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ABSTRACT 

Organic electronics have remained a research topic of great interest over the past few 

decades, with organic light emitting diodes (OLEDs) emerging as a disruptive technology for 

lighting and display applications. While OLED performance has improved significantly over 

the past decade, key issues remain unsolved such as the development of stable and efficient 

blue devices. In order to further the development of OLEDs and increase their commercial 

potential, innovative device architectures, novel emissive materials and high-energy hosts are 

designed and reported. 

OLEDs employing step-wide graded-doped emissive layers were designed to 

improve charge balance and center the exciton formation zone leading to improved device 

performance. A red OLED with a peak efficiency of 16.9% and an estimated LT97 over 

2,000 hours at 1,000 cd/m2 was achieved. Employing a similar structure, a sky-blue OLED 

was demonstrated with a peak efficiency of 17.4% and estimated LT70 over 1,300 hours at 

1,000 cd/m2. Furthermore, the sky-blue OLEDs color was improved to CIE coordinates of 

(0.15, 0.25) while maintaining an efficiency of 16.9% and estimated LT70 over 600 hours by 

incorporating a fluorescent sensitizer. These devices represent literature records at the time 

of publication for efficient and stable platinum phosphorescent OLEDs. 

A newly developed class of emitters, metal-assisted delayed-fluorescence (MADF), 

are demonstrated to achieve higher-energy emission from a relatively low triplet energy. A 

green MADF device reaches a peak efficiency of 22% with an estimated LT95 over 350 hours 

at 1,000 cd/m2. Additionally, a blue charge confined OLED of PtON1a-tBu demonstrated a 

peak efficiency above 20%, CIE coordinated of (0.16, 0.27), and emission onset at 425 nm. 
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High triplet energy hosts are required for the realization of stable and efficient deep 

blue emission. A rigid “M”-type carbazole/fluorene hybrid called mDCzPF and a 

carbazole/9-silafluorene hybrid called mDCzPSiF are demonstrated to have high triplet 

energies ET=2.88 eV and 3.03 eV respectively. Both hosts are demonstrated to have 

reasonable stability and can serve as a template for future material design. The techniques 

presented here demonstrate alternative approaches for improving the performance of 

OLED devices and help to bring this technology closer to widespread commercialization. 
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1: Introduction 

1.1: Organic Electronics 

Electronic properties in organic compounds have been of interest to researchers 

since the early 1900s.[1] In the past few decades, these organic electronics have seen a sharp 

rise in use across a variety of applications. The most common among these are organic 

photovoltaics (OPVs), organic thin film transistors (OTFTs), organic memory storage 

solutions and organic light emitting diodes (OLEDs). 

Photovoltaic (PV) devices have been gaining widespread traction in markets across 

the world as their efficiency continues to rise and their cost becomes more competitive. 

Photovoltaic devices, colloquially called solar panels, absorb visible and infrared light and 

convert that light to a usable electric current. These have long been viewed as a viable source 

of renewable energy and are being widely implemented across the world.[2,3] For example, 

California has recently passed a new law that will require every new home built in 2020 or 

later to incorporate rooftop PV panels. Conventional PV devices are commonly made from 

inorganic semiconductors like silicon and therefore suffer from problems such as fragile 

panel components, heavy mounting hardware, and bulky design. Alternatively, organic 

photovoltaic (OPV) systems can be made thin, flexible and transparent. Figure 1 shows a 

typical cross-section of an OPV. Their thin profiles (.5mm or less) coupled with their use of 
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Figure 1: Schematic of OPV, showing key active layers, light absorption, charge separation and 
charge collection. 

 

amorphous organic materials give rise to their transparent and flexible properties.[4], [5] While 

OPVs are currently unable to meet or exceed the performance of standard PV devices they 

have the potential to be a low-cost supplemental technology. One notable example is using 

transparent OPVs as energy producing window tint for commercial or residential 

applications.[6] 

Transistors are a fundamental and core part of all modern electronics. A transistor 

can serve one of two functions, it can act as an amplifier switching a small input current into 

a larger output current, or it can behave like a switch. Transistors accomplish this with four 

simple non-moving components. A source (positive), a drain (negative), a dielectric material 

stack between the source and drain, and a gate. The source and drain provide contact to the 

circuit. When a bias is applied at the gate, the transistor is switched on. The bias applied to 

the gate causes the dielectric stack to switch from insulating to conducting. This allows the 

transistor switch to open and closed under the applied bias. TFTs (Figure 2) operate in a 

similar fashion, however, they are preferred in display applications for liquid crystal displays 
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(LCD) and active matrix organic light emitting diode (AMOLED) screens because of their 

ability to be grown as a thin film to reduce total screen thickness. Organic TFTs use organic 

materials and conductive polymers allowing the OTFT to be produced at a lower 

temperature and for lower cost.[7,8] 

 

 

Figure 2: Standard OTFT schematic showing the source, drain, and gate that are required in all 
transistor devices. 

 

 

Figure 3: Step by step process demonstrating how DNA can be utilized for mass storage. 

 

Organic memory storage solutions can satisfy such a serious need that mega-

corporations like Microsoft are actively supporting research into this field.[9] Current 
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magnetic storage technology has limited data density and non-ideal storage stability on the 

order of a few decades. The International Data Corporation has projected that the “digital 

universe” (all digital data worldwide) will exceed 44 zettabytes (44 trillion gigabytes) by the 

year 2020. This explosion of data and the need for reliable long-term storage has led 

researchers away from magnetic storage solutions and toward the emerging field of organic 

memory storage. DNA has an extremely high raw data density on the order of 109 GB/mm3 

with a half-life of over 500 years[10]. Research is currently focused on accurately and quickly 

reading and writing data into DNA via the process shown in Figure 3. As research continues 

to progress this technique is likely to have a large impact on informatics and can change the 

way we store data. 

Among the applications of organic electronics, OLEDs are the one technology that 

is closest to achieving widespread commercial acceptance and use. Many lighting and display 

manufacturers currently offer a small range of OLED products. Despite this, there is a 

continued push to achieve the highest possible device performance and make OLEDs a part 

of everyday life. 

 

1.2: OLED Operating Principals 

Organic light emitting diodes are an emerging solid-state lighting technology that has 

applications that range from general purpose lighting to displays. These devices are 

comprised of a stack of organic and organometallic layers sandwiched between two ohmic 

contacts to form a light emitting diode. Diodes are a semiconductor device shown in Figure 

4 that consists of a standard P-N junction (Figure 4a) that allows current to flow in only one 

direction when a voltage bias is applied (Figure 4c).[11,12] This same principle is what occurs in 
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an OLED device. When a forward bias is applied to the OLED, charge is injected into the 

device where it recombines to generate light emission. In solid-state lighting devices, the 

recombination of electrons and holes generates photons via a process called 

electroluminescence that will be discussed later in this work. For this process to occur charge 

needs to be able to migrate through the organic layers of the device.[13] 

 

Figure 4: a) standard diode P-N junction in line with a circuit b) circuit schematic representation of 
diode denoting current flow direction and current stopping direction c) current-voltage curve 
showing diodes ability to inhibit current flow when under reverse bias and allow current flow under 
forward bias. 

 

Charge migration in organic semiconductors (OSCs) differs greatly from their 

inorganic counterparts. Conventional semiconductors (SCs), like silicon, are often a single 

crystal with very few unintentional defects. This long-range order and close atomic packing 

allow the material to form bands of electron orbitals known as the conduction and valence 

band. When an electron resides in the conduction band, or a hole resides in the valence 

band, the charge is free to move through the material allowing electrical conductivity to 

occur. Semiconductors are often doped with elements from the III and V groups to provide 
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an excess of electrons (N-type) or an excess of holes (P-type). These excess charge carriers 

will reside in the conduction and valence band as shown in Figure 5. 

 

Figure 5: N-doped and P doped inorganic semiconductors showing their conduction and valence 
bands with free charge carriers. 

 

Conversely, OSCs are typically amorphous materials held together primarily by weak 

Van der Waal interactions, dipole-dipole interactions or hydrogen bonding. This disorder 

along with trace chemical impurities that are typically present serve to localize charge on 

each molecule.[14] This results in the OSCs not having continuous conduction and valence 

bands. The energy “bands” of an inorganic SC only exist because of their long-range order, 

periodicity and the alignment of the energy levels across the crystal. In OSCs, the discrete 

energy levels that are analogous to the conduction and valence bands are known as the 

highest occupied molecular orbital (HOMO) level and the lowest unoccupied molecular 

orbital (LUMO) level.[15] These HOMO and LUMO levels are localized on each molecule in 

the disordered film and while they share similar values to their near neighbor they are unable 

to share charge as easily as in their inorganic counterpart. Consequently, charge migration in 

OSC materials is primarily governed by hopping between localized sites.[16] In this method of 

charge migration, electrons and holes are localized to a single molecule, however, there are 

many factors that affect the probability of charge hopping to an adjacent state. The 



  

7 
 

probability of hopping to a specified neighbor is dependent on the distance between the two 

molecules, the energy of the starting molecule, the energy of the destination molecule, and 

the ambient electric field.[17], [18] This hopping process also has a dependence on temperature, 

this is because thermal excitations can raise the local energy of a state preparing to hop 

making it easier for the hopping to occur to a lower energy neighbor. The dependence of 

hopping on temperature can be well represented by Mott’s law.[19] This hopping mechanism 

is shown schematically in Figure 6, electrons can be seen hopping along the LUMO levels of 

the molecules denoted by b in the figure. 

 

Figure 6: Diagram showing an example of electrons hopping in the LUMO and stopping on the 
discrete isolated states denoted by (b). 

 

Charge mobility in solids is defined by units of charge flux over a unit area per volt 

second. OSC mobilities are orders of magnitude lower than conventional SCs.  These low 

mobilities serve to limit the thickness at which OLEDs can be made. While charge mobility 

would seem to be a problem hindering the development of OLEDs, rigorous material design 

has continued to improve the quality of materials used.[20] 

For the following discussion of excitons, it is important to understand a few 

concepts about holes and electrons. According to spin-statistics and quantum field theory, 

electrons are categorized as fermions, particles with half-integer spin. Alternatively, holes do 
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not physically exist. A hole is a positive charge that remains after an electron is removed 

from a state.  Figure 7 provides a helpful visual representation of these two charged states. 

Figure 7a shows a molecule in its neutral state, with a net spin of zero, a pair of electrons in 

its HOMO level and an empty LUMO level. This neutral or ground state represents every 

molecule in the OLED prior to any external bias being applied. Figure 7b shows a HOMO 

level that has lost an electron leaving behind a net positive charge on the molecule. This 

positive charge pulls the HOMO and LUMO closer together and is referred to as a hole 

polaron. Figure 7c shows a molecule that has gained an electron in the LUMO level and still 

has a full HOMO level. This causes a net negative charge and is called an electron polaron. 

When an external bias is applied to the OLED, hole polarons are generated at the anode and 

electron polarons at the cathode. 

 

Figure 7: A depiction of HOMO and LUMO level occupation in the 4 different states that a 
molecule can be in a) Ground State b) Hole Polaron (referred to as a hole) c) Electron polaron 
(electron) and d) Exciton. 

 

The hole polarons are coulombically attracted to the negative cathode and the 

electron polarons are drawn to the anode. As discussed, this charge will migrate via hopping 

towards the center of the OLED device. When the holes and electrons reach the emissive 
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region, they begin to interact with each other to form excitons Figure 7d. Excitons are 

coulombically bound electron and hole pairs with binding energy given by: 

Equation 1 

∆E(e − h) =
e2

4πeoεRc
= kBT 

Where ΔE(e-h) is the electron-hole binding energy, e is the electron charge, ε0 and 𝜀 are the 

respective vacuum and host permittivity, RC is the critical radius where the Coulomb 

attraction energy is roughly equal to the thermal energy, kB is Boltzmann’s constant and T is 

absolute temperature. 

The amorphous nature of films in OLEDs leads to Frenkel exciton being formed. 

Frankel excitons have a smaller radius, higher binding energy and are localized to a single 

molecule.[21] The Pauli exclusion principle states that two or more identical fermions cannot 

occupy the same quantum state. This means that any pair of electrons that try to occupy the 

same state must have opposing spins[22]. 

 

Figure 8: Illustration of exciton types showing spin direction and phase. a) singlet exciton with 
opposite spin b) triplet excitons with three possible spin conditions. 
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There are two types of excitons that can be formed, singlet and triplet excitons. 

When an exciton forms, spin-statistics dictate that there is a 25% chance that the electron 

spins will be opposing and in phase as shown in Figure 8a. This is commonly referred to as a 

singlet exciton, it has a net spin of 0 and a short transient lifetime (time in its excited state) 

on the order of nanoseconds. Alternatively, 75% of excitons that form will have spins that 

are in the same direction or out of phase, shown in Figure 8b. These are called triplet 

excitons and can have a net spin value of -1, 0, or 1. Additionally, triplets tend to have longer 

lifetimes on the order of microseconds. Singlet and triplet excitons will be discussed further 

below as they are the driving mechanism for fluorescent vs phosphorescent emission. 

When an exciton forms on a molecule, despite the exciton binding energy, these 

charged states are mobile. Exciton diffusion can be explained by one of two main processes. 

Föster resonant energy transfer (FRET) also called dipole-dipole coupling and Dexter energy 

transfer or electron exchange. A diagram of the two processes is illustrated in Figure 9. 

 

Figure 9: Diagram showing FRET and Dexter energy transfer from one molecule to another. 

 

FRET is a non-contact process that typically occurs on a length scale of 1-10nm. 

Intermolecular dipole interaction can occur between an excited molecule (M1*) and a 

molecule at its ground state (M2). When the excited electron in the LUMO of M1* relaxes to 

the HOMO level its energy is transferred via dipole coupling to an electron in the M2 
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HOMO level. This results in an energy transfer that excites the electron in M2 to the LUMO 

level. Conversely, Dexter energy transfer is a direct electron exchange that can only occur 

when M1* and M2 are in close contact. In this process, the excited electron in M1* hops to 

the LUMO level of M2. Simultaneously, an electron that occupied the HOMO in M2 hops 

to the HOMO of M1*. It is worth noting that since this is a contact process it has a much 

shorter length scale compared to FRET.[23] Of these two processes, FRET is the driving 

process that occurs in OLEDs and is primarily responsible for exciton diffusion. 

OLEDs emit light via a process known as electroluminescence (EL). Viewing this 

process through the lens of conservation of energy can help to simplify the explanation. 

Based on the law of conservation of energy, if an exciton relaxes from its excited state down 

to its ground state the system will have negative net energy. To correct the energy deficit, 

this relaxation process must be accompanied by the generation of energy equal to the 

exciton starting energy. In the EL process, this is most commonly satisfied by the generation 

of a photon.[24,25] Figure 10 illustrates the two main types of electroluminescent emission. 

Singlet excitons will occupy a higher energy state than their triplet counterparts. In a pure 

organic system, a singlet exciton decaying from its excited state will generate fluorescent 

emission. 
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Figure 10: Energy band diagram showing singlet and triplet decay paths that lead to fluorescence and 
phosphorescence and intersystem crossing (ISC). 

 

A singlet transition from the S1 state to the ground state occurs on a timescale of around 1-

100ns. By comparison, the transition from the S1 to the T1 state is significantly slower, 

ranging from .1 to 1μs. This results in nearly 100% of the singlet excitons decaying 

radiatively. Unfortunately, in fluorescent systems, all the triplet excitons will decay non-

radiatively, Pauli exclusion principle, resulting in a net exciton to photon conversion 

efficiency of only 25%.[26] Fortunately, the addition of a transition metal atom to the emissive 

molecule can allow triplet excitons to decay radiatively. This process is known as 

phosphorescence and is the basis of most modern OLEDs. Spin-orbit coupling between the 

excitons and the metal atom will allow radiative decay from the T1 state to the ground state. 

In a phosphorescent system, the S1 to S0 transitions are slower than the S1 to T1 transition 

resulting in intersystem crossing (ISC). This ISC is a fast and efficient process that leads to 

phosphorescent emitters being able to achieve an exciton to photon conversion efficiency of 

100% by harvesting both singlet and triplet excitons.[27,28] While fluorescence and 
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phosphorescence are the two primary emission pathways in OLEDs, there has been a 

growing interest in two unique subsets of fluorescent emission. 

Delayed fluorescence occurs when there is reverse intersystem crossing (RISC) 

causing triplets to be up-converted to the singlet state where they can then decay radiatively. 

This is classified as delayed fluorescence because a standard singlet will decay in 

nanoseconds whereas a RISC singlet will decay much slower between microseconds and 

milliseconds. This delay is a result of the exciton spending a large portion of time in the 

triplet state prior to being excited to the singlet state. There are two primary ways that 

delayed fluorescence is achieved. Thermally activated delayed fluorescence (TADF) is a 

process by which thermal excitations, at room temperature, provide enough energy to cause 

RISC. This is achieved through judicious material design that reduces the S1-T1 energy 

gap.[29–31] 

 

Figure 11: Schematic showing emission pathways of thermal assisted delayed fluorescence (left) and 
metal-assisted delayed fluorescence (right). 
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Alternately, in metal-assisted delayed fluorescence (MADF), the RISC is facilitated by 

the heavy metal atom and thermal energy. MADF emission is accompanied by standard 

phosphorescence allowing efficient dual emission pathways to coexist. The key differences 

between these two phenomena are that MADF can still occur at low temperature and has 

dual emission pathways.[32] These four processes encompass the main mechanisms by which 

OLEDs generate light. 

One of the key valuable traits of OLEDs is their ability to directly emit light over the 

entire visible spectrum and beyond. This is one key reason why they are a highly sought-after 

technology for display applications, especially when compared to conventional liquid crystal 

displays (LCDs). The energy savings achieved by directly emitting colored light vs filtering 

white light (done in LCD displays), the improved contrast ratio and the improved dynamic 

color range all point to OLED being the future of displays. To better understand the process 

that governs the color emission of OLED devices, an energy diagram with more detail than 

those presented in Figure 10 and Figure 11 must be discussed. 

 

Figure 12: Jablonski diagram showing singlet and triplet excited states with their vibronic bands, 
average transition timescales, and the ground state. 
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Figure 12 shows a Jablonski diagram that contains multiple vibrionic states and shows 

absorption and emission of light with the corresponding time scales. The left-hand side of 

the figure also shows an energy scale that is used to determine the change in energy of an 

event.[33] The previous figures discussed are highly simplified to a single S0, S1 and T1 band, 

however, in complex molecules such as those used in OLEDs, there are a wide range of 

vibrionic states. When a material in a ground state is excited by an absorbed photon or an 

exciton, an electron will jump from S0 to S1 or S2 deepening on the energy of the excitation 

event. Once an electron is in the excited state it will undergo internal conversion, relaxation 

or intersystem crossing to the lowest S1 or T1 state dictated by the materials parameters 

previously discussed. When the excited electron decays from S1 (fluorescence) or T1 

(phosphorescence) to the S0 state the change in energy between those two states will dictate 

the emission energy of the photon. Therefore, it is necessary to consider all the vibrionic 

states that exist in an organic emitter. In an idealized model such as Figure 10 and Figure 11, 

the existence of a single S0 and S1 state leads to emission that will be monochromic and only 

entail a single emission energy. However, in a real system, vibration energy, molecular 

distortions in the emitting molecule and thermal excitations create a wide range of vibrionic 

delocalized states. This leads to the emission containing multiple energies creating a broader 

emission profile. 
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Figure 13: The visible electromagnetic spectrum in terms of wavelength and energy. 

 

The visible electromagnetic spectrum is shown in Figure 13 to provide a visual correlation 

between the energy, wavelength, and color of the emission. With the fundamental operating 

principles of OLEDs explained, a more in-depth discussion of device physics and 

performance can follow. 

1.3: Evolution of the OLED 

Among the first reports is of electroluminescence in organic solids was published in  

1965 by Helfricht and Schnelder. They observed blue emission from anthracene crystals 

while applying voltages ranging from 40 to over 2000 volts.[34] This demonstration of 

emission from organic solids sparked further research into the field, however, all the 

subsequent demonstrations required unpractically high voltages to achieve emission.[35],[36] 

The first practical demonstration of emission from organic solids and what is now referred 

to as the first practical OLED was published by Tang and VanSlyke in 1987. 
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Figure 14: Kodak first OLED by Tang and VanSlyke, a two-layer device using a diamine for hole 
transport and Alq3 for emission. 

 

The structure of the first OLED is shown in Figure 14, it consisted of 4 layers total 

fabricated on a glass substrate. Indium-tin oxide (ITO) is a transparent metal oxide that was 

used for the device anode. To facilitate the transport of holes from the ITO to the emitting 

region, 75nm of a nameless aromatic diamine was used. The emitting layer was chosen to be 

60nm of tris-(8-hydroxyquinoline) aluminum (Alq3). Finally, the opaque cathode was selected 

to be a 1:10 ratio of magnesium and silver respectively. This provided an ohmic contact as 

well as a back reflector to direct emitted light in the forward direction. Tang and VanSlyke 

achieved an external efficiency of 1% and demonstrated green emission with the EL peak of 

550nm.[13] This landmark publication is now recalled as the first practical OLED device. It 

demonstrated that electroluminescent emission from an organic solid could be achieved at 

low voltages and it showed that organic electronic materials could be a viable alternative for 

many optoelectronic applications. 
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In the 31 years since this first practical demonstration of OLEDs, research into 

organic electronics has boomed. The modern OLED structure has changed drastically when 

compared to the first demonstration over 30 years prior. What will be referred to as a 

standard OLED structure from this point forward consists of seven active layers between a 

transparent anode and a reflective cathode. Each of these seven layers serves a specific role 

that is needed to achieve high-performance OLEDs.[37–42] Figure 15 shows a diagram of the 

HOMO and LUMO levels of a standard OLED. 

 

Figure 15: HOMO-LUMO diagram of all 9 layers of an OLED device showing charge injection, 
transport, and recombination. 

 

Injection layers are placed adjacent to the anode and cathode layers to alter their work 

function, reduce the charge injection barrier, and generate more charge carrying states. The 

hole injection layer (HIL) must have a HOMO level similar in energy to the work function 

of the anode and be able to stably undergo repeated oxidation. This will allow the HIL to 

easily give up electrons to the anode thereby allowing holes to be injected by the anode. By 

comparison, the electron injection layer (EIL) is designed to have a LUMO that aligns well 
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with the cathode’s work function and to be repeatably reduced without degrading. This 

allows for electrons to be injected efficiency into the system.[43,44] 

The transport layers are adjacent to the injection layers and serve two functions, to 

rapidly carry charge through the device and to provide a thickness buffer to reduce the risk 

of electrical shorts. These materials must be designed to have high electron or hole mobility. 

The blocking layers are used to confine charge to the emissive layer of the device illustrated 

in Figure 16. The electron blocking layer (EBL) must be capable of transporting holes and 

blocking electrons from entering. This is accomplished by designing a material that has a 

larger HOMO LUMO energy gap. The high LUMO level will prevent electrons from 

entering and the HOMO level aligns well with the HTL. The same applies to the hole 

blocking layer (HBL), it must be capable of transporting electrons while blocking holes. 

 

Figure 16: HOMO LUMO diagram of OLED transport, blocking and emissive layers showing 
electrons and holes moving in the layers. 

 

The emissive layer of the OLED is where the exciton formation and radiative decay occurs. 

This layer is typically composed of a host and dopant system at a specified weight ratio. The 
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host serves to transport charge through the layer. The dopant or emitter traps the charge and 

allows excitons to form and decay radiatively generating the desired light emission. The host 

must have a larger energy gap than the dopant to prevent the host from emitting, this allows 

excitons that form on the host to transfer to the dopant before relaxing. This standard 

OLED structure allows for efficient charge injection and transport.[45,46] The blocking layers 

confine charge recombination into the emissive layer and the emissive layer is designed to 

have the highest exciton to photon conversion efficiency possible. 

The use of amorphous organic thin films in OLEDs allows for flexibility in their 

fabrication process. The two most common and successful methods used to fabricate 

devices are thermal vapor deposition (TVD) and solution processing. Figure 17 shows the 

key components in the thermal vapor deposition process. Resistive heating sources are filled 

with organic material and placed in a vacuum chamber with the sample that is to be coated. 

 

Figure 17: Thermal vapor deposition showing the key components. 

 

Current is passed through the heating element causing the organic material to heat 

up. The combination of low ambient pressure and high temperature cause the material to 
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change from a solid or liquid phase into the vapor phase. Even a low vapor pressure is 

sufficient to generate a cloud of vaporized material that is expelled from the heated source. 

The vapor cloud condenses on all surfaces that are within line of sight of the source, this 

includes the sample. This process is controlled using quartz micro-balance thickness motors. 

These monitors measure the change in oscillation frequency of a quartz sample as mass is 

deposited on its surface, using density and relative geometry values the monitor can 

accurately measure the thickness of the material deposited at angstrom resolution. This 

allows the organic materials to be deposited with specific thickness as thin films for use in 

the OLED device. TVD is the most commonly used process in commercial applications, 

however, there has been a recent push to improve the quality of solution processing to 

reduce the cost of manufacturing.[47] 

Solution processing is done by spin coating or blade coating the substrate with a 

solution containing a solvent and solute (the material you want to deposit). Figure 18 shows 

a sample being coated with the solution and spun at high speed until the sample dries leaving 

behind an amorphous layer of the solute. The thickness of the film can be controlled by the 

spin speed, acceleration and time. This process can also be repeated to build up multiple 

layers of material. However, care must be taken to use incompatible or alternating solvent 

systems to prevent the bottom layers from being washed away by the next solvent. Solution 

processing is more compatible with low-cost, large-scale, roll to roll process like inkjet 

printing. Further development of this technique can lead to drastically lower production 

costs of OLEDs.[48] 
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Figure 18: Schematic showing spin coating steps 1) coat 2) spin (low speed) 3) spin (high speed) 4) 
dry. 

 

1.4: Performance and Characterization of OLEDs: 

In this section, the language, terminology, and performance metrics that are used to 

characterize OLEDs will be introduced and discussed. The most common test that is 

performed on an OLED is referred to as an IVL test, this stands for current-voltage-

luminance. During this test, the diode behavior of the device is probed while the intensity of 

the light emission is measured.  Figure 19a shows a cross-section view of the IVL test 

procedure, a device is hooked up to a variable voltage source and placed 
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Figure 19: A) Diagram of OLED IVL testing B) schematic of spectrometer operation. 

 

in close contact with a silicon photodiode. The voltage is swept from 0 to a predetermined 

value usually ranging from 5-20 volts. While the voltage is swept, the current and resistance 

of the OLED are measured, the emitted light is collected by a silicon photodiode, and the 

current generated by the photodiode is recorded using a high-resolution ammeter. 

Using a spectrometer, the electroluminescent emission spectrum of the OLED is 

measured. Figure 19b shows a diagram of how a spectrometer measures the incoming light. 

Using a series of mirrors, the incident light is focused on a diffraction grating. The grating 

reflects the incoming light at different angles based on the wavelength. The light is then 

directed to a photodetector that is typically a charge-coupled device (CCD) with a linear 

array of pixels. This allows for the measurement of the intensity of light vs wavelength. To 

calculate the brightness of the light emitted from the OLED, the EL spectrum is combined 

with the silicon photodiodes responsivity curve to convert the photocurrent measured 

during the IVL test into a value of lumens. 
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The first device metric that can be calculated from the IVL and spectrum, is called 

the power efficiency (PE) and has the units lumens/Watt. The power efficiency of an 

OLED is a useful metric for comparing them to other lighting technologies. 

External quantum efficiency (EQE) and internal quantum efficiency (IQE) must be 

discussed together because they are related values. EQE is a measure of the ratio of photons 

that escape the device into the air to the number of hole and electron pairs injected into the 

device. This is estimated by using the current-voltage characteristic to quantify the charge 

injected and by using the brightness to quantify the photons produced that escaped the 

device. Unfortunately, the IVL measurement shown in Figure 19a is incapable of collecting 

all the light emitted from the device, there are losses due to high angle emission that cannot 

be collected and light reflecting off the silicon photodiode. To avoid undercalculating the 

device performance, a loss value called the geometry factor is calculated using a calibrated 

device with known performance. The inverse of the geometry factor (0<GF<1) is multiplied 

by the measured brightness to account for measurement loss. The most accurate way to 

measure the brightness of an OLED is using an integrating sphere. 



  

25 
 

 

Figure 20: Schematic cross-section of an integrating sphere showing entrance port and detector port. 

 

Figure 20 shows a schematic of an integrating sphere, these spheres are coated with a highly 

reflective material that can reflect nearly 100% of light across the viable spectrum. The 

OLED is attached to the outside of the sphere with its emission source up against the 

collection port of the sphere. All the light emitted in the forward direction will eventually 

make its way into the detector after many reflections inside the sphere. In some extreme 

circumstances, the entire OLED device is placed inside the sphere allowing the light emitted 

in all directions to be measured. Using this highly accurate technique for brightness 

measurement the EQE of an OLED can be calculated with high confidence. 

The IQE of an OLED is a ratio of the number of photons generated in the device to 

the number of hole and electron pairs injected into the device. By comparison to the 

previously discussed EQE, the quantification of the IQE is esoteric by nature. There are 

several techniques that will be discussed, however, many of them must be combined to 

achieve an accurate estimation of IQE. Before this discussion continues it is worth noting 
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that this will be a surface level discussion of the techniques involved in this calculation. 

These techniques will be discussed in more depth later in the presentation. Figure 21 shows 

the various optical paths that a photon generated in an OLED can take. Otical absrobtion, 

plasmon quenching and total internal reflection in the organic layers, the transparent 

conductor (ITO) and the substrate (glass) are responsible for between 70-80% of the emitted 

light being lost. These optical losses make it extremely difficult to quantify the total number 

of photons that are electrically generated in the device. 

 

Figure 21: Cross-section view of an OLED showing the major optical loss mechanisms 

 

The first technique that can provide insight into the IQE is called photoluminescent 

quantum yield (PLQY). Electroluminescence is photon emission via electrically generated 

excitons, conversely, photoluminescence is photon emission via optically generated excitons. 

When higher energy light (UV) irradiates a material that is photoluminescent, the material 

will absorb the light causing electrons to be excited to the LUMO band creating an exciton. 
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When these excitons relax to their ground state they will emit a photon, similar to the 

process in electroluminescence. For a PLQY measurement, a sample is placed inside an 

integrating sphere that is fitted with a high-resolution detector, spectrometer, and a 

monochromatic light source. The material is illuminated by the light source of known 

intensity and the resulting signal is collected and processed. From this test, you can quantify 

the number of photons absorbed by the material based on the original intensity of the 

excitation source compared with the final intensity of the source. The number of photons 

emitted from the material can also be measured. This is possible because many 

phosphorescent OLED emitters have a large stoke-shift (gap between their absorption and 

their emission) and the absorption and emission of the material will not be convoluted. This 

measured ratio of absorbed photons to emitted photons will give the PLQY of a material. 

The PLQY of a material correlates to the IQE, however, photoluminescence and 

electroluminescence are different mechanisms and they cannot be assumed to have the same 

efficiencies. 

The next technique used to estimate the IQE is optical modeling based on the dipole 

emission model. This technique allows a device structure with known thickness, emitter 

orientation, optical constants, and IQE to be simulated with high accuracy. The dipole 

emission model will construct a device with the emitters and their dipoles oriented in a user-

specified manner. This coupled with the knowledge of thickness, optical constants, and IQE 

will allow simulation of the quantity of light that reaches the air. The optical model on its 

own will not lead to any significant conclusions unless validated with real OLED devices. 

A series of devices can be made where the thickness of one or more layers are varied. If an 

OLED that has a well know charge confined structure is used, then the only losses in the 
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device can be assumed to be optical losses. By building an optical to match the devices with 

varying layer thickness, the model’s input IQE value can then be used to make the 

theoretical and experimental data match. The combination of optical modeling and device 

testing is currently the best method to achieve a reliable value for device IQE. 

Characterizing the stability of an OLEDs emission is crucial to their 

commercialization. This value must be measured in a standardized way to allow accurate 

comparison between devices performance. The luminescent decay of an OLED is measured 

by driving the device at a constant current density (mA/cm2) and monitoring the brightness 

decay over time using a silicon photodiode. These values are reported as a time to some 

percentage decay of the initial brightness. The percentage decay value ranges from 97% (lt97) 

down to 50% (lt50) and the initial brightness commonly used is 1000cd/m2, except during 

accelerated lifetime tests. For accelerated tests the device is driven at a higher starting 

brightness, sometimes as high as 10,000-20,000 cd/m2, this is done to reduce the time 

needed to screen the device. The stretched exponential decay model published by Féry et al 

provides a baseline equation that allows an OLEDs lifetime to be estimated from a lower 

starting brightness.[49] 

Equation 2 

LT(L1) = LT(L0)(
L0
L1
)N 

Where LT(L0) is the lifetime of the device from a starting brightness of L0, LT(L1)is the 

calculated lifetime of the device to a user-specified brightness L1, and N is the escalation 

factor. N is dependent on the material system and degradation mechanisms of the device but 

is widely assumed to be N=1.7, however, this value has been shown to vary.[50] 
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The final OLED characterization tools to be discussed will relate to the chromaticity 

of the emitted light. A blackbody radiation source, such as the sun, is referenced as the ideal 

white light source. An idealized blackbody radiation source can be described by Plank's 

blackbody spectrum equation: 

Equation 3 

ρ(ω) =
hω3

π2c3(e
hω
kbT − 1)

 

Where ρ is energy density per unit frequency, h is Plank’s constant, c is the velocity of light, 

kb is Boltzmann constant, ω is the angular frequency, and T is the temperature of the 

blackbody in kelvin. 

The illumination from the sun, as perceived on earth, differs from the blackbody 

equation above because of absorption effects in our atmosphere. Despite this, the blackbody 

approximation can still be used to model the ideal white light source. 

The color rendering index (CRI) is a metric that compares a light sources ability to render 

the color of an object to a perfect blackbody’s ability to render the color of the same object. 

This index is assigned a number between 0 and 100 where 0 is no match and 100 is a perfect 

match to a blackbody. For general lighting applications, a CRI value above 80 is considered a 

quality light source. 

While there are many methods for characterizing the chromaticity of light, the most 

common is a coordinate plot developed in 1931 by the Commission Internationale 

del’Eclairange (CIE). This CIE plot uses three imaginary primary colors to match any color 

of light shown in Figure 22. The primary colors are represented by X̅(λ), Y̅(λ) and Z̅(λ), and 
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are referred to as spectral tristimulus values (color matching functions). The amount of light 

each tristimulus contributes is given by: 

Equation 4 

X = ∫S(λ)x̅(λ)dλ 

Y = ∫S(λ)y̅(λ)dλ 

Z = ∫S(λ)z̅(λ)dλ 

Here S(λ) is the spectral irradiance of the source being characterized. 

 

Figure 22: Weighting vs wavelength of the CIE imaginary primary colors 𝑋̅(𝜆), 𝑌̅(𝜆) and 𝑍̅(𝜆). 

 

The final CIE chromaticity coordinates can be calculated by the set of equations: 

Equation 5 
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x =
X

X + Y + Z
 

y =
Y

X + Y + Z
 

z =
Z

X + Y + Z
 

x + y + z = 1 

 

By convention, CIE coordinates are only expressed in terms of x and y, this allows for easy 

2D plotting on the CIE plot shown in Figure 23. CIE and CRI provide a standardized 

method to quantify the color of light and the quality of white light. 

 

Figure 23: Commission Internationale de l’Eclairange 1931 X-Y chromaticity plot. 
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1.5: Overview of Mechanisms that Impact OLED Lifetime and Efficiency 

OLEDs have two main characteristics that must be improved prior to their 

widespread acceptance as a new lighting technology. The luminescent decay of devices under 

operation, and the devices external quantum efficiency. In this section, a brief list of 

common OLED mechanisms with accompanying descriptions will be presented. 

The luminescent decay mechanisms of OLEDs has been widely studied to attempt to 

understand how to prevent or slow this decay process. Unfortunately, there are so many 

factors that contribute to this decay rate that no decisive recipe for a stable OLED device 

has been developed. The processes listed below are well known and reported to lead to 

luminance decay, however, the relative contribution of each mechanism is highly dependent 

on process conditions, techniques, materials, and environment. 

Dark spot formation and emission area shrinkage: 

The emitting area of OLED devices is ideally uniform and constant brightness. Dark 

spots on the active area are known to form because of cathode delamination or 

contamination particles within the device.[51] This loss of emissive area will result in a 

reduction of luminance. Additionally, the edges of the dark spots are generally subjected to a 

higher current density resulting in higher temperature that can cause the dark spot to grow. 

It has also been observed that as devices age with or without operation, the edges of the 

active area can become non-emissive. This is most commonly caused by oxygen and 

moisture penetration through the organic films. It should be noted that these two processes 

can happen independently of emissive material degradation, meaning that a dark spot doesn’t 

mean damaged emitters in the dark region. 

OLED fabrication concerns: 
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It has been well researched that the oxygen and water partial pressures during the 

organic deposition will have a significant impact on the operational stability of a device. 

Unfortunately, this issue has very little impact on the I-V-L characteristics of the device 

making it difficult to detect.[52]  The presence of oxygen and moisture is particularly harmful 

when introduced during the emissive layer deposition. The presence of water can lead to 

oxidation of organic materials followed by hydrolysis of chelation molecules. 

Impurities: 

Impurities in the organic materials have been known to lower the performance of 

organic semiconductors.[53] These impurities can reduce charge transport capabilities, create 

trapping sites and lead to non-radiative exciton decay. A .2% improvement in the chemical 

purity of an emissive complex has been shown to lead to over a three times improvement in 

operational stability. [54] 

Ion Diffusion: 

It has been well studied that indium ion can diffuse into the organic layer from the 

transparent anode of the device. The presence of these ions in the organic layers can lead to 

exciton quenching. With Indium having been shown to diffuse at least 100nm quenching of 

the emissive layer by indium ions is a reasonable possibility. [55] 

Non-radiative recombination centers (NRRCs): 

The buildup of NRRCs will typically occur in the emissive layer because of poor 

charge balance in the device. Polaron or exciton buildup will lead to electrochemical 

degradation of materials that can create trapping sites that form NRRCs. [56] 

Dipole reorientation: 
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Materials that have permanent dipole moments such as OLED emissive materials 

have been shown to undergo reorientation under applied electric fields. The field strength 

required to do this is on the order of 1Mv/cm, unfortunately, these fields can be achieved in 

OLED devices. [57] If dipole reorientation occurs, the device performance can be drastically 

affected over time. 

In addition to the list above of contributing factors consideration of factors such as 

operation temperature, material glass transition temperature, electrochemical degradation, 

and photochemical degradation must also be considered. Despite the long list of possible 

luminescent decay mechanisms OLEDs continue to improve in stability and are approaching 

the point of wide commercial adoption. 

The external quantum efficiency of an OLED is also impacted by several internal and 

external device parameters. Charge confined device structures can be used to evaluate the 

efficiency of emissive complexes. These structures are designed with a focus on achieving 

the maximum rate of charge transport, charge blocking, and radiative recombination. By 

using this structure the maximum achievable device efficiency can be probed and the IQE of 

the device can be estimated. For all sections below the IQE will be assumed to be unity. 

Material impurities: 

Any chemical impurities in the materials used will lead to a reduction in device 

efficiency. This can result from the formation of traps and non-radiative decay pathways 

throughout the organic layers. Reductions of charge carrier species in transport layers can 

also occur. [54] 

Recombination zone: 
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The location of the recombination zone within the OLED structure will have a large 

impact on the EQE of the device. Centering the exciton formation and recombination 

region in the emissive layer of the OLED will lead to a reduction of polaron-polaron, 

polaron-exciton, and exciton-exciton quenching, additionally, quenching of excited states by 

blocking and transport layers can be prevented. [50] 

Dipole Orientation: 

The orientation of the emitters dipole moment vectors in relation to the 2D 

direction of the substrate will alter the optical escape path of light generated in the device. 

The higher the dipole orientation the less total internal reflection will be experienced.  This 

will lead to a higher EQE in a device setting. 

Host selection: 

The charge carrying properties of the host-guest system will play a large role in the 

efficiency of the OLED. The ability to carry both holes and electrons through the EML will 

lead to an improvement in charge balance that will result in improvements in EQE. [58] 

Like what is observed in the stability mechanisms of OLED devices, the EQE is 

impacted by many interrelated factors. Maintaining awareness of all these factors can lead to 

an intuitive and educated design of device structure. Unfortunately, many of these 

mechanisms discussed above cannot be directly measured and must be correlated to actual 

measurable and observable traits from the organic thin films. The design and understanding 

of OLED devices have progressed a long way over the past 30 years but still has the 

potential the be improved further. 
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1.6: Research Drive: 

Organic light emitting diodes are being fervently researched as a replacement for 

many existing technologies in both the display and lighting sectors. OLEDs have already 

begun displacing many display technologies ranging from liquid crystal displays (LCDs) to 

traditional light emitting diodes (LEDs). OLEDs are capable of being processed at lower 

temperatures making them compatible with a wide variety of substrate materials, ranging 

from flexible plastics to metal foils. These substrates allow for more rugged displays to be 

manufactured. In addition to durability, OLEDs offer a simplified device structure when 

compared to LCDs. LCDs generate images by color filtering a white backlight into the 

individual pixels that form the final image seen by the user. By contrast, OLEDs directly 

emit a combination of red, green and blue light for each pixel used to generate the images 

seen by the user. This leads to lower energy consumption, wider dynamic color range, and 

deeper color saturation in OLED displays. 

OLEDs are also being studied as a potential replacement for conventional lighting 

technologies such as compact fluorescent lamps (CFL) and LEDs. OLEDs possess many 

properties that make them valuable to the lighting industry. They do not use environmentally 

hazardous materials such as mercury, arsenic and lead, they can operate at higher efficiencies, 

and they inherently produce a diffuse light emission needed for the comfort of the user. 

Despite all the attractive attributes that OLEDs possess there are still many key 

issues that require further research and development. The emission stability of OLEDs 

needs to be further improved prior to them achieving a wider commercial adoption. Oxygen 

and moisture absorption into the thin films can cause quenching of the triplet states inside 

the device’s active layers and a breakdown of the electrical properties of the device. These 
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problems are currently being addressed by used an external capping layer to encapsulate the 

device and protect it from ambient conditions. The encapsulation concern is further 

exacerbated when using flexible substrates. Most common plastic substrates are semi-

permeable to moisture and oxygen, allowing them to enter the organic layers of the device 

through the substrate. This has led to research on developing flexible substrates that are 

resistant to oxygen and moisture, and to find a bottom encapsulation layer that does not 

reduce the light outcoupling of the device. 

OLEDs, like all lighting technologies, undergo luminescent decay while being 

operated. This occurs from an individual layer’s inability to perform its role in the device 

without breaking down under the applied bias. It is worth noting that material design in the 

industry has advanced to the point where the primary culprit of short device lifetimes is 

attributed to the emitting materials and their hosts. For example, blue emitters are still on the 

order of 20 times less stable than their green or red counterparts. The current, widely 

reported explanation for this is annihilation between excited states (exciton-exciton or 

exciton-polaron) in the emissive layer. This process will occur in all device (red, green and 

blue) and can lead to higher excited excitons or polarons. However, as a result of the higher 

triplet energy in blue emitter systems, this process can produce excited states that exceed 6.0 

eV. When dissipating this higher energy, the dopant or host can potentially undergo a 

chemical bond dissociation. This process will lead to the degradation of the host and dopant 

molecules over time inducing non-radiative decay pathways that reduce brightness and 

efficiency.[59–61] 

In addition to the issues with stability OLEDs currently exhibit low external 

efficiency resulting from poor light extraction in the device. While OLEDs have the 
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potential to achieve 100% internal quantum efficiency, most devices in a standard structure 

are limited to between 15-25% external quantum efficiency. Figure 21 shows the primary 

reason that this occurs, the different refractive indexes of the materials in the device stack 

lead to 3 main interfaces where larges losses to total internal reflection occur. However, 

some of these loss mechanisms in the device are recoverable. 

 

Figure 21: Cross-section view of an OLED showing the major optical loss mechanisms. 

 

There are a variety of techniques for reducing loss mechanisms that range from using 

materials that have lower refractive indexes, to using micro shaped surfaces to help extract 

photons that have a high incident angle with the layer interface. These techniques can prove 

to be useful in improving the optical extraction of the devices. The goal with these 

techniques is to integrate them seamlessly into the production process while maintaining low 

cost and high device throughput. While research has demonstrated several techniques that 

can improve the optical extraction of the device by 1.3 to 2 times, many of these techniques 
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add significant time and cost the fabrication process.[62] These optical extraction techniques 

will be discussed further in chapter 4. 
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2: Improving OLED Performance Through Emissive Layer Design 

High-performance blue phosphorescent emitters are currently known as the “holy 

grail” in the OLED community. This is because stable and efficient blue emitters are needed 

in almost every OLED device on the market. One large factor limiting the quality and 

efficiency of OLED displays is their use of low efficiency fluorescent blue emitters. While 

most fluorescent emitters are limited to IQE’s below 25% a phosphorescent emitter can 

achieve an IQE that approaches unity. This would allow both stationary and mobile displays 

to operate at a much higher power efficacy, increasing their market value. In addition to 

displays, OLEDs used for general purpose lighting will experience a similar benefit with the 

development of higher performance blue emitters. While there are numerous approaches to 

improving the performance of blue OLEDs, the two techniques that will be discussed are, 

improving device charge balance through emissive layer design and using phosphorescent 

emitters to harvest nearly 100% of excitons for conversion to a fluorescent sensitizer. 

The standard high-performance OLED structure uses hole and electron blocking 

layers to confine exciton recombination to the desired emissive region. The use of these 

layers is well known to improve the EQE and reduce non-exclusive emission (emission from 

materials other than the dopant) by confining the charge recombination zone. A potential 

drawback of charge blocking layers is the buildup of charge at one of the blocking layer 

interfaces. If the OLEDs charge transport properties aren’t balanced on both sides of the 

device, then adding blocking layers will only serve to keep the unbalanced charge confined in 

the emissive zone. 
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Figure 24: Diagram of electron buildup in the OLED emissive layer, caused by unbalanced charge 
injection and strong electron blockers. 

 

While this commonly occurs at the EBL, as shown in Figure 24 it can occur at ether 

blocking layer depending on the charge transport properties of the device and the EML. 

Charge buildup at blocking layer interfaces has been shown to significantly reduce the device 

lifetime. A technique is needed to modify the charge balance of the OLED device and center 

the recombination in the emissive layer. Some recent reports have shown that using a graded 

emissive layer doping scheme can be used to improve charge balance.[63–66] To unravel the 

effect that emissive layer design has on charge balance, and by extension stability, a sky blue 

phosphorescent emitter PtNON and a red phosphorescent emitter PtN3N are studied. 
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2.1: Improvements in the Stability and Efficiency of OLEDs Through Adept 

Emissive Layer Design 

The photophysical properties of platinum (II) 9-(pyridin-2-yl)-2-(9-(pyridin-2-yl)-9H-

carbazol-2-yloxy)-9H-carbazole (PtNON) were investigated under variable conditions. 

 

Figure 25: Absorption and emission spectra of PtNON in 2-methyl tetrahydrofuran at 77 K, in a 
solution of dichloromethane at room temperature and in a doped PMMA thin film at room 
temperature. 

 

The PL spectrum of a solution of PtNON in 2-methyl tetrahydrofuran was tested at 77K as 

shown in Figure 25. The emission peak was located at 438nm with two small sidebands at 

454 and 470nm indicating a triplet energy of T1=2.83eV. A solution of PtNON in 

dichloromethane was then tested at room temperature yielding a much broader featureless 

emission centered at 508nm. The PLQY of this solution was measured to be 31% with a 

luminescent lifetime of 2.6μs. Fortunately, when PtNON is doped into a thin film of PMMA 

at 5% doping concentration the PLQY is increased to 83% and the emission peak shifted to 
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472nm all while maintaining a short luminescent lifetime of 3.8μs. The short luminescent 

lifetime and high PLQY in a thin film suggest that PtNON could be a desirable blue 

phosphorescent emitter for OLED applications. 

Subsequently, the EL properties and operational stability of PtNON were studied. A 

series of devices were fabricated and tested employing a known stable structure with 

thicknesses and materials as follows, ITO (40nm)/ HatCN (10nm)/NPD (40nm)/Tris-PCZ 

(10nm) EML (Xnm)/ mCBt (8nm) BPyTP (40nm) LiF (1nm)/ AL (100nm) were ITO is 

Indium tin oxide, HATCN is 1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile, NPD is 

N,N’-diphyenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4”-diamine, Tris-PCZ 9,9′,9″-triphenyl-

9H,9′H,9″H-3,3′:6′3″-tercarbazole, mCBP is 3,3-di(9H-carbazol-9-yl)biphenyl, mCBT is 9,9′-

(2,8-dibenzothiophenediyl)bis-9H-carbazole, and BPyTP is 2,7-di(2,2′-bipyridin-5-

yl)triphenylene. The only variation between devices 1-4 is the change in the EML doping 

concentration and thickness (shown below in Figure 26). All four devices showed a sky-blue 

EL emission spectra peaking around 494nm. The small variation between the FWHM and 

the peak intensity of the emission profiles can be explained by the addition of high 

concentration doping regions near the EBL. PtNON in a single emissive layer (device 1) at 

6% doping concentration exhibits a peak efficiency of 12.6%. It is worth noting that this 

performance is significantly lower than the EQE observed in a known charge confined 

structure. [67] 
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Figure 26 Schematic showing the stable OLED structure used for devices 1-6 and 11-14. Layer 
thickness is as follows, ITO (40nm), Hat-CN (10nm), NPD (40nm), Tris-PCZ (10nm or 0nm in 
device 5 and 6), mCBt (8nm), BPyTP (40nm), LiF (1nm), Aluminum (100nm). b) Schematic to 
visualize the varying doping structure used for device 1-6, Device 1,5 (25nm), device 2, 3, 4 and 6 
(30nm). 

 

The drop in EQE results from poor charge confinement and charge balance that commonly 

arises in stable OLED structures. This device will provide a baseline for device behavior 

prior to altering the emissive layer structure. To better understand the charge recombination 

properties of the baseline structure the electron blocking layer was removed (device 5). The 

comparative performance of these devices is shown below in Figure 27. Device 5 exhibits a 

blue shift in its peak EL intensity with an increased emission between 400 and 450nm. This 

emission is attributed to exciton recombination in the NPD layer. The removal of the EBL 

allows electrons and excitons to diffuse into the hole transporting layer. This is further 

supported by the reduction in EQE visible in Figure 27b’s insert. The reduction in charge 
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confinement and subsequent fluorescent emission from NPD will result in lower device 

efficiency and brightness. 

 

Figure 27: A) EL intensity vs wavelength with inset graph showing an enhanced view of the blue 
region below 450nm B) Normalized intensity vs time with figure inset showing EQE vs 
luminescence curve. 

 

Finally, the removal of the EBL in device 5 served to more than double the lifetime 

of the device run at a constant current density of 20mA/cm2 from 37 hours up to 88 hours. 

This behavior supports the idea that poor charge balance is partially responsible for 

PtNON’s non-ideal performance, and that charge buildup is occurring at the ELB as shown 

in Figure 24. As a result of PtNON’s bi-carbazole ligand structure and its HOMO level of 

5.1 eV (see Figure 28) PtNON has the potential to improve hole injection and transport in 

the EML if the dopant concentration is increased. To alleviate charge buildup at the EBL 

interface a 10nm 20% PtNON:mCBP layer was added (device 2). This structure had a 

substantial impact on the device efficiency and roll-off, raising the peak EQE to 17.6% and 

the EQE at a high brightness of 1000 cd/m2 to 16.8%. Figure 29 shows the normalized 

intensity vs operational lifetime at a constant current of 20mA/cm2. 
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Figure 28: Stable OLED structure showing HOMO and LUMO levels. 

 

Despite the significant improvement in both EQE and brightness, device 2 exhibits low 

operational stability with a lifetime to 70% of its initial luminance (LT70) of only 14.3 hours. 

The large change in starting brightness can skew constant current lifetime comparisons, 

therefore the lifetime values have been calculated from a starting brightness of 1,000 cd/m2 

using the stretched exponential formula (Equation 2). Device 2 has a LT70 at 1,000cd/m2 of 

378 hours and Device 1 has a LT70  at 1,000 cd/m2 of 466 hours. We believe this drop in the 

lifetime to be a result of the large change in doping concentration from 20% to 6% causing 

discontinuous charge transport characteristics within the emissive layer. The discontinuity 

can lead to an interface within the EML where charge-buildup can occur. As a result, 

excitons and polarons form in higher concentration at the EBL-EML interface and at the 

20%-6% dopant interface leading to faster degradation and reduced lifetime. 
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Figure 29: a) EQE vs Luminance plot of devices 1-4, b) EL spectra with subplot showing emission in 
the 380- 480nm wavelength range, c) Normalized relative intensity vs operational lifetime at constant 
current of 20mA/cm2, d) EL spectra with subplot showing emission range between 380-480nm 
comparing key devices with and without an electron blocking layer. 

 

Device 3 was designed to reduce the discontinuous charge transport properties in the 

EML to solve the issues observed in Device 2. By placing a 10% doped layer between the 

20% and 6% layers we aim to alleviate charge buildup inside the EML and allow for excitons 

and polarons to diffuse deeper into the emissive region. This structure demonstrated an 

efficiency that peaks at a high brightness of 1,000 cd/m2 of 17.4%. In addition to high 

efficiency, the three-layer structure shows a significant improvement in stability with LT70 of 

41.6 hours under a constant 20mA/cm2 drive current and LT70 1,000 cd/m2 of 1337 hours. 

As the dopant concentration stepping size between the layers in the EML decreases we can 
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observe improvement in the EQE, roll-off, and stability of the blue device. Figure 29d 

compares the EL spectra of the single layer and three-layer emissive device with and without 

a 10nm Tris-PCZ electron blocking layer. The subplot shows the presence of a deep blue 

emission between 400 and 450nm attributed to emission from the HTL (NPD). Like in 

Figure 27b this is a result of the exciton formation zone being located and the EBL-EML 

interface. Shifting the exciton formation region deeper into the emissive layer and away from 

the EBL-EML interface will result in a reduction of the deep blue emission even when an 

EBL is not present. By comparing the single layer and triple layer devices without electron 

blocking (device 5 and 6 in Figure 29d) we can see from the subplot that the amount of 

NPD emission drops significantly. This reduction can be correlated to improved charge 

confinement and a shifting of the exciton formation zone away from the EBL EML 

interface. 

To further improve the performance, device 4 was designed to spread the exciton 

and polaron recombination zone across the widest possible region of the EML. This was 

done by using 6 steps of gradually decreasing dopant concentration from 20% to 6%. It is 

worth noting that there is published work that uses continuously varied EML’s to achieve 

similar results.[63–66] However, that technique is difficult to control, reproduce and is not 

compatible with large-scale manufacturing. For this reason, we believe that using individual 

steps is a more repeatable way to achieve the benefits of variable doped EMLs. This device 

resulted in a drop in peak EQE to 16.3% at 1,000 cd/m2 as well as a reduction in the 

operational stability of LT70 to 32.1 hours and LT70 1,000 cd/m2 to 745 hours. The notable 

drop in device performance could be caused by the multiple interfaces inside the emissive 

layer. Each pause in the vapor deposition can result in a higher concentration of 

contaminants forming at the surface of the deposited layer. Consequently having 5 of these 
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contamination layers vs 2 (in the previous device) inside the EML can create many more 

pathways for nonradiative decay causing the observed reduction in device performance. 

It should be noted that the previously mentioned, known charge confined structure 

with PtNON had an EQE at 1,000 cd/m2 of 17.5% and a power efficiency of 17.8 Lm/W 

(Lumens/Watt). The multilayer OLED structure employs the same material system as the 

single layer structure and only changes doping concentration and thickness. This results in a 

relatively small change in manifesting cost, however, there is a 2.8 times increase in device 

stability while nearly doubling the luminous efficiency from 15.8 Lm/W to 28.2 Lm/W at 

1,000 cd/m2. Additionally, this device outperforms its known charge confined counterpart 

suggesting that it is nearing the optimal charge balance. To the best of the author's 

knowledge, this is the most stable and efficient demonstration of a single stack, sky-blue 

OLED to date. Despite all these improvements, PtNON’s emission color is not deep 

enough of a blue to be used in display settings. However, because of its high triplet energy, 

there is still room for improvement in the color quality of this device. 

2.2: Improving the Emission Color Quality Using Florescent Blue Emitters 

2,5,8,11-Tetra-tert-butylperylene (TBPe) is a widely used and well-studied blue fluorescent 

emitter with an emission peak at 462nm, and a singlet energy S1= 2.59eV estimated from its 

peak emission at 77K. With the singlet energy of TBPe residing below the triplet energy of 

PtNON, there is a strong probability that foster resonant energy transfer (FRET) will occur 

from PtNON’s T1 state to TBPE’s S1 state. This process is outlined in an energy level 

diagram shown in Figure 30. If this process can be carried out efficiently, the PtNON will 

harvest triplet excitons and transfer them to TBPe for emission. This can allow the 25% 
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IQE cap of fluorescent emitters, like TBPe to be surpassed, improving the emission color 

quality and stability of the PtNON system. 

 

Figure 30: Energy level diagram interpretation of TBPe and PtNON interaction. PtNON is a 
phosphorescent emitter with a high triplet energy above TBPe’s singlet energy. FRET can allow 
triplets harvested on PtNON to be transferred to TBPe and emit from the singlet state. Because of 
PtNON’s high IQE, this process can result in fluorescent emitters emitting with an IQE above the 
theoretical limit of 25%. 

 

The efficiency of the energy transfer process must first be investigate in a device 

setting. Figure 31a shows the know charge confined structure with the thicknesses of: ITO 

(40nm), Hat-CN (10nm), NPD (40nm), TAPC (10nm), EML (Xnm), DPPS (10nm), 

BmPyPB (40nm), LiF (1nm), Aluminum (100nm) where TAPC is di-[4-(N,N-di-tolylamino)-

phenyl]cyclohexane, DPPS is diphenyl-bis[4-(pyridin-3-yl)phenyl]silane, and BmPyPB is 1,3-

bis[3, 5 di(pyridin-3-yl)phenyl]-benzene. Figure 31b shows the EML structure of device 7-10. 

7: 10% PtNON in mCPy26 (25nm), 8: 10%PtNON:1%TBPe:in mCPy26 (25nm), 9: 10% 

PtNON:2% TBPe in mCPy26 (25nm), 10: 10%PtNON: in mCPy26 (4nm), 2% TBPe in 

mCPy26 (2nm), 10%PtNON: in mCPy26 (4nm), 2% TBPe: in mCPy26 (2nm), 10%PtNON: 

in mCPy26 (4nm) where mCPy26 is 2,6-bis(N-carbazolyl) pyridine. 
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Figure 31: a) Schematic showing charged confined OLED structure used in device 7-10, layer 
thickness are ITO (40nm), Hat-CN (10nm), NPD (40nm), TAPC (10nm) DPPS (10nm), BmPyPB 
(40nm), LiF (1nm), Aluminum (100nm). b) EML structure of device 7-10, 7: 10% PtNON in 
mCPy26 (25nm), 8: 10%PtNON:1%TBPe:in mCPy26 (25nm), 9: 10% PtNON:2% TBPe: in 
mCPy26 (25nm), 10: 10%PtNON: in mCPy26 (4nm), 2% TBPe: in mCPy26 (2nm), 10%PtNON: in 
mCPy26 (4nm), 2% TBPe: in mCPy26 (2nm), 10%PtNON: in mCPy26 (4nm). 

 

Device 7 is 10% PtNON in mCPy26, this establishes a baseline of PtNON’s 

performance and color before the introduction of the fluorescent sensitizing agent. This 

device has a broad forward directional EL spectrum that peaks at 496nm with a peak EQE 

of 20.3% with an EQE at 1000 cd/m2 of 17.6%. Device 8 is a 10% PtNON:mCPy26 device 

that is co-deposited with TBPe at 1%. The introduction of TBPe resulted in a drop in peak 

EQE from over 20% down to 15%, with an EQE at 1000 cd/m2 of 10%. Despite the drop 

in efficiency, the peak EL emission of this device shifts significantly with the introduction of 

TBPe. The new emission color peaks at 466 nm and closely resembles pure TBPe emission. 

This suggests that nearly all the emission from this device is being generated by the low 

concentration of TBPe in the system. Device 9 is a 10% PtNON:mCPy26 device that is co-

deposited with a higher concentration of TBPe at 2%. As the TBPe concentration is 
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increased there is a continued reduction in device efficiency, device 9 has a peak EQE of 

12.4% 

 

Figure 32: a) EQE vs Luminance, b) EL spectra measured at 1mA/cm2 of devices in charge confined 
structure. 

 

with an EQE at 1000 cd/m2 of 7.5%. The reduced efficiency likely results from self-

quenching of the TBPe. This is common in devices that employ fluorescent emitters and is 

generally avoided by using fluorescent doping concentrations less than 1%. [68] Additionally, 

there was little change in the EL spectrum with the increased TBPe concentration, further 

enforcing the claim of near-exclusive TBPe emission in device 8. To avoid the issues of self-

quenching in the co-deposited structure, device 10 uses a layered structure with thin 

TBPe:mCPy26 layers. Device 10 has a peak EQE of 20.3%, the same as device 7 when no 

TBPe is present, and an EQE at 1000 cd/m2 of 15%. Although the EL peak position 

remains unchanged the ratio between the main peak at 466nm and sideband at 492nm 

change. The increase in the sideband peak is attributable to PtNON emission in the system. 

Despite the increase in PtNON emission, device 10 demonstrated improved color and 

similarly high efficiencies when compared to the PtNON only device. 
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To further explore the potential of this material system TBPe layers were introduced 

in the stable and efficiency three-layer structure used in device 3 (Figure 26b). In order to 

minimize the self-quenching of TBPe, 2nm layers of 2% TBPe: mCBP were strategically 

placed in the EML. The doping scheme and performance of these devices is shown below in 

Figure 33, these devices employ the same stable structure used for devices 1-4. 

 

Figure 33 a) Schematic showing the doping scheme for devices 11-14, b) EQE vs Luminance for 
devices 11-14, c) EL spectra of devices 11-14 with respective CIE coordinates, d) Normalized 
relative intensity vs operational lifetime at a constant driving current of 20mA/cm2. 

 

Device 11 has a single TBPe layer inside the 10% doped PtNON layer and shows a 

peak EQE of 18% and an EQE at 1000 cd/m2 of 17.1%. The addition of this single layer of 

TBPe did impact the EL spectrum by shifting the peak emission to 478nm. Along with a 

peak shift, the full width half maximum (FWHM) of the emission spectrum is narrowed 

from 76nm to 70nm. The peak shift, narrowing of the emission profile and the Gaussian 
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shape of the emission profile suggest a system where both PtNON and TBPe are strongly 

emitting. The stability of the device under accelerated testing conditions is 39.5 hours at 

5700 cd/m2 with an estimated Lt70 at 1000 cd/m2 of 761 hours. It is worth noting that 

changes in the emission color of devices make comparing the calculated lifetime at 1000 

cd/m2 less meaningful. This is because the change of emission color will impact photopic 

response that contributes to brightness calculations. This will lead to deeper blue devices 

having a lower calculated brightness that will lead to a lower lifetime at 1,000 cd/m2. To 

circumvent this issue the lifetime at a constant current of 20mA/cm2 will be compared to 

determine device improvement. 

Device 12 has the same TBPe layer inside the 10% PtNON layer as before with the 

addition of a 2nm 2% TBPe layer between the 20% PtNON layer and the 10% PtNON 

layer. This device has a peak EQE of 17.6% and an EQE at 1000 cd/m2 of 16.2%, with a 

Lt70 of 43 hours at an initial brightness of 5200 cd/m2. The EL peak is shifter further than 

device 11 to 468nm, however, the FWHM is unaffected and remains 70nm. The shift in 

peak height suggests that the addition of the second TBPe layer is effective at increasing the 

ratio of TBPe to PtNON emission. The drop in EQE results from the TBPe being in close 

contact with a high concentration of 20% PtNON layer. This close contact can lead to 

Dexter energy transfer at the interface reducing device performance. 

Device 13 incorporates a third TBPe layer between the 10% and 6% PtNON layers. 

Device 13 has a peak EQE of 16.9% and an EQE at 1000 cd/m2 of 15.2%. Under constant 

current test conditions, the device has a Lt70 of 46 hours at a starting brightness of 4540 

cd/m2. This device showed the largest improvement in color quality with a peak EL of 

466nm and a FWHM of 60nm. The addition of the TBPe layer at the 10%-6% interface 
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improves the emission color quality of the device. The large difference between the emission 

color from device 12 to device 13 suggests that the recombination zone has successfully 

been shifted deep into the emission layer. 

Device 14 also has three TBPe layers, the first is inside the 20% PtNON layers, the 

second between the 20% and 10% PtNON layers, and the third inside the 10% PtNON 

layer. Device 14 has a peak EQE of 13.5% and an EQE at 1000 cd/m2 of 12.1%. The large 

drop in EQE results from the addition of the TBPe layer inside the 20% PtNON layers. The 

high concentration of PtNON surrounding the TBPe layer leads to a higher rate of triplet-

triplet annihilation and non-radiative Dexter energy transfer. In addition, the color quality 

decreases from device 13, we believe this to be a result of lower TBPe emission rates caused 

by triplet-triplet annihilation in the layer inside the 20% PtNON layer. This leads to device 

14 having similar emission characteristics to device 12 despite having more TBPe. 
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Table 1: Summary of PtNON and PtNON with TBPe devices, EQE, Brightness, Lifetime, and CIE 

coordinates are shown. 

Device EQE Brightness @ 

20mA/cm2 

LT70 CIE 

Peak 1,000 

cd/m2 

20mA/cm2 1,000 

cd/m2 

1 12.6% 11.6% 4380 cd/m2 37.8 h 466 h (0.17,0.38) 

2 17.8% 16.8% 6860 cd/m2 14.3 h 378 h (0.19,0.41) 

3 17.4% 17.4% 7700 cd/m2 41.6 h 1337 h (0.19,0.41) 

4 16.3% 16.2% 6360 cd/m2 32.1 h 745 h (0.17,0.35) 

11 18.0% 17.1% 5700 cd/m2 39.5 h 761 h (0.16,0.29) 

12 17.6% 16.2% 5200 cd/m2 43.0 h 709 h (0.16,0.28) 

13 16.9% 15.2% 4540 cd/m2 46.0 h 602 h (0.15,0.25) 

14 13.5% 12.1% 4110 cd/m2 67.0 h 741 h (0.16,0.30) 

 

The stepped EML that was incorporated into the PtNON system successfully shifted 

the recombination zone away from the EBL serving to improve charge confinement and 

extend the operational lifetime of the device. As noted previously, the three-layer device 

exhibited EQE at high brightness that meets that reported EQE from a charge confined 

structure. This suggests that the three-layer structure has near perfect charge confinement. In 

addition, the operation stability of the device and power efficiency are improved 

significantly. Following these results, the color quality of the PtNON system was improved 
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by using a fluorescent sensitizer that can utilize the high triplet energy excitons harvested by 

PtNON. The CIE coordinates were successfully shifted from (0.19,0.41) to (0.15,0.25), this 

is much closer to the coordinates for a blue display color set by the national television 

standards committee (NTSC) (0.14,0.08). (Note: The NTSC standards are no longer widely 

used as the displays target performance. As ultra-high definition (UHD) displays are 

produced, new color spaces are continuously being defined.) 

 

2.3: PtN3N Layered Structure 

There are numerous reports regarding the operational stability of Pt complexes in the 

past 5 years, which have demonstrated performance showing promise but still deemed 

unsatisfactory.[58,69–72] There are several reasons for the slow progress.  Firstly, the display 

industry tends to use LT97 at a high luminance of 1000 cd/m2, i.e. the operational lifetime at 

97% of initial luminance, as an important metric for emitter evaluation to minimize the 

image sticking effect as well as the differential aging effect on the displays. This is a much 

more strict requirement than typical LT90-LT50 values reported from most literature.[73–80] 

Secondly, due to the strong competition among commercial material vendors, the majority 

of reports regarding the OLED operational stability include proprietary host and 

transporting materials with undisclosed molecular structures. This presents a challenge to 

academic groups and slows the progress of research.[71,81,82]  Thirdly, specific device 

architecture design might be needed for Pt(II) complexes due to the fact that cyclometalated 

Pt(II) complexes tend to have deeper HOMO energy levels and less favorable hole trapping 

capabilities than their Ir analogs, resulting in a higher degree of difficulties in achieving a 

hole-electron balance inside the emissive layer (EML).[73]  To the best of our knowledge, the 

most stable Pt complex presented in literature is platinum(II) [9-(4-tert-butylpyridin-2-yl-
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κN)-2′-(4-phenylpyridin-2-yl-κN) −2,9′-bi-9H- carbazole-1,1′-diyl-κC1,κC1′] (PtN3N-ptb), 

which exhibited an estimated LT97 of 638 h at an initial luminance of 1000 cd/m2.[58,70–72] 

However, its device external quantum efficiency (EQE) at 1000 cd/m2 is too low (7.8%) to 

match the values of typical efficient phosphorescent OLEDs. Additionally the LT97 lifetime 

(638 h) is also unsatisfactory to meet the commercialization standard.  In this chapter, we 

will report an efficient cyclometalated Pt(II) complex with superior efficiency and 

operational stability, demonstrating the satisfactory performance to break the last technical 

barrier impeding the commercialization process of Pt complexes. 

As an analog of the previously reported PtN3N-ptb,[58] PtN3N employs a 

tetradentate cyclometalating ligand including a 2-pyridylcarbazole as a lumiphore bonded to 

9-pyridylcarbazole, the chemical structure of which is illustrated in the inset of Figure 34. 

The room-temperature absorption and emission spectra of PtN3N and PtN3N-ptb in the 

solution of CH2Cl2 are shown in Figure 34. Similar to PtN3N-ptb, three characteristic types 

of resolved absorption bands of PtN3N are observed. The high energy, very strong 

absorption bands (250-400 nm, ε = 1.5-5.5×104 cm−1 M−1) are attributed to allowed 1(π−π*) 

transitions localized on the cyclometalating ligand. The strong absorbtion bands located at 

longer wavelengths (435−550 nm, ε = 4787 cm−1 M−1) can be assigned to metal-to-ligand-

charge-transfer (MLCT) transitions. The weaker, lowest energy broad absorption band 

between (550−590 nm, ε = 87 cm−1 M−1) can be identified as the triplet absorption (T1) on 

the basis of the small energy difference between absorption and emission at room 

temperature.[69,83,84] Compared to PtN3N-ptb, the T1 absorption of PtN3N has a slightly 

lower extinction coefficient, which is partially overlapping with its own emission spectrum, 

indicating a more localized excited state. 
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Figure 34: Absorption and emission spectra of PtN3N and its analog PtN3N-ptb. 

 

This is also consistent with the fact that PtN3N exhibits more pronounced vibrionic features 

in its 77K emission spectrum. PtN3N shows an emission spectrum at room temperature 

with a dominant emission peak at 582 nm, a small blue shift compared to that of PtN3N-ptb  

with a peak at 602 nm (Figure 35). The photoluminescent quantum yield (PLQY) of PtN3N 

in a solution of CH2Cl2 is 0.64±0.10 at room temperature, which is much higher than 

PtN3N-ptb (0.34±0.10), indicating that PtN3N might be more suitable as phosphorescent 

emitter for OLED applications. The transient lifetimes for PtN3N are 9.0 µs in 2-MeTHF at 

77 K and 7.3 µs in CH2Cl2 at room temperature. Such a short transient lifetime variation of 
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PtN3N at different temperatures is also a strong indication of high PLQY value for PtN3N 

if a near-unity PLQY is assumed for typical phosphorescent emitters at 77 K.[85] 

 

Figure 35: PL spectra at 77K in a solution of 2me-THF. 

 

To evaluate the electroluminescent properties and operational stability of PtN3N, we 

fabricated and tested two devices in a known stable structures of ITO/HATCN(10 

nm)/NPD(40 nm)/TrisPCz(10 nm or 0 nm)/10% PtN3N:CBP/BAlq (10 nm)/BPyTP(40 

nm)/LiF(1 nm)/Al(100 nm), where CBP is 4,4′-bis(N-carbazolyl) biphenyl and BAlq is 

Bis(8-hydroxy-2-methylquinoline)-(4-phenylphenoxy)aluminum. The only variation between 

the two device structures is Tris-PCz is added to Device 2 as an electron blocking layer. The 

EL spectra, forward viewing EQE vs luminance curve and relative luminance vs operational 

lifetime characteristics of both devices are plotted in Figure 36a-c. 
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Figure 36: a) EL spectra with the  inset showing nonexclusive emission from 400-450nm, b) EQE vs 
Luminance, c) device operational time at 20ma/cm2 d) schematic of single and split EML used in 
device 2 and 4. 

 

Both devices showed orange-red emission spectra peaking at 584 nm, which is slightly 

broader than the PL spectrum of PtN3N in a dilute solution due to a higher concentration 

of emitters in the solid thin films. In Device 1, the EL spectrum includes a small portion of 

detected emission in the range between 410 and 480 nm (Figure 36a inset), which was 

previously observed in similar devices employing PtON11-Me and PtN3N-ptb as emissive 

dopants.[58,86] The origin of blue luminescence in Device 1 is likely attributed to the emission 

of NPD at the interface between the EML and the hole transporting layer (HTL), indicating 

some degrees of electron or exciton transfer from the emissive layer to the NPD layer.  
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Device 1 demonstrated a maximum forward viewing EQE of 15.9%, and maintained an 

EQE of 10.9% at the brightness of 1000 cd/m2 while Device 2 showed an improvement in 

peak EQE of 18.2%, and an EQE of 14.9% at 1000 cd/m2 due to the incorporation of Tris-

PCz layer as an additional EBL in Device 2. It is worthy of mentioning that Device 2 was 

more efficient than PtN3N-ptb based device in the identical settings, which exhibited a peak 

EQE of 10.8%, and an EQE of 7.8% at 1000 cd/m2.  Such a significant improvement in the 

device efficiency is consistent with the improvement in the PLQY values between PtN3N-

ptb and PtN3N, making PtN3N more suitable as a phosphorescent emitter for OLED 

applications. 

Figure 36c shows the normalized intensity versus time for both OLEDs corresponding to 

initial brightness’s of L0 = 4000, 5400 cd/m2 for Device 1-2 respectively at a constant driving 

current of 20 mA/cm2.  LT97 lifetimes were chosen as metrics to evaluate the operational 

stability of PtN3N in various device settings where LT97 of Device 1 was 48 h and LT97 of 

Device 2 was 16 h.  Lifetime at different luminance values can be estimated using the 

stretched exponential from chapter 2.1 of LT(L1) = LT(L0)(L0/L1)
n. For comparison, LT97 at 

1,000 cd/m2 was approximated and presented in Table 2 using a moderate n value of 1.7, 

following previous literature.[58] The estimated LT97 at 1,000 cd/m2 of Device 1 was around 

507 h, which is also more than that of Device 2 (281 h), but lower than the best reported 

PtN3N-ptb devices in the similar structure (638 h), which can be attributed to the intrinsic 

electrochemical instability of PtN3N or fast degradation process induced by other factors. 
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Table 2: Summary of PtN3N device performance metrics. 

Device EML conc.% 

(thickness nm) 

Peak EQE 

(%) 

EQE (%) @ 

1,000 cd/m2 

L0 LT97 

20 mA/cm2 

LT97 

1,000 cd/m2 

1 10 (25) 15.9 11.0 4,000 48 507 

2 10 (25) 18.2 14.9 5,400 16 281 

3 20 (10)/6(20) 14.6 11.7 4,300 129 1640 

4 20 (10)/6(20) 16.9 15.3 5,600 110 2054 

 

It is reasonable to assume that the addition of the Tris-PCz layer as an EBL 

eliminated the NPD emission and confined the exciton formation zone inside the emissive 

layer. This can also create a charge build-up at the EML-EBL interface, leading to faster 

degradation of the device. To circumvent such issues, it will be ideal to reduce the charge 

buildup at the EML-EBL interface and shift the exciton formation zone deep into the 

emissive layer. As previously demonstrating this can be accomplished by constructing a 

layered EML with differential dopant concentrations intended for balanced charge transport 

as illustrated in Figure 36d. The resulting change to the EML will potentially reduce the 

device efficiency roll-off and slow down emissive material degradation process, resulting in 

an increase of device operational lifetime.[45,63,80]  Devices 3 and 4 are constructed following 

such a concept by replacing the original single EML of 10% PtN3N:CBP (25nm) in devices 

1 and 2 with the bi-layer EML of 20% PtN3N:CBP (10nm)/6% PtN3N:CBP (20nm).  Both 

devices produced a slightly broader EL spectrum while eliminating the non-exclusive NPD 

emission. The broadened EL spectra results from the use of a higher dopant concentration 

in the bi-layer EML (up to 20%), and the elimination of NPD emission in device 3 and 4 

suggests that the exciton formation zone is shifted away from the EML-EBL interface. 
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Moreover, device 3 exhibited a maximum forward viewing EQE of 14.6%, and an EQE of 

11.7% at 1,000 cd/m2 while device 4 showed a maximum forward viewing EQE peaking at 

16.9%, and maintained a high EQE of 15.3% at 1,000 cd/m2 due to reduced efficiency roll-

off.  More importantly, the resulting change in devices 3 and 4 led to a significant 

improvement in the device operational stability. We have recorded a LT97 of 129 h with a L0 

of 4,300 cd/m2 and a LT97 of 110 h with a L0 of 5,600 cd/m2 respectively for devices 3 and 

4, which yielded an estimated LT97 of 1540 h and 2057 h respectively at a luminance of 1,000 

cd/m2. To the best of our knowledge, these are the most stable OLEDs within literature 

using known and publicly accessible functional materials, providing a valuable benchmark 

for the OLED research community. 

 

Figure 37: Variable current density lifetime a) Device 2 employing a single EML, b) Device 4 
employing a split EML. 

 

Estimating the device lifetime in an accelerated device testing condition is a quick 

and cost-effective way to screen materials. However, such a process might not be accurate if 

the escalation factor n in the stretched exponential formula is not chosen correctly. 

Additionally, n has been shown to be strongly dependent on the choice of emissive materials 
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and various device operational mechanisms.[49,63,87]  In order to validate the superior 

operational stability of PtN3N in the device settings, we have run device 2 and device 4 in 

various constant current densities ranging from 5 to 20 mA/cm2.  We have recorded a LT97 

of 16h at 5,400 cd/m2, 47 h at 3,200 cd/m2 and 123 h at 1,900 cd/m2 for device 2, and a 

LT97 of 110 h at 5,600 cd/m2, a LT97 of 311 h at 3,300 cd/m2 and a LT97 of 1455h at 1,200 

cd/m2 for device 4. The plots of LT97 lifetime vs. initial luminance L0 of device 2 and device 

4 are shown in Figure 38 and the n values were obtained by fit LT97 vs L0 in log-log scale 

using (LT97)(L0)
n = constant, resulting in n value of 1.65 and 1.95 for Device 2 and Device 4 

respectively. By extrapolating the fitting curve, we have obtained the estimated LT97 of 439 h 

and 2036 h for device 2 and device 4 respectively at 1,000 cd/m2. This demonstrates that the 

layered EML structures have a significant impact on the degradation mechanism of the 

PtN3N devices. 
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Figure 38: Escalation factor of single and split EML. 

 

In this section, we have demonstrated that cyclometalated Pt(II) complex can be 

efficient in the device settings with superior operational stability. In a charge balanced device 

structure, one PtN3N device has demonstrated an estimated LT97 of 2057 h at an initial 

luminance of 1,000 cd/m2 while maintaining an EQE of 15.3% at such high brightness. The 

utilization of the state-of-the-art charge transporting and blocking materials will further 

improve the performance of PtN3N in the device settings, which will make Pt complexes 

more appealing as phosphorescent emitters in the display industry. 
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2.4: Conclusion 

In this chapter, a novel and practical technique for improving charge balance and the 

exciton formation dynamics in an OLED have been demonstrated. Implementing a layered 

EML structure is shown to alter the charge injection barriers and charge transport 

characteristics of a stable OLED device. In a stable PtNON device this improved the EQE 

at 1,000 cd/m2 from 11.6% to 17.4% while increasing the estimated LT70 from 466 hours to 

over 1,300 hours from a starting brightness of 1,000 cd/m2. This stable PtNON device was 

further improved through the design of a fluorescent sensitized device that achieved an 

EQE at 1,000 cd/m2 of 15.2% with an LT70 of 46 hours at a constant current density of 20 

mA/cm2. This device demonstrated a significant blue shift in EL emission with CIE 

coordinated improving from (0.17, 0.38) to (0.15, 0.25). Furthermore, this layered EML 

technique was successfully applied to a red OLED device improving its EQE from 14.9% to 

15.3% at 1,000 cd/m2 while and its estimated LT97 from a starting brightens of 1,000 cd/m2 

increased from 281 hours to 2054 hours. The layered EML structure has been shown to 

have a significant impact on device performance without the need for implementing 

additional materials or overly complex structures. 
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3: Metal-Assisted Delayed Fluorescence 

The development of stable blue phosphorescent OLED devices remains a primary 

hurdle to the widespread implementation of OLED technology. As the emission energy 

increases, it is widely speculated that the formation of multiply excited triplet excitons tends 

to directly facilitate the dissociation of σ‐bonds. This has been demonstrated for Si-Si in 

polysilane materials and other similar material systems, indicating a greater challenge for 

developing stable deep blue triplet emitters.[88] A logical solution to this issue, from an energy 

standpoint, is to develop efficient blue emitters with triplet energy in the “green” or “red” 

region that can also harvest all of “blue” singlet excitons. While this describes many 

conventional blue fluorescent emitters that only harvest singlet excitons, it limits device IQE 

to 25% and wastes triplet excitons. Conversely, phosphorescent emitters with “green” triplet 

energies can attain 100% IQE but are incapable of using the higher energy singlet excitons 

to emit blue. Thus, an innovative molecular design will be needed to achieve such a goal. 
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Figure 39: Summary of singlet and triplet transitions associated with a) Fluorescence, b) 
Phosphorescence, c) Thermal Activated Delayed Fluorescence and d) Metal assisted Delayed 
Fluorescence. 

 

Investigations on the detailed mechanism of harvesting electrogenerated excitons 

inside of organic electroluminescent devices have been well documented in the past two 

decades. [89–91] For most organic fluorescent emitters, fluorescence (Figure 39a) is the only 

pathway to radiative decay, where phosphorescence is severely suppressed due to its 

symmetry forbidden character. On the other hand, cyclometalated Ir and Pt complexes have 
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fast intersystem crossing and rapid phosphorescence processes (Figure 39b) due to strong 

spin-orbit coupling, enabling them to harvest both electrogenerated singlet and triplet 

excitons, resulting in a theoretical 100% electron to photon conversion efficiency.[28,92,93] 

Recent studies on carbazolyl‐dicyanobenzene derivatives and copper(I) based metal 

complexes, characterized as thermal activated delayed fluorescent (TADF) emitters, have 

also demonstrated high emission quantum yield at the room temperature and can be utilized 

in the device settings to harvest both singlet and triplet excitons.[94–96] As illustrated in Figure 

39c, when the energy levels of the lowest triplet excited state (T1) and the lowest singlet 

excited state (S1) are similar in energy, the triplet excitons can decay radiatively through the 

combination of reverse intersystem crossing (T1→S1) and a delayed fluoresent (S1→S0) 

processes. This approach has the benefit of being able to achieve a higher energy emission 

for a given triplet energy. This enables the incorporation of these emitters into structures 

using known stable host and transport materials unlike many conventional phosphorescent 

deep-blue Ir or Pt emitters.[97] Nevertheless, the endothermic nature of this process will 

result in a portion of the triplet excitons experiencing “cold” nonradiative decay. This is 

caused by insufficient thermal energy to overcome the (T1→S1) energy barrier leaving 

excitons in the triplet state to decay nonradiatively due to the absence of an efficient 

phosphorescent emission pathway. This restricts the usefulness of TADF emitters. High 

efficiencies can only be achieved for very small S1–T1 energy splitting leading to high triplet 

energies still being required for deep blue fluorescent emission.[98,99] In this chapter, a new 

mechanism of utilizing electrogenerated excitons, denoted metal‐assisted delayed 

fluorescence (MADF), where a heavy metal ion will be incorporated into the complex 

system to ensure both efficient phosphorescence and delayed fluorescent processes, will be 

presented. As shown in Figure 39d, when the energy levels of the T1 state and the S1 state are 
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reasonably close, the two radiative decay process, i.e., phosphorescence (T1→S0) and 

thermally activated delayed fluorescence (S1→S0) can occur simultaneously. Due to its 

efficient triplet emission process, MADF emitters can harvest all singlet and triplet excitons 

regardless of larger energy difference between the T1 and S1 states compared to TADF. In 

this chapter, a study of three primary MADF emitters and their analogs, PdN3N, PdN1N-

dm, and PdON1a, is presented. 

 

3.1: PdN3N: Green MADF 

The absorption spectra for PdN3N as well as the N3N ligand is shown in Figure 40. 

Both the complex and ligand exhibit very strong absorption bands below 400 nm (ε > 

104 cm−1) assigned to 1π–π* transitions, localized on the cyclometalating ligands. The shift to 

lower energy of these transitions in the complex is attributed to the planar molecular 

geometry of the ligand when covalently bonded to the Pd ion as well as the anionic nature of 

the ligand in the complex. The intense band in the 400–500 nm range for the complex (ε ≈ 

103–104 cm–1 M−1) is redshifted relative to any absorption from the ligand and is assigned to 

singlet metal to ligand charge transfer (1MLCT) transitions. 
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Figure 40: Absorption of PdN3N and N3N ligand with enhanced MLCT absorption peak, PL of 
PdN3N at 300K and 77K. 

 

The 77 K photoluminescence (PL) emission spectrum shows a narrow primary 

emission peak at 522 nm with small vibronic peaks characteristic of many phosphorescent 

emitters. The emission at 522 nm is attributed to a T1→S0 transition on the basis of the large 

Stokes shift from the absorption cut‐off. This is a higher wavelength than many existing 

phenyl‐pyridine complexes due to its extended conjugation through the carbazole 

units.[78,100] At room temperature (300 K) the dominant emission peak is slightly redshifted to 

534 nm and significantly broadened, typically seen at elevated temperatures. Unlike 

previously reported heavy metal phosphorescent complexes, an emission side‐band at a 

shorter wavelength range (between 480 and 510 nm) appears at the elevated temperatures 

indicating the presence of a thermally activated emission process. When measured at 
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detector wavelengths of 530 and 485 nm, respectively, the identical excitation spectra and 

comparable room temperature radiative decay lifetimes of 142 and 145 μs indicate both 

emission species share the same origin. 

 

Figure 41: a) excitation spectra measured at 485nm and 530nm corresponding to the thermally 
activated peak and the primary phosphorescent peak, b) Transient lifetime of PdN3N measured at 
485nm and 530nm. 

 

These assignments are similar to those recently reported for Cu(I) complexes 

exhibiting both phosphorescent and TADF emission.[101,102] This indicates the existence of 

both phosphorescence and thermally activated delayed fluorescence within the single 

emitter. 
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Figure 42: Variable temperature PL measurements offset in the Y direction for clarity. 

 

To explore the origins and characteristics of the MADF emission, PL spectra as a 

function of temperature was measured for PdN3N, shown in Figure 42. The designed 

molecules can be described as containing two parts: a C^N cyclometalating ligand containing 

the pyridyl‐carbazole portion of the molecules and the donor–acceptor (D–A) portion of 

carbazole‐carbazolyl‐pyridine. The triplet state consists mostly of the lower energy C^N 

portion of the molecules which is localized on the pyridyl‐carbazole and as such has a 

phosphorescent peak at of 522nm at 77K.[85] At higher temperatures, a thermally activated 

delayed fluorescence peak appears. The carbazolyl‐pyridine ligand of PdN3N is correlated to 

the delayed fluorescent emission peak resulting from comparison to PdN3N’s analog.[32] The 

absorption emission overlap of PdN3N at room temperature of 2.83eV corresponds well to 

the singlet energy estimated from CV with a reduction peak at −2.39 eV versus Fc/Fc+, and 
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an oxidation potential of 0.40 eV, shown in Figure 43a. This can be attributed to the charge 

transfer character of the singlet state and thus related to the HOMO and LUMO which are 

primarily located on this D–A region.[86] 

 

Figure 43: a) Cyclic Voltammetry of PdN3N vs Fc/Fc+ b) transient lifetime Vs temperature of 
PdN3N. 

 

Additionally, the photoluminescent quantum yield was high at 0.72 ± 0.10 at room 

temperature indicating that this emitter would both be a good candidate for efficient OLED 

devices. It should be noted that the luminescent lifetime of the doped film of PdN3N 

steadily decrease with increasing temperature (Figure 43b) which provides further indication 

of the TADF pathway occurring in this material.[103] 

To explore the device performance of this novel MADF emitter, OLED devices 

were fabricated on glass substrates pre-coated with a patterned layer of indium tin oxide 

(ITO) to serve as the transparent anode for the structure ITO/HATCN(10 nm)/ 

NPD(30nm)/ TAPC(10 nm)/ 6% dopant: 26mCPy (25 nm)/ DPPS(10 nm)/ BmPyPB(40 
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nm)/ LiF/ Al, this architecture will be referred to as structure one.[104,105] The EQE is shown 

in Figure 44 with the electroluminescent spectrum inset in the figure. The EQE of PdN3N 

peaked at 20.9%, and is comparable to many of the Ir and Pt analogs in a similar device 

setting.[106]  One apparent drawback to devices employing these complexes is the large 

efficiency roll-off at higher luminance dropping to 14.3% at 100 cd/m2. This is commonly 

attributed to a combination of poor charge balance due to the poor electron transporting 

properties of DPPS and the long phosphorescent lifetime of 142μs. This issue can be 

addressed through improved charge balance or by improving the spontaneous radiative 

decay rate, previously demonstrated by employing more advanced structures such as 

plasmonic nanostructures or microcavities.[106–108] 

 

Figure 44: EQE versus Luminance with the corresponding EL spectra at 1 mA/cm2 inset for devices 
of PdN3N in the structure: ITO/ HATCN/ NPD/ TAPC/ 6% PdN3N:26mCPy/ DPPS/ 
BmPyPB/ LiF/ Al. 

 

The electroluminescent characteristics show both fluorescent and phosphorescent 

emission in the devices. PdN3N devices showed a delayed fluorescence peak of 
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approximately 30% of the phosphorescence peak height but the color was still dominated by 

the primary green phosphorescent emission with CIE (0.30, 0.61). The high emission 

efficiency despite the moderate (T1→S1) splitting, highlights the benefits of MADF emitters 

over their organic TADF counterparts. Excitons that would otherwise be unable to 

overcome the (T1→S1) energy barrier can still emit through the efficient phosphorescent 

radiative pathway. Furthermore, alterations to the molecular structure can be used to adjust 

the relative height of the delayed fluorescence peak and shift the phosphorescent emission 

profile leading to even more ideal spectra. 

In order to further explore the potential application of this Pd based MADF 

complex as stable emitter, three devices were evaluated employing a layered EML in a stable 

structure of is ITO/HATCN (10 nm)/NPD (40nm)/Tris-PCz (10nm)/EML (30nm)/BAlq 

(10nm)/BPyTP (40nm)/LiF/Al. Where the EML for the three devices are 6% PdN3N:CBP 

(30nm) for device 1, 10% PdN3N:CBP (10nm)/ 6% PdN3N:CBP (20nm) for device 2, and 

20% PdN3N:CBP (10nm)/ 10% PdN3N:CBP (10nm)/ 6% PdN3N:CBP (10nm). The 

device performances of these structures are crucial to determining the viability of MADF 

complexes as a potential solution to high-energy stable emitters. 

The EL performance of the layered PdN3N devices is shown in Figure 45. As the 

doping concentration near the EBL interface is increased, the turn-on voltage and the 

voltage at 20 mA/cm2 is reduced. This results from improved hole injection directly to the 

PdN3N compared to CBP. All 3 devices have a peak EL of 538 nm with a MADF peak 

between 500 and 520nm at 50% the intensity of the phosphorescent peak. The change in 

EML doping concentration has a negligible impact on EL emission. Furthermore, all three 

devices show high peak EQE’s of 22%. Unfortunately, the long transient lifetime of PtN3N 

leads to significant roll-off in the 6% PtN3N device with an EQE at 1,000 cd/m2 of 10%. 
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The layered structures serve to slightly reduce the roll-off by spreading the exciton formation 

zone allowing device 3 to demonstrates an EQE at 1,000 cd/m2 of 13.7%. Finally, all three 

devices show promising stability at 20mA/cm2 with LT95 values between 25 and 33 hours. 

This translates to a PdN3N device having an estimated LT95 of 350 hours from a brightness 

of 1,000 cd/m2. This demonstrates that MADF emitters have the potential to be stable and 

efficient alternatives to both TADF and phosphorescent emitters. 

 

Figure 45: a) Current Density vs Voltage, b) EL spectra, c) EQE vs luminance and d) device 
operational lifetime. 
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3.2: PdN1N-dm: Blue MADF 

Building off the success of PdN3N, new blue-shifted MADF emitters were 

developed to evaluate how this system behaves at higher energies. In this section, a series of 

MADF Pd (II) complexes, PdN1N, PdN1N-dm, and PdN6N, were rationally designed 

through the structural modification of PdN3N to achieve a blue-shifted emission. In general, 

a blue-shifted emission can be achieved by lowering the HOMO level or raising the LUMO 

level. It is well known that the LUMO can be increased by replacing pyridine groups with 

azole groups such as pyrazole, methylimidazole or imidazol-2-ylidene.[109–111] For this section, 

pyrazolyl-carbazole based PdN1N, PdN1N-dm, and PdN6N were designed as shown in 

Figure 46. 

 

Figure 46: Illustrates the design of blue shifted MADF emitter by replacing the pyridine with a 
Pyrazolyl to raze the LUMO. 

 

The absorption spectra for PdN1N, PdN1N-dm, and PdN6N measured in a 

solution of dichloromethane are shown in Figure 47. Three characteristic types of resolved 

absorption bands are observed in all three of the Pd (II) complexes. All complexes 



  

80 
 

demonstrated intense absorption bands below 370 nm that can be assigned to allowed 1(π-π*) 

transitions localized on the pyrazolyl-carbazole cyclometalating ligands (1LC). 

 

Figure 47: Room temperature absorption spectra of PdN1N, PdN1N-dm, and PdN6N in 
dichloromethane. 

 

The extinction coefficients (ɛ) for the 1(π-π*) transitions fall between 12,000 and 70,000 cm-1 

M-1. The broad bands (ɛ<13,000 cm-1 M-1) located at longer wavelength (370-440 nm) are 

attributed to MLCT transitions. Additionally, the MLCT absorption bands for these Pd 

complexes are partially overlapped with their PL emission spectra as confirmed by Figure 48 

showing PL onset as low as 420nm. 
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Figure 48: Photoluminescence spectra of PtN1N, PdN1N, PdN1N-dm, and PdN6N at room 
temperature in dichloromethane (solid lines) and at 77 K in 2-methyltetrahydrofuran (dash-dotted 
lines). The redox potentials for each complex were also given. 

 

The PL emission spectra of PtN1N, PdN1N, PdN1N-dm and PdN6N measured at 

77 K in 2-methyltetrahydrofuran and at 300K in dichloromethane are shown in Figure 48. 

PtN1N contains a pyrazolyl-carbazole group as the emitting ligand that is bonded to a 

pyridyl-carbazole group as the ancillary ligand.[69] As shown in Figure 48a, the replacement of 

platinum with palladium resulted in the blue shift and increase in the triplet energy from 484 

nm to 464 nm, according to the 77 K PL spectra of PtN1N and PdN1N. The higher triplet 

energy of PdN1N over PtN1N is within our expectation because palladium complexes tend 

to have deeper HOMO energy levels resulting from increased oxidation potential when 

compared with platinum (II) and iridium (III) complexes.[112] The 77K PL emission spectrum 
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of PdN1N, given in Figure 48(b), shows a primary emission peak at 464 nm along with small 

vibronic peaks. At room temperature, the primary emission peak of PdN1N is slightly 

redshifted to 472 nm, accompanied by broadening of the EL spectra, this is typically seen at 

elevated temperatures for most emitters. More importantly, room temperature PL spectrum 

shows a sideband at a shorter wavelength between 410 nm and 450 nm, which is indicative 

of the presence of a thermally activated emission (MADF, T1→S1→S0). This observation is 

also in good agreement with the previously reported Cu (I) complexes.[101] The 

photoluminescence quantum yield (PLQY) of PdN1N measured in DCM solution at room 

temperature is 0.70±0.1, which is very high. However, the vacuum sublimation yield of 

PdN1N was quite poor due to its low thermal stability. The introduction of two methyl 

groups (PdN1N-dm) dramatically improved the thermal stability. Furthermore, the PLQY is 

also been raised to 0.77±0.10 while the PL emission remains largely unchanged at 77 K or 

room temperature. On the contrary, when a phenyl group is introduced (PdN6N), both 

decreased thermal stability and a lower PLQY (0.59±0.1) are observed. The high similarity in 

PL spectra of these Pd (II) complexes is further supported by their electrochemical analysis 

shown in Figure 49. All the compounds have very similar reduction and oxidation potentials 

at around −2.54 eV and 0.4 eV versus Fc/Fc+, respectively. 
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Figure 49: Cyclic voltammograms for PdN1N, PdN1N-dm, and PdN6N. 

 

To investigate the electroluminescence properties of the Pd (II) complexes, two 

devices employing PdN1N-dm have been fabricated and tested. PdN1N-dm was selected for 

further study due to its high thermal stability and PLQY compared with its analogs. A 

known charge confined device structure is adopted: ITO/HATCN (10 nm)/NPD 

(40nm)/TAPC (10 nm)/10% PdN1N-dm: x % PtN3N-ptb: 26mCPy (25 nm)/DPPS (10 

nm)/BmPyPB (40 nm)/LiF (1nm)/Al (100 nm).[32,58] The only difference of the two device 

structures is 1% PtN3N-ptb was added to Device 2 as a co-dopant. The EL spectra collected 

at 1 mA/cm2 and the EQE-luminance curve for both devices is plotted in Figure 50. 
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Figure 50: a) EL spectra collected at 1 mA/cm2, b) EQE vs. luminance for Device 1-2 with 
structure: ITO/HATCN/NPD/TAPC/10% PdN1N-dm: x % PtN3N-ptb: 
26mCPy/DPPS/BmPyPB/LiF/Al, wherein x is 0% for Device 1 and 1% for Device 2. 

 

As expected, the EL spectrum of the blue OLED (Device 1) showed a broad MADF band 

between 410-450 nm (S1→S0) and a dominant triplet phosphorescent emission peak at 476 

nm (T1→S0). Moreover, like previously reported PdN3N, no aggregate emission was 

observed for Device 1 even with the dopant concentration of 10%, indicating the nonplanar 

molecular geometry of PdN1N-dm. In Device 2, a known stable red emitter PtN3N-ptb was 

co-doped with PdN1N-dm to afford a white OLED.[58] The EL spectrum was shown in 

Figure 50a. The blue OLED (Device 1) demonstrated a notable maximum forward viewing 

EQE of 25.1 %, and an EQE of 11.1 % at a brightness of 100 cd/m2. The 25.1% EQE 

suggests an internal quantum efficiency approaching unity on the basis of 20%–30% 

outcoupling efficiency.[113] Even with the large EQE roll off at higher luminance, it is worth 

noting that the maximum EQE of 25.1 % represents the first demonstration of highly 

efficient blue OLEDs based on MADF Pd (II) complexes. In addition, by co-doping with 

1 % PtN3N-ptb the white OLED (Device 2) demonstrated a CIE coordinate of (0.39, 0.37) 
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and the maximum EQE of 23 % demonstrating MADF emitters potential for use in white 

OLEDs 

To further study on the potential application of PdN1N-dm as an efficient and stable 

blue emitter, electrochemically unstable TAPC and DPPS were removed from the device.[114] 

By employing the more stable Tris-PCz as the electron blocking layer and Balq or mCBT as 

the hole blocking layer, four devices were fabricated with the structure: ITO/HATCN 

(10nm)/NPD (40 nm) /Tris-PCz (0 or 10 nm)/10% PdN1N-dm: CBP (25nm)/BAlq or 

mCBT (10 nm)/BPyTP (40 nm)/LiF (1nm)/Al (100 nm).[115] As shown in Figure 51a, the 

changes to the blocking layer structure had a negligible influence on the EL spectra. Figure 

51b illustrates a reduced charge injection barrier in devices 3 and 4 resulting from the use of 

Balq as a hole blocker. BAlq is better aligned with CBP’s LUMO level helping to facilitate 

electron injection into the EML.  Device 3 in Figure 51c employs Balq as the hole blocking 

layer without Tris-PCz, this device showed the peak EQE of 2.2 %. When Tris-PCz is added 

as an EBL, the peak EQE of device 4 is slightly improved to 2.7%. These low efficiencies 

are commonly explained by exciton quenching at the Balq interface. Furthermore, the device 

efficiency can be improved by replacing the Balq with mCBt, a material with a higher 

bandgap known to aid in reducing quenching and improving hole blocking. Device 5 and 6 

(without and with Tris-PCz) demonstrate a significantly improved peak EQE to 9.3% and 

9.8% respectively. However, the overall efficiency of devices 5 and 6 is still significantly 

lower than devices 1-2 in the known charge confined structure. This results from poor 

change balance within the device leading to charge buildup and increased TTA, TPQ, and 

non-radiative quenching of excitons. 

The operational lifetimes of these blue OLEDs have also been tested at a constant 

current density of 20 mA/cm-2. Device 5 demonstrated an operational lifetime LT70 of 11.5 h 
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with an initial luminance (L0) of 706 cd m-2. This approximately corresponds to a LT70 of 319 

h at 100 cd m-2 using the stretched exponential formula with n=1.7.[49] 

 

Figure 51: a) EL spectra, (b) current density vs voltage, (c) EQE vs luminance, and (d) plots of 
relative luminance vs. operation time for Device 3-6. 

 

Meanwhile, device 6 showed the shortest operational lifetime LT70 of 8 h, while 

demonstrating the highest initial luminance of 930 cd m-2 as shown in Figure 51d. However, 

it should be noted that the estimated operational lifetime LT70 at 100 cd m-2 for device 6 

turned out to be the highest at 354 h due to its high initial brightness. 
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In this section, the design and photophysical study of a series of deep blue MADF palladium 

(II) complexes have been reported. The introduction of two methyl groups on PdN1N 

dramatically improved the thermal stability while maintaining a blue emission spectrum 

(PdN1N-dm). Devices employing PdN1N-dm demonstrated an EL emission peak at 466 

nm, CIE coordination of (0.14, 0.25), and the maximum EQE of 25.1 % in a known charge 

confined structure. The implementation of electrochemically stable charge blocking materials 

resulted in a stable device of PdN1N-dm demonstrating a maximum EQE of 9.8 %, CIE 

coordinates of (0.14, 0.32) and an estimated operational lifetime LT70 of 354 h at a brightness 

of 100 cd/m2. Although the device performances reported here still cannot meet commercial 

requirements, the unique and innovative molecular design will serve as a promising strategy 

for the future development of efficient and stable blue OLEDs employing MADF materials. 

 

3.3: PdON1a: Blue MADF with Improved Fluorescent Component 

To continue the development of blue MADF emitters, focus was turned to the 

development of a MADF emitter with improved fluorescent emission component. This is 

necessary if MADF emitters will be implemented in display technologies as a result of the 

need for narrow “pure” blue emission. In order to evaluate the impact of such blue shifting 

on MADF materials PtON1a-TBU was developed, capable of sustaining deep blue emission 

as low as 430nm while maintaining a low triplet energy of 2.62 eV. Subsequently, its non-

MADF analog PtON1a-DM-TBU is also studied to improve the understanding of these 

materials. 

The room temperature absorption and emission spectra of PtON1a-tBu, PtON1a-

DM-tBu and their analog (PtON1-tBu) are shown in Figure 52. Their photophysical and 

electrochemical properties are summarized in  
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Table 3. For all three platinum(II) complexes, the high energy absorption bands in 

the range of 250-330 nm (ε > 1.5×104 cm-1M-1) can be attributed to the 1(π π*) transitions 

on the cyclometalating ligands (LC). The relatively intense bands between 330-425 nm (ε > 

5×103 cm-1M-1) are assigned to spin-allowed metal-to-ligand charge-transfer (1MLCT) 

transitions involving both the cyclometalating ligands and the platinum metal ions.[116] 

Compared to PtON1a-DM-tBu, removing the two methyl groups from the pyrazole ring in 

PtON1a-tBu can significantly enhance the absorption intensities between 275-425 nm, due 

to the extended conjugation of the biphenyl-pyrazole moiety. 

 

 

 

Table 3: Photophysical and Electrochemical Properties of  the Platinum(II) Complexes (a) Measured in a CH2Cl2 

solution at room temperature. (b)  Measured in a 2-Me-THF solution at 77K. (c) Measured in a PMMA film at 

room temperature. (d) kr = Φ/τ. (e)  knr = (1-Φ)/τ. Where the kr and knr are the radiative and non-radiative rate 

constants, respectively. (f) The HOMO and LUMO levels were calculated by using Cp2Fe0/+ values of  4.8 eV below 

the vacuum level. (g)Calculated from the λmax of  the 77K emission spectra measured in 2-Me-THF solution. 

Complex name PtON1a-tBu PtON1a-DM-tBu PtON1-tBu 

Absorption (nm) 264, 303 ,352, 439 265, 299, 320, 366, 

436 

264, 294, 318, 363, 

436 

λmax
a (nm) 448, 482 444 444 

λmax
b (nm) 472 438 438 

λmax
c (nm) 470 442 449 
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Φc (%) 72 75 85 

τc (μs) 54 5.5 4.5 

kr
c,d (104s-1) 1.3 13.6 18.9 

knr
c,d (104s-1) 0.5 4.5 3.3 

Eox (V) .49 0.53 0.48 

Ered (V) -2.65 -2.68 -2.63 

HOMOf (eV) -5.29 -5.33 -5.28 

LUMOf (eV) -2.15 -2.12 -2.17 

T1
g (eV) 2.627 2.831 2.831 
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Figure 52:(a) UV-vis absorption spectra of PtON1a-tBu, PtON1a-DM-tBu and PtON1-tBu in 
CH2Cl2 solution at room temperature. The chemical structures (inset) and emission spectra of 
PtON1a-tBu (b), PtON1a-DM-tBu (c) and PtON1-tBu (d) in degassed CH2Cl2 (solid lines). 

 

Moreover, the weak absorption bands in the 430-450 nm region (ε < 100 cm-1M-1) can be 

identified as direct absorption to the T1 for PtON1a-DM-tBu and PtON1-tBu, and S1 for 

PtON1a-tBu on the basis of the small energy shift between room temperature absorption 

and emission at 77 K. The T1 absorption band for PtON1a-tBu is in the region of 455-470 

nm with ε of 8-20 cm-1M-1. Structural modifications to the pyrazole rings with biphenyl 

group result in significant increases to the extinction coefficient of excited state absorption 

(Figure 52a). For example, molar absorptivity of the PtON1a-tBu at 439 nm (ε = 95 cm-1M-1) 
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and PtON1a-DM-tBu at 436 nm (ε = 92 cm-1M-1) is much larger than that of PtON1-tBu at 

436 nm (ε = 60 cm-1M-1). 

A set of blue emitting phenyl pyrazole based emitters and their corresponding 

emission spectra are shown in Figure 52b-d. The parent compound, PtON1-tBu, exhibits a 

narrow blue emission peaking at 438 nm at 77K in 2-methyltetrahydrofuran with a slight 

broadening, and redshift to 444 nm at room temperature in dichloromethane. On the basis 

of this spectrum a triplet energy of ~2.83 eV can be assigned to this molecule which renders 

it less compatible with many of the common carbazole based host materials like 4,4′-bis(N-

carbazolyl)biphenyl (CBP, ET = 2.65 eV), 3,3′-bis(N-carbazolyl)biphenyl (mCBP, ET = 2.9 

eV) or 2,6-bis(N-carbazolyl)pyridine ( mCPy, ET = 2.91 eV). [84,87] Upon the addition of 

biphenyl to the dimethyl pyrazole moiety for PtON1a-DM-tBu, minimal change to the 

emission at 77K or room temperature is observed with identical peaks at 438 nm and 444 

nm respectively. If the two methyl groups are removed in the case of PtON1a-tBu, then the 

spectra at both 77K and room temperature are dramatically altered. Firstly, a significant red 

shift and broadening at 77K is observed. The red-shift to 472 nm is likely due to extended 

conjugation through the biphenyl pyrazole with broadened features resulting from the high 

degree of rotational freedom. At room temperature, an intense blue-shifted emission peak 

appears at 448 nm indicating the presence of a thermally activated emission pathway, similar 

to that which was observed for the PdN3N.[117] In this case, however, the splitting between 

the two emission bands is larger, and the higher energy emission state is much more intense. 

These two factors lead to a strong deep blue emitting component which will enable efficient 

blue and white devices despite a lower-lying triplet state at only 2.627 eV. 
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To further explore the nature of the blue-shifted emission, the emission spectra were 

collected at several temperatures from 77K to 298K as shown in Error! Reference source n

ot found.. At 77K, a small emission feature at 440 nm can be observed, however, the 

emission is dominated by a vibronically structured emission peaking at 472 nm, which is 

attributed to phosphorescence from the lowest lying triplet state. However, at 140K, the 

small peak at 440nm completely disappears. This is a result of 2-MeTHF melting at 137K 

and becoming a solution. As the temperature is increased, the phosphorescence peak red 

shifts slightly as is typically observed for phosphorescent complexes. Also, beginning at 

about 200K the thermally activated emission at ~450 nm gains intensity as the temperature 

is increased. At room temperature, the thermally activated emission becomes to be even 

more intense than that of the lower energy triplet emission. 

 



  

93 
 

 

Figure 53: Emission spectra of PtON1a-tBu in 2-Me-THF solution at the variable temperatures 
ranging from 77K to 298K. 

 

Further evidence for a thermally activated delayed emission process can be 

determined from the quantum yield and emission transient measurements of 5% doped 

PMMA films. The photophysical parameters for films of the three emitters are shown in. At 

room temperature, the emission in a doped PMMA film of PtON1a-DM-tBu has a 
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photoluminescent quantum yield (Φ) of 0.75 and a mono-exponential emission decay with a 

lifetime of 5.5 μs. These emission parameters are similar to those reported for PtON1-tBu 

and indicate very high radiative rates and low non-radiative rates, similar to those observed 

for many of the other tetradentate platinum(II) emitters.[75,83,110,116,118] At 77K, however, the 

decay is biexponential with the major component having a 9 μs lifetime and the minor 

component of 832 μs, indicating there may be a minor delayed component resulting from 

the addition of the biphenyl, but it does not contribute much to the emission at room 

temperature. 

The emission for PtON1a-tBu was also very efficient with Φ of 0.72. In order to 

probe the decay of both the delayed emission band and the phosphorescence band, the 

transient decay was measured at both 450 nm and 525 nm. As seen in  

 

 

Table 3, the decay is an order of magnitude slower ~50 μs for both emission bands. 

This results in the radiative rate of PtON1a-tBu being nearly ten times lower than PtON1a-

DM-tBu and PtON1-tBu.  It is worth noting that there was also a minor fast component 

with a lifetime of ~10 μs for both detection wavelengths of the PtON1a-tBu. At 77K, the 

emission is significantly slowed to 439 μs, indicating that emission from the lowest triplet 

state is inhibited compared to the dimethyl derivative of PtON1a-DM-tBu. The combined 

factors of the slower emission process and the red shift in emission indicate that the 

localization of the lowest lying triplet emitting at 472 nm is more ligand centered, due to the 

extended conjugation of the biphenyl-pyrazole moiety. 

The photophysical properties of PtON1a-tBu, are very encouraging.  Unlike most 

previously reported heavy metal phosphorescent complexes, a shorter wavelength peak 



  

95 
 

appears (~445 nm) at the elevated temperatures, indicating the presence of a thermally 

activated emission process.  Furthermore, the green phosphorescent emission at 77K was 

shifted to a beautiful blue emission at room temperature, due to the increased intensity of 

higher energy delayed emission band compared to previous dual channel emitters (Figure 52 

b).[32,117] Thus, this emitter makes a great candidate for blue and white OLED devices in 

carbazole based hosts due to its lower triplet energy level.

 

Figure 54: a) Energy level diagram of materials used in the devices. b) Molecular structures of the 
materials employed in the devices. c) The electroluminescent spectra of PtON1a-tBu and PtON1a-
DM-tBu at room temperature. d) The plots of external quantum efficiency. 

 

In order to characterize the electroluminescent properties of PtON1a-tBu and 

PtON1a-DM-tBu a series of devices were fabricated in structure ITO/HATCN (10 

nm)/NPD (40 nm)/TAPC (10 nm)/6% dopant:mCPy (25 nm)/DPPS (10 nm)/BmPyPB 
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(40 nm)/LiF (1 nm)/Al shown in Figure 54a. The corresponding electroluminescent spectra 

are shown in Figure 54c. The EL spectrum at room temperature for PtON1a-tBu in mCPy 

shows similar features to the corresponding PL spectrum with a phosphorescent emission 

peak at 480 nm and a MADF emission peak at 450 nm. In contrast, the PtON1a-DM-tBu 

exhibits only a phosphorescent emission spectra peaking at 450 nm. The corresponding 

external quantum efficiencies (EQEs) plot for the device of PtON1a-tBu and PtON1a-DM-

tBu is given in Figure 54d. The peak EQE for the PtON1a-tBu is over 20% while that of 

PtON1a-DM-tBu remains at just 12%. This is attributed to quenching of the triplets by the 

host material and is reflected in the PLQY of the doped thin films of Φ = 0.65 and 0.43 for 

PtON1a-tBu and PtON1a-DM-tBu respectively. This result clearly indicates that the lower 

triplet energy (by nearly 0.21 eV) leads to greatly enhanced device performance despite both 

having significant emission in the deep blue range of 430-460 nm. Such drastic difference for 

the EQEs of PtON1a-DM-tBu and PtON1a-tBu devices strongly support the motivation 

behind achieving enhanced blue emission at a lower triplet energy and illustrates the 

potential advantage of this up-conversion strategy. 

To further utilize the dual band nature of PtON1a-tBu, devices with a small 1% 

dopant concentration of an efficient blue fluorescent emitter TBPe were fabricated in the 

structure ITO/HATCN (10 nm) /NPD (40 nm)/TAPC (10 nm)/10% PtON1a-tBu:1% 

TBPe:mCPy (25 nm)/DPPS (10 nm)/BmPyPB (40 nm)/LiF (1 nm)/Al. The EQE and 

corresponding emission spectrum is given in Figure 55. As shown in the spectrum, the 

emission is generated exclusively on TBPe indicating efficient energy transfer from the 

platinum(II) complex to the fluorescent emitter. This efficient energy transfer leads to a 

substantial sharpening of the emission spectrum centered at 466 nm giving CIE coordinates 

of (0.14, 0.25) compared to (0.16, 0.27) for the reference device without the fluorophore. 
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These more ideal CIE coordinates are achieved by eliminating the vibrionic progressions in 

the 480-550 nm region that was attributed to the phosphorescence from PtON1a-tBu.  The 

device efficiency suffered some losses in efficiency, peaking at only 14.1%. This loss is likely 

due to some direct charge trapping on the fluorophore which is unable to efficiently harvest 

the electrogenerated triplets. Nevertheless, the sharpening of the emission spectrum 

indicates the utility of fluorescent sensitized devices with a dual emission band phosphors. 

 

Figure 55: The external quantum efficiency versus luminance for devices in the structure: 

ITO/HATCN/NPD/TAPC/10% PtON1a-tBu:1% TBPe:mCPy/DPPS/BmPyPB/LiF/Al. The 

emission spectrum of the device (purple) is shown in the inset as well as the spectrum for the 

PtON1a-tBu reference device (Blue). 
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3.4: Conclusion 

In this chapter a new technique for achieving efficient high energy emission from a 

molecules S1 state while maintaining a lower T1 is demonstrated. The conventional method 

for this is through TADF emission. However, this emission process is restricted by the size 

of the ΔEST, and can only approach 100% IQE at small ΔEST values. This means that the 

advantage of having a lower T1 is reduced as T1 is moved closer to the S1 state. The dual 

emission pathway of MADF emitters allows for larger ΔEST emitters to maintain 100% IQE. 

This was demonstrated with three key emitters. PdN3N in a stable structure demonstrated a 

green OLED device with a peak EQE of 22% with an EQE at 1,000 cd/m2 of 13.7% with 

an LT95 of 32 hours from a starting brightness of 4,100 cd/m2. This demonstrates that the 

MADF emission system has the potential to be stable and efficient. Devices employing 

PdN1N-DM demonstrated a peak EL emission of 466 nm with CIE coordination of (0.14, 

0.25), and the maximum EQE of 25.1 % in a charge confined structure. Additionally, in a 

stable structure PdN1N-dm demonstrating a maximum EQE of 9.8 %, CIE coordinates of 

(0.14, 0.32) and an estimated operational lifetime LT70 of 354 h at a brightness of 100 cd/m2. 

This shows proof of concept for developing higher energy MADF emitters that have the 

potential for stable and efficient emission. Finally, a charge confined device of PtON1a-tBu 

demonstrated a peak EQE above 20% with CIE coordinated of (0.16, 0.27), an emission 

onset at 425 nm and a MADF to phosphorescent peak ratio of over 80% in a standard host 

of mCPy26. This validated the compatibility of deep blue MADF emitter in conventional 

hosts. The work in this chapter has the potential to revolutionize the way the community 

approaches deep blue OLED emitter design.  
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4: Development of New Host Materials 

In a conventional OLED host-guest emissive layer the triplet energy of the host 

material must be higher than the triplet energy of the emitter to ensure efficient energy 

transfer from host to the dopant via the Förster or Dexter energy transfer mechanisms.[119–

121] Host materials require a triplet energy over 2.8 eV to be compatible with common deep 

blue emitters (ET of 2.70-2.75 eV).[122] Thus, host materials must adopt core structures with 

high ET, like carbazole, triphenylamine, fluorene, dibenzofuran, dibenzothiophene, arylsilane, 

diphenylphosphine oxide and dimesitylborane.[122–124] Moreover, large conjugated systems 

should be avoided, this can be achieved by employing sp3-hybridized atom linkers, ortho or 

meta substituted aromatic structures, or large sterically hindered molecular structures.[122] 

Furthermore, to enhance the stability of the host materials, both thermal and electrochemical 

stabilities are critical and must be considered. Thus, core structures like diphenylphosphine 

oxide and dimesitylborane are less suitable because of their poor thermal or electrochemical 

stability. 

Based on the above guidelines, many excellent host materials have been 

developed.[122–124] Carbazole moiety is the most widely utilized core structure in host 

materials, such as the well-known hosts 4,4'-bis(9-carbazolyl)-1,1'-biphenyl (CBP), 3,3'-bis(9-

carbazolyl)-1,1'-biphenyl (mCBP) and 4,4'-bis(9-carbazolyl)-2,2'-dimethyl-1,1'-biphenyl 

(DmCBP) with ET’s of 2.55, 2.9 and 3.0 eV, respectively.[87] These structures indicate that the 

position of substituents and the steric hindrance of a molecule can significantly alter the ET. 

These host materials have been widely used in stable and efficient red,[50,58,70] green,[69] and 

blue[63,67,74,125,126] OLEDs. For example, Chapter 2.1 concluded with a sky-blue 

phosphorescent OLED employing mCBP as the host and PtNON (ET=2.83 eV) as the 

dopant. This device demonstrated an estimated LT70 from a starting brightness of 1,000 
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cd/m2 over 1,330 hours with an EQE at 1,000 cd/m2 of 17.4% and CIE coordinates of 

(0.19, 0.41). In 2018, Adachi and co-workers also adopted mCBP as the host material to 

fabricate a sky-blue OLED (CIEy<0.4) with an EQE of 16.6% and an operational lifetime 

to 90% initial luminance at 1,000 cd/m2, of ~38 h using 3Ph2CzCzBN (ET: 2.55 eV) as a 

TADF emitter.[127] Because of fluorenes relatively low ET (2.95 eV),[128] fluorene-based host 

materials with an ET over 2.80 eV are relatively scarce.[128,129] However, in 2006, Shu and co-

workers developed a series of carbazole/fluorene hybrids with ET of 2.88 eV. When 

implemented as host materials for the well-studied blue emitter FIrpic (ET: 2.65 eV) a peak 

EQE of about 12.5% was achieved.[130] In 2007, Qiu and co-workers designed a sterically 

hindered carbazole/fluorene hybrids incorporating four tert-butyl groups (TBCPF) to 

demonstrate a peak EQE of 12.9% in a FIrpic-doped blue OLEDs.[129] A high ET alternative 

to carbazole/fluorene hybrids can be achieved by implementing Si into the host structure. 

The sp3-hybridized Si can break up the conjugation of host molecules resulting in a wider 

energy gap and higher ET. Thus, many high ET host materials containing a tetraphenylsilane 

moiety have been developed.[131–140] In 2004, Forrest, Thompson and co-workers reported 

the first series of triphenylsilane-based host materials with ET of ~3.5 eV, and successfully 

fabricated a deep blue OLED doped with FIr6 (ET: 2.72 eV) with an EQE of nearly 10%.[97] 

After that, several other types of Si-based host materials incorperating carbozole, 

triphenylamine,[135,136] oxadizole,[137] carbozale/diphenylphosphine oxide,[138] or spiro-

annulated fluorene/triphenylamine moiety,[139,140] were also developed. Most of these Si-



  

101 
 

based host materials were shown to be compatible with the blue emitter FIrpic and achieved 

EQE’s ranging from 13.1%  to 18.7%.[108,131,133,134,136–140] 

 

4.1: “M”-Type Hosts 

In this chapter, we describe the design and implementation of two novel 

carbazole/fluorene and carbazole/9-silafluorene hybrids with high triplet energies to act as 

stable host materials shown in Figure 56. Fluorene and carbazoles were connected at their 9-

position with two para-substituted phenyl groups to afford a "V"-type molecule 9,9-bis(4-

(9H-carbazol-9-yl)phenyl)-9H-fluorene (pDCzPF) shown in Figure 57a. The conjugation 

system of this molecule is disconnected by a sp3-hybridized carbon atom to give a high ET of 

2.88 eV, which also exhibits a high glass transition temperature of 165oC, and a high 

decomposition temperature of over 500oC.[129] However, if a meta-substituted phenyl group 

is used as a linker, a more rigid "M"-type molecule 9,9-bis(3-(9H-carbazol-9-yl)phenyl)-9H-

fluorene (mDCzPF), can be obtained with the same ET. Moreover, the ET could be further 

increased by incorporating 9-silafluorene with a sp3-hybridized silicon atom. This results in 

another "M"-type molecule 9,9-bis(3-(9H-carbazol-9-yl)phenyl)-9H-silafluorene 

(mDCzPSiF) with a higher ET of 3.03 eV. 
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Figure 56: Molecular Structures of the newly developed "M"-type host materials and the structure of 
"V"-type host. 
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Figure 57: (a) Optimized structures, HOMO and LUMO distributions of pDCzPF and mDCzPF 
calculated by DFT (Titan/B3LYP/6–31G*). Hydrogen atoms were omitted for clarity. (b) The 
fluorescent spectra of pDCzPF, mDCzPF and mDCzPSiF in CH2Cl2 solution at room temperature. 

 

Density functional theory (DFT) calculations were performed to optimize the ground state 

of the host materials, the calculation results are shown in Figure 57a. The highest occupied 

molecular orbitals of the carbazole/fluorene hybrids pDCzPF and mDCzPF mainly consist 

of carbazole-π orbitals with a small contribution from the phenyl-π orbitals, while their 

lowest unoccupied molecular orbitals predominantly occupy on the fluorene-π orbitals. 

Similar HOMO and LUMO distributions are observed in the carbazole/9-silafluorene 

hybrid mDCzPSiF molecule. All the phenyl-carbazole moieties in the hybrids are non-planar 

indicating a high rigidity of the molecules. Additionally, the two electron-donating carbazole 
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groups in the "M"-type mDCzPF are much farther from each other than those in the "V"-

type pDCzPF, further indicating a more rigid molecular configuration. The two carbazole 

groups arrange in an opposite vector direction, resulting in a very small dipole moment of 

only 0.50 Debye for the "M"-type mDCzPF compared to 2.25 Debye for the “V”-type 

structure (Table 4). This may be advantageous to prevent charge trapping in the EML. 

 

Table 4: Photophysical and electrochemical properties of host materials. 

Compound 77K λPL [nm] ET [eV] HOMO/LUMO [eV] Dipole moment [Debye] 

pDCzPF 431 2.88 -5.32/-1.82 2.25 

mDCzPF 431 2.88 -5.38/-1.80 0.50 

mDCzPSiF 409 3.03 -5.45/-1.70 1.03 

CBP 486 2.55 -6.0/-2.9 0.21 

 

The fluorescent spectra of the pDCzPF, mDCzPF and mDCzPSiF in a 

dichloromethane solution at room temperature and their phosphorescent spectra in 2-

methyltetrahydrofuran solution at 77K are shown in Figure 57b. Both the 

carbazole/fluorene hybrids pDCzPF and mDCzPF exhibit a structured fluorescent emission 

spectra at room temperature with peaks at 350 and 365 nm and transient decay lifetimes (τ) 

of 4.5 and 4.7 ns, respectively. At 77 K, they show nearly identical phosphorescent spectra 

with a peaks at short wavelength of 431 nm and τ’s in the microsecond range. Thus, the ET 

of both pDCzPF and mDCzPF is calculated to be 2.88 eV, which is higher than the ET of 

most common deep blue phosphorescent emitters (ET: 2.70-2.75 eV).[141] The carbazole/9-

silafluorene hybrid mDCzPSiF has a fluorescent spectrum at room temperature peaking at 
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363 nm with a higher energy shoulder at 352nm, however, its phosphorescent spectra at 77 

K is significantly blue-shift compared to that of the pDCzPF and mDCzPF, with the first 

peak at 409 nm. Hence, the ET of the mDCzPSiF is calculated to be 3.03 eV, which is higher 

than previously reported tetraphenylsilane/carbazole-based host materials.[97,129,130] 

Tetradentate Pt(II) complex PtN3N-ptb has been shown to be an extremely stable 

phosphorescent red emitter in a host of CBP.[58] To evaluate the operational stability and 

electroluminescent (EL) properties of pDCzPF, mDCzPF and mDCzPSiF compared to the 

standard host CBP devices were fabricated and tested using a known stable device structure 

of, ITO /HATCN (10 nm) /NPD (40 nm) /10% PtN3N-ptb:Host (25 nm) /BAlq (10 nm) 

/BPyTP (40 nm) /LiF (1 nm) /Al (100 nm. BAlq was selected as the hole blocking material 

because of its deeper HOMO level (-6.2 eV) than the host materials (-5.32–-6.0 eV), allowing 

for exciton formation to be confined inside of the EML. Figure 58 shows a) an energy level 

diagram and the chemical structures of the materials used in the PtN3N-ptb-doped OLEDs, 

b) the electroluminescence (EL) spectra, c) current density vs voltage characteristics, d) 

external quantum efficiency vs luminance and e) device operational time vs brightness. All 

four devices showed broad emission spectra in red visible region with a dominate peak at 

about 606 nm with a vibronic sideband at 660 nm. 
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Figure 58: (a) Energy level diagram and chemical structures of the materials for the PtN3N-ptb-
doped OLEDs (devices 1-4) using CBP, pDCzPF, mDCzPF or mDCzPSiF as hosts. (b) EL spectra, 
(c) Current density–voltage (J–V) characteristics, (d) external quantum efficiency (EQE) versus 
luminance plots (e) Luminance intensity-time curves of devices 1-4. HIL, hole injection layer; HTL, 
hole transporting layer; EML, emissive layer; HBL, hole blocking layer; ETL, electron transporting 
layer. 
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These devices exhibited low turn-on voltages of 2.5±.2 V. Devices 2 and 3, using 

pDCzPF and mDCzPF as hosts and demonstrate a peak EQEs of 9.5% and 9.4% 

respectively. It should be noted that this is superior to that of the device 1 with CBP as host. 

Additionally, device 3 using the "M"-type mDCzPF as host demonstrated a very good 

operational lifetime, LT97 of 205 h, with an initial luminance (L0) of 1036 cd/cm2, which 

represented a tenfold lifetime improvement over the device 2 using the "V"-type pDCzPF as 

host. The "M"-type pDCzPSiF based device 4 also exhibited significantly improved 

operational lifetime over the "V"-type pDCzPF (Table 5). The improvement in device 

lifetime could be attributed to the more rigid molecular configuration and small dipole 

moments of the "M"-type host materials that help prevent charge trapping in the EML.[142] 

While these “M”-type hosts do not demonstrate an operational lifetime comparable to that 

of CBP it is important to note that their significantly higher ET, compared to CBP, makes 

them more compatible with deep blue emitters. These results demonstrated that the newly 

developed "M"-type mDCzPF and mDCzPSiF have the potential to be a stable and efficient 

host for phosphorescent OLEDs. 

Table 5: Summary of PtN3N-ptb device performance. 

Device Host Peak EQE [%] L0 [cd/m2] LT97 [h] 

1 CBP 9.0 1200 432 

2 pDCzPF 9.5 1010 20 

3 mDCzPF 9.4 1036 205 

4 mDCzPSiF 8.6 975 150 
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To further evaluate the potential application of the "M"-type host material mDCzPF 

in a blue phosphorescent OLEDs with high ET, devices using the tetradentate Pt(II) 

complex PtNON, were evaluated. As shown in chapter 2 PtNON has a 77k emission 

peaking at 438 nm in 2-MeTHF suggesting it has a high ET of 2.83 eV. Devices were 

fabricated and tested using strong charge blocking materials with a structure of HATCN (10 

nm) /NPD (40 nm) /TrisPCz (10 nm) /10% PtNON: Host (25 nm) /DPPS (10 nm) 

/BPyTP (40 nm) /LiF (1 nm) /Al (100 nm). MCPy26 was utilized as a reference host for its 

high ET (2.91 eV) and wide uses in efficient green,[69,143] blue,[69,83,114,118] and white[144–147] 

OLEDs. Figure 59 show a) an energy level diagram and the chemical structures of the 

materials used b) the EL spectra, c) current density vs voltage characteristics, d) external 

quantum efficiency vs luminance and e) device operational time vs brightness. 
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Figure 59: (a) Energy level diagram and chemical structures of the materials for the PtNON-doped 
OLEDs (devices 5, 6) using 26mCPy or mDCzPF as hosts. (b) EL spectra, (c) Current density–
voltage (J–V) characteristics, (d) Power efficiency-Luminance (P–L) characteristics, and (e) external 
quantum efficiency (EQE) versus luminance plots of devices 5 and 6. EBL, electron/exciton 
blocking layer. 
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The EL spectrum of the device 6 employing mDCzPF is slightly red-shifted and 

broadened compared to that of device 5 (Figure 59b). This may result from the slightly more 

planer shape of mDCzPF compared to 26mCPy, however more experimentation would be 

required to fully validate this hypothesis. The energy diagram in Figure 59a shows the large 

0.7 eV barrier between the LUMO levels of DPPS and mDCzPF compared to a 0.2 eV 

barrier between DPPS and 26mCPy. This is likely responsible for the increased turn-on 

voltage from device 5 to device 6. Both devices also exhibit a high peak power efficiency of 

over 40 Lm/W. Most importantly, device 6 employing the "M"-type mDCzPF as a host 

demonstrated a peak EQE of 18.3% with a low roll off to 17.1% and 15.6% at 100 and 1000 

cd/m2 respectively. This demonstrates that this newly developed “M”-type host is 

compatible with high ET emitters. 

4.2: Conclusion 

In this chapter a novel "M"-type carbazole/fluorene hybrid called mDCzPF and a 

carbazole/9-silafluorene hybrid called mDCzPSiF are reported. Both these materials have 

high ET achieved by utilizing the meta-substituted phenyl groups as linkers. Red 

phosphorescent OLEDs using these "M"-type mDCzPSiF and mDCzPF as hosts 

represented a 7 to 10-fold operational lifetime improvement over the "V"-type pDCzPF 

based OLED. Additionally, the "M"-type mDCzPF was implemented as a host with the high 

ET emitter PtNON (2.83 eV). PtNON doped OLED using mDCzPF as host exhibited a 

peak EQE of 18.3% with a low roll-off. Finally, the rigid molecular configuration and small 

dipole moment of the "M"-type host molecules is shown to play a critical role in the device 

performance. This provides a viable method for new host material design in the 

development of stable and efficient phosphorescent OLEDs. 
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5: Optical Extraction 

Optical modeling, simulation, and optimization of OLED devices represents an area 

of research that can potentially have a massive impact on OLED performance. It is widely 

advertised that phosphorescent OLEDs can operate at 100% internal quantum efficiency. 

Despite this, a conventional bottom emitting OLED can only attain an EQE of 20-25%, 

resulting from 75-80% of the generated light remaining trapped in the device.[93,148] 

Fortunately, the majority of these optical losses are recoverable through various techniques. 

For this section, we will focus on optical extraction techniques that can be employed on 

conventional bottom emitting OLED (Figure 60a) devices with ITO as the anode and 

aluminum and the cathode. It should be noted that the optics of an OLED device will 

change dramatically in an inverted bottom emitting structure (Figure 60b) or a top emitting 

OLED (Figure 60c). Inverted OLED structures are a colloquial term for a device where the 

transparent conductor (typically ITO) is used as the cathode, and the reflective metal layer is 

used as the anode. Top emitting OLEDs are devices that do not emit light through the 

substrate, they typically have a semi-transparent top layer to allow light to be emitted from 

the organic side of the device. 
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Figure 60: Schematic showing general layer structure and emission direction for a) bottom emitting 
OLED, b) inverted bottom emitting OLED, c) Top emitting OLED. 

 

As previously mentioned, there are a wide range of optical extraction techniques 

being developed for OLED devices. These techniques can be broadly separated into three 

main groups, 1: internal extraction techniques, 2: external extraction techniques, 3: intrinsic 

material techniques. Internal extraction techniques are defined as alterations to the internal 

optical structure of the OLED device. This included internal diffraction layers, corrugated 

substrates, microcavity’s, and techniques to suppress plasmon quenching. Internal diffraction 

layers and corrugated substrates share a similar purpose. Their primary function is to break 

up the planer nature of an OLED in order to reduce total internal reflection. This can be 

done by adding periodic or random structures to the substrate, or high refractive index 

anode layer (Figure 61). This technique has the potential to be compatible with roll to roll 

processing and is in the early stages of being evaluated by the OLED industry. Corrugated 

substrates can achieve high extraction enhancement on the order of 1.7-1.9 times.[149,150] 
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Figure 61: planer vs corrugated substrate schematic. 

 

Microcavities employ a stack of alternating high and low refractive index layers between the 

ITO and the substrate. By tuning the thickness of the organic layers in the device, an optical 

cavity can be formed creating a constructively interfering standing wave in the device. This 

technique has proven useful for enhancing the light extraction of monochromatic OLEDs. 

Microcavities have demonstrated a 1.4 times enhancement when property tuned and applied 

to devices. [151–153] 

External extraction techniques are comprised mainly of microlenses and scattering 

layers. They have the advantage of being an ex situ process to the OLED fabrication. This 

means that no changes need to be made to the manufacturing process, but light extracting 

can still be enhanced. Microlenses are typically produced as an adhesive film that can be 

applied to the glass substrate to reduce total internal reflection inside the substrate. This 
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technique can have a low cost and high impact on the device performance with some 

extractor layers reaching 1.7 times enhancement. [154–156] 

 

Figure 62: Schematic of microlense array on substrate. 

 

Intrinsic material techniques are a general term for altering the physical OLED stack 

in the device to alter the optical properties. The most common application of this technique 

is changing the thickness of the hole transport layer to optimize the OLED stack for a 

specific wavelength of light.[143] Other common applications of this technique include 

designing lower refractive index materials or using materials with birefringent properties.[157–

159] The common goal of this is to optimize and tune the OLED stack to minimize organic 

waveguide losses.[155] These techniques tend to involve more rigorous research to optimize. 

This is a result of changes to the organic materials often altering the electrical performance 

of the device, resulting in the need to re-optimize the electrical and optical performance of 

the device after a change in material. Finally, one of the most promising techniques for 

improving OLED optical performance is the development of oriented emitters. The 

spontaneous emission direction of a photon with respect to an organic molecule occurs 
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perpendicular to its transition dipole moment vector (TVD). [160] If the TVD’s of the 

emitting molecule can be oriented parallel to the substrate, the need for many extraction 

techniques can be greatly reduced or eliminated. Despite this technique being widely studied, 

there remains a limited understanding of design rules for achieving this preferential 

orientation.[93,115,148,161] 

 

Figure 63: Schematic showing isotropic vs horizontal dipole orientation and its impact on emitted 
light. 

 

For OLEDs to break many of their barriers to wide spread adoption their 

performance must continue to improve while the cost lowers. Keeping this fact in mind 

research was focused on improving light extraction while maintaining low fabrication cost. 

Prior to designing low-cost optical extraction techniques our conventional OLED structure 

must be modeled and simulated to identify existing inefficiencies in our structure. 

A wide range of simulation techniques exist for modeling the optical structures in an 

OLED device. These range from simple techniques such as ray optics to the more detailed 
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simulations such finite-difference time-domain(FDTD) calculation. Simple simulations like 

ray optics are useful for estimating things like total internal reflecting angle. However, to 

obtain meaningful quantitative information about the emission process, loss channels and 

external performance of an OLED a much more intensive simulation is required. The 

current widely accepted technique for this  is based on the theory of radiating dipoles in 

close proximity to plane interfaces. [162,163] Fluxim’s Setfos package is a powerful user-friendly 

simulation software package that allows for complex dipole model simulations to be carried 

out with a high degree of accuracy. However, since this software is an off the shelf package, 

we wanted to begin by validating the accuracy of the model against previous simulations and 

experiments. 

5.1: Setfos Simulations 

The experiment we chose to simulate in Setfos are part of a former group member’s 

dissertation from May 2014.[164] His work involved optimizing microcavities using finite 

FDTD simulations, he was able to demonstrate that the simulations he ran (shown in Figure 

64a, c) proved to be closely matching to experimental data collected. Figure 64 shows the 

simulated outcoupled spectrum and simulated air mode extraction for a variety of 

microcavity devices. The devices that were simulated have an structure of Glass/ DBR 

cavity structure (x pairs)/ ITO (53nm)/ Hat-CN (10nm)/ NPD (Ynm)/ TAPC (10nm)/ 

mCPy26 (25nm)/ DPPS (10nm)/ BmPyPB (45nm)/ LiF (1nm)/ Al (100nm) where the 

distributed Bragg reflector (DBR) cavity consisted of layers of alternating Ta2O5 (n=2.2) and 

SiO2 (n=1.46) to create the DBR stack. These stack have the structure Ta2O5 (57nm)/ SiO2 

(100nm)/ ITO (53nm) for 1 pair, Ta2O5 (57nm)/ SiO2 (83nm)/ Ta2O5 (57nm)/ SiO2 

(100nm)/ ITO (53nm) for 2 pair, and Ta2O5 (57nm)/ SiO2 (83nm)/ Ta2O5 (57nm)/ SiO2 

(83nm)/ Ta2O5 (57nm)/ SiO2 (100nm)/ ITO(53nm) for 3 pair. Additionally the thickness of 



  

117 
 

the NPD was varied from 30nm to 60nm to evaluate how well the software handles the 

complex optical structure. The slight deviations between FDTD and Setfos likely arises from 

the use of spectroscopically dependent complex n and k values in Setfos vs simplified ‘n 

only’ values being used in FDTD. Despite this, it is apparent that the Setfos software shows 

a high degree of accuracy in matching the FDTD simulations and by extension physical 

devices. These results provide confidence that the modeling software can reliably reproduce 

the effects of optical extraction in a complex OLED structure. 
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Figure 64: A1-A4 FDTD simulation of emission for 0 pair, 1 pair, 2 pair and 3 pair respectively at 
variable NPD thickness. B1-B4 Setfos simulation of emission for 0 pair, 1 pair, 2 pair and 3 pair 
respectively at variable NPD thickness. C1-C4 EQE Vs NPD thickness. 

 

Building off a strong understanding of the modern OLED stack, it is widely 

acknowledged that there are 3 layers within the device whose thickness can be varied with 

minimal impact on the electrical properties of the device. These three layers are the 

transparent anode, the hole transporting layer and the electron transporting layer. These 

three layers will be the focus of the modeling to attempt to maximize light outcoupling of 

the device without incurring additional costs. In these simulations we will be evaluating the 
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potential enhancement to the air mode (light that escapes the substrate) and to the substrate 

mode (light that remains trapped in the substrate). It is important to note that the substrate 

mode is easily recovered by incorporating low cost microlens extractors. In the upcoming 

evaluation we will be examining the air and substrate modes to evaluate the potential of total 

extraction that can be achieved. These simulations were conducted at 580nm to match 

closely with the emitter that will be used in section 5.2. 

Efficiency curves showing all the loss mechanisms of the device were constructed 

while each of the free parameters were varied. Figure 65a shows the optical structure that was 

modeled in the Setfos software.  

 

Figure 65: a) Schematic of the standard bottom emitting OLED structure that we employed, b) 
breakdown of probabilities of lighting in each of the different modes in a OLED structure as the 
ETL changes in thickness, (red-air mode, Dark blue-substrate mode, Yellow-Absorption loss, Pink- 
Organic waveguide mode, Light blue: plasmon quenching. 

 

The values for reactive index of the materials were determined on a J. A. Woolam 

spectroscopic ellipsometer by measuring films on silicon wafers and fitting the data with a 
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generic oscillator model using the WVASE software. Efficiency fields where constructed 

while varying 1 of 3 parameters to attempt to identify local and global maximums. Figure 65b 

shows the optical losses vs ETL thickness. It is well studied that thickening the ETL will 

reduce plasmon losses within the device by helping to decouple the emissive zone and the 

metal cathode. Even though there is a very large portion of light lost to plasmon quenching 

when the ETL is below 200nm it is necessary to keep this layer thin. This helps to maintain 

proper electrical properties within the device. As a result of limitation in our ETL material 

the thickness was fixed to a value of 60nm, a local maximum for the air mode extraction. 

However, the model suggests that a thickness of 70-90nm would be better suited for this 

work. Future work might focus on development of a ETL that has high enough electron 

mobility to allow for a thicker layer while maintaining low driving voltage. 

 

Figure 66: a) loss modes vs HTL thickness, b) loss modes vs transparent anode thickness. 

 

The next step was to identify the local and global maximum extraction values for 

variable thickness HTL(Figure 66a). While the air mode is maximized at a thin HTL of 60nm 

(25% air mode) the sum of the air and substrate modes reach a global maximum at 270nm 
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for the HTL thickness. This has an air mode extraction of 24.7% and a substrate mode of 

25%. However, 270nm is far thicker that most standard OLED devices. In order keep 

material consumption low we identify the local maximum at 90nm as a better option. At this 

thickness the air mode extraction is 25% and the substrate mode is 22.1%. We follow the 

same procedure to identify the best potential thickness for ITO. We identified the global 

maximum for ITO to be at 265nm. Unlike the HTL, thick ITO isn’t a concern for the 

electrical properties of the device. Enhancement in the outcoupling of the device in both 

cases arises from weak cavity effects of the tuned layer. The small refractive index offset of 

Δn=.1-.3 is enough to cause these effects. Because of this we cannot simply combine these 

two independent results and expect to still achieve optimal results. 

 

To determine the true potential for our devices maximum outcoupling, while varying only 

two parameters a series of simulations were run that couple the ITO thickness and the HTL 

thickness together to determine the maximum air mode, substrate mode and their combined 

totals. 
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Figure 67: variable ITO and HTL thickness a) Air mode extraction, b) substrate mode and c) 
combined air and substrate mode. 

 

The maximum attainable air mode is 25.4% at 75nm ITO and 60nm NPD. The 

maximum attainable substrate mode is 32% however this occurs at values that are too thin to 

be practically implemented. The local maximum substrate mode with suitable thickness 

occurs at 125nm ITO and 135nm NPD and is 28.5%. The maximum air and substrate mode 

extraction possible is 50% when ITO is 210nm and NPD is 100nm. This is the optimum 

structure that we identified assuming isotropic dipole orientation, 60nm ETL, and a glass 

substrate material. This shows that by only maximizing the air mode of an OLED device, 
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you are reducing the potential for total light extraction when using external extraction layers. 

The air mode optimized device is only capable of total extraction of 46% vs 50%. 

5.2: PtN8PPy Device Study 

With an optimized OLED structure identified, devices using PtN8PPy a red/amber 

emitter were tested. In a charge confined structure this emitter is capable of achieving 16% 

EQE (resulting from low PLQY) in air mode with a narrow emission profile less that 20nm 

full with half max and a peak emission at 580nm (Figure 68b). When testing devices, we used 

the technique drawn out in Figure 68c to measure the light trapped in the substrate mode. By 

filling the air gap between the surface of the glass and the detector with index matched gel 

the light travels out of the substrate without experiencing total internal reflection or any 

other optical phenomenon at the glass surface. By using this technique, we are able 

accurately quantify the amount of light in the substrate mode in a device setting and 

compare it directly to what was calculated in the model. The devices in this study are being 

specifically developed for potential applications in the automotive industry. The Economic 

Commission for Europe (ECE) has a stringent set of definitions for what CIE coordinates 

are required for automotive applications. These requirements can be found in Addendum 47: 

Regulation No. 48, revision 9 of the “Uniform provisions concerning the approval of 

vehicles with regard to the installation of lighting and light-signaling devices”. 
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Figure 68: a) CIE plot showing the ECE defined red and yellow (amber) regions, b) narrow band 
emitter electroluminescent emission with chemical structure, and c) schematic showing how air mode 
and substrate mode are measured. 

 

Fabricating a stable OLED device with this optimized structure yields promising results. The 

CIE coordinates are shifted closer to the ECE defined red region, however, this leads to 

more emission beyond the visible range resulting in a reduction of device brightness from 

2,800 cd/m2 to 1,700 cd/m2. In addition to the color shift we see validation of our technique 

to maximize light extraction. Comparing the standard structure (device 1) to the optimized 

structure (device 2) demonstrates the positive effect our structure has on the ratio of 

substrate to air mode (Figure 69). Device 1 has a peak EQE of 16% in air mode and has 

another 14.5% trapped in the substrate. Device 2 has a peak air mode contribution of 12.8% 
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with a substrate mode contribution of 22.2%.  Despite device 2 having a lower air mode 

value it has much higher potential for light extraction. 

 

Figure 69: a) EQE vs luminance of standard and optimized OLED, measuring air mode and airmode 
+ substrate mode, b) EL spectra of standard and optimized device. 

 

As the efficiency of the surface extractors increases this technique will yield better 

results. The graph in Figure 69a shows the results if the surface extractors are assumed to be 

100% efficient.  

 

 

 

 

 

 

 

Table 1 shows how the overall device efficiency changes with the quality of the 

surface extractors. If the microlense has a 50% extraction efficiency, the new optimized 

structure will yield higher total device EQE. 



  

126 
 

Table 6: Summary of device performance of PtN8ppy EQE with various theoretical extractor 

efficiency. 

Peak 

EQE 

Air mode Substrate 

mode 

50% surface 

extractor 

75% surface 

extractor 

100% surface 

extractor 

Device 1 16.0% 14.5% 23.25% 26.9% 30.5% 

Device 2 12.8% 22.2% 23.9% 29.5% 35.0% 

 

With an assumed microlense efficiency of 75% (a reasonable estimation based on industry 

available extractors) we see a notable improvement in the EQE from 26.9% up to 29.5%. 

This counterintuitive technique of optimizing the optical structure of a device for something 

other than maximum air mode extraction is shown to yield a modest improvement in EQE 

with minimal additional cost. Despite this positive progress, the lifetime and color of the 

PtN8ppy is lacking and needs further exploration to improve its commercial viability. 

5.3: Pd3O3 Device Study 

To further evaluate the performance of this optimized optical structure, additional 

analysis was conducted using a newly developed oriented emitter. Pd3O3 is an previously 

reported stable and efficient excimer emitter.[112] Excimer emitters have a high energy 

(blue/green) emission from the monomer state (one emissive complex isolated in the host) 

and a broad band lower energy (orange/red) emission in the excimer state (two or more 

complexes in close proximity in the host). In addition to Pd3O3’s high efficiency and 

stability, it has also been shown to demonstrate TDV orientation in a thin film. This 

orientation can be quantified by conducting angular dependent PL spectroscopy 

measurements with a half-cylinder lens shown in Figure 70a. 
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Figure 70: a) schematic of angular dependent PL spectroscopy measurement, b) experimental vs 
simulated intensity vs detection angle. 

 

Pd3O3 demonstrated approximately 80% orientation (Figure 70b) where 66% is isotropic 

and 100% is the ideal condition. To evaluate the impact of emitter orientation on OLED 

extraction, the dipole orientation of the optimized OLED device was simulated. 
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Figure 71: Setfos simulation of emitter dipole orientation and its impact on optical extraction. 

 

The simulation shows a simple linear improvement to extraction as the dipole orientation 

approaches unity. With a dipole orientation of 80% the model suggests a peak EQE of 57% 

(air and substrate mode) is attainable with a maximum air mode of about 27.5%. 

To evaluate the simulation, a Pd3O3 device was fabricated in a stable structure of 

ITO (210nm)/HATCN (10 nm) /NPD (100 nm)/Tris-PCZ (10 nm)/20% Pd3O3:mCBP 

(30 nm)/Balq (10 nm)/BPyTP (60 nm)/LiF (1 nm)/Al (100nm). The EQE vs luminance 

curve shows the performance of the planer air mode only device, a device with a low quality 

extraction layer, and a device with idealized substrate extraction. Pd3O3 demonstrates that a 

low-cost optical structure can reach a peak air mode EQE of 30% (Figure 72a). Under ideal 
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extraction conditions we can achieve over 58% peak EQE, with an EQE at 1,000 cd/m2 of 

50%. This is comparable to the performance of current OLED products on 

 

Figure 72: a) Pd3O3's chemical structure, b) EQE vs luminance, c) EL emission spectrum, and d) 
device operation time at variable brightness. 

 

the market employing complex high-cost structures. In addition to high device efficiency we 

have tested the operational lifetime under accelerated conditions to 50% of its initial 

intensity. We have recorded a lifetime over 500 hours at an initial brightness of 8,777 cd/m2 

only measuring the air mode. Using the stretched exponential equation assuming an 

escalation factor of 1.8 we show the LT50 =24,000 hours. Examining the lifetime under the 

ideal extraction condition we have an initial brightness of 16,700 cd/m2 using this value in 

the stretched exponential equation with the same escalation factor the lifetime increases to 
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LT50 =80,000 hours. The estimation for the escalation factor is a widely contested point in 

both industry and academic settings. Depending on the device structure as well and the 

degradation pathways of the emissive species, the escalation factor can vary widely. To 

estimate the escalation factor for our device we measured the lifetime under 2 driving 

conditions of 8,777 cd/m2 and 1,000 cd/m2. These two data points give us the ability to 

estimate the escalation factor. However, as a result of the high stability and our relatively 

short testing period (LT97) we have a potential for a high degree of error. We calculated an 

escalation factor of 2.1±.2 however, more data points are required to improve the accuracy 

of these findings. In addition to being stable and efficient the CIE coordinates of Pd3O3 are 

X=.579   Y=.416. This falls within the ECE requirements for amber colored light. 

5.4: Conclusion 

In this chapter we have successfully demonstrated the optimization of a conventional 

OLEDs optical structures. Furthermore, we identified an alternative technique to achieving 

improved outcoupling when implementing microlenses ex situ to the device fabrication 

process. This has resulted in highly efficient and stable amber emitting OLED being 

developed that can compete with current OLED products without the need for high-cost 

techniques.   
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6: Conclusions 

In this dissertation, numerous techniques are outlined and demonstrated for bringing 

OLED technology closer to commercial implementation. Among the major hurdles to 

widespread adoption of this technology are the development of stable and efficiency blue 

OLEDs, the development of high energy host materials for use in efficient phosphorescent 

deep blue devices, and optimization of cost-effective light extraction techniques. Examples 

of each of the following techniques have been demonstrated in this work. 

6.1: Blue OLEDs 

Two techniques for achieving efficient and stable blue emission have been 

demonstrated. In chapter 2, a novel and practical technique for improving charge balance 

and the exciton formation dynamics in a sky-blue OLED was demonstrated. Implementing a 

rationally designed layered EML structure is shown to alter the charge injection barriers and 

charge transport characteristics of a stable OLED device. In a stable structure, a PtNON 

device demonstrated an EQE at 1,000 cd/m2 of 17.4% with an estimated LT70 of over 1,300 

hours from a starting brightness of 1,000 cd/m2. This stable PtNON device was further 

improved through the design of a fluorescent sensitized device that achieved an EQE at 

1,000 cd/m2 of 15.2% with an LT70 of 46 hours at a constant current density of 20 mA/cm2. 

This device demonstrated a significant blue shift in EL emission with CIE coordinated 

improving from (0.17, 0.38) to (0.15, 0.25). These devices demonstrate current literature 

records for highly stable blue OLED devices operating at high efficiency and similar CIE 

coordinates.[63,165,166] In addition to improved device performance a new class of highly 

efficient OLED emitters were presented in chapter 3. MADF emitters allows for delayed 

fluorescent materials with a large ΔEST to maintain 100% IQE. This was demonstrated with 

three key emitters. PdN3N in a stable structure demonstrated a green OLED device with a 
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peak EQE of 22% with an EQE at 1,000 cd/m2 of 13.7% with an LT95 of 32 hours from a 

starting brightness of 4,100 cd/m2. This demonstrates that the MADF system process has 

the potential to be a stable and efficient OLED emitter. PdN1N-DM demonstrated a peak 

EL emission of 466 nm with CIE coordination of (0.14, 0.25), and the maximum EQE of 

25.1 % in a charge confined structure. Additionally, in a stable structure PdN1N-dm 

demonstrating a maximum EQE of 9.8 %, CIE coordinates of (0.14, 0.32) and an estimated 

operational lifetime LT70 of 354 h at a brightness of 100 cd/m2. This shows proof of concept 

for developing higher energy MADF emitters that have the potential for stable and efficient 

blue emission. 

6.2: High Energy Host Materials 

The development of high energy host materials for use in stable and efficient deep 

blue devices remains a major roadblock in research and industry. Chapter 4 outlines the 

development of two novel "M"-type hosts. A carbazole/fluorene hybrid  called mDCzPF 

and a carbazole/9-silafluorene hybrid called mDCzPSiF, both with high ET utilizing the 

meta-substituted phenyl groups as linkers. Red phosphorescent OLEDs using these "M"-

type mDCzPSiF and mDCzPF as hosts represented a 7 to 10-fold operational lifetime 

improvement over previously reported "V"-type pDCzPF based OLEDs. Additionally, the 

"M"-type mDCzPF was implemented as a host for a high ET emitter PtNON (2.83 eV). 

PtNON doped OLED using mDCzPF as host exhibited a peak EQE of 18.3% with a low 

roll-off demonstrating its compatibility with higher energy systems. This provides a new 

viable design scheme for host materials targeted at stable and efficient high energy 

phosphorescent OLEDs. 
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6.3: Enhanced Low-Cost Optical Extraction 

A common hurdle to the wide spread adoption of any new technology is the cost. As 

cost is brought down, risk to adopters is reduced, and the adoption rate of the new 

technology grows. In chapter 5 a new technique to improve light extraction with minimal 

impact on cost was presented. By optimizing an OLEDs outcoupling to maximize the light 

channeled into the substrate mode of the device, the total light extraction can be improved 

after implementing a microlens array. By following this technique and assuming a microlens 

extraction efficiency of 75%, the EQE of PtN8ppy devices can be improved from 26.9% to 

29.5%. By employing an amber emitter that demonstrates 80% horizontal orientation, a final 

device was able to achieve a peak EQE of 51% (assuming 75% efficient microlens films) 

with a long LT50 over 500 hours. This modest improvement in the optical outcoupling is 

achieved solely by thoughtful optimization of the optical structure of the OLED. Altering 

the thickness of the transparent anode layer would incur nearly no additional cost in a 

production setting making this a practical improvement to OLED device design.  

6.4: Commercial Impacts of Research 

 Much of the research enclosed in this dissertation is targeted directly towards 

commercial applications. There are three primary innovations in this work that support this, 

1) Layered EML structures for exciton management, 2) Low cost optical extraction 

techniques, 3) Phosphorescent excimer emitters for blue-free lighting.  

 Many tailored EML structures exist that are designed to improve the exciton 

management of an OLED. Unfortunately, many of these structures are complicated and 

require depositions techniques and levels of control that cannot be reproduced in a scaled 

environment, for example, linearly graded doped EMLs. This was among the primary drivers 
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for the design and optimization of the layered EML project. The layered EML has 

demonstrated significant performance enhancements while maintaining a simplified 

deposition technique. Conventional OLED manufacturing uses linear deposition tools with 

isolated chambers for each layer deposition. A complicated technique such as graded doped 

EML’s would not be able to be adopted in this system. However, a layered EML could be 

fabricated with the addition of deposition chambers. While this would incur extra startup 

cost, it could yield improved OLED performance with minimal impact on production time 

or yield. 

 The need for improved optical extraction in OLED lighting applications is well 

reported and documented. Developing low cost techniques that can achieve this will 

continue to reduce the cost per lumen of OLED lighting. The tuning of optical cavity of an 

OLED discussed in Chapter 5 can allow for the maximization of light extraction from a 

given microlense array to be achieved. This technique does not change any crucial portion of 

the OLED fabrication process and would incur little to no additional cost on the 

manufacturing of an OLED. This improved extraction and cost saving measure will further 

help to bring down the cost per lumen of OLED lighting bringing it closer to widespread 

adoption.  

 Finally, the development of a highly efficient and stable excimer emitter Pd3O3 is 

briefly discussed in Chapter 5.3. Pd3O3 and its analogs have demonstrated an impressive 

amber emission that satisfies the requirements for blue-less lighting. The performance of this 

emitter in a simple planer OLED structure, using non-proprietary materials has matched or 

exceeded the performance of current commercial OLEDs using more complex structures 

and state-of-the-art materials. This high-performance emitter can be easily implemented into 
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a manufacturing setting with minimal work required to re-optimize its performance with 

state-of-the-art materials. With partnership from a commercial OLED vendor, Pd3O3 or its 

analog could dramatically improve the performance of blue-less OLED lighting products.  

 While all the research present here will have an impact on the OLED research field, 

the three sections mentioned can have a direct impact on the OLED industry and help bring 

this technology closer to widespread adoption.  
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APPENDIX A 

CUSTOM BUILT OLED EQUIPMENT FOR AAML LAB 

  



  

150 
 

 

Angular Dependent PL Spectroscopy 

 This tool was built to measure of the emitting molecules orientation in a thin film. A 

UV laser excites a thin film on quartz that is index matched to a half cylinder lens. A 

spectrometer is aligned with the excitation point and the polarized emission from the film is 

measured as it sweeps from 0-90 degrees. This data is then fit to a library of simulations 

obtained from optical modeling using Setfos. This enable an estimation of the anisotropic 

properties of the emissive molecule in a thin film. The tool was designed to be fully 

automated to allow its class 3b laser to be contained in a light sealed box. This provides both 

protection for the user and reduced ambient noise.  
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Multi-channel OLED lifetime testing system 

 To enable a faster research throughput, a low-cost multichannel testing system was 

developed. This system using a switch matrix and a single high-accuracy ammeter to read the 

and log the brightness decay of 20 OLEDs simultaneously. This system also has the capacity 

to be scaled up to 60 channels and beyond with minimal alterations.  


