNDIS-HD:PSEHTT, each spin-coated from chlorobenzene with an 

optimum composition of 1:1 wt/wt. The optimal composition (1:1 wt/wt) to focus our detailed 

investigation was determined by the initial performance of solar cells fabricated from different 

blend compositions (1:0.75, 1:1, and 1:2 wt/wt). The photodiodes were fabricated in a glove box 

and tested under AM 1.5 solar illumination at 100 mW/cm
2
 in ambient conditions. 

Representative current density-voltage (J-V) curves of PNDIT:PSEHTT, PNDIS:PSEHTT, and 

PNDIS-HD:PSEHTT solar cells are shown in Figure 6.2a. The photovoltaic parameters 

including the short-circuit current density (Jsc), the open-circuit voltage (Voc), and fill factor (FF) 

are summarized in Table 6.2. 

Table 6.2.  Photovoltaic Properties of All-polymer Solar Cells. 

Active layer  

(1:1 wt/wt) 

Jsc  

(mA/cm
2
) 

Voc 

(V) 
FF 

PCE
avg

 

(%) 

PCE
max

 

(%) 

PNDIT:PSEHTT 3.80 0.61 0.56 1.20 ± 0.09 1.30 

PNDIS:PSEHTT 6.53 0.75 0.60 2.84 ± 0.15 2.96 

PNDIS-HD:PSEHTT 7.78 0.76 0.55 3.16 ± 0.10 3.26 

 

BHJ devices based on the thiophene-linked PNDIT acceptor showed the lowest performance 

among the three NDI copolymer acceptors, including a maximum 1.30 % PCE and a rather low 

photocurrent (Table 6.2). The performance of the BHJ solar cells increased significantly by using 
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the selenophene-linked PNDIS acceptor; the observed maximum PCE of 2.96 % means a 2.4-

fold increase compared with the PNDIT devices. This improvement arises from the higher Jsc of 

6.53 mA/cm
2
 as well as the increased Voc of 0.75 V. The best performance, with a maximum 

PCE of 3.26 %, Jsc = 7.78 mA/cm
2
, and Voc = 0.76 V, was observed in PNDIS-HD:PSEHTT 

blend solar cells, where the acceptor polymer has smaller hexyldecyl (HD) side chains. We note 

that both the PCE and photocurrent observed in PNDIS-HD devices are the highest for all-

polymer solar cells reported to date. 

The EQE spectra of the photovoltaic devices showed that the photocurrent generation starts 

at 720 nm (Figure 6.2b) and are consistent with the absorption spectra of the blends. The PNDIS-

HD:PSEHTT device shows the highest photoconversion efficiency with a maximum EQE of 

47% with more than 45% over the 500 - 650 nm wavelength range. The Jsc calculated by 

integrating the EQE spectrum of the PNDIS-HD:PSEHTT solar cell with an AM 1.5 reference 

spectrum is 7.76 mA/cm
2
, which is in excellent agreement with the 7.78 mA/cm

2
 measured 

directly from the J-V curve. We note that Jsc values calculated from the EQE spectra for the 

PNDIS and PNDIT devices were also within 3 % of the Jsc values from J-V measurements. The 

maximum EQE seen in PNDIS-HD devices is the highest so far in all-polymer solar cells. 
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We also fabricated polymer/fullerene 

solar cells with PSEHTT:PC60BM (1:2 wt/wt) 

active layer and the same inverted device 

structure as a reference for comparison with 

the polymer/polymer blend solar cells. In this 

case, we used the previously reported 

optimized composition and processing 

conditions to deposit the PSEHTT:PC60BM 

active layer, including 3.0 vol% DIO additive 

in o-dichlorobenzene.
5b

 From the J-V 

characteristics we obtained Jsc = 8.46 

mA/cm
2
, Voc = 0.64 V, FF = 0.62, and a 

maximum PCE of 3.3% (average PCE 3.23 ± 

0.11). This performance is in good agreement 

with the previous report.
5b

 The EQE 

spectrum of the optimum PSEHTT:PC60BM 

cell shows the same onset of photocurrent as 

the above all-polymer devices; however, the 54% maximum EQE is higher than the 47% 

observed for the all-polymer BHJ solar cells. Although the EQE and the photocurrent of PC60BM 

devices are higher than those of the polymer acceptor PNDIS-HD, the power conversion 

efficiencies of BHJ solar cells using the two types of acceptors are identical largely because of 

the superior photovoltage of the all-polymer devices. 

 
Figure 6.2. (a) Current density (J) – voltage (V) 

characteristics and (b) external quantum efficiency 

(EQE) spectra of all-polymer BHJ solar cells from 1:1 

wt/wt blend each of PSEHTT:PNDIT, 

PSEHTT:PNDIS, and PSEHTT:PNDIS-HD. 
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The charge transport properties of the polymer/polymer blends (PSEHTT:PNDIT, 

PSEHTT:PNDIS, and PSEHTT:PNDIS-HD) in the all-polymer solar cells were investigated by 

both OFET devices and space-charge-limited current (SCLC) measurements are summarized in 

Figure 6.3. and Table 6.3. Field-effect electron mobility in PNDIS-HD blends (1.3 × 10
-4

 cm
2 

/Vs) was slightly better than in PNDIS blends but an order of magnitude higher than in PNDIT 

blends. In contrast, the field-effect hole mobility was about the same in all three series of blends 

(3.5 - 6.4) × 10
-4

 cm
2 

/Vs. Hole-only devices, composed of ITO/PEDOT:PSS/blend/Au, and 

electron-only devices, consisting of ITO/ZnO/blend/LiF/Al, enabled estimate of the bulk charge 

transport properties of the BHJ blend films. Electron mobility in the bulk blend film is also 

highest in the PNDIS-HD blends (1.0 × 10
-4

 cm
2 

/Vs), slightly lower in PNDIS blends (5.8 × 10
-5

 

cm
2 

/Vs) and a factor of 6 lower in the PNDIT blends (1.8 × 10
-5

 cm
2 

/Vs). Balasnced and high 

hole and electron mobilities are thus observed in the PNDIS-HD blends (Table 6.3), which can 

largely explain the highest performance in terms of Jsc, EQE, and PCE values for the BHJ solar 

cells using this polymer acceptor. 
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Table 6.3.  Charge Transport Properties of Polymer/Polymer Blends used in All-polymer Solar Cells. 

Blend 

(1:1 wt/wt) 

µh
a 

(cm
2
/Vs) 

(OFET) 

µe
b
  

(cm
2
/Vs) 

 (OFET) 

µh
c
  

(cm
2
/Vs) 

 (SCLC) 

µe
d
  

(cm
2
/Vs) 

 (SCLC) 

PNDIT:PSEHTT 4.0 × 10
-4

 1.0 × 10
-5

 4.5 × 10
-5

 1.8 × 10
-5

 

PNDIS:PSEHTT 3.5 × 10
-4

 7.5 × 10
-5

 9.6 × 10
-5

 5.8 × 10
-5

 

PNDIS-HD:PSEHTT 6.4 × 10
-4

 1.3 × 10
-4

 2.0 × 10
-4

 1.0 × 10
-4

 

Average charge carrier mobility of blend from p-channel
a 

and n-channel
b 

organic field-effect transistors (OFETs). 
c
Hole and 

d
electron mobility of blend extracted from space-charge-limited current (SCLC) measurement using single 

charge carrier devices. 

 

 

 
 
Figure 6.3. Current (I) -voltage (V) characteristics and space-charge-limited current (SCLC) fittings of devices 

measured in ambient conditions. Hole-only SCLC devices: ITO/PEDOT:PSS/blend/Au with (a) PNDIT:PSEHTT=1:1, 

(b) PNDIS:PSEHTT=1:1, and (c) PNDIS-HD:PSEHTT=1:1 blends; Electron-only SCLC devices: 

ITO/ZnO/blend/LiF/Al with (d) PNDIT:PSEHTT=1:1, (e) PNDIS:PSEHTT=1:1, and (f) PNDIS-HD:PSEHTT=1:1 

blends. 
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Figure 6.4. AFM topographical images (5 × 5 µm) of the surfaces of all-polymer solar cells: (a) PNDIT:PSEHTT, (b) 

PNDIS:PSEHTT, and (c) PNDIS-HD:PSEHTT; and the corresponding phase images of (d) PNDIT:PSEHTT, (e) 

PNDIS:PSEHTT, and (f) PNDIS-HD:PSEHTT. 

 

AFM imaging was used to investigate the surface morphology of the all-polymer solar cells. 

AFM topographic and the corresponding phase images taken directly from the surfaces of 

devices are shown in Figure 6.4. The observed phase separated morphology with domain sizes of 

200 - 500 nm is identical in all three blend systems (PNDIT, PNDIS, and PNDIS-HD). The 

similarity of the morphology of all the three different polymer/polymer BHJ devices implies that 

the observed large variation in the photocurrent and PCE does not originate in the blend 

morphologies. On the other  hand, the large scale of the observed phase separation in the blends 

suggests that there is still room for further improvement of the photovoltaic properties of 

PNDIS:PSEHTT and PNDIS-HD:PSEHTT blends by reducing the domain sizes of the phase 

separated blend morphology through strategies such as co-solvents
3e,3h

 and processing additives.
9
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6.1.4. Conclusions 

In conclusion, two new semicrystalline NDI copolymers (PNDIS, PNDIS-HD) and a known 

one (PNDIT) have been synthesized, characterized and, for the first time, evaluated as acceptors 

in BHJ organic solar cells. We found that all-polymer solar cells composed of PNDIS-HD 

acceptor and PSEHTT donor have a record performance (PCE = 3.3 %, Jsc = 7.78 mA/cm
2
, and 

EQE = 47 %), which is comparable to similarly evaluated PC60BM:PSEHTT BHJ solar cells. 

Balanced electron and hole transport was observed in the PNDIS-HD:PSEHTT blend active 

layers. The superior photovoltaic properties of PNDIS-HD compared to PNDIS and prior NDI 

copolymers
3e,3n

 suggest that unipolar electron transport with high bulk mobility, good 

crystallinity, size of alkyl side chains, and molecular weight are all important factors in the 

design of suitable acceptor polymers for BHJ solar cells. 
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6.2. Enhanced Performance of All-Polymer Solar Cells Achieved by Control of 

Blend Morphology 

 

6.2.1. Introduction 

Much progress has been made in the field of bulk heterojuction (BHJ) organic photovoltaics 

based on polymer donor and fullerene derivative acceptor such as phenyl-C61-butyric acid methyl 

ester (PCBM) in the last decade, already reporting power conversion efficiencies (PCEs) nearly 

10 %.
1
 In contrast, development of polymer/polymer solar cells with free of fullerenes has been 

remained very challenging with much lower photovoltaic performances, in spite of their potential 

robustness such as thermal and morphological stability of polymer blends.
2
 Facile molecular 

design to tune intrinsic properties of both donor and acceptor conjugated polymers can also be 

achieved, including optical absorption, electronic structure, crystallinity, solubility, and charge 

transport. Especially, polymer/polymer blend can absorb light from visible and near infrared 

region by acceptor polymers for effective light harvesting throughout the solar spectrum, which 

is often neglected by polymer/fullerene system. This implies that the excitons formed by the light 

absorption of the acceptor polymer can contribute to overall photocharge generation via efficient 

photoinduced charge transfer. 

However, one of the major reasons for much lower performance of polymer/polymer solar 

cells compared to polymer/fullerene is that the planar nature of both conjugated polymers in all-

polymer BHJ systems could facilitate unwanted formation of intramolecular excimers or 

intermolecular exciplexes with consequent retardation of charge separation.
3
 High π-π 

conjugation strength of polymers tends to create large phase-separated with disconnected 

domains which leads to poor charge separation and transport in the photoactive blend. Formation 
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of interconnected polymer domains in few tens of nanometers length scale with better 

polymer/polymer interfacial area can be a solution to overcome this issue.
4
 Such a nanophase-

separated morphology of polymer blend can be achieved by different casting solvents, 

processing additives or solvent mixtures during solution-deposition of thin films. The use of 

different solvents provides a way for tuning the degree of phase separation by the use of solvents 

with different volatilities. Although varying the polymer blend morphology by using different 

composition of processing solvent has been widely known, there have been only few reports 

regarding enhancing photovoltaic performance of all-polymer solar cells by this approach.
5
 

We have recently reported all-polymer solar cells with 3.3% PCE enabled by new n-type 

naphthalene diimide (NDI)-selenophene copolymer acceptor (PNDIS-HD) blended with 

thiazolothiazole-dithienylsilole copolymer donor (PSEHTT).
7
 We have showed that the new 

NDI-based acceptor copolymer with good electron transport is promising for efficient all-

polymer BHJ solar cells. Nevertheless, the large phase separated morphology with domain sizes 

of 200 - 500 nm was observed in PSEHTT:PNDIS-HD blend solar cells that provides an 

opportunity for the further improvement of device performance by control of blend morphology. 

In this section, we report all-polymer BHJ solar cells with a record 4.8 % efficiency achieved 

by control of donor PSEHTT and acceptor PNDIS-HD blend morphology. The observed high 

short circuit current density of 10.47 mA cm
-2

 and external quantum efficiency (EQE) of 57.3 % 

with a fill factor (FF) of 0.60 are also the best photovoltaic parameters seen in all-polymer solar 

cells. We show that the blend morphology of PSEHTT:PNDIS-HD was successfully modified to 

obtain optimal nanophase-separated domains with improved interconnection by chlorobenzene 

(CB):1,2-dichlorobenzene (DCB) solvent mixture processing. Enhanced and balanced charge 

transport property of PSEHTT:PNDIS-HD blend processed from CB:DCB co-solvent were 
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investigated by space-charge-limited current characterization. Furthermore, we demonstrate that 

the photovoltaic performance of PSEHTT:PNDIS-HD blend solar cells exceeds that of reference 

PSEHTT:PCBM solar cell for the first time. This result suggests that the photocharge generation 

originated from the light absorption of PNDIS-HD plays a significant role in polymer/polymer 

solar cells and thus efficient photoinduced hole transfer from acceptor polymer is important as 

much as photoinduced electron transfer from donor polymer. 

 

6.2.2. Experimental Section 

PSEHTT (poly[(4,4′-bis(3-(2-ethyl-hexyl)dithieno[3,2-b:″,3′-d]silole)-2,6-diyl-alt-(2,5-bis-

(3-(2-ethylhexyl)thiophen-2-yl)thiazolo[5,4-d]thiazole)]) and PNDIS-HD (poly{[N,N’-bis(2-

hexyldexyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-selenophene) were 

synthesized as previously described. The number average molecular weight (Mn) of PSEHTT 

and PNDIS-HD was 22.6 and 40.8 kDa with polydispersity index (PDI) of 3.1 and 1.3, 

respectively. Zinc oxide (ZnO) layer was sol-gel derived from spin-coating of ZnO precursor 

solution. ZnO precursor solution was prepared by dissolving 1 g of zinc acetate dihydrate 

(99.999 % trace metals basis, Aldrich) in 10 mL of 2-methoxyethanol (99.8 %, anhydrous, 

Aldrich) with adding 0.28 g of ethanolamine (≥99.5 %, Aldrich) under stirring for overnight in 

ambient conditions. Phenyl-C61-butyric acid methyl ester (PCBM, ≥99.5 %) was obtained from 

American Dye Source, Inc. (Quebec, Canada). Chlorobenzene (CB), 1,2-dichlorobenzene (DCB, 

anhydrous, Sigma-Aldrich) solvents and 1,8-diiodooctane (DIO) (98 %, Aldrich) processing 

additive were used as received. The molecular structures of PSEHTT, PNDIS-HD and PCBM 

are shown in Figure 6.5. 
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Figure 6.5. Molecular structures of donor (PSEHTT), acceptor (PNDIS-HD) polymers and PCBM. 

 

We fabricated and evaluated polymer/polymer solar cells with inverted structure of 

ITO/ZnO/PSEHTT:PNDIS-HD/MoO3/Ag. ITO glass substrate was cleaned sequentially in 

ultrasonic baths of acetone and isopropanol then dried at 60 °C in a vacuum oven overnight. The 

substrate was plasma treated right before use. ZnO precursor solution was spin-coated onto the 

ITO at 5000 rpm for 60 seconds, annealed at 250 °C for 1 hour to make ~30 nm thickness ZnO 

layer and transferred into glove box. The active layer PSEHTT:PNDIS-HD blend (1:1 wt/wt) 

solution was spin-coated using different solvent composition: CB only or CB:DCB=90:10 (v/v) 

mixed solvent.  The optimal composition (1:1 wt/wt) was determined previously. After spin-

coating, the film was annealed at 175 °C for 10 minutes inside the glove box followed by 

thermal vacuum deposition of MoO3 (7.5 nm) and Ag anode (100 nm). The thickness of active 

layer after annealing was 70-80 nm.  The photovoltaic cells were fabricated in inert conditions 

but tested under AM 1.5 solar illumination at 100 mW cm
-2

 in ambient conditions. 

 

6.2.3. Results and Discussion 

Representative current density-voltage (J-V) curves of PSEHTT:PNDIS-HD solar cells 

processed from the two different solvents are shown in Figure 6.6a. The photovoltaic parameters 

PSEHTT PNDIS-HD PCBM
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including the short-circuit current density (Jsc), the open-circuit voltage (Voc), fill factor (FF), 

and maximum EQE are summarized in Table 6.4. PSEHTT:PNDIS-HD blend devices spin-

coated from chlorobenzene showed a maximum 3.98 % PCE and high photocurrent of 9.80 mA 

cm
-2

 with a FF of 0.55. These photovoltaic parameters are higher than the values that we 

previously reported for the same polymer blend, largely because of the higher molecular weight 

of PSEHTT and also the surface modification of ZnO by ethanolamine. The performance of the 

PSEHTT:PNDIS-HD blend solar cells significantly increased by spin-coating from CB:DCB 

mixture; the best observed PCE of 4.81 % means that a more than 20 % increase is achieved 

compared to the devices spin-casted from chlorobenzene solvent. This improvement arises from 

the higher Jsc of 10.47 mA cm
-2

 as well as the increased Voc (0.76 V) and FF (0.60). We point out 

that the observed photovoltaic properties of PSEHTT:PNDIS-HD solar cells spin-coated from 

CB:DCB co-solvent including the PCE, photocurrent, and EQE are the highest for all-polymer 

solar cells reported to date. 

 

Figure 6.6. (a) Current density (J) – voltage (V) characteristics and (b) external quantum efficiency (EQE) spectra of all-

polymer PSEHTT:PNDIS-HD blend solar cells processed from different solvents: Chlorobenzene (CB) and 

CB:dichlorobenzene (DCB) (90:10 vol/vol %). Results for PSEHTT:PCBM solar cell are shown in (a) and (b) for 

comparison. 
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Table 6.4.  Photovoltaic Properties of BHJ Solar Cells. 

Active layer 

(Solvent used) 

Jsc  

(mA cm
-2

) 

Voc 

(V) 

FF 

 

PCE 

(%) 

EQE
max 

(%) 

RSH 

(Ω cm
2
) 

RS 

(Ω cm
2
) 

PSEHTT:PNDIS-HD 

(Chlorobenzene) 
9.80 0.74 0.55 3.98 (3.80 ± 0.16) 52.3 675 9.6 

PSEHTT:PNDIS-HD 

(CB:DCB=90:10) 
10.47 0.76 0.60 4.81 (4.68 ± 0.13) 57.3 500 7.7 

PSEHTT:PCBM 

(DCB:DIO=97:3) 
8.46 0.64 0.62 3.34 (3.23 ± 0.11) 53.7 630 7.3 

 a) Different volume composition of casting solvent was used to solution-deposit the active layer. 

 

We also fabricated and evaluated polymer/fullerene solar cells with PSEHTT:PCBM (1:2 

wt/wt) active layer and the same inverted device structure for comparison with the all-polymer 

solar cells. We used the previously reported optimized composition and processing conditions to 

deposit the polymer:PCBM BHJ active layer, including 3.0 vol % DIO processing additive in 

DCB.
6
 The PSEHTT:PCBM solar cells showed Jsc of 8.46 mA cm

-2
, Voc = 0.64 V, FF = 0.62, 

with a maximum PCE of 3.3% (Table 1), in good agreement with the previous report.
6
 The J-V 

characteristics of the PSEHTT:PCBM solar cells are also shown in Figure 2a; clearly the 

performance of the all-polymer PSEHTT:PNDIS-HD solar cells is far superior to the reference 

PSEHTT:PCBM solar cells. 

EQE spectra of the photovoltaic devices (Figure 6.6b) correspond to the all-polymer BHJ 

solar cells whose J-V curves are shown in Figure 6.6a. The all-polymer solar cells spin-coated 

from CB:DCB co-solvent show the highest photoconversion efficiency with a maximum EQE of 

57.3% at 630 nm. The peak EQE at 630 nm is originated from concomitant photoexcitation of 

both blend components which implies efficient photocharge generation by the simultaneous 

photoexcitation in donor and acceptor polymers. The photoresponse of the all-polymer 
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PSEHTT:PNDIS-HD solar cells begins at higher wavelength around 750 nm which covers the 

entire visible region whereas PSEHTT:PCBM solar cells starts around 700 nm. The wider 

coverage of solar spectrum by PSEHTT:PNDIS-HD solar cell is mainly due to the light 

absorption of PNDIS-HD, since PSEHTT nor PCBM do not absorb light from wavelength higher 

than 700 nm.
6
 The higher and broader EQE spectra of PSEHTT:PNDIS-HD solar cells compared 

to the PSEHTT:PCBM demonstrate that the acceptor PNDIS-HD significantly contribute to the 

photocurrent generation as much as the donor PSEHTT in the photovoltaic devices, and thus 

photoinduced hole transfer from the acceptor polymer becomes an important pathway for the 

charge generation while efficient photoinduced electron transfer is still active.
9
 The photocurrent 

values calculated from the EQE spectra were found to be consistent with the Jsc values from J–V 

curves for all the devices, showing a small mismatch between the two values within 3-7 %. This 

discrepancy could be due to spectral mismatch between the simulated light source and the 

AM1.5 solar spectrum. 

The surface morphology of the PSEHTT:PNDIS-HD blend solar cells was investigated by 

AFM imaging. AFM height and phase images (1 × 1 µm
2
) taken directly from the surfaces of the 

devices are shown in Figure 6.7. PSEHTT:PNDIS-HD solar cells spin-coated from 

chlorobenzene show a phase separated morphology with large domain sizes of 100 - 200 nm 

(Figure 6.7a,c) which is not ideal for efficient exciton dissociation. In contrast, the 

PSEHTT:PNDIS-HD devices spin-coated from CB:DCB co-solvent show a phase-separated 

morphology with domain sizes of 10–20 nm (Figure 6.7b,d), which is a characteristic spacing 

close to the typical exciton diffusion length and thus more favourable for efficient charge 

separation. The observed surface morphology of the devices spin-coated from the CB:DCB co-

solvent show much fine domain sizes and more interconnected structure (Figure 6.7d,h) than the 
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coarser and less connected structure of devices from cholorobenzene (Figure 6.7e,g). These 

results demonstrate that the morphology of the polymer/polymer blend solar cells was 

successfully varied by using a solvent mixture (CB:DCB). Such a large difference in morphology 

can be expected to translate to differences in not only charge separation at the donor/acceptor 

interfaces but also charge transport in the blends. 

 

Figure 6.7. AFM topographical images (5 × 5 µm) of the surfaces of PSEHTT:PNDIS-HD solar cells: (a) deposited from 

CB only solvent, and (b) deposited from CB:DCB co-solvent; AFM topographical images in smaller scale (1 × 1 µm): (c) 

deposited from CB only solvent, and (d) deposited from CB:DCB co-solvent. The corresponding phase images of 

PSEHTT:PNDIS-HD solar cells: (e), (g) deposited from CB only solvent, and (f), (h) deposited from CB:DCB co-solvent. 

We measured charge transport properties of the PSEHTT:PNDIS-HD blend films spin-coated 

from different solvents (chlorobenzene or CB:DCB) by the space-charge-limited current (SCLC) 

technique. Hole-only devices were composed of ITO/PEDOT:PSS/ blend/MoO3/Au whereas 

electron-only devices consisted of ITO/ZnO/blend/LiF/Al. The bulk mobility was extracted by 

fitting the I-V curves in the near quadratic region according to the modified Mott-Gurney 

equation. Electron and hole mobilities of PSEHTT:PNDIS-HD blend films deposited from 

chlorobenzene were found to be 1.0 × 10
-4

 and 2.6 × 10
-4

 cm
2
V

-1
s

-1
, respectively, and are similar 

to the previously reported values.
7
 In contrast, PSEHTT:PNDIS-HD blend films deposited from 
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CB:DCB co-solvent had electron (2.6 × 10
-4

 cm
2
V

-1
s

-1
) and hole (5.4 × 10

-4
 cm

2
V

-1
s

-1
) mobilities 

that are 2-fold higher. The observed balanced and increased hole and electron mobilities in the 

PSEHTT:PNDIS-HD blend films deposited from CB:DCB co-solvent can largely explain the 

enhanced photovoltaic performance in terms of Jsc, EQE, FF and thus the high PCE values of 

these all-polymer solar cells. 

The light intensity dependence of all-polymer solar cells was measured to further investigate 

the suppressed bimolecular charge recombination through improved nanophase-separated blend 

morphology. The dependence of current density and normalized open circuit voltage on the 

illuminated light intensity of all-polymer solar cells with different casting solvents are plotted in 

Figure 6.8. The light intensity of AM 1.5 sunlight from a filtered Xenon lamp was adjusted by 

using a set of neutral density filters. 

 

Figure 6.8. Light intensity dependence of (a) Voc and (b) Jsc of PSEHTT:PNDIS-HD solar cells with different casting 

solvents. 

The light intensity dependencies of the open circuit voltage and photocurrent of 

PSEHTT:PNDIS-HD blend solar cells were measured to further investigate charge 

recombination in the devices and effects of improved nanophase-separated blend morphology 
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achieved by processing from different solvents. The dependence of normalized Voc on the 

illuminated light intensity of the blend devices spin-coated from different solvents is shown in 

Figure 6.8a. The fitted line from data for devices spin-coated from chlorobenzene show a slope 

of 1.09 kT/q (k = Boltzmann constant, T = temperature, and q = elementary charge), which 

suggests that the bimolecular Langevin recombination is dominant over the germinate 

recombination.
10

 In contrast, a similar fitting of the data for the PSEHTT:PNDIS-HD blend 

photovoltaic device processed from CB:DCB co-solvent revealed a steeper slope of 1.53 kT/q, 

which typically represents the dominate geminate recombination caused by large trap 

density.
10b,c

 

However, observed similar linear current density dependence on light intensity (Figure 6.8b) 

and the space-charge-limited characteristics in single carrier devices with balanced hole and 

electron mobilities for both devices indicates that there is no reason for the presence of a large 

trap density that could cause substantial increase of geminate recombination in the device 

processed from CB:DCB co-solvent. This discrepancy has been explained by considering the 

fact that trap-assisted germinate and bimolecular recombination are both competing processes.
11

 

The steeper slope of Voc dependence on the light intensity of the device processed from CB:DCB 

co-solvent is presumably the evidence of largely suppressed bimolecular recombination rate 

compared to germinate recombination by improved blend morphology.
11a

 We conclude from 

these results that the charge in polymer/polymer blend achieved by spin-coating from a co-

solvent system is effective in reducing bimolecular recombination and thus enhancing charge 

separation in the present all-polymer solar cells. 
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6.2.4. Conclusions 

In summary, all-polymer (PSEHTT:PNDIS-HD) blend solar cells with record 4.8 % PCE and 

10.5 mAcm
-2

 short-current density have been achieved by film processing from a 

chlorobenzene:dichlorobenzene co-solvent system. AFM imaging of the PSEHTT:PNDIS-HD 

blend active layer processed from chlorobenzene:dichlorobenzene (90:10 vol/vol) co-solvent 

showed that much smaller (20 – 40 nm) phase-separated domains were obtained compared to 

those deposited from chlorobenzene solvent (> 100 nm domains). Carrier mobilities were 

enhanced and more balanced in the polymer/polymer blend active layers solution-deposited from 

the co-solvent system in agreement with the enhanced photovoltaic properties. As a result of the 

siginificant light harvesting by the acceptor polymer (PNDIS-HD), both photoinduced hole 

transfer and photoinduced electron transfer contributed about equally to charge photogeneration 

in these all-polymer solar cells. 

The observed far superior performance of all-polymer PSEHTT:PNDIS-HD solar cells 

compared to the corresponding PSEHTT:PNDIS-HD solar cells compared to the corresponding 

PSEHTT:PCBM devices suggest that even higher efficiencies are achievable with suitable 

choice of donor and acceptor polymers. 
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Chapter 7.  Conclusions and Outlook 

7.1. Conclusions 

Throughout this work, I have investigated novel organic semiconductors and processing 

methods to obtain high-performance optoelectronic devices: organic light-emitting diodes 

(OLEDs) and organic solar cells (OSCs). To address many challenges in the research field of 

organic electronics, especially feasible low-cost and large area device fabrication, I have focused 

on the study on solution-based optoelectronic devices regarding development of new electron-

transport materials, orthogonal solution-processing, novel solution-doping method for solution-

processed multilayered phosphorescent OLEDs (PhOLEDs), and also new conjugated polymers 

and processing strategy for polymer/polymer solar cells with enhanced photovoltaic performance. 

I have investigated bisindenoanthrazolines as a new class of n-type organic semiconductors 

for the application in organic light-emitting diodes. The high electron affinity (3.7 eV) and high 

electron mobility (10
-7

 to 10
-4

 cm
2
/Vs) of the bisindenoanthrazolines makes them attractive 

candidates for electron transport in organic electronics. The bisindenoanthrazolines emitted 

unique electroluminescence with a high brightness and high efficiency depending on their 

chemical structures. Some of the bisindenoanthrazolines indeed functioned as excellent electron-

transport materials in realizing high performance polymeric PhOLEDs. 

Studies of multilayered PhOLEDs fabricated by novel orthogonal sequential solution-

processing methods enabled by new organic semiconductor materials were conducted. Dendritic 

oligoquinolines were synthesized and demonstrated to be effective vacuum- as well as solution-

processable electron-transport layers (ETLs) in PhOLEDs.  The new oligoquinolines have robust 

thermal stability with high decomposition temperatures and high melting temperatures.  The new 

electron transport materials were deposited onto polymer emission layer by orthogonal solution-



215 

 

processing to achieve multilayered blue polymer-based PhOLEDs with the highest efficiency 

reported to date. Furthermore, I have expanded the orthogonal solution-processing method to 

deposit various commercial electron-transport materials. The PhOLEDs with solution-processed 

ETLs showed superior device performance compared to the devices with vacuum-deposited 

ETLs. I have found solution-based processing provides a great opportunity to achieve efficient 

charge-transport properties by tuning the interfacial surface morphology, which cannot be 

obtained by typical thermal vacuum-processing. I have shown that the nanostructured surface 

morphology and charge carrier mobility of the electron-transport layers can be tuned and 

controlled by the solution-processing. 

I also have showed for the first time that alkali metal salt doped ETLs can be solution-

deposited to fabricate high performance, multi-layered, phosphorescent OLEDs. The solution-

processing approach is applicable to diverse electron-transport materials and any desirable metal 

salt. Blue PhOLEDs with solution-deposited Cs2CO3-doped ETLs have a luminous efficiency of 

37.7 cd/A with an EQE of 19.0 % at a high brightness 1300 cd/m
2
, which is the best performance 

reported for all-solution-processed blue PhOLEDs. Studies of the surface morphology and 

electron transport properties of the alkali metal salt doped electron transport layers showed that 

doping dramatically enhances the electron mobility and modifies the ETL/cathode interface 

morphology, enabling efficient electron-injection and transport. The results demonstrated that the 

properties and nanomorphology of the solution-processed ETLs can be fine-tuned by the 

concentration of the metal salt (M2CO3) and type of metal (M = Cs, K, Na, or Li). These findings 

highlight the effectiveness of orthogonal solution-processing of metal salt-doped ETLs for the 

fabrication of high-performance multi-layered organic electronic devices. 
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Additionally, I have investigated new electron transport materials (ETMs) with high triplet 

energies and wide band gaps. A novel series of sulfone-based ETMs are synthesized, 

characterized and demonstrated to obtain highly efficient blue PhOLEDs. The combination of a 

diphenylsulfone core with electron withdrawing end groups such as pyridine, phenylpyridine, 

and quinoline is found to be effective in achieving a  high triplet energy (2.8 – 2.9 eV) and a 

wide energy gap (3.6 – 3.8 eV), resulting in efficient exciton/hole blocking with good electron-

transport characteristics. A new class of dibenzosuberane-based ETMs was also investigated for 

highly efficient PhOLEDs. New high triplet energy ETMs based on dibenzosuberane which 

showed substantially high triplet energy (ET > 3.0 eV) with good thermal and electrochemical 

properties. Blue PhOLEDs with dibenzosuberane-based ETMs showed significantly improved 

device performances (CE = 38.1 cd/A and EQE = 20.0 %), demonstrating that these high triplet 

energy ETMs are a promising class of ETMs with excellent singlet/triplet exciton blocking 

ability. 

Finally, a study of polymer/polymer solar cells was conducted based on two new 

semicrystalline NDI copolymers (PNDIS, PNDIS-HD) as new polymer acceptors. We found that 

all-polymer solar cells composed of PNDIS-HD acceptor and PSEHTT donor have a record 

performance at the time (PCE = 3.3 %, Jsc = 7.78 mA/cm
2
, and EQE = 47 %), which is 

comparable to similarly evaluated PSEHTT:PC60BM BHJ solar cells. Balanced electron and hole 

transport was observed in the PSEHTT:PNDIS-HD blend active layers. The superior 

photovoltaic properties of PNDIS-HD compared to PNDIS and prior NDI copolymers suggest 

that unipolar electron transport with high bulk mobility, good crystallinity, size of alkyl side 

chain, and molecular weight are all important factors in the design of suitable acceptor polymers 

for BHJ solar cells. Furthermore, a control of polymer blend morphology was demonstrated to 
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achieve improved photovoltaic properties. The blend morphology was successfully tuned by 

using co-solvent to obtain nanophase-separated polymer domains. PSEHTT:PNDIS-HD solar 

cells showed a record efficiency of 4.2 % with Jsc = 9.40 mA cm
-2

 and EQE = 56.7 %, which are 

the highest photovoltaic parameters in all-polymer solar cells reported to date. Enhanced charge 

separation and transport properties were observed by tuning the polymer blend morphology. 

Overall, this work has significantly impacted the development of solution-processing 

technology, and also added new knowledge to the recent progress made in the area of organic 

optoelectronics by the scientific and industrical communities. Knowledge and skills obtained 

from this study provide huge opportunities to achieve enhanced performance and better 

production of optoelectronic devices for the next generation electronics. Further investigation 

should be continued to widen our knowledge and achieve deeper understanding to advance the 

technology in this field. 

7.2. Outlook 

The field of organic electronics is growing and widely studied as the needs from the society 

become much more growing than before. For example, organic light-emitting diodes (OLEDs) 

have been already successfully launched into the market and currently being sold as televisions 

and moniters (flat panel display), mobile devices (smart phones, touch pads, GPS, biomedical 

devices, wearable electronics), solid-state lighting and in other various applications such as 

automobiles, aviation systems, and home appliances, etc. However, major challenges in the field 

still remain: how to design suitable organic materials and control the related solid-state 

morphology, how to achieve durability for the improved cycle life, and the most importantly, 

how to manufacture in a large scale with assured productivity. To address these challenges, a 

study of solution-based processing and related material designs is essential. Detailed 
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investigation of structure-processing-property-performance relationship induced by solution-

processing will provide better understanding that would lead us to significant advances in this 

technology. 

One example of studies to be done in the very near future would be an application of 

orthogonal solution-processing to other device architectures. I have only showed orthogonal 

solution-processing in phosphorescent OLEDs with conventional device structure, but it can be 

applied to inverted structures as well as other multilayered devices with various materials. 

Although I have successfully showed in Chapter 4 that electron-transport layers can be easily n-

doped by orthogonal solution-processing of alkali metal salts as n-dopants, only a few examples 

of metal salts have been demonstrated. There are a number of other possible candidates that 

would work as efficient n-dopants via orthogonal solution-processing. Furthermore, the solution-

doping mechanism has not been fully understood yet which I assume it would be pretty much 

different from what has been established for n-doped system by thermal vacuum evaporation. 

Development of new polymer/polymer solar cell systems would be interesting for further 

studies in organic electronics. Compared to polymer/fullerene solar cells, polymer/polymer solar 

cells have been reported much less efficient and challenging to fabricate high-performance 

devices. Nevertheless, regarding the durability and robustness that the system potentially 

possesses, polymer/polymer blend solar cells are a strong candidate to become the next 

generation organic solar cells. Toward achievement of highly efficient polymer/polymer solar 

cells, there are many challenges and questions to be addressed. Electronic/chemical structures, 

molecular weight, charge transport property, and complimentary absorption spectra of 

donor/acceptor polymers are the crucial keys to achieve high performance solar cells. I think the 

processing technique of viscous polymer solution to control the blend morphology plays an 
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important role to obtain high photovoltaic performance. Not only limited to binary blend of 

polymers, multi-phase polymer blends can be promising research area to investigate for future 

photovoltaic devices. Additionally, incorporating various multilayered device architectures as 

well as organic-inorganic hybrid system would open a new possibility of polymer solar cells for 

the development of low-cost, scalable future renewable energy sources. 
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