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Abstract 

 

 White organic light-emitting diodes (WOLEDs) resemble light more naturally, 

with emission spectrum that is comfortable to the human eye. A lot of effort has been 

devoted to improve the performance of WOLEDs. This research work was aimed at 

studying the emission behavior of WOLEDs, improving the device performance, and 

thereby developing several novel device concepts for application in high performing 

transparent WOLEDs and organic proximity sensors. Emission behavior, in terms of 

color stability and injection characteristics of phosphorescent organic light-emitting 

diodes (OLEDs), was investigated systematically and optimized via the experimental 

optimization and optical simulation. 

 

The transparent WOLEDs can be almost invisible at daytime and can emit a 

pleasant diffused light at night, allowing the surface light source to shine in both 

directions. It is an exciting new lighting technology that could bring new device 

concepts. However, undesirable angular-dependent emission and asymmetrical 

emission characteristics are often observed in transparent WOLEDs. In this work, a 

pair of optically and electrically comparable transparent anode and cathode was 

introduced to form weak microcavity transparent WOLEDs, e.g., employing a pair of 

Ag (10 nm)/MoO3 (2.5 nm)-modified indium tin oxide anode and Al (1.5 nm)/Ag (15 

nm)/NPB (50 nm) cathode. It is found that the avoidance of the spectral overlap 

between the peak wavelengths of the emitters and the resonant wavelength of the 

organic microcavity moderates the angular-dependent electroluminescence emission 

behavior, thereby improving the color stability of the transparent white WOLEDs over 

a broad range of the viewing angles. As a result, the transparent WOLEDs developed 

possess a visible-light transparency of >50%, a symmetrical bi-directional 

illumination with an almost identical power efficiency of 11 lm/W (measured at 100 

cd/m2) and the similar CIE coordinates of (0.36, 0.43) and (0.38, 0.46) measured from 

both sides of the devices. 
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Efficient charge injection is a prerequisite for achieving low turn-on voltage and 

improved hole-electron current balance in OLEDs. Metal oxide (e.g. MoO3) is a 

commonly used hole-injection layer (HIL) for reducing the energy barrier at the 

anode/organic interface for efficient charge injection. However, fluctuation in the 

quality of the metal oxide-based HIL, e.g., changes due to the MoO3 formulation, film 

fabrication and post-treatment conditions, often places a practical challenge limiting 

reproducibility of the device performance. In this work, an effective 

solution-processed HIL that consists of a mixture of PEDOT:PSS and MoO3 was 

developed for application in OLEDs. It is found that the presence of the 

solution-processed HIL at the interface between the anode and the organic improves 

the hole injection and the performance reproducibility of the phosphorescent OLEDs. 

The effect of the presence of the MoO3 in the solution-processed HIL on charge 

injection in phosphorescent OLEDs, with a configuration of glass/ITO/CBP/ 

CBP:Ir(ppy)2acac/TmPyPB/LiF(1.0 nm)/Al(70 nm), was examined. It is shown that 

solution-processed HIL has a superior hole injection characteristic at the HIL/hole 

transporting layer (HTL) interface compared to that in the devices fabricated with a 

pristine PEDOT:PSS or a pure MoO3 HIL, yielded phosphorescent OLEDs with an 

external quantum efficiency of ~25% and a power efficiency of ~75 lm/W @ 1000 

cd/m2. The morphological and surface electronic properties of the hybrid HIL were 

also investigated by AFM, XPS and UPS measurements, revealing the formation of a 

good contact at the HIL/HTL interface in the phosphorescent OLEDs. 

 

Apart from improving the device performance, a new organic proximity sensor 

based on the monolithic integration of organic photo-detectors (OPDs) and OLEDs 

was also developed. A MoO3-modified thin silver interlayer, serving simultaneously 

as a transparent cathode for the OPDs and an anode for the OLEDs, is used to link the 

functional organic electronic components. In the integrated OLED/OPD-based 

proximity sensors, the OLED components function as an illumination source while 

the coupled OPD units enable a high absorption when light is reflected from objects to 
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create an optical signal. The photosensitivity is enhanced using organic photosensitive 

bulk heterojunction in the OPDs, thereby realizing a high photosensitivity and the 

high external quantum yield at a low reverse bias. The signal to noise ratio, optical 

and frequency responses of the integrated organic proximity sensors were optimized 

and examined. The design and fabrication flexibility of the integrated 

OLED/OPD-based organic proximity sensors also have cost benefits, making it 

possible for application in wearable units and compact information systems. 
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Chapter 1 Introduction 

1.1 Overview of lighting technologies 

 Lighting is an essential part in our daily lives, providing many aspects of 

necessity and comfort. From indoor to outdoor areas, electrical lighting appliances for 

general illumination can be found everywhere, for examples, chandeliers, desk lamps, 

spotlights, road lamps etc. Energy consumption would arguably increase with such a 

growth in demand for energy on lighting. In the United States alone, it is estimated 

that lighting consumes about 20% of the total electricity usage, making it the primary 

source of electricity consumption [1-2]. Significant efforts have been devoted to 

exploring promising lighting technologies throughout the past 100 years. Different 

lighting methods have been developed, as shown in Fig. 1.1. The luminous efficacy of 

different lighting technologies has increased steadily with each development. 

 

 

Fig. 1.1. Historical highlights of different lighting technologies [1-2]. 
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Thomas A. Edison invented the first electrical light bulb in 1880, which changed 

the world. Light bulb can offer illumination at night making it hospitable for a wider 

range of human activities and improving the standard of living. In fact, Edison’s light 

bulb can be regarded as the first electrical lamp, which can convert electricity into 

light. However, this incandescent bulb is not a perfect light source. The emission 

spectrum of the incandescent lamp only covers the region from the red to the infrared 

wavelength, which is inconsistent to the natural sunlight. Apart from the spectrum, 

light bulb efficacy is extremely low. Only ~5% of the electricity can be converted into 

photons [3]. The typical incandescent bulb has a power efficiency of approximately 

15 lumens per Watt (lm/W), and an operational lifetime of about 1000 hours.  

The fluorescent tube was developed next and has been widely used in general 

illumination as it possesses a higher luminous efficacy. Up to date, the luminous 

efficacy of the commercial fluorescent tube products can reach ~90 lm/W, which is 

several times higher than that of the incandescent bulb [4]. The fluorescent lamp has 

typical operation lifetime of 10,000 hours, which is 10 times longer than that of the 

incandescent bulb. However, the use of harmful mercury vapor in fluorescent tube is a 

drawback. The mercury vapor inside the tube functions as the ultra-violet (UV) 

emitter to excite the phosphor for generating a white emission. However it is 

hazardous to both the environment and humans. So a proper disposal should be 

considered. This aside, gradual degradation of dyes or pigments under a long-term 

exposure of the small amount of UV emission present in the fluorescent tube is also a 

concern.  

To meet the current energy demands of today’s society, a long lifetime, energy 

efficient and environmental friendly new lighting technology that can resemble light 

more naturally with emission spectrum that is comfortable to the human eye is desired. 

Solid state lighting (SSL) is an ideal lighting technology that satisfies all the above 

requirements. SSL can be classified into two types, namely the inorganic 

light-emitting diode (LED) and organic light-emitting diode (OLED). The LED-based 

SSL has become a mature lighting technique, already penetrating into the market. 
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From the laboratory records, the luminous efficacy of 169 lm/W has been realized for 

white LED [5]. Presently, the commercial white LED lighting products have a typical 

luminous efficiency of ~45 - 90 lm/W and a lifetime of ~20,000 hours. In addition, the 

functional materials used in the LED SSL are environmental friendly without any 

unfavorable substances, thus posing no threat to the environment. White LED lighting 

has gradually replaced the fluorescent tube, however, there is still much room for 

improvement as LED can only be made in point source. An integrated heat dissipating 

component is needed to avoid the overheating of the LED chip therefore to maintain 

the operating efficiency. This aside, a built-in light guide diffuser in the white LED 

lighting products is required to produce the planar light, adding additional cost and 

also decreasing the efficiency of the SSL products 

 

Fig. 1.2. The emission spectra from different light sources: (a) daylight (Sun light), (b) 

incandescent lamp, (c) fluorescent tube, (d) cool white LED, (e) warm white LED, 

and (f) WOLED [7-9]. Among all lighting technologies, WOLED is the only lighting 

source that can produce a more natural emission characteristic comparable to the solar 

spectrum in the visible wavelength range. 

 

White OLED (WOLED) is an emerging SSL technology. WOLED has drawn 

increasing attention in recent years due to its advantages of energy saving, large area, 
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ultra-slim, flexible device feature, visible light transparency and being 

environmentally friendly. Since 1994, WOLED has been extensively studied for 

application in flat panel displays and lighting [6]. Compared to LED technology, 

WOLED can provide planner diffused light source which is more comforting on our 

eyes as it is closer to natural light. Fig. 1.2 illustrates the emission spectra from 

different light sources [7-9]. Among all lighting technologies, WOLED is the only 

light source that can produce a more natural emission characteristic having a broad 

spectrum close to daylight spectrum in the visible wavelength range. Therefore, 

WOLED would be an ultimate SSL technology that could bring new device concepts 

and a new edge of lighting design. 

 

1.2 Progresses and challenges of WOLED lighting 

In WOLED, the most concerning issue is to develop a high performance device 

that is energy saving for application in SSL. Much effort has been focused on 

improving device efficiency that is comparable or beyond to that of the existing 

technologies. A significant breakthrough in the luminous efficiency of WOLEDs has 

been made by applying some high quantum yield phosphorescent emitters [10-12]. 

Organometallic materials, e.g. iridium-complexes, are the representatives that can 

achieve the internal quantum efficiency (IQE) nearly 100%, which makes good use of 

the exciton energy in triplet state (75%) and the remaining 25% singlet-triplet energy 

conversion by the intersystem crossing in the molecules [13-15]. In addition, the 

incorporation of donor-acceptor doping system that realizes the efficient energy 

transfer (i.e., through Förster and Dexter energy transfer processes) to confine the 

exciton energy into phosphorescent emitters in the complex OLED structures [16-19]. 

As a result, WOLEDs based on phosphorescent emitters with an external quantum 

efficiency (EQE) of ~20% has been achieved, exceeding the theoretical efficiency 

limit for the conventional OLED structure [20]. Sasabe et al. reported an efficient 

3-color white WOLED with a power efficiency of 55.2 lm/W at 100 cd/m2, having 

CIE of (0.40, 0.40) and a color rendering index (CRI) of 81, using a blue iridium 
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carbene complex [18]. A phosphorescent WOLED with a power efficiency of ~100 

lm/W at 100 cd/m2 was demonstrated using a high-refractive-index substrate and a 

periodic out-coupling structure [17]. 

Apart from the opaque WOLED with one-side emission, WOLEDs can be also 

made in transparent when both the transparent anode and cathode are used. High 

efficiency WOLEDs with efficient and balanced carrier injection at organic/anode and 

organic/cathode are desired, enabling an efficient operation of WOLEDs at a low 

voltage. However, the injection barriers at both contacts are unmatched, ultimately 

resulting in an unbalanced hole-electron current in the devices [21-23]. The 

conventional WOLED architecture comprises a stack of organic layers confined 

between a cathode and an anode. The thickness of the top metal cathode is usually in 

the order of 100-200 nm and light is emitted from the transparent ITO anode side of 

an opaque WOLED. When an ultrathin metal (~5-10 nm) cathode is used, the top 

cathode can be relatively transparent to form a top emission type WOLED or a 

transparent WOLED. By this arrangement, the emitted light can escape from both the 

ITO anode and the top ultrathin metal cathode sides of the transparent WOLEDs.  

Transparent WOLED can be integrated easily with any substrate, for example, 

window panes and glass walls, to improve the illumination functionality thereby 

adding additional features for application in lighting. Transparent WOLEDs 

consisting of a transparent indium tin oxide (ITO) anode and a variety of ultra thin 

transparent metal cathodes have been reported [24-33]. These transparent WOLEDs 

usually have a preferential one-sided electroluminescent (EL) emission due to 

asymmetric emission characteristics at the anode/organic and organic/cathode 

interfaces. A pair of structurally symmetrical anode and cathode of Alq3 (85 nm)/Ag 

(22 nm)/Alq3 (85 nm)/Ag (22 nm) was proposed for a transparent WOLED [34]. 

Although a bi-directional illumination was obtained, the EL emission has a strong 

angular dependence, due to the microcavity effect. Realization of a transparent 

phosphorescent WOLED lighting that has high visible-light transparency and can emit 

a pleasant symmetrical bi-directional diffused light still remains as an open challenge. 
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In addition to the development of vacuum-processed WOLED, high performance 

OLED that can be fabricated by all solution-processed techniques, e.g. roll-to-roll, 

spin-casting and inkjet printing, has attracted worldwide attention. To date, most high 

performance OLEDs demonstrated are made by the vacuum evaporation method 

[16-19], the performance of solution-processed OLEDs is relatively less satisfactory. 

A lot of efforts have been devoted to develop all solution-processed OLEDs [35-38]. 

One of the major challenges in all-solution fabrication process is the efficient charge 

injection at the electrode/organic interfaces due to the limited choices of charge 

injection interlayers. A promising solution-processed anode interfacial layer, for 

example, should have a good charge injection property at the anode/organic interface. 

Indeed, the process compatibility between the electrode and functional materials is 

also crucial factor for making high performing OLEDs, relating to the device design, 

choice of the materials and solvents etc. PEDOT:PSS conducting polymer is a 

commonly used hole injection material in solution-processed OLEDs. The aqueous 

based PEDOT:PSS is compatible with film processes that involve other organic 

solvents, e.g. chlorobenzene or toluene etc. However, the work function of 

PEDOT:PSS (~5.2 eV) [39-40] does not match with some commonly used materials 

having low-lying HOMO levels for efficient hole injection [41-43]. Thus, the 

development of effective hole injection interlayer for efficient carrier injection 

becomes a prerequisite for high performing solution-processed OLEDs. 

 

1.3 Objectives of this work 

The aim of this research work was to study the emission characteristics of 

WOLEDs and develop some novel device concepts for application in SSL lighting. 

First of all, a high performance transparent WOLED was developed. The research 

focused on realizing hole-electron current balance in phosphorescent WOLEDs, 

having 2-color and 3-color white emission systems, as well as optimizing the 

performance of dual-sided transparent WOLEDs over the competing indices of 

transparency, spectral and angular-dependent emission behaviors. 
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Secondly, an effective solution-processed hole-injection layer for fulfilling 

efficient charge injection in phosphorescent OLEDs was developed. The effect of the 

charge injection due to the solution-processed interlayer and its effect on the luminous 

efficiency of phosphorescent OLEDs were analyzed. The morphological and 

interfacial electronic properties at the interlayer/organic interface were studied by 

AFM, UPS and XPS measurements.  

Thirdly, a high performance organic sensor, based on the monolithic integration 

of organic photodetector (OPD) units and OLEDs, was developed. The signal to noise 

ratio (SNR) of the organic sensors, e.g., the optical response of the OPD units to the 

amount of light emitted by the integrated OLED components, was optimized. The 

photo-response and the frequency response characteristics of the integrated organic 

sensors were examined. 

 

1.4 Organization of the thesis 

This research thesis includes eight chapters. Chapter 1 provides an overview of 

different lighting technologies and the challenges of WOLEDs. The objectives of this 

work are also described. Chapter 2 discusses the fundamentals of organic 

semiconductors and the physics of OLEDs, including excitonic processes in organic 

functional materials, device architecture and electro-luminance mechanism. The 

charge injection and transport processes, exciton dynamics and optical modes in 

OLEDs are also discussed. In Chapter 3, the experimental details, device optimization 

and theoretical simulation of the emission behavior in 2-color and 3-color white 

WOLEDs are presented. The experimental processes including material preparation, 

device fabrication and characterization are also provided.  

The results of EL efficiency, visible light transparency and moderation of the 

angularly dependent emission behavior in transparent WOLEDs are discussed in 

Chapters 4 and 5. A dual-sided emissive WOLED was developed through 

experimental optimization and theoretical simulation. Chapter 6 discusses the effect 

of the solution-processed hole-injection interlayer on the performance of 
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phosphorescent OLEDs. The interfacial electronic properties at the interlayer/organic 

interface and the interface engineering for improving hole-electron current balance in 

the OLEDs, analyzed using XPS, UPS and AFM measurements, are discussed. 

Chapter 7 presents the preliminary results of the novel organic proximity sensor, 

based on the monolithic integration of transmissible OLEDs and OPD units. The 

design, process optimization, optical and frequency responses of the organic 

proximity sensor are discussed. At last, a summary of this research work and the 

future work are highlighted in Chapter 8. 
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Chapter 2 Physics of organic light-emitting diodes 

 This chapter describes the fundamental physics and background knowledge of 

OLEDs. In general, OLED is an ultrathin device with a stack of several functional 

thin-film layers. The thickness of devices is typically less than half micron (<0.5 μm). 

The device has architecture of electrode/a stack of organic layers/electrode. The bulk 

organic functional layers are sandwiched between a pair of conducting electrodes. All 

layers can be fabricated on the glass substrate to form either a bottom emission or a 

top emission configuration [44-49], with light emitted from either bottom electrode or 

upper electrode. Fig. 2.1 depicts the basic device structure and the direction of the 

emitted light from bottom and top emission OLEDs. 

 

Fig. 2.1. Schematic cross-sectional views of (a) the bottom emission OLED and (2) 

the top emission OLED, with a stack of functional organic layers sandwiched between 

a front transparent electrode and an opaque upper electrode (bottom emission OLED), 

and an opaque bottom electrode and a transparent upper electrode (top emission 

OLED).   

 

2.1 Basics of organic light-emitting diodes 

2.1.1 Operation mechanism 

Both top and bottom emission OLEDs undergo the same working mechanism. 

When a voltage is applied to the device, there are four general processes involved in 

light emission in the OLEDs, (1) carrier injection, (2) charge transport, (3) exciton 

Organic layer(s) Organic layer(s) 

Transparent electrode 
Glass substrate Glass substrate 

Reflective electrode 

Reflective electrode Transparent electrode 
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formation and (4) exciton recombination. Fig. 2.2 illustrates schematically the carrier 

injection, exciton formation and light emission processes in an OLED under an 

external bias. At first, holes and electrons are injected into the organic layers from the 

anode and cathode, respectively. Then the injected carriers transport through the 

electronic states in the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) in the organics. Once the excitons are formed 

in the molecules, they recombine to release energy thereby emitting photons. So light 

is produced by OLEDs under the driving voltage. In the following section, the details 

of each step are fully described. 

 
Fig. 2.2. The visualized illustration of the working principle of an OLED. The OLED 

emission processes involve charge injection, charge transport, exictons formation and 

recombination. 

 

2.1.2 Device architecture 

An OLED with a more complicated device architecture is often adopted to realize 

the efficient EL. Fig. 2.3 illustrates a typical multilayer structure of OLEDs that 

constructs with different functional organic layers [50]. In general, these functional 
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layers can be classified into seven categories, including hole injection layer (HIL), 

hole transporting layer (HTL), electron blocking layer (EBL), emission layer (EML), 

hole blocking layer (HBL), electron transporting layer (ETL) and electron injection 

layer (EIL). 

 

Fig. 2.3. Schematic diagram showing the layer configuration and the corresponding 

energy diagram of an OLED. Different organic functional layers are used for 

achieving efficient EL process in OLED, including HIL, HTL, EBL, EML, HBL, ETL 

and EIL [50]. 

 

2.1.3 Organic functional materials 

HIL, shown in Fig. 2.3, is usually an ultrathin anode modification layer to 

improve the hole injection from the anode to the HTL. Some metal oxides, e.g., 

molybdenum oxide, tungsten oxide and vanadium oxide, are often used as HIL [51]. 

In this thesis, MoO3 HIL was used in the experiment. It has been revealed that MoO3 

HIL can provide the ohmic contact for efficient hole injection in OLEDs [52-53]. 

After the hole injection through the HIL, the holes drift in the HTL under the applied 

bias. NPB and TPD are commonly used HTLs [54-55]. In this work, NPB and TAPC 

based HTLs were applied in our device. HTL can also function as the EBL that can 

block electrons injected from the LUMO of EML to prevent electrons leakage and 
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confine the electrons in EML. In particular, TAPC is a good EBL which has a 

relatively low lying LUMO level (~1.9 eV) [56]. 

Similar to the function of a HIL, an ultrathin layer of EIL is used to modify the 

cathode (Fig. 2.3). The function of EIL is to improve the electron injection from the 

cathode to the ETL. Since most of metal cathodes have high work functions, the use 

of EIL at the cathode/ETL interface enables to reduce the energy barrier between the 

metal and the ETL [57]. LiF, CsF, Ca, Cs and Li are typical EIL examples [58-60]. In 

this work, LiF EIL was used to offer the efficient electron injection at the cathode in 

OLEDs. It was reported that the diffusion of low work function Li+ ions into the 

organic ETL is responsible for the reduction in the energy barrier between ETL and 

cathode for efficient electron injection [61]. After the electron injection via the EIL, 

electrons can drift through the ETL that has the electron transporting capability. Alq3 

is a classical electron transporting material [54]. Some ETLs also possess the hole 

blocking ability, served as a HBL. HBL has a high HOMO level to prevent hole 

leakage from the EML, as illustrated in Fig. 2.3. TPBi, TmPyPB based ETL and 

B3PyPB HBL, used in this work, are some good examples, which possess extremely 

deep HOMO level (>6.0 eV) to create a large hole barrier at EML/ETL interface [62]. 

The holes and electrons finally arrive in the EML to form excitons, excitons 

recombine to release energy by producing light. Light emitters in the EML are often 

doped with some high quantum yield dyes for improving luminous efficiency. 

Typically, a low doping concentration is used to prevent concentration quenching. The 

phosphorescent dopants, FIrpic, Ir(ppy)2acac and Ir(fbi)2acac, were used in our 

OLEDs (details are discussed in Chapter 3). For phosphorescent OLEDs, EML should 

have a high triplet energy level to confine excitons in the emitters [17]. In our work, 

TCTA EML were used, which has a triplet energy of 2.82 eV. To realize a high 

efficient OLED, the neighboring EBL and HBL should also have high triplet energy 

level to prevent the possible energy transfer (quenching) from emitters to neighboring 

layers. TAPC EBL, B3PyPB and TmPyPB are some good examples of HBL [56, 62]. 
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2.2 Charge injection and transport in organic semiconductors 

A sufficient space charge density is a prerequisite for efficient operation of 

OLEDs. Since organic semiconductor has low density of intrinsic free charge carrier, 

so charge injection is the only way to maintain a sufficient level of space charge 

density. As mentioned from the previous section, holes are injected from the anode, 

and the electrons are injected from the cathode in an OLED under a forward bias. 

Unbalanced electrode charge injection occurs due to the difference in the injection 

barrier at the electrode/organic interfaces. There is always an electrical loss during the 

injection process. In this section, the metal/organic interfacial models for the charge 

injection in organic semiconductors are discussed. 

 

2.2.1 Interfacial electronic properties at organic/metal interface 

To understand the injection mechanism at the organic/metal interface, we may 

first familiar with the intrinsic energy state of the materials. Fig 2.4a describes the 

fundamental electronic states in metal and organic solids.  

 

Fig. 2.4. Schematic energy level diagrams of (a) the isolated metal and organic 

material, (b) the vacuum level alignment at metal/organic interface according to the 

Schottky-Mott model [63], and (c) the realignment of the vacuum level with the 

presence of an interfacial dipole [64-67]. 

 

For an isolated metal solid, the energy state of the free electrons is represented by a 

work function ΦM. This work function indicates the energy needed to remove a free 
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electron from the material to the vacuum level (Evac). For an isolated organic solid, the 

energy state is substantially different with the metal. The energy levels in an organic 

solid are not overlapping, like inorganic semiconductors (e.g. Si). The highest 

occupied molecular orbital EHOMO and the lowest unoccupied molecular orbital ELUMO, 

in the organic solid indicate the energy state for the holes and electrons, respectively. 

There is an energy gap between EHOMO and ELUMO. When an electron is at the ELUMO, 

an amount of energy EA (called electron affinity) is the required to remove the 

electron from the LUMO state. Similar, if a neutral molecule is ionized, an amount of 

energy IP (called ionization potential), the energy difference between vacuum level 

and HOMO, is required to create a free hole carrier. Both energy states EA and IP are 

taking the reference with the vacuum level. 

When a metal and organic interface is formed, the electronic levels are aligned 

following the Schottky-Mott rule [63]. Fig. 2.4b describes the energy alignment for 

the vacuum level at the metal/organic interface. A Schottky barrier of ϕh and ϕe are 

formed at the interface. According to the energy level arrangement shown in Fig. 2.4b, 

the hole injection barrier ϕh and the electron barrier ϕe can be written as, 

 MPh ΦI −=φ ,      (2.1) 

 AMe EΦ −=φ .      (2.2) 

However, there is a deviation between the charge barrier predicted by the 

Schottky-Mott relation and that measured at the metal/organic interface. UPS 

(ultraviolet photoelectron spectroscopy) studies revealed that the presence of an 

interfacial dipole also contributes to the energy barrier at the interface [64-67]. After 

taking into account the interfacial dipole Δ, equations (2.1) and (2.2) become: 

 ∆+−= MPh ΦIφ ,      (2.3) 

 ∆−−= AMe EΦφ . (2.4) 

Fig. 2.4c illustrates the realigned energy diagram at metal/organic interface 

considering the presence of interfacial dipole. It has been proposed that the origin of 

the interfacial dipole may come from (a) charge transfer, (b) image force effect, (c) 
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surface rearrangement, (d) chemical reaction or bonding, (e) interface states in the 

organic energy gap and (f) permanent dipole of organic molecules [64]. 

 

2.2.2 Thermionic emission model and tunneling injection 

With the fundamental understanding of the interfacial properties, it is known that 

an energy barrier ϕ presents at the metal/organic interface (as Fig. 2.5a). When the 

voltage is applied to the OLED, the carriers must overcome the energy barrier to be 

injected into the organic. Under the influence of the applied field, the injection 

mechanism can be described by the thermionic emission model. When the electric 

field is exerted into the organic layer, a potential profile from HOMO to LUMO is 

formed as shown in Fig. 2.5b. The carriers (say electrons) can be thermally injected 

into the organic and leaving behind a positive charge [68]. This electrostatic image 

force can modulate the energy profile (as shown in Fig. 2.4c) by reducing Vm in the 

Schottky barrier. The reduced barrier Vm(E) is field dependent and can be expressed 

as,  

 
r

m
EeEV
επε 0

3

4
)( =  ,     (2.5) 

where ε0 is the vacuum permittivity and εr is the dielectric constant of organic, E is the 

electric field and e is a coulomb charge. The thermionic injection current JRS can be 

determined by ϕ − Vm(E) according to the Richardson-Schottky equation [69]: 

 






 −
−=

Tk
EV

TAJ
B

m
RS

)(
exp2* φ

 and 3

2
* 4

h
emkA Bπ

= ,   (2.6) 

where T is the absolute temperature, kB is the Boltzmann constant, A* is the effective 

Richardson constant, m is the effective mass of hole/electron and h is Planck constant. 
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Fig. 2.5. The potential profiles at the metal/organic interface. (a) The Schottky barrier 

ϕ presents at the interface without the applied field. The carrier can be injected via the 

potential having a slope profile (b) without and (c) with the electrostatic image 

potential under the applied field. 

 

In addition to the thermionic emission, tunneling is another possible way for the 

charge injection at metal/organic interface. Tunneling occurs at an extremely high 

electric field (~107 V/cm). The schematic diagrams of the charge carrier (say electron) 

tunneling processes at the metal/organic interface are shown in Fig. 2.6. At a 

sufficient high electric field E, the potential profile is modified to be extremely steep; 

meanwhile the tunneling width is reduced. The probability for tunneling is correlated 

to the tunneling distance [70]. According to Fowler-Nordheim (F-N) tunneling model, 

the field-dependent injection current density due to the tunneling effect can be 

expressed by [71]: 

 







−=

hqE
m

h
EeJ FN 3

28exp
8

2/323 φπ
φπ

,      (2.7) 

where e is the coulomb charge, h is the planck constant, ϕ is the Schottky barrier and 

m is the effective mass of charge carrier. 
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Fig. 2.6. The tunneling process for charge injecting into the organic layer at the 

metal/organic interface. The potential profile in the organic can be modified by the 

applied electric field.  

 

2.2.3 Hopping model and Gaussian disorder model (GDM) 

The molecules in organic semiconductors are carbon-based. The electrical 

conductivity of organic semiconductors lies within metal and insulator. Organic 

semiconducting molecules contain the aromatic hydrocarbon. The conjugated 

hydrocarbons are linked by the strong covalent bonds, formed by the sp2 hybrid 

orbitals (sigma-bonds), and the pi-bonds formed by overlapping of the purely px 

orbitals. Due to the relatively weak van der Waals force interaction between 

molecules in organic semiconducting materials [72], the carriers in organic materials 

are typically localized comparing to the inorganic semiconductors. For some 

crystalline or polycrystalline organic materials, the long range order and the additional 

π-π stacking (the overlapping of pi-bonds) within molecules lead to the carriers more 

delocalized and mobile. For some amorphous organic materials, orbital overlaps 

between the carriers are more localized due to the absence of long range order. 

The electronic band structure in inorganic semiconductors, described by the band 

theory, tell us the delocalized energy states allowing the carrier to transport through 

the continuous energy bands [70]. However, the band theory cannot describe the 

localized energy states in amorphous organic semiconductor due to the weak 

intermolecular interaction. Thus, the discrete energy states of the molecules in 

amorphous organic semiconductors aggregate together to form the non-continuous 

distribution [73]. Band conduction in amorphous organic semiconductors is invalid. 

-qEx 

Organic Metal 

Tunneling ϕ 
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Fig. 2.7 describes the discrete energy sites randomly distributed at the HOMO and 

LUMO levels. The charges can move to the sites in the neighboring molecules by the 

thermally activated hoping process [74]. 

 

Fig. 2.7. The discrete energy sites distributed in amorphous organic solid. The hole 

and electrons can thermally hop between the localized energy sites at the HOMO and 

LUMO levels, respectively. 

 

To quantitatively describe the carriers transport in amorphous organic solids, 

carrier mobility is an important parameter for charge transport studies. In 1993, 

Bässler derived the expression of carrier mobility for the amorphous organic solids 

according to the Gaussian Disorder Model (GDM) [75]. This model has several 

assumptions: (1) the localized energy sites are Gaussian distributed, (2) the phonon 

and electron have a weak coupling effect, and (3) long range spatial correlation 

between different molecules is neglected. The carrier mobility μ as the function of the 

absolute temperature T and the applied electric field E, can be expressed by [75]: 

 ( ) exp
3
2exp),( 2/1

2

E
kT

TE βσµµ ⋅
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kT

C σβ , (2.9) 

where σ is the energetic disorder that indicates the full width at half maximum 

(FWHM) of the Gaussian distributed energy sites (as shown in Fig. 2.8). µ∞ is the 

high temperature limit of the mobility. The term exp(βE1/2) indicates the 

Poole-Frenkel effect taking into account at a sufficient electric field (>105 V/cm) 

[76-77]. The Poole-Frenkel slope β contains the parameters of energetic disorder σ, 

positional disorder Σ, dimensionless constant C and the Boltzmann constant kB. At the 

zero-field condition (F = 0), Eq. (2.8) becomes as, 

 
















−⋅= ∞

2

0 3
2exp)(
kT

T σµµ
.  (2.10) 

The carrier mobility μ0 in Eq. (2.10) is now temperature dependent at the zero-field 

condition.  

 

Fig. 2.8. The distribution of the energy states at HOMO and LUMO is assumed to be 

a Gaussian function in amorphous organic solids [75]. The parameter 2σ indicates the 

FWHM of the distribution function. 

 

 



20 
 

2.3 Excitonic processes in organic semiconductors 

Once the carriers are injected from anode and cathode, they transport through the 

hopping energy sites under the applied electric field in OLED. The formation of 

excitons is the next step when holes and electrons are interacted in the molecules. 

Exciton refers to a tightly bounded hole and electron pair by coulombic interaction. In 

organic materials, there are two major excitons, Frenkel exciton and charge-transfer 

(CT) exciton. Frenkel exciton is strongly localized in one or two molecules (in a range 

of ~1 nm) [78]. It can be easily found in the amorphous small molecules with a weak 

intermolecular bonding. The charge transfer exciton is more delocalized, which can 

diffuse into several adjacent molecules. For example, CT excitons are formed in some 

crystalline or polycrystalline organic molecules, such as anthracene and tetracene etc. 

[79-80].  

The exciton is an excited state in organic semiconductor. According to the 

quantum mechanics, the spin state σ± of the electron can be either in singlet state (total 

spin S = 0) or triplet state (total spin S = 1) [79]. For the anti-symmetric state (S = 0, 

singlet), only follow allowed transition is, 

 )}2()1()2()1({
2

1
↑↓−↓↑=−σ .            (2.11) 

For the symmetric state (S = 1, triplet), there are three possible combinations: 
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             (2.12) 

Thus, the probability of the electron at the singlet state (S1) is 25%, whereas the 

electron at the triplet state (T1) is 75% [79, 81]. Due to the symmetric geometry, the 

electron has a stronger electron to electron repulsion at the triplet state. So the triplet 

energy is normally lower than the singlet state. 
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2.3.1 Fluorescence and phosphorescence electroluminescence 

Apart from the electrical excitation, excitons can also be generated by the optical 

excitation. When the excitation energy is higher than the optical energy gap (ELUMO - 

EHOMO), electrons can be excited from its ground state (S0) to the excited state (S1, 

S2, …) by optical absorption. The electronic transitions can be well described by the 

Jablonski energy diagram (as shown in Fig. 2.9) in different energy states in the 

molecules [82-83]. After the excitation, whatever electric or optical, the electron 

relaxes to its lowest vibrational energy state via a quick internal conversion process 

(~10 fs to 10 ps). Then electron can relax to the ground state by the emission of 

photons. The radiative emission from the transition of singlet state to ground state is 

known as fluorescence. Typically, the radiative lifetime of the fluorescent emission is 

in a range of 1 ns to 100 ns. As mentioned earlier, electron can also be in multiplicity 

of 3 (75% in the triplet state). The transition from T1 to S0 is usually via the 

non-radiative relaxation (e.g. vibration) since the radiative lifetime of the 

phosphorescent emission is typically longer (> 1 ms). 

For some organometallic materials, e.g. iridium-complex, europium complex and 

platinum complex etc., the transition from singlet state to triplet state is allowed by 

the process of intersystem crossing. According to the selection rule, the electronic 

transition from singlet to triplet is forbidden (since ∆S≠0). However, the spin -orbit 

coupling (or called the heavy metal effect) enhances this electronic transition [84]. 

Some phosphorescent materials have shown a nearly 100% intersystem crossing 

leading to a nearly 100% radiative relaxation by phosphorescent emission [85-86]. 

The lifetime of those phosphorescence dyes is typically in range of ~1 μs to 100 μs. 

In some cases, the delayed fluorescence can occur in the organic molecules. This 

process involves a reverse intersystem crossing (RISC), which allows the electron at 

the triplet state undergoing the reserve transition. Finally, a delayed fluorescent 

emission is given by the singlet relaxation. This reserve process is thermal activated 

and highly restricted for the materials possessing a small energy splitting between S1 

and T1 [87-88]. Recently, a high efficiency of 86% and a high EQE of 16% from the 
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delayed fluorescence via RISC process were demonstrated [2.48-2.49].  

 

Fig. 2.9. Jablonski energy diagram showing the different electronic transitions 

processes [83]. The straight arrows indicate the radiative transitions including 

fluorescence and phosphorescence, whereas the spiral arrows indicate the 

non-radiative transition process. 

 

2.3.2 Förster and Dexter energy transfer processes 

The energy transition process in a single molecule has been discussed in the 

previous section. In a reality, OLEDs are complicated system involving multiple 

energy transfer processes to distribute the excitons in the emitting molecules, 

fluorescent and phosphorescent dyes. Thus, the energy transfer between molecules is 

essential in the design of efficient OLEDs. This section describes the concepts of the 
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intermolecular energy transfer processes.  

 In general, a donor-acceptor system is used to describe the intermolecular energy 

transfer process. Donor refers to the molecule donating the electrons, whereas 

acceptor refers to the molecule accepting the electrons. For convenience, donor and 

acceptor are denoted by D and A, respectively. A simple expression for the energy 

transfer between donor and acceptor can be written as,  

 
** ADAD +→+ ,   (2.13) 

where the superscript * represents the molecule in the excited state.  

 The reabsorption is a simple energy transfer process. During this process, the 

excited donor transfers the energy by the photon emission. Then the acceptor is 

excited by the photon absorption. The reabsorption process can be written as, 

 νhDD +→* ,  

 *AAh →+ν . (2.14) 

Apart from the radiative reabsorption, there are two other non-radative energy transfer 

processes, Förster energy transfer and Dexter energy transfer processes.  

 Förster energy transfer is a non-radiative energy transfer process via the 

dipole-dipole coupling [89]. When a dipole from the donor molecule is in resonant 

with a dipole from the acceptor molecule, then the excited donor molecule will excite 

the acceptor via Förster energy transfer process. This non-radiative process can be 

described as Coulombic interaction. Fig. 2.10 illustrates the Förster process showing 

the interaction between the dipoles in donor and acceptor. To activate the process, 

donor and acceptor transition must be allowed between singlet-singlet transitions, the 

spectral overlapping of emission (donor) and the absorption (acceptor). Typically, this 

Coulombic interaction can be efficient in a long distance of up to 10 nm [79]. An 

expression for the Förster energy transfer rate kD-A from the donor to acceptor was 

derived as [90]: 
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From the expression, the constant C is written in terms of the Avogadro’s number N, 

the refractive index n of the medium, and the dipole orientation factor κ (For random 

dipole, κ2 is 2/3). The transfer rate is also dependent on the luminescence quantum 

yield of the donor emission Q0, the excited state lifetime of donor τD, the 

donor-acceptor separation r, the Förster radius R0 (R0 = (CQ0I)1/6), and the spectral 

overlap integral I. The overlap integral I can be written as, 

 
( ) ( )∫= λλλελ dfI AD

4

, (2.17) 

where fD and εA are the normalized intensities of donor emission and acceptor 

absorption. At the absence of spectral overlapping, then the value of the integral I 

becomes zero, indicating no Förster energy transfer occurs. The transfer process is 

also restricted from singlet-singlet state [91]:   

 *111*1 ADAD +→+ ,  

 *313*1 ADAD +→+ ,          (2.18) 

where the multiplicity index 1 represents the singlet state and that of 3 represents the 

triplet state. Some transfers can be indicating from the triplet state, but the process 

requires an additional intersystem crossing by incorporating the phosphorescent 

materials [92]. The possible processes include: 

 *111*3 ADAD +→+ ,   

 *313*3 ADAD +→+ .          (2.19) 
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Fig. 2.10. A non-radiative Förster energy transfer process. The resonant dipole-dipole 

coupling between donor and acceptor is due to the Coulombic interaction. The 

donor-acceptor transitions must be allowed, typically for singlet-singlet transitions. 

. 

 Dexter energy transfer also is a non-radiative energy transfer process via the 

electron exchange interaction [93]. Fig. 2.11 illustrates the electron exchange between 

donor and acceptor. In principle, the process requires the orbital overlap between 

donor and acceptor. Therefore, Dexter energy transfer is efficient only in a short 

distance (~1-2 nm). In the Dexter energy transfer, the total spin of reaction must be 

conserved, which obeys the Wigner-Witmer spin conservation rules [94-95]. Thus, the 

allowed transitions for Dexter energy transfer process are allowed only between the 

singlet-singlet and triplet-triplet reactions:  

 *111*1 ADAD +→+ , 

 *311*3 ADAD +→+ .   (2.20) 

In fact, the triplet-triplet reaction is more dominant in the Dexter process since the 

singlet-singlet interaction is more efficient in the Förster process. So the 

singlet-singlet transition by electron exchange in by Dexter is unfavorable, which is 

rarely to observe. The energy transfer rate KD-A for the Dexter process was derived 

[93]: 

 






 −=− L

rJK AD
2exp

,      (2.22) 

where r and L are the distance and sum of the van der Waals radii of the donor and 

acceptor, respectively. J is the spectral overlap integral written in Eq (2.17). 
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Fig. 2.11. A non-radiative Dexter energy transfer process. The electron exchange 

occurs between donor and acceptor when the orbitals overlap. 

 

2.4 Optical processes in organic light-emitting diodes 

 As discussed in section 2.3, light emission from OLED undergoes a series of 

processes, from charge injection to exciton recombination at the emitting molecules. 

Internal quantum efficiency (IQE) of nearly 100% in some advanced emitters has 

been demonstrated. However, emission by the OLED is still limited by an EQE of ~20% 

[20]. So far, many high efficiency OLEDs have been developed, however the EQE of 

the OLEDs with the conventional architecture is still limited to 20-25% [16, 96]. The 

conventional OLED, with a configuration of glass/ITO/organic stack layers/metal, has 

formed several interfaces, e.g. air/glass, glass/ITO, and ITO/organic stack layer, 

formed due to the difference in refractive indices between the adjacent layers. So light 

emitted from the molecules is trapped inside the device due to the formation of 

different optical modes.  

 

2.4.1 Different optical modes 

 The different optical modes in the conventional OLEDs were analyzed using 

optical simulation [97-99]. Fig. 2.12 shows the distribution of optical modes, as a 

function of ETL thickness, calculated for an ideal red emitting OLED, taking into 

account the electrical losses, layer absorption and non-radiative losses. Radiative 

losses due to different optical modes are shown in Fig. 2.12, including the substrate 

mode, waveguide mode, and outcoupled mode. In the conventional OLEDs, the 

organic layers are often grown on the glass substrate. Typically, the refractive index of 

Acceptor* Acceptor Donor Donor* 
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the organic layers is around 1.6-1.8. The difference in refractive indices between 

organic (n = 1.6-1.8) and glass (n = 1.5) is the main reason resulting in the optical 

modes in the thin film OLEDs. When light enters to the interface at an incident angle 

greater than the critical angle, light is trapped inside the organic layers due to the total 

internal reflection forming waveguide mode. Similarly, the total internal reflection 

also occurs at the glass/air interface, trapping the emitted light in the glass substrate, 

forming the substrate mode. The out-coupled mode (known as far-field mode) 

indicates the emitted light escaped to the air. In Fig. 2.12, these optical modes are 

sensitive to the ETL thickness. The maximum quantum efficiency of the out-coupled 

mode is limited to ~20% [16, 20, 96]. More than 40% of the emission is lost to the 

waveguide and substrate modes. Apart from the optical modes, the surface plasmon is 

another energy loss channel, caused due to the weak coupling between the emitting 

dipoles and the surface plasmons formed on the metal cathode. 

 
Fig. 2.12. Distribution of calculated optical modes as a function of the ETL thickness 

in an OLED. The experimental data (dots) agree well with the calculated results, 

showing that more than 80% of the emitted light in the conventional OLED is lost to 

different optical modes [97-99]. 
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2.4.2 Optical design and optimization 

Based on the calculated results (Fig. 2.12), the device efficiency in fact can be 

enhanced by 2-3 times if the fraction of out-coupled mode is improved. Different 

approaches, e.g. macro-extractors [17, 100-101], structured substrate [102-105], 

low-refractive-index layer [106-108], corrugated structure [109] and high- 

refractive-index substrate [17, 102, 104, 110], have been introduced to reduce the 

emission loss due to the substrate and waveguide modes. These approaches were 

introduced to reduce the total internal reflection in different layers, making 1.5-2.5 

folds of improvement in out-coupling efficiency. 

In parallel to the use of out-coupling structure, a more appealing approach is to 

optimize device structure to suppress these modes through theoretical simulation and 

experimental optimization. As illustrated in Fig. 2.12, the out-coupling efficiency is 

sensitive to the ETL thickness [20]. The optimal layer configuration in thin film 

OLED can be analyzed using optical simulation. The details of the optical modeling 

and the results of OLED optimization will be discussed in the following Chapters. 
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Chapter 3 Experimental optimization and theoretical 

simulation 

This chapter covers details of experimental processes of OLED and optical 

modeling. The OLED fabrication processes include the materials preparation and 

device fabrication. Techniques and methods for OLED characterization are 

highlighted. In parallel to the experimental processes and characterization, the 

theoretical analysis of OLED emission behavior also is presented. 

 

3.1 Material preparation and device fabrication 

3.1.1 Material preparation and substrate treatment 

Patterned ITO/glass substrate is used for the OLED fabrication. Fig. 3.1 shows 

the pattern of the ITO on glass substrate. The ITO/glass substrate, with the size of 45 

mm × 45 mm, has a sheet resistance of ~15 Ω/sq. Prior to the thin film deposition, the 

ITO/glass substrate was cleaned by ultrasonication sequentially with diluted Deconex 

(Borer Chemie, Deconex 12PA) , de-ionized water, acetone (Sigma-Aldrich, A.R. 

grade) and isopropanol (Sigma-Aldrich, A.R. grade) for 20 min. Then the substrate 

was treated by oxygen (O2) plasma for 10 min before it was loaded in a 10-source 

vacuum evaporator for thin film deposition. O2 plasma treatment is important to 

remove the impurities, contaminants and the hydrocarbon on the ITO surface. In 

addition, the treatment induces a surface dipole on ITO to facilitate the hole injection 

at the ITO/organic interface [111-112]. 

 
Fig. 3.1. The patterned ITO on glass substrate for OLED fabrication. 

Patterned ITO 

45 mm 

45 mm 
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3.1.2 Formulation of functional layers 

Apart from the ITO substrate, the organic and inorganic functional materials, with 

purity >99%, were also prepared for OLED fabrication. The materials were used as 

received without further purification. Table-3.1 illustrates molecular structures of all 

functional materials used in this work. For convenience, the abbreviations of the 

functional materials used in the OLEDs are also listed in Table-3.1. The functions of 

the materials used in OLED, e.g. HIL, HTL, EML, ETL and EIL, are given in the 

table. The phosphorescent dopants used in this work are categorized by their emission 

colors, e.g. blue emitter- FIrpic, green emitter- Ir(ppy)2acac, orange emitter- 

Ir(fbi)2acac, and red emitter- Ir(piq)2acac. 

 
Table-3.1. Molecule structures, names and abbreviations of functional materials used 
in this work.    
Item Molecular structure Chemical name Abbreviations 

Hole injection layer (HIL) 

1 --- Molybdenum(VI) 
oxide MoO3 

2 

 

Dipyrazino[2,3- 
f:2',3'-h]quinoxaline-

2,3,6,7,10,11- 
hexacarbonitrile 

HATCN 

3 

 

Poly(3,4- 
ethylenedioxy- 
thiophene)poly- 

(styrenesulfonate) 

PEDOT:PSS 
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Hole transporting layer (HTL) 

4 

 

Di-[4-(N,N-ditolyl- 
amino)-phenyl]- 

cyclohexane 
TAPC 

5 

 

N,N'-Bis- 
(naphthalen-1-yl)- 
N,N'-bis(phenyl)- 

benzidine 

NPB 

Emissive layer (EML) 

6 

 

4,4'-Bis(carbazol-9-
yl)biphenyl CBP 

7 

 

4,4',4"- 
Tris(carbazol-9-yl)- 

triphenylamine 
TCTA 

Electron transporting layer (ETL) 

8 

 

2,2',2"- 
(1,3,5-Benzinetriyl)-
tris(1-phenyl-1-H- 

benzimidazole) 

TPBi 
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9 

 

1,3,5-tri[(3-pyridyl)-
phen-3-yl]benzene TmPyPB 

Blue emitter 

10 

 

Bis(3,5-difluoro-2- 
(2-pyridyl)phenyl- 

(2-carboxypyridyl)- 
iridium III 

FIrpic 

Green emitter 

11 

 

Bis- 
(2-phenylpyridie)- 
(acetylacetonate)- 

iridium(III) 

Ir(ppy)2acac 

Orange emitter 

12 

 

Bis(2-(9,9-diethyl- 
fluoren-2-yl)-1- 

phenyl-1H- 
benzo[d]- 

imidazolato)- 
(actylacetonate)- 

iridium(III) 

Ir(fbi)2acac 
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Red emitter 

13 

 

Bis(1- 
phenylisoquinoline)- 

(acetylacetonate)- 
iridium (III) 

Ir(piq)2acac 

Electron injection layer 
14 --- Lithium fluoride LiF 

 

3.1.3 OLED fabrication 

All the functional materials were evaporated onto the pre-cleaned ITO substrate 

inside a 10-source vacuum evaporator. Fig. 3.2 illustrates schematic diagram of the 

evaporation system for thin film deposition. The organic materials loaded in the 

quartz crucibles were evaporated at a base pressure less than 5.0×10−4 Pa. The high 

vacuum can prevent the contamination during the thin film deposition and increase 

the mean free path of the evaporated molecules [113]. The thickness of the evaporated 

films was monitored by the quartz crystal sensor, calibrated by step profiler (Tencor 

Instructment, Alpha-Step 500). The deposition rate of all materials was maintained at 

1Ǻ/s. OLED has a configuration of glass/ ITO/ organic layer(s)/ metal cathode. Fig. 

3.3b illustrates the top view of the device consisting of the organic layer(s) and metal 

cathode on the top of ITO substrate. There are four identical OLEDs on one glass 

substrate. Each OLED has an active area of 3.0 mm × 3.0 mm. The active area is 

defined by the overlap region between ITO and metal cathode. 
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Fig. 3.2. Schematic diagram of the thermal evaporation system for thin film 

deposition. 

 

 
Fig. 3.3. (a) A bare ITO on glass substrate. (b) The active area of OLEDs consisting of 

the organic layer(s) and the upper metal cathode. 

 

3.1.4 Device encapsulation 

After the device fabrication, all OLEDs were encapsulated inside a N2 purged 

glove box, connected to the evaporator, with O2 and H2O levels <0.1 ppm. 

Encapsulation is necessary to prevent the degradation of OLEDs [114-115]. Some 
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dark spots can be observed in the emitting area of the OLEDs due to encroachment of 

oxygen and moisture. Fig. 3.4 illustrates the schematic diagram of the encapsulation 

of OLED. A capping glass was used to cover the active organic area, as shown in Fig. 

3.4b. The UV-curing epoxy (Three Bond Co, Ltd. UV Curing Resin 3055B) was used 

to adhere the capping glass onto the ITO substrate, as shown in Fig. 3.4a. A piece of 

desiccant was attached to the inside glass cap to absorb the residual moisture. Finally, 

the encapsulated OLED was transferred to the ambient for characterization. 

 
Fig. 3.4. (a) The cross-sectional view and (b) the top view of an encapsulated OLED 

using a capping glass. 

 

3.2 Material and device characterizations 

This section describes the characterizations of functional materials and OLEDs. 

The OLED characterizations include the current density−voltage−luminance 

characteristics and transmittance measurement. The material characterizations include 

variable angle spectroscopic ellipsometry, atomic force microscopy (AFM), X-ray 

photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). 

3.2.1 Current density−voltage−luminance characteristics 

Freshly fabricated and encapsulated OLEDs, were characterized by the current 

density–voltage–luminance (J−V−L) measurement. Fig. 3.5 depicts the setup of the 

J−V−L characteristics and EL spectra measurement. The sample with an active area of 

0.09 cm2 was driven by a forward bias from 0 – 10 V. The response current, 

luminance and EL spectra of the OLED were measured by a Keithley source 
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measurement unit (Keithley Instruments Inc., Model 236 SMU) and a spectra 

colorimeter (Photo Research Inc., Model 650), which were controlled by the computer 

interface. The power efficiency (lm/W), the current efficiency (cd/A) and EQE thus 

can thus be determined from the J−V−L characteristics.  

 
Fig. 3.5. Schematic diagram of J−V−L and the EL spectrum measurement system. 

 

3.2.2 Transmittance measurement 

Visible light transparency of the transparent OLED was measured. Fig. 3.6 shows 

the setup of the transmittance measurement using the Oceanoptics fiber spectrometer 

(Model USB 4000). An Xenon lamp, as light source, produces light collected by the 

optical fiber. Light conducted by the optical fiber enters into the transparent OLED. 

Light transmitted through the OLED is collected by another optical fiber connected to 

the spectrometer. The transparency of the OLED was measured by the spectrometer, 

which is controlled by the computer interface. The plot of visible light transparency 

T(%), as the function of wavelength λ, can be deduced. The comparison of measured 

and simulated visible light transparency of the transparent OLEDs is presented in 

Chapter 5. 
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Fig. 3.6. Schematic diagram of the visible light transparency measurement set-up. 

 

3.2.3 Variable angle spectroscopic ellipsometry 

Spectroscopic ellipsometry is an optical technique to analyze the optical 

properties of the thin films. It measures the change in the polarization state of light 

beam reflected from the material surface, as shown in Fig. 3.7. The optical properties 

of the material can be deduced from the change of the polarization state [116-117]. A 

lot of information can be obtained from ellipsometry measurement, e.g. surface 

roughness, film thickness, anisotropy etc. In this work, the spectroscopic ellipsometry 

was used to determine the wavelength-dependent optical constants (n and k) of 

materials. Spectroscopic ellipsometry (Horiba Scientific [118]) measurement was 

conducted using thin film grown on a Si-wafer. A suitable dispersion model was used 

to analyze the spectroscopic ellipsometry signal to derive the wavelength dependent 

optical constants (n and k). 
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Fig. 3.7. The basic pricciple of spectroscopic ellipsometry measuring the change in 

the polarization of the reflected light from material surface [118]. 

 

3.2.4 Atomic force microscopy 

Atomic force microscopy (AFM) is a technique to characterize the surface 

features of material, e.g. surface roughness and morphology. A cantilever consisting 

of a sharp tip (in nanometer scale) is used to scan the specimen surface. The 

deflection of the cantilevering reflects the surface topography of the specimen. In our 

experiments, the tapping mode was used to measure the materials grown on the ITO 

substrate. The scanning range was 5.0 μm × 5.0 μm. 

 

3.2.5 Ultraviolet and X-ray photoelectron spectroscopy 

UPS and XPS techniques were used to study the binding energy of the electrons 

in a solid [119]. The principle of photoelectron spectroscopy is based on the 

photoelectric effect. Fig. 3.8 illustrates the physics of photoelectron spectroscopy. 

When photons with sufficient energy are incident on the sample surface, electrons are 

emitted from the sample surface. By analyzing the energy of ejected electrons, the 

information of materials can be deduced. In UPS, the low-energy ultraviolet photons 
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are used to excite the electrons in the outmost shell. The information of electrons in 

valence level can be analyzed. In XPS, the high-energy X-ray photons are used to 

excite the core electrons. The information of elemental composition can be analyzed. 

In our experiments, photoelectron spectrometer (Sengyang SKL-12), equipped 

with a X-ray source (a twin-anode of Mg/Al), a UV lamp source (VG Microtech) and 

an electron energy analyzer (VG CLAM 4 MCD), at a ultra-high vacuum condition (< 

2×10-9 mbar), was used for the UPS and XPS measurements. The measured material 

was grown on a conducting ITO substrate with a size of 1.0 cm × 1.0 cm. The sample 

was grounded to prevent the charging effect in the measurement. For the UPS 

measurement, the characteristics of Fermi level and the secondary cut-off were 

observed from the UPS spectrum. The work function of the material was determined 

by Φ = hν - ΔΕ, where hν is the excitation energy of He I radiation (21.22 eV) and ΔΕ 

is the energy difference between the Fermi level and the secondary electron cut-off 

observed from the UPS spectrum. Usually, a bias (-5.0 V) was given to the sample to 

observe the low-energy secondary cut-off. For the XPS measurement, the 

characteristic peaks (binding energy of the ejected electrons) from different elements 

were observed from XPS spectrum. The elemental composition and ionization state of 

elements can be identified.  

 

Fig. 3.8. Schematic diagram of a photoelectron spectrometer illustrating the 

photoemission process.  
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3.3 Optical admittance analysis 

OLED is a complex device with a multilayer structure. The optical path length 

correlating to the device thickness is typically in the sub-wavelength range. The 

emission characteristics are highly dependent on the thickness and optic parameters 

(refractive index n and extinction coefficient k) of each layer in the device. In fact, it 

is very difficult to analyze the optical emission based on the simple optics since the 

multilayer system involves of multi-beams reflection and transmission arising from 

the interference effect occurred at different interfaces. To calculate the complicated 

emissions, an optical admittance method can be used, also known as transfer matrix 

method accounting for the overall reflections and transmissions in the OLED [120]. 

 Considering a simple case, a system with two media (as Fig. 3.9), the reflected 

and transmitted light at the interface can be calculated by the Fresnel equation with 

given refractive index dispersion n0 and n1 of the media 0 and 1 when the incident 

light approaches to the boundary at an angle θ [121]. When one more layer is 

involved (as Fig. 3.10), with 3 media and 2 boundaries, the situation becomes more 

complex. In Fig. 3.10, we define the boundary between media 0 and 1 is at z = 0. 

 

 

Fig. 3.9. Schematic diagram illustrating the incident wave travelling to a planar 

boundary a that separates two media, 0 (with refractive index n0) and 1 (refractive 

index n1). 
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Fig. 3.10. Schematic diagram illustrating the incident wave travelling to a three layer 

system, with media 0, 1, 2 that produce 2 boundaries a and b.  

 

Applying the boundary condition, the tangential components of electric field E and 

magnetic field H at the boundaries a and b can be written as, 

 
−+ += aaa EEE 11 ,         (3.1) 

 
−+ −= aaa HHH 11 ,        (3.2) 

 
−+ += bbb EEE 11 ,          (3.3) 

 
−+ −= bbb HHH 11 ,         (3.4) 

where positive sign indicates all incident and transmitted light, and negative sign 

indicates all reflected light for E along x-axis and H along y-axis. With the optic path 

difference d between the boundary a and b, the tangential component for Ea and Ha 

can build up the relation with Eb and Hb by a phase factor eiδ for waves in positive 

direction and e-iδ for waves in negative direction. The angular phase difference δ is 

given by, 

 
θ

λ
πδ cos 2 Nd=

.       (3.5) 
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The complex refractive index N is equal to n-ik, where n is the refractive index and k 

is the extinction coefficient of the medium. The tangential components for Ea and Ha 

in the positive and negative directions can be written as, 

  11
δi

ba eEE ++ = ,          (3.6) 

  11
δi

ba eEE −−− = ,         (3.7) 

 
δi

ba eHH ++ = 11 ,          (3.8) 

  11
δi

ba eHH −−− = .         (3.9) 

To define the optical admittance y1 = Ha/Ea and apply Eqs. (3.6) to (3.9), Eq. (3.1) and 

Eq. (3.2) can be modified as: 
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Eq. (3.10) and Eq.(3.11) can be written in the matrix form as: 
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If one more layer is added to the system, i.e., 4 layers (n0, n1, n2, n3) and 3 boundaries 

(a, b and c), a similar mathematical process can be done. The tangential components 

for Ec and Hc can be linked by Eb and Hb in the matrix operation as,  
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Substitute Eq. (3.13) into Eq. (3.12), it is then modified as, 
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For convenience, Eq. (3.14) is modified by the effective optical admittance yeff = C/B, 

i.e. y1 = Ha/Ea, y2 = Hb/Eb and y3 = Hc/Ec. The characteristic matrix can be expressed 

as:  
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where B and C are the functions for E-field and H-field. 

When the number of layers (e.g. m+1 layers) increases, the characteristic matrix of the 

stack layers can be written as the product of individual layer matrices as,  
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This transfer matrix is well describing the E-field and H-field in the stack layers, the 

relation of the fields between the layer m and the neighboring layer m+1. The 

wavelength dependent reflectance R, transmittance T and absorbance A can then be 

determined by the following equations [122-123]: 
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where Ψj is the ratio of the time average of the magnitude of the Poynting’s vector at 

the boundary j and j-1, it is written as: 
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To express those items from Eq. (3.17), Eq. (3.18) and Eq. (3.19) as a function of the 

layer thickness, they can be written in integrated normalized reflectance R  , 
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transmittance T  and absorbance A  by the flux F(λ) of the incident light as follows: 
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The integrated normalized reflectance R  , transmittance T  and absorbance A  are 

useful to analyze and optimize a real device with different layer configurations. The 

optical admittance can be evaluated to obtain the reflectance, transmittance and 

absorbance of each layer with given layer thicknesses and the optical constants (n and 

k). Thus, the layer thicknesses in a practical device can be optimized throughout the 

optical modeling. In this work, commercial software of Semiconducting Thin Film 

Optics Simulation (SETFOS), was used to analyze and optimize the emission 

behavior in OLEDs. 
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Chapter 4 Transparent WOLEDs 

4.1 Progresses and challenges of transparent WOLEDs 

 White organic light-emitting diode (WOLED) has been extensively studied for 

application in flat panel displays and solid state lighting. Compared to other solid state 

lighting technologies, WOLED is the only device that can provide planner diffused 

light source which is more comfortable to our eyes evolved to see the white light in 

the solar spectrum. To date, much effort has been focused on developing high 

performance phosphorescent WOLEDs for application in lighting [10-12, 124-125]. 

Phosphorescent WOLEDs with a power efficiency of >40 lm/W have been 

demonstrated on one-sided opaque devices [16-17, 126]. Sasabe et al. reported an 

efficient WOLED with a power efficiency of 55.2 lm/W at 100 cd/m2, CIE of (0.40, 

0.40) and a CRI of 81 using a blue iridium carbene complex [18]. In parallel to the 

development of new emissive materials, the use of light out-coupling structure is a 

promising approach to improve the power efficiency of WOLEDs. A phosphorescent 

WOLED with a threefold increase in power efficiency to ~100 lm/W at 100 cd/m2 

was demonstrated using a high-refractive-index substrate and a periodic out-coupling 

structure [17].  

Conventional WOLEDs have a bottom emitting structure, which includes an 

opaque metal or metal alloy cathode, and a transparent anode on a transparent 

substrate, enabling light to emit from the bottom of the structure, usually from the 

glass side. WOLEDs may also have a top emission configuration, which is formed on 

either an opaque or a transparent substrate. A WOLED can be also made transparent 

when both transparent anode and cathode are used. Light can be emitted from both 

anode and cathode sides when both electrodes are relatively transparent forming 

transparent WOLEDs [127]. Transparent WOLEDs increase the flexibility of device 

integration and engineering, opening up a plethora of opportunities and the potential 

for novel product concepts. They can be integrated easily with any substrate, for 

example, window panes and glass walls, to improve their illumination functionality 

thereby adding additional new features for application in lighting.  
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Transparent WOLEDs consisting of a transparent ITO anode and a variety of 

transparent thin metal cathodes of Al, Ag, Au, Ca/Ag, Yb:Ag and Mg:Ag et al. have 

been reported [24-33]. When an ultrathin metal cathode is used, the top cathode can 

be relatively transparent. By this arrangement, emitted light can escape from both the 

ITO anode and the top ultrathin metal cathode sides of the WOLEDs. These 

transparent WOLEDs usually have a preferential one-sided EL emission due to 

asymmetric emission characteristics at anode/organic and organic/cathode interfaces. 

In addition, the angular-dependent EL emission is often observed, due to the 

microcavity effect [128,129], leading to the change in the emission color at different 

viewing angles. 

Recently, a pair of anode and cathode having a symmetrical layer structure of 

Alq3 (85 nm)/Ag (22 nm)/Alq3 (85 nm)/Ag (22 nm) was proposed for a transparent 

WOLED [34]. Although a bi-directional illumination was obtained, the EL emission 

has a strong angular dependence, due to the microcavity effect. This aside, the overall 

visible-light transparency of the WOLEDs is also limited by the use of 88-nm-thick 

Ag layers in both electrodes [34]. Realization of a transparent phosphorescent 

WOLED lighting that has high visible-light transparency and can emit a pleasant 

symmetrical bi-directional diffused light still remains as an open challenge.  

Herein, we report our efforts to develop a high performance transparent 

phosphorescent WOLED using a high mobility electron-transporting layer along with 

an Ag (10 nm)/MoO3 (2.5 nm)-modified ITO anode and a thin Al (1.5 nm)/Ag (15 

nm)/index-matching-layer cathode. The hole-electron current balance in a two-color 

white transparent WOLED was optimized through theoretical simulation and 

experimental optimization. A transparent WOLED with a visible-light transparency 

of >50%, a symmetrical bi-directional EL emission spectra with almost an identical 

power efficiency of 11 lm/W (measured at 100 cd/m2) and similar CIE coordinates 

from both sides was demonstrated. 
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4.2 Experimental details 

An optimized 2-color white OLED can be readily used for the development of the 

transparent WOLED. Optimization processes of a 2-color white OLED are discussed 

in this chapter, including the theoretical modeling and experimental characterization. 

WOLEDs with a general structure of anode/HIL/HTL/EML/ETL/EIL/cathode, 

described in Chapter 3 (Section 3.2), were fabricated. A blue phosphorescent emitter 

FIrpic and an orange phosphorescent emitter Ir(fbi)2acac were used in the WOLED 

for generating white emission. The dopants have the photoluminescence (PL) 

emissions at 478 nm and 562 nm, as illustrated in Fig. 4.1. The white emission from 

the WOLED is expected to cover the spectrum in a range from 460 nm to 610 nm. 

These two dopants were co-doped in TCTA host to form dual emissive layer with 

particular concentrations (x% for FIrpic and y% for Ir(fbi)2acac). The NPB HTL and 

TPBi ETL were used for the carrier transport. To facilitate the carrier injections, 

MoO3 HIL and LiF EIL were used to modify the anode and cathode contacts to 

achieve the efficient charge injection. The materials were deposited on ITO substrates 

following the sequence of MoO3 (10 nm)/NPB (40 nm)/TCTA (5 

nm)/TCTA:FIrpic:Ir(fbi)2acac (x%, y%, 17.5 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 

nm). All the experimental processes, including process optimization and the device 

characterization, followed the same procedures described in Chapter 3. Fig 4.2 shows 

the device architecture and the energy diagram of the functional materials used in 

WOLEDs. The thicknesses of corresponding functional layers used in the WOLEDs, 

were optimized via the optical simulation and the experimental optimization. 
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Fig. 4.1. PL spectra measured for thin film emitters of Firpic and Ir(fbi)2acac. 

 

 

Fig. 4.2. (a) Device architecture and (b) the schematic energy diagram of the 

functional materials used in the WOLED. 
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4.3 Optimization of 2-color white WOLEDs 

In this section, the process optimization, including doping concentration, film 

thickness, hole-electron current balance and triplet energy confinement for a 2-color 

white WOLED, is described. The purpose of the optimizations was to improve the 

emission characteristics and transparency for achieving a high performing device, 

high power efficiency and CRI for the application in the transparent WOLED lighting.   

4.3.1 Doping concentration 

Base on the energy diagram and the device architecture (as shown in Fig. 4.2), it 

is expected that the main recombination zone is located at the TCTA/TPBi interface. 

Since TCTA is an ambipolar material that has a relatively stronger hole transporting 

capability (μh ~10-5 cm2/Vs) [130], so the injected holes can move a longer distance 

than the injected electrons. Holes are expected to accumulate at the TCTA/TPBi 

interface, blocked by the high HOMO level (6.2 eV) of TPBi. The injected electrons 

travel through the TPBi layer and then drop perferably into the dopant that has a 

higher LUMO level rather than the TCTA. As a result, excitons are formed in dopants 

at the TCTA/TPBi interface. FIrpic and Ir(fbi)2acac are high quantum yield dopants 

and are used for high efficiency OLEDs [131-132]. The concentration of 

phosphorescent dopants in OLEDs is optimized to prevent the concentration 

quenching to achieve desired emission spectra [79, 133]. 

In this work, the doping concentration of FIrpic was varied from 1% to 20%; 

while the concentration of Ir(fbi)2acac was maintained at 1%. Fig. 4.3 and Fig. 4.4 

show the power–luminance characteristics and the EL spectral of a set of OLEDs 

having different concentrations of FIrpic and Ir(fbi)2acac doped in TCTA. It was 

demonstrated that the best power efficiency was at (19, 1%), i.e. 20.5 lm/W at 100 

cd/m2 and 15.3 lm/W at 1000 cd/m2 (Fig. 4.3). However, blue emission of the EL 

spectra measured for this set of OLEDs is less satisfactory, with a relatively stronger 

emission in red as shown in Fig. 4.4. The best EL spectrum was observed for OLED 

with a doping concentration of (14, 1%), but shown a slightly lower power efficiency 

than the doping concentration of (19, 1%). For a higher doping concentration of 
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FIrpic (>20%), the efficiency drops significantly. The most appropriate FIrpic 

concentration is over the range from 14 – 19% that gives a high efficiency and good 

spectral distribution in EL spectra. In addition, the Ir(fbi)2acaac concentration was 

also optimized. OLEDs with the Ir(fbi)2acac concentration above 1% showed a poor 

efficiency and strong red EL spectra that is consistent with reported literatures [19, 

133]. Traps in TCTA can be induced at a high Ir(fbi)2acac concentration, as the dopant 

has a low lying HOMO level (5.1 eV) comparing to that of TCTA (5.7 eV). It affects 

the hole transport capability of TCTA and thus reduces the hole current. At a low 

doping concentration, e.g. <1%, it is difficult to control throughout from the 

experiment. Therefore, Ir(fbi)2acac concentration was kept constant at 1%, similar to 

the value reported in the literatures [19, 133]. Base on the results, the most 

appropriate doping concentrations of FIrpic and Ir(fbi)2acac doped in TCTA is (19%, 

1%). This optimized doping concentration was used in the fabrication of transparent 

2-color white WOLEDs.  
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Fig. 4.3. The power efficiency–luminance characteristics of a set of WOLEDs with 

FIrpic and Ir(fbi)2acac doped in the TCTA host, with different doping concentrations 

of (1, 1%), (4, 1%), (9, 1%), (14 ,1%) and (19, 1%). The inset in Fig.4.3 illustrates the 

values of the power efficiency of the WOLEDs measured at 100 cd/m2 and 1000 cd/m 
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Fig. 4.4. The EL spectral of a set of OLEDs with different combinations of FIrpic and 

Ir(fbi)2acac concentrations, e.g. (1, 1%), (4, 1%), (9, 1%), (14 ,1%) and (19, 1%) in 

TCTA host, measured 1000 cd/m2. 

 

4.3.2 Hole-electron current balance 

Low power efficiency, relatively short lifetime and poor EL spectrum are the 

challenges WOLED faces today. Realization of the hole-electron current balance is a 

prerequisite for achieving high efficiency WOLEDs [21]. As the electron mobility (μe 

~10-5 cm2/Vs) of TPBi ETL is lower than the hole mobility of NPB (μh ~10-4 cm2/Vs), 

this often leads an unbalanced hole-electron current in WOLEDs made with TPBi 

ETL and NPB HTL [134-135]. In this work, the electron-hole current balance was 

optimized by incorporation of MoO3 HIL. A set of WOLEDs with and without the 

MoO3 HIL was fabricated to study its effect on the hole-electron current balance. 

Generally, the interfacial contact can be modified using a MoO3 HIL at the 

anode/organic interface for enhancing the hole injection current in OLEDs [52]. The 

hole-electron current balance was analyzed by comparing EL performance of the 

devices with and without MoO3 HIL.  

Fig. 4.5 presents the current density–voltage (J–V) characteristics of a set of 
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WOLEDs with or without MoO3 HIL. The WOLED with the MoO3 HIL has a higher 

current density in comparison to the WOLED without the MoO3. It indicates that the 

use of MoO3 HIL enhances the hole current injection [52]. Fig. 4.6 shows the power 

efficiency as the function of luminance. The power efficiency of the WOLED with a 

MoO3 HIL is lower than that of WOLED without MoO3, especially at a higher 

luminance (>100 cd/m2). The improvement in hole injection current alone does not 

guarantee the enhancement in the power efficiency, due to the imbalanced of 

hole-electron current. The accumulation of the excess holes at the TCTA/TPBi 

interface is not favorable for efficient operation of WOLED. In addition, the EL 

spectra of both OLEDs are the same, having CIE of (0.44, 0.46), as shown in Fig. 4.7. 

It demonstrates that the excess holes in the WOLED, due to the presence of 

non-optimized MoO3 HIL, do not contribute to the emission, caused by the 

imbalanced hole-electron current. 
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Fig. 4.5. The current density–voltage characteristics measured for WOLEDs 

fabricated with and without the presence of a MoO3 HIL. 
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Fig. 4.6. The power efficiency–luminance characteristics of WOLEDs made with and 

without the MoO3 HIL. The values of power efficiency measured for WOLEDs at 100 

cd/m2 and 1000 cd/m2 are also shown in the figure. 
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Fig. 4.7. EL spectral of WOLEDs with and without the presence of a MoO3 HIL, 

measured at 1000 cd/m2. The same CIE coordinates of (0.44, 0.46) were observed for 

both devices.  
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An imbalance in the hole-electron current in the WOLEDs was observed, 

resulting in a decrease in the device efficiency. In fact, the power efficiency can be 

enhanced by suppressing the hole injection at the anode side, however this is not a 

suitable approach to achieve the hole-electron current balance. An ideal method is to 

improve the electron current. In addition to the hole-electron imbalance, the energy 

loss due to triplet energy quenching is another factor causing decrease in the device 

efficiency. In fact, TPBi is not only a low mobility material but also is a low triplet 

energy level material, which is comparable to that of FIrpic dopant [134, 136]. The 

triplet-triplet energy transfer from FIrpic to TPBi can occur as shown in Fig. 4.8a. To 

resolve these issues, replacement of TPBi, that possesses a higher electron mobility 

and a high triplet energy is needed to effectively confine excitons in the FIrpic 

molecule. Herein, TmPyPB ETL was used in WOLED (as Fig. 4.9a), which has a 

high electron mobility (μe ~10-4 cm2/Vs) and a high triplet energy level (T1 = 2.8 eV) 

[137]. 

 

Fig. 4.8. Schematic energy diagram illustrating the triplet energy level of functional 

materials used in this work. The energy transfer path of the triplet excitons between 

the FIrpic molecules and TPBi ETL (a), and between the FIrpic molecules and 

TmPyPB ETL (b) in WOLEDs are illustrated. 

 

TPBi TmPyPB 
Ir(fbi)2acac Ir(fbi)2acac FIrpic FIrpic TCTA TCTA 

Triplet energy (T1) Triplet energy (T1) 
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Fig. 4.9. (a) Schematic energy diagram and device structure of WOLED, and (b) the 

triplet energy level of materials showing the possible energy transfer paths from 

FIrpic to other energy sites in the system. 

 

Fig. 4.10 shows the plot of the power efficiency as a function of luminance of the 

WOLEDs made with two different ETLs of TPBi and TmPyPB, respectively. 

TmPyPB based WOLED showed a significant improvement on the power efficiency, 

yielded almost two times increase in power efficiency compared to that of WOLED 

with TPBi ETL. The power efficiency of WOLED, measured at 100 cd/m2 and 1000 

cd/m2, are shown in the inset in Fig. 4.10. An obvious improvement in the blue 

emission is due to the enhanced electron current in WOLED using TmPyPB ETL. In 

addition to the improvement in the hole-electron current balance, the triplet energy 

quenching from FIrpic to the TmPyPB is also suppressed to reduce the energy loss in 

a non-radiative decay processes. EL spectra measured for WOLEDs at 1000 cd/m2 is 

given in Fig. 4.11. Obviously, the EL intensity of blue component (478 nm) emitted 

by FIrpic in the WOLED with a TmPyPB ETL is almost 2 times higher than that of 

the OLED with A TPBi ETL. It demonstrates that TmPyPB is a promising ETL 

material to minimize the energy quenching, confining the excitons in the FIrpic 

molecules. In this system, the WOLED incorporating the TmPyPB ETL and TCTA 

host, both possessing a high triplet energy level (~2.8 eV), can effectively reduce the 
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exciton quenching via short ranged Dextor energy transfer process [17, 136]. The 

excitons can be well confined in the emission region as illustrated in Fig. 4.8b. 
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Fig. 4.10. The power efficiency−luminance characteristics of TmPyPB and TPBi 

based WOLEDs. The values of power efficiency illustrated in the figure are measured 

at 100 cd/m2 and 1000 cd/m2. 
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Fig. 4.11. EL spectra of TmPyPB and TPBi based WOLEDs measured at 1000 cd/m2. 
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4.3.3 Control of the energy transfer  

The device efficiency of WOLED has been improved by the optimization of the 

hole-electron current balance. However, the EL spectra of WOLED are less 

satisfactory due to a lack of the blue component by the EL emission from FIrpic. The 

intensity of the blue emission at 478 nm is ~50% to that of the orange emission at 562 

nm, as shown in Fig. 4.11. As described in section 4.3.1, the optimal FIrpic and 

Ir(fbi)2acac concentrations doped in TCTA were 19% and 1%, respectively. A further 

increases in the concentration of FIrpic was shown to reduce the device efficiency due 

to the triplet-triplet annihilation (TTA). The use of TmPyPB is able to confine the 

excitons in the emitters effectively. The excess red emission is due to the energy 

roll-down from FIrpic to Ir(fbi)2acac, as shown in Fig. 4.12a. In the WOLED structure, 

FIrpic and Ir(fbi)2acac in EML were co-doped, arranged in the sequence of TCTA (5 

nm)/TCTA:FIrpic:Ir(fbi)2acac (19%, 1%, 17.5 nm). When the triplet excitons are 

formed in FIrpic, they prefer to roll down to a lower triplet energy state in Ir(fbi)2acac 

through Dextor energy transfer process (as shown in Fig. 4.12a). This triplet-triplet 

exciton energy transfer takes place due to the short range electron exchange between 

molecules, typically in a range of several nanometer (~5 nm) [95]. If FIrpic and 

Ir(fbi)2acac are separated by a distance, the energy transfer from the FIrpic to 

Ir(fbi)2acac can be prevented or avoided. The main recombination zone in the 

WOLED is located near the TCTA/TmPyPB interface. So the emission from FIrpic 

can be enhanced by increasing the distance (y nm) between the Ir(fbi)2acac doping 

region and the TCTA/TmPyPB interface, as shown in Fig. 4.13. The EML was then 

fabricated with the structure of TCTA (5 nm)/TCTA:FIrpic:Ir(fbi)2acac (19%, 1%, 

17.5-y nm)/TCTA:FIrpic (19%, y nm). This design approach is to control the energy 

transfer from FIrpic to Ir(fbi)2acac in order to produce an improved white emission as 

shown in Fig. 4.12b. 
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Fig. 4.12. The energy transfer path of triplet excitons between FIrpic molecules and 

the neighboring materials in the WOLED. 

 

Fig. 4.13. (a) Device structure and (b) the Schematic energy diagram of WOLED. 

 

EL spectra measured for WOLEDs having different separation distances (y nm) 

between the Ir(fbi)2acac doped region in EML and the TCTA/TmPyPB interface, are 

presented in Figs. 4.14 (a)-(f). As expected, increasing the distance (y nm) apart from 

the main recombination zone can enhance the blue emission from WOLED. For 

WOLED without separation (y = 0 nm), the intensity of the blue emission (at 478 nm) 

was ~0.55 that of the orange emission at 562 nm. With increasing in y, the intensity of 

blue emission increases and the intensity of orange emission decreases. The balanced 

blue and orange emission from the WOLED at y = 3 nm, the best white EL having 

CIE coordinates of (0.34, 0.41) for 2-color white WOLED was achieved.  
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Fig. 4.14. EL spectra emission of TmPyPB based WOLEDs at different separation 

distances (y nm) between the Ir(fbi)2acac emission zone in EML and the 

TCTA/TmPyPB interface, measured in 100 cd/m2 and 1000 cd/m2. 
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Further increasing the thickness (i.e. y > 3 nm), the red emission was highly reduced, 

implying that Ir(fbi)2acac doped orange region moved away from the main 

recombination zone. Therefore, the recombination zone can be estimated to be located 

approximately at 1-2 nm apart from the TCTA/TmPyPB interface. At y = 8 nm, there 

was only a blue emission from FIrpic measured in the WOLED, although orange 

emitter was still existed in the device. The orange emission was suppressed by 

limiting the Dexter energy transfer between FIrpic and Ir(fbi)2acac. But it does not 

lead to a decrease in the EL efficiency, confinement of triplet excitons in FIrpic helps 

to enhance the intensity of blue emission. Therefore, no significant reduction in 

efficiency was observed, as shown in Fig. 4.15. A high power efficiency of 36.6 lm/W 

obtained at the luminance of 100 cd/m2 from the device. A good white emission 

WOLED with a high EL efficiency was demonstrated by the control of triplet-triplet 

energy transfer. 
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Fig. 4.15. The power efficiency–luminance characteristics of TmPyPB based 

WOLEDs having different separations (y nm) between the Ir(fbi)2acac emission zone 

and the TCTA/TmPyPB interface. 
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4.3.4 Optimal layer thickness 

The emission characteristics of a multilayered WOLED are also sensitive to the 

thicknesses of the functional layers due to the complex optical interference effect 

[138-141]. Thus, a high performing WOLED with optimal configuration is desired for 

improved white EL spectrum. In this work, the emission color and the outcoupling 

efficiency of the WOLEDs were analyzed and optimized via theoretical simulation 

and experimental optimzation.  

The emission behavior of WOLEDs with a layer structure of ITO (90 nm)/MoO3 

(5 nm)/NPB (x nm)/TCTA (5 nm)/TCTA:FIrpic:Ir(fbi)2acac (19,1%, 14.5 

nm)/TCTA:FIrpic (19%, 3nm)/TmPyPB (x nm)/LiF (1 nm)/Al (80 nm) was analyzed 

based on the admittance transfer matrix method described in Chapter 3 [120]. A 

commercial software SETFOS was used for the optical simulation [142]. The 

wavelength dependent refractive index n(λ) and extinction coefficients k(λ), of each 

functional layer were measured by the ellipsometry measurements. In the calculation, 

the location of the emission dipole was assigned at the interface of TCTA/TmPyPB. A 

pair of the HTL (NPB) and ETL (TmPyPB), with the same thickness values, was 

varied from 0 − 80 nm. The optical effect of the HTL/ETL layer thickness on CIE 

color coordinates of the WOLED was analyzed using the theoretical simulation. 

The calculated results are given in Fig. 4.16 & 4.17. The corresponding changes 

in CIE coordinates (from point A to point B) are depicted in Fig. 4.16. The emission 

color has a red shift (from point A to B) when thickness of HTL/ETL layer increases. 

The outcoupled radiance, as the functions of HTL/ETL layer thickness, are shown in 

Fig. 4.17. Based on the calculation, a pair of 40 nm thick NPB and TmPyPB was 

selected by considering an optimal combination of high power efficiency and 

preferable CIE color coordinates, as indicated by a point X in Fig. 4.16. The stack of 

NPB (40nm)/TCTA (5nm)/TCTA:FIrpic:Ir(fbi)2acac (19%, 1%, 10 nm)/TCTA:FIrpic 

(19%, 7.5 nm)/TmPyPB (40nm) thus optimized was then used for fabrication of 

transparent WOLEDs.  
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Fig. 4.16. The effect of HTL/ETL thickness, varied from 0 − 80 nm from point A to 

point B, on CIE coordinates of a WOLED. 

 

 

Fig. 4.17. The plot of radiance as the function of the HTL and ETL layer thicknesses. 

The vertical bar indicates the magnitude of radiance (arb. unit). 
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4.4 Hole-electron current balanced in transparent WOLEDs 

Following the optimization of a high performance 2-color opaque WOLED, 

having a structure of ITO/organic stacks/Al discussed in the previous section, the 

optimal organic light-emitting stack of MoO3 (5 nm)/NPB (40 nm)/TCTA (5 

nm)/TCTA:FIrpic:Ir(fbi)2acac (19%, 1%, 10 nm)/TCTA:FIrpic (19%, 7.5 nm)/ 

TmPyPB (40nm)/LiF (1 nm), was then adopted for fabrication of transparent 

WOLEDs. 

When an ultrathin metal cathode is used, the top cathode can be relatively 

transparent forming a transparent WOLED. In order to illustrate the point, a 

transparent cathode consisting of LiF (1 nm)/ Al (1.5 nm)/ Ag (15 nm)/ NPB (50 nm) 

was used. A dielectric capping layer with an appropriate refractive index is added on 

top of the transparent cathode to improve the transparency and light output from both 

sides of the transparent WOLEDs [143-146]. The effective of index matching layer on 

the enhancement of light outcoupling in transparent WOLEDs was analyzed by 

overlying a thin NPB layer on upper transparent electrode of LiF (1.0 nm)/Al (1.5 

nm)/Ag (15 nm). A thin NPB layer, prepared by thermal evaporation, has a refractive 

index of ~1.7, serving as an optical index matching layer to enhance light emission 

from the top cathode and also to improve the overall transparency of the WOLEDs. 

The effect of the NPB index matching layer on the transparency and the efficiency of 

transparent WOLEDs was analyzed and optimized through theoretical simulation and 

experimental optimization. 

Fig. 4.18 presents the calculated transparency of the transparent WOLEDs as a 

function of the thickness of the NPB layer on the upper transparent cathode. The 

experimental results (shown in Chapter 5) reveal that wavelength dependent 

transparency of the WOLEDs agrees well with the simulation. The use of NPB layer 

on the upper transparent cathode improves the transparency of the WOLED up to 70% 

in the visible light wavelength range. A 50 nm thick optimal NPB index matching 

layer, improving the visible light transparency of the transparent WOLEDs, was then 

selected.  
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Fig. 4.18. The calculated transparency of the transparent WOLEDs, with a 

configuration of bare ITO/ a stack of organic layers/ LiF (1 nm)/ Al (1.5 nm)/ Ag (15 

nm)/ NPB (x nm), as a function of the NPB capping layer thickness over the range 

from 0 to 84 nm. 

 

As discussed, transparent WOLEDs usually have a preferential one-sided EL 

emission due to the asymmetric emission characteristics at the ITO anode/organic and 

organic/upper cathode interfaces [29, 147-148]. Fig. 4.19a shows the EL spectra of a 

transparent WOLED measured from the top side and the bottom side at 10 mA/cm2. 

The asymmetric emission in the transparent WOLED was observed, e.g., device 

having a strong EL intensity from the ITO anode side and a relatively weaker EL 

intensity from the transparent cathode side. The luminance measured at the bottom 

side (ITO anode) is almost two times higher than that from the top side (transparent 

cathode), as shown in the inset of Fig. 4.19b. 
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Fig. 4.19. (a) EL spectra of a transparent WOLED measured from the bottom and top 

sides operated at a current density of 10 mA/cm2. (b) The ratio of luminance 

measured from the top side to that obtained from the bottom side over the current 

density ranged from 10-2 mA/cm2 to 102 mA/cm2. 

 

4.5 Summary 

A high performance 2-color white WOLED with improved hole-electron current 

balance was realized through the theoretical simulation and experimental optimization. 

The opaque WOLED with an optimal structure of NPB (40 nm)/TCTA (5 nm)/TCTA: 

FIrpic:Ir(fbi)2acac (19%, 1%, 10 nm)/TCTA:FIrpic (19%, 7.5 nm)/TmPyPB (40 nm), 

has a maximum power efficiency of 44 lm/W and a good EL spectrum at CIE color 

coordinates of (0.34, 0.41). Using an upper transparent cathode of LiF (1 nm)/Al (1.5 

nm)/Ag (15 nm)/NPB (50 nm), a high performing transparent WOLED was 

demonstrated. The overlay of NPB on the upper transparent cathode effectively 

enhances the transparency of the WOLED up to 70% in the visible wavelength range. 

However, the transparent WOLED shows a preferential one-sided EL emission 

behavior. A systematic analysis on the emission behavior of dual-sided emissive 

transparent WOLEDs and realization of weak angular-dependent, color stable 

transparent WOLED is discussed in Chapter 5. 
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Chapter 5 Emission behavior of dual-sided emissive 

transparent WOLEDs 

In this chapter, the emission behavior of the dual-sided emissive transparent 

WOLEDs, e.g., improving luminous efficiency, achieving color stability and 

moderating the angular-dependent EL emission, is analyzed. The design includes the 

consideration of the competing device parameters of color stability at different angles, 

EL efficiency and transparency, illustrating an approach to fabricate high performing 

transparent WOLEDs in terms of achieving weak angular-dependent emission and 

high transparency. The concept of the avoidance of the spectral overlap between the 

wavelengths of the EL emission peaks and that of the intrinsic resonant mode, and its 

impact on the emission behavior of the transparent WOLEDs were examined 

experimentally and theoretically. 

 

5.1 Experimental details 

 A control transparent WOLED, with a device configuration of ITO (80 

nm)/MoO3 (5 nm)/NPB (40 nm)/TCTA (5 nm)/TCTA:FIrpic:Ir(fbi)2acac (19, 1%, 

14.5 nm)/TCTA:FIrpic (19%, 3 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (1.5 nm)/NPB 

(50 nm), serves as a control device for comparison study. The emission behavior of a 

dual-sided transparent WOLED, with a structure of ITO (80 nm)/Ag (10 nm)/MoO3 (5 

nm)/NPB (40 nm)/TCTA (5 nm)/TCTA:FIrpic:Ir(fbi)2acac (19, 1%, 14.5 

nm)/TCTA:FIrpic (19%, 3 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (1.5 nm)/Ag (15 

nm)/NPB (50 nm), was analyzed, as shown in Fig. 5.1. In order to improve the 

performance of the transparent WOLEDs, a set of the structurally identical WOLEDs 

made with an ultrathin Ag modified ITO was fabricated. The device has a layer 

configuration of ITO (80 nm)/Ag (x nm)/ MoO3 (5 nm)/ a stack of organic layers/ LiF 

(1 nm)/ Al (1.5 nm)/ Ag (15 nm)/ NPB (50 nm), as shown in Fig. 5.1b. In parallel to 

the experiment, the optical admittance analysis, as described in Chapter 3, was used 

for analyzing the emission behavior in the transparent WOLEDs. The cavity length of 
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the transparent WOLEDs, including a stack of NPB (x nm)/ TCTA (5 nm)/ 

TCTA:FIrpic:Ir(fbi)2acac (19, 1%, 14.5 nm)/ TCTA:FIrpic (19%, 3 nm)/ TmPyPB (x 

nm), was evaluated by optimizing the thickness combination of NPB and TmPyPB for 

achieving desired optical and EL properties. 

 

Fig. 5.1. (a) The schematic cross-sectional view of a control transparent WOLED 

having a bare ITO anode, and (b) a structurally identical transparent WOLED with a 

Ag-modified transparent anode. 

 

5.2 Optimization of optical transparency 

 As discussed in Chapter 4, an index matching layer with an appropriate refractive 

index is essential to improve the transparency and light output from both sides of the 

transparent WOLEDs [143-146]. In fact, the transparency is sensitive to both cavity 

length and the thickness of the index matching layer. The cavity length of the 

transparent WOLED includes a stack of MoO3 (2.5 nm)/NPB (x nm)/TCTA (5 

(a) (b) 

NPB 
NPB 

TmPyPB 
TmPyPB 

LiF/Al/Ag 
LiF/Al/Ag 

NPB 
NPB 

TCTA 
TCTA 

ITO ITO 
Glass Glass 

MoO3 
MoO3 Ag 

FIrpic 
FIrpic 

Ir(fbi)2acac 
Ir(fbi)2acac 



68 
 

nm)/TCTA:FIrpic:Ir(fbi)2acac (19,1%, 14.5 nm)/TCTA:FIrpic (19%, 3 nm)/TmPyPB 

(x nm). A NPB index matching layer on the transparent cathode of LiF (1 nm)/Al (1.5 

nm)/Ag (15 nm) was used, as shown in Fig. 5.1. The effect of the NPB thickness on 

emission behavior and the overall transparency was analyzed. 

Fig. 5.2 depicts the calculated transparency of the transparent WOLEDs as a 

function of the thickness of the NPB optical index matching layer, for devices with 

different cavity lengths of (a) 60 nm, (b) 100 nm and (c) 120 nm. A combination of a 

50 nm thick NPB with an organic cavity length of 100 nm, was found to be optimal 

for the transparent WOLED, leading to a broadband transparency in the visible 

wavelength region. 
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Fig. 5.2. The calculated transparency of the transparent WOLEDs, with a 

configuration of bare ITO/a stack of organic layers, (a) 60 nm, (b) 100 nm, (c) 120 

nm/LiF (1 nm)/Al (1.5 nm)/Ag (15 nm)/NPB (x nm), as a function of the NPB 

capping layer thickness over the range from 0 to 84 nm. 
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The measured visible-light transparency of the transparent WOLED, with a 

configuration of glass/ITO (80 nm)/MoO3 (2.5 nm)/NPB (40 nm)/EML/TmPyPB(40 

nm)/LiF(1.0 nm)/Al(1.5 nm)/Ag (15 nm)/NPB (50nm), is compared to that of the 

calculated data. The measured (solid symbols) and calculated (open symbols) 

visible-light transparency of the same device are plotted in Fig. 5.3. The experimental 

results agree well with the simulation in showing that the transparent WOLED has an 

average transmission of >50 % in the visible light wavelength range. The insets in 

Fig.5.3 are the photo pictures taken for the transparent WOLED emitting light (left) 

and illustrating the transparent feature without power (right).  
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Fig. 5.3. Comparison of measured (solid symbols) and simulated (open symbols) 

transparency of the transparent WOLED of glass/ITO (80 nm)/Ag (10 nm)/MoO3 (2.5 

nm)/NPB (40nm)/EML/TmPyPB (40nm)/LiF(1.0 nm)/Al(1.5 nm)/Ag (15 nm)/NPB 

(50nm). The insets are the photo pictures taken for the device emitting light (left) and 

illustrating the transparent feature without power (right). 
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In addition to the device transparency, the emission characteristics of transparent 

WOLED are critical for lightning application. Transparent WOLEDs usually have a 

preferential one-sided EL emission due to the asymmetric emission characteristics at 

the ITO anode/organic and organic/upper cathode interfaces [29, 147-148]. The 

asymmetric emission in the transparent WOLEDs is observed, e.g., devices having a 

strong EL emission from the ITO anode side and a relatively weaker emission from 

the transparent cathode side. The emission behavior of the transparent WOLEDs can 

be tuned by adjusting the optical properties of both transparent electrodes and device 

structure. Fig. 5.4 shows the ratio of the luminance of EL emission from the anode 

side to that from the cathode side of different transparent WOLEDs, made with 

different combinations of upper and bottom transparent electrodes, as a function of 

the current density, ranged from 10-2 mA/cm2 to 102 mA/cm2. In order to evaluate the 

performance of the transparent WOLEDs, a set of the structurally identical thin 

Ag-modified ITO anodes were evaluated for the transparent WOLEDs, with a device 

configuration of ITO (80 nm)/Ag (x nm)/ a stack of organic layers/ Al (1.5 nm)/ Ag 

(15 nm)/ NPB (50 nm), as shown in Fig. 5.1b. The thickness of Ag modification layer 

was varied over the range from 0 to 12.5 nm. For a control transparent WOLED, 

made with a bare ITO anode, the ratio of luminance of EL emission from the cathode 

side to that from the ITO anode side is about 0.5, indicating that the luminance from 

the transparent cathode side is about 50% to that from the anode side.  

Depending on the application, the emission from both sides of the transparent 

WOLEDs can be tuned by adjusting the optical properties of the transparent electrode. 

In this work, the improvement in the emissions from both sides of the transparent 

WOLEDs is obtained by tuning the thickness of the Ag modification layer on the ITO 

anode. The results of this work demonstrate that an even emission from two sides of 

the transparent WOLEDs can be realized when a pair of ITO (80 nm)/Ag (10 nm) 

anode and Al (1.5 nm)/Ag (15 nm)/ NPB (50 nm) cathode is used, as shown in Fig. 

5.4. 
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Fig. 5.4. The ratio of the luminance of EL emission measured from the anode to that 

obtained from the cathode side of the transparent WOLEDs as a function of the 

operating current density. 

 

Transparent WOLEDs with balanced luminance from both sides can be achieved 

by modifying the ITO surface with a thin Ag layer. However, the Ag-modified ITO 

may reduce the transparency of the transparent WOLEDs. Fig. 5.5 shows the visible 

light transparency measured for a set of transparent WOLEDs made with different 

front transparent anodes, bare ITO and ITO modified with different Ag thicknesses of 

7.5 nm, 10 nm and 12.5 nm. The transparency of ITO/glass substrate over the same 

wavelength range is also plotted for comparison. It is seen that the interposing an 

ultrathin Ag interlayer over the thickness range from 7.5 nm to 12.5 nm does not 

induce a significant change in the visible light transparency of the transparent 

WOLEDs. For transparent WOLEDs with an ITO/Ag (10 nm) anode, there is a slight 

reduction in the peak transparency from 76% to 70% compared to the control 

transparent WOLED made with a bare ITO anode, with similar transparency over the 

visible light wavelength region. It can be found that there is a noticeable red shift in 

the position of the transmission peak as the thickness of the Ag interlayer increases. 
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Fig. 5.5. The visible light transparency of different transparent WOLEDs fabricated 

with a bare ITO, and the ITO modified with different Ag interlayer thicknesses of 7.5 

nm, 10 nm and 12.5 nm, the transparency of an ITO/glass is also plotted for 

comparison. 

 

5.3 Luminous efficiency−current density characteristics 

In addition to the luminance and the transmittance, the color stability of the 

transparent WOLEDs is another important factor for application in lighting. The 

transparent WOLEDs can be considered as a weak microcavity consisting of a stack 

of organic functional layer sandwiched between two transparent mirrors of ultra-thin 

Ag modified ITO anode and a LiF (1 nm)/Al (1.5 nm)/Ag(15 nm) cathode. The 

resonant mode of the weak microcavity has a relative broader visible transmission 

behavior as shown in Fig. 5.5. The pair of the transparent mirrors forms a weak 

microcavity, which affects the color stability of the EL emissions from both sides of 

the devices due to the microcavity effect. The resonant mode is directly relevant to the 

optical path in the microcavity. It is well-known that the resonant mode or the 

resonant wavelength of a microcavity can be described by the Fabry-Perot condition 

[149-150]: 
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 ( ) ( ) ( ) ,2,,cos4 πθλϕθλϕθλ
λ
π mdn cathodeanodeorgorg =−−   (5.1) 

where λ is the emission wavelength, φcathode(λ, θ) and φanode(λ, θ) are the wavelength- 

and angle-dependent phase changes due to the reflection at the organic/anode, 

organic/cathode and organic/cathode/interfaces (θ = 0, for the normal incidence). m is 

the mode number (m = 0 was used in the calculation), norg(λ) and dorg denote the 

refractive index and thickness of organic layers in the organic cavity. For the 2-color 

white emission system studied in this work, the corresponding resonant wavelength of 

the transparent WOLEDs changes from 466 nm to 675 nm as the thickness of the 

organic stack varies from 60 nm to 140 nm. Fig. 5.6 illustrates the emission spectra of 

the transparent WOLEDs as a function of the thickness of the organic stack (60 nm, 

100 nm and 140 nm). In this work, a 100 nm thick organic stack was selected for 

making transparent WOLEDs, with a corresponding resonant wavelength of 550 nm. 

The use of a 100 nm thick organic stack avoids the spectral overlap between the peak 

position of the organic resonant (550 nm) and the 2-color white EL emission peaks 

located at 478 nm and 562 nm, resulting in a good white emission with stable CIE of 

(0.36, 0.43) (anode side) and (0.38, 0.46) (cathode side). 
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Fig. 5.6. Emission spectra calculated for the transparent WOLEDs with different 

cavity lengths of 60 nm, 100 nm and 140 nm. 

 

Symmetrical and bi-directional emission characteristics, for example, the EL 

spectra and the power efficiency, can then be realized by optimizing the optical 

out-coupling characteristics at the anode and cathode side of the transparent WOLEDs. 
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In order to illustrate the point, a set of transparent WOLEDs fabricated with the same 

cathode of LiF (1.0 nm)/Al(1.5 nm)/Ag(15 nm)/NPB (50nm) but different anode 

structures of (a) ITO/MoO3, (b) ITO/Ag (7.5 nm)/MoO3, (c) ITO/Ag (10.0 nm)/MoO3, 

and (d) ITO/Ag (12.5 nm)/MoO3 was fabricated.  A transparent WOLED made with 

an anode of ITO/MoO3 served as a control device for comparison studies. The 

corresponding EL characteristics of different transparent WOLEDs, measured at a 

current density of 10 mA/cm2, are plotted in Fig. 5.7.  
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Fig. 5.7. CIE coordinates and corresponding EL spectra from both sides of the 

transparent WOLEDs made with different anodes of (a) ITO/MoO3, (b) ITO/Ag (7.5 

nm)/MoO3, (c) ITO/Ag (10.0 nm)/MoO3 and (d) ITO/Ag (12.5 nm)/MoO3, measured 

at a constant current density of 10 mA/cm2. 
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It can be seen clearly that control transparent WOLED has an obvious preferential 

emission, with almost two time difference in the intensity of EL emission from the 

anode (1748 cd/m2) than the cathode (806 cd/m2), due to an obvious asymmetrical 

optical properties at anode and the cathode sides. The EL intensities and the CIE 

coordinates of the bi-directional illumination in a transparent WOLED can be varied 

by adjusting the optical out-coupling characteristics from both sides. The 

experimental results agree with the theoretical simulation in showing that a pair of an 

ITO (80 nm)/Ag (10 nm)/MoO3 (2.5 nm) anode and a LiF (1.0 nm)/Al (1.5 nm)/Ag 

(15 nm)/NPB (50 nm) is a suitable transparent electrode choice for symmetrical and 

bi-directional WOLEDs. As shown in Fig. 5.7 (c), this work yielded comparable CIE 

color coordinates of (0.35, 0.43) and (0.36, 0.46), and an almost balanced luminance 

brightness of 1173 cd/m2 and 1158 cd/m2 from anode and cathode, measured at the 

current density of 10 mA/cm2.  

Fig. 5.8 presents the power efficiency as a function of the luminance for a set of 

structurally identical transparent WOLEDs, fabricated with different anodes of (a) 

ITO/MoO3, (b) ITO/Ag (7.5 nm)/MoO3, (c) ITO/Ag (10 nm)/MoO3, and (d) ITO/Ag 

(12.5 nm)/MoO3. Fig. 5.8 (a) shows that there is an obvious deviation in the power 

efficiency of the EL emission measured from the anode and cathode sides. For 

example, at a luminance of 100 cd/m2, a power efficiency of ~17.3 lm/W was 

measured from the anode side. However it yielded only a ~7.1 lm/W from the cathode 

side measured at the same brightness. More than two times difference in the power 

efficiency of the EL emission is mainly due to an optically asymmetrical transparent 

electrodes used. A more balanced power efficiency of the bi-directional emission can 

be realized by optimizing the optical out-coupling characteristics at the anode and 

cathode sides of the transparent WOLEDs. Similar to the results of the CIE color 

coordinates, as shown in Fig. 5.7, a transparent WOLED fabricated with a pair of an 

ITO (80 nm)/Ag (10 nm)/MoO3 (2.5 nm) anode and a LiF (1.0 nm)/Al (1.5 nm)/Ag 

(15 nm)/NPB (50nm) possesses an almost identical power efficiency of the EL 

emission from both sides, measured at a luminance range from 100 – 104 cd/m2. The 
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transparent WOLEDs with perfect symmetrical and bi-directional illumination 

characteristics thus developed offer new features and design freedoms for application 

in planar diffused lighting. A summary of the power efficiency and CIE color 

coordinates of a set of transparent WOLEDs that were measured at 100 cd/m2 and 

1000 cd/m2 is given in Table-5.1. 
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Fig. 5.8. Power efficiency as a function of luminance for a set of transparent 

WOLEDs with different anodes of (a) ITO/ MoO3, (b) ITO/ Ag (7.5 nm)/ MoO3, (c) 

ITO/ Ag (10 nm)/ MoO3 and (d) ITO/ Ag (12.5 nm)/ MoO3. 
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Table-5.1. A summary of the power efficiency and CIE color coordinates of a set of 

transparent WOLEDs with different anodes of (a) ITO/MoO3, (b) ITO/Ag (7.5 

nm)/MoO3, (c) ITO/Ag (10 nm)/MoO3, and (d) ITO/Ag (12.5 nm)/MoO3, measured at 

100 cd/m2 and 1000 cd/m2. 

Transparent 

WOLEDs 

Power efficiency (lm/W)  

at 100 cd/m2 / 1000 cd/m2 

CIE (x, y) measured at  

100 cd/m2 / 1000 cd/m2 

(a)  
Anode 17.3 / 11.3 (0.34, 0.42) / (0.33, 0.42) 

Cathode 7.1 / 4.0 (0.31, 0.43) / (0.30, 0.43) 

(b)  
Anode 12.0 / 7.5 (0.35, 0.43) / (0.34, 0.43) 

Cathode 10.6 / 6.5 (0.35, 0.45) / (0.34, 0.45) 

(c)  
Anode 10.6 / 6.6 (0.36, 0.43) / (0.35, 0.43) 

Cathode 11.1 / 6.4 (0.38, 0.46) / (0.37, 0.46) 

(d)  
Anode 10.3 / 6.2 (0.36, 0.43) / (0.35, 0.43) 

Cathode 13.0 / 8.1 (0.38, 0.46) / (0.37, 0.46) 

 

The EQE was determined from the EL measurement. It is found that the EQE 

(sum of the EL emission form both sides) measured for a set of transparent WOLEDs, 

as presented in Figs.5.7 (a)-(d), was about 10 %. This is comparable to the EQE 

measured for a control bottom emission WOLED. This suggests that the interposing 

an ultrathin Ag interlayer over the thickness range from 7.5 nm to 12.5 nm does not 

induce a significant change in the efficiency of the transparent WOLEDs. The pair of 

transparent electrodes is optically and electrically favorable for the transparent 

WOLEDs.  
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Fig. 5.9. EQE measured from both sides of the transparent WOLEDs made with 

different anodes of (a) ITO/MoO3, (b) ITO/Ag (7.5 nm)/MoO3, (c) ITO/Ag (10.0 

nm)/MoO3 and (d) ITO/Ag (12.5 nm)/MoO3. The EQE is calculated including the EL 

emissions from anode and cathode sides. 

 

In addition to the measurement of EL emission at different angles, color variation 

of the devices under different biases was also analyzed, as shown in Fig. 5.10. Apart 

from the WOLED operating at a low brightness level of <20 cd/m2 (at 3.0 V), it was 

found that the device had a very little color variation under different biases from 

4.0−7.0 V. For example, anode emission with CIE coordinates of (0.36, 0.43) for a 

transparent WOLED at 4.0V were changed to (0.34, 0.43) at a bias of 7.0 V. The 

corresponding CIE coordinates of cathode emission were changed from (0.37, 0.46) to 

(0.36, 0.46). The slight color variation under different biases is related to the change 

in the location of the recombination zone in the device. In this work, a NPB HTL 

(with a hole mobility of 4.0×10-4 cm2/Vs) and a TmPyPB ETL (with an electron 

mobility of 1.0×10-4 cm2/Vs) were used. The change in the field-dependent carrier 

mobility in HTL and EHL may induce a slight imbalance in the hole-electron current 

under different biases, leading a deviation in its optimal recommendation zone in the 
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device. A summary of CIE coordinates and luminance, measured for emissions from 

anode and cathode sides of a transparent WOLED under different biases of 3.0−7.0 V, 

is summarized in Table-5.2. 
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Fig. 5.10. The EL spectra measured from (a) anode and (b) cathode, of a transparent 

WOLED over the bias voltage range from 3.0 V to 7.0 V. 

 

Table-5.2. A summary of CIE color coordinates and luminance measured for 

emissions from both sides of a transparent WOLED under different biases. 

 Anode emission Cathode emission 

Bias (V) Luminance (cd/m2) CIE (x, y) Luminance (cd/m2) CIE (x, y) 

3.0 13 (0.37, 0.44) 6 (0.38, 0.46) 

4.0 129 (0.36, 0.43) 129 (0.37, 0.46) 

5.0 496 (0.35, 0.43) 493 (0.36, 0.46) 

6.0 1173 (0.35, 0.43) 1158 (0.36, 0.46) 

7.0 3207 (0.34, 0.43) 3114 (0.36, 0.46) 

 

5.4 Color stability of 2- and 3-color white WOLEDs 

In addition to the symmetrical EL characteristics in normal direction discussed 

earlier, the angular-dependent EL emissions from both sides of the transparent 

WOLEDs were also studied. The angular radiance and the EL emission stability as a 

function of the cavity length in the devices were analyzed. The characteristics of the 
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angular-dependent emission in transparent WOLEDs were reported [144-146]. High 

performing transparent WOLEDs with weak angular-dependent emission 

characteristics are desired for application in lighting. Preventing the overlap between 

the resonant wavelength and that of the corresponding emission peaks in the devices 

is practically useful. It is found that EL emission from both sides of the transparent 

WOLEDs thus developed does not have an obvious angular dependence. Fig. 5.11 

plots the normalized EL spectra, measured from both sides of a transparent WOLED 

with an ITO (80 nm)/Ag (10 nm)/MoO3 (2.5 nm) anode and a LiF (1.0 nm)/Al (1.5 

nm)/Ag (15 nm)/NPB (50nm). It can be seen clearly that there is no obvious shift in 

the EL emission measured at different viewing angles of 0, 30° and 60°. This suggests 

that the transparent WOLED has a weak microcavity effect and is beneficial for 

application in lighting. 
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Fig. 5.11. Normalized EL spectra measured for a transparent WOLED fabricated with 

an ITO (80 nm)/Ag (10 nm)/MoO3 (2.5 nm) anode and a LiF (1.0 nm)/Al (1.5 nm)/Ag 

(15 nm)/NPB (50 nm) upper cathode at different viewing angles of 0, 30° and 60°. 
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The calculated radiances of the transparent 2-color white WOLEDs, having 

different cavity lengths of 60 nm, 80 nm, 100 nm, 120 nm and 140 nm, as a function 

of the viewing angle, obtained for the emissions from both the anode (a) and the 

cathode (b) sides, are shown in Fig. 5.12, along with the emission profile of a perfect 

Lambertian emitter for comparison. It is clear that the radiances from both the anode 

and the cathode sides of the devices have a similar angular-dependent radiation profile. 

The transparent WOLEDs with a longer organic microcavity length, e.g., 140 nm, 

exhibit a super-Lambertian emission profile, showing a side-enhanced emission 

behavior. While those having a shorter organic microcavity length, e.g., less than 120 

nm, the radiation reveals the sub-Lambertian emission profile, presenting a center 

intensive performance. By considering the emission color quality, as illustrated in Fig. 

5.6, transparent WOLEDs with a cavity length of 100 nm was selected. 
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Fig. 5.12. The calculated radiance as a function of the viewing angle obtained for 

emissions from the (a) anode and (b) cathode sides, for transparent WOLEDs with 

different cavity lengths of 60 nm, 80 nm, 100 nm, 120 nm and 140 nm. The emission 

distribution of a Lambertian source, the dash line, is also plotted for comparison. 

 

Fig. 5.13 shows the CIE coordinates (x, y) for transparent 2-color white WOLEDs 

at different viewing angles, calculated for devices with different cavity lengths. The 

experimental results, e.g., the angular-dependent emissions (open triangle symbols) 

measured for the devices having a 100 nm thick cavity length optimized for the 

transparent 2-color white WOLEDs, are also shown in Fig. 5.13. At the anode side, it 
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is found that the emission color of the transparent WOLED is not sensitive to the 

viewing angle for organic stack with a thickness greater than 100 nm. However, the 

CIE color coordinates show slight angular-dependent behavior when the thickness of 

organic stack is below 100 nm. The decrease in x- and y- CIE coordinates reveals a 

noticeable red shift in the EL spectra at large viewing angle. At the cathode side, a 

different angular-dependent emission behavior is observed. There is an observable 

blue shift in the EL emission for devices, with an organic stack (>100 nm), at large 

viewing angle. However, the CIE coordinates are angular-independent at the thickness 

of organic stacks is less than 100 nm. It is clear that a weak angular-dependent EL 

emission can be realized if the spectral overlap between the resonant wavelength of 

the cavity and that of the peak EL emissions in the transparent WOLEDs can be 

avoided, supported by both experimental results and theoretical simulation. 
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Fig. 5.13. CIE coordinates (x, y) as a function of the viewing angle, obtained for 

transparent WOLEDs with different cavity lengths of 60 nm, 80 nm, 100 nm, 120 nm 

and 140 nm, from (a) anode and (b) cathode sides. The experimental results of the 

angular-dependent emissions (open triangle symbols) measured from both sides of the 

transparent WOLEDs, made with an optimized 100 nm thick cavity length, are also 

presented. 

 

The current efficiency (CE), power efficiency (PE), and CIE coordinates of the 

EL emissions at normal direction and at 60 degree measured from both sides of the 
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transparent WOLEDs are summarized in Table-5.3. The measured and calculated 

luminance ratio of EL emissions from the anode side to that from the cathode side, 

and the results of the visible light transparency of the devices are also listed for 

comparison. The balanced emission characteristics from both the anode and cathode 

side can be obtained. The theoretical simulation agrees with the experimental results 

in showing that the transparent WOLEDs possess an average transparency of 54% 

over the visible light wavelength from 380 nm to 780 nm. EL emissions from both 

sides of the device exhibited comparable color quality, with CIE coordinates of (0.34, 

0.43) and (0.37, 0.46), measured from the anode and cathode sides. It shows that the 

emission from the cathode side has a weak angular-dependency, with a minor change 

in the CIE coordinates from (0.37, 0.46) (normal) to (0.33, 0.43) at a viewing angle of 

60 degree. While the EL emission from the anode side of the transparent 2-color white 

WOLEDs has no observable angular-dependent feature, with almost no change in the 

CIE coordinates over the viewing angle range from normal to 60 degree. 

 

Table-5.3. A summary of CE, PE, CIE coordinates at 0 degree and 60 degree 

obtained from the anode (having the luminance of 1173 cd/m2) and cathode (having 

the luminance of 1158 cd/m2) sides of the transparent WOLEDs. The measured and 

calculated luminance ratio of EL emissions from both sides and the results of visible 

light transparency of the devices are also listed for comparison. 

Measured       
@ 10 mA/cm2 

CE 
(cd/A) 

PE 
(lm/W) 

CIE  Luminance 
ratio 

T       
(%) (normal) (60 deg) 

Anode side  11.73 6.30 (0.34, 0.43) (0.34, 0.43) 
1.01a  

1.02 b  
54.0 a 
53.8 b  

Cathode side     11.58 6.08 (0.37, 0.46) (0.33, 0.43) 

a Obtained based on the experimental results. b Calculated results. 

The concept of achieving weak angular-dependent EL emission in a transparent 

3-color white WOLED was also examined theoretically using three emitters of FIrpic 
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(478 nm), Ir(fbi)2acac (562 nm) and Ir(piq)2acac (628 nm). The same device 

configuration was adopted in the analyses. The emission characteristics of a 

transparent 3-color white WOLED, e.g., having a 100 nm thick cavity length, are 

shown in Fig. 5.14. The color rendering index of the WOLEDs is ~80. The results of a 

transparent 3-color white WOLED are similar to that of the transparent 2-color white 

WOLED.  

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

 

 

 Anode
 Cathode

N
or

m
al

iz
ed

 sp
ec

tra
 (a

rb
. u

ni
t)

Wavelength (nm)
 

Fig. 5.14. The emission spectra, from anode and cathode sides, for of a transparent 

3-color white WOLED with a 100 nm thick cavity length. 

 

The CIE coordinates (x, y) of a transparent 3-color white WOLED at different 

viewing angles, calculated for devices with different cavity lengths of 60 nm, 80 nm, 

100 nm, 120 nm and 140 nm, are presented in Fig. 5.15. At the anode side, it is found 

that the emission color is not sensitive to the viewing angle for devices with a cavity 

length larger than 100 nm. However, the CIE color coordinates have a slight 

angular-dependent behavior when the cavity length is below 100 nm. At the cathode 

side, there is a tendency of blue shift in the EL emission at large viewing angle for 

devices with a cavity length greater than 100 nm. The CIE coordinates are 

angular-independent for devices with the cavity length less than 100 nm. At a 100 nm 

thick cavity length, the emission color is less angular-dependent at the anode side 

while the emission color is slightly dependent on the viewing angle at the cathode.  
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Fig. 5.15. CIE coordinates (x, y), from (a) anode and (b) cathode sides, as a function 

of the viewing angle for transparent 3-color white WOLEDs with different cavity 

lengths of 60 nm, 80 nm, 100 nm, 120 nm and 140 nm 

 

Although, the design of the transparent 3-color white WOLEDs is little 

complicated than that for a 2-color white system, avoiding the overlap between 

resonant wavelength and that of the emission peaks is still beneficial for realizing 

weak angular-dependent emission and high transparent WOLEDs. The selection of an 

appropriate cavity length, e.g., 100 nm with a resonant mode of 550 nm in this case, 

allows reducing the angular-dependent emission form both sides of the devices using 

this simple approach. The angular-dependent emission behavior, particularly for the 
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transparent WOLEDs, can be further reduced by incorporating different 

microstructures [151]. 

A combination of 100 nm thick cavity length e.g., with a resonant mode of 550 

nm, and a 50 nm thick capping layer, in this case, allows reducing the 

angular-dependent emission form both sides of the devices. The emission color is less 

angular-dependent at the anode side, while the emission from the cathode side is 

weakly angular-dependent at large viewing angle at the cathode side. The selection of 

a 100 nm thick cavity length enables a preferred white emission form both sides of the 

devices. In this work, high performing transparent WOLEDs with weak 

angular-dependent EL emission characteristics have been demonstrated, achieved by 

avoiding the spectral overlap between the peak wavelengths of the emitting units and 

the resonant wavelength of the corresponding organic microcavity. The transparent 

WOLEDs also possess a high visible light transparency, allowing the surface light 

source to shine in both directions, an exciting new lighting technology that could 

bring new device concepts. 

 

5.5 Summary 

A transparent phosphorescent WOLED has been demonstrated using a two-color 

white emissive layer of TCTA:FIrpic:Ir(fbi)2acac (19%, 1%, 10 nm)/TCTA:FIrpic 

(19%, 7.5 nm). The transparent WOLED has a visible-light transparency of >50%, an 

almost identical power efficiency of 11 lm/W (measured at 100 cd/m2) from both 

sides. High performing transparent 2-color white WOLEDs possessing weak 

angular-dependent EL emission and stable CIE coordinates of (0.34, 0.43) and (0.37, 

0.46), measured from both anode and cathode sides, were demonstrated. The results 

confirmed that the avoidance of the spectral overlap between the resonant wavelength 

and that of the emitting peaks moderates the angular-dependent emission behavior in 

transparent WOLEDs. This was realized by optimizing the WOLED structure through 

theoretical simulation and experimental optimization. In addition, visible-light 

transparency and angular-dependent emission behavior of dual-sided transparent 
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3-color white WOLEDs were also analyzed. The accomplishment of transparent 

WOLEDs with bi-directional and symmetrical illumination characteristics, including 

the power efficiency, CIE color coordinates and weak angular dependent EL emission 

spectra, offers new features and design freedoms for application in planar diffused 

lighting. 
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Chapter 6 Efficient carrier injection in phosphorescent 

OLEDs 

6.1 Introduction 

 OLED is an emerging technology for application in next generation solid-state 

lighting and flat-panel displays, due to its advantages of high brightness, broad EL 

spectrum, and energy-saving feature [16-17, 125]. In high performance OLEDs, 

efficient charge injection is one of the prerequisites for achieving hole-electron 

current balance and reducing turn-on voltage [21-23]. Owing to the mismatch in the 

energy levels between the metal and organic, the injection barrier is always present at 

the organic/electrode interface. The insertion of interlayer between the electrode and 

organic has been adopted to improve the charge injection. PEDOT:PSS is a commonly 

used HIL in OLED. PEDOT:PSS has a work function of ~5.2 eV, which is a bit higher 

than the ITO anode, serving as an energy step ladder between anode and organic to 

facilitate the charge injection [21, 40]. In addition, the advantages of high 

transparency, easy fabrication process, high conductivity, good surface morphology, 

thermally stablilty, and excellent mechanical flexibility allow it being a widely used 

HIL in OLEDs [40, 152-153]. However, the carrier injection in OLEDs with a 

PEDOT:PSS HIL is limited to the materials with low-lying HOMO level. 

Transition metal oxide (TMO) HIL, e.g. molybdenum oxide (MoO3), vanadium 

oxide (V2O5), also is widely used in OLED [53, 154-156]. Much effort has been 

focused on using TMO-based HIL to modify the anode surface in order to improve the 

carrier injection properties. MoO3 has been widely reported as an effective HIL that 

forms a good injection contact with the materials having low-lying HOMO level. An 

EQE > 20% was reported for an OLED using MoO3 HIL, achieved due to efficient 

hole injection at the interface between the HIL and a deep HOMO material of CBP 

[157]. Many studies have revealed that TMO HIL possess a high work function and a 

strong molecular electronegativity, allowing to extract electrons from the HOMO 

level of neighboring organic layer to its deep conduction band [158-161]. 



90 
 

In comparison to the solution-processed PEDOT:PSS HIL, TMO-based HIL is 

usually prepared by sputtering or thermal evaporation method. However, in 

all-solution fabrication processes technology, e.g. roll-to-roll or inkjet printing, the 

vacuum-involved fabrication process has a limitation in practical application. So a lot 

of effort has been devoted to develop solution-processed TMO HIL. Different 

approaches, e.g. the sol-gel method [162-165], direct dissolving TMO powder in 

solvent [41, 166], and synthesis of TMO nanoparticles (NPs) solution [167-168], have 

been reported to realize the solution-processed TMO HIL. TMO HIL prepared by the 

sol-gel method requires a high sintering temperature. However, a high sintering 

temperature is not suitable for devices made on flexible plastic substrate. For example, 

MoO3 sol-gel process requires a sintering temperature of 275oC [164]. The solubility 

of the TMO powders in the solvent can be an issue, because most TMO powders do 

not dissolve in organic solvents easily . The synthesis of TMO NPs solution can be an 

adequate approach for solution-processed TMO HIL. But the films prepared by the 

TMO NPs have a large surface roughness and a high density of pin-holes, causing 

high leakage current [167-168]. 

Recently, the use of hybrid HIL in organic optoelectronic devices was reported, 

e.g., blending the PEDOT:PSS and TMOs [41, 169-171]. The high performance OPVs 

with a hybrid HIL has been demonstrated, showing promising results as compared to 

the device using pure TMO HIL [169-171]. In processing, the hybrid HIL solution can 

improve the wetting ability and the film formation property on the polymer surface 

[169]. In addition, a pin-hole-free morphology of blending film can improve 

interfacial contact and thus improve the device efficiency and stability [170]. The use 

of solution-processed hybrid HIL has a potential for application in large area OLEDs. 

It becomes important to the effect of the solution-processed hybrid HIL on the 

performance of OLEDs. 

In this chapter, the performance of OLEDs with the solution-processed hybrid 

HIL is analyzed. The hybrid PEDOT:PSS and MoO3 NPs hybrid HIL shows a 

superior hole injection characteristic at the interface between the HIL and the 
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low-lying HOMO material of CBP, leading to a superior device efficiency, 

comparable to the performance of OLED using the vacuum-evaporated MoO3 HIL. 

The surface property of the hybrid HIL was determined and the underlying physics 

are discussed. 

 

6.2 Experimental details 

MoO3 thin film or the blending film of PEDOT:PSS and MoO3 was used as the 

HIL to modify the ITO in the OLED. A HTL of CBP and an ETL of TmPyPB were 

used as the organic stacks. A simplified tri-layer device, having a general 

configuration of anode/interlayer/HTL/ETL/cathode, was used in the experiment. A 

phosphorescent dopant Ir(ppy)2acac, with peak of EL emission at 520 nm, was doped 

in the host material of CBP [157]. Fig. 6.1 presents the device architecture and the 

energy levels of the all functional layers. 

 
Fig. 6.1. The schematic diagrams of (a) the device structure of OLED and (b) the 

energy levels of all functional materials used in the OLEDs. 

 

A bare ITO glass substrate, with a sheet resistance of 15 Ω/sq, was cleaned 

following the standard procedures discussed in Chapter 3 [138]. The MoO3 NPs 

solution was synthesized according to the reported procedure [172]. The MoO3 NPs 
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solution (0.1 mole/mL, dissolved in ethanol) was mixed with the PEDOT:PSS 

(CleviosTM P VP Al 4083) solution, with different volume ratios of PEDOT:PSS to 

MoO3 NPs pf 1:1, 2:1, 3:1 and 4:1. A 30 nm thick hybrid HIL was formed on the 

ITO/glass substrate. A 10 nm thick MoO3 HIL on ITO/glass was also formed using 

pure MoO3 NP solution for comparison studies. After the annealing at 120oC for 10 

min, the samples were loaded into a N2 purged glove box, which is connected to a 

10-source evaporator for device fabrication. All functional layers, as shown in Fig. 6.1, 

were deposited by thermal evaporation in a high vacuum system with a base pressure 

of less than 5.0×10−4 Pa. OLEDs with an evaporated MoO3 HIL and a 

solution-processed MoO3 HIL have the same device configuration of ITO (80 

nm)/MoO3 (10 nm)/CBP (50 nm)/CBP:Ir(ppy)2acac (7%, 15 nm)/TmPyPB (55 

nm)/LiF(1 nm)/Al(100 nm). For OLEDs with a hybrid PEDOT:PSS-MoO3 HIL, the 

devices have a configuration of ITO (80 nm)/hybrid HIL with different volume ratios 

of PEDOT:PSS to MoO3 (1:1, 2:1, 3:1 and 4:1, 30nm)/CBP (30 

nm)/CBP:Ir(ppy)2acac (7%, 15 nm)/TmPyPB (55 nm)/LiF(1 nm)/Al(100 nm). The 

corresponding layer thicknesses were optimized by the theoretical optical simulation 

as shown in Fig. 6.2 [173]. 
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Fig. 6.2. The calculated radiance output of the OLED, as a function of the HTL and 

the ETL layer thicknesses in OLEDs using (a) a 10 nm thick MoO3 HIL, and (b) a 30 

nm thick hybrid HIL with different volume ratios of PEDOT:PSS and MoO3 (1:1, 2:1, 

3:1, 4:1, 30 nm). The vertical bar in the plots indicates the magnitude of radiance (arb. 

unit). 

 

All OLEDs were encapsulated in the glove box and then characterized in ambient 

condition. J–V–L characteristics of OLEDs were measured by a Keithley source 

measurement unit (Keithley Instruments Inc., Model 236 SMU), which was calibrated 

using a silicon photodiode. The EL spectra were measured by spectra colorimeter 

(Photo Research Inc., Model 650) spectrophotometer. The surface morphology of 

HILs was characterized by the AFM (Multimode V), which was performed in the 

(a) 

(b) 
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tapping mode. Surface electronic properties of different HILs were analyzed using 

XPS and UPS measurements were performed in the system equipped with an 

electron spectrometer (Sengyang SKL-12) and an electron energy analyzer (VG 

CLAM 4 MCD) operated at the base pressures of 2 × 10-9 mbar. The XPS spectra 

were measured by an achromatic Mg Kα excitation (1253.6 eV) at 10 kV, with an 

emission current of 15 mA. The UPS spectra were measured by a He discharge lamp 

(He I radiation of 21.22 eV) and the samples were biased at −5 .0 eV during the 

measurement in order to observe the low energy secondary cutoff.  

 

6.3 High efficiency OLEDs with hybrid MoO3-PEDOT:PSS HIL 

The performance of a set of structurally identical OLEDs with different HILs was 

investigated. Fig. 6.3a shows the J–V characteristics of OLEDs with different HILs 

inserted between ITO and CBP. Without the interlayer at anode/organic interface, the 

OLED obviously shows an extremely low current density without emission over an 

entire operation voltage range from 0 – 9 V. This indicates that the hole injection is 

not ideal due to a high injection barrier at the ITO/CBP interface [174]. An obvious 

increase in the injection current in OLED is obtained after the insertion of a MoO3 

HIL between ITO and CBP, as shown in Fig. 6.3a. It indicates that MoO3 HIL makes a 

good contact with the CBP [157]. OLEDs made the presence of a MoO3 layer, 

prepared by either the vacuum evaporation or solution process, have a comparable 

current density and a low turn-on voltage of ~3.0 V. At a low driving voltage, the 

luminance of OLEDs with a solution-processed MoO3 HIL is slightly lower than that 

of the OLEDs with a vacuum-evaporated MoO3 HIL, as shown in Fig. 6.3b, due to a 

high leakage current. The inset in Fig. 6.3a depicts the J–V characteristics of both 

devices in semi-log plot. OLEDs with a solution-processed MoO3 NPs HIL have a 

high leakage current, e.g., ~2 orders of magnitude higher than that of the OLEDs with 

a vacuum-evaporated MoO3 HIL at an operating voltage <3.0 V. 
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Fig. 6.3. (a) J–V and (b) L–V characteristics of a set of OLEDs fabricated using 

different HILs. Inset in Fig.1a: is the semi-log plot of J–V characteristics of OLEDs 

with different MoO3 anode interlayers, vacuum-evaporated (green triangle), 

solution-processed (red circle) and hybrid MoO3-PEDOT:PSS (inverted blue triangle). 

 

The introduction of the hybrid HIL exhibits a superior hole injection leading to 

high performing OLEDs. The mixture of PEDOT:PSS and MoO3 NPs solutions with 

an optimal volume ratio of 3:1 (PEDOT:PSS to MoO3) was used. In comparison to the 

performance of the OLEDs with an evaporated MoO3 HIL, the OLEDs with a hybrid 
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MoO3-PEDOT:PSS HIL demonstrates a remarkable enhancement in injection current 

as shown in Fig. 6.3a. The turn-on voltage of the OLEDs with a hybrid 

MoO3-PEDOT:PSS HIL is slightly higher than that of the OLEDs with a 

vacuum-evaporated MoO3 HIL (Fig. 6.3b). It can be seen that the luminance of hybrid 

HIL-based OLEDs increases rapidly with the operating voltage, achieving efficient 

hole injection above the turn-on voltage (>3.2 V).  

In addition, the efficiency of OLEDs made with different MoO3-based HILs was 

also studied. Fig. 6.4 shows the power efficiency as a function of the luminance for a 

set of structurally identical OLEDs made with different HILs. The power efficiency of 

the OLEDs having a hybrid MoO3-PEDOT:PSS HIL is the highest compared to the 

efficiency of OLEDs with either an evaporated or a solution-processed MoO3 HIL, e.g. 

89.2 lm/W @ 100 cd/m2 and 73.5 lm/W @ 1000 cd/m2. The overall power efficiency 

of the hybrid HIL-contained OLEDs is almost 2 times higher than that of OLEDs with 

a solution-processed MoO3 HIL. Fig. 6.5 depicts the EQE as a function of the 

luminance for a set of structurally identical OLEDs with different HILs. A high EQE 

for OLEDs with a hybrid HIL, e.g. >20%, was obtained over a wide luminance range 

from 10 to 10000 cd/m2. EQE of OLEDs with a hybrid MoO3-PEDOT:PSS HIL is 

comparable to the best record of the OLEDs with a vacuum-evaporated MoO3 HIL 

[157]. It implies that the solution-processed hybrid MoO3-PEDOT:PSS HIL can 

function as good as the vacuum-evaporated MoO3 anode buffer for application in 

OLED. The inset in Fig. 6.5 shows the normalized EL spectra of OLEDs measured at 

5.0 V. All OLEDs using different HILs have an almost identical EL spectra with a 

peak position at 520 nm. The performance of a set of OLEDs made with different 

HILs is summarized in Table-6.1. 
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Fig. 6.4. Comparison of power efficiency as a function of the luminance for a set of 

structurally identical OLED, having different HILs. 
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Fig. 6.5. EQE as a function of the luminance for a set of structurally identical OLEDs 

having different HILs. The inset in Fig. 6.5: is the normalized EL spectra of OLEDs 

measured at 5.0 V. 
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Table-6.1. A summary of the performance of OLEDs made with different anode 
interlayers. The current efficiency, power efficiency, and external quantum efficiency 
were measured at 100 cd/m2, 1000 cd/m2, and 10000 cd/m2, respectively. 

HIL 
CE (cd/A) @ 

100/1000/10000 cd/m2 

PE (lm/W) @ 

100/1000/10000 cd/m2 

EQE (%) @ 

100/1000/10000 cd/m2 

Evaporated 

MoO3  
79.5 / 76.9 / 62.3 67.2 / 55.5 / 31.2 20.9 / 20.5 / 16.5 

Solution-processed 

MoO3 NPs 
44.7 / 66.5 / 53.3 37.1 / 44.8 / 26.5 12.1 / 17.9 / 13.9 

Hybrid 

MoO3-PEDOT:PSS  
92.4 / 90.3 / 77.6 89.2 / 73.5 / 51.0 25.1 / 24.5 / 20.6 

 

The effect of the volume ratio of PEDOT:PSS to MoO3 NPs in the mixed solution 

for making hybrid HIL on the performance of OLEDs was also investigated. The 

performance of a set of OLEDs made with a hybrid HIL, prepared using mixed 

solution having different volume ratios of PEDOT:PSS to MoO3 NPs solutions, e.g. 

1:1, 2:1, 3:1 and 4:1, was examined. Fig. 6.6 shows the J–V characteristics of the set 

of OLEDs. It is obvious that the OLEDs with different hybrid HILs have a higher 

injection current than that of the OLEDs with an evaporated MoO3 HIL. Apart from 

the hybrid HIL prepared with a mixed solution having a volume ratio of PEDOT:PSS 

to MoO3 NPs of 1:1, OLEDs with hybrid HILs having other ratios show similar 

injection current. Fig. 6.7 presents the EQE, as a function of luminance for a set of 

OLEDs with hybrid HIL, having different volume ratios of PEDOT:PSS to MoO3 NPs 

in the mixed solution. The performance of OLEDs with an evaporated MoO3 HIL is 

plotted as a reference. Compare to the control OLED, there is a remarkable 

enhancement in EQE of OLEDs with a hybrid MoO3-PEDOT:PSS HIL. When the 

volume ratio of PEDOT:PSS in the MoO3/PEDOT:PSS mixed solution increased from 

1:1 to 3:1, the EQE of the resulting hybrid HIL-contained OLEDs increased from 21.8% 

to 24.5%, measured at 1000 cd/m2. The optimal volume ratio of PEDOT:PSS to MoO3 

is found to be 3:1. For PEDOT:PSS with a higher volume ratio of PEDOT:PSS in the 
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mixed solution, e.g. 4:1, a slight reduction in EQE of the resulting OLEDs was 

observed. EQE values obtained for OLEDs made with hybrid HILs, prepared using 

mixed solution having different volume ratios of PEDOT:PSS to MoO3, in the mixed 

solution are summarized in Table-6.2. 
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Fig. 6.6. J–V characteristics as a function of luminance, measured for a set of OLEDs 

with hybrid MoO3-PEDOT:PSS HIL, having different volume ratios of PEDOT:PSS 

to MoO3, e.g. 1:1, 2:1, 3:1 and 4:1. 
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Fig. 6.7. EQE as a function of luminance, measured for a set of OLEDs with hybrid 

MoO3-PEDOT:PSS HILs, having different volume ratios of PEDOT:PSS to MoO3 in 

the mixed solutions, e.g. 1:1, 2:1, 3:1 and 4:1. 
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Table-6.2. A summary of the EQE of OLEDs with hybrid MoO3-PEDOT:PSS HIL, 
prepared using mixed solution having different volume ratios of PEDOT:PSS to 
MoO3 NPs, measured at 100 cd/m2, 1000 cd/m2, and 10000 cd/m2, respectively. 

Mixed solution with different volume 

ratios of PEDOT:PSS to MoO3 NPs 
EQE (%) @ 100/1000/10000 cd/m2 

1:1 22.0 / 21.8 / 19.4 

2:1 23.0 / 23.5 / 20.1 

3:1 25.1 / 24.5 / 20.6 

4:1 23.5 / 23.1 / 20.0 

 

6.4 Morphological and surface electronic properties of HIL 

6.4.1 Morphological properties of hybrid HIL 

The surface topography of HILs, e.g. the morphology and the surface roughness, 

were andlyzed by AFM. AFM images measured for the surfaces of the bare ITO, 

vacuum-evaporated MoO3 and solution-processed MoO3, are shown in Figs. 6.8 

(a)-(c), respectively. The bare ITO surface has a root mean square (rms) roughness of 

2.3 nm. Figs. 6.8b and 6.8c are the AFM images measured for the surface of MoO3 

films deposited on the ITO, prepared by the vacuum-evaporation and 

solution-processed approaches respectively. Both images illustrate some large grains 

formed on the surface, showing the grain size in sub-nanometer range. In fact, it is 

quite common for metal oxides to aggregate and form large clusters with an average 

size ranging from few nanometer to sub-nanometer [175-176]. However, there is a 

difference in the surface roughness of MoO3 films prepared by vacuum evaporation 

and solution-process. The evaporated MoO3 film has a low rms roughness of 1.75 nm, 

while the solution-processed MoO3 film has a slightly higher rms roughness of 3.55 

nm. Solution-processed MoO3 HIL with a high rms roughness is responsible for a 

high leakage current, and thereby leading to a poor OLED performance. 
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Fig. 6.8. AFM images measured for the surfaces of (a) a bare ITO, (b) a 

vacuum-evaporated MoO3, and (c) a solution-processed MoO3. An area of 5.0 µm × 

5.0 µm was characterized in the AFM measurements using tapping mode. 

 

The surface roughness and the morphology of hybrid MoO3-PEDOT:PSS hole 

injection layers were also characterized. A pristine PEDOT:PSS film was fabricated as 

the reference. Fig. 6.9a depicts the AFM image measured for PEDOT:PSS film 

deposited on the ITO. AFM images measured for a vacuum-evaporated film and a 

solution-processed MoO3 film are shown in Figs. 6.9b and 6.9c. It is clear that 

PEDOT:PSS has a very smooth surface with a rms roughness of 0.99 nm. The AFM 

images measured for the surfaces of the hybrid MoO3-PEDOT:PSS layers, prepared 

using mixed solution with different volume ratios of PEDOT:PSS to MoO3 NPs, are 

shown in Fig. 6.9. All blending films have similar surface morphology as compared to 

that of the pristine PEDOT:PSS film. For hybrid HIL prepared using mixed solution 

with a volume of PEDOT:PSS to MoO3 NPs of 1:1, the surface rms roughness of the 

hybrid HIL is ~1.2 nm. For hybrid HIL made with mixed solution with other ratios, 

e.g. 2:1, 3:1 and 4:1, the film roughness is getting close to that of the surface of the 

pristine PEDOT:PSS film. In comparison to the solution-processed MoO3 thin film, 

the hybrid MoO3-PEDOT:PSS layer on ITO display a smoother surface. In addition, 

there are no large grains observed. It demonstrates that the presence of PEDOT:PSS in 

the hybrid HIL avoids the aggregation of MoO3 NPs, which otherwise would induce a 

rough surface. This observation is consistent with the improvement in performance of 

OLEDs with a solution-processed hybrid MoO3-PEDOT:PSS HIL. A bar chart 

illustrating the variation of the surface roughness of different films is shown in Fig. 
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6.10. The corresponding rms values measured for the bare ITO, surfaces of 

evaporated MoO3, PEDOT:PSS and the hybrid HILs made with mixed solution 

having different volume ratios of PEDOT:PSS to MoO3 NPs are summarized in 

Table-6.3. 

 

Fig. 6.9. AFM images measured for (a) PEDOT:PSS HIL and, hybrid 

MoO3-PEDOT:PSS HILs prepared using mixed solution with different volume ratios 

of PEDOT:PSS to MoO3 NPs, (b) 1:1, (c) 2:1, (d) 3:1, and (e) 4:1. 
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Fig. 6.10. The bar chart illustrating the variation in rms surface roughness of different 

layers. 
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Table-6.3. A summary of rms surface roughness measured for ITO, evaporated MoO3, 
PEDOT:PSS and hybrid HILs fabricated using mixed solution having different 
volume ratios of PEDOT:PSS to MoO3 NPs. 

Thin films rms surface roughness (nm) 

a) Bare ITO 2.31 

b) Evaporated MoO3 1.75 

c) Solution-processed MoO3 3.56 

d) PEDOT:PSS and MoO3 NPs (1:1) 1.20 

e) PEDOT:PSS and MoO3 NPs (2:1) 1.17 

f) PEDOT:PSS and MoO3 NPs (3:1) 0.99 

g) PEDOT:PSS and MoO3 NPs (4:1) 1.02 

h) PEDOT:PSS  0.99 

 

6.4.2 Surface electronic properties of hybrid HIL 

In-depth investigation of the surface electronic properties of the 

solution-processed MoO3 was carried out by photoelectron spectroscopy. In some 

TMOs, e.g. MoO3, WO3, and V2O5 etc., the presence of the oxygen vacancy defects 

can facilitate the hole injection at metal oxide/organic interface [177]. The oxygen 

deficiency can introduce the lower oxidation state of metal cations and reduce the 

work function in TMO, and thus influence the injection properties in OLEDs [158]. 

Therefore, it would be interesting to understand the injection properties by 

characterizing the work function and the defect states in the solution-processed MoO3 

as well as hybrid MoO3-PEDOT:PSS HIL used in the OLED. UPS spectra measured 

for the solution-processed MoO3 thin film, with secondary cut-off and valence band, 

are shown in Fig. 6.11a and Fig. 6.11b, respectively. The work function evaluated 

from the spectra is 5.98 eV. Fig. 6.12 presents the XPS spectrum of the 

solution-processed MoO3 thin film. The core levels of Mo 3d shows the characteristic 

peaks of 3d5/2 and 3d3/2, regarding to the Mo6+, found at 232.6 eV and 235.6 eV, 
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respectively. The only oxidation state (Mo6+) indicates no oxygen defect are presence 

in the MoO3 thin film.  
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Fig. 6.11. The UPS spectra measured for the thin film prepared by solution-processed 

MoO3 NPs, (a) the secondary-electron cut-off, and (b) the HOMO edge near the 

Fermi level. 
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Fig. 6.12. The XPS spectrum of the core levels of Mo 3d measured for the thin film 

prepared by solution-processed MoO3 NPs. The deconvoluted XPS peaks of Mo6+ 

3d5/2 and Mo6+ 3d3/2 are also plotted. 
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The electronic properties and the stoichiometric composition of the hybrid 

MoO3-PEDOT:PSS HIL were also analyzed using XPS and UPS. Fig. 6.13 illustrates 

the UPS spectra measured for hybrid MoO3-PEDOT:PSS (ratio of 3:1) HIL. For 

comparison, the UPS spectra of pristine PEDOT:PSS film was also plotted in the 

same figure. The work function of PEDOT:PSS film was found at 5.24 eV, which 

agrees well with the results reported in literatures [21, 40]. The UPS spectra of the 

blending films show a shift in comparing to the spectra of PEDOT:PSS film, at the 

regions of the secondary-electron cut-off, and the HOMO edge near the Fermi level, 

as shown in the inset of Fig. 6.13. A higher work function was observed for the hybrid 

HIL, which is 5.74 eV. 
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Fig. 6.13. (a) The secondary-electron cut-off, and (b) the HOMO edge in UPS spectra 

measured for the thin films of PEDOT:PSS and the hybrid MoO3-PEDOT:PSS HIL 

(3:1). 
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The stoichiometric compositions of PEDOT:PSS and hybrid PEDOT:PSS-MoO3 

NPs HILs were also analyzed by XPS, as shown in Fig. 6.14a and 6.14b, respectively. 

For pristine PEDOT:PSS film, the main contribution of S 2s originated from PSS can 

be observed at 231.7 eV and 228.3 eV (Fig. 6.14a). For the hybrid MoO3-PEDOT:PSS 

films, the main peaks of S 2s originated from PSS can still be observed. In addition, 

the characteristic peaks of Mo 3d doublet can be found, as shown in Fig. 6.14b and 

Fig. 6.14c. The peak-deconvolution of Mo 3d in the spectrum can be justified by 

either one oxidation state revealing Mo6+ only as shown in Fig. 6.14c or two oxidation 

states revealing Mo6+ and Mo5+ as shown in Fig. 6.14b. It implies that there are two 

possible oxidation states for the Mo 3d core level XPS peaks. The major contribution 

is from the Mo6+ located at 235.6 eV (3d3/2) and 232.6 eV (3d5/2). Another minor 

contribution is from the Mo5+ located at 234.6 eV (3d3/2) and 231.7 eV (3d5/2). The 

atomic concentration of Mo5+ to Mo6+ is about 1:3.25. Thus, the atomic ratio of Mo to 

O is about 1:2.91. It indicates that oxygen deficiency possibly presents in the hybrid 

film due to the oxygen defect.  
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Fig. 6.14. (a) S 2s core level XPS spectrum measured for the pristine PEDOT:PSS 

thin film. S 2s and Mo 3d core level XPS spectra measured for the hybrid 

MoO3-PEDOT:PSS (3:1) thin film, with the peak-deconvolution for (b) two oxidation 

states of Mo6+ and Mo5+ and (c) one oxidation state of Mo6+. 
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The work function of the hybrid MoO3-PEDOT:PSS HIL prepared using mixed 

solution having different volume ratios of PEDOT:PSS to MoO3 NPs were also 

examined using UPS measurements. Fig. 6.15 shows the change in the work function 

of different hybrid HILs in comparison to other HILs used in the OLEDs. It can be 

seen that the work function decreases from 6.15 eV to 5.52 eV when the volume ratio 

of PEDOT:PSS to MoO3 NPs in the mixed solution changes from 1:1 to 4:1. At a high 

volume ratio of MoO3 in the mixed solution, e.g. 1:1, the work function of the hybrid 

HIL is close to that of the solution-processed MoO3 NPs film. At a low concentration 

of MoO3 NPs, e.g. 4:1, the work function of the hybrid HIL is close to that of the 

pristine PEDOT:PSS film. It demonstrates that the doping of MoO3 NPs in 

PEDOT:PSS can improve the work function in the hybrid HIL. Table 6.4 is the 

summary of the work function of HILs, obtained by the UPS measurements. Fig. 6.16 

presents the S 2s and Mo 3d core level XPS spectra measured for the hybrid films. It 

can be clearly seen the characteristic peaks of Mo 3d are contributed by the major 

components of Mo6+ located at 235.6 eV (3d3/2) and 232.6 eV (3d5/2), and the minor 

components of Mo5+ located at 234.6 eV (3d3/2) and 231.7 eV (3d5/2). It indicates the 

presence of the oxygen deficiency in all blending films. The Mo to O ratio is roughly 

1:2.9. 

 

Fig. 6.15. Comparison of work functions in different HILs used in this work. 
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Table-6.4. The values of work function of HILs obtained by from UPS measurements. 

Material Work function (eV) 

a) PEDOT:PSS 5.24 

b) Hybrid MoO3-PEDOT:PSS (4:1) 5.52 

c) Hybrid MoO3-PEDOT:PSS (3:1) 5.74 

d) Hybrid MoO3-PEDOT:PSS (2:1) 5.88 

e) Hybrid MoO3-PEDOT:PSS (1:1) 6.15 

f) Solution-processed MoO3 thin film 5.98 
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Fig. 6.16. S 2s and Mo 3d core level XPS spectra measured for the hybrid 

MoO3-PEDOT:PSS HILs, prepared using mixed solution having different volume 

ratios of PEDOT:PSS to MoO3 NPs, (a) 1:1, (b) 2:1, (c) 3:1 and (d) 4:1. 
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For the solution-processed MoO3 NPs film, it has high work function but the 

surface roughness is not ideal as compared to that of the evaporated MoO3 thin film. 

The high leakage current in the OLEDs, caused by the pin-hole in the 

solution-processed MoO3 HIL, is responsible for the poor performance of OLED (as 

shown in Figs. 6.3-6.5). The presence of a hybrid MoO3-PEDOT:PSS HIL promotes a 

good interfacial contact between the ITO and CBP, favoring the efficient hole 

injection, and thus enhancing the OLED performance (as shown in Fig. 6.3-6.5). The 

superior hole injection characteristics at the hybrid HIL/CBP interface can be 

attributed to three aspects: (1) a smoother interfacial contact, (2) a reduced energy 

barrier and (3) an improved hole injection capability.  

AFM measurements reveal a smooth and a pin-hole-free morphology in the 

hybrid HILs. The introduction of hybrid MoO3-PEDOT:PSS helps to improve the 

surface smoothness as compared to the pure solution-processed MoO3 NPs. At an 

optimal volume ratio of PEDOT:PSS to MoO3 NPs (3:1), rms surface roughness of 

the hybrid HIL can be reduced to ~1.0 nm, which is comparable to that of the pristine 

PEDOT:PSS film. The smooth and pin-hole-free HIL is beneficial in forming the 

subsequent layer on its surface and therefore a good contact for hole injection. 

The UPS studies have shown that the hybrid films possess a high work function. 

In the optimal condition, the hybrid MoO3-PEDOT:PSS HIL, made with a mixed 

solution having a volume ratio of PEDOT:PSS to MoO3 NPs of 3:1, has a work 

function of 5.74 eV, which is close to the HOMO level of CBP. In comparison to the 

PEDOT:PSS pristine film, an increase of 0.5 eV in the work function of the hybrid 

HIL is observed. The improved work function can reduce the energy barrier at the 

HIL/CBP interface, as illustrated in Fig. 6.17, and thus facilitating the hole injection. 

Lastly, the XPS spectra have shown the presence of the oxygen vacancies in the 

hybrid films. Different studies have been demonstrated that the oxygen defects in 

transition metal oxides can modify the Fermi level and facilitate the charge transfer at 

the HIL/organic interface [158-161, 178-179]. The presence of oxygen deficiency in 

TMO results its Fermi level located close to the conduction band, making TMO an 
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n-type semiconductor. The low-lying conduction band of the hybrid HIL is capable to 

extract electrons from the HOMO level of the adjacent CBP layer. This charge 

transfer process would generate free hole carriers in CBP layer. Therefore, this 

defect-assisted charge transfer can improve the hole injection characteristics at the 

HIL/CBP interface. 

 
Fig. 6.17. The proposed energy diagram illustrating the change in energy barrier 

between HOMO level of CBP and the work function of different HILs of (a) 

PEDOT:PSS, (b) the hybrid MoO3-PEDOT:PSS (3:1) and (c) the solution-processed 

MoO3 NPs. 

 

6.5 Summary 

An effective solution-processed hybrid MoO3-PEDOT:PSS HIL has been 

developed for application in phosphorescent OLEDs. A good HIL/CBP interface 

facilitates the efficient hole injection characteristic and thus enhances the device 

efficiency. The surface morphological and electronic properties of the hybrid HIL 

were analyzed using AFM, UPS and XPS measurements. A smooth and a 

pin-hole-free surface morphology of the hybrid HIL is beneficial in forming a good 

contact with the adjacent organic layer. The hybrid HIL also possesses a high work 
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function to reduce the interfacial energy barrier at the HIL/CBP interface, favoring the 

efficient hole injection. In addition, the oxygen deficiency induced by the MoO3 NPs 

in the hybrid HIL can enhance the electron extraction capability, thereby facilitating 

the hole injection at the HIL/CBP interface. 
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Chapter 7 Integration of organic light transmissible devices 

7.1 Background of organic sensor technologies 

To date, significant progresses have been made on the organic electronic devices. 

For examples, OLED display is widely used in cell phone and television. Organic 

solar cells with a power conversion efficiency of >10% were demonstrated [180]. 

Organic thin-film transistor has also demonstrated an excellent performance with a 

high field-effect mobility, operating in ambient conditions [181]. Due to the unique 

advantages of organic electronics, such as large area, chemical tenability, mechanical 

flexibility and solution-based fabrication, the emerging of organic optoelectronic 

devices offers additional features and design freedom to the optoelectronics for new 

applications. A lot of efforts have been devoted to develop the functional organic 

optoelectronic devices for use in communication [182], optocouplers [183-185], 

chemical sensors [186-187], biosensor [188], refractometer [189] and optical 

integration systems [190-193].  

The multilayer organic optoelectronic devices, such as multiphoton emission 

devices [194-195], tandem organic solar cells [196] and organic photodetetcors 

(OPDs) with external quantum efficiencies up to 75% across the visible light and 

bandwidths approaching 450 MHz, have been reported [197]. The integration of 

organic electronics devices, e.g. OLED and OPD etc., can offer the functional 

superiority for a wide variety of applications in the sensors. A typical organic sensor 

consists of an OPD integrated with an OLED [198]. The integration of OPD with 

OLED in a stacked geometry results in better light coupling from OLED to OPD as 

compared to that in organic sensors having discrete device configuation [199]. The 

integrated organic optical bi-functional matrix arrays [200], bi-stable optical switches 

[201] have been demonstrated. An integrated organic functional device utilizing 

OLEDs and OPDs for optical interconnection with high-speed transmission and 

flexible optical circuits was also reported [190]. However, the existing organic sensors 

have limited flexibility to achieve monolithic integration of organic electronic 

components for application in large area imaging sensor at low costs.  
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In this work, we report our effort to develop a novel organic proximity sensor that 

monolithically integrates a front OLED and an upper OPD. The design and 

fabrication flexibility provided by the material and process could readily construct 

multilayered functional devices for application in wearable units, organic proximity 

sensors, image scanner, organic finger scan sensors and compact information systems. 

  

7.2 Device concept of OLED/OPD-based proximity sensor 

7.2.1 Design of the organic proximity sensor 

The organic proximity sensors were fabricated through monolithically integration 

of the upper OPD components with the bottom stripe-shaped OLED units. The 

proximity sensor has a configuration of glass/OLED/inter-electrode/OPD. Organic 

photoactive and light-emitting materials with matched wavelengths in photo response 

of the OPD and EL emission of the OLED units were selected for fabricating into 

organic sensors. The front OLED unit has a device structure of ITO/CFx/HATCN(5 

nm)/TAPC(85 nm)/CBP:Ir(piq)2acac(10 nm, 4%)/TmPyPB(70 nm)/LiF (1 nm)/Al (50 

nm), where a 5.0 nm thick HATCN layer serves as a hole injection layer, a 85 nm 

thick TAPC is used as a hole transporting layer, the concentration of the Ir(piq)2acac 

phosphorescent dopant in the CBP host was optimized to achieve best emission 

characteristics, a 70 nm thick TmPyPB electron transport layer was used for making 

efficient OLED in the organic proximity sensor. Fig. 7.1 illustrates the schematic 

diagram of the organic proximity sensor based on monolithic integration of OLED 

and OPD units 
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Fig. 7.1. Schematic diagram of an organic proximity sensor based on the monolithic 

integration of OLED and OPD units. 

 

7.2.2 Fabrication and characterization of the organic proximity sensor 

The stripe-shaped Al cathode in the OLED units was formed by thermal 

deposition using a shadow mask, with a width of 100 µm arranged in parallel and an 

interval of 0.45 mm between the two adjacent stripes. A blend of zinc phthalocyanine 

(ZnPc) donor and fullerene C60 acceptor in a weight ratio of 1:1 was used, functioning 

as the active layer of the OPD in the integrated proximity sensor. The OPD has a layer 

configuration of Ag(15 nm)/MoOx(10 nm)/C60:ZnPc (1:1, 35 nm)/C60 (25 nm)/Bphen 

(7.0 nm)/Al (70 nm). A 7.0 nm thick 4,7-diphenyl-1,10-phenanthroline (BPhen) acts 

as an electron injection layer. A structurally identical control OLED with an active 

area of 3.0 mm × 3.0 mm was made for comparison study. A control OPD with the 

same structure of OPD in the sensor but formed on the ITO anode, 

glass/ITO/C60:ZnPc (1:1, 35 nm)/C60 (25 nm)/ Bphen (7 nm)/Al (70 nm), was also 

fabricated for process control and performance comparison studies. The bare ITO has 

a sheet resistance of 15 Ω/sq. The ITO surface was first treated by oxygen plasma for 

2 min before it was loaded into the system for device fabrication. The functional 

layers were deposited by thermal evaporation in a 10 source vacuum system with a 

base pressure of <5.0×10−4 Pa. 
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J–V–L and EL characteristics of the OLEDs were measured using a Photo 

Research PR650 spectrophotometer and a computer-controlled programmable source 

meter (Keithley 236 source measure unit). J–V characteristics of the OPDs were 

measured under air mass 1.5 global (AM1.5G) irradiation of 100 mW/cm2 (300W 

SAN-EI XEC-301S solar simulator, beam size: 4 inch diameter). The intensity of light 

was calibrated using a silicon detector (with a KG-5 filter) to minimize spectral 

mismatch. 

The modulated optical source, e.g., light from the Xenon lamp is modulated using 

an optical chopper at 133 Hz and synchronized with a lock-in amplifier before 

entering the monochromator, was used to analyze the spectral response of the OPDs. 

The time response of the OPD to the OLED in the organic proximity sensor was 

measured by operating the OLED using a square wave pulse voltage source, 

generated by a function generator (BK precision 3026) and recorded using an 

oscilloscope (Agilent infiniium 600 MHz). 

 

7.2.3 Operation principle of the organic proximity sensor 

The schematic diagram of the cross-sectional view of the integrated organic 

proximity sensor is shown in Fig. 7.2. Light emitted by the front OLED unit passes 

through the ITO/glass substrate, and is reflected from the object outside the proximity 

sensor. The reflected light is absorbed by the integrated OPD, with an active area 

between the stripe-shaped electrodes to generate the photocurrent signal. The change 

in photocurrent thus generated in the OPD is a function of the reflectivity of the 

object.  
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Fig. 7.2. Schematic diagram of the proximity sensor formed through monolithic 

integration of OLED and OPD units, showing the operation mechanism of the sensor. 

 

Fig. 7.3 shows the top view of the electrode layout in the organic proximity 

sensor. The width of the stripe-shaped cathodes used for the OLED is 0.1 mm. The 

distance between the two adjacent stripe electrodes is 0.45 mm. A MoO3(5 nm)/Ag 

(15 nm) bi-layer inter-electrode was overlaid on the stripe electrodes prior to the 

fabrication of the upper OPD. The region between the opaque stripe electrodes defines 

the OPD active area, e.g., 2.7 mm × 4.15 mm in this case, with an aperture ratio of 

~81%. The bi-layer inter-electrode serves as a dual purpose to act as the cathode for 

the front OLED and an anode for the upper OPD. The emission comes from the 

stripe-shaped OLED, it prevents the OLED emission from going directly to the OPD, 

hence maintains a high signal to noise ratio. 
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Fig. 7.3. Schematic layout of the stripe-shaped front OLED components and the upper 

OPD unit that covere in regions between the stripes in the integrated device. 

 

7.3 Optical sensitivity and time response of the organic proximity sensor 

7.3.1 Characteristics of the OPD and OLED units 

The J–V characteristics of the OPD unit in the proximity sensor and a control 

OPD, measured under AM1.5G irradiation of 100 mW/cm2, are shown in Fig. 7.4. 

The control OPD had a short-circuit current density of 4.27 mA/cm2, while the 

corresponding value for the OPD unit in the proximity sensor was 1.6 mA/cm2. 
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Fig. 7.4. J–V characteristics measured for the control OPD and the OPD unit in the 

integrated proximity sensor. 

3.3mm

Stripe width 0.1mm

OPD effective 
area boundary 

OLED anode 
boundary 

4.15mm

0.15mm

0.7mm

3.3mm

0.45mm

MoO3/Ag 
interlayer 

OLED cathode 
stripe boundary 



118 
 

As the width of the stripe-shaped OLED components in the proximity sensor is 

only 100 µm, the performance of the OLED in the proximity sensor was then 

evaluated using a control OLED with an active area of 3.3 mm × 3.3 mm. The J–V–L 

characteristics, luminous efficiency, EL spectrum measured for the control OLED are 

shown in Fig. 7.5a. The luminance and luminous efficiency of the control OLED 

operated at 5.0 V are 1200 cd/m2 and 7 cd/A. From Fig. 7.5b, it can be seen that 

normalized EL spectrum for the control OLED has a peak wavelength at 628 nm with 

a full-width-half-maximum of 78 nm, which matches well with the spectral response 

of the ZnPc:C60 based OPD over the wavelength range from 520 nm to 750 nm. This 

ensures a good optical coupling between the EL emission of the OLED and spectral 

response of the OPD in the proximity sensor. The thicknesses of the functional 

organic layers in the OPD and OLED were optimized to achieve the maximum photo 

response of the integrated organic sensor. 

 

 

 

 

 

 

 

 



119 
 

0 2 4 6 8 10
0

50

100

150

 

 

Cu
rre

nt
 d

en
sit

y 
(m

A
/c

m
2 )

Voltage (V)

100

101

102

103

104

 L
um

in
an

ce
 (c

d/
m

2 )

(a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

300 400 500 600 700 800 900
0

5

10

15

20

25

30

35

 

 

 EQE of OPD in proximity sensor

EQ
E 

(%
)

Wavelength (nm)

 E
L 

in
te

ns
ity

 (a
.u

.)

 EL spectrum for control OLED 
         operated at 5.0 V

(b)

 
Fig. 7.5. (a) J–V–L characteristics of the control OLED. (b) EL spectrum of the 

control OLED and EQE of the integrated OPD. 

 

7.3.2 Photo and frequency responses of the organic proximity sensor 

To demonstrate the performance of the proximity sensor, the photo responses of 

the sensor measured for objects with different reflections were recorded by measuring 

the photocurrent generated by the OPD with the integrated OLED operated at 5.0 V. 

Figure 7.6 illustrated the normalized photo responses of the OPD in the organic 

proximity sensor, measured for objects with different reflection surfaces including 

white paper, orange paper, red paper, green paper and blue paper. In this work, the EL 
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emission of the OLED component in the proximity sensor has a peak wavelength of 

628 nm. White paper, orange paper and red paper have relatively higher reflection to 

the red illumination than that reflected from the green paper and blue paper. The 

measured photo responses of the proximity sensor therefore follows the order of white 

paper, orange paper, red paper, green paper and blue paper, as illustrated in Fig. 7.6.  

 

Fig. 7.6. Normalized photo responses of the organic proximity sensor measured for 

objects with different reflection surfaces, e.g., white paper, orange paper, red paper, 

green paper and blue paper. 

 

The time response of the proximity sensor was characterized by the frequency 

response of the OPD with the integrated OLED operated with a square wave pulse 

voltage, generated by a functional generator with an output modulated at 1 kHz or 10 

kHz and amplitude of around 6.0 V. A sheet of white paper was placed in the front of 

the organic proximity sensor to reflect the modulated OLED emission back to the 

OPD for frequency response measurements. The photocurrent generated in the OPD 

was estimated by measuring the voltage across a 1 kΩ resistor, connected in parallel 

with the OPD unit in the integrated sensor. Figure 7.7 shows the time response 

measurement results for the proximity sensor. It is clear that the photo-response of the 
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OPD can be clearly identified for frequency up to 10 kHz. This demonstrates that the 

proximity sensor, based on the monolithic integration of the ZnPc:C60-based OPD and 

CBP:Ir(piq)2acac-based phosphorescent OLED, is capable of signal processing up to 

10 kHz. 
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Fig. 7.7. Typical time response profile for the integrated ZnPc:C60-based OPD and 

CBP:Ir(piq)2acac-based phosphorescent OLED in the proximity sensor, operated by 

square wave pulse voltage (~6.0 V) with different frequencies of (a) 1 kHz and (b) 10 

kHz. 
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 The organic proximity sensor based on the integrated organic light transmissible 

devices, such as OPDs and OLEDs, provide the functional superiority for a broad 

range of applications. The integrated device uses OLED as light source for 

illumination of the coupled OPD to create an optical signal. Such an integrated 

organic sensor can be a building block for application in optical and waveguide 

sensors. The design and fabrication flexibility provided by the organic semiconductors 

and processes also have significant cost benefits, making it possible for new 

application in monitoring systems, finger identification sensor, organic photonic 

logical circuits and wellness monitoring sensors. 

 

7.4 Summary 

The monolithic integration of organic components forming OPD/OLED 

functional system for proximity sensor application has been demonstrated. The 

performance of the functional organic sensors was analyzed, relating to the 

optimization of light coupling between the OLED and OPD components, as well as 

examination of the optical and the frequency responses. It reveals that the organic 

proximity sensors are capable of signal processing in the 10 kHz regime. The design 

and fabrication flexibility provided by the materials and processes could readily 

construct multilayered organic sensor arrays for application in wearable units, 

disposable point of diagnosing, low cost bioassay device, lab-on-chip, vital sign 

monitoring and compact information systems. 
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Chapter 8 Summary and future work 

8.1 Summary 

A high performance 2-color white WOLED with improved hole-electron current 

balance was realized through theoretical simulation and experimental optimization. 

The opaque WOLED with an optimal structure of NPB (40 nm)/TCTA (5.0 

nm)/TCTA: FIrpic:Ir(fbi)2acac (19%, 1%, 10 nm)/TCTA:FIrpic (19%, 7.5 

nm)/TmPyPB (40 nm), has a maximum power efficiency of 44 lm/W and a good EL 

spectrum at CIE color coordinates of (0.34, 0.41). Throughout a comprehensive 

optical analysis, a high performance transparent WOLED, made with an upper 

transparent cathode of LiF (1 nm)/Al (1.5 nm)/Ag (15 nm)/NPB (50 nm), was realized. 

A 70% increase in the visible-light transparency of transparent WOLED can be 

achieved using a NPB index matching layer.  

The emission of the transparent WOLED with a preferential one-sided EL 

emission is often observed. The EL emission behavior of the dual-sided emissive 

transparent WOLED, e.g. angular emission characteristics and color stability, were 

systematically analyzed. A pair of electrode, Ag (10 nm)/MoO3 (2.5 nm)-modified 

ITO anode and an Al (1.5 nm)/Ag (15 nm)/NPB (50 nm) cathode, was employed to 

examine the EL emission characteristics of the transparent WOLED. The transparent 

WOLED with a visible-light transparency of >50% and an almost identical power 

efficiency of 11 lm/W (measured at 100 cd/m2) from both sides was develpoed. High 

performing transparent 2-color white WOLEDs with a weak angular-dependent EL 

emission and the stable CIE coordinates of (0.34, 0.43) and (0.37, 0.46), measured 

from both anode and cathode sides, were demonstrated. The optical simulation agrees 

with the experimental results, suggesting that the avoidance of the spectral overlap 

between the peak wavelengths of the emitters and the resonant wavelength of the 

organic microcavity can moderate the angular-dependent emission characteristics in 

transparent WOLEDs. The visible-light transparency and angular-dependent emission 

behavior of dual-sided transparent 3-color white WOLEDs were also analyzed. The 

accomplishment of the transparent WOLEDs with bi-directional and symmetrical 
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illumination characteristics, including the power efficiency, the CIE color coordinates 

and the weak angular dependent EL emission characteristics, offers new features and 

design freedoms for application in planar diffused lighting. 

An effective injection in phosphorescent OLEDs was realized by using the 

solution-processed hybrid MoO3-PEDOT:PSS HIL. The solution-processed hybrid 

HIL promotes a good interfacial contact with the adjacent low-lying HOMO material, 

e.g. CBP, thereby favoring an efficient hole injection at the HIL/CBP interface. A 

significant enhancement in device efficiency of phosphorescent OLEDs was obtained, 

with EQE > 20% over the luminance range from 10 cd/m2 to 10000 cd/m2. Surface 

properties of the hybrid MoO3-PEDOT:PSS HIL were further characterized by AFM, 

UPS and XPS. The hybrid HIL has a pin-hole-free surface morphology allowing a 

good contact to form with the adjacent functional organic layer, and processing a high 

work function assisting in an efficient carrier injection at the HIL/CBP interface. In 

addition, the oxygen deficiency induced by the MoO3 NPs in the hybrid HIL can 

further enhance the electron extraction capability and thus facilitates a good hole 

injection property. The solution-processed hybrid MoO3-PEDOT:PSS HIL is 

beneficial for application in full solution-processed organic electronic devices. 

Based on the research achievements made in the transparent OLEDs, the work 

was further extended to study the integration of OLED with OPD for organic 

proximity sensor application. A new organic proximity sensor, fabricated through a 

monolithic integration of OLED and OPD, was demonstrated. An excellent light 

coupling between the OLED and OPD components, in the proximity sensor was 

realized, exhibiting a good optical response. The frequency responses of the organic 

proximity sensors were also examined. It reveals that the organic proximity sensors 

can be operated at a high frequency regime of 10 kHz for signal processing. The 

design and fabrication flexibility provided by the materials and processes could 

readily construct multilayered organic sensor arrays for application in wearable units, 

disposable point of diagnosing, low cost bioassay device, lab-on-chip, vital sign 

monitoring and compact information systems. 
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8.2 Future work 

Solution-processable WOLEDs have emerged as a promising technique for 

application in large area flexible WOLED lighting at low cost benefits. Recently, the 

solution-processed Ag nanowires have been used as the transparent electrode in 

optoelectronics devices. The upper transparent electrode of transparent WOLEDs can 

also be made by incorporating solution-processable Ag nanowire based electrode. As 

discussed in Chapters 4 and 5, the EL emission characteristics of the transparent 

WOLEDs can be optimized by anode and cathode modification. Therefore, 

solution-processable Ag nanowires can be used as cathode, as well as the anode for all 

solution-processed transparent WOLEDs. The hybrid MoO3-PEDOT:PSS HIL 

discussed in Chapter 6, can be modified to meet the requirement for application in 

solution-processed transparent WOLEDs. The results obtained in this thesis can 

provide a good foundation for further development of all solution-processed high 

performing WOLEDs. 

On the other hand, the function of the OLED/OPD-based sensor can be further 

enhanced by incorporating a WOLED light source. A red OLED applied in the 

monolithic integrated organic sensor (Chapter 7), in fact, has a low color rendering 

index. It does not have a sufficient sensitivity in different colors to provide a good 

optical response from different samples. Therefore, a WOLED with a broad 

continuous EL spectrum can be a good candidate for use in the integrated organic 

sensor to improve the color saturation and sensitivity, as well as making a better light 

coupling with the OPD. In addition, the sensitivity of the integrated sensor can be 

further enhanced by optimizing the inter-electrode between WOLED and OPD. The 

aperture ratio defined by the metal stripe pattern is highly sensitive to the reflected 

light entering to the OPD. The inter-electrode with other patterns can be adopted to 

improve the functionality of organic proximity sensor, for example, the matrix array. 
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