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Organic light emitting diodes are touted as a promising candidate for solid state 

lighting. Keeping in mind the energy situation world is facing today, it is imperative to 

have a low cost, large area, low energy consumption lighting alternative and that’s 

where organic light emitting diodes become very important. Also, OLEDs are very 

attractive from the standpoint of full color display application because of desirable 

properties such as wide viewing angle and easy fabrication. For both of these 

applications, white light is desirable which can be obtained from the combination of 

basic color components i.e. RGB. Phosphorescent organic materials are inherently four 

times more efficient compared to fluorescent materials. Using these phosphorescent 

materials, very high efficiencies have been achieved for red and green OLEDs. 

However, blue emitting phosphorescent devices were still lagging behind in terms of 

device efficiency until very recently. 

The focus of this work has been to remove this weak link in development of high 

efficiency white OLEDs by studying the materials and device properties. For 

understanding factors impacting the device performance, effects of material properties 

such as triplet energy and mobility on the device performance of blue phosphorescent 
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organic light emitting diodes (PHOLEDs) were investigated. The effect of triplet energy 

of different charge transport materials and the host materials were studied 

systematically. Also, the device performance was correlated with the mobility and 

transport properties for the materials used. Single carrier devices were fabricated to 

study and compare the transport of hole and electrons. It was found that these devices 

are largely hole dominant. Hence, it was expected that the recombination zone is 

located on the interface of the emitting layer and the electron transport layer which was 

verified experimentally by probing the recombination zone. The charge balance 

becomes even more significant in case of PHOLEDs as most of the conventionally used 

electron transport materials have lower triplet energy than that of blue phosphorescent 

dopants.  Based on these findings, two major challenges were identified in these 

devices namely, 1) low triplet energy of the electron transport materials and 2) charge 

imbalance in the devices. Two approaches were used to get around these problems: 1) 

improving the electron transport in the device by use of doped transport layers and 

using high triplet energy high mobility electron transport material to confine the triplet 

excitons and tune the charge balance in the device and 2) using a mixed host 

architecture or ambipolar host materials to achieve charge balance in emitting layer. 

Based on these studies, vey high efficiency devices were fabricated an efficiency of 50 

lm/W. In the course of fabricating these high efficiency devices we discuss the device 

physics and the correlation of materials properties such as the energy level alignment of 

different layers on the device performance and characteristics of these blue 

phosphorescent devices. 
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CHAPTER 1 
INTRODUCTION: BRIEF REVIEW OF ORGANIC ELECTRONIC MATERIALS 

The field of organic semiconductors is very interesting largely because of the their 

numerous advantages over conventional inorganic semiconductor materials such as 

potential low cost, large area fabrication, ease of processing and fabrication and their 

tailor-ability for specific applications. However, there are still some issues inhibiting 

large scale commercialization of organic devices. The aim of this chapter is to make the 

reader aware of these advantages as well as disadvantages of organic semiconductors 

along with highlighting their numerous applications. This brief review will also highlight 

current state of the art and associated challenges for large scale production and 

commercialization of these devices. 

1.1 Organic Semiconductors 

Since the invention of transistor in 1947[1], inorganic semiconductors like silicon or 

germanium have dominated the scene in electronic industry. It is the key component in 

all modern electronic devices which were inconceivable few years ago. Now, we are 

looking at a new electronics revolution which has become possible due to the advent of 

a new class of materials known as organic semiconductors. Hence, this section is 

focused on understanding this class of materials. 

A chemical compound is said to be organic if it contains carbon. This definition is 

very broad and covers a large number of materials that are known to us. In fact, to date, 

about two million organic compounds have been made which constitutes nearly 90% of 

all known materials[2]. These organic molecules range from simple hydrocarbons like 

methane, ethane, etc to complex polymer chains, proteins and biological molecules that 
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can contain thousands of carbon atoms in combination with various other elements like 

hydrogen, nitrogen, oxygen, sulfur, etc. 

Solids are generally classified based on the type of bonding that exists between 

the constituent units (i.e. atoms or molecules); these include covalent, ionic, metallic, or 

molecular. Organic solids are molecular[2, 3] solids composed of discrete molecules 

held together by van der Waals forces whereas the individual molecules consist of 

atoms bonded together by covalent bonds. Owing to these weak van der Waals 

interactions these organic molecular solids retain very similar electrical and optical 

properties of the constituent molecules[2] when compared to the case of covalent 

solids, such as inorganic semiconductors. Also due to these weak van der Waals 

intermolecular forces, molecular solids are generally soft materials with low melting 

points and poor electrical quality. However, of the nearly infinite number of possible 

organic molecules, those with chains or rings of alternating single and double bonds 

(conjugated molecules) are particularly interesting, as they show semiconducting 

properties. In such molecules, the four outer shell electrons in the carbon atom (i.e. the 

two s electrons and two p electrons) combine to form three sp2 orbitals, leading to the 

formation of σ- and π-bonds[4] as shown in Figure 1-1. The delocalization of electrons 

due to formation of these π-bonds leads to the semiconducting properties of conjugated 

organic materials. Figure 1-2 shows how the delocalization of these π electrons in the 

plane perpendicular to the molecule and the σ bonds leads to a continuous path for 

electron transport in these molecules The overlapping of these π-orbitals creates 

degeneracy which leads to the formation of filled bands known as highest occupied 

molecular orbital (HOMO or bonding molecular orbital) and unfilled bands known as 
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lowest unoccupied molecular orbital (LUMO or antibonding molecular orbital). The 

formation of these bands are illustrated in Figure 1-3 where the π molecular orbital 

denotes the HOMO and π* denotes the LUMO. In the case of a large number of 

electrons, these π and π* levels broaden into continuous bands, with the HOMO-LUMO 

energy gap becoming analogous to the valance band-conduction band gap of inorganic 

semiconductor materials. 

1.1.1 Interest in Organic Semiconductors 

The interest in organic semiconductors is not completely new, the first studies date 

back to early 20th century[4-6]. Discovery of electroluminescence in single crystals of 

anthracene lead to research efforts being focused on molecular crystals in the later half 

of 20th century[2, 7, 8]. Although these early on studies helped lay the groundwork for 

organic semiconductors, the devices fabricated at that time were largely inefficient and 

unstable. Further developments in synthesis and doping led to development of 

conjugated polymers which was honored with the Nobel Prize in Chemistry in year 

2000[9]. Conducting polymers along with organic photoconductors initiated the first 

applications of organic materials as conductive coatings[10]. The interest in undoped 

organic semiconductors was revived by fabrication of first organic heterojunction 

photovoltaic cell[11] . Also the first reports of organic thin film transistors based on 

polymers[12, 13] and oligomers[14] were published around the same time. However, 

the demonstration of high efficiency organic light emitting diodes by both vacuum 

sublimation of organic molecules[15, 16] and by solution processing of polymers[17] 

rekindled extensive interest in the field of organic semiconductors.  
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1.1.2 Organic Semiconductors: Two General Classes 

As briefly discussed above, organic semiconductors are generally classified into 

two major classes: 1) low molecular weight molecules better known as small molecules 

and 2) polymers. Both these classes show the sp2 hybridization of C-orbitals with 

delocalization due to formation of π bonds. 

Small molecules typically consist of several to a few hundred atoms. Small 

molecule materials were the focus of most of the initial studies as outlined above as 

they are easy to purify and grow into crystals or thin films using a variety of vapor phase 

techniques. Figure 1-4 shows the structure of some of the common small molecule 

materials used in OLEDs, organic solar cells and transistors. Alq3 (tris(8-hydroxy-

quinolinato)aluminum) is a common material used in OLEDs[15], pentacene[18] is used 

in fabrication of organic thin film transistors (OTFTs) and it can be grown into single 

crystals or polycrystalline thin films, CuPC (copper phthalocyanine)  and C60 

(Fullerene) are small molecule materials used widely in organic photovoltaic devices 

and photo-detectors[19]. 

One of the major differences between the two classes of materials lies in the way 

these materials are processed into thin films for device fabrication. Small molecules are 

usually deposited from the vapor phase by sublimation or evaporation. The packing of 

molecules in these thin films is determined by the shape of the molecule and the degree 

of stearic hindrance structure these molecules stack differently in films. For example, 

Alq3 has an irregular non symmetric shape and hence forms amorphous thin films 

whereas pentacene which has a regular or symmetric structure packs efficiently to give 

regular lattices forming crystalline films. Hence, some of these have been studied 

extensively as model systems[20]. 
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Polymers are characterized by a molecular structure of long chains consisting of a 

basic repeat structural unit called monomer connected by covalent bonds. These long 

polymer chains with a large degree of polymerization can not be vapor deposited as 

they decompose before reaching theoretical boiling temperatures. Hence, these 

polymeric materials are processed from solution by using various techniques such as 

spin coating, drop casting, doctor blading or printing. The growth of crystal domains or 

the film morphology is usually optimized using a number of parameters such as choice 

of solvents, baking and post processing conditions. The controlled growth of thin films of 

polymers having desired morphology is still a subject of ongoing research and is critical 

for various device applications[4]. 

Figure 1-5 shows some of the commonly used polymers for fabrication of organic 

optoelectronic devices. Poly [2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene] 

(MEH-PPV) is a common orange emitting polymer, whereas poly (9,9-dioctylfluorene) 

(PFO) and poly(N-vinyl carbazole) PVK emit in green and blue respectively. 

Regioregular poly(3-hexylthiophene) (P3HT)- phenyl-c61-butyric acid methyl ester 

(PCBM) is a commonly used donor acceptor combination used for fabricating high 

efficiency polymer solar cells. 

1.1.3 Why Organic Semiconductors: Advantages and Disadvantages 

Organic semiconductors have numerous advantages over their inorganic 

counterparts. The most attractive advantages for these materials are potential of low 

cost and large area manufacturing processes. Both vacuum sublimation of small 

molecule and solution processing of polymer thin films require significantly lower 

processing temperature compared with thin film fabrication processes of inorganic 

semiconductors such as MOCVD (metal-organic chemical vapor deposition), MBE 
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(molecular beam epitaxy), sputtering or plasma enhanced chemical vapor deposition 

(PECVD). Especially some of the polymer deposition techniques such as gravure or 

inkjet printing are compatible with large-area, roll-to-roll processing potentially leading to 

very high-throughput, large scale and low cost manufacturing. Also all these organic thin 

film deposition techniques are compatible with various low-cost and flexible substrates 

such as plastic leading to various novel applications which are not possible with 

conventional inorganic materials. 

Another very lucrative advantage of these materials is the ability to tailor their 

electronic and optical properties by chemical modification for a specific application. For 

instance, color tuning molecules to emit in the blue, green or red portion of the visible 

spectrum is easily achieved and can be accomplished with a variety of molecular 

structures and their derivatives[21, 22] such as for iridium or platinum complexes[21-24] 

as shown in Figure 1-6. In addition, the absorption coefficient and fluorescence yield of 

these organic materials can be very high making them suitable for various device 

applications such as OLEDs, OPVs etc. which will be discussed in the following 

sections of this chapter. 

However, in spite of the above advantages, these organic materials have some 

disadvantages for use in electronic and optoelectronic devices. As a result of the weak 

intermolecular interactions, these materials generally have much lower carrier mobilities 

than inorganic electronic materials, typically less than 1 cm2/Vs. In addition, due to the 

low carrier density in these materials, the electrical conductivity is low and hence 

devices based on these materials show high resistance, thus limiting the device 

performance. 
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Another issue is achieving high purity organic materials, with purity levels close to 

that of inorganic semiconductors such as silicon. Hence, these materials exhibit high 

trap density due to both impurities and structural defects. Finally, most organic devices 

show degradation in ambient environment limiting their commercialization into the 

consumer markets. The lifetimes of these devices can however be considerably 

improved using optimized encapsulation techniques. Recently very long lifetime organic 

devices have been demonstrated especially for OLEDs[25]. Also there have extensive 

research efforts to study the inherent degradation of OLED materials leading to useful 

insights[26-31]. Hence, it is believed that through focused research efforts most of these 

disadvantages can be overcome leading to successful commercialization of organic 

semiconductors in OLEDs, OPVs and various other device applications. 

 1.2 Organic Semiconductor Devices  

In the last 20 years or so, tremendous progress has been made in various different 

devices based on these organic semiconductor materials. This short section will outline 

very briefly different types of devices and current state of the art fabricated with these 

materials. The discussion is mainly limited to OLEDs and OPVs. 

1.2.1 Organic Light Emitting Diodes (OLEDs) 

An OLED is basically an LED whose electroluminescent layer is composed of an 

organic compound. In most simple cases, an OLED can consist of a single layer of an 

organic material that is sandwiched between two electrodes. When a voltage bias is 

applied across two electrodes, charges are injected into the organic layers where they 

recombine to form an exciton that radiatively decays to the ground state. A conventional 

OLED structure has following components:  

• SUBSTRATE  To support OLED, generally glass/ plastic 
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• ANODE. To inject holes in the device 

• HOLE TRANSPORT LAYER (HTL). To transport the injected holes to the recombination 
zone where they will recombine with the electrons. 

• ELECTRON TRANSPORT LAYER (ETL). To transport the injected electrons. In 
conventional OLED structure ETL also serves as an Emitting Layer (EML). 

• CATHODE. To inject electrons in the device. 

Most OLED devices have a separate EML sandwiched between HTL and ETL. 

The injected holes and electrons travel through the transport layers to combine at the 

interface and produce light. Figure 1-7 shows the schematic of a device with a separate 

EML. In addition a Hole Injecting Layer (HIL) is mostly used to facilitate hole injection. 

The HIL is sandwiched between the anode and the HTL. Apart from these more 

common layers sometimes other organic layers might be incorporated in the structure to 

confine carriers and excitons effectively e.g. 

• HOLE BLOCKING LAYER (HBL). Blocking layer used at the EML/ETL interface to 
block holes from entering ETL so as to avoid any emission from ETL. 

• ELECTRON BLOCKING LAYER (EBL). Blocking layer used at the HTL/EML interface to 
block electrons from entering HTL so as to avoid any emission from HTL. 

Either the bottom or top electrode is usually transparent or at least semi-

transparent to allow for the extraction of light generated within these organic layers.  

The OLED technology is the most mature technology based on organic materials. 

Full-color displays based on fluorescent and phosphorescent OLEDs and PLEDs are 

already in commercial production. Figure 1-8 shows the 11” full color OLED TV 

launched by Sony in 2007[32]. Also OLEDs have already found there way in 

commercial market as cell phone, mp3 players and car stereo displays, and it is 

believed that many more unconventional applications of OLED will be out in the market 

soon such as flexible, roll-able and bendable displays as shown in Figure 1-9[33]. 
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OLEDs are particularly suited for these applications because of their better readability in 

sunlight and their low power consumption. Also OLEDs can be used as backlights in 

flat-panel displays for light weight and low power advantages.  

OLEDs also demonstrate great potential for solid state lighting applications such 

as general space illumination, and large-area light-emitting elements. OLEDs are wide 

area light sources and they typically emit less light per unit area than their inorganic 

counterparts, which are usually point-light sources. Large area OLED lighting panels 

and OLED chandelier were demonstrated by Junji Kido of Yamagata University, Japan 

at SPIE optics and photonics conference, 2009[34]. Hence, these OLED devices hold 

lot of promise if we can overcome lifetime limitations. 

1.2.2 Organic Photovoltaic Devices (OPVs) 

Photovoltaic power generation is a one-step process in which light energy is 

converted into electrical energy[35]. A PV device achieves this energy conversion by 

absorbing light incident on the cell, resulting in a separation of charge carriers, which 

leads to photocurrent in the circuit that does work on an external load. 

There is a wide variety of choice of organic and inorganic semiconducting 

materials available to fabricate photovoltaic devices. It is a subject of intense research 

to apply these available materials to fabricate highly efficient, long-lifetime solar cell 

modules with a reasonable figure of merit ($/W). 

Organic based photovoltaic cells have been the subject of intense industrial and 

academic research effort over the last few decades. Various approaches used for 

fabrication of these devices include small molecular based OPVs, polymeric solar cells, 

and the dye-sensitized solar cell (DSSC). Of the three approaches, DSSC is most 

efficient. Recently, polymer bulk heterojunction solar cells have been receiving a lot of 
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attention due to various boosts in their device efficiency. Recently, a polymer cell with 

6% efficiency has been reported by Park et al[36]. Also another recent report by 

Solarmer Energy broke the 7% barrier for organic PV efficiency [37]. 

The simplest architecture that may be used for an organic PV device is a planar 

heterojunction, shown in Fig. 1-10 a) which is similar to OLED device structure. In the 

heterostructure device, a thin film of donor organic molecule and a film of electron 

acceptor are sandwiched between contacts in a planar configuration. Excitons created 

in the bulk may diffuse to the junction and separate. However, planar heterojunctions 

are inherently inefficient; because charge carriers have very short diffusion lengths 

typically few nanometers in organic semiconductors. Hence, planar cells must be 

fabricated very thin to maximize efficiency, but the thinner the cell, the less light it can 

absorb. 

This has been overcome by fabricating bulk heterojunctions (BHJs) as shown in 

Figure 1-10 b). In a BHJ, the electron donor and acceptor materials are blended 

together via co-evaporation in small molecules or spin casting for polymers. Regions of 

both donor and acceptor materials are thus separated by only several nanometers, 

hence, these devices show better efficiency as shown in Fig 1-11[38]. Although BHJ 

devices show better device performance, these devices require close control over 

materials morphology. Many variables such as: materials choice, solvents (for polymer 

based BHJ devices), and the donor-acceptor ratio need to be considered to optimize the 

performance of these devices. 

1.2.3 Other Devices Based on Organic Semiconductors 

Besides OLEDs and OPVs, many other electronic and optoelectronic devices 

based on organic semiconductors have been demonstrated, such as organic 
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photodetectors[39, 40], organic thin film transistors[41, 42], light emitting transistors[43, 

44], light up conversion devices[45], organic lasers[46-48], memories[49, 50] and 

chemical sensors[51, 52]. 

1.3 Physics of Organic Semiconductors: Fundamentals and Processes 

As pointed out in earlier discussion, the nature of bonding in organic 

semiconductors is fundamentally different from their inorganic counterparts. They 

exhibit van der Waals intermolecular forces whereas inorganic semiconductors are 

typically covalently bonded. This results in not only widely different mechanical or 

thermodynamic properties, but also leads to much weaker delocalization of electronic 

states among molecules which directly affects the optical and electrical properties of 

these materials. Since we are studying these materials from point of view of their 

applications in opto-electronic devices, the discussion would be incomplete without 

discussing these properties of organic materials. 

1.3.1 Optical Properties 

As a consequence of their weak electronic delocalization, these materials differ in 

two important ways from their inorganic counterparts. The first one is the existence of 

well defined spin states i.e. singlet states and triplet states. These states have important 

consequences for the device properties of these material systems as will be discussed 

below and sets the upper limit for the efficiency of OLEDs. The second very important 

difference is that the excitons are localized on the molecule, which leads to large 

binding energy in these molecules which significantly affect the performance of 

photovoltaic cells and photo-detectors as the binding energy has to be overcome in 

order to generate a pair of positive and negative charges. Since this thesis is focused 
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on OLEDs, we will keep the discussions limited to properties correlating to their device 

performance. 

1.3.1.1 Electronic processes in molecules 

In a molecule there are two possible fates for electronically excited states to 

decay. Radiative decay process is a process in which a molecule losses its excitation 

energy as a photon[53]. This is the underlying phenomenon for light emission in OLEDs. 

A more common fate is nonradiative decay, in which the energy is lost in form of wither 

vibration, rotation and translation of the neighboring molecules. There are two different 

phenomenon involved in radiative decay namely: fluorescence and phosphorescence 

which are discussed below: 

Fluorescence. Fluorescence is defined as spontaneous emission of radiation 

within few nanoseconds of electrical or optical excitation of the molecule. Figure 1-12 

shows the steps involved in fluorescence. First we have the initial absorption step 

leading to formation of an excited state. Also the molecule can be excited via electrical 

energy as in case of OLEDs. This step is usually followed by relaxation of the excited 

state and then finally leading to radiative decay via fluorescence. Hence, the absorption 

and emission spectrum look like that shown in Fig 1-13 because the fluorescence 

usually occurs at lower energy (higher wavelength) than the incident radiation as a 

fraction of energy is lost to surroundings via vibration losses. 

Phosphorescence. Phosphorescence is defined as spontaneous emission of 

radiation for long periods of times (even hours, but usually seconds or fractions of 

seconds) of electrical or optical excitation of the molecule. Figure 1-14 shows the steps 

involved in phosphorescence for a molecule with a singlet ground state. The first steps 

are the same as in case of fluorescence, but the presence of a triplet excited state 
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changes everything. The singlet and triplet excited states share a common geometry 

where their potential energy curves intersect. Hence, the molecule may undergo an 

intersystem crossing here by unpairing two electron spins. Singlet- triplet transitions 

may occur in case of spin-orbit coupling in molecules. We can expect intersystem 

crossing to be important when a molecule contains a moderately heavy atom, because 

then the spin-orbit coupling is even larger. 

If a molecule crosses over into a triplet state, it continues to loose some of its 

energy to its surroundings by steeping down in triplet ladder. At the lowest point it’s 

trapped, it can’t be converted back to a singlet state as it has a lower energy state now. 

The molecule can not return to its ground state as the transition is spin forbidden. 

However, the decay is not totally forbidden as the spin orbit coupling breaks the 

selection rule. The molecules are therefore able to emit weakly and the emission 

continues long after the excitation. 

Various types of radiative and non-radiative processes in molecules are usually 

summarized in a schematic known as Jablonski diagram which is depicted here in 

Figure 1-15[54]. 

1.3.2 Electrical Properties 

In this section we will discuss some of the fundamentals affecting the electrical 

characteristics of these materials. The main concepts that are discussed are the models 

of charge carrier transport in organic semiconductors and the fundamentals of charge 

and energy transfer through excitons in these molecules.  

1.3.2.1 Charge carrier transport 

The treatment of charge carrier transport in these materials still remains a topic of 

interest for experimental and theoretical study. The transport mechanism in organic 
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materials falls between two extreme cases, band transport model or polaron hopping 

transport model. Band transport is usually observed in highly purified molecular crystals 

(delocalized systems), and the polaron model is observed in amorphous organic solids 

in which carriers are localized, and distort the surrounding lattice as they move. 

The Band Model. For a delocalized charge carrier in an organic semiconductor, 

the resulting bands are similar to the case of crystalline, inorganic semiconductors. The 

weak van der Waals intermolecular forces lead to narrow band-widths (typically a few 

kT) as compared to inorganic semiconductors. Hence, the mobilities in molecular 

crystals reach values of only up to 1-10 cm2/Vs. When the bandwidth is comparable to 

the thermal energy, all levels of the band can be populated as opposed to those found 

in the lower energy tail of the band[55]. 

The Polaron-Hopping Model. The other extreme case for charge carrier transport 

in organic molecules is the hopping model. This model is usually applied to amorphous 

organic solids which constitutes a vast majority of organic semiconductors. Hopping 

model leads to much lower mobility values of around 10-3 cm2/Vs or less. The band 

model is based on the assumption that the charge carrier mean free paths are much 

larger than lattice constant. In cases where this condition is not satisfied and charge 

transport consists of the carrier residing on a lattice site for an extended period of time 

followed by rapid intermolecular jumps. In such cases, the band model is no longer 

valid. In these systems, the carriers polarize the surrounding medium which relaxes to a 

new equilibrium configuration. The charge carrier, along with the distortion it creates in 

the medium, is referred to as a polaron[3, 55]. As a result of the reconfiguration of the 

lattice, the polaron can be considered as residing in a potential well. Transport requires 
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the hopping of the polaron between potential wells, traversing energy barriers with each 

hop as depicted in Figure 1-16. Hence, in any given material at sufficiently low 

temperature, the dominant mechanism is narrow band transport. At higher temperatures 

it is difficult to distinguish between band-like and hopping transport[55]. The materials 

examined in this thesis are typically amorphous; hence, the charge transport is 

expected to be dominated by hopping between lattice sites. Apart from the 

intermolecular charge transport model, charge injection effects along with space charge 

limited conduction and trapping effects need to be taken into account to completely 

understand and describe the electrical characteristics of organic semiconductors. 

1.3.2.2 Excitons 

Excitons are coulomb correlated or bound electron-hole pairs. It is an elementary 

excitation, or a quasiparticle of a solid. Excitons provide a means to transport energy 

without transporting net charge. Hence it carries no electric current. Excitons play an 

important role in opto-electronic properties of organic materials[56, 57]. Due to the 

strong tendency of localization of charge carriers in organic semiconductors, excitation 

leads to creation of excitons instead of free electron and holes as in inorganic 

semiconductors. Three types of excitons have been observed in crystalline solids as 

shown in Figure 1-17 namely a Wannier-Mott exciton, a Frenkel exciton and a charge-

transfer exciton. 

In a Frenkel exciton, electron and hole reside on the same molecule when in an 

excited state. In other words, when a material's dielectric constant is very small, the 

Coulomb interaction between electron and hole become very strong and the excitons 

tend to be much smaller, of the same order as the unit cell (or on the same molecule), 
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so the electron and hole sit on the same molecule or cell. Frenkel exciton has typical 

binding energy on the order of 1.0 eV. 

In inorganic semiconductors, the dielectric constant is generally larger, and as a 

result, screening tends to reduce the Coulomb interaction between electrons and holes.  

This results in the formation of a Mott-Wannier exciton which has a radius much larger 

than the lattice spacing. 

With increasing intermolecular interactions, the excitonic state may delocalize over 

adjacent molecules, forming a charge transfer (CT) exciton. While Frenkel and CT 

excitons are present in organic semiconductors, highly delocalized Wannier-Mott 

excitons with R >> a are commonly found in inorganic semiconductors. Due to the 

Columbic interaction between the constituent electron and hole, the Frenkel or CT 

excitons are tightly bound while Wannier-Mott excitons in inorganic semiconductors are 

only loosely bound. 

1.3.2.3 Energy and charge transfer in molecules 

The motion of excitons in organic semiconductors can be classified into two 

categories: 1) migration among same species of molecules, and 2) energy transfer 

between different species of molecules. Similar to the transport of charge carriers, 

exciton migration or diffusion in organic semiconductors can occur through band 

transport or via the hopping process. The weak intermolecular interactions also lead to 

limited exciton mobility in organic semiconductors. 

Energy transfer between a donor molecule (initial exciton site) and an acceptor 

molecule (final exciton site) may occur via three different routes: 1) radiative transfer or 

photon re-absorption, 2) Förster energy transfer, and 3) Dexter energy transfer. In 

radiative transfer, the photon emitted by recombination of the exciton on the donor 
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molecule is reabsorbed by the acceptor molecule. This process may occur at long 

distances, typically more than 100 Å. An overlap in the emission spectrum of the donor 

molecule and the absorption spectrum of the acceptor molecule is required. Förster 

energy transfer also depends upon such a spectral overlap, however, no photon is 

actually emitted. Rather, the dipole-dipole interaction between the donor and acceptor 

molecules induces a resonant transition of the donor molecule to the ground state and 

the acceptor molecule to the excited state. The distance over which Förster energy 

transfer occurs may be up to 100 Å, shorter than that for the photon re-absorption 

process due to the strong distance dependence of the dipole-dipole interaction. 

Besides radiative and nonradiative recombination, Dexter energy transfer 

occurring as a result of an electron exchange mechanism. It requires an overlap of the 

wave functions of the energy donor and the energy acceptor. It is the dominant 

mechanism in triplet-triplet energy transfer. 

1.4 Summary 

In this chapter, basics of organic semiconductor and their properties, advantages 

and disadvantages were covered. Also some of the major optoelectronic devices based 

on this class of materials were highlighted. The underlying optical and electrical 

processes affecting the performance of these devices were also discussed. However as 

the thesis title suggests this work is focused on understanding the device physics of 

OLEDs and the next chapter will cover some of the basics important for understanding 

organic light emitting diodes. We will highlight some of the specific applications of 

OLEDs and also shed light on some of the common standard terminology and 

definitions commonly used in relation to OLEDs. Chapter 2 will also cover a review of 

history of OLEDs leading to current state of the art devices. We will also discuss how 
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blue OLEDs are an important link in the commercialization of OLEDs and what are the 

factors limiting the performance of these devices. Both chapter 1 and 2 together laid a 

foundation for rest of this dissertation which focuses on how to optimize all these factors 

affecting device performance in order to maximize the device performance. 
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Figure 1-1. Formation of σ and π bonds with sp2 hybridization. (a) Schematic 

representation of sp2 hybridization with and (b) Schematic showing 
interactions of energy levels in sp2 hybridization. (Reproduced from 
http://www.orgworld.de/ [58]) 

 
Figure 1-2. Schematic representation of sp2 hybridization leading to formation of 

delocalized π bond which further paves the way for hopping transport in 
organic semiconductors as illustrated. 

a) 

b) 

http://www.orgworld.de/,�
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Figure 1-3. Atomic orbitals (AOs) (s, p) combine to form molecular orbitals (MOs) (σ, π).  

 
Figure 1-4. Molecular structures of some of commonly used small molecules for organic 

electronic devices 
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Figure 1-5. Structures of some of the polymers widely used in solution processed 

organic optoelectronic devices. 

 
Figure 1-6. CIE coordinates of phosphorescent cyclomated platinum complexes with 

slight alteration in molecular structure[21]. 
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Figure 1-7. Schematic showing a typical OLED device stack with various layers. 

 
Figure 1-8. Sony’s 11” OLED television. Reproduced from 

http://www.theage.com.au/news/articles/sony-to-ship-first-oled-ultrathin-
tv/2007/10/02/1191091082710.html [32]. 
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Figure 1-9. A picture of Samsung bendable OLED display. (Reproduced from 
http://www.siftwire.com/samsung-create-a-bendable-oled-screen.html [33]). 

 
Figure 1-10. Schematic showing two prevalent device architectures used for solar cells 

a) planar heterojunction photovoltaic cell and b) bulk heterojunction 
photovoltaic cell. 

http://www.siftwire.com/samsung-create-a-bendable-oled-screen.html�
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Figure 1-11. Plots showing comparison of device performance for typical planar and 

bulk heterojunction photovoltaic cell. (a) Photo J-V characteristics and (b) 
IPCE of organic PV cells with planar heterojunction and bulk heterojunction 
devices fabricated with CuPc and AlPcCl (PHJ:planar heterojunction, BHJ: 
bulk heterojunction) (reproduced with permission from D. Y. Kim, F. So, and 
Y. Gao, "Aluminum phthalocyanine chloride/C60 organic photovoltaic cells 
with high open-circuit voltages," Sol. Energy Mater. Sol. Cells, vol. 93, pp. 
1688-1691, 2009 [38]). 
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Figure 1-12. Schematic showing the steps involved in fluorescence. (Adapted from 

http://www.bris.ac.uk/synaptic/info/imaging/imaging_1.htm [59]) 

 
Figure 1-13. Example of absorption and emission spectra for an organic material (PFO) 

showing florescence. Red curve depicts absorption spectra and blue curve 
depicts emission spectra. (Adapted from 
http://www.adsdyes.com/products/pdf/homopolymers/ADS129BE_DATA.pdf 
[60]) 

http://www.bris.ac.uk/synaptic/info/imaging/imaging_1.htm,�
http://www.adsdyes.com/products/pdf/homopolymers/ADS129BE_DATA.pdf,�
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Figure 1-14. Schematic showing steps involved in phosphorescence. (Adapted from 

http://www.umich.edu/~protein/AP/rtp.html [61]) 

 
Figure 1-15. Jablonski energy diagram summarizing the processes involved in 

fluorescence and phosphorescence. The respective time scales of all the 
processes are also indicated. (Adapted from 
http://www.olympusmicro.com/primer/java/jablonski/jabintro/index.html [54]) 

http://www.umich.edu/~protein/AP/rtp.html�
http://www.olympusmicro.com/primer/java/jablonski/jabintro/index.html,�
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Figure 1-16. Schematic depicting the energy diagram for hopping transport. 

 
 

Figure 1-17. Schematic showing various types of excitons in materials (Adapted from V. 
Bulovic, Lecture notes on Organic Electronics [62]). 
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CHAPTER 2 
ORGANIC LIGHT EMITTING DIODES 

2.1 Need for OLEDs 

2.1.1 Display Applications 

As we pointed out in the introductory chapter, organic light emitting diodes is the 

most mature technology based on organic semiconductors. Various research efforts 

over the last of couple of decades in both industry and academia have paved the way 

for the implementation of efficient red, green and blue OLEDs in passive and active 

matrix displays. Low information content OLED displays fabricated by various 

manufacturers such as Philips, Pioneer and Samsung have already been 

commercialized. Recently Sony launched the first OLED 11’ diagonal TV[32]. 

There are several key reasons for the interest in OLEDs for displays in terms of 

viewing angle, flexibility, weight, thickness, microsecond response times, and efficiency 

as we briefly outlined before. The average OLED thickness is about 100 nm, so display 

thickness and weight are limited by the substrates. Prototype flexible displays have 

been already demonstrated by Samsung, CDT and various other manufacturers. Also 

the response times of OLEDs for both fluorescence and phosphorescence materials are 

well within the range of video applications. 

Finally, the most significant advantage of OLEDs lies in the fact that it’s possible to 

achieve very high internal quantum efficiency (close to 100%)[24] by using organic 

phosphorescent materials. In contrast, the efficiency of an LCD is severely limited by 

the use of color filters for filtering the white backlight to get red, green, blue components 

and hence more than half of the available optical power is lost.  
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2.1.2 Lighting Applications 

Interest in OLED technology to satisfy general white lighting applications is 

increasing. Lighting is one of the major factors in total primary energy consumption of 

electricity. In light of this fact it is obvious that increasing the efficiency of general 

lighting will lead to tremendous energy savings. This has led to various research efforts 

being focused on improving the efficiency and lifetime of white OLEDs. 

OLEDs are attractive for use in energy efficient lighting as not only they can give 

very high luminous efficiencies as compared to incandescent and fluorescent lighting 

but they also use very low operation voltages (<5V). The typical incandescent light bulb 

operates at about 12-17 lm/W whereas now white OLEDs with close to 100 lm/W 

efficiency have been demonstrated. Hence, we can see that using OLEDs instead of 

incandescent bulbs can lead to huge savings in electrical power consumption. Even the 

compact florescent lamps operate at lower efficiency compared to most white OLED 

efficiencies being reported these days. 

2.2 OLED Lighting: Standard Terms and Definitions 

2.2.1 Introduction 

Before we move forward to discuss these OLED in detail, it is very important to 

understand the terminology used to describe some of the attributes of visible light  

which is frequently used in reference to OLEDs. Also we will discuss some of the 

lighting standards. Towards the end we will discuss OLED device parameters and 

efficiency measurements for these OLED devices. This information enables one to 

decipher the plethora of quantitative characterizations of such devices, and to gain 

insight into their design and fabrication. 
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2.2.2 Basic Concepts 

First we will describe some of the terms that are commonly used when discussing 

light sources. 

2.2.2.1 Luminance flux 

Luminance flux or power is the perceived power of light. It is different from radiant 

flux as luminance flux takes into account the varying sensitivity of the human eye to 

different wavelengths of light (usually referred as phototpic response). Radiant flux on 

the other hand is the measure of total power of light emitted.  

λλφ dVKm )(∫=Φ  

Here, Φ (luminance flux) is in lumens (lm), φ is the radiant power in W/nm, λ is the 

wavelength in nm, V (λ) is the photopic or scotopic response, and Km is the maximum 

spectral luminous efficacy, which is 683 lm/W and 1754 lm/W for photopic and scotopic 

vision, respectively. The SI unit of luminance flux is the lumen (lm). One lumen is 

defined as the flux of light produced by a light source that emits one candela of 

luminous intensity over a solid angle of one steradian. The candela is the SI unit of 

luminous intensity; that is, power emitted by a light source in a particular direction, 

weighted by the luminosity function (photopic or scotopic response). Further, the 

luminance, L, is a photometric measure of the luminous intensity per unit area of light in 

a given direction. It describes the amount of light that falls within a given solid angle. 

The SI unit for luminance is candela per square metre (cd/m2). A non-SI term for the 

same unit is the "nit". 
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2.2.2.2 Lambertian source 

A lambertian source is a light source whose luminous intensity in any direction 

varies as the cosine of the angle between that direction and the surface normal of the 

source. Hence, a lambertian source has same luminance regardless of viewing angle. 

All OLEDs are typically assumed to be lambertian emitters[63] as the deviations are 

pretty small. 

2.2.2.3 Human eye response 

Photopic vision is the response of the eye under well-lit conditions. In humans 

photopic vision allows color perception mediated by cone cells. The human eye uses 

three types of cones to sense light in three respective bands of color. The biological 

pigments of these three different types of cones have maximum absorption values at 

wavelengths of about 420 nm (blue), 534 nm (Bluish-Green), 564 nm (Yellowish-

Green). Their sensitivity ranges overlap to provide vision throughout the visible 

spectrum. The maximum efficacy is 683 lm/W at a wavelength of 555 nm (green)[64]. 

Apart from cones, the human eye has another class of photodetector cells known as the 

rods. Rods are extremely sensitive to light and are responsible for scotopic or night 

vision as they are sensitive in low light conditions (<0.01 cd/m2). The photopic response 

is active only above luminance levels of greater than 3 cd/m2. in the intermediate 

conditions of 0.01 and 3 cd/m2 the eye has a mesopic response and has a mix of 

scotopic and photopic responsivities. The peak spectral sensitivity of photopic vision is 

red-shifted by 40 nm from the peak spectral sensitivity of scotopic vision as shown in 

Figure 2-1. The photopic spectral responsivity is used in luminous intensity calculations 

for all light sources. Figure 2-2 shows the mesopic response which lies somewhere 

between the photopic and scotopic response. 
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2.2.2.4 Color correlated temperature 

Color temperature is a characteristic of visible light that has important applications 

with respect to lighting applications. The color temperature of a light source is calculated 

by comparing its chromaticity with that of an ideal black-body radiator. The temperature 

(measured in Kelvin (K)) at which the heated black-body radiator matches the color of 

the light source is that source's color correlated temperature. Higher color temperatures 

(5000 K or more) denote cool (green–blue) colors and lower color temperatures (2700–

3000 K) refer to warm (yellow–red) colors. 

However, light sources such as fluorescent lamps, LEDs etc emit light by 

processes other than heating or raising the temperature of a body. Thus the emitted 

radiation from such sources does not follow a black-body spectrum. Hence, these 

sources are assigned a correlated color temperature (CCT). CCT is the color 

temperature of a black body radiator which to human color perception most closely 

matches the light from the lamp.  

2.2.2.5 Color rendering index 

Color rendering or color rendition index is a quantitative measure of the ability of a 

light source to reproduce the colors of various objects as compared to an ideal or 

natural light source. The color of two light sources may appear identical when viewed 

directly and will therefore have the same CCT. However, the color of the reflected light 

from an object illuminated by these two sources may be significantly different which is 

measured in terms of CRI.  

To determine the CRI, the reflection from an object of a light source of a particular 

correlated color temperature is compared to the reflection from the same object under 

illumination from a blackbody radiator of the same color temperature. The similarity 
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between the two sources is ranked on a scale of 0 to 100, where a rating of 100 is a 

perfect match. Sources with a CRI value above 80 are considered high quality lighting 

sources. 

2.2.2.6 CIE color coordinates 

CIE color coordinates are used to describe the chromaticity of any light source. 

This system was given by International Commission on Illumination (CIE) in 1931 to 

describe the color sensation of a light source. The tristimulus values of a color as 

defined in CIE are the amounts of three primary colors in a three-component additive 

color model needed to match that test color. The tristimulus values CIE 1931 color 

space are denoted as X, Y, and Z. Two light sources have the same apparent color to 

an observer when they have the same tristimulus values, no matter what spectral 

distributions of light were used to produce them. 

The CIE has defined a set of three color-matching functions )(),(),( λλλ zyx  and , 

which are defined as the spectral sensitivity curves of three linear light detectors that 

yield tristimulus values as X, Y, and Z. The tristimulus values for a color with a spectral 

power distribution )(λI  are given in terms of the standard observer by: 

∫
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 where λ is the wavelength of the equivalent monochromatic light (measured in 

nanometers). 
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Since the human eye has three types of color sensors, a full plot of all visible 

colors is a three-dimensional figure. However, the concept of color can be divided into 

two parts: brightness and chromaticity. The CIE XYZ color space was designed such 

that the Y parameter was a measure of the brightness or luminance of a color. The 

chromaticity of a color was then specified by the two derived parameters x and y, two of 

the three normalized values which are functions of all three tristimulus values: 
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=  
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Zz −−=
++

= 1  

The derived color space specified by x, y, and Y is known as the CIE xyY color 

space and is widely used to specify colors in practice. Figure 2-3 shows the CIE 

chromaticity diagram. 

2.3 Device Parameters and Device Efficiency Measurements 

Being a relatively mature technology, there are already established standards of 

measurement for OLEDs developed in an ad hoc fashion. However, there are different 

ways in which the device parameters can be expressed and interpreted. Here we 

describe the device measurement parameter and how they have been used to calculate 

device efficiency. The discussion will be kept short as these are based on well 

established methods in literature[65]. 

LIV measurements were performed on OLED devices using the LIV setup in our 

lab as shown in Figure 2-4. The setup consisted of a source-meter which sources 

voltage and measures current, a photodiode was used to measure light output, the 
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photodiode was connected to a Pico-ammeter which measured the photocurrent. The 

photocurrent is then converted to Cd/m2 using already calibrated values. The device 

area for all the devices in this dissertation is 0.04 cm2. Typically the efficiency of OLEDs 

is expressed in three different forms in literature: 

• Current efficiency 
• Power efficiency  
• External quantum efficiency (EQE) 
 
2.3.1 Current Efficiency 

Luminous efficiency (ηL) or current efficiency is defined as the luminance per unit 

of current flowing through the device. Current efficiency is expressed in candelas per 

amp. It can be simply calculated from the LIV measurements as the ratio of luminance 

calculated from photocurrent to the current density (current divided by device area) of 

the device 

10*)/(
)/(min

2

2

cmmAJ
mcdanceLu

L =η  

2.3.2 Power Efficiency 

Luminous power efficiency or luminosity is the ratio of luminous power emitted in 

the forward direction to the total electrical power required to drive the OLED. 

VI
lmosityLu

OLED
P

)(min
=η  

The lm/W power efficiency takes the Photopic response into account. The 

wavelength independent, fundamental unit of power efficiency is the wall plug efficiency 

[W/W] which is defined as the ratio of optical power emitted by the device to the 

electrical power used to drive the device. 
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2.3.3 External Quantum Efficiency 

External quantum efficiency is defined as the ratio of number of photons emitted 

by OLED in the forward viewing direction to the number of electrons injected. While the 

EQE can also be defined as the total number of photons emitted by the OLED divided 

by the number of electrons that definition is not as useful (especially for display devices) 

and also poses more difficulties in measurement of device efficiency[65].  

 

As defined above the EQE is simply a ratio and is usually expressed as a 

percentage by multiplying with 100%. The current efficiency and EQE are almost 

equivalent with the exception that the current efficiency takes into account the Photopic 

response of the eye whereas EQE does not. 

In all the measurements done on devices, in this dissertation, we calculate the 

efficiency only in the forward viewing direction. We used a setup similar to described by 

Forrest et al[65] which is reproduced in Figure 2-5. In this measurement geometry only 

the photons emitted in the forward direction are measured by the photodiode, hence, 

this gives us an accurate measurement of the EQE and current efficiency. 

2.4 OLEDs: From History to Current State of the Art OLEDs 

As discussed already OLEDs are the most mature technology based on organic 

semiconductors, hence, some of their history was already highlighted in section on 
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organic semiconductors. This section focuses on the historical development of OLEDs 

and how OLEDs have evolved over time. 

2.4.1 Phosphorescent materials 

After the initial breakthrough with heterostructure devices significant performance 

enhancement was achieved using the incorporation of fluorescent dopants in emitting 

layers[16] employing the concept of sensitized luminescence in an organic guest-host 

system. Use of dopants led to improvisation in device efficiencies as dopants usually 

have high PL efficiencies. Also, use of dopants led to possibility of making devices with 

varied color emissions. The next significant step in increasing device efficiencies 

involved the incorporation of a phosphorescent dopant into the structure[66]. The 

phosphorescent OLEDs employ a similar device structure as shown in Figure 1-6 

wherein the emitting layer will consist of phosphorescent dopant and host system.  

Light emission in OLEDs depends mainly on two opto-electronic processes: 

fluorescence and phosphorescence. Phosphorescence is different from fluorescence in 

its origin in forbidden transitions that violate spin conservation as discussed previously 

in section 1.2.1. The excitons responsible for phosphorescence and fluorescence are 

named as triplets and singlets. According to the quantum mechanics, the spin of hole 

and electron can be coupled to form four states: three triplet states and one singlet. 

These sub states differ by their relative spin orientations. According to statistics, all four 

sub states have equal probability of being occupied. Hence the use of triplet transitions 

can, in principle, make devices four times as efficient as the ones just harvesting 

singlets. However, phosphorescent dopants also required complex device architectures 

to confines excitons in the EML. This led to the use of blocking layers in devices. Many 

papers report the use of exciton blocking layers to prevent excitons from diffusing to 
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nearby charge transport layers. Also, usually a number of charge blocking layers such 

as hole blocking layer and electron blocking layers are used to confine charge carriers 

in bulk of emitting layer. Hole blocking layers have been around for a long time in 

OLEDs but the need for electron blocking layers especially in electro-phosphorescent 

devices has only recently become apparent[67]. 

2.4.2 Weak Link in High Efficiency White OLEDs: Blue  

Since phosphorescent OLEDs came into picture, most of the efforts towards 

fabricating high efficiency white OLEDs use one or more phosphorescent dopants to 

maximize the efficiency of the device. White light-emitting OLEDs can be generated by 

four different approaches as shown in Figure 2-6.[68]. In the first approach a single 

white emitting stack is used which is usually fabricated by doping three monochromatic 

dopants: red, green and blue in a common host. Sometimes a combination of blue and 

orange dopant is also used to give a white emitting layer. Although this device 

architecture is easy to fabricate, but it does not have good color stability and also there 

is little room to tune the color without affecting device performance[68]. The second 

approach uses three monochromatic emitting layers stacked on top of each other. The 

combination of light output from these layers combines to give the final white spectrum 

for the device. For this device many different host and dopants are involved hence it 

relies on complex processing methods. Although this device architecture leads to color 

homogeneity over the active area but it is difficult to control the color over different 

range of current densities as the recombination zone might move in the device leading 

to different contributions from the different emitting layers. In the third approach the 

RGB stack is horizontally patterned. The main advantage of this approach is that the 

output spectrum of a horizontal stack can be changed while operating the device when 
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addressing the patterns separately. However, this method relies on expensive printing 

techniques. For all the above mentioned methods, color stability and reliability over long 

term operation is difficult to be achieved due to different lifetime aging rates of the 

emitters involved. The fourth approach which was used in this project is using a single 

color emitting (blue) OLED in combination with a down-conversion layer. The down 

conversion layer absorbs a fraction of the light emitted from OLED and re-emits at 

larger wavelength (red and green). The remitted light from the down conversion layer 

along with the remaining fraction of light from blue OLED constitute a white spectrum. 

This approach has various advantages such as easy fabrication and better color 

stability as the aging rate is determined by only one emitter. This concept was first 

demonstrated for fabricating white light-emitting inorganic devices[69] and is widely 

used in LEDs. Later on, the same concept was implemented to field of OLEDs by 

Duggal et al[70].  

Hence, we can see that for fabricating high efficiency white PHOLED, we either 

need three high efficiency monochromatic components: Red, green and blue or at least 

a high efficiency blue emitting OLED. Very high efficiency in green emitters has been 

demonstrated in various guest-host combinations[24, 71]. One of the most commonly 

used green emitters is irppy3 which emits at a peak wavelength of 530 nm. Another 

common green dopant is pq(ir)acac. Very high efficiency has been demonstrated with 

CBP-ir(pp)y3 and pq(ir)acac-TAZ system reaching close to the theoretical limit of 

quantum efficiency. However, blue emitting phosphorescent devices, which are 

essential for achieving high efficiency white OLEDs, were still lagging behind in terms of 

device efficiency until very recently[72, 73]. 
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The focus of this work is to remove this weak link in development of high efficiency 

white PHOLEDs by fabricating highly efficient blue phosphorescent OLEDs. We will 

focus on reviewing current literature in blue PHOLEDs in the following section. We will 

also review briefly factors affecting and limiting the performance of these blue 

phosphorescent devices. We study, examine and optimize each of these factors in the 

subsequent chapters to get high efficiency in these devices. The end goal of the project 

was to use these high efficiency PHOLEDs in development of white OLEDs using down 

conversion phosphors which will be briefly outlined toward the end of the thesis. 

2.4.3 Blue Phosphorescent OLEDs 

Various blue phosphorescent dopants have been used in the literature. Figure 2-7 

shows some of the most common blue phosphorescent emitters. FIrpic and FIr6 are the 

most commonly used blue phosphorescent dopants. FIrpic is a sky blue emitter 

whereas FIr6 is a deeper blue emitter. This thesis used FIrpic as the emitter in all 

devices. Hence, from here on we will focus on Firpic only. Firpic was one of the first 

dopants to be used in blue PHOLEDs. in the first report published by Adachi et al 4,4'-

Bis(carbazol-9-yl)biphenyl (CBP) was used as a host for FIrpic OLEDs[74]. However, 

with CBP as host endothermic energy transfer from guest to host was observed, i.e. 

there was backwards energy transfer from FIrpic to CBP as the triplet energy of FIrpic 

(T1= 2.7 eV)[75] is higher than that of CBP (T1= 2.6 eV) which will be discussed in detail 

in chapter 3. The external quantum efficiency obtained with CBP devices (5.7%) was 

much lower compared to the prevailing efficiencies for green PHOLEDs. Thereafter, 

higher triplet energy hosts were introduced for FIrpic OLEDs such as N, N’-dicarbazolyl-

3, 5-benzene (mCP)[75] or 4,4'-Bis(9-carbazolyl)-2,2'-dimethyl-biphenyl (CDBP)[76] 

which pushed the efficiency further up to almost 10%. When we started working on this 
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problem the best reported results were around 10-12% only whereas green 

phosphorescent OLEDs were already close to 20% EQE. Hence, it is an important issue 

to understand and optimize all the factors limiting the performance of these blue 

PHOLEDs. 

2.5 Review of Factors Limiting Blue OLED Performance 

The OLED external quantum efficiency is defined as[24]:  

phpexphext ηληηηη Φ== int  

where ηph is the light out-coupling efficiency and ηint is the internal quantum efficiency of 

the device. Light extraction efficiency is dependent on the device architecture[77]. Most 

of the light emitted from the OLED is lost in the glass substrate, and the ITO and the 

organic layers due to total internal reflection. Many efforts have been focused on 

improving the light extraction efficiency of OLED devices by surface roughening[78], use 

of micro lenses[79, 80], low index gratings[81] and microcavity structures[82]. 

Microcavity structures were used as a light extraction mechanism in this project which 

will be briefly discussed towards the end of this dissertation. 

The internal quantum efficiency depends on the following parameters[24]: ηex 

which is the fraction of excitons formed upon absorption of photons (~1 for 

phosphorescent materials), λ the charge balance factor and Φp the efficiency of the 

radiative decay process. Hence, to maximize the efficiency, all these factors need to be 

optimized. One of the important factors is triplet exciton confinement [75], and  the triplet 

energy of the host material[75] as well as the nearby charge transport layers[83] should 

be greater than that of the phosphorescent dopant. This confinement prevents 

backwards energy transfer from the dopant to the host or the transport materials. We 
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will demonstrate in detail, the effect of the triplet energy of the transport layers and the 

host material on the performance of Iridium (III)bis [(4,6-di-fluorophenyl)- pyridinato-

N,C2´] picolinate (FIrpic) based blue phosphorescent OLEDs, in chapter 3 of this thesis. 

We also study the effect of different guest-host interactions on the performance of Firpic 

devices and how does that impact the emission mechanism in the device. This effect 

will be discussed in detail in chapter 4. 

Another factor which is very important for achieving high efficiency is the balance 

of electrons and holes in the devices[24]. Imbalance in charge transport leads to 

accumulation of carriers at the interfaces thereby resulting in loss in efficiency[84] and 

lifetime[85]. Conventionally, this factor is assumed to be close to one (λ ≤ 1)[24]. 

However, in most OLED devices charge balance factor is far from its ideal value[86]. 

Chapter 5 discusses the effect of charge balance on device performance in detail. We 

also study charge balance in devices based on different host materials. Further we point 

out how we can tweak the charge balance in the device using high mobility or doped 

charge transport layers. Chapter 6 will focus on the aspect of achieving better charge 

balance in the devices using ambipolar host materials. Chapter 7 uses mixed host 

approach to get charge balanced high efficiency devices. By optimization of all the 

above mentioned factors, we were able to achieve high efficiency blue phosphorescent 

OLEDs with a maximum efficiency of 60 cd/A (about 50 lm/W) which is one of the 

highest value reported for such devices[86]. Chapter 8 presents the conclusion and 

outlook along with briefly outlining the use of microcavity structures and down 

conversion phosphors to get high efficiency white devices. 
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Figure 2-1. Photopic and scotopic response curves for human eye. (Adapted from 

http://www.prismalenceuk.com/light_vision [87]) 

 
Figure 2-2. Mesopic response curve for human eye. (Adapted from 

http://www.prismalenceuk.com/light_vision [87]) 

http://www.prismalenceuk.com/light_vision,�
http://www.prismalenceuk.com/light_vision,�


 

62 

 
 

Figure 2-3. CIE chromaticity diagram. (Adapted from http://www.silicalighting.eu/q-a/q-
a/the-cie-diagram [88]) 

 
 

Figure 2-4. A picture of LIV setup used in this study for measurements on OLED 
devices. 
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Figure 2-5. Experimental geometry used for efficiency measurements and calculations 

in this dissertation (Reproduced with permission from S. R. Forrest, D. D. C. 
Bradley, and M. E. Thompson, "Measuring the Efficiency of Organic Light-
Emitting Devices," Adv. Mater., vol. 15, pp. 1043-1048, 2003 [65]). 

 
Figure 2-6. Different approaches used for producing white light a) single white stack b) 

RGB layers stacked on top of each other c) patterened RGB pixeld d) down-
conversion of blue light with yellow phosphors. 
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Figure 2-7. Structure of common blue phosphorescent dopants and their peak emission 

wavelength a) FIrpic (472 nm) ) b) FIr6 (461 nm) c) mer-Ir(Pmb)3 (415 nm).  
www.lumtec.com.tw [89]. 

 

a) 
b) 

c) 

http://www.lumtec.com.tw/�
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CHAPTER 3 
EFFECT OF TRIPLET ENERGY CONFINEMENT ON PERFORMANCE OF BLUE 

PHOPHORESCENT OLEDS 

3.1 The Problem: Triplet Energy Confinement 

Most of the small molecule devices use multilayer heterostructure device 

architecture. The first OLED device consisted of a diamine and Alq3 as emitting layer 

which also acted as ETL, this laid the foundation for use of heterostructure devices[15]. 

As the use of dopants became prevalent[16], the device structure was modified to 

include more layers, each with a specific function, such as hole and electron transport 

layer for providing efficient transport in the device. Emitting layer usually consists of a 

host material doped with a small concentration of the emitter. The function of the host is 

to serve as a matrix for the dopant and to provide efficient energy or charge transfer to 

the emitter. With the dawn of era phosphorescence[66], the device structures became 

more and more complicated. Phosphorescent dopants also required complex device 

architectures to confines excitons in the EML. Singlet excitons have short diffusion 

lengths, on the order of tens to hundreds of Angstroms[16]. Triplet states have much 

longer lifetimes than their singlet counterparts, allowing them to diffuse >1000 Å[66, 90]. 

Thus, it is essential to use device architectures that will confine the excitons within EML. 

Triplet exciton confinement in a three layer double heterostructure is possible if the host, 

HTL and ETL have higher triplet energy than triplet energy of the emitter (as shown in 

Figure 3-1) but this is not always achieved with common OLED materials. 

In the first phosphorescent PtOEP devices made by Baldo et al the efficiency was 

about 4.2%[66]. The triplet energies of PtOEP, NPB and Alq3 are 1.9 eV, 2.3 eV and 2.0 

eV, respectively[91, 92]. It is energetically unfavorable, therefore, for excitons to diffuse 

into NPB, but the triplet energy of Alq3 being close to that of PtOEP, Alq3 does not block 
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these excitons effectively. Hence Baldo group used BCP as a combined hole and 

exciton blocker to improve efficiency to 5.6%[67, 90]. 

When the first phosphorescent blue device using a Firpic:CBP guest host system, 

they observed loss of efficiency due to backwards energy transfer from FIrpic to CBP as 

triplet energy of CBP is lower than that of FIrpic[67, 74]. Thereafter, higher triplet energy 

hosts were used like mCP or CDBP which show exothermic host-guest energy 

transfer[75, 76]. Figure 3-2 a) shows the phosphorescence spectra of CBP, mCP and 

FIrpic reproduced from ref [75]. The phosphorescent spectra of the materials which do 

not phosphoresce at room temperature, is measured at low temperature to obtain their 

triplet energy levels. The triplet energy of the molecule is calculated from the 

wavelength at which the onset of phosphorescence takes place. As is clearly evident 

from Figure 3-2 a) phosphorescence spectra of mCP takes off at a lower wavelength 

(higher energy) as compared to that of FIrpic and hence it provides good exciton 

confinement for FIrpic molecules. The efficiency for two devices made with CBP and 

mCP as host reproduced from the same ref [75] are also shown in Figure 3-2 b) to 

illustrate the effect of triplet energy of host clearly. 

In 2004, Goushi et al published a study showing triplet exciton confinement by 

using high triplet energy hole transporting layers such as TAPC, TPD as opposed to 

commonly used NPB which has lower triplet energy[93]. Figure 3-3 a) shows the 

phosphorescence spectra for the three hole transporting molecules and Figure 3-3 b) 

shows the effect of triplet energy of these hole transporting layers on device 

performance. TAPC has the highest energy at the onset of phosphorescence and the 

device with TAPC as HTL has the highest efficiency amongst all three. 
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Also recently Tanaka et al[71, 94] have demonstrated very high efficiency 

phosphorescent devices using high triplet energy transport layers for green PHOLEDs. 

They have reported device efficiencies of 29% EQE at 100 cd/m2 and 26% at 

1000Cd/m2, power efficiencies of 133lm/W at 100Cd/m2 and 107lm/W at 1000Cd/m2 

(see Figure 3-4 a) & b)). They used high triplet energy materials for both hole and 

electron transport to confine all the excitons in the bulk of emitting layer thus achieving 

one of highest reported efficiency for green phosphorescent OLEDs[71]. 

This triplet exciton confinement by charge transporting layers has also been 

demonstrated in polymer PHOLEDs. Specifically, devices using 1,3-bis[(4-tert-

butylphenyl)-1,3,4- oxadiazolyl] �phenylene (OXD-7, T1=2.7 eV) as an electron 

�transporting layer (ETL) have higher efficiency than those made with 2,9-dimethyl-4,7-

diphenyl-1,10- phenanthroline (BCP, T1=2.6 eV) as an ETL. For blue PHOLEDs, various 

high triplet energy host materials have been introduced, and it was found that there is a 

strong correlation between the triplet energy of the host and the device efficiency. For 

example, there has been work done on the effect of the host triplet energy on the device 

efficiency using host materials such as 3,5- �N,Ndicarbazolebenzene (mCP, T1=2.9 

eV)[75]  4,4’-bis(9-dicarbazolyl)- 2,2-dimethyl-biphenyl (CDBP, T1=3.0 eV)[76] and 9-(4-

tert-butylphenyl)-3,6-bis(triphenylsilyl) -9H-carbazole (CzSi, T1=3.02 eV)[95].  

Hence, for designing an efficient phosphorescent device triplet energy of the host 

and the adjacent transport layers should be greater than that of the emitter to prevent 

any backwards energy transfer processes. In the next sections we will show the effect 

of triplet energy of charge transport layers (hole and electron) and host on device 

performance of blue PHOLED. 
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3.2 Triplet Exciton Confinement with Charge Transport Layers 

In our present study, we have fabricated blue phosphorescent devices based on 

iridium(III)  bis[(4,6-difluorophenyl)-pyridinato-N,C2’] picolinate (FIrpic) with different 

hole transporting materials as well as electron transporting materials. Using TAPC as 

the HTL, we achieved a maximum current efficiency of ηL= (19.8±1) cd/A, external 

quantum efficiency (ηEQE) of (10.1±0.5)%, and power efficiency ηP of (11±0.6) lm/W, 

which is approximately 35% higher than that in previously reported devices with α-NPD 

as the HTL (maximum EQE=7.5±0.8%). We attribute this improvement to the enhanced 

electron and exciton confinement in the devices as TAPC possesses a lower lowest 

unoccupied molecular orbital energy (LUMO) and higher triplet energy than those in α-

NPD. On the contrary, the device efficiency was not very sensitive to the triplet energies 

of the hole blocking layers (HBLs) and the results suggest that the electron transporting 

properties of the HBL also play an important role in determining the device efficiency. 

3.2.1 Hole Transport Layer 

The device structures used in this study are shown in Fig. 3-5. mCP was selected 

as a host because of its triplet energy and its high photoluminescence efficiency[96] 

when it is doped with FIrpic. All devices were fabricated on glass substrates precoated 

with indium tin oxide (ITO) transparent conducting electrode with a sheet resistance of 

20 Ω/ sq. Substrates were first cleaned in acetone and isopropanol, and then cleaned 

by exposure for 15 min to an ultraviolet-ozone ambient. A 20-nm-thick film of poly(3,4-

ethylenedioxythiophene)–polystyrenesulfonic acid (PEDOT:PSS) hole injection layer as 

spin coated over ITO substrate and baked at 180 °C for 15 min. To complete the device 

fabrication, a 20-nm-thick HTL (NPD, TPD, or TAPC), a 20-nm-thick 3% FIrpic doped 

mCP emitting layer, a 20-nmthick HBL (BCP), a 20-nm-thick tris(8-quinolinolato) 
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aluminum (Alq3) electron injection layer, and a lithium fluoride/ aluminum cathode were 

deposited sequentially without breaking the vacuum (~1X10−6 Torr).The active area of 

the device is 2X2 mm2. Devices were encapsulated in nitrogen ambient immediately 

after deposition using a glass cover slide sealed to the substrate with a UV-curable 

adhesive. 

The device efficiencies with different HTLs are shown in Fig. 3-6. The maximum 

current efficiencies of devices with different HTLs are 14.3, 17.5, and 19.8 cd/A for 

NPD, TPD, and TAPC, respectively. The triplet energies of the HTLs used in this study 

are 2.29, 2.34, and 2.87 eV for NPD, TPD, and TAPC, respectively. Figure 3-6 also 

shows the triplet energies of different HTLs used in the present experiments along with 

the triplet energies of Firpic and mCP. Our results indicate that TAPC confines the triplet 

excitons within the emitting layer most effectively. In devices with TPD and NPD, 

exciton energy readily transfers from FIrpic to the HTL, resulting in lower device 

efficiency. It should be noted that current efficiency of TPD device is slightly higher than 

that of the NPD device, even thoughT1 of TPD is almost similar to T1 of NPD (ΔT1 =0.05 

eV). As outlined in the previous section Goushi et al[93] also found similar results in 

their green phosphorescent devices where they observed a significant  difference in 

efficiency despite the small difference in the triplet energies between TPD and NPD. 

Given that the triplet energies of both TPD and NPD are lower than that of FIrpic, the 

recombination zone should be kept away from the HTL interface. Since TPD has a 

higher hole mobility (μTPD=~1X10−3 cm2 /V s) than NPD (μNPD=~5X10−4 cm2/Vs), it is 

expected that the TPD device should have an emission zone further away from the HTL 
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interface compared with the NPD device, resulting in higher efficiency in the TPD 

device. 

3.2.2 Electron Transport Layer 

An analogous study was done with electron transport materials for blue 

phosphorescent OLEDs. The device structure used was similar to that used for HTL 

study. TAPC was used as the hole transport layer for these devices and three different 

hole blocking layers: BCP, BPhen and OXD-7. The device structure is shown in Figure 

3-7. The current and power efficiencies of several devices with different ETLs are 

shown in Figure 3-8. The three electron transporting materials studied here are BCP 

(T1=2.6 eV), BPhen (T1=2.5 eV)[97], and OXD-7 (T1=2.7 eV). OXD-7 has the highest 

triplet energy but its device efficiency (21.7 cd/A) is only slightly higher than that of the 

other two devices with BCP (19.8 cd/A) and BPhen (21.1 cd/A). In contrast to the HTL, 

there is no clear trend in device efficiency in correlation between the triplet energy of the 

ETL. 

To understand how ETLs affect PHOLED’s efficiency, current density-voltage (J-V) 

and luminance-voltage (L-V) characteristics of the above devices with different ETLs 

were measured and the results are shown in Figure 3-9. Current density and luminance 

of BPhen device are higher than those of OXD-7 and BCP devices due to higher 

electron mobility of BPhen (5.2X10−4 cm2/Vs at ~105 V/cm[98]) than that of BCP 

(5.5X10−6 cm2/Vs at 105 V/cm [99]) and OXD-7. Current-voltage characteristics of 

devices with BCP and OXD-7 in Figure 3-8 b) indicate that electron mobilities of the two 

materials are similar. 

Compared to ETL, the hole mobility of TAPC (1.0X10−2 cm2/Vs at 105 V/cm [100]) 

is two to three orders of magnitude higher than the electron mobilities of the HBLs used 
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in this study. Thus, the devices with BCP and OXD-7 as the HBL are largely hole 

dominant. Since charge balance also plays an important role in determining the device 

efficiency, the triplet energy of the ETL is not the only determining factor affecting the 

device efficiency. Among all ETLs studied here, BPhen has the highest electron mobility 

and provides better charge balance; therefore, the device efficiency is not significantly 

lower than those of the other two devices even though it has lower triplet energy. Based 

on these results, both high triplet energy and electron mobility are important to achieve 

high device efficiency. 

We have investigated the effects of triplet energy and charge transporting 

properties of electron and hole transporting materials on FIrpic-doped blue 

phosphorescent devices. We found that the device efficiency is a strong function of the 

hole transporting materials used. The device with TAPC HTL shows the highest 

efficiency due to the high triplet energy. While the triplet energies of TPD and NPD are 

similar, the TPD device gives higher efficiency compared with the NPD device due to 

the higher hole mobility in TPD. On the other hand, the device efficiency does not 

appear to be affected by the triplet energy of the ETL, indicating that the electron 

mobility of the ETLs plays a dominant role in determining the device efficiency. 

3.3 Host-Dopant Effect  

As discussed in the previous section, the triplet energy of the host[75] and the 

charge transport materials[83, 93] used in PHOLEDs, is one of the most important 

factors determining the performance of PHOLEDs. Initially, 4,4'-bis(carbazol-9-yl) 

biphenyl (CBP)  was used as a host for FIrpic OLEDs[74]. With CBP as the host 

endothermic energy transfer from the guest to the host was observed, as the triplet 

energy of FIrpic (T1= 2.7 eV) is higher than that of CBP (T1= 2.6 eV)[74]. 
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Thereafter, higher triplet energy host materials such as mCP[75] with triplet energy 

of 2.9 eV, 4,4'-bis(9-carbazolyl)-2,2'-dimethyl-biphenyl (CDBP)[76] with triplet energy of 

3.0 eV, and p-bis(triphenylsilyly)benzene (UGH2) with a triplet energy of 3.5 eV[101] 

were introduced. Figure 3-9 shows the structure of different host materials used in this 

study and Figure 3-10 shows the device structure which was similar to the one used for 

the hole transport layer study. 

In this study, all four hosts were used to fabricate FIrpic devices and Figure 3-11 

shows the efficiency plots for different host materials. The lowest device efficiency is 

seen for the devices with CBP host (14.5 cd/A) which is consistent with the fact that 

these devices show endothermic energy transfer from CBP to FIrpic. The peak device 

efficiencies for mCP (20.7 cd/A) and CDBP (19.9 cd/A) host materials are very similar 

and these results are expected as these materials have almost equal triplet energies. 

The efficiencies for these devices differ in roll-off which is probably due to the difference 

in their charge transporting properties. The efficiency was found to be the highest for 

UGH2 host (31.7 cd/A) which has the highest triplet energy as well as the highest 

energy band gap which is most efficient in exciton confinement. 

Even though the efficiency was found to be highest for devices with UGH2 host, 

this can’t be completely attributed to its triplet energy. We will shed some more light on 

this in the next chapter. UGH2 has a different transport and emission mechanism as will 

be clear from the next section. Hence, it is unfair to directly compare the triplet energies 

of these materials without pointing the difference in mechanism of guest-host 

interactions. 
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3.4 Summary 

We systematically studied the effect of triplet exciton confinement on performance 

of FIrpic based blue PHOLEDs. In case of hole transport materials, the device efficiency 

is significantly affected by the triplet energy of hole transport materials. However, in 

case of electron transport materials, the device performance was not strongly correlated 

to the triplet energy of the electron transport molecule and both triplet energy and 

mobility had an impact on device performance. All the electron transport materials used 

upto this point had lower triplet energy than that of FIrpic, hence, a clear understanding 

of the effect of triplet exciton confinement with ETL was not achieved. Later on, in this 

thesis we introduce a high triplet energy ETL material which helped us not only to 

clearly illustrate the effect of triplet energy of ETL, but also helped us in isolating the 

effect of mobility and triplet energy of transport layer on device performance. In the 

study involving the host materials, it was found that not only the triplet energy of the 

host material but also the interaction between the host matrix and the guest molecules 

significantly impacts the device characteristics. 
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Figure 3-1. Studying triplet exciton confinement a) demonstrating exciton loss pathways 
if the system has poor exciton confinement b) if triplet energy of host and 
transport materials is higher than that of emitter loss is minimized. 

 
Figure 3-2. Illustrating the effect of host triplet energy a) Phosphorescence spectra of 

host materials CBP and mcP compared to that of FIrpic illustrating the 
difference in the triplet energy of these materials. The triplet energy is 
measured as the onset of phosphorescence. B) Device efficiency with both 
CBP and mCP illustrating the effect on device performance.(Reproduced with 
permission from R. J. Holmes, S. R. Forrest, Y. J. Tung, R. C. Kwong, J. J. 
Brown, S. Garon, and M. E. Thompson, "Blue organic 
electrophosphorescence using exothermic host--guest energy transfer," Appl. 
Phys. Lett., vol. 82, pp. 2422-2424, 2003[75]) 

a) b)
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Figure 3-3. Illustrating the effect of triplet energy of HTL on device performance; a) 
Phosphorescence spectra of HTL materials NPD, TPD and TAPC, b) device 
efficiency for three different HTL materials used in green phosphorescent 
materials. (Reproduced with permission from K. Goushi, R. Kwong, J. J. 
Brown, H. Sasabe, and C. Adachi, "Triplet exciton confinement and 
unconfinement by adjacent hole-transport layers," J. Appl. Phys., vol. 95, pp. 
7798-7802, 2004 [93]) 
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Figure 3-4. Illustrating the effect of triplet energy of ETL. a) Phosphorescence spectra of 

B3PYMPM (ETL) compared with the spectra of Ir(ppy)3. b) Power efficiency– 
luminance and current efficiency–luminance characteristics for green 
PHOLED (Reproduced from ref D. Tanaka, Y. Agata, T. Takeda, S. 
Watanabe, and J. Kido, "High luminous efficiency blue organic light-emitting 
devices using high triplet excited energy materials," Japanese Journal of 
Applied Physics Part 2-Letters & Express Letters, vol. 46, pp. L117-L119, 
2007 [71]) 
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Figure 3-5. Device structure of blue PHOLEDs for studying effect of triplet energy 
confinement from HTL 

 

Figure 3-6. Current efficiency and power efficiency of blue PHOLEDs by changing 
HTLs. 
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Figure 3-7. Device structure used for studying effect of different electron transport 
materials (ETMs). 

 
Figure 3-8. Comparing different ETLs for blue PHOLEDs. a) Current efficiency 

comparison of blue PHOLEDs with BCP, BPhen, and OXD-7 as a HBL. b) 
Luminance-current-voltage graph (L-I-V) of blue PHOLEDS with BCP, BPhen, 
and OXD-7 as a HBL. 

a) 
b) 



 

79 

 
 

Figure 3-9. Device structure used for comparing different host materials and to study the 
guest-host interactions 

 
Figure 3-10. Device structure used for comparing different host materials and to study 

the guest-host interactions 
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Figure 3-11. Current efficiency of devices fabricated with different host materials. 
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Table 3-1. Table listing the triplet energies of various host materials used in this study 
and their corresponding efficiency comparison at the same current density of 
1.5 mA/cm2. 

Host  Host T1(eV) EQE (%) @1.5 mA/cm2 
CBP 2.5 5.7 
mCP 2.9 7.5 
CDBP 3.0 10.4 
UGH2 3.2 15.0 
Current density of 1.5 mA/cm2 was chosen as the peak of all the devices with different host materials 
coincided at that point.  
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CHAPTER 4 
EFFECT OF GUEST-HOST INERACTIONS  

4.1 FIrpic Doping Concentration in Different Host Systems 

In most devices, luminescence of phosphorescent dopants is due to Förster 

energy transfer and high photoluminescence quantum efficiencies are achieved with low 

dopant concentration[96]. For example, bis[(4,6-di-fluorophenyl)-pyridinate-

N,C2`]picolinate (FIrpic) doped N, N’-dicarbazolyl-3, 5-benzene (mCP) films have very 

high photoluminescence quantum efficiency[96] at low doping concentration (as shown 

in Figure 4-1) and the efficiency decreases with increasing doping concentration. Figure 

4-1 (reproduced with permission from [96]) shows the photoluminescence quantum 

yield of three common phosphorescent RGB dopants: Ir(ppy)3, Btp2Ir(acac) and FIrpic in 

CBP host. For FIrpic PL quantum yield measurement in mCP host is also shown to 

illustrate the effect of triplet energy of host molecule. From this plot we can see that for 

all these dopants, the PL efficiency peaks at low doping concentrations and at high 

doping concentration quenching mechanisms (triplet-triplet quenching) come into play. 

FIrpic films maintain still a high enough quantum efficiency of 16% in neat films as the  

fluorination on the ppy ligand hinders self-quenching interactions[96]. The peak 

efficiency for Firpic in mCP hosts is seen at low concentration of 1-2%. In previous 

reports on the mCP-FIrpic host-dopant system, low doping concentration (2 wt%) of 

FIrpic was used to achieve a maximum current efficiency of 20 cd/A[75, 102]. However, 

in the wide band gap UGH2 host based devices reported in the previous chapter we 

used 10% FIrpic in the EML and still got higher efficiency as compared to mCP host. 

Therefore, in order to understand the differences between the mCP and UGH2 host 
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systems, we investigate the effect of FIrpic doping concentration on charge transport as 

well as carrier recombination in these two host systems. 

4.2 Investigating Guest-Host Interactions 

Both mCP and UGH2 were used as a host in our present study. Figure 4-2 shows 

the device structure used in this study along with the energy level alignments for 

different layers. To understand the effect of doping concentration in both mCP and 

UGH2, OLEDs were fabricated with different FIrpic doping concentrations. We analyze 

the effect of doping concentrations on the current density and efficiency of these 

devices. OLED devices were fabricated with FIrpic doping concentrations of 2-3%, 5%, 

10% and 20%. LIV measurements were performed on these devices as described 

earlier. 

4.2.1 mCP Host 

Figure 4-3 shows the current density-voltage (J-V) characteristics for mCP devices 

with different FIrpic concentrations. The current density of the devices with different 

doping concentrations does not change very significantly. The current density shows 

slight increase but does not increase significantly with doping concentration of FIrpic. It 

is evident from the J-V characteristics that there is no strong correlation between the 

device current density and the FIrpic doping concentration, and the presence of FIrpic 

does not appear to affect the carrier transport significantly. Thus we conclude that the 

carrier transport is through the mCP host molecules and the FIrpic emission occurs via 

Förster energy transfer from the host to the dopant. 

4.2.2 UGH2 Host 

Figure 4-4 shows the J-V characteristics for UGH2 devices with varying FIrpic 

concentrations. We first note that the current density of the UGH2 devices with low 
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FIrpic concentration is at least two to three orders of magnitude lower than that in the 

corresponding mCP devices. Furthermore, in contrast with the mCP devices, the current 

density of the UGH2 devices is a strong function of the dopant concentration, and the 

current density increases by more than three orders of magnitude as the dopant 

concentration increases from 2% to 20%. Since UGH2 is a very wide gap material[101, 

103], it mostly behaves as an insulator with low conductivity and carrier injection into 

UGH2 is difficult. With the presence of the dopant molecules, charge carriers transport 

via hoping between FIrpic molecules, resulting in a substantial enhancement in carrier 

transport in the emitting layer. Since the UGH2 molecules are not participating in carrier 

transport, the dopant molecules probably act as carrier trapping and radiative 

recombination centers. This point will be further discussed in the section below. 

4.2.3 Effect on Device Efficiency 

To further understand the underlying device physics in the two different host 

systems, we study the dependence of device efficiency as a function of doping 

concentration. Figure 4-5 shows the peak current efficiency as a function of FIrpic 

concentration for both mCP and UGH2 devices. In previous reports, the maximum 

electroluminescence efficiency in the FIrpic-mCP dopant-host system[75, 104] was 

achieved at low doping concentration, and the efficiency decreased with increasing 

doping concentration due to quenching. Our device efficiency data for mCP devices are 

in agreement with the published reports that a maximum current efficiency of ~21 cd/A 

is reached at 2 wt% doping concentration and the efficiency falls sharply with increasing 

FIrpic concentration. In contrast, the UGH2 host devices show a very different trend. 

Here, the current efficiency is 20 cd/A at 2 wt% concentration, similar to that of the 

FIrpic doped mCP devices, and increases with increasing FIrpic concentration. It 
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reaches a maximum value of 32 cd/A at 10 wt% and decreases slightly to 30 cd/A at a 

very high concentration of 20 wt%. Our data indicate that the increase of device 

efficiency is coming from two factors. First, the dopant molecules enhance the charge 

transport as well as charge balance resulting in higher efficiency with increasing doping 

concentration. Second, the dopant molecules also act as carrier trapping centers as well 

as exciton recombination centers, and higher doping concentration leads to more 

efficient carrier trapping and radiative recombination resulting in higher efficiency. It 

should also be noted that the excitons are confined by the insulating host effectively and 

the quenching mechanisms do not come into play until the concentration reaches 20%. 

Hence, high efficiency can be achieved at very high concentration in a wide band gap 

host. Based on the data shown in Figure 4-5, we established that 2 wt% doping is the 

optimum concentration for the mCP devices while 10 wt% FIrpic doping is the optimum 

concentration for the UGH2 devices in the current device architecture. 

4.2.4 Photoluminescence Quantum Yield Measurements (PLQY) 

As we have learnt already that the guest host interactions in two different systems 

mCP and UGH2 lead to very different device efficiency trends in EL device efficiency. In 

this section we compare the PL efficiencies of the two systems with varying 

concentration of the dopant, in order to understand the underlying reason for this 

difference. If the PL efficiency measurements results differ from the EL efficiency trends, 

this difference in trends might be arising from the difference in transport interactions. 

However, if they agree closely, the difference between the two systems might be mainly 

because of the difference in exciton and energy transfer in the two hosts.  

For PLQY measurements we fabricated 100 nm thick films of the respective hosts 

with varying dopant concentrations. The measurements were done similar to those 
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reported for mCP in ref [96]. The system was also calibrated as described by Kawamura 

et al by using a standard light source and a neat film of tris(8-quinolinolato) 

aluminum(III) complex as a standard fluorescent emitter which showed a PLQY of 

20%[105]. 

Figure 4-6 shows the photoluminescence efficiency trends for FIrpic doped UGH2 

thin films. Films were fabricated with 5%, 10%, 20%, 30% and 40% of FIrpic loading in 

UGH2. The trend seen in PL efficiency of these UGH2 films is quite different from that of 

mCP. The PL efficiency of these films peaks at about 30% whereas for mCP films at 

such high concentration the PL efficiency had already gone down quite a bit. Hence, we 

can conclude that the difference that we see in the two host systems is mainly because 

of different route for exciton and energy transfer as we see similar trends in EL and PL 

efficiency. However, in EL devices the maximum efficiency for UGH2 host systems was 

found to be at 10% whereas in PL measurement the highest efficiency was obtained for 

30% doped film which indicates that transport in the two systems might also be playing 

a significant role in determining the optimum concentration and quenching mechanisms 

in the device. Infact, we show later on in the dissertation that the optimum EL device 

efficiency moves to higher doping concentrations as the transport in the device is 

improved.  

4.3 Summary 

In summary, we have studied the effects of different guest-host interactions on the 

efficiency of FIrpic based PHOLEDs and found that the host material plays an important 

role in determining the device current and efficiency. The carrier transport in mCP 

devices is independent of the FIrpic concentration, and the host is responsible for 

carrier transport and emission occurs via Förster energy transfer from the host to guest 
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molecules. In contrast, the carrier transport in UGH2 devices is a strong function of the 

FIrpic concentration, and the dopant molecules are responsible for both carrier transport 

and radiative recombination. Higher doping concentration leads to enhanced carrier 

transport and higher luminescence efficiency.  
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Figure 4-1. Photoluminescence efficiency for thin films of phosphorescent dopants a) 

CBP:Ir(ppy)3 b) CBP:Btp2(Ir)acac and c) CBP:FIrpic (solid symbols) and 
mCP:FIrpic (hollow symbols). (Reproduced with permission from Y. 
Kawamura, K. Goushi, J. Brooks, and J. J. Brown, "100% phosphorescence 
quantum efficiency of Ir(III) complexes in organic semiconductor films," Appl. 
Phys. Lett., vol. 86, pp. 071104, 2005 [96]). 

 
Figure 4-2. Device structure used for investigating guest-host interactions. 
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Figure 4-3. J-V characteristics for devices with mCP as host and different doping 

concentration of FIrpic molecules 

 
Figure 4-4. J-V characteristics for devices with UGH2 as host and different doping 

concentration of FIrpic molecules 
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Figure 4-5. Concentration dependence of device efficiency for devices with mCP and 

UGH2 as host (lines are used only as a guide to the eye). 
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Figure 4-6. PL efficiency measurement for FIrpic doped UGH2 films. 
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CHAPTER 5 
IMPORTANCE OF CHARGE BALANCE IN BLUE PHOSPHORESCENT OLEDS  

Charge balance is a very important factor in the performance of an OLED. It has 

already been established that internal quantum efficiency of the device is directly related 

to the balance of electrons and holes in the device[24]. For maximizing the efficiency of 

blue PHOLEDs we need to confine the recombination zone in the bulk of the EML. 

Charge imbalance causes the recombination zone to move to the interfaces. Commonly 

used transport materials such NPD (T1=2.29 eV)[93], BCP (T1=2.5 eV)[91] and Alq3 

(T1= 2.0 eV)[91] have lower triplet energy than that of FIrpic (T1=2.7 eV)[75]. Hence, if 

the recombination zone is at the interface then the excitons can be quenched by lower 

triplet energy charge transporting layer as discussed in chapter 3.  Also, charge balance 

strongly affects the efficiency roll-off in a phosphorescent device[106]. Recombination at 

the interface leads to increased triplet quenching and loss of efficiency at high current 

densities and roll-off in efficiency. 

5.1 Investigating Charge Balance 

In this chapter we investigate charge balance in FIrpic based OLEDs by fabricating 

single carrier devices. Figure 5-1 a) shows the structure of our control OLED device and 

5-1 b) and c) shows the device structure for electron-only and hole-only devices 

respectively. 

The hole mobility of TAPC (~ 1.0X10-2 cm2/Vs)[100] is four orders of magnitude 

higher than the electron mobility of BCP (5.5X10-6 cm2/Vs)[107]. Hence, it is expected 

that in our control mCP device shown in Figure 5-1 a), the recombination zone will be 

located at the interface of EML and ETL. Figure 5-2 shows the current density vs. 

voltage plot for the single carrier (hole and electron only) devices. From this IV data it 
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can be clearly seen that the hole current density is orders of magnitude higher than the 

electron current density, indicating that the device is very hole dominant. 

As the devices are found to be deficient in electron transport, it is expected that 

the recombination zone of the device is located at the EML/ETL interface. In the next 

section, we probe the recombination zone in these devices to verify that our hypothesis 

about the location of recombination is indeed correct. 

5.2 Probing the Location of Recombination Zone 

To verify the location of recombination zone and charge balance, two 

modifications of our control dual carrier device were fabricated which have different 

location of FIrpic doping in the emitting layer. The left doped device (doped at the 

HTL/EML interface) as shown in Figure 5-3 a) has the following structure: 

ITO/PEDOT/TAPC/mCP:FIrpic (10 nm) /mCP (10 nm)/BCP/LiF/Al and the right doped 

(doped at the HTL/EML interface) device as shown in Figure 5-3 b) has the following 

structure: ITO/PEDOT/TAPC/mCP (10 nm)/mCP:FIrpic (10 nm) /BCP/LiF/Al. Since in 

the mCP host based FIrpic devices, the charge carriers are transported through the 

host[75], the location of doping should not affect the carrier transport. Measurements 

were done on all these different sets of devices and their current-luminescence-voltage 

(LIV) and efficiency data was studied to probe the location of recombination zone in 

these devices. 

Figure 5-4 compares the device characteristics for the control device and the two 

devices shown in figure 5-3. All three devices show almost identical JV characteristics 

as shown in Figure 5-4 a) as expected. This verifies the fact that the location of dopant 

in the emitting layer is not affecting the charge transport in the device. However, the 

luminance of the three devices does not follow the same trend. Luminance in the device 
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doped on the surface of HTL/ETL (left doped) device is lower by more than an order of 

magnitude. This shows that in case of left doped device, exciton formation and/or 

radiative decay is lower than the other two devices. This can be explained by our earlier 

hypothesis that the recombination zone is located at the EML/ETL interface. Because of 

the difference in charge carrier mobilities in the two transport layers, the electrons might 

lag behind even further to reach the dopant to cause exciton formation and radiative 

recombination in case of the left doped device. Hence, this leads to the huge difference 

in efficiency between the right-doped device and the other two. As the dopant is located 

at the TAPC/mCP interface, fewer electrons are able to reach the doped layer resulting 

in lower device efficiency as shown in Figure 5-4 b). One the other hand, the other two 

devices have much higher efficiency compared to the left-doped device, indicating that 

the recombination zone is located on mCP/BCP interface. 

5.3 Importance of Tuning Charge Balance for Blue PHOLEDs 

From the investigation of charge balance and probing the recombination zone in 

these FIrpic based blue PHOLEDs, we demonstrated that these devices are largely hole 

dominant and the recombination zone in these devices is indeed located at the 

EML/ETL interface as is illustrated in Figure 5-5 a). However, considering the triplet 

exciton confinement in this device as shown in Figure 5-5 b), we can expect that this 

charge imbalance affects the device performance in this case even more severely as 

the triplet energy of BCP is lower than that of FIrpic unlike TAPC. Hence, if the majority 

of recombination occurs at EML/BCP interface, there is high probability of these triplet 

excitons being quenched by the lower triplet energy BCP layer. Hence, the issue of 

charge imbalance added to the problem of triplet exciton confinement makes this issue 
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severe. To summarize the two main issues affecting the efficiency of FIrpic based blue 

PHOLEDs: 

• Poor charge balance mainly due to lower electron mobility of electron transport 
layer as compared to hole mobility of hole transport layer 

• Poor triplet exciton confinement at EML/ETL interface due to lower triplet energy of 
ETL. 

To overcome these two issues we first and foremost need to use a high triplet 

energy electron transport material to minimize the loss of triplet excitons from dopant to 

neighboring charge transport layers. The triplet excitons in phosphorescent devices 

tend to have long diffusion lengths, even if the charge balance is significantly improved 

to push the recombination zone away from the EML/ETL interface, there might still be 

possibility of quenching of excitons from ETL. However, charge balance is also an 

equally important issue which we will clearly demonstrate at the end of this chapter and 

there are different ways to tune the charge balance in the device some of which will be 

discussed in following chapters. In this chapter we will present two approaches to tune 

the charge transport and balance in OLED devices: 1) Using doped transport layers and 

2) using high mobility electron transport materials. 

5.4 Tuning Charge Balance with Doped Transport Layers 

Since the triplet energy is a property of a material and there are few high triplet 

energy ETL materials available commercially, here we focus on improving transport in 

the device by doping. We used n-doped and p-doped transport layers to study how the 

charge balance and device performance is affected by these changes in transport. For 

the p-doped layer we used MeO-TPD doped with 2 mol%F4TCNQ. BPhen doped with 

1:1 Lithium was used as n-doped layer. To look at the effect of these doped transport 

layers we fabricated three sets of devices: 1) control device 2) p-i-n device and 3) n-
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doped device. The device structures for p-i-n and n-doped device are shown in Figure 

5-6. LIV characteristics were measured for all the three sets of OLED devices.  Figure 

5-7 shows the current density efficiency characteristics for these devices. The p-i-n 

device shows higher efficiency as compared to intrinsic device indicating that improving 

the transport in the device does improve the device performance as the current 

efficiency increases to about 35cd/A from 27 cd/A. however, as our control device was 

hole dominant to start with, even though the p-doped layer might help to push down the 

operation voltage but it might worsen the charge balance in the device. To illustrate this 

fact we fabricated an n-doped device and this device has the highest peak efficiency of 

all three which agrees with the fact that electron transport is lacking in the device and 

achieving better charge balance is the key to high efficiency. The n-doped device show 

39 cd/A current efficiency which shows a 30% enhancement over the UGH2 control 

device. However, the peak for the n-doped devices has shifted to lower current density 

which is probably due to dynamic nature of charge balance. Charge balance using 

doped transport layers was fully optimized by using different alkali metal as dopants 

with our collaborators[108, 109] and is not a part of this dissertation. Even with this 

minimal optimization with doped charge transport layers we achieved close to 20% EQE 

for FIrpic based blue PHOLEDs which is a significant enhancement from the modest 10-

12% of EQE of other published devices in the literature.  

Since in devices with UGH2 host the transport is occurring through the dopant in 

the emitting layer, it can be argued that when we increase the transport in the OLED 

device we might need to use a higher FIrpic loading so that transport through EML does 

not limit the device performance. Based on this argument we fabricated another p-i-n 
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device with higher doping concentration of FIrpic (15%). The efficiency comparison for 

10% and 15% doped devices is shown in figure 5-8. The device with 15% FIrpic doping 

shows higher peak efficiency but again the roll-off for this device is steeper which might 

be due to triplet-triplet quenching effects. Hence, we show that we can tune the charge 

balance in the device by using doped charge transport layers. However, the lower triplet 

energy of the electron transport layer still remains an issue which will be discussed in 

the next section where we use a high mobility high triplet energy electron transport layer 

to achieve even better device performance for these FIrpic devices. 

5.5 Tuning Charge Balance with High Triplet Energy High Mobility Electron 
Transport Material 

Since, the main issue limiting the efficiency of FIrpic devices has been identified as 

the lower triplet energy of BCP as compared to FIrpic leading to triplet exciton 

quenching. If BCP is replaced with electron transport materials with higher electron 

mobility and higher triplet energy, charge balance will be improved and exciton 

quenching will be reduced resulting in higher overall device efficiency. In our present 

study, we chose tris[3-(3-pyridyl)-mesityl]borane (3TPYMB) as an electron transport 

material since its electron mobility (~10-5 cm2V-1s-1)[110]  is about an order of magnitude 

higher than that of BCP and it has one of the highest triplet energy (T1=2.98 eV)[72] 

amongst all electron transport materials (ETMs) used in OLEDs. 

To show the effect of the electron transport due to 3TPYMB, electron-only devices 

using BCP and 3TPYMB along with 4,7-diphenyl-1,10-phenanthroline (BPhen) was 

fabricated. Here, BPhen (T1=2.5 eV)[97] was also used since it has triplet energy similar 

to that of BCP while its electron mobility (10-4 cm2/Vs) is the highest amongst all three 

ETMs. HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied 
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molecular orbital) energy levels, triplet energy and mobility for all the ETMs have been 

summarized in table 5-1. Figure 5-9 shows the I-V characteristics of the three electron-

only devices and the results show that the BPhen device has the highest current density 

followed by the 3TPYMB and then the BCP devices. Those results are consistent with 

the mobility values of the corresponding electron transport materials. 

To demonstrate the effect of charge balance on OLED device performance we 

fabricated devices with the three different electron transport materials. OLED device 

structure was same as the one shown in Figure 5-1 a). Figure 5-10 shows the device 

efficiencies for all three devices. The BCP device has the lowest efficiency of all which 

is in agreement with its lowest mobility and low triplet energy. Although the electron 

mobility of BPhen is substantially higher than those of the other two ETMs, due to its 

low triplet energy, the device efficiency is only slightly higher than that of the BCP 

device. Finally, the 3TPYMB device shows substantially higher efficiency (60 cd/A) 

compared to the other two devices. Similar efficiency has also been reported for FIrpic 

based devices[111, 112]. Our optimized 3TPYMB device shows a peak luminous power 

efficiency of 50 lm/W. 

5.6 Triplet Energy or Mobility? 

To study the interplay between the triplet energy and the charge balance, 

3TPYMB was used as the ETL in UGH2 host based FIrpic PHOLEDs. As discussed in 

the previous section, we have demonstrated high efficiency in mCP host FIrpic devices 

with this ETL. In addition to that Tanaka et al[72] also have previously demonstrated 

very high efficiency FIrpic devices with this ETL. While high efficiency has been 

demonstrated with this ETL, it is not clear whether the high triplet energy or the high 



 

98 

electron mobility is the dominant reason for its high efficiency. Here, we will show that 

both high electron mobility and high triplet energy are required for high device efficiency. 

The OLED devices used in this study have the following structure: ITO/TAPC (40 

nm) as a HTL/ mCP (N,N`-dicarbazolyl-3,5-benzene) (10 nm) as an electron blocking 

layer/UGH-2 (1,4-Bis(triphenylsilyl)benzene) layer doped with 10 wt% FIrpic (20 nm) as 

an EML/ ETL (40 nm) as a hole blocker. The cathode consisted of a 1 nm thick layer of 

LiF followed by a 100 nm thick Al. The device structure is shown in Figure 5-11. In the 

control device (Device A) BCP was used as a hole blocking/electron transport layer. To 

study the effects of triplet energy and electron transport of the ETL in UGH2 host 

devices, a device (Device B) was fabricated with 3TPYMB as an ETL. 

Figure 5-12 a) shows the LIV characteristics for the two devices using BCP 

(Device A) and 3TPYMB (Device B) as the ETL. Using 3TPYMB as the ETL there is a 

5X increase in the current density of the device at 12 V, indicating the high electron 

mobility effect of 3TPYMB. Figure 5-12 b) shows the external quantum efficiency (EQE) 

and luminous efficacy comparisons for device A and B. The control device having BCP 

as an ETL shows 15.3 % EQE (~30 cd/A current efficiency) and 13 lm/W luminous 

efficacy, while the device with 3TPYMB as an ETL shows a substantial enhancement in 

both current and luminous efficiencies (23% EQE, 49 cd/A current efficiency and 31.6 

lm/W luminous efficiency). 

To determine the interplay between the triplet energy and charge balance, we 

fabricated two other devices with a double-layer ETL. In these devices the electron 

transport layer is composed of two layers: ETL1 is adjacent to the EML while ETL2 is 

adjacent to the cathode. In device C, 3TPYMB is used as ETL1 and BCP is used as 
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ETL2, both having a thickness of 20 nm each. In device D, BCP is used as ETL1 and 

3TPYMB is used as ETL2, both having a thickness of 20 nm each. The energy diagram 

for device C is shown as in Figure 5-13. Device C illustrates the effect of electron 

transport on the device performance as 3TPYMB provides good exciton confinement at 

the EML/3TPYMB interface while the BCP layer (20 nm) is expected to impede the 

electron transport in the device. Device D illustrates the triplet energy effect on the 

device as the BCP layer is in contact with the EML resulting in luminescence quenching 

at the interface. 

Figure 5-14 a) shows the LIV characteristics of all four devices. Both devices C 

and D having similar current densities show slightly higher current density than device 

A. This is because of the difference in electron transport between BCP and 3TPYMB. 

The efficiencies of all devices are shown in Figure 5-14 b). Both devices C and D have 

higher efficiency compared to the control device A indicating either higher triplet energy 

or higher electron mobility leads to enhancement in device efficiency. While both 

devices C and D have about the same peak efficiencies, the efficiency roll-off in device 

D is more steep than that in device C indicating that a slight imbalance in transport 

leads to strong exciton quenching at the EML/ETL interface at high current densities. 

The fact that device B has higher efficiency than device C indicates the enhancement in 

efficiency due to improved charge balance. Charge imbalance in device C lead to high 

concentration of excitons formed at the interface between the EML and ETL, resulting in 

exciton quenching and lower efficiency compared with device B. Hence we can 

conclude that both high triplet energy and high electron mobility are necessary to 

achieve a high efficiency blue PHOLED. 
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5.7 Improving Charge Transport and Balance in the Emitting Layer 

Based on the experiments conducted with higher FIrpic doping concentration in p-

i-n devices, we learned that when we increase the overall charge transport in the 

device, an increase in the doping concentration gives further boost to device efficiency. 

A higher doping concentration in the EML probably provides more hopping sites and 

hence improves the charge transport in the emitting layer. Also FIrpic is known to have 

a better electron transport than hole transport so increasing FIrpic concentration might 

also aid the charge balance improvement for the device. Based on this understanding, 

the optimized doping concentration might be higher than 10% FIrpic for devices with 

3TPYMB as ETL. Hence, we fabricated devices with varying doping concentration of 

FIrpic. OLED devices were fabricated with varying concentration of FIrpic doped in EML 

and 3TPYMB was used as an ETL. The device with 20% doping was found to have the 

highest efficiency.  Figure 5-15 shows the efficiency comparison of device with 10% and 

20% doped FIrpic in EML. Efficiency enhancement with increased phosphor loading 

was more evident at low current density levels probably because of ease of injection 

with higher doping concentrations. Also at higher doping concentration there is still a 

possibility of triplet-triplet quenching inhibiting the enhancement in device efficiency at 

higher current density levels.  

To further understand how the increased doping concentration affects the 

transport in EML single carrier devices were fabricated. Electron only devices were 

fabricated with the device structure as EML (100 nm)/ 3TPYMB (40 nm)/ LiF (1 nm)/Al. 

hole only devices were fabricated with the device structure as TAPC (40 nm)/ mCP (10 

nm)/ EML (100 nm)/Au. Both hole and electron side were kept similar to the control 

OLED device so that the results can be easily correlated. A thicker EML was used so 
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that the transport in the single carrier is dominated by that of EML. Figure 5-16 shows 

the measured current density voltage characteristics for these single carrier devices. 

Figure 5-16 a) shows the J-V characteristics for electron only devices and Figure 5-16 

b) shows the J-V characteristics for hole only devices. As can be seen from both these 

plots we see and increase in both the electron and hole current with increased doping 

concentration. For the electron current we see more than 12X increase in current 

density at about 10V whereas for the hole current we see an increase of about 9X in 

current density, when the doping concentration is increased from 10% to 20%. Hence, 

we see that in a wide band gap host such as UGH2 doping concentration affects both 

the charge transport and balance in the device and hence can be used as important tool 

tom optimize device performance. 

5.8 Summary 

We investigated the effect of charge balance on the performance of blue 

PHOLEDs. To probe the charge balance in the device single carrier devices were 

fabricated and the devices were found to be largely hole dominant. Also the 

recombination zone in these devices was found to be located at the EML/ETL interface. 

Also most of the commonly available electron transport materials have low triplet 

energies which can be a major cause for concern as the recombination zone is located 

at ETL interface. Hence it was concluded that the efficiency of the device is limited by 

both the triplet energy and mobility of electron transport material. We found that for 

achieving high efficiency in PHOLEDs both these properties are very important to 

maximize the quantum efficiency of the device.  Two different approaches were used for 

tuning the charge transport and balance in blue PHOLEDs: 1) using doped charge 

transport layers and 2) using high mobility high triplet energy ETL. We also 
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demonstrated that in a wide band gap host, doping concentration of FIrpic can also be 

used to tune the transport in the emitting layer of the devices. The high triplet energy 

ETL material (3TPYMB) has high enough triplet energy to block triplet excitons from 

FIrpic. However, further improvements in material design might be needed to fully 

optimize the charge balance in the device.  
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Figure 5-1. Device structures for single carrier devices used in this study a) Control 

OLED device structure b) hole only device structure c) electron only device 
structure. 
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Figure 5-2. Current density-voltage (J-V) characteristics for single carrier devices shown 

in Figure 5-1 using TAPC as HTL and BCP as ETL. 

 
Figure 5-3. Devices fabricated for probing the recombination zone. a) Device doped 

only on interface of HTL/EML (left doped), b) Device doped only on interface 
of EML/ETL (right doped). 
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Figure 5-4. Device probing the location of recombination zone in the device; a) LIV 

characteristics for devices in Figure 5-3 and control device shown in Figure 5-
1. The filled symbols indicate the current density whereas open symbols 
indicate luminance of the corresponding device. b) Current efficiency for 
these devices. 

 
Figure 5-5. Illustrating the location of recombination zone and triplet exciton 

confinement for blue PHOLEDs; a) Schematic showing the location of 
recombination zone in the blue PHOLED and b) schematic showing triplet 
energies of HTL, dopant and ETL. 
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Figure 5-6. Device structure for UGH2 host control device and p-i-n device. 
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Figure 5-7. Efficiency comparison for three sets of devices: control device, p-i-n device 
and n-doped device. 
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Figure 5-8. Comparison of device efficiency for two p-i-n devices with different FIrpic 

doping concentrations: 10% and 15%. 
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Figure 5-9. JV characteristics of electron only devices with BCP, 3TPYMB and BPhen 

as the ETL showing highest current density at a given voltage for BPhen, 
followed by 3TPYMB and lowest for BCP. Inset shows the molecular structure 
of the three electron transport materials. 



 

108 

 
Figure 5-10. Efficiencies for OLED devices with BCP, 3TPYMB and BPhen as the ETL 

 

Figure 5-11. Device structure of blue PHOLED used in this study with UGH2 as the host 
with BCP or 3TPYMB used as ETL. 
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Figure 5-12. UGH2 host based OLED devices with BCP and 3TPYMB as ETL. a) LIV 

characteristics for devices using BCP (Device A) and 3TPYMB (Device B) as 
the ETL. b) Luminous efficacy and EQE comparison for device A and B. 

 
Figure 5-13. Energy diagram for device C showing the energy levels for respective 

layers. 
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Figure 5-14. Comparing device performance for devices A, B, C, and D; a) LIV 

characteristics of all 4 devices: device A, B, C and D and b) the current 
efficiency and luminous efficacy for devices A, B, C and D 
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Figure 5-15. Efficiency comparison for UGH2 devices with 10% and 20% FIrpic doping 

concentration. 
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Figure 5-16. Illustrating the effect of higher dopant concentration on transport in EML; a) 

J-V characteristics of electron only devices with 10% and 20% FIrpic doped in 
UGH2 b) J-V characteristics of hole only devices with 10% and 20% FIrpic 
doped in UGH2. 

a) 
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Table 5-1. Energy levels, triplet energy and mobility parameters for different electron 
transport materials used in this study 

ETL HOMO 
(eV) 

LUMO (eV) T1 (eV) Mobility 
(cm2V-1s-1) 

BCP[107, 113] 6.5 3.0 2.5 10-6 
BPhen[97, 114] 6.4 3.2 2.5 10-4  
3TPYMB[110] 6.77 3.3 2.98 10-5 
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CHAPTER 6 
ACHIEVING CHARGE BALANCE USING AMBIPOLAR HOST MATERIALS 

6.1 Charge Balance in EML 

Charge balance is a key element in achieving both the efficiencies and lifetimes 

necessary to make a viable OLED lighting device. Charge imbalance usually leads to 

lower quantum efficiency[115] and steep quantum efficiency roll-off[106, 116]. Since 

most of the commercially available host materials mCP[75] UGH2[103] etc. are not 

ambipolar, recent efforts have been made to synthesize ambipolar host materials in 

order to optimize charge balance in phosphorescent organic light emitting devices[111, 

117]. 

The ability of the host material to conduct both electrons and holes is important for 

maintaining charge balance in the emissive layer (EML). When the conductance of one 

of the charge carriers is limited, the charge transport of that carrier is provided mainly by 

the phosphor[75]. Reliance on the emitting dopant for charge transport can be 

undesirable since it implies high doping levels (high consumption of precious metals 

such as iridium or platinum that are components of the phosphorescent emitters) and 

may compromise device stability via electrochemical degradation of the emitter[118]. 

CBP is a well-known ambipolar host material. Although CBP does show ambipolar 

transport, it usually crystallizes in thin films, which reduces the OLED lifetime. 

Additionally, the triplet energy of CBP lies below that of FIrpic. Thus, when utilizing CBP 

as a host for FIrpic, back energy transfer from the dopant to the host causes loss in the 

quantum efficiency[75]. 

 In this section, we introduce a phosphine oxide-based, ambipolar host material for 

blue phosphors, 4- (diphenylphosphoryl) -N ,N-diphenylaniline (HM-A1; the structure is 
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shown in the inset of Figure 6-7a)). To date, known phosphine oxides predominantly 

transport electrons[119, 120]. The phosphine-oxide-based host used in this study is 

HM-A1, is designed to also support hole transport by incorporating a triphenylamine 

moiety onto the otherwise electron-transporting aromatic phosphine oxide. The 

advantage of using these phosphine oxides materials is that they have high triplet 

energies that helps prevent the back-energy transfer from the emitter to the host. HM-

A1 has triplet energy of 2.84 eV even after the incorporation of the triphenylamine 

moiety, which is still greater than the triplet energy of Firpic[75]. Hence, we expect that 

HMA1 will serve as a better host for FIrpic molecules. 

Moreover, most of the other host materials used in the literature are largely 

unipolar hosts. The host materials which have been used so far for FIrpic based devices 

(CBP, mCP and CDBP) are all carbazole based hosts and hence, transport only holes. 

This also would further amplify the problem of charge imbalance that we noted in these 

devices earlier as the EML also plays a role in determining charge balance in blue 

phosphorescent devices. Hence, in this chapter we focus on studying devices with 

ambipolar hosts and investigating charge balance in these systems. 

6.2 Designing Concept for Ambipolar Host 

Hereby we propose a design concept for designing host materials with the 

appropriate energy levels for better charge injection, charge transport and charge 

blocking without sacrificing the high triplet energies of the materials. For high efficiency 

in blue PHOLEDs we need to satisfy the following parameters: 

• Triplet exciton confinement 
• Confine charge carriers and recombination zone in bulk of EML and 
• Charge balance in the device 
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Based on these criteria, the requirements that we considered are (as illustrated in 

Figure 6-1):  

• Host and all charge injection/blocking materials should have higher triplet exciton 
energies than the phosphor, 

• Charge transport levels should be engineered so that neither element of the guest-
host system behaves as a trap for either sign of charge carrier,  

• the host materials for FIrpic should have a shallower HOMO energy and deeper 
LUMO for optimizing charge injection and transport into the EML without trapping 
of charge on the dopant at the HTL/EML interface, and 

• The electron injecting / hole blocking materials (HBMs) will be designed to have 
LUMO energy compatible with the LUMO of the HM and HOMO deeper than that 
of the host.  

The focus of this work carried out at Pacific Northwest National Laboratory was to 

develop a library of ambipolar PO compounds/host materials with optimized charge 

transporting properties. The approach we used to design and develop host materials is 

to combine a known hole transport moiety (HTm) with a known electron transport moiety 

(ETm) via a common aryl bridge as illustrated in Figure 6-2. The goal of this work is 

intended to address several related questions and establish design rules for host 

development; (a) can we tune the HOMO/LUMO energies, (b) does the attachment of 

TPA to PO hinder electron transport, (c) does the attachment of TPA to PO hinder hole 

transport, (d) do the possible charge transfer states reduce the triplet energy. Previously 

it was demonstrated that choice of the HTm fixes the energy of the HOMO state[120, 

121]. The OLED group at PNNL had previously evaluated both theoretically and 

experimentally triphenyl amine (TPA) and N-phenylcarbazole (NPhCBz) as the HTm. 

The TPA moiety has a shallower HOMO than that of NPhCBz, and therefore it was 

considered a better HTm for this study. In this chapter we introduce host materials 

containing TPA as the hole transporting moiety and PO as the electron transport moiety. 
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We changed the groups around the PO moiety to study the LUMO energy of the 

resulting molecules. Figure 6-3 shows the structure of four different host molecules 

under consideration in this study which have different side group neighboring the PO 

moiety.  

In order to understand the suitability of these different materials as host materials 

and to look at their energy level with respect to injection barriers and charge transport 

abilities. In order to evaluate that geometry optimizations were performed and HOMO 

LUMO energy levels were calculated. All calculations were performed with the 

NWChem computational package at the MSCF, EMSL.  Molecular orbitals were 

visualized using Extensible Computational Chemistry Environment (ECCE) a 

component of the Molecular Science Software Suite (MS3) developed at Pacific 

Northwest National Laboratory. Geometry optimizations for these molecules were 

carried out using the widely used hybrid functional B3LYP[122]. Figure 6-4 shows the 

predicted energy levels for all the materials under consideration. For all molecules 

studied, the HOMO is localized on the triphenyl amine moiety. Therefore, the HOMO 

energy does not vary significantly along the series of molecules reported and is virtually 

independent of the electron transporting moiety. LUMO is localized on the aryl groups 

around the PO moiety, and the LUMO energy is determined by the energy of the lowest 

energy aryl group on the PO group. Thus we are able to tune the HOMO and LUMO 

independent of each other to optimize the material for appropriate charge injection and 

blocking.  

6.3 Investigating Charge balance in PO Based Ambipolar Host Material 

The utility of organic phosphine oxide (PO) materials as electron transporting host 

materials for FIrpic has been previously demonstrated by our collaborators at 

http://www.pnl.gov/�
http://www.pnl.gov/�


 

117 

PNNL[123-126] in blue OLEDs. However, these PO materials do not oxidize readily and 

hence have limited hole injection ability. Hence, using these PO materials as host 

severely limits the charge balance in the device. In this section focus on the host 

material A (HM-A1) and evaluate its ability to transport both holes and electrons in 

FIrpic devices. To illustrate the ambipolar nature we fabricated three sets of devices: 

• HMA1:FIrpic device with HMA1 as ETL (Device set A), 
• HMA1:FIrpic device with variable FIrpic doping concentrations (Device set B) and 
• HMA1: FIrpic device with undoped HMA1 interlayer between the HTL and the EML 

(Device set C). 
 

Except for the first device set where HMA was both the host and ETL, 2,8-

bis(diphenylphosphoryl)dibenzothiophene (PO15) was used as the ETL material. All 

devices were grown on commercial ITO, and the hole injection/transport layers 

consisted of sequentially deposited CuPC, NPD and TCTA; LiF and Al were deposited 

to form the cathode. Type A devices with the HM-A1 ETL thickness of 20 nm and 50 nm 

gave rise to pure emission from FIrpic, indicating that the host material has the ability to 

transport electrons and that the recombination occurs in the EML. The EQE of the 

devices with 20 nm-thick ETL was 4.4% measured at 13 mA/cm2, whereas upon 

increasing the ETL thickness to 50 nm, the EQE increased to 10.1% (at 13 mA/cm2). 

For the carriers to recombine in the EML, HM-A1 has to support electron transport. The 

observed FIrpic emission indicates that the direct attachment of the TPA moiety does 

not adversely affect the electron transport ability that the PO group provides. The 

HOMO of HM-A1 is relatively shallow to make it an inferior ETL/HBL material. The 

HOMO level of PO15 is sufficiently deep; therefore, using PO15 as the ETL/HBL also 

gives rise to improved EQE. Also, the current density in the series of devices of variable 

FIrpic concentration did not change significantly when the doping level changed from 2 
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to 16%, which indicates that the emitter does not play a major role in hole transport 

(Figure 6-5 a)) as was observed for UGH2 devices previously. Also Figure 6-6 shows 

the EQE dependence on FIrpic doping level for PO15 (electron transport host) and HM-

A1 host. It is clear from Figure 6-5 b) that HM-A1 device efficiency does not have a 

strong dependence on FIrpic concentration. 

To further examine the ability of HM-A1 to conduct hole current, devices with an 

interlayer of HMA between the hole transporting layer and the emissive layer were 

fabricated. In this type of devices, the interlayer of HM-A1 was effectively part of the 

hole-transporting layer. The corresponding device structure was as follows: ITO/10nm 

CuPc/20nm NPD/ 5nm TCTA / X nm HMA (X = 0, 5, 10, 20, 40 )/ 15nm 5% 

Firpic:HMA1/ 50 nm PO15/ 1nm LiF/100nm Al. As shown in Figure 6-6, the emission 

spectra of the devices with and without the hole injection layer are dominated by FIrpic, 

indicating that the electron and hole recombination occurred in the emissive zone.   

To further investigate the charge balance in these ambipolar host system we 

fabricated unipolar devices that approximate either the hole or the electron transport in 

a functioning OLED[127] using HM-A1 as the host. The hole-only devices had the 

following structure: ITO/40 nm TAPC/60 nm HM-A1:5%FIrpic/20 nm Au/100 nm Al. Au 

contacts were used to prevent electron injection from the cathode. Electron only devices 

had the structure: ITO/20 nm Al/60 nm HM-A1:5%FIrpic/40 nm PO15/1 nm LiF/100 nm 

Al. Coating the ITO surface with aluminum eliminated hole injection from ITO, and thus 

ensured electron-only devices. The current density-voltage data for these unipolar 

devices is shown in Figure 6-7. The J-V data clearly show that the hole-only and 
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electron-only current densities are comparable. This clearly illustrates the ambipolar 

nature of the HM-A1 host. 

In contrast to previous reports with phospine oxide based host materials that do 

not have good hole transport properties, the drive voltage dependence on the phosphor 

doping level was much weaker for the devices with HM-A1 as the host material[119, 

120]. The weak dependence of the device drive voltage on the doping level is indicative 

of charge transport via the host rather than the dopant[128]. The ambipolar conductivity 

of the HM-A1 host material eliminates the need for charge transport by the emitter. 

Figure 6-8 shows the efficiency for the optimized PHOLED devices with HM-A1 host. As 

compared to a unipolar (PO15) host device at 100 cd/m2, the device efficiency went up 

by almost 20% (from ~33 lm/W for PO15 to ~47 lm/W for HM-A1). 

6.4 Evidence for Broad Recombination Zone with Ambipolar Host 

We demonstrated above that hole-electron balance in the device emissive region 

is an important factor that affects the device efficiency. It was also demonstrated that it 

is possible to reduce the quantum efficiency roll-off by delocalizing the exciton formation 

region in the emissive layer (EML)[115]. Location of the emitting zone at the electron 

transport layer (ETL) interface in the hole-rich mCP:FIrpic devices suggests that 

controlling the charge transport within the host layer will allow for tuning of the emission 

zone distribution[129, 130]. In this section, we studied the location of the emission zone 

in the devices with phosphine oxide-based hosts and electron transport materials. We 

also show that the alteration of a chemical structure of the phosphine oxide host allows 

for relocation of the emissive region within the EML from one hetero-interface to the 

other by the choice of the host material. The width of the emission zone can also be 

tuned by varying the ETL material.  
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The chemical structures of the host material 9-(6-(diphenylphosphoryl)pyridin-3-

yl)-9H-carbazole (HM-A5) and the ETL material 2,6-bis(4-(diphenylphosphoryl) 

phenyl)pyridine (BM-A11) used for this study are shown on Figure 6-9. 

 The chemical structure of the host material HM-A5 is different from the previously 

reported HM-A1[131] host by having a carbazole hole-transporting unit instead of 

triphenylamine, and a pyridine bridge between the hole-transporting and electron-

transporting parts of the molecule instead of a phenyl bridge. The presence of pyridine-

containing molecular building blocks is known to enhance electron transport in OLED 

materials[132, 133]. This enhancement was indeed observed in HM-A5-based single 

carrier devices as shown in Figure 6-10. 

The hole-only devices shown on Figure 6-10 had the following structure: ITO/150 

nm host/20 nm Au/100 nm Al, where host is one of these materials: HM-A1, PO12 or 

HM-A5.  A 20 nm thick layer of gold was placed between aluminum and the organics to 

prevent electron injection into the organics from the cathode. Electron-only devices had 

the following structure: ITO/20 nm Al/150 nm host/1 nm LiF/100 nm Al. It can be seen 

from Figure 6-5 that the charge transport in HM-A1 and HM-A5-based devices differs 

significantly, whereas PO12 represents an intermediate case and shows the most 

ambipolar character among the three hosts, with preference to electron transport at 

higher currents. Electron transport strongly dominates in HM-A5, and its hole 

conductivity is very limited throughout the entire range of current densities.  HM-A1 has 

a preference for hole transport, with the J-V characteristics converging to ambipolar 

conductance when the current density increases. As will be shown below, strong 
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domination of one carrier within the host results in a highly localized emission zone in 

OLEDs.  

We studied the FIrpic OLEDs with partially doped emissive layers to determine the 

location of the emission zone in the device depending on the host and ETL materials 

choice. In the devices with the following structure - ITO/35 nm TAPC/15 nm EML/50 nm 

ETL/1 nm LiF/100 nm Al - the EML consisted of 5 nm FIrpic-doped regions located at 

either the ETL interface, in the middle of the EML, or at the hole transport layer (HTL) 

interface, whereas the rest of the EML consisted of neat films of a host material. Two 

different phosphine oxide-based electron transporting materials - PO15 and BM-A11 - 

were used as ETLs for each EML configuration. All the devices with partially-doped 

EMLs were compared to the standard devices that had a uniformly doped 15 nm thick 

EML. It can be seen from the upper graph of Figure 6-6 that most of the emission in 

HM-A1 host-based FIrpic devices comes from the EML part adjacent to the ETL 

interface. 

For HM-A1 devices, the EQE decreases as the FIrpic-doped zone moves away 

from the ETL interface for both ETLs. The degree of the light output drop is also 

dependent on the ETL material. It can be inferred from the data on the lower graph of 

Figure 6-11 that the recombination zone is wider for PO15 devices compared to that of 

BM-A11, which is reflected in a weaker EQE drop when moving the doped region away 

from the EML/ETL interface. When a PO15 ETL is used, there is less than a two-fold 

efficiency drop, whereas the EQE of HM-A1:FIrpic devices with the BM-A11 ETL drops 

from 14% to 2% as the FIrpic-doped zone is moved to the HTL interface. The LUMO 

energy level value for HM-A1 derived from the solution electrochemistry data is -2.56 
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eV. The LUMO levels of the ETL materials estimated using the same methodology are -

2.86 and -3.11 eV for PO15 and BM-A11, respectively. These estimated LUMO energy 

levels suggest that a better alignment of the LUMO levels of the host and ETL that leads 

to lower charge injection barriers results in wider emission zones.  

The single-carrier device data on Figure 6-10 shows that HM-A5 predominantly 

conducts electrons as opposed to HM-A1. In accordance with this observation, the 

location of the emission zone in case of HM-A5 has shifted to the HTL interface.  This 

shift is seen in Figure 6-11. The maximum luminance comes from the devices with the 

FIrpic-doped part of HM-A5 located next to the TAPC HTL. PO12 host material 

represents an intermediate case. Based on single-carrier device data, it has the most 

ambipolar character among the three hosts discussed here, which correlates well with 

the recombination zone position centered and distributed more evenly within the EML.  

Unlike for HM-A1, no dependence of recombination zone width on ETL was 

observed in HM-A5 and PO12 devices. The independence of the width of the 

recombination zone on the ETL choice in case of HM-A5 and PO12 is in agreement that 

most of the emission in HM-A5 and PO12-based OLEDs occurs far away from the 

host/ETL interface. The LUMO energies of HM-A5 and PO12 are -2.9 eV and -2.62 eV 

respectively, according to the estimation from solution reduction potentials, and the 

different EQE of the devices with two different ETLs within each doping zone on Figure 

6-11 follows the LUMO energy level alignment between the ETL and the host.  

The location of the emission zone at the EML/ETL interface in the HM-A1-based 

OLEDs supports the conclusion drawn from the analysis of single-carrier devices that 



 

123 

HM-A1 is hole-rich, which is the reason for the exciton formation to occur predominantly 

at the EML/ETL interface. 

6.5 Summary 

We have presented design criteria for designing an ambipolar host material. An 

ambipolar host material was successfully designed and charge transport and balance in 

HM-A1 as host devices was illustrated with the help of OLEDs and ingle carrier devices. 

In addition to that we demonstrated how a chemical modification made on a phosphine 

oxide-based host molecule allowed for tuning the emission zone location within the 

EML. By substituting a phenyl linkage between hole transporting and electron 

transporting fragments of the host molecule, we demonstrated a shift of the emissive 

zone in the corresponding blue phosphorescent OLEDs from the EML/ETL interface to 

the EML/HTL interface. The distribution of the recombination zone depending on the 

ETL material suggests that the ETLs with better electron injection/transport properties 

result in wider emission regions within the doped EML. Our analysis emphasizes the 

importance of charge balance to delocalize the recombination/emission zone for 

maximizing the EQE/luminance. 
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Figure 6-1. Design criteria used for designing host materials to optimize charge injection 

and charge carrier blocking in heterostructure blue PHOLEDs. 

 
Figure 6-2. Design strategy used for designing ambipolar host materials by combination 

of hole transport and electron transport moiety using an aryl linkage. 
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Figure 6-3. Chemical structures of molecules evaluated for host design. 

 
Figure 6-4. HOMO and LUMO energy levels for the four evaluated host molecules as 

computed at B3LYP/6-31G* level. 
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Figure 6-5. Illustrating ambipolar transport in HMA host material; a) The J-V 

characteristics (above) for the devices with HMA1:FIrpic emissive layers that 
have variable FIrpic concentrations. The device structure is as follows: 
ITO/10nm CuPc/20nm NPD/5nm TCTA/15 nm HMA: x%FIrpic (x = 2, 4, 8, 12, 
16%)/50nm PO15/1nm LiF/100nm Al. b) The EQE dependence on the FIrpic 
doping levels is shown below for the devices with HMA and PO15 host 
materials. 

a)

b)
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Figure 6-6. EQE as a function of varying thicknesses of an undoped HM-A1 interlayer 

between the HTL and the EML. The structure of the devices is ITO/CuPc/α-
NPD/TCTA/HM-A1/5% FIrpic: HM-A1/PO15/LiF/Al. The inset shows the EL 
spectra for the devices with interlayer thicknesses from 50 to 400 Å. 

 
 

Figure 6-7. J-V characteristics for the hole only (hollow squares) and electron only (solid 
red squares) devices using the ambipolar host HM-A1. The chemical 
structure of HM-A1 is shown in the inset. 
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Figure 6-8. Efficiency of optimized device with HM-A1 as host. Device structure is 
ITO/TAPC/TCTA/host:Firpic/PO15/LiF/Al 
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Figure 6-9. Chemical structure of another host synthesized on the same design strategy 

and another electron transport/hole blocking material used in this study. 
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Figure 6-10. Hole-only (hollow symbols) and electron-only (filled symbols) single carrier 
devices for HM-A5 (triangles), PO12 (circles) and HM-A1 (squares) host 
materials. The hole-only device structures: ITO/150 nm host/20 nm Au/100 
nm Al; Electron-only device structures: ITO/20 nm Al/150 nm host/1 nm 
LiF/100 nm Al, host = HM-A1, PO12 or HM-A5.  
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Figure 6-11. Recombination zone study in PO based host materials. External quantum 

efficiency (EQE %) measured at 1 mA/cm2 of the PO-based Firpic-doped 
OLEDs depending on the FIrpic doping region location. Reference 
configuration ST: the standard device structure with 150 Å-thick uniformly 
doped EML. Configuration A: HTL/10 nm host/5 nm host:5%FIrpic 
/ETL/LiF/Al; Configuration B: HTL/5nm host/5nm host:5%FIrpic/5nm 
host/ETL/LiF/Al; Configuration C: HTL/5 nm host:5%FIrpic/10 nm 
host/ETL/LiF/Al, host = HM-A1, PO12 or HM-A5. The pattern-filled areas on 
the device EML schematics of the upper graph correspond to the FIrpic-
doped hosts 

 



 

131 

CHAPTER 7 
USING MIXED HOST ARCHITECTURE TO ACHIEVE CHARGE BALANCE 

7.1 Introduction 

In the previous chapter, we discussed using ambipolar host materials as a tool to 

achieve charge balance in the emitting layer of the device. As we pointed before, most 

commercially available host materials such as mCP and UGH2 are not ambipolar and 

have poor transport properties, making it difficult to achieve charge balance in a device 

using such materials as hosts.  

Mixed host systems have been demonstrated previously by blending of HTL and 

ETL to form the host of the emissive layer with the intent being to eliminate interfaces 

and improving device lifetime[29]. Choong et al. were the first to use the mixed host 

layer approach or the bipolar transport layer approach to improve device lifetime[85]. 

They used a bipolar layer of NPB and Alq3 doped with methyl quinacridone (mqa) and 

were able to obtain a 7X lifetime enhancement as compared to the conventional 

heterostructure device. The driving voltage was reduced due to the bipolar 

characteristics of the mixed EML.  After this first mixed host publication, a number of 

publications followed making use of the same approach to achieve long lifetime in blue 

fluorescent devices[134, 135].  

A mixed host layer can also lead to better charge balance in the EML, which can 

be optimized easily by varying the ratio of the two transport materials[84]. This is 

particularly beneficial for PHOLEDs, as it has been demonstrated that efficiency roll-off 

depends strongly on charge balance for iridium based phosphorescent devices[106]. 

Kim et al. demonstrated low roll-off and low exciton density in the EML by optimizing the 

ratio of a hole transport material TCTA and an electron transport material 1,3,5-tris(N-
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phenylbenzimidazole-2-yl)benzene (TPBI) for tris(2-phenylpyridine) iridium [Ir(ppy)3] 

devices[116]. They also observed reduced drive voltage, leading to high power 

efficiencies. Figure 7-1 illustrates the concept of mixed host architecture in an OLED. 

7.2 Blue PHOLED Devices with Mixed Host Architecture 

In this study, we used a mixed host approach to achieve charge balance in blue 

PHOLED devices with FIrpic by co-depositing a hole transport material, an electron 

transport material, and the dopant to form the emitting layer (EML). This mixed host 

layer exhibits bipolar transport characteristics which help improve charge balance and 

lower operation voltage.  The mixed host devices also had high external quantum 

efficiency (EQE) and reduced efficiency roll-off at high current densities. 

Initially, we fabricated devices with an electron transporting host 2,8-

bis(diphenylphosphoryl)dibenzothiophene (PO15) and hole transporting host di-[4-(N,N-

ditolyl-amino)-phenyl]cyclohexane (TAPC) separately. These devices had lower 

quantum efficiencies even though there was no triplet exciton quenching as the triplet 

energies of both TAPC (T1= 2.9 eV) and PO15 (T1= 3.1 eV) is higher than that of FIrpic. 

Also the roll-off in these devices was quite steep due to unipolar nature of these hosts. 

We then fabricated devices with a mixture of TAPC and PO15 to create a mixed host 

system and optimized the ratio of the two transport materials to achieve charge balance 

in the device. Using this approach we were able to achieve a high peak efficiency of 52 

lm/W at 60 cd/m2. 

7.2.1 Unipolar Host Devices 

TAPC and PO15 were used as the host for FIrpic based devices. TAPC is mainly 

a hole transporting material and PO15 transports only electrons.  As mentioned above, 

both have high enough triplet energies to provide good triplet exciton blocking for FIrpic. 
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The device structure used for these devices was TAPC/host:FIrpic(x%)/PO15/LiF/Al. 

FIrpic concentration was varied in these hosts to study the effect of FIrpic concentration 

on charge transport and device performance. Figure 7-2 shows the device structure for 

these unipolar host devices. 

As seen in Figure 7-3, when TAPC was used as the host, both the EQE and power 

efficiency increase only slightly with increasing FIrpic concentration, which might be due 

to slight increase in electron transport with increasing FIrpic concentration. The 

operation voltage slightly increases with increasing concentration of FIrpic (Figure 7-4) 

showing that, at higher concentration, FIrpic might be trapping carriers. The EQE of 

these devices is low even though there is no triplet quenching from TAPC (HTL and 

EML) or PO15 (ETL).  The EL spectrum shows pure FIrpic emission. Hence, the lower 

efficiency observed when using TAPC as the host can be attributed mainly to poor 

charge balance in the EML.  Considering that TAPC has a high LUMO of 1.8 eV and is 

known to have good electron blocking properties, no electron transport is expected 

through TAPC in the EML. Additionally, TAPC is known to have very high hole mobility, 

therefore, the recombination zone in these devices is likely to be narrow and at the 

EML/ETL interface, leading to the steep roll-off seen in the EQE vs. current density inset 

in Figure 7-3. 

Previously, we published device data for different FIrpic concentrations in an 

OLED using PO15 as the host[128].  EQE increased and drive voltage decreased as 

FIrpic concentration increased because FIrpic helped facilitate hole transport.  PO15 

has a deep HOMO, creating a large energy barrier for hole injection.  As such, hole 
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transport is not expected in PO15, meaning that the charge carriers in the EML when 

PO15 is the host were predominantly electrons, indicating a lack of charge balance. 

7.2.2 Devices with Mixed Host EML 

In order to address the issues noted with the devices with unipolar hosts, we 

fabricated devices having a blend of TAPC and PO15 as EML as shown in Figure 7.5. 

Table 7-1 shows the device parameters for devices fabricated with the same structure 

using PO15, TAPC, or TAPC-PO15 mixed host as the host in the EML. Devices with a 

PO15 host have higher operation voltage than devices with a TAPC host, showing that 

the mobility of electrons in PO15 is worse than the mobility of holes in TAPC.  To 

achieve balanced transport of electrons and holes in the EML, devices were fabricated 

using a mixed host EML with varying ratios of TAPC and PO15.  The optimized mixed 

host device shows the superior performance of mixed host PHOLED over that of 

PHOLEDS made using the individual transport layers as hosts, attributable largely to 

the charge balance in the mixed host device. 

Figure 7-6 shows the dependency of device efficiency on TAPC weight percentage 

in the mixed host layer. The current efficiency numbers are reported at a current density 

of 1 mA/cm2.  The data shows that when we use either a hole transporting or a electron 

transporting host by itself, the devices are not charge balanced because the EML does 

not have ambipolar transport.  By employing the mixed host, we were able to achieve 

much higher efficiency in comparison to devices made with just one of the constituents 

of the mixed host.  Starting from 0% TAPC (neat PO15 as the host), as more TAPC is 

included in the mixed layer, the charge balance increases leading to an increase in 

device efficiency.  At 55 weight percent TAPC, efficiency reaches a maximum, 

indicating good charge balance for this mixed host composition. As the TAPC content 



 

135 

increases the operating voltage of the device decreases, likely due to TAPC having a 

higher hole mobility than the electron mobility in PO15. The drive voltage is also lowest 

at 55 weight percent TAPC as shown in Figure 7-7 , which is additional evidence that 

the optimum charge balance for these materials in this device structure has been 

reached. 

To illustrate the effect of using a mixed host emitting layer in OLED devices, we 

plot the current density- luminance and voltage characteristics for devices with TAPC, 

PO15 as host and compare them to the optimized mixed host device as shown in Figure 

7-8. From this plot, it is evident that the device with mixed host EML has lower turn on 

voltage as compared to both the unipolar host devices. The current density of the mixed 

host device is actually higher than both TAPC and PO15 host devices almost across the 

entire voltage range. This implies that using a bipolar emitting layer improves the 

transport and balance of hole and electron charge carriers in the device leading to 

lowering of operation voltage and increase in overall current density of the device. 

Moreover, even though the current density of the mixed host is still fairly close to that of 

the TAPC host (since TAPC has higher mobility, it dominates the transport 

characteristics and operation voltage); the luminance of the device is much higher in 

magnitude as compared to both TAPC and PO15 host devices. Again, this clearly 

illustrates the effect of charge balance on the device performance. 

Figure 7-9 shows the device efficiency as a function of brightness for the optimized 

TAPC: PO15 mixed host device. The device has a peak current efficiency of about 50 

cd/A and a peak power efficiency of about 59 lm/W due to the low operation voltage. 

Impressively, the efficiency is quite flat in the region 30-3000 cd/m2. To illustrate that 
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this low efficiency roll-off is a result of better charge balance in the mixed host device, 

the efficiency of devices with 5% FIrpic in different hosts i.e. TAPC host, PO15 host and 

TAPC (55%):PO15 (45%), is plotted in Figure 7-10. The roll-off is worst in the case of 

devices that use only PO15 as the host as the charge carrier transport is probably 

deviates most from the balance condition. The device that uses TAPC as host has 

slightly better roll-off than PO15.  TAPC showed little dependence on FIrpic 

concentration, indicating possible electron transport in the TAPC host and explaining 

why the roll-off for TAPC host devices is not as bad as PO15. The mixed host devices 

have the least amount of efficiency roll-off, corroborating the fact that charge balance 

reduces the efficiency roll-off in phosphorescent devices. 

Hence, using the mixed host architecture not only we gain in device efficiency but 

we also achieve a flatter efficiency response from the device. Hence, it is possible to 

achieve devices with high efficiencies at high brightness with this mixed host approach. 

Also, mixed host approach eliminates two major interfaces as compared to the baseline 

heterostructure device and hence, makes it possible to achieve high efficiency devices 

with better device lifetime. 

7.3 Summary 

In this section we demonstrated high efficiency in FIrpic based blue 

phosphorescent devices with low efficiency roll-off using a mixed host system. Devices 

were fabricated with varying concentration of hole transport material TAPC and electron 

transport material PO15 to optimize the charge balance. The optimum composition of 

the EML was found to be as TAPC (55%), PO15 (40%), FIrpic (5%) by weight. At this 

optimum layer composition both EQE and operation voltage were optimized leading to a 

high peak power efficiency of 59 lm/W. Even at 1000 cd/m2, the device has a current 
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efficiency of 53 cd/A and a power efficiency of 49 lm/W, which is one of the highest 

efficiencies reported for FIrpic based devices without any outcoupling techniques. This 

demonstrates that achieving charge balance in the device is the key to achieve high 

efficiencies at high brightness values and that mixed host devices are a viable means to 

do so. 
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Figure 7-1. Device structure for heterostructure and mixed host devices. a) Schematic 

illustrating a heterostructure OLED in which a narrow recombination zone is 
located on the interface of EML and ETL.  b) Schematic illustrating a mixed 
host OLED in which EML is a blend of HTL and ETL material with dopant. 
The recombination zone profile is broad and located in bulk of EML. 

 
Figure 7-2. Device structure used for fabricating unipolar host devices where EML 

consisted of either TAPC or PO15 as host doped with FIrpic. 
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Figure 7-3. Efficiency characteristics for devices fabricated with TAPC as host doped 

with varying concentration of FIrpic emitter. Inset shows the external quantum 
efficiency versus current density for one particular device illustrating the roll 
off in the device. 
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Figure 7-4. Dependence of operation voltage on doping concentration of FIrpic in 

devices with TAPC as host. 
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Figure 7-5. Schematic illustrating the device architecture of devices with a mixed host 

EML. 
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Figure 7-6. Dependence of device efficiency on TAPC concentration in emitting layer. 
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Figure 7-7. Plot showing the trend of operation voltage of mixed host devices with 

varying concentration of TAPC in the emitting layer. 
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Figure 7-8. Plot showing the comparison of current density- luminance- voltage 
characteristics for devices with TAPC, PO15 as host and the optimized mixed 
host device. 
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Figure 7-9. Plot showing the representative current and power efficiency characteristics 

for the optimized mixed host device. 
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Figure 7-10. Plot showing the comparison of device efficiency as a function of 
brightness for the TAPC host, PO15 host and optimized mixed host devices. 
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Table 7-1. Device parameters for devices fabricated with the same structure using 
PO15, TAPC, or TAPC-PO15 mixed host as the host in the EML 

Host V@13 mA/cm2 (V) Power efficiency (lm/W) 
TAPC 4.27 16.33 
PO15 5.11 8.21 
TAPC 55%:PO15 (45%) 4.23 28.48 
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CHAPTER 8 
CONCLUSIONS AND FUTURE WORK 

8.1 Summary 

The quest for energy efficient lighting has led to various research efforts being 

focused on alternative energy efficient light sources such as OLEDs. OLEDs have 

emerged as a low cost and commercially viable lighting alternative. However, there are 

still some issues which need optimization before their potential can be realized to the 

maximum. Also there is huge market for OLEDs for display applications for both small 

and large area applications. An OLED screen can also be used for backlighting in 

displays. For all these applications a stable high efficiency OLED is needed. For 

fabricating high efficiency white devices, a highly efficient blue PHOLED is needed.  

In this project we systematically studied the factors limiting the performance of 

blue phosphorescent OLEDs and by optimization of these factors we significantly 

enhanced the performance of blue PHOLEDs. Based on our study, there are several 

materials and device parameters affecting the device performance such as triplet 

energy and mobility of the materials. The effect of these factors on the device 

performance of blue PHOLEDs is as described below.  

8.1.1 Triplet Exciton Confinement 

For phosphorescent materials, triplet exciton confinement is a very important 

factor affecting the device performance. Triplet excitons have much longer diffusion 

lengths. Hence, it is possible to have luminescence quenching if any of the charge 

transporting materials or the host have lower triplet energy than that of phosphorescent 

dopant. In order to maximize the radiative decay we need to have good triplet exciton 

confinement for the phosphorescent emitter. This confinement prevents backwards 
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energy transfer from the dopant to the host or the transport materials. In chapter 3 we 

focused on studying the effect of this triplet exciton confinement on performance of 

these blue PHOLEDs. We systematically studied the effect of triplet energy of HTL, ETL 

and host material on the performance of FIrpic based devices and found that the triplet 

exciton confinement is an important factor for optimizing the device performance. The 

lower triplet energy of most of the electron transport materials was found to be a limiting 

factor. 

For the host materials not only the triplet energy of the material is an important 

consideration; the guest-host interactions affecting the mechanisms of charge and 

energy transfer also play an important part in determining device performance which 

were discussed in chapter 4.  

8.1.2 Charge Balance in Blue PHOLEDs 

The other important factor which we focus on is the charge balance in the devices. 

Imbalance in charge transport leads to accumulation of carriers at the interfaces thereby 

resulting in loss in efficiency and lifetime. Typically the electron mobility of electron 

transport materials is lower than that of the hole transport materials used in blue 

PHOLED devices. Hence, these devices are largely hole dominant. This imbalance in 

charge transport affects the location of the recombination zone in the device. Since the 

devices are hole dominant, the recombination zone is located on the EML/ETL 

interface. Also as we just pointed out the triplet energy of commonly used ETLs is lower 

than that of blue dopant. Hence, this charge imbalance also affects the luminescence 

quenching and hence the device performance. 
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8.1.3 High Efficiency Blue PHOLEDs 

Based on the study of triplet exciton confinement and charge balance it was 

concluded that there are two main issues liming the device performance  

• Poor triplet exciton confinement at EML/ETL interface and 
• Poor charge balance due to lower mobility of the electron transport layer 
 

Based on this conclusion we proposed four different approaches to tune the 

charge balance in these devices and optimize device performance to get highly efficient 

blue PHOLEDs. The different approaches used were as follows: 

• Use of doped transport layers to enhance charge transport and balance in the 
device was discussed in chapter 5 (Peak efficiency achieved 45 cd/A). 

• Using a high mobility high triplet energy material 3TPYMB using which device 
efficiency of 60 cd/A (50 lm/W)as demonstrated in chapter 5. 

• Using ambipolar host materials for charge balance in EML, with this approach 
device efficiency of 50 cd/A is achieved. (chapter 6) 

• Mixed host emitting layer to tune charge balance in device. Devices based on this 
approach had the highest power efficiency of 59 lm/W (50 cd/A). (chapter 7) 

Also it was demonstrated in chapter 5 that both high mobility and high triplet 

energy are required to achieve high efficiency in these blue phosphorescent devices. 

Hence, an understanding of the device physics is very important in order to achieve 

high efficiency for OLED devices. It’s important to optimize and explore device 

architectures to use the current library of materials to get better device performance and 

it also an important issue to focus on design and development of new materials with 

better suited properties.  

8.2 Light Extraction 

One of the very important factors in determining the external quantum efficiency is 

the light extraction efficiency. Light extraction efficiency is dependent on the device 
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architecture[77]. Most of the light emitted from the OLED is lost in the glass substrate, 

the ITO electrode, and the organic layers due to total internal reflection. Many efforts 

have been focused on improving the OLED light extraction efficiency by surface 

roughening[78], use of micro lenses[79, 80], low index gratings[81], use of high index 

glass substrates[136] and microcavity structures[82] etc. 

We also addressed this light extraction issue by integrating micro cavities with our 

high efficiency blue PHOLED. It is found that blue microcavity PHOLEDs show the 

current efficiency enhancement of X1.3 (23.7 > 30.9 cd/A) and the power efficiency 

enhancement of X1.72 (10.8 > 19.1 lm/W). Blue PHOLED devices with two and four 

layers of quarter wave stacks (QWS) have been fabricated on the glass substrate. The 

device stack (thicknesses of the dielectric layers) was optimized to maximize the micro-

cavity effect at 475nm. The optimized device has the following structure: glass 

substrate/SiO2 (79nm) /TiO2 (48nm) or SiO2 (79nm)/TiO2 (48nm)/SiO2 (79nm)/TiO2 

(48nm)/ITO (50nm)/PEDOT (25nm) /TAPC(20nm) /FIrpic: mCP (20nm) /BCP 

(40nm)/LiF (1nm)/aluminum (100nm).  

As the number of layers of quarter wave stacks increase the spectrum becomes 

more and more narrow. For our devices the spectrum of 4QWS device has a narrower 

FWHM and has more blue component in the spectrum than those of the 2QWS and 

noncavity devices. Hence, the 4QWS device shows lower efficiency as compared to a 

device using 2QWS substrate because of the dependence of luminance on photopic 

response. As the spectrum has more blue color, its luminance decreases even if the 

output flux remains the same. Hence, there is a trade-off relationship between blue 

color optimization and power efficiency. Since the ultimate goal of this project, was to 
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use this device for fabricating white OLEDs using down conversion phosphors, more 

saturated blue emitting device (4QWS device) is more appropriate since absorption 

spectrum region of yellow phosphor is 450~500nm wavelength. 

Hence, the blue PHOLEDs fabricated here were further studied to optimize them 

for use with micro cavity substrates. It was found these microcavity substrates 

redistributed the optical modes of the devices both spectrally and spatially. Hence, it 

was possible to optimize the cavity strength and length to minimize of the ITO/organic 

mode and maximize of the extracted mode leading to enhancement of the light out-

coupling efficiency. Micro-cavity OLEDs with well optimized cavity strength and length 

improves the light intensity at normal angle as well as all integrated angle. Using 

microcavities with FIrpic based blue PHOLEDs EQE enhancement of 11% (2QWS) and 

41% (4QWS) was achieved. 

8.3 Down Conversion 

Power efficiency of blue microcavity OLEDs is the key to achieve efficient white 

OLEDs with down conversion. As discussed above the efficiency of devices presented 

in this dissertation was further enhanced by using microcavity substrate OLEDs to 

achieve the maximum power efficiency. Finally, down-conversion phosphors were 

integrated with the blue micro-cavity PHOLEDs and power efficiency of 67.2 ~ 73.5 

lm/W (1.64 ~ 1.79X) has been achieved with a combination of yellow and red 

phosphors. Macrolens was used for further enhancement of power efficiency using 

enhancing light out-coupling. The enhancement of power efficiency due to the 

macrolens was about 45% leading to very high efficiency white PHOLEDs of over 100 

lm/W power efficiency. 
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Hence, we successfully demonstrate that by optimizing the blue PHOLED device 

to get high efficiency by tuning various device and light extraction parameters, it is 

possible to successfully remove the weak link in development of white PHOLEDs. We 

successfully demonstrated blue PHOLED devices of over 50 lm/W efficiency which 

paved the way for our 100 lm/W white device. 

8.4 Future Work 

Over the last two decades progress in the field of organic electronics has been 

quite rapid. Both device efficiency and lifetime have come a long way from the early on 

efforts culminating today with the commercialization of various organic displays in 

consumer products. However, there are still various areas in which research can be 

focused on in this field and some of them will be highlighted here (both in relation to this 

work and otherwise). 

At the end of this work we demonstrated blue PHOLEDs with 60 cd/A (27% EQE) 

without light extraction. As J. J. Kim presented in SPIE Optics and Photonics held in 

San Diego earlier this year the theoretical limit for the EQE of these devices is about 29-

30%[137]. Hence, the efficiency achieved in this work is quite close to the theoretical 

limit and not much room for further device optimization (without use of light extraction 

techniques) is available. Hence, in relation to this work I think further research efforts for 

blue phosphorescent devices should be focused on light extraction techniques to extract 

the ITO/organic mode and the substrate mode. 

One of the main issue concerning these blue PHOLEDs which still remains a 

challenge is the lifetime of these blue PHOLEDs. Although in this work no lifetime 

studies were done specifically on FIrpic devices, it is a well known fact that most of 

these devices have poor lifetime as compared to that required for commercial scale 
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display or lighting applications. There is an urgent need to do a through lifetime study 

for these devices in relation to both material degradation and exploring alternative 

device architectures. Kondakov et al[26-28] have done some exemplary work exploring 

the degradation in similar devices and there is a need to do a similar study for blue 

PHOLEDs. Although the mixed host approach usually leads to a significant 

enhancement in device lifetime[138], device architecture and material design should be 

focused specially on the lifetime issue along with maintaining a high enough device 

efficiency for commercial applications. 

In addition to the lifetime issue, one of the main hurdles in the large scale 

commercialization of OLEDs is to fully realize their low cost potential. Hence, going 

forward we need to focus on developing high efficiency solution processed devices. 

Also the OLED driver circuit issues need to be resolved to achieve low cost, better 

OLED displays. If the cost of OLED displays and lighting products can be reduced 

markedly, then the lifetime issue also becomes less important as the idea of cheap use 

and throw products can be realized. 

Apart from blue PHOLEDs, there are lots of other interesting areas in this field of 

organic electronics and it would be impossible to list of them here so we will just list a 

few in this section. Using triplet materials for photovoltaic materials is a very interesting 

subject of ongoing research. Also fabrication of tandem devices with conductive 

interconnection units is also an interesting problem. For solution processed devices, the 

effect of morphology of these thin films and how that affects the device performance 

especially in organic photovoltaic cells is a subject of ongoing research.  
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Although in this section we have discussed only few two potential future research 

directions for organic electronics, there are numerous other interesting and challenging 

scientific and research problems. Even after decades of the dawn of era of organic 

electronics it continues to be an extensively researched area both for fundamental 

science and technological applications and will definitely continue to do so in the 

foreseeable future.  
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