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resumo 
 

 

Materiais TADF (Thermally Activated Delayed Fluorescence Emitters) surgem 

como os mais promissores candidatos para a próxima geração de materiais 

luminescentes de alta eficiência, com um limite de 100% de eficiência quântica 

interna. Nos naos recentes, têm sito exaustivamente estudados como emissores 

em OLEDs (Organic Light emitting Diodes) particularmente por processos de 

evaporação térmica em estruturas complexas. Contudo, limitações a nível de 

transporte de carga elétrica, quenching e de materiais para a matriz da camada 

emissiva, têm dificultado o avanço do fabrico por deposição a partir da via 

húmida em estruturas simplificadas. A eficiência de OLEDs depositados por via 

húmida, é limitada pelos parâmetros de fabricação e em particular com os 

materiais TADF é difícil a sua otimização. O trabalho desta tese é focado no 

desenvolvimento de OLEDs baseados em materiais TADF (nas cores 

fundamentais, vermelho, verde e azul) de alta eficiência e e estruturas simples, 

usando processos de fabrico por via húmida com potencial de aplicação em 

emissores de larga área. A estrutura de um OLED baseado em TADFs, baseia-

se no conceito host: guest, dopando uma matriz de um host apropriado com o 

TADF. O host ajuda a transferir a carga para o emissor e evita o usual quenching 

do emissor. A investigação abrange três emissores diferentes e cinco tipos 

diferentes de hosts, que possuem características do tipo p, tipo n ou bipolar. A 

escolha do material do host permite avaliar o impacto dos níveis de energia e as 

propriedades de transporte no desempenho do dispositivo. 

 

Usando um sistema host p-type, n-type ou bipolar de poly(N-vinylcarbazole) 

(PVK) com 1,3-Bis(N-carbazolyl)benzene (mCP), 1,3-Bis[2-(4-tert-butylphenyl)-

1,3,4-oxadiazo-5-yl]benzene (OXD-7), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-

1-H-benzimidazole) (TPBi) e 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP) e bis[2- 

(diphenylphosphino) phenyl] ether oxide (DPEPO) como materiais host, o 

trabalho apresentado neste tese mostra OLEDs com alta performance dos 

TADFs laranja-vermelho 2-[4 (diphenylamino)phenyl]-10,10-dioxide-9H-

thioxanthen-9-one (TXO-TPA), verde 2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-

1,3,4-oxadiazole (2PXZ-OXD) e azul bis[4-(3,6-

dimethoxycarbazole)phenyl]sulfone (DMOC-DPS). Nos OLEDs procesados por 

evaporação térmica, (TXO-TPA), foi obtida uma eficiência quântica externa 

(EQE) de 11.22%, uma eficiência de corrente (ȠC) de 17.50 cd A-1, uma 

eficiência de potência (ȠP) de 9.16 lm W-1 e um brilho (Lmax) >13400 cd m-2 com 

um turn-on voltage de 4V e coordenadas de cor (CIE) de (0.45, 0.45). Nos 

OLEDs depositados por via húmida para o emissor 2PXZ-OXD, foi obtido um 

EQE de 18.54% a muito baixas densidades de corrente (3 mA cm-2), Lmax > 

10000 cd m-2 com ȠC de 33.77 cd A-1, ȠP de 26.52 lm W-1 e um turn-on voltage 

de 2.8V. Os dispositivos optimizados têm uma excelente supressão do roll-off, 

onde, para um brilho de 1000 cd m-2, a EQE é 14%, que é o melhor resultado 

alguma vez reportado para este emissor. É também discutido o efeito da 

espessura da camada emissiva (EML) e da camada de transporte de eletrões 

(ETL) no desempenho do dispositivo. Além disso, os estudos fotofísicos básicos 

de emissores em diferentes matrizes com diferentes concentrações também 

foram investigados. No final, OLEDs de larga área, de até 16 cm2 foram 

fabricados com sucesso para aplicações reais de iluminação. Os OLEDs de 

grande área com evaporação térmica baseados em emissores vermelhos TXO-

TPA exibiram um excelente EQE de 17,75% em um dispositivo de três camadas 

orgânicas, que é mais alto para qualquer OLED de grande área TADF já 

relatado. 
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Abstract 
 

Thermally activated delayed fluorescence emitters (TADF) emerged as one of 

the most promising candidates for next-generation highly efficient light-emitting 

materials up to 100% theoretical limit of internal quantum efficiency. They have 

been studied extensively in thermally processed organic light-emitting diodes 

(OLEDs). However, their use in solution-processed OLEDs is not advanced due 

to charge carrier transport, excitation quenching, and the use of a suitable host 

in a simple device structure. The efficiency of solution-processed OLEDs is 

limited by the fabrication parameters such as the thickness of organic layers and 

printing of the cathode type, and in TADF materials, it is difficult to optimize the 

fabrication parameters that can be implemented for the device applications. The 

present thesis focuses on the use of fundamental colors red, green, and blue 

TADF emitters to fabricate highly efficient but relatively simple device structures 

that can be used for large-area applications. A particularly interesting TADF 

based OLED design required a host-guest strategy by dispersing a small weight 

percentage of guests into an appropriate host matrix. The host helps to transfer 

the charge to the emitter and prevent the triplet exciton quenching increasing the 

device performance. The investigation encompasses three different emitters and 

five different types of hosts, which have either p-type, n-type or bipolar 

characteristics. The choice of host material enables us to assess the impact of 

energy levels, charge transport properties on device performance and helps to 

choose the best host: guest combination for efficient device fabrication. 

 

Using mixed p-type, n-type and bipolar host system of poly(N-vinylcarbazole) 

(PVK) with 1,3-Bis(N-carbazolyl)benzene (mCP), 1,3-Bis[2-(4-tert-butylphenyl)-

1,3,4-oxadiazo-5-yl]benzene (OXD-7), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-

1-H-benzimidazole) (TPBi) and 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP) and 

bis[2- (diphenylphosphino) phenyl] ether oxide (DPEPO) as host materials, the 

work presented in this thesis demonstrates high-performance of OLEDs of red-

orange 2-[4 (diphenylamino)phenyl]-10,10-dioxide-9H-thioxanthen-9-one (TXO-

TPA), green 2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-1,3,4-oxadiazole (2PXZ-

OXD) and blue bis[4-(3,6-dimethoxycarbazole)phenyl]sulfone (DMOC-DPS) 

emitters. Both thermally and solution-processed methods, and their hybrid 

approach were used for device fabrication. In thermally processed OLEDs of red 

TXO-TPA, we report an external quantum efficiency (EQE) of 11.22%, current 

efficiency (ȠC) of 17.50 cd A-1, power efficiency (ȠP) of 9.16 lm W-1 with high 

luminescence (Lmax) of >13400 cd m-2 and a turn-on voltage of 4V with the 

Commission Internationale de L'Eclairage (CIE) coordinates of (0.45, 0.45). In 

solution deposited devices, using the different hosts and thickness parameters, 

we report an EQE of 18.54% at a low current density of 3 mA cm-2, Lmax over 

10000 cd m-2 with a ȠC of 33.77 cd A-1, ȠP of 26.52 lm W-1 that turns on at 2.8V 

in the solution-processed 2PXZ-OXD emitter. The optimized devices exhibited 

excellent suppressed roll-off, and at 1000 cd m-2, the EQE is 14%, which is 

highest among the best reported in such emitters. Along with the effect of 

thickness of both the emissive layer (EML) and the electron transport layer (ETL) 

on the device performance is also discussed. The results represent among the 

high-performance green TADF OLEDs in a simple device structure. Besides, the 

basic photophysics studies of emitters in different host matrixes with different 

concentrations were also investigated. In the end, a large area of fundamental 

panels OLEDs up to 16 cm2 successfully fabricated for real lighting applications. 

The large-area thermally evaporated OLEDs based on red TXO-TPA emitters 

exhibited an excellent EQE of 17.75% in a three-organic layer device, which is 

highest for any TADF large-area OLED ever reported. 
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EC Conduction band energy 

EF Fermi level energy 

EV Valance band energy 

Evac Vacuum level 

I Current 

h Plank’s constant 

J Current density 

λ Wavelength 

K Rate constant 
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Lmax Maximum brightness/luminance 

S0 The ground state 

S1 The lowest excited singlet state 

T1 The lowest excited triplet state 

V Voltage 

Wt.% Weight percentage 

ηC Current Efficiency  

ηext External quantum efficiency 

ηint Internal quantum efficiency 

ηP Power efficiency  

μ Mobility 
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List of Chemical Compounds 

  
2PXZ-OXD 2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-1,3,4-oxadiazole 

Al Aluminum 

Ag Silver 

Cs2CO3 Caesium Carbonate 

CBP 4,4′-bis(9-carbazolyl)-2,2′-dimethyl-biphenyl 

DMOC-DPS bis[4-(3,6-dimethoxycarbazole)phenyl]sulfone 

DPEPO bis[2- (diphenylphosphino) phenyl] ether oxide 

ITO Indium Tin-oxide 

LiF Lithium Fluoride 

mCP  1,3-Bis(N-carbazolyl)benzene 

NPB N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine 

OXD-7 1,3-Bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene 

PEDOT:PSS poly(styrenesulfonate)-doped poly(3,4-ethylenedioxythiophene) 

PVK poly(N-vinylcarbazole) 

TAPC di-[4-N,N-ditolyl-amino-phenyl] cyclohexane 

TCTA 4,4',4''-tris(N-carbazolyl)-triphenylamine  

Tm3PyPB 1,3,5-Tri(m-pyridin-3-ylphenyl)benzene 

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

TXO-TPA 2-[4 (diphenylamino)phenyl]-10,10-dioxide-9H-thioxanthen-9-one 
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1.1 General Introduction 

Since the origin of life, light has been a feature for the existence and survival of all living 

organisms. Light is a form of energy and has been used in many simple and complex 

processes for biological systems. Since the evolution of life on the Earth, Mother Nature 

generates chemical energy from solar energy via photosynthesis. The first evidence of 

the use of controlled fire by Homo Erectus was nearly 1 million years ago, and it was a 

turning point in the advancement of human evolution. Scholars believe that since then, 

humans have been trying to harvest most of the available light energy. Fire-based oil 

lamps are as old as 10000-15000 years ago, and by 1911, General Electric started to 

sell the incandescent light bulb commercially. Since then, there has been a constant 

motivation to search for alternative materials, sources, and technologies to harvest 

abundant amounts of light energy. At present, the amount of energy required on the 

planet is fulfilled primarily using fossil fuels, and an only fraction is fulfilled using 

hydrothermal, nuclear, or solar energy. For sustainable growth of the global economy, 

the availability of cheap energy is essential. Our energy demand is constantly 

increasing to improve our lifestyle. Eventually, there will be limited availability of 

conventional energy sources in the long term. This had led scientists to search for 

cheap and clean ways to obtain clean light and move towards more eco-friendly 

sources.  

 Lighting is a growing global market. The outstanding advancements in efficient 

solid-state lighting and their use in daily life are effectively establishing in the current 

electronic market with a major share. The scientific community has been looking for 

alternative clean light sources since the invention of the first bulb. The development of 

light-emitting diodes (LED) gave a breakthrough to produce light that is more 

economical and has a longer lifetime than bulb and lamps. However, LEDs are 

composed of rare elements such as Gallium, Arsenic, and Indium, etc. which are scarce. 

To encounter this, an alternative cheap and abundant material is needed. Organic 

based materials can fulfill this requirement. Light-emitting diodes based on organic 

materials (OLEDs) can be produced in large-areas cheaply. In OLEDs, the use of organic 

material can allow an internal quantum efficiency (IQE) to a theoretically limit of 100% 

in a specific condition as compared to the inorganic materials. OLEDs are easy to 
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fabricate on both rigid and flexible substrates, environment-friendly, and can obtain 

high brightness in devices. 

Just imagine that television, mobile phone, and laptop can be rolled up. Would we 

not like to have flexible, wearable rolled up electronic devices? New OLED technologies 

are aimed at revolutionizing both lighting and display industry because of the flexible 

structure and the ease to tailor their properties, including the color of emitted light and 

structural modifications. From the smallest display in a watch to large-area, 

transparent, flexible, and low-energy display and lighting products, the flexibility of 

OLEDs enable manufacturers to produce OLEDs using roll-to-roll manufacturing 

processes, flexible display, and lighting such as TV screens, tablets or mobile phones.1 

Putting all together, the research and development in the field of OLEDs will have a 

huge impact on everyday life. The OLED industry is estimated to cross 20 billion by 

2030.2 OLEDs are being used in several flat and roll displays, also in white OLEDs for 

the lightning. OLEDs gives the freedom to modulate emission in different colors (color 

coordinates, temperature, and color rendering - white lighting), diffused light –(light 

from flat panels (large area) and high viewing angle), and freedom of design (thin, 

lightweight, flexible transparent - easy incorporation into 3D surfaces). The first 

invention of the low working applied voltage organic light-emitting diodes (OLEDs) in 

1987 by Tang and Van Slyke 3 using Tris-(8-hydroxyquinoline)aluminum (Alq3) as an 

emissive layer which exhibited luminance of 1000 cd/m2 at 10 V represented an 

advancement in display and lightening technologies. OLEDs have then emerged as an 

extensive active field in both scientific as well as technological aspects. They have 

attracted considerable attention due to their promising applications in cheap, energy-

saving, eco-friendly, and solid-state lighting. 4 

 

1.2 Organic Electroluminescence 

In an organic molecule, upon electrical stimulation, the generation of the light-emission 

is known as an organic electroluminescence (EL). The first observations of 

electroluminescence in organic materials was demonstrated by Bernanose in the 

1950s in adsorbed acridine dyes on a sheet of cellophane, applying threshold voltage 

of 400-800V.5 Later, by Pope at al. in 1965, it was observed and confirmed in 
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anthracene by recombination of electrons and holes at 400 V.6 Additional research on 

EL in anthracene was focused, but all the research reported the use of high voltage. 7-10 

Vincett et al. reported the use of lower voltage up to 30 V in vacuum-deposited 

anthracene films. 11 In 1987 by Tang and Van Slyke using thermally deposited Tris-(8-

hydroxyquinoline) aluminum (Alq3) as an emissive layer which exhibited luminance 

of 1000 cd/m2 at 10 V and external quantum efficiency (EQE) of 1%.3 Later in 1990, 

Burrough et al. introduced the first solution-processed polymer-based OLED. 4 

 

1.3 Organic light-emitting diode operating principle 

An OLED is a device that emits light in response to an electric current, composes by an 

organic layer sandwiched between two electrodes, which produces light. It composes 

of a transparent substrate to pass the maximum amount of the light, typically an ITO 

anode, and a metal cathode. In-between several organic layers are composed of both 

n-type and p-type materials. The most common OLED device is composed of five 

functional layers, which include two electrode layers and three organic layers. The 

organic layers are the hole transport layer (HTL), emissive layer (EML), and the 

electron transport layer (ETL). Typical electrodes are reduced metal cathode and a 

transparent oxide anode. Figure 1.1a shows the first low applied voltage operating 

OLED device structure reported by Tang and VanSlyke.1 It was a bilayer structure, 

which consists of di-amine 1,1-bis(di-4-tolylaminophenyl)cyclohexane (TAPC) as HTL 

and the aluminum complex tris(8-hydroxyquinolinato) aluminum (Alq) as ETL 

sandwiched between an indium-tin-oxide (ITO) anode and magnesium: silver cathode.  
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Figure 1.1. (a) The typical structure of the OLED device presented by Tang et al., (b) chemical structures 

of the molecules (ALQ3, TAPC) in first OLEDs, (c) the physical processes involved in OLED working; 1: 

electrical stimulation, 2: charge injection, 3: charge transport, and 4: charge recombination and emission 

of the light, (d) schematics of state-of-art OLED device structure.  

 

Highly advanced OLEDs may consist of a hole injection layer (HIL) and an electron 

injection layer (EIL), but these multilayer structured are desired to increase the device 

performance, which may include cost increment. Thus, a simple three-layer device 

structure is always preferred to reduce the process cost. In OLED, the physical 

processes are charge injection and transport, charge recombination and exciton energy 

transfer, and light emission.12 (Figure 1.1c) In operation of OLED, upon application of 

an external electrical field, electron and holes are injected by the electrodes into p and 

n-type organic layers. Electrons are injected from the cathode into ETL to EML, and 

holes are injected from the anode into HTL to ETL traveling across their molecular 

structure. In the emissive layer or emissive region, the charge carriers recombine to 

produce an exciton. This exciton decays radiatively and produces the emission of light 

with a wavelength corresponding to the energy transition of the carriers. 13 
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1.4 Scope of the thesis 

The work presented in this thesis comprises experiments and a theoretical approach 

to achieve an understanding of the use of thermally activated delayed fluorescence 

(TADF) emitters for the fabrication of simple and efficient organic light-emitting 

diodes. TADF emitters are considered as the third generation of organic metal-free 

emitters. In TADF emitters, the 100% internal quantum efficiency (IQE) gives freedom 

in increasing the external quantum efficiency (EQE) of the devices. The goal of this 

thesis is to achieve the best EQE based on TADF emitters in a remarkably simple device 

structure. First, photophysical characterization was used to find a suitable host for 

TADF emitter, which depends on the highest occupied molecular orbitals-lowest 

unoccupied molecular orbitals (HOMO-LUMO) of the host, triplet-energy (T1) of both 

hosts and emitter, host polarity, charge transfer from the host to the guest, etc. Both 

the solution-processed, as well as thermally evaporation processes, were used for the 

fabrication of devices on indium-tin-oxide (ITO) coated glass substrates. A mixed 

approach of both solution and thermal vacuum deposition process was also used for a 

hybrid device to improve the device performance. The device structure was simulated 

based on the mobility, energy levels, charge transport, and injection properties of the 

electrical carriers of the organic materials being used and the thickness of individual 

layers. The simulation was carried out using an already developed software. 

In the theoretical approach, the motivation behind the study is to analyze the 

formation of the recombination region and recombination probability. As we know 

that, the formation of the recombination region in EML or interface depends on the 

thickness and charge carrier mobility, and it changes the emission of the device. The 

charge carrier concentration inside the materials is embedded in the form of a thin 

nano-meter scale layer to introduce a voltage drop across the interfacial space of 

different organic layers, which is also related to the layer thickness. Upon electrical 

excitation, the exciton is formed in the EML within-host material or near the interface 

in HTL. Upon modulation of the thickness of both HTL and ETL, we can regulate the 

formation of the recombination region and its width. Such results are observable in our 

study. In the theoretical approach, the findings demonstrate how the recombination 

zone formed upon changing the thickness of both the emissive layer and the electrical 
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transport layer. The probability of the recombination formation can also be calculated 

that depends on the HOMO-LUMO, electrical carriers mobilities of the organic 

materials. 

Both the solution and thermally processed OLEDs of TADF emitter in a simple 

device were successfully fabricated. Favorable device results indicate the consistency 

of device efficiency with a doping concentration of emitter. The photo-physical 

characteristics also estimate the charge transfer process between the host (usually a 

polymer or a mixture of polymer and a small molecule) and TADF emitter, for which 

direct J-V-L (current-voltage-luminance) measurement from devices has proved 

supporting.  

In the process of fabricating OLEDs based on TADF emitters in different hosts, it 

was identified that the weight percentage of emitter directly correlates to device 

efficiency and the host characteristics. It is shown that if the doping concentration 

remains near 5-10 wt.%, the efficiency of the device improves, which is in the 

correlation with photo-physics characterization. At higher doping percentages, the 

concentration quenching of excitons limits the performance. This finding provides 

some clarification on multiple studies that report different strategies of fabrication of 

TADF based OLEDs with a different doping concentration in different hosts. In 

particular, the present results underline the importance of clarifying all recombination 

possibilities within a device architecture to understand the recombination mechanism 

within the simple three-layer device accurately. 

To summarize, the work presented in this thesis provides deeper insight into the 

fabrication parameters of TADF based highly efficient OLEDs of both the solution-

processed and thermally evaporated process. An insight is given on theoretical as well 

as photophysical characteristics to understand the underlying mechanism in TADF 

emitters, and the charge-injection process across the interface. The goal of this thesis 

is to develop a simple and efficient device structure on earlier reported emitters. More 

emphasis is given on the improvement of the figure of the merits of a device. The 

fundamental color stability and dynamic operational range for the device are required 

for lighting application. A specific emphasis on fabrication strategy is discussed for 

simple structures. The present thesis relates to a novel approach to utilize the potential 

of TADF emitters by addressing a key question in current OLEDs technology: can a 
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balance between efficiency and cost-effectiveness be possible? In the case of the 

present thesis, the question is reformulated as: can TADF emitters, be well adapted in 

device technology by addressing the aspects mentioned above by adapting both 

simulation and experimental approaches? 

 

1.5 Outline of the chapters 

In this thesis, we aimed to develop such strategies for the fabrication of highly efficient 

OLEDs based on TADF emitters by the employment of both theoretical and 

experimental approaches. The current aim of the industry is to synthesis efficient 

abundant TADF emitters, which are cheap, easily processable; thus, various TADF 

reported, but among all of them (>500), a few are being utilized for industrial 

application. To achieve high efficiency, a much complex structure required, increasing 

to the fabrication sophistication, which further leads to cost-effectiveness. Thus we 

aimed to develop simple but efficient device structures based in previously reported 

emitters via solution and thermally evaporation processes. 

A brief description of the content of the chapters is presented here. 

Chapter 1 is a general overview of the thesis and the work presented.  

Chapter 2 deals with the introduction of thermally activated delayed fluorescence 

emitters and their theoretical characteristics. Recent progress on TADF based OLEDs 

has been discussed in this chapter, along with best-reported TADF based devices of 

red, green, yellow, and blue emitters. A detailed description of light-generating 

principles, theoretical parameters of calculating device performance, and ideas of how 

to construct an efficient device are also presented. 

Chapter 3 discusses the materials, experimental methods, and theoretical 

approach.  

Chapter 4 discusses the fabrication of orange-red OLEDs based on 2-[4 

(diphenylamino)phenyl]-10,10-dioxide-9H-thioxanthen-9-one (TXO-TPA) via a 

thermally vacuum-deposited process. Emphasis is given on the charge recombination 

process and the effect of both hole and electron transport layers on the device 

performances. The devices were fabricated from a host: TADF matrix of 4,4′-Bis(N-

carbazolyl)-1,1′-biphenyl (CBP): TXO-TPA. A simulation approach is discussed to 
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calculate the recombination profile depending on different thickness profiles of HTL, 

EML, and ETL. The application on the fabrication of a large area (16 cm2) is also 

discussed. From these results, further optimization will be done using solution 

deposited devices. 

Chapter 5 shows the effect of host polarity on the performance of deep blue TADF 

blue bis[4-(3,6-dimethoxycarbazole)phenyl]sulfone (DMOC-DPS) emitter. A hybrid 

device via solution-processed, as well as thermally evaporated devices with TADF 

emitter in the different hosts such as bis[2- (diphenylphosphino) phenyl] ether oxide 

(DPEPO) and 1,3-Bis(N-carbazolyl)benzene (mCP) and effect on device performance, 

were investigated extensively. An extensive discussion on the suppressing of the 

efficiency roll-off is provided. With the results of the work of this chapter, an efficient 

improvement to the device performance, adding an ETL, will be discussed further. 

Chapter 6 discusses the fabrication of solution-processed highly efficient OLEDs 

based green 2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-1,3,4-oxadiazole (2PXZ-OXD) 

TADF emitter. A mixed host system of an n-type PVK: OXD-7 (polyvinyl carbazole and 

1,3-Bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene) as EML was used. The 

effect of EML thickness, the doping concentration of the TADF dopant, is discussed. The 

determination of the thickness of the HTL is also discussed. The photo-physics 

characteristics of the emissive layer are demonstrated and correlated with the device 

efficiency. A simulation to understand the electrical and recombination profile across 

the EML layer is discussed in detail. Following the previous idea, the concept used in 

this chapter will be extended to different TADF emitter with the use of the ETL layer. 

Chapter 7 discusses the employment of red-orange TXO-TPA emitter in a mixed 

host system to achieve an efficient OLEDs in a solution-processed device with a simple 

structure. A mixed host system of both n-type PVK: OXD-7, and a p-type PVK: mCP (1,3-

Bis(N-carbazolyl)benzene) was used with a different doping concentration of TXO-

TPA. The effect of solvent on the device performance is discussed. Specific emphasis is 

given on the choice of a solvent such as chloroform, chlorobenzene, and 

dichlorobenzene to find the best solvent system of a polymer-based emissive host with 

different TADF doping concentrations. The device performances were compared with 

different thicknesses of both EML and ETL. Taking into account all the previous results, 
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an improved device structure will be made considering all the device fabrication 

parameters.  

Chapter 8 shows the fabrication of highly efficient red TXO-TPA, green 2PXZ-OXD, 

and blue DMOC-DPS emitter-based OLEDs. The devices were fabricated in different 

host systems to study the effect of the host on device performance. The host system of 

p-type, n-type and bipolar system of 1,3-Bis(N-carbazolyl)benzene (mCP), 1,3-Bis[2-

(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene (OXD-7), 2,2',2"-(1,3,5-

Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) and 4,4′-Bis(N-carbazolyl)-

1,1′-biphenyl (CBP) were used. Also, the effect of both EML and ETL thickness were 

investigated. The device architecture is a standard state-of-art for all fundamental red, 

green, and blue emitters. 

On the final, the conclusion of this dissertation with an outlook on the future of 

the TADF emitter-based OLEDs is discussed. 
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Chapter 2 

OLEDs and Thermally Activated Delayed 

Fluorescence Emitters  

This chapter is based on the published book chapter: Manish Kumar, Miguel Ribeiro, and Luiz Pereira, 

“New Generation of High Efficient OLED Using Thermally Activated Delayed Fluorescent Materials.” In 

Light-Emitting Diode-An Outlook On the Empirical Features and Its Recent Technological Advancements, 

IntechOpen: 2018. (ISBN: 978-1-78923-751-1) 

 

2.1 Introduction 

The search for efficient materials for Organic Light-Emitting Diodes (OLEDs) is one of 

the most important research areas. Since the first report on low operating voltage 

OLEDs in 1987 by Tang and Van Slyke,1 OLEDs have emerged as an extensive active 

field in both scientific and technological aspects and have been a topic of interest 

focused on the improvement of the device efficiency, stability, cheapness, and simple 

device fabrication processes. They have attracted considerable attention due to their 

promising applications in cheap, energy-saving, eco-friendly, solid-state lighting, and 

display technologies. In earlier research, the focus was to obtain a bright large area 

emitter, which was limited by the low internal efficiency of conventional organic 

emitters. Recently, a new generation of organic materials known as thermally activated 

delayed fluorescence (TADF) emitters with a theoretical internal quantum efficiency 

(IQE) up to 100%, opened new frameworks.2 However, significant challenges persist 

to achieve a full understanding of the TADF mechanism and improve the OLEDs 

stability. 

In conventional OLEDs, the materials used are electron-rich molecules that 

benefit a fast charge transfer. According to spin statics, the recombination in organic 

material produces singlet (antiparallel spins) and triplet (parallel spins) exciton in the 

ration of 1:3.3, But in these OLEDs, the IQE is lower (theoretical maximum of 25%), 

which results in the lower external quantum efficiency (EQE) of 5%, and limits the 

OLEDs development because of the nonradiative triplet exciton non-harnessing. 

Usually, materials used for OLEDs are phosphorescent emitters such as iridium 4-6 or 
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platinum complexes 7, 8 that are used to achieve the electroluminescence efficiency. In 

such systems, both 25% singlet excitons and 75% triplet excitons can be used for 

harnessing the electroluminescence. In phosphorescent OLEDs, the IQE was reported 

close to 100%, 9-14 due to spin-orbit coupling between organic and heavy-transition 

metal, but the disadvantage in such phosphorescent material is their high cost and poor 

stability. Along with phosphorescent material harnessing phosphorescence 3, 5 triplet-

triplet annihilation (TTA), 15 was also used, but no significant improvements were 

observed because of non-crystalline materials, it is difficult to have a required 

geometrical alignment between triplet energy levels. Therefore, to achieve 100% low-

cost IQE, the development of an alternative for harvesting the 75% triplet exciton to 

produce light is important for the future of OLEDs. In this context, response to this 

need, the first chemical development of metal-free TADF materials with the most 

promising exciton harvesting mechanism used in OLED devices, which was firstly 

reported by Adachi et al. in 201116. TADFs have been studied and used for OLEDs so 

far, and this field is relatively young, but it has developed significantly during the past 

5 years. TADF technology received tremendous attention, and in recent years, 

considerable efforts have been devoted to the fabrication of OLEDs based on TADF 

materials, where the IQE can be easily achieved up to 100%. 17, 18 It is worth to note 

that the first TADF process was rationalized in the Eosin molecule by Perrin in 1929 19.  

In this chapter, we summarize fundamentals of the TADF process, starting from 

the photo-physical analysis, their optoelectronic behaviour linking with the device 

performance, and recent experimental studies of the introduction of TADF emitters 

used as the host material for OLED fabrication. We show the relationship with the 

molecular electrical carrier dynamics and internal efficiencies. Several examples of the 

full-color emitters are given. Special emphasis in experimental results is made, 

showing the major milestones already achieved in this field. Along with a summary of 

best TADF emitters used for fabrication of orange-red, blue, and green-yellow OLEDs. 

In addition, a correlation is provided between the structure and doping percentage of 

TADF emitters and their optoelectronic properties. An emphasis is also given to the 

importance of the choice of host material for TADF emitters. A detailed explanation of 

the physical parameter for an OLED device is discussed along with the charge transport 

carrier dynamics, and the interpreting models to understand the physical processes in 
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a semiconductor-based device are also discussed. In the end, the OLED device figure of 

merits is also discussed. 

 

2.2 Theory and Concepts of Thermally Activated Delayed 

Fluorescence 

The starting point to understand the TADF principle in organic luminescent materials 

is to consider the fundamental sp orbitals hybridization. The carbon-carbon (C-C) 

conjugation employing two 2s-orbital electrons and two 2p-orbitals electrons leads to 

an s and p orbitals mix, giving place to three sp orbitals and one non-hybridized p 

orbital. The C-C covalent bond is made using two sp orbitals from each carbon atom 

giving rise to a usually called  bond; the third makes a covalent bond around the inter-

nuclear axis and is usually called as  bond. This simplified framework can explain the 

major electro-optical behaviour of organic compounds. Effectively, whereas the  

bonds located above and below (respectively * - anti-bonding and  bond), originating 

an overlapping of the sp orbitals on each side, the  bond is a pure bond between two 

adjacent atoms. Besides the orbital’s geometry, the electrical carriers are allowed to 

hop among the * cloud, contrary to  carriers that are confined. The * cloud is the 

basic formation of the occupied and unoccupied energy levels and the further 

definition of HOMO (highest occupied molecular orbital) and LUMO (lowest 

unoccupied molecular orbital) levels. The HOMO and LUMO levels can be considered 

equivalent to the lower valance band (EV) and lower conduction band (EC) in organic 

semiconductors. (Figure 2.1)  

 

Figure 2.1. Bonding in a carbon-based molecule with sp2 hybridization, and (b) HOMO-LUMO from 

delocalized states in benzene. 
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In crystalline semiconductors upon conduction, the electrons and holes travel 

freely in the conduction and valance bands, but in organic semiconductors, this 

phenomenon proceeds with the “hopping” process at the interface between the 

delocalized orbitals π and π* (Figure 2.2). In a simple benzene structure, the electron 

clouds are formed because of orbital overlapping. Upon external electrical field, an 

electron from LUMO hop into neighbour orbital vacating it and allowing another 

electron to hop into it, and a similar behaviour also happen in HOMO orbitals for the 

holes; both depend on the direction of the electrical field. This charge carrier process 

raises electrical conduction and has a major role in carrier mobility. This hopping 

mechanism is generally considered in the bulk organic semiconductors and is 

determined by the thermal-activated or energetical distribution around carrier jump 

from localized sites to another.  

 

 

Figure 2.2. Hopping process in an organic semiconductor molecule because of the orbitals overlapping 

when the external electrical field is applied.  

 

The  bond region is typically an energetically forbidden gap for the carriers. 

From this simple configuration, the organic molecule energy levels are typically singlet 

(S), and triplet (T) with the ground state a singlet S0.20 The excited levels comprise, 

therefore, several Sn and Tn energy states, although in a simple model we may consider 

the first S1 and T1 excited levels. Under optical excitation, the electrons are promoted 

to these excited levels, one in S1 and three in T1. This is the main drawback of pure 

organic compounds: the de-excitation towards the S0 ground state can be evaluated by 

the transition probability that is given by 〈ψ1|r|ψ0〉 Where 1, 0 an r are the wave-

functions of the excited level and the fundamental one and the electrical dipole 
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quantum operator, respectively, it can return to the ground state through transitions 

such as fluorescence, phosphorescence and delayed fluorescence, by spin multiplicity 

rules, the T1 → S0 transition is strictly forbidden, and 75% of excited electrons can only 

relax by the non-radiative intramolecular energy transfer such as long-range dipole 

transition or exchange energy transfer, remaining only 25% of excited carriers 

available for radiative (luminescent) transition S1 → S0 (spin allowed). The Perrin-

Jablonski diagram can describe these photophysical processes. 21 (Figure 2.3)  

 

 

 

Figure 2.3. Perrin-Jablonski diagram for radiative processes: absorption, fluorescence, and 

phosphorescence; nonradiative processes: internal conversion (IC), intersystem crossing (ISC), and 

reverse intersystem crossing (rISC). S0 denotes the ground state; S1 and S2 denote the first and second 

excited states.  

 

In organic semiconductor molecules, the absorption of a photon with the 

transient time in order of 10-15 s, which is faster than the all process converted into the 

motion of nucleus oscillation, which brings the molecule to the lowest excited state S1 

(vibrational levels). It is also known as the Franck-Condon principle.22 The excited 

carrier stays in this state for a few nanoseconds (10-9 s) before decaying the S0 state by 

emitting a photon, and this emission of a photon via radiative relaxation from the S1 to 

S0 states called fluorescence (equation 1). Apart from this relaxation, the excited 

molecule can undergo different processes such as internal conversion (IC) and 
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intersystem crossing (ISC), where the mutual orientation of the spins of two electrons 

can change from antiparallel to parallel (spin-orbit coupling, SOC) and the electrons in 

S1 state can populate to T1, and carriers in S1 state can be populated in T1 state. The 

nonradiative transition from T1 to S0 is forbidden; owing to this, the particle stays in 

the triplet state for a longer time (10-6 – 10 s) and after this transient time triplet state 

decays as radiative transition called phosphorescence under spin-orbital coupling 

conditions. (equation 2).  

 

S0 + ℎ𝜈ex → S1 → S0 + ℎ𝜈em (1) 
S0 + ℎ𝜈ex → T1 → S0 + ℎ𝜈em  (2) 

 

With the SOC effect, the maximum IQE of a pure organic luminescent material is 

only 25%. Overcoming this constraint is an absolute priority for achieving highly 

efficient organic electroluminescent devices. Besides the well-known transition metals 

organic-inorganic complexes 20 that promote a strong spin-orbit coupling (SOC) with 

further enhanced phosphorescence, several other paths have been considered. The 

most promising, and subject of this thesis is the TADF. 

The analysis of this process can be based on the exciton formation (electron-hole 

pair) in a conjugated organic material. In the presence of two molecules (or also in 

different parts of the same molecule), an electronic charge can be transferred between 

both entities. This process is called charge-transfer (CT) (donor-acceptor complex), 

leading origin to the CT energy levels. The primary effect of these levels induces an 

electrostatic attraction, stabilizing the molecule. But, interestingly, this CT state is spin 

selective and is supposed to be able to change the triplet/singlet balance, allowing the 

population of singlet carriers to triplet ones. Although being still an unclear 

mechanism, it was the fundamental starting point to understand the TADF materials. 

Figure 2.4 shows the fundamental process involved in the excitation/de-excitation of 

an organic molecule. 
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Figure 2.4. A Simple scheme of the electroluminescence process involving an organic light emitter 

material. The transition probabilities (the inverse gives the transition lifetime) are krF, krP, knrF, knrP, kISC, 

and krISC (radiative fluorescence, radiative phosphorescence, non-radiative, inter-system crossing and 

reverse intersystem crossing). TADF emission is related to krTADF and strictly depends on krISC.23 

 

An efficient TADF emission needs to enhance the transition probability krISC (T1 

→ S1) relatively to the KnrP transition T1 → S0. Moreover, the TADF efficiency is directly 

related to the rISC transition probability that depends on the energy difference 

between the S1, and T1 states, (EST) according to the following simple equation24: 

 

𝑘𝑟𝐼𝑆𝐶 = 𝐴𝑒𝑥𝑝 (−
𝛥𝐸𝑆𝑇

𝑘𝐵𝑇
) 

(3) 

 

Where kB is the Boltzmann constant, T the temperature, and A the pre-exponential 

factor.  

The value of EST, naturally depends on the typical energy arising from the 

electrostatic interactions among the molecular orbitals. Particularly important, we 

need to consider the one-electron orbital energy in excited state (E) (supposing a fixed 

nuclear model), the typical electron repulsion energy (K) and the exchange energy (J) 

resulting from electron-electron repulsion based on the Pauli exclusion principle, 

affecting two excited unpaired electrons (one in LUMO and another one in HOMO 

levels).25 As the singlet and triplet excited states have a different spin ordering, the J 

value is usually higher in S1 state and lower (in the same amount) in T1 state.18 With 
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such consideration, the energy associated with the S1 and T1 states (respectively ES1 

and ET1) and therefore, the following relationships can easily establish EST: 

 

𝐸𝑆1
= 𝐸 + 𝐾 + 𝐽

𝐸𝑇1
= 𝐸 + 𝐾 − 𝐽

𝛥𝐸𝑆𝑇 = 𝐸𝑆1
− 𝐸𝑇1

⟹  𝛥𝐸𝑆𝑇 = 2𝐽
 

(4) 

 

The immediate conclusion is that the minimization of EST implies the lowest 

possible exchange energy. Remembering that the two unpaired electrons should be 

considered as distributed in the frontier orbitals of the LUMO and HOMO levels (T1 or 

S1, excited states) resulting in a pure LUMO-HOMO transition, J can be given by18:  

 

𝐽 = ∬ 𝜓𝐿(𝑟1)𝜓𝐻(𝑟2) (
𝑞2

𝑟1 − 𝑟2
) 𝜓𝐿(𝑟2)𝜓𝐻(𝑟1)𝑑𝑟1𝑑𝑟2 

(5) 
 

 

Where H, L, r1, r2, and q are the HOMO and LUMO wave functions, the coordinate 

positions, and electronic charge, respectively.  

From this equation, it is very easy to verify that minimization of J requires a 

negligible wave functions overlapping and, therefore, a very low (or absence) spatial 

overlapping between HOMO and LUMO levels (a spatial separation between HOMO and 

LUMO frontier orbitals) is required. In a single molecule, this basic rule can be obtained 

if the molecule has independent structural moieties, one containing electron-donor (D) 

and another with electron-acceptor (A) that promotes the D-A charge transfer in the 

excited state. Therefore, the basic rule for an efficient rISC process in a single molecule 

is to guarantee that such a molecule has at least two unities (D and A, with non-

overlapped orbitals) spatially separated. This can be achieved by increasing the spatial 

distance between such unities using a -conjugated link or forcing a large dihedral 

angle between the planes of the donor and the acceptor, which forces a twist between 

D and A unities around the common axis.26 In any case, we expect a strong CT character 

in the excited states (Figure 2.5). 
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Figure 2.5. Comparative representation of a traditional donor-acceptor (D-A) and donor-acceptor-

donor (D-A-D) type of TADF molecule. A schematics of preferred geometry of a pre-twisted acridan–

pyrimidine D–A TADF structures, adopted from27. 

 

The physical model to explain the rISC process is so far little understood. The first 

successful application focus precisely on the D-A unities twisted.28 (Figure 2.5) In the 

first explanations, the CT states are used as a key to promoting the rISC process (singlet 

and triplet character, 1CT and 3CT). Following the known rules, the ISC (and therefore 

the rISC) process will be efficient under an occurrence of symmetry change of the 

excited states. This means in triplet/singlet systems, a high value for kISC and krISC exists 

if, T1 and S1 can be found in LE (local excited) and CT states, respectively. However, we 

know that efficient TADF can occur even if such a rule is not observed. 

Moreover, the excited states involved in TADF organic material are typically a 

mixture of CT-LE states and not pure CT or LE states. Extensive studies involving 

particularly photoluminescence data reveal some discrepancies, and new hypotheses 

also involving the LE states begin to be considered. In a general organic molecule or 

system, the excited states can be described in terms of their binding energy: the CT 

(low binding energies) and LE (strong binding energies). The LE energies have a very 
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high radiative probability due to the high orbitals overlapping (the dipole electrical 

operator in the wave functions gives a resulting high probability). In general, it is 

expected that between the intermolecular states involved in the rISC process, some 

SOC can occur. However, the rISC process model with only CT states starts to pose some 

problems with the discovery that SOC between such intramolecular states is zero.29 

Several hypotheses have been discussed. It was found that it is possible to tune 

independently two excited states involved in the rISC process 30 (for instance with 

different characters like 1CT and 3LE), or a more sophisticated model involving a 

mixture of 3LE and 3CT states 31 giving rise to a hypothesis where the rISC process 

depends on the SOC (3LE → 1CT) and also on a hyperfine coupling induced ISC process 

(3CT → 1CT). However, and despite an allowed SOC between these states, the 

calculations of the rISC probabilities (relatively low) cannot explain the experimental 

data that gives much higher values. Recently,32 a more complex model involving two 

steps was proposed. In such a model, the first equilibrium between 3LE and 3CT states 

is promoted by vibrionic coupling between them; next, a coupling between the 3CT and 

1CT states via 3LE state promotes the rISC finalization process. In this model, both SOC 

and vibrionic coupling are involved. All these models are well supported by several 

experimental data, but at this moment, and depending on the specific organic emitter 

studied, different pathways need to be considered, leading to several open questions. 

The authors concluded that the molecules with high EQE have an extremely small 

energy gap between the 1CT and 3CT states, which allows an additional ISC channel due 

to the hyperfine interactions. In any case, this topic remains heavily investigated. 

Besides the usual D-A molecule separated structure, some new molecules based 

on D-A-D (so-called “butterfly-shaped” structure) also exhibit TADF emission (Figure 

2.6). Surprisingly, in several of such molecules, the energy gap between the lowest 1CT 

state and the lowest 3LE state (with  → * transition) are much higher than those 

found between 1CT and 3CT energy states in the conventional D-A molecules. The 

explanation was the two-step model above referred. This model appears to be the most 

interesting and well supported by experimental results.  
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Figure 2.6. a) HOMO and (b) LUMO distribution for the S1 state of TADF emitter 2PXZ-OXD exhibiting 

D-A-D “butterfly-shaped.” 

 

Particularly important in this model is the ability to modulate the energy of the 

excited 1CT state via the environment polarity.33 Monkman and co-workers simulated 

the two-step model. 33 They use the spin-vibrionic Hamiltonian model to understand 

the role of non-Born-Oppenheimer effects to determine the krISC. They demonstrate 

that the vibrionic (nonadiabatic) coupling between the 3LE and 3CT states opens the 

possibility for a second-order coupling effect, increasing to the krISC probability by 

order of four magnitudes. krISC is most favorable with the existence of vibrionic coupling 

between the 3LE and 3CT states, which gives rise to the strong second-order coupling. 

In a simple scheme, we can represent the excited state of the TADF molecule, as shown 

in Figure 2.7. 

 

 

 

 

Figure 2.7. A simple representation of a TADF emitter in an excited state, following the model proposed 

in.32 (a) the SOC-ISC transition is enhanced by vibrionic coupling between the 3CT and 3LE states, 

whereas in (b), the 1CT state can be modulated by the environment polarity.  
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It must be noted that, according to this model, and following several experimental 

data (see, for instance, 28 and references therein), the energy transfer SOC-ISC is more 

efficient in a D-A perpendicular geometry where the transition is n*-like. This is a 

consequence of the maximum change in the orbital angular momentum as the SOC 

depends on the spin magnetic quantum number of the electrons and simultaneously 

on its spatial angular momentum quantum number. Following this two steps model, 

the probabilities of krIC and krISC can be written in terms of both physical process 

involved33: 

 

𝑘𝑟𝐼𝐶 =
2𝜋

ℏ𝑍
|〈𝜓3𝐶𝑇|�̂�𝑆𝑂𝐶|𝜓3𝐿𝐸〉|

2
× 𝛥(𝐸3𝐿𝐸 − 𝐸3𝐶𝑇)

𝑘𝑟𝐼𝑆𝐶 =
2𝜋

ℏ𝑍
|
〈𝜓1𝐶𝑇|�̂�𝑆𝑂𝐶|𝜓3𝐿𝐸〉〈𝜓3𝐿𝐸|�̂�𝑉𝐼𝐵|𝜓3𝐶𝑇〉

𝛥(𝐸3𝐿𝐸 − 𝐸3𝐶𝑇)
|

2

× 𝛥(𝐸3𝐶𝑇 − 𝐸1𝐶𝑇)

 

(6) 
 

 

with Z being the canonical partition function for vibrational motion in the initial 

electronic state. Equation 6 indicates the two-step mechanics for the 3LE→3CT 

coupling. The large vibrionic coupling between the 3LE and 3CT states promotes an 

equilibrium between these two states, which timescale is much faster than the rISC 

process. The position of this equilibrium solely depends on the energy gap between the 

3LE and 3CT states and the size of vibrionic coupling. The second term of the equation 

couples the 3CT and 1CT, using the 3LE as an intermediate. This second term is the most 

effective because of the good vibrational overlap between the almost degenerate 

states, 3CT and 1CT, respectively. Form this model; we can conclude that two couplings 

driving the rISC dynamics are the SOC and vibrionic coupling. These terms are, 

therefore, the starting point for a more detailed description of the TADF process. 

Knowing these probabilities, several possibilities for further tuning the TADF process 

are possible.  

In solution, the photo-physics analysis can help in revealing the main process 

involved, in turn, dependent on the solvent polarity. On film (solid-state), this 

possibility opens a wide range of choices for the organic host material to significantly 

improve the efficiency of an OLED based on a TADF material.  
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2.3 Fundamental photophysics of an organic TADF emitter 

The starting point for developing an efficient OLED using TADF emitter is based on the 

luminescence properties of the emitter itself. As already discussed, the physical 

process involved is not straightforward, but leaving aside the pure photo-physics 

process studies, the important figures of merit regarding efficiency can be easily 

obtained. The External Quantum Efficiency, (EQE) (ηext) of a device is determined by 

the ratio of the number of photons emitted from the device and the number of electrons 

injected into the device. It can also be expressed by the product between the Internal 

Quantum Efficiency, (IQE) (ηint) and the outcoupling efficiency (ηout) that is usually 0.2 

to 0.3. 

 

η𝑒𝑥𝑡 = η𝑜𝑢𝑡 × η𝑖𝑛𝑡  

η𝑖𝑛𝑡 = γ × η𝑆𝑇 × Φ𝑃𝐿 

 

(7) 

EQE depends on several factors. Here, γ is the charge balance factor of injected holes 

and electrons, η𝑆𝑇 is the efficiency of radiative exciton production (0.25 in case of the 

fluorescence, and 1 for TADF type devices) and Φ𝑃𝐿 is the quantum yield of the emitter 

molecules. In this work, we will focus on the electrical influence of the EQE in the form 

of  using the µeff (effective mobility) to improve efficiency. Although, a basic 

understanding of the material photo-physical properties is important, which we will 

discuss here. 

Following that, from Figure 2.4, we can formally consider two different kinds of 

radiative emissions arising in S1 state: from its own electron’s population (25% of 

excited ones) and from the population via the rISC process (the remaining 75% of 

excited electrons). In the first case, with a very high transition probability kF, we have 

a prompt fluorescence (PF), whereas in the second situation, depending on a lower krISC 

probability, we have a delayed fluorescence (DF). A strong TADF emission is usually 

observed in molecules where the yield of triplet levels formation (by intersystem 

crossing) as well the singlet level formation (by reverse intersystem crossing) are high. 

In this condition, we must assume that the rISC yield that is given by 𝜙𝑟𝐼𝑆𝐶 =

𝑘𝑅𝐼𝑆𝐶

𝑘𝑅𝐼𝑆𝐶+𝑘𝑛𝑅𝑃+𝑘𝑟𝑃
 is approximately equal to 1. This appears when krISC ≫ knRP + krP, 



OLEDs and Thermally Activated Delayed Fluorescence Emitters 

 

26 

 

meaning that all relaxation process from the triplet excited state is much less probable 

than the rISC. The emission from a TADF material is naturally the sum of the observed 

from the PF and DF, and therefore its quantum yield is given by: 

 

𝜙𝑇𝐴𝐷𝐹 = 𝜙𝑃𝐹 + 𝜙𝐷𝐹 = 𝜙𝑃𝐹

1

1 − 𝜙𝑅𝐼𝑆𝐶𝜙𝐼𝑆𝐶
 

(8) 

 

According to 34, if the ratio 
𝜙𝐷𝐹

𝜙𝑃𝐹
⁄ is near (or above) four, the yield of the rISC process 

will be near 100%. In practice, most TADF materials where the value of EST is less 

than near 150 meV, such yield is obtained. In this situation, the triplet yield is relatively 

easy to obtain with precision and is given by: 

 

𝜙𝐼𝑆𝐶 =
𝜙𝐷𝐹

𝜙𝐷𝐹 + 𝜙𝑃𝐹
 

(9) 

 

This relationship can be useful to determine the ratio of 
𝜙𝐷𝐹

𝜙𝑃𝐹
⁄ that is a 

fundamental key for material characterization. In simple but practical ways, two 

different approaches can be used for such determination. Both are related to the fact 

that almost known TADF materials exhibit very poor or no DF in the presence of 

oxygen. Thus, measuring the luminescence emission parameters under normal or 

degassed environment, we can achieve either PF or PF + DF. Under steady-state 

photophysics, the direct measurement of the luminescence spectra in both 

environmental conditions will give only (with great certainty) the PF (normal 

environment) and PF+DF (degassed environment). The direct ratio of the integrated 

spectra (intensity) further gives a very precise value for 
𝜙𝐷𝐹

𝜙𝑃𝐹
⁄ . Naturally that this 

simple calculation is possible (quantum yield ratio from integrated intensity) because 

the intensity is proportional to the quantum yield and, in the case of TADF materials, 

the values of the proportionality constants for both emissions (DF and PF) are the same 

due to the fact that both arise from the same excited energy level.35 The exact 

calculation is then performed considering the simple relationship is given by: 
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𝐼𝐷𝐹+𝑃𝐹

𝐼𝑃𝐹
=

𝜙𝐷𝐹+𝜙𝑃𝐹

𝜙𝑃𝐹
= 1 +

𝜙𝐷𝐹

𝜙𝑃𝐹
            (10) 

 

where I is the integrated intensity of the spectra. Figure 2.8 is the example of blue 

TADF emitter 2PXZ-TAZ with the 
𝜙𝐷𝐹

𝜙𝑃𝐹
 calculated ratio. 

 

 

 

Figure 2.8. Steady-state photoluminescence spectra of 2PXZ-TAZ under normal (air) and degassed 

(vacuum) environments. The ratio of the integrated spectrum in both situations allows a simple 

calculation of the DF/PF quantum yield. In this case, the ratio DF / PF is near 9. 

 

On another hand, the higher transition probability associated with PF compared 

to the DF probability (that in a crude way depends on the rISC process probability) 

allows an experimental emission separation under time-resolved photoluminescence 

(TRPL). In a typical TADF material, the PF lifetime is in the order of dozens of ns, 

whereas the DF lifetime falls into s. Therefore, measuring both lifetimes, an estimative 

of the 
𝜙𝐷𝐹

𝜙𝑃𝐹
⁄ can be calculated because the transition probabilities are related to the 

inverse of the lifetime. If we consider in a simple process that the emission follows a 

single exponential decay for both PF and DF, therefore the measured 

photoluminescence intensity under time can be given by the sum of the two single 

exponential decay expressions as follow: 
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𝐼(𝑡) = 𝐼0
𝑃𝐹𝑒𝑥𝑝 (−

𝑡

𝜏𝑃𝐹
) + 𝐼0

𝐷𝐹𝑒𝑥𝑝 (−
𝑡

𝜏𝐷𝐹
) 

(11) 

 

where PF, I0
PF, DF and I0

DF the lifetime and pre-exponential intensity factor for the PF 

and DF. Once again, calculating the intensity (integral) for both time-resolved 

emissions, the  
𝜙𝐷𝐹

𝜙𝑃𝐹
⁄ can be obtained and is given simply by: 

 

𝜙𝐷𝐹

𝜙𝑃𝐹
=

𝐼0
𝐷𝐹 × 𝜏𝐷𝐹

𝐼0
𝑃𝐹 × 𝜏𝑃𝐹

 
(12) 

 

Finally, and by TRPL is possible to estimate the transition probability of the rISC 

process. Knowing the values for quantum yields and lifetime, an estimation for krISC can 

be given by (and considering rISC  1) 

 

𝑘𝑟𝐼𝑆𝐶 =
1

𝜏𝐷𝐹
(

𝜙𝑃𝐹 + 𝜙𝐷𝐹

𝜙𝑃𝐹
) 

(13) 

 

Due to several different kinds of triplet harvesting in an organic molecule, 

sometimes, it is not simple to attribute an enhanced luminescence to a TADF process. 

TTA process is also a widely investigated process for triplet-triplet interactions. In 

TADF emitters, the transition probability reduces due to the longer triplet lifetime, 

result in higher TTA that is a disadvantage in the TADF materials. To harvest triplets 

from TTA, the utilization of a bimolecular process of two triplets is necessary. Due to 

the longer lifetime of triplets, bimolecular interactions can easily occur. Typically, in 

the TTA process, two excited triplets produce a single excited state by combining their 

energy. The energy of the high-lying singlet state is close to twice that of the original 

triplet one. Then, this singlet state excitons can emit DF with a longer lifetime, 

contributing to the OLED efficiency. The TTA process can be explained by the following 

equation 36: 

 

T1 + T1 → TX → S1 + S0 →2S0 + ℎ𝜈em (14) 
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However, in the TTA process, the efficiency of generating excited singlets is 

37.5% (75%/2) at maximum. Thus, the theoretical IQE from the TTA process can reach 

up to a maximum of 62.5%. Due to the competition between the triplet quenching and 

decay of triplet states, usually, the DF from TTA is non-linear on excitation energy; on 

the contrary, and because the TADF process is purely intramolecular, its DF must 

follow a linear relationship with excitation energy. Figure 2.9 shows an example of the 

2PXZ-TAZ emitter. 

 

 

 

Figure 2.9. The emission intensity of 2PXZ-TAZ emitter as a function of excitation energy. The perfect 

linear fit is the expected result for a TADF material. 

 

Besides the excitation energy dependence, the TADF emission is also strongly 

dependent on temperature. As the DF is thermally activated, we expect that its 

intensity decreases strongly with temperature and eventually vanishes at very low 

temperatures. On the contrary, PF must be unaffected by thermal variations. This 

means that under TRPL, we must observe a decrease of the high lifetime emission as 

temperature decreases until remaining only the fast component. 

As previously discussed, the full understanding of the photophysics properties of 

the TADF emitter is naturally of extreme importance for further OLED development. 
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2.4 Approaches and construction of OLEDs 

Organic emitters are used in the early stage of OLED developments. Among them, 

phosphorescent and fluorescent materials were used; however, to evaluate the 

performance of an OLED, both electrical and optical characterization is required, which 

help to understand the figure of merits of an OLED. The figure of the merits of OLEDs, 

such as power consumption, operating voltage, current efficiency, power efficiency, 

external quantum efficiency, and color coordinates. Specific equations are given to 

calculate these parameters. To construct an ideal OLED with desirable properties, we 

must consider the followings: 

A. Reduce the injection barrier for both holes and electrons; 

B. The interface between the hole transport layer (HTL)/emissive layer (EML), an 

electron transport layer (ETL)/emissive layer (EML) must act as electron and 

hole blocking layers, respectively; 

C. To balance the charge carriers inside the HTL and ETL for both injection and 

transport, we must consider the HOMO and LUMO levels not to block the 

carriers; 

D. For an efficient device, charge confinement is required, an electron blocking, 

and the hole blocking layer can be used with consideration of HOMO-LUMO 

levels; 

E. The charge carrier confinement inside the emissive layer; 

F. The thickness of the device. A thin layer has an issue with the morphology and 

homogeneity, while a thicker device has issues with resistance; 

G. The choice of organic materials to harvest maximum excitons. Consider the T1, 

S1, HOMO-LUMO, light-generating properties, and charge carrier properties;  

H. The device should be simple, reproducible, and be a base architecture for 

reliable application. 

 

2.5 Measuring the electrical and optical properties of OLEDs 

The measurement of the main electrical and optical characteristics of an OLED device 

is the most important task to optimize the device performance and properties. To 

construct a device, one must consider the HOMO-LUMO levels of all the materials, the 
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work-function of the electrode interface (metal-semiconductor), the mobility of charge 

carriers, and recombination profile inside the organic layers. These all can be described 

by the effect of charge injection and transport of carriers inside the device and the 

voltage drop across the different organic interfaces. To achieve the abovementioned 

perquisites, we must consider several figures of merits of a device, as described in the 

next section.  

 

2.5.1 Carrier injection, transport, and recombination 

In a device, during the operation, both injection and bulk regimes can limit the 

electrical current. Both the carrier injection and transport in the device can be 

explained by the following models for a better understanding of the device physics and 

to the construction of an efficient device.1* 

 

2.5.1.1 Space Charge Limited Current (SCLC):  

In bulk transport, the current is limited by the region inside the semiconductor instead 

of the electrode interface. It has completely different behavior for carrier conduction 

compares to inorganic semiconductors. Although, the best - known model for carrier 

transport inside a semiconductor is the Space Charge Limited Current (SCLC). The 

model describing the SCLC is shown in Figure 2.10.  

 

 
1*All the models described in this section are adopted from reference 20 and references within. 
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Figure 2.10. Scheme of expected IV dependence with the applied voltage in an SCLC considering an (a) 

trap-free, (b) deep-trap, and (c) shallow-trap dependent model. The ohmic regime is shown at low 

voltage. 

 

In a device containing organic semiconductor, at starting under the forward bias, 

both anode and cathode equally inject the same amount of the carriers irrespective of 

the different energy barrier in metal-semiconductor junction, relies that the current is 

only dependent on the resistance of the material and this is “Ohmic region,” where I 

V. In such conditions, the organic semiconductor considered as a simple electrical 

resistance, where the electrical current is: 

 

𝐼 = 𝐴𝑞𝑛𝜇
𝑉

𝑑
 

(15) 

 

where d is the thickness of organic semiconductor, A is the contact area, µ is the 

mobility, n is the density of carriers, q is a charge, and V is the voltage. 

By further increasing to the voltage to a certain limit more carriers are injected 

to the semiconductor (Ohmic regime limit voltage, VΩ), and this leads to the difference 

in the injection from electrodes, as one of them can be considered as a very good carrier 

injector while other is ineffectively pushing, which means the carriers are not 
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immediately flushed out leads to an increased current inside the device forming “Space 

charge regime” where I Vn and the slope n is near 2. The total electrical current at this 

point is driven by high free current density gradient via the carrier diffusion. This 

relationship between electrical current and V is explained by Mott-Gurney law37 that is 

valid for a unipolar trap-free semiconductor where carrier mobility is not dependent 

on the electrical field, as expressed below: 

 

𝐼 =
9

8
𝐴휀𝜇

𝑉2

𝑑3
 

(16) 

 

where ε = electrical permittivity. 

From very low applied voltage increment, a transition to Mott-Gurney law must 

occur under ohmic conditions. By combining equations 15 and 16, specific applied 

voltage (V) can be easily obtained that helps to estimate the density of states (n) and 

turn-on voltage (Von) of the organic semiconductor device. 

 

𝑉𝛺 =
8𝑞𝑛𝑑2

9휀
 

(17) 

 

In the SCLC, the presence of the unorganized structure within the energy gap of 

the organic semiconductor allows the presence of the intrinsic defects that can act as 

traps for electrical carriers. These traps can be studied by different models on the 

proximity of the Fermi level: shallow trap, if it is an energetically close or deep trap, if 

far. In a “trap-free model,” where slope n= 2, a result of zero trappings of carriers 

allowing the physical and electrical properties of the layer intact and mobilities of the 

carriers are unaffected, this is known as Child’s law. Under such a shallow trap 

condition, the electrical current model is given by38: 

 

𝐼 =
9

8
𝐴휀µ𝑒𝑓𝑓

𝑉2

𝑑3
 

(18) 

 

where µ𝑒𝑓𝑓 is known as the effective mobility, which is lower than that obtained for the 

trap-free SCLC. Thus, the trap levels cause a decrease in carrier mobility.  
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In SCLC shallow-trap dependent regime, the V can be obtained as follows: 

 

𝑉Ω =
8µ𝑒𝑓𝑓𝑞𝑛𝑑3

9휀
 

(19) 

 

In a “shallow-trap model”, the carriers are trapped and have no contribution to 

the current, but dependent on V2. On further increasing of the voltage, these all shallow 

traps can be filled, and the applied voltage is called trap fill limited voltage (VTFL). Near 

this VTFL, a slight increase in the current with Vn, n>2. When the trap level is relatively 

far away from the Fermi level, it is considered as “deep-level,” and a different model is 

applied to describe the transport mechanism. The model is “deep-trap model” and is 

characterized by different expressions by considering a Gaussian or an Exponential 

distribution of applied voltage: for VΩ<V<VTFL, the current is dependent on I Vn, and 

n>2. The trap free voltage (VTFL) is given by39: 

 

𝑉𝑇𝐹𝐿 =
𝑞𝑛𝑡𝑑2

2휀
 

(20) 

 

If we assume that the carrier mobility is electrical field-dependent, the electrical 

current in the deep-trap model under exponential distribution is given by40, 41: 

 

𝐼 = 𝐴𝑛𝜇𝑞(1−𝑚) [
2𝑚+1

𝑚+1
]

𝑚+1

[
𝑚

𝑚+1

𝜀

𝑛𝑡0
]

𝑚 𝑉𝑚+1

𝑑2𝑚+1

  

(21) 

 

where nt is the trap density, m = Tt /T, and m > 1 (Tt is the characteristic trap 

temperature). Where the electrical current is supra-quadratic dependent on the 

applied V. The expression for V is now given by: 

 

𝑉𝛺 = (
𝑛

𝑁
)

1
𝑚⁄

[
𝑞𝑛𝑡𝑑2

휀
]

𝑚+1

 
(22) 
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where N is the band density of states. The term Et = kT / q that represents the 

characteristic energy of the exponentially states distribution. The temperature 

dependence of m can provide this value. 

It is very important to understand the governance of the SCLC model for the 

construction of any organic semiconductor-based device. The carriers limit in an 

operating device is mainly governed by injection and transport limit of the carriers. 

Both profiles can be considered at a series of resistance to both injection and transport. 

At low-operating applied voltage V, the device will be dominated by the highest 

resistance profile. So, at V, the device is in an ohmic state where the carriers are 

predominantly being in the injection limit, but after some increment to the potential, 

the device transits to the transport limit, and this transition between injection and 

transport limit is associated with the threshold voltage. The low difference between 

injection and transport is a trap dependent transport, as discussed in SCLC. An 

experimental example of such current-voltage-relationship (log I vs. V) is shown in 

Figure 2.11 of 8% 2PXZ-OXD TADF emitter in PVK: OXD-7 polymer matrix exhibiting 

ohmic region (injection limit), transport, and deep-trap region.  

 

 

Figure 2.11. SCLC transport statistics in device composed of 8% 2PXZ-OXD TADF in PVK: OXD-7 host 

matrix indicating injection limit (Ohmic region), and transport limit (shallow trap and deep trap region).  
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The mobility in organic semiconductors is very low, and due to the several 

impurities, structural traps the carriers can be captured inside the energy gap, 

resulting in the low mobility up to 10-3 – 10-7 cm2/Vs at room temperature. The bulk 

transport limit can be explained by the Poole-Frenkel effect while this bulk carrier 

transport hopping mechanism can be described under two distinct models: a modified 

Poole – Frenkel model 42 or a Gaussian disorder model.43 The Poole-Frenkel effect 

explained the bulk limit by the effect that upon the externally applied voltage, due to 

an effective decrease in deep energy level, a thermionic effect may promote a carrier in 

deep energy level. In the Poole-Frenkel model, the current is expressed by: 

 

𝐼 ≅ 𝐴휀𝜇𝜃0

𝑉2

𝑑3
𝑒𝑥𝑝 [

𝑞

𝑘𝑇
√

𝑞𝑉

𝜋휀𝑑
] 

(14) 

 

The electrical mobility is electrical field-dependent and given as: 

 

𝜇(𝐸) = 𝜇0 𝑒𝑥𝑝(𝛽√𝐸) (15) 

 

where 0 is the SCLC trap-free mobility and  a constant.  

The bulk carrier transport is explained by Poole-Frankel modified equation. Let 

us consider that upon electrical excitation, the charge carriers jump between two 

localized stated between HOMO and LUMO. The carriers tend to relax via radiative 

recombination if they form an exciton between HOMO and LUMO energy levels. In 

organic semiconductors, the presence of the shallow and deep trap levels affects this 

recombination. The charge carriers can be relaxed to shallow levels or deep-trap levels 

via non-radiatively recombination. Thus, the effective mobility is not the ideal case of 

Poole-Frankel mobility. The effective mobility is dependent on the density of the states 

of both the free and trap states. In trap assisted recombination, it is called effective 

mobility, and which is given by the modified Poole-Frankel model as explained below: 

 

𝜇 = 𝜇𝑃𝐹 𝑒𝑥𝑝 (−
𝛥𝐸𝑎−𝛽𝑃𝐹√𝐸

𝑘𝑇𝑎
)  (16) 
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where (1/Ta) = (1/T) – (1/T0), with T0 an empirical factor as for T = T0, the mobility is 

equal to PF. Ea is the activation energy and PF = (q3/)1/2.  

In the Gaussian disordered model, the hopping process considered as the result 

of a carrier jump between sites subject to a Gaussian distribution of energies (energy 

disorder - ) or Gaussian distribution of positions (positional disorder - ). The charge 

carrier mobility is given by: 

 

𝜇 = 𝜇𝐺 𝑒𝑥𝑝 [− (
2𝜎

3𝑘𝑇
)

2

] 𝑒𝑥𝑝 {𝐶 [(
𝜎

𝑘𝑇
)

2

− 𝛴2] √𝐸} 
(17) 

 

where μG is the mobility high-temperature limit and C a parameter.  

Both models considered that the electric mobility in an organic semiconductor is 

not free mobility; instead, it is considered as the effective or mixture of several effects 

and physical mechanisms. This implies that in the device active layer, the mobility is 

not considered as drift mobilities of either hole or electron mobility. This discussion 

helps to understand the mobilities profile, which is one of the most important keys to 

build a balanced device structure. For example, if we can somehow manage to reduce 

the all trap states in an organic semiconductor, we reduce the probability of the non-

radiative recombination, which increases the effective mobility (μ) closer to the Poole-

Frankel mobility (μPF). This can be done by the improvement of the thin film formation, 

choice of the host material, and structural properties. In solution-processed OLEDs, the 

choice of solvent, the evaporation rate, and the temperature are the most important 

parameters which control the physical and electrical parameters of an organic layer. 

While in thermally processed OLEDs, the rate of deposition defines the physical 

parameters apart from structural properties. Such effects we will discuss later in the 

thesis progressive works.  

 

2.5.1.2 Injection limit:  

When a metal and a semiconductor are in physical contact through a common interface, 

several electrical issues will occur, and the most important is energy barriers 

(electrodes/interfaces). The injection limit can be explained by; (a) the Schottky 

Barrier at the electrode-semiconductor interface and (b) the tunneling effect at the 
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metal-semiconductor interface. In Schottky Barrier at the electrode-semiconductor 

interface, the metal-semiconductor work-function plays the role and is higher than the 

semiconductor. All the physical parameters are presented in Figure 2.12.  

 

 

 

Figure 2.12. Formation of the Schottky barrier. (n-type semiconductor and a metal electrode, where 

qΦM> qΦS). (EV and EC can be considered equivalent to the HOMO and LUMO, respectively). 

 

In the figure above, EF, Evac, EC, EV are the Fermi level, the vacuum level, the 

conduction band energy, and the valence band energy. S is the semiconductor 

electronic affinity, q the elementary charge and ΦM and ΦS are the work-function of the 

metal and the semiconductor. ΦD is the diffusion potential (ΦD= ΦM-ΦS). In an organic 

semiconductor, when a high work-function metal electrode comes in the vicinity, some 

electrons migrate from semiconductor to metal, producing positive sites near the 

interface. This causes the alignment to the Fermi level, and the change in the electric 

field across the interface region creates a depletion width/region. This depletion 

region can be presented by upward band bending. (Figure 2.12) The potential barrier 

height for an electron moving from semiconductor to metal Vb is higher than qΦD by 

(EC-EF)/q and can be explained by: 

 

𝑉𝑏 = 𝜑𝑀 − 𝜒𝑆 (18) 
 

At identical conditions where no interfacial states are involved, at positive bias, 

more electrons flow to the metal, and the energy levels in the organic semiconductor 
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decreased. This leads to the increased current and reduction to the junction barrier, 

and the situation is called forward bias. The current is mostly due to major charge 

carriers. On the opposite, at applied negative voltage to the metal, a small current is 

measured due to the reduction to the flow of the electrons, this is called reverse bias, 

and the current is due to the minority carriers. The current, i.e., saturation current (I) 

dependent on potential (V) as follows: 

 

𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑘𝑇
) − 1] 

(19) 

 

where k is the Boltzmann constant and T the temperature. I0 is the current flows across 

the contact by thermionic emission in both directions, where the value for I0 can be 

done by:  

 

𝐼0 = 𝐴𝐴 ∗ 𝑇2 𝑒𝑥𝑝 (−
𝑞𝑉𝑏

𝑘𝑇
) 

(20) 

 

A is the contact area and A* the Richardson constant, given by: 

 

𝐴 ∗=
4𝜋𝑚 ∗ 𝑞𝑘2

ℎ3
 

(21) 

and m* is the effective carrier mass. 

Equation 18 considered that Vb is not dependent on applied potential, which is 

not true. In general, Vb decreases as the external applied potential increases. Suppose 

that Vb is reduced by an amount of Vb when an external potential V is applied. Thus, 

the effective barrier is: 

 

𝑉𝑒 = 𝑉𝑏 − 𝛥𝑉𝑏 (22) 

 

and equation 19 becomes: 

𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1] 

(23) 
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where n is called the ideality factor, it is very high (>8) in organic materials. It gives (n) 

an approximation between the experimental electrical junction behavior and the 

theoretical estimate. The farther n is from one, and the less "ideal" the junction will be. 

These equations allow us to understand realistic electrical behavior. The Schottky 

potential barrier tends to decrease with the electrical field. 

The electrons are attracted to the metal due to the presence of a positive charge 

that was created by the electron near the metal-organic semiconductor interface. It will 

cause a decrease in the electrical potential near the surface due to the appearance of 

its induced “charge image.” Under forward bias, this decrease in the potential barrier 

by the “image force” is given by: 

 

𝛥𝑉𝑏 = √
𝑞3𝐸

4𝜋휀𝑟휀0
 

(24) 

 

where E is the electrical field. 

Usually, in organic semiconductor-based devices, the metal-semiconductor 

interface is not so physically ideal due to the presence of structural defects that alter 

the electronic properties of the material (thin films of both metal and organic material). 

This leads to the defects density at the metal-semiconductor interface which is called 

interfacial layer 44, and the applied voltage V is partially applied through both 

semiconductor and an interfacial layer which causes a voltage drop (Vi) across the 

interfacial layer and can be expressed by: 

 

𝑉𝑖 =
𝛿

휀𝑖
(휀𝐸𝑚𝑎𝑥

𝑄𝑠

휀0
) 

(25) 

 

where i is the relative electrical permittivity of the interfacial layer.  

This voltage drop must be considered by the fact that in an OLED, there are 

multiple interfaces anode/organic layer, cathode/organic layer, dielectric/organic 

layer, organic/organic layer, which is entirely different at each interface. The voltage 

drop is dependent on the work-function of the metal, the hole and electron mobility of 
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all the organic layer in the device. Thus, to construct an efficient device, one must 

consider all such parameters. 

 

2.5.1.3 Theoretical assumptions for simulating a device structure: 

In the organic semiconductor-based devices, both the injection and the transport of the 

carrier contribute to the final device behaviour. The most important physical 

phenomenon to consider involves the energy barriers, and injection and 

recombination at interfaces, and current density (drift/diffusion in each layer), current 

density (injection at electrodes) (Figure 2.13). In an OLED, we must consider the 

energy barriers at the interface for efficient charge injection, both the hole and electron 

mobilities inside all organic layers and the recombination probabilities. The 

recombination profile primarily depends on the carrier mobilities, the energy barriers, 

and the thickness of the organic layers. To estimate the electrical carrier profile, 

recombination profile, and change in HOMO/LUMO levels as well as the electrical field 

across a device, a simulation work can be performed. In this thesis work, a finite 

element approach model was used for the simulation of the devices. 45 

 

 

 

 

Figure 2.13. physical parameter for a three-layer organic semiconductor-based device, considering the 

types of energy barriers, the charge carrier mobility, current density, drift and diffusion mobilities, 

charge transport; injection limit, and bulk limit. (T and R, transfer and recombination, respectively). 
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The process of charge injection and transfer at various metal/metal, 

metal/organic, and organic/organic interfaces in organic semiconductor-based 

devices plays an important role. The charge injection from a metal to an insulator was 

firstly described by the Richardson–Dushman equation46, where we can calculate the 

current density of a thermionic emission related to the work function (W) and 

temperature (T) of the emitting material: js = AT2 exp(-W/kT), where A is Richardson 

constant. It was later modified by Schottky et al. for charge injection and charge 

transport in organic semiconductors based on Schottky equations47, which predicted 

that the electrons are freely propagating in HOMO levels of semiconductor with a 

thermal distribution of kinetic energies. But in highly amorphous materials, it is 

extremely difficult to calculate due to the hopping charge transport instead of free 

propagation. In a multi-layer organic semiconductor-based device, it is difficult to 

calculate all the carrier mobility altogether. Thus, the overall recombination of excitons 

depends on both the hole and electron mobilities and the applied electric field. The 

applied electrical field lowers the energy barrier. The concept of image potential at a 

metal interface and the principle of detailed balance to derive the surface 

recombination velocity and effective Richardson constant describing charge injection 

at the interface between an amorphous semiconductor and a metal helps to simulate 

the device structure45 and the profile.48 Thus, for calculating the device structure and 

the hole/electron profile across the device, we must consider the followings:  

1. The injection of electrical carriers into devices is governed by thermionic 

emission/diffusion carriers. Various theoretical models can be used to simulate the 

best device architectural parameters. In organic semiconducting materials, the 

models need to consider the usual surface injection/recombination current. Scott 

and Malliaras48 propose a net injection current, given by (based on both thermionic 

model and Langevian recombination):  

 

𝐽 = 4𝛷2𝑁0𝑞𝜇𝐸𝑒𝑥𝑝 (−
𝜙𝑏

𝑘𝑇
) 𝑒𝑥𝑝√𝑓            (26) 

 

with 𝛷 = 1
𝑓⁄ +

1

√𝑓
+

√1 + 2√𝑓

𝑓
⁄

 and 𝑓 =
𝑞3𝐸

4𝜋휀𝑘𝑇
⁄  

https://simion.com/definition/thermionic_cathode.html
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where f is reduced electrical field, 𝜙𝑏 is Schottky barrier height, N0 is the density of 

the chargeable sites in organic material. 

2. The organic semiconductors have electrical mobility that is field and temperature-

dependent (Pole-Frenkel mobility). Considering only the field dependence (T is the 

temperature and k included in factor), we have: 

 

𝜇 = 𝜇0𝑒𝑥𝑝(𝛽√𝐸)                                             (15) 

 

3. If we treat the device as a set of “slices” from anode to cathode, we can assume one-

dimensional Poisson to describe the evolution of the electrical field across the 

device: 

 

𝜕𝐸

𝜕𝑥
= 𝑞

(𝑝−𝑛)

𝜀
  and ∫ 𝐸𝑑𝑥 = 𝑉 − 𝑉𝑏𝑖

𝑑

0
             (27) 

 

where p and n are the density of holes and electrons. Vbi is the built-in voltage. 

4. The electrical carriers transport is made through drift (electric field-driven) and 

diffusion (density gradient driven). The current density due to both drift and 

diffusion is given by: 

 

𝐽𝑛,𝑝 = 𝑞 (𝜇𝑛,𝑝𝐸 ∗ (𝑛, 𝑝) + 𝐷𝑛,𝑝
𝜕(𝑛,𝑝)

𝜕𝑥
)           (28) 

 

5. Formally, electrons and hole recombine following Langevin’s theory with a 

recombination rate given by49: 

 

𝑅 =
𝑞

𝜀
(𝜇𝑝 + 𝜇𝑛) ∗ 𝑛 ∗ 𝑝                                      (29) 

 

6. In one organic layer:  

• In a single organic layer, we can consider that the variation of the electrical 

carrier density with time can be expressed by the net value from drift/diffusion 

and recombination (the continuity equation): 
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𝜕(𝑛,𝑝)

𝜕𝑡
=

1

𝑞

𝜕𝐽𝑛,𝑝

𝜕𝑥
− 𝑅                                      (30) 

 

• The carrier’s density in the device modulates the electric field, which, in turn, 

changes the carrier distribution. Therefore, we need to start all processes 

determining the electrical field variations and electrons/holes densities at each 

position over time.  

7. Multi-layered device: In a multilayer organic device (as usual), electrons and holes 

are subject to an eventual energy barrier at the interface between two adjacent 

layers (primarily differences in HOMO / LUMO levels). The drift electrical current 

across the interface can be expressed by50:  

 

𝐽𝑝, 𝑐𝑟𝑜𝑠𝑠 = 𝑞𝑝ℎ𝐸𝑖𝑛𝑡√𝜇𝑝,ℎ𝜇𝑝,𝑒 × 𝛤(∆𝐸)            (31) 

 

where 𝛥𝐸 = 𝐸𝐻𝑂𝑀𝑂,ℎ − 𝐸𝐻𝑂𝑀𝑂,𝑒 − 𝐸𝑖𝑛𝑡 × 𝑑𝑚  

and 𝛤(𝛥𝐸) 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑒𝑥𝑝 (−
𝑥ℎ

2

2𝜎ℎ
) and similarly for electrons. 

8. The exciton (density ) diffusion, decay, and recombination can be expressed by: 

 

𝜕𝜒

𝜕𝑡
= 𝑅(𝑥) × 𝛤𝑠𝑝𝑖𝑛 −

𝜒

𝜏
+ 𝐷𝜒 ×

𝜕2𝜒

𝜕𝑥2 − 𝐾𝑞𝑢𝑒𝑛𝑐ℎ(𝑥) × 𝜒            (32) 

 

with R(x) the cross-interface recombination rate, K the excitons quenching rate, 

and spin the factor for spin-statistics. 

9. The electrical mobility of a mixture (blend) layer depends on the relative 

concentration of the different materials. The most accepted model was initially 

proposed by S. W. Liu et al. based on the concept of a bulk-heterojunction layer.51 

They verified that the electron/hole mobility in the host: guest system shows a 

power dependence on the concentration of the individual materials and consider. 

Based on the experimental results, the electrical carrier in the matrix can be given 

by: 
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{
𝜇𝑝_𝑚𝑖𝑥 = 𝜇𝑝_𝐻𝑇𝐿

𝐶𝐻𝑀 × 𝜇𝑝_𝐸𝑇𝐿
𝐶𝐸𝑀

𝜇𝑛_𝑚𝑖𝑥 = 𝜇𝑛_𝐻𝑇𝐿
𝐶𝐻𝑀 × 𝜇𝑛_𝐸𝑇𝐿

𝐶𝐸𝑀
              

(33) 

 

where CHM+CEM = 1 (CHM; hole mobility, CEM; electron mobility). 

 

2.5.1.4 Tunneling effect: 

To lower the potential barrier between metal/organic interfaces, different dielectric 

materials can be used. When the barriers of thickness are around 1-3 nm and smaller, 

effectively tunneling of the carriers happens from metal to semiconductor. If the 

thickness of the dielectric layer is too high, then the tunneling effect will not take place, 

and the dielectric material layer increases the series resistance. If the thickness is too 

low, then the homogeneity of dielectric layer thin film is the issue, and the organic layer 

will come in direct contact with a metal electrode. Thus, it is important to optimize the 

thickness of the dielectric layers, as well. This can be explained by direct or indirect 

models. In direct-approach, the charge carrier tunnel through the total barrier, while 

in the indirect (Fowler-Nordheim model), the carrier tunnel through the partial width 

of the barrier (Figure 2.14 b, and c). This tunneling effect helps to architect the device 

structure. Usually, the metal electrode and organic semiconductor interface have a 

higher energy barrier, this higher energy barrier causes the high operating voltage due 

to the required higher energy to overcome through the high-energy barrier, so a 

dielectric material usually used to overcome this barrier where the carrier can easily 

tunnel through. The most common are LiF and Caesium carbonate (Cs2CO3). This 

tunneling effect is generally driven by the presence of a large density of interfacial 

states, where the interface bad energy barrier is distorted (Figure 2.14a). The 

tunneling effect usually involves the high increase of the reverse bias current. In 

Fowler-Nordheim model52 the electrical current behaviour is explained by the 

following equation: 

 

𝐼 = 𝐴
𝐴 ∗ 𝑞2𝐸2

𝑉𝑏𝛼2𝑘2
𝑒𝑥𝑝 (−

2𝛼𝑉𝑏
3/2

3𝑞𝐸
) 

(34) 
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In which A is the contact area, and A* is the Richardson constant, k is the Boltzmann 

constant. 

𝛼 =
4𝜋√2𝑚∗

ℎ
                 (35) 

And m* being the effective carrier mass. 

 

 

 

Figure 2.14. (a) Energy band diagram for tunneling (n-type), (b) direct and (c) indirect tunneling. 

 

2.5.1.5 Recombination 

As we have discussed upon electrical excitation, the injection and transport of the 

carriers is governed by various factors and is explained by various models to 

understand the physical behaviour of the device. To achieve the best efficient device, it 

is extremely important for one to understand the recombination process and the 

profile of carriers inside the device. As explained earlier, the recombination is limited 

in conventional organic semiconductors by the formation of excitons but is also 

affected by the thickness of the layers and the physical characteristics of the organic 

layers, i.e., HTL, EML, and ETL. The choice of both ETL and HTL is dependent on the 
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physical and electronic properties of EML, particularly the location of both HOMO and 

LUMO levels. 

Much of the formation of the recombination zone and its width depends on the 

charge carrier mobility and the voltage drop across the interface layers. In an organic 

semiconductor, the recombination zone is explained by: 

 

𝑊𝑒ℎ ≅ [
2𝜇

3(𝜇𝑒 + 𝜇ℎ)
] 𝑑 

(36) 

 

where d is the film thickness and , e and h are the majority carrier mobility, the 

electron mobility, and the hole mobility, respectively.  

If we consider the injection limited device, the recombination zone is expressed 

by: 

 

𝑊𝑒ℎ = 𝜇𝑒ℎ휀𝐸2/𝑑

𝑊𝑒ℎ = 𝜇𝑒ℎ
2 휀𝐸2/(𝜇𝑒 + 𝜇ℎ)𝑑

 
(37) 

 

The first part of equation 37 is derived when the electrical charge increases with the 

electrical field E and the second when a decrease is observed.  

The recombination efficiency under SCLC is electrical - field independent (due to 

the electrical field independence of Weh) and is:  

 

𝑃𝑟𝑒𝑐
𝑒ℎ =

1

(1 +
𝑊𝑒ℎ

𝑑⁄ )
 

(38) 

 

Considering that the efficiency increases as Weh decreases (low recombination 

zones). In the limit (when Weh equals the layer thickness d), the efficiency is equal to 

0.5. However, and because in general Weh tends to increase in organic semiconductors, 

the best solution will be obtained when the recombination profile will be as much as 

symmetrical ss possible in a relatively narrow region deep inside the active layer.   
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2.6 OLED efficiency measurement 

Different parameters or figures of merits are defined for the efficiency measurement of 

an OLED device. Following are the parameters: 

1. The current efficiency can be calculated as the total amount of current through the 

device J, in total emissive area A to produce a specific amount of Luminance 

(brightness) L, and is expressed by cd/A, the equation is: 

 

𝜂𝑐 =
𝐿

𝐽
=

𝐿𝐴

𝐼
 

(39) 

 

2. The power efficiency or the luminous efficiency is another measurement of the 

device performance, is given by the ratio of optical flux to the electrical input. 

Considering the current efficiency at an applied voltage V, it is given by equation 40 

in a unit of lm/W: 

 

𝜂𝑝 = 𝜂𝑐

𝑓𝐷𝜋

𝑉
             

(40) 

 

 

where fD (equation 40) is the angular distribution of the emitted light and is a factor 

that depends on the angular distribution of the light emitted from the substrate into 

one half-sphere (Figure 2.15). (we used fD=1, according to our experimental 

setup). 

 

     𝑓𝐷 =
1

𝜋𝐼𝑂
∫ ∫ 𝐼 (𝜃. 𝜑)

+𝜋

−𝜋

𝑠𝑖𝑛(𝜃) 𝑑𝜑𝑑𝜃
𝜋 2⁄

0

 
(41) 
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Figure 2.15. (a) A Lambertian light distribution curve, (b) Lambertian light distribution curve for 

different LEDs. At an angle θ= 60°, the Lambertian emission pattern decrease to 50% of its maximum 

value occurring at angle θ= 0°.53 

 

3. The external quantum efficiency 𝜂𝑄 is also related to the current efficiency 𝜂𝐶  by 54: 

 

𝜂𝑄 = 𝑓𝐷𝜂𝐶𝜋
𝑒

𝐾𝑟𝐸𝑚𝑒𝑎𝑛
     (42) 

 

where Emean is the average photon energy, in a first-order approximation related to the 

wavelength of maximum emission λmax by: 

 

𝐸𝑚𝑒𝑎𝑛 =
hc

λmax
         

(43) 

 

where h is the Planck-constant and c the speed of light (λmax maximum of EL spectra). 

In our experimental setup, OLEDs perpendicular are placed on a 30 cm distance from 

the camera. Kr is the conversion of the radiometric irradiance measured by the detector 

(camera) to the photometric luminous intensity. The values of Kr depend on the 

emission spectra of the measured OLED, where  Фe(λ) EL spectra of OLEDs, and V(λ) - 

spectral response of the human eye under daylight conditions (Figure 2.16a) (referred 

to as photopic or cone vision) (the International Lighting Commission (CIE), 1924). For 

Kr value, the spectra of EL OLEDs were multiplied on spectra of human eyes and 

integrated, and then it was divided; 

 



OLEDs and Thermally Activated Delayed Fluorescence Emitters 

 

50 

 

𝐾𝑟 =
Ф𝑣

Ф𝑒
= 𝐾𝑚

∫ Ф𝑒(𝜆)𝑉(𝜆)𝑑𝜆
800

380

∫ Ф𝑒(𝜆)𝑑𝜆
⋈

0

       
(44) 

 

where Km = 683 lm/W is a conversion constant. 

 

Ф𝑣 = 𝐾𝑚 ∫ Ф𝑒(𝜆)𝑉(𝜆)𝑑𝜆
800

380

                 
(45) 

 

It is the connection between radiant flux and luminous. The EQE was calculated 

considering in Lambertian emission. 

 

 

Figure 2.16. (a) Spectral sensitivity of human eyes, (b) Commission Internationale De L’Eclairage (CIE) 

1931 color coordinates. 53 

 

4. Commission Internationale De L’Eclairage (CIE) 1931 color coordinates 

For OLEDs application, ideally, the red, green, and blue (RGB) emitters should be able 

to produce pure light with wide color gamut for display applications. The Commission 

Internationale De L’Eclairage (CIE) 1931 color space provides the measure of the color 

saturation of an OLED using an x,y coordinate system.53 Usually, the most saturated 

color are those at the edge of the CIE diagram. Figure 2.16b represents the CIE 1931 

color coordinate diagram.  
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5. Efficiency Roll-off:  

As for OLED practical applicability, the high roll-off at high luminance is a serious 

constraint. 55, 56 This issue can be eliminated by using multiple electron and hole 

transport layers, but this will increase the fabrication complexity and low 

reproducibility, and such problems constantly persist for the blue TADF emitters. 

Considering these questions, it is worthy to accept that a balance between 

efficiency/brightness must be achieved, considering the best compromise (regardless 

the absolute values) to keep efficiency as more constant possible in all the dynamic 

voltage range of OLED operation, i.e., suppressing the roll-off as more as possible. From 

the literature, the published data report a very high EQE, but this is only achieved at 

applied voltages immediately after the turn-on voltage; as the applied voltage increases 

slightly, the EQE decreases drastically, sometimes more than two orders of magnitude, 

which is a bottleneck for applications.  

Moreover, no suitable solution has been reported that simultaneously overcome 

the problem and keep the device structure simple enough for more attractive practical 

applications. Usually, the TTA is the typical main problem for noticeable roll-off. The 

TADF emitters with longer lifetime cause more efficiency roll-off as triplet states with 

longer lifetime are more prone to TTA and STA processes at higher current densities. 

As the carrier injection density increases, as expected, an increase in brightness is 

observed due to the higher rate of radiative recombination, and the quenching at 

excited levels becomes more pronounceable leading to a marked decrease of the EQE. 

Particularly problematic is the case of emitting materials exhibiting delayed 

fluorescence. In TADF, as the long lifetime of exited electrical carriers increases, the 

probability of TTA increases dramatically.57 Theoretically, it is possible to overcome 

this issue, if, for a high current density range, the exciton density in the active layer is 

high enough for high brightness but moderate as required for avoiding TTA or 

quenching. This late is easily controlled by the emitter concentration; TTA should be, 

in an electrical point of view, controlled by the carrier density profile in the active layer. 

Thus, the optimized concentration range of TADF emitters is usually kept in the range 

of 5-10 wt.%. The exciton profile in the active layer naturally depends on the 

electron/hole profile arising from the carrier injection at interfaces and on their 
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transport across the layer’s bulk. In the first case, HOMO / LUMO levels are important; 

in the second case, we need to deal with the electrical mobilities and layer´s thickness.  

In this thesis work, we will focus on suppressing the roll-off of the EQE by 

optimizing the device thickness, choice of the host material, and the charge carrier 

properties of the organic materials with a combination of simulation and experiments. 

 

2.7 OLEDs based on TADF emitters 

In the contest of finding the best organic emitters for the lightening industry, in 2011, 

Adachi et al. 16 reported the first purely organic TADF emitter PIC-TRZ (Figure 2.18), 

which showed promising characteristics. The calculated PLQY in a host matrix of mCP 

and was 39%, and the device showed 5.3% EQE. Since then, in the past five years, over 

500 new compounds have been reported. Among various emitters, many of them 

showed EQE of more than 20% composed in a device, and this can be reached up to 

30% using a stipulated device structure with an optimized concentration of TADF 

emitters and fabrication processes. 14, 36, 57-59 There have been several reviews 

published focusing on photophysics, device characteristics of TADF and chemistry of 

TADF emitters.18, 23, 24, 26, 36, 60-63 Apart from the use of TADF molecules for OLEDs, and 

there are some challenges which must be considered for the development of TADF 

emitters. Firstly, these emitters are very limited, and only a few can be used for highly 

EQE and stable OLEDs. Secondly, is the high roll-off at high brightness related triplet-

triplet annihilation.18, 64 Another challenge is to obtain a stable, efficient, simple device 

architecture that can be used for a large area or display applications. Most of the high 

EQE reported OLEDs to contain a device structure with five or more organic layers, 

which put a constraint on their use for cheap large area applications. These can be 

solved by understanding the structure-property relationship in emitters, developing 

some device structures which are simple, and have fewer organic layers with simple 

fabrication processes. The application of TADF emitters is generally focused on OLEDs 

applications. As we have discussed in the photophysics behavior of TADFs, it requires 

a solid host to disperse TADF emitters, and this host material has a strong influence on 

the photo physical properties of these compounds.65 To encounter this, the design and 

optimization of TADF emitter is a key factor for the fabrication of OLEDs, and this 
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requires the photophysical characterization of TADF in a host molecule, which used in 

the device. 24 Some of the most used hosts are DPEPO, CBP, mCP, CBP, TPBi, TCTA, and 

TAPC.36  

However, in TADF emitters, usually a long-delayed exciton lifetime and strong 

intermolecular charge transfer (ICT)24, 66 attribute to the high-roll-off, broad emission 

spectrum due to the exciton-polaron quenching and triplet-triplet annihilation 

(TTA).59, 66-70 The objective is to achieve complete confinement in the emitter of singlet 

and triplet excitons created by charge injection. This requirement imposes a strong 

limitation on the choice of host materials for most emitters (specifically for blue), for 

which hosts should have T1 around or above 3.0 eV to prevent exciton quenching.24 A 

second requirement for a good host is the possibility to achieve host-guest energy 

transfer, known as Dexter or Foster energy transfer, which will allow excitons formed 

in the host material to be transferred to the TADF emitter.23, 24, 36, 61, 70 Third, decent 

charge carrier transporting abilities to increase the chance for hole and electron 

recombination within the emitting layer.71 Therefore, in TADF based OLEDs host 

material play a more vital role to harvest and utilize the exciton at utmost efficiency, 

compared to phosphorescent OLEDs.34, 72 

Usually, in TADF emitters, the combination of wide energy bad-gap host material 

doped with TADF emitter allows for efficient Dexter or Foster energy transfer (Figure 

2.17) from host to guest and confinement of both singlet and triplets in the guest. The 

first Dexter mechanism or exchange mechanism is a short-range mechanism, while the 

Forster energy transfer is a long-range dipole-dipole coupling to transfer all the 

charges formed on host molecule and consequently allow a 100% IQE.73 
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Figure 2.17 Simple schematics for the (a) Dexter and (b) Förster mechanisms for energy transfer 

between an organic host excited state (T1) and the resonant excited state of a TADF, a fundamental L and 

the first excited L* level. 

 

The OLEDs are usually fabricated by thermally vacuum deposition, but several 

reports have been focused on fabrication via spin coating solution-processed methods 

which are more suitable for large-area OLEDs.60 Many research groups throughout the 

globe reported various TADF based on different donor and acceptor molecules, due to 

less space it is difficult to discuss all of them. Herein we will discuss some of firstly 

reported and best TADF red, green, and blue emitters based on their donor and 

acceptor groups, photo-physical characteristics, and device performance. 
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Figure 2.18. Chemical structure of the first red, green, and blue TADF emitters. 

 

2.7.1 Red-orange TADF 

The red-orange TADF emitters exhibit electroluminescence peak wavelength (ELmax) > 

580 nm. They have been used in various applications such as bioimaging, sensors, 

telecommunications, and night vision devices with reported EQE over 30%. 29, 74-77 The 

first reported red TADF emitter in 2012 by Adachi et. Al. was 4CzTPN-Ph (Figure 

2.18) 66, which exhibited calculated PLQY of 26% in toluene and, τd 1.1 µs. The 

thermally-evaporated device structure was ITO/NPD/5 wt% 4CzTPN-Ph: 

CBP/TPBi/LiF/Al. The device showed a remarkable EQE of 11.2%. The highest EQE 

reported was recently, and was 25% in red-yellow TADF OLEDs. 74 They compared 

orange-red anthraquinone based TADFs based on D-A-D (a1-a4) and D-Ph-A-Ph-D 

(b1-b4) molecular scaffold showing higher PLQY. The fabricated device was ITO/HAT-

CN/Tris-PCz/10wt%TADF emitter:CBP/T2T/Bpy-TP2/LiF/Al) (Tris-PCz = 9,9′-

diphenyl-6-(9-phenyl-9H-carbazol- 3-yl)-9H,9′H-3,39′H-bicarbazole; T2T =2,4,6-

tris(biphenyl-3-yl)-1,3,5-triazine; Bpy- TP2 = 2,7-di(2,2′-bipyridine-5-
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yl)triphenylene) using b1 emitter. The compound showed 80% PLQY and τd 416 µs in 

a host CBP matrix. The calculated ΔEST from the experimental value was 0.24 eV. The 

device exhibit 12.5% EQE and the CIE coordinates were (0.61, 0.39).  

In 2013, Li et al75 synthesized an orange-red emitter, HAP-3TPA, based on 

heptaazaphenalene acceptor with a small ΔEST of 0.17 e ΔEST of 0.17 eV. The molecules 

show absorbance at 610 nm. The calculated PLQY of 6wt% TADF in a host matrix 

26mCPy was 91%, and the τd of 100 µs. The molecule showed very weak TADF 

behaviour, and the DF/PF was 0.07 compared to DF/PF of 1.58 in fabricated device, 

i.e., ITO/NPD/6 wt% HAP-3TPA:26mCPy/Bphen/Mg: Ag/Ag with a high EQE value of 

17.5% and the CIE was (0.60, 0.40).  

In another study, Wang et al78 demonstrated the effect of twist angle during the 

designing strategy of TADF emitters. This twist angle can be reduced by increasing the 

D-A distance, which gives an orbital overlap to increase kt. They synthesized the first 

near-infrared (NIR) TADF emitter TPA-DCPP based on dicyanodiazatriphenylene 

acceptor moiety. The experimental calculated ΔEST was 0.13 eV. The calculated PLQY 

of 10wt% TPA-DCPP in TPBi host matrix was 50%, and the τd of 86.2 µs. The fabricated 

device ITO/NPB/TCTA/20 wt% TPA-DCPP: TPBi/TPBi/LiF/Al exhibit EQE value of 

9.8% with the CIE at (0.68, 0.32).  

Very recently in another report, Data et al79 reported dibenzo-phenanzine 

acceptors based TADF emitters which showed a formation of exciplex when doped in 

m-MTDATA host and a strong NIR emission at 741 nm was observed with EQE of 5%, 

but no concluded evidence was provided in work to support the TADF mechanism of 

this exciplex system. 

Similarly, Chen et al.80 also reported a novel solution-processed red TADF using 

a red-1b molecule, which can undergo both TADF and TTA process, depends on 

current density. The calculated ΔEST was 0.40 eV. The photophysical characteristics of 

the molecule are λmax of 622 nm, and the solid-state calculated PLQY of 28%, while the 

EQE was very low, 1.75% in the fabricated device. 

 

2.7.2 Green TADF 

The first green emitter was reported by Adachi et al. in 2012, 4CzIPN (Figure 2.18), 

exhibiting ΔEST of 0.08 eV.66. The calculated PLQY in CBP host was 82%, and τd of 3370 
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μs and the device showed excellent 19.3% EQE. Usually, green emitters are used in 

lighting applications. The highest EQE reported was recently, and was 37.8% in green 

TADF OLEDs. 57. Adachi et al reported a green DHPZ-2BI emitter with EQE of 13% in a 

simple device structure of ITO/α-NPD/mCP:6wt%emitter /TPBi/LiF/Al. 81 

In a similar contest, Taneda and co-workers82 synthesized a highly efficient green 

TADF emitter 3DPA3CN, and it showed PLQY of 100% in solid-state and 100% triplet 

harvesting via rISC mechanism. The molecule showed photo-physical characteristics of 

absorbance of 533 nm. The calculated PLQY of 6wt% thin film in the DPEPO host matrix 

was 100%, while the τd was 550. The ΔEST was to be small 0.10 eV and is due to the 

molecular geometry the HOMO and LUMO are strongly localized, which gives the small 

separation between HOMO and LUMO. The fabricated device ITO/α-NPD/mCBP/6 

wt% TADF emitter: DPEPO/TPBI/LiF/Al) shows an excellent EQE of 21.4% with ELmax 

at ≈540 nm. In another study, Xiang et al83 reported a triazine based acceptor along 

with phenoxazine as a donor and fabricated a yellow TADF emitter TPXZ-as-TAZ with 

very low ΔEST of 0.03 eV. The molecule showed excellent EQE of 13%. The calculated 

PLQY in 1.5 wt% thin film in host CBP was 53%, while the calculated τd was to be 1.10 

μs. The λmax for emitter was 555 nm. 

Tang et al. revealed the strategy to synthesized solution-processed green TADF 

emitters.84 They synthesized emitter 4CzCNPy, which has a small ΔEST of 0.07 eV. The 

λmax for emitter was 560 nm. The calculated PLQY was quite low in toluene with a value 

of 55% and τd calculated of 8.4 μs. The fabricated device ITO/PEDOT: PSS/8 wt% TADF 

emitter:mCP/TmPyPB/LiF/Al showed EQE of 11.3%, and CIE coordinate was (0.34, 

0.59.). They suggested that without the cyano group, the TADF emission could not be 

observed in the molecule along with enhancement to the PLQY. In this molecule, the 

emission is dominated by 1CT state to reduce the n-π* quenching of the 4CzPy group.  

Apart from Cyano-based green TADF emitters, many researchers reported TADF 

emitters based on 1,2,5-triazine acceptor (TRZ). Tanaka and co-workers85 reported in 

2012 a TADF emitter PXZ-TRZ with a small ΔEST exhibiting λmax: near 540 nm. The 

calculated PLQY of the thin film in 6wt% CBP was 66%, while τd was 0.68 μs. The 

twisted structure of the phenoxazine can easily induce the charge transfer results to a 

small ΔEST of 0.07 eV. In such a molecule, the dihedral angle between donor and 

acceptor is 74.9, which helps to localize the HOMO and LUMO for efficient TADF 
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exhibition. The device was fabricated using the emitter ITO/α-NPD/6 wt% TADF 

emitter: CBP/TPBi/LiF/Al showed EQE of 12.5%.  

Adachi et al.86 also reported anther green emitter based on TRZ acceptor, 3ACR-

TRZ, with a small ΔEST of 0.02 eV, which can be solution-processed. It exhibits the 

photophysical characteristics of λmax of 504 nm. The calculated PLQY in 16wt% CBP 

was near a unit value of 98% and τd of 6.7 μs in Host matrix, while in device 

ITO/PEDOT: PSS/16 wt% TADF emitter: CBP/BmPyPhB/Liq/Al, the EQE was 18.6% 

along with ELmax at 520 nm.  

In 2014 Wang et al. reported87 sulfone-based acceptor green TADF emitters. They 

synthesized two green TADF emitter named TXO-PhCz. The photo-physical 

characteristic of these molecules is λmax of 520 nm, calculated PLQY of the thin film was 

90% in 5 wt% mCP and a small ΔEST value of 0.07 eV for TXO-PhCz. The fabricated 

device structure was ITO/PEDOT (30 nm)/ TAPC (20 nm)/TADF emitter 5 wt%: mCP 

(35 nm) /TmPyPB (55 nm)/LiF(0.9 nm)/ Al and the device showed an EQEs of 18.5% 

for TXP-PhCz emitter, with the turn-on voltage of 4.7-5.2 V which is low for such 

devices.  

1,3,4-Oxadiazole was used to synthesized green TADF emitter, and these emitters 

are most commonly used for applications. Two new green TADF emitters were 

synthesized by Lee et al.88 The three emitters were PXZ-OXD and 2PXZ-OXD. In 

emitters, the D-A moieties were the donor was phenoxazine group while the acceptor 

was 1,3,4- oxadiazole and 1,2,4-triazole. The best device showed an EQE of 14.9% with 

emitter as 2PXZ-OXD. The emitter exhibit photo-physical characteristics of λmax of 517 

nm, PLQY yield was 87%, τd of 520 μs in 6 wt% DPEPO and the ΔEST of 0.15 eV and the 

fabricated device structure was ITO/NPD (30 nm)/mCP (10 nm)/6 wt% TADF 

emitter:DPEPO (15 nm)/DPEPO (10 nm)/TPBi (40 nm)/ LiF (0.8 nm)/Al (90 nm).  

 

2.7.3 Blue TADF 

The need for stable and pure color Gamut is an urgent necessity in blue emitters for 

their use in a display application. In 2012, Adachi et al. reported the very first class of 

blue TADF emitter based on diphenyl sulfone (DPS) as an acceptor 29. To synthesize 

efficient TADF emitter and their use in the device, it is important to take account of the 

π-conjugation length and the redox potential of the donor and acceptor moieties. 36 
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Emitter incorporated in the device was DTS-DPS. 18 The photophysical characteristics 

of the molecules are λmax of 423 nm. The calculated PLQY in DPEPO host was 80%, and 

τd was to be 540 μs. The ΔEST was 0.32 eV. The EQE was 9.9%. They suggested that for 

small ΔEST, the energy gap between 3LE and 3CT must be small, and the rISC occurs 

from 3LE to 3CT, which was followed by rISC to 1CT. In a similar approach, Dias et al. 

proposed a mechanism to understand the mechanism of rISC in such types of molecules 

(DTC-DBT). 89 They demonstrated that the rISC mechanism is still possible if the ΔEST 

is greater than 0.3 eV. They studied a molecule where the ΔEST is 0.35 eV, but in the 

molecule, it is possible to harvest 100% triplet excitons. According to the authors, the 

presence of heteroatom loan pairs form “hidden” 3n-π* state sandwiched between 

higher 3CT and lower 3LE states and the up-conversion follow the pattern: 3LE→-3n-π* 

→3CT→1CT. It is very important to design the geometry of the TADF molecule to induce 

the TADF process. Among various D-A and D-A-D structured TADF molecules, the main 

chemical moiety plays an important role in the exhibition of TADF behaviour. At 

present state of the art, EQE of 36.7% has been reported in blue TADF OLEDs. 14, 59 

Adachi et al. .67 reported deep blue emitters DMOC-DPS with a ΔEST of 0.21 eV. 

The calculated PLQY in DPEPO host at 10wt% was 80% along with measured τd of 114 

μs and the device ITO/a-NPD (30 nm)/TCTA (20 nm)/CzSi (10 nm)/ DMOC-

DPS:DPEPO (20 nm)/ DPEPO (10 nm)/TPBI (30 nm)/LiF (0.5 nm)/Al showed an EQE 

of 14.5%. They further reported another blue TADF DMAC-DPS with the absorbance 

of 464 nm.90 The PLQY in mCP host was 80%, and τd was 3.1 μs. For this DMAC-DPS, 

the experimentally calculated ΔES was very low and was 0.08 eV. The fabricated device 

performed at an excellent EQE of 19.5%, where the reduced ΔEST is a result of a higher 

3LE state than 3CT state, caused by the inducement of dimethylacridan donor. Another 

molecule DMAC-BP, which ΔEST is 0.07 eV with calculated PLQY of 85%, and τd of 2.7 

μs showed EQE of 18.9%.  

In another study, Lin et al. demonstrated59 a novel triazine-based blue TADF 

emitter named spiroAC-TRZ, which showed photo-physical characteristics of 

calculated PLQY of 100% in 12wt% mCPCN host, τd of 2.1 μs. The experimentally 

calculated ΔEST was very small, and to be 0.07 eV. The device ITO/ 

MoO3/TAPC/mCP/12 wt% spiroAC-TRZ:mCPCN/3TPYMB/ LiF/Al an EQE of 37%, 

which is highest among the reported blue TADF. In a similar approach, Komatsu et al91 
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reported three novel deep blue TADF Ac-RPMs, on the modification of triazine acceptor 

to a pyrimidine. All the compounds exhibited similar photophysical properties, i.e., 

PLQY of 80%, τd of 26.2 μs in a host matrix at 10 wt% in DPEPO and the calculated ΔEST 

was 0.19 eV for Ac-MPM, and the OLEDs showed an EQE of 24.5% and CIE coordinates 

of (0.19, 0.37), interestingly the turn-on voltage vas very low and was 2.80 V, such 

device can be used for highly efficient light devices.  

Among various D-A and D-A-D structured TADF molecules, the main chemical 

moiety plays an important role for the exhibition of the TADF behaviour, and as we 

have discussed various acceptors have been used for the synthesis of TADF materials, 

among them Cyano-based acceptors are used as most usual building blocks for the 

synthesis of deep-blue TADFs. The first Cyano based blue TADF 2CzPN was firstly 

reported by Adachi et al. .65, PLQY of 47% in the solution state, and the device 13.6% 

EQE. Sun et al92 reported a blue TADF emitter showing an excellent EQE of 21.8% in 

composed OLED structure of ITO/4 wt% ReO3:mCP/5 wt% TADF 

emitter:mCP:PO15/4 wt% Rb2CO3:PO-15/Al) (PO-15 = poly[N,N′-bis(4-

butylphenyl)-N,N′-bisphenylbenzidine]) by using a mixed co-host system (mCP:PO15 

= 1:1).  

Solution-processed TADF materials was reported by Cho et al. .93, they 

synthesized two blue TADF emitters named 3CzFCN and 4CzFCN, showing photo-

physical characteristics of calculated PLQY in 10 wt% diphenyldi(4-(9-

carbazolyl)phenyl)silane (SiCz) host at 10wt%, and was 74% for 3CzFCN and 100% 

for 4CzFCN, while the experimentally calculated small ΔEST of 0.06 eV for both emitters. 

The λmax: was 440 nm and 460 nm, respectively. The fabricated device with 4CzFCN 

emitter showed an excellent EQE of 20% with CIE coordinates of (0.16, 0.26), the 

device structure was ITO/PEDOT: PSS/PVK/15 wt%4CzFCN: SiCz/TPBI/LiF/Al.  

In another study, very recently, Hatakeyama et al.94 demonstrated the synthesis 

of boron-based acceptor TADFs. They synthesized TADF emitters DABNA-1 and 

DABNA-2 showing ΔEST of 0.18 eV and 0.14 eV, respectively. The λmax was 460 nm and 

469 nm, while the calculated PLQY in mCBP host at 1wt% was 88% and 90%. The 

device fabricated with DABNA-2 emitter showed an excellent EQE of 20.2%. In such 

boron-based TADFs, the ΔEST is very low, and this is due to the presence of strong 

LUMO localization called as “multiple resonance effect,” induced by boron atom and 
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the PLQY in the solid-state is 87-100%, which makes boron-based TADF emitter a 

potential candidate for blue TADFs. All the first and best-reported results for both 

thermally evaporated and solution-processed OLEDs, along with the materials used in 

this thesis are summarized in Table 2.1. 

 

Table 2.1: Device characteristics of firstly reported, the best state of art and emitters reported used in 

this thesis.  

Emitter Device structure Von (V) EQE 

(%) 

ȠC 

(cd/A) 

ȠP 

(lm/W) 

Ref. 

Thermally evaporated devices      

PIC-TRZ ITO/α-NPD/mCP/6wt% 

emitter:mCP/BP4mPy/LiF/

Al 

- 5.3 - - 16 

4CzTPN-Ph ITO/α-NPD/5wt% 

emitter:CBP/TPBi/LiF/Al 

- 1.2 - - 66 

4CzIPN ITO/α-NPD/5wt% 

emitter:CBP/TPBi/LiF/Al 

- 19.3 - - 66 

2PXZ-TAZ ITO/α-NPD/mCP/6wt% 

emitter:DPEPO/DPEPO/TP

Bi/LiF/Al 

- 6.4 - - 88 

DMOC-DPS ITO/αNPD/TCTA/CzSi/10w

t% 

emitter:DPEPO/DPEPO/TP

BI/LiF/Al 

4.0 14.5 - - 67 

TXO-TPA ITO/PEDOT/TAPC/5wt% 

emitter:mCP/TmPyPB/LiF/

Al 

5.3 18.5 47.4 43.3 87 

2PXZ-OXD ITO/α-NPD/mCP/6wt% 

emitter:DPEPO/DPEPO/TP

Bi/LiF/Al 

- 14.9 - - 88 

DHPZ-2BI ITO/αNPD/mCP:6wt%emitt

er /TPBi/LiF/Al 

- 12 - - 81 

CzDBA ITO/NPB(40nm)/TCTA 

(10nm)/CBP:dopant(10%) 

(30nm)/TmPyPB 

3.0 37.8 139.6 121.6 57 
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(60nm)/LiF (1nm)/Al 

(100nm). 

NAI‐DPAC (ITO)/MoO3(2nm)/TAPC(7

0nm)/mCP(10 

nm)/mCPCN:6wt%TADF(2

0 nm)/3TPYMB(70 nm)/LiF 

(0.5 nm)/Al 

3.0 29.2 76.2 79.7 74 

SpiroAC‐TRZ (ITO)/MoO3(1nm)/TAPC(5

0nm)/mCP(10 

nm)/mCPCN:12wt%TADF(

20 nm)/3TPYMB(50 

nm)/LiF (0.5 nm)/Al 

3.5 36.7 34.9 30.5 59 

Solution-processed devices 
 
4CzIPN ITO/PEDOT:PSS/PVK/ 

SiCz:TADFdopant/TSPO1/T

PBI/LiF/Al. 

5 8.1 - 8.9 95 

t4CzIPN ITO/PEDOT:PSS/PVK/ 

SiCz:TADFdopant/TSPO1/T

PBI/LiF/Al. 

5 18.3 - 42.7 95 

4CzIPN-Ph ITO/PEDOT:PSS or Buf-HIL 

(≈40 nm)/CBP:4CzIPN (≈40 

nm)/TPBI (50 nm)/ 

LiF (1 nm)/Al (100 nm) 

3.8- 13.3 30 23.5 96 

4CzCNPy ITO/PEDOT:PSS(40 

nm)/mCPor4CzPy:4CzCNPy 

(8 wt%, 30 nm)/TmPyPB 

(60 nm)/LiF (0.8 nm)/Al 

(100 nm) 

4.7 10.4 35.4 17.9 84 

DMOC-DPS ITO/PEDOT:PSS/TCTA/mC

P or DPEPO: 10wt.% DMOC-

DPS/TmPyPb/Cs2CO3/Al 

4 4 5.77 2.6 97 

Cz-CzCN ITO/PEDOT:PSS/Cz-
CzCN/PhPO/Al 

3.1 15.5 46.3 39.3 98 

4CzFCN ITO/PEDOT:PSS (30 nm)/ 

PVK (15 nm)/CDBP:X wt% 

4CzFCN (30 nm)/PO-T2T 

(50 nm)/LiF (0.8 nm)/Al 

(100 nm) 

4 20.8 55.3 38.6 99 
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5CzCN ITO (150 nm)/ MoO3 (15 

nm)/ Poly-TPD(15 nm)/ 

PVK(70nm)/DPOBBPE:5Cz

CN (40 nm)/ TSPO1 (5 nm)/ 

TPBi (30 nm)/LiF (1 nm)/ Al 

(200 nm). 

6 25.8 53.3 27.1 100 

DACT-II ITO/PEDOT:PSS/XOTPD/X‐

DCDPA/DCzPPy:20wt%DM

ACTRZ(orDACTII)/TmPyPB

/CsF/Al 

2.4 30.8 111.9 89.9 101 

 

2.9 Conclusion  

The past few years have witnessed tremendous development in the field of organic 

electronics and especially in the synthesis of organic light-emitting materials, which 

helped to boost the cost reduction of OLEDs and performance enhancement. The 

potential inexpensive synthesis methods, OLEDs fabrication process, flexibility, and 

lightweight make them one of the promising materials for energy devices. A large 

number of phosphorescent and fluorescent organic materials have been synthesized 

for their use in OLEDs. Recently, TADF materials have been introduced in OLEDs 

fabrication to achieve 100% IQE and high EQE, which can be achieved near 50%.  

The actual development of organic TADF emitters achieves a status that 

surpasses a simple curiosity. The new OLED framework, based on more efficient 

materials, opens new fields of applications. These materials, based on separated donor-

acceptor moieties in one molecule, leads to a unique luminescent process of a triplet 

harvesting in the excited state with a further huge increase of IQE up to the 100% limit. 

This simple way to tailored pure organic emitters is one of the most recent advances in 

the OLEDs filed. Achieving very high external efficiencies without using expensive and 

rare transition metals puts the organic emitters towards new possibilities. Particularly 

important is the application in lighting from large area emitters, a field that is, until 

now, a technological problem. The possibility to have a full range of color emitters with 

high efficiency is also an outstanding achievement towards a new device design and 

application, particularly in white emission. 
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Nevertheless, improving the efficiency of the theoretical efficiency limit can only 

be achieved with a deep understanding of the TADF process in these organic molecules. 

Thus, the next steps must be focused on the physical models for this rISC pathway and 

the relationship with the molecular structure. In the OLEDs point of view, the design of 

reliable host materials is also important that fulfill the requirements to allow an 

efficient luminesce emission form the TADFs.  

However, at the present stage, despite numerous characterization techniques to 

understand TADF behaviour, more rigorous efforts are required for their 

understanding and use for commercially production. These TADFs have already been 

found a significant role in next-generation displays and lighting materials, and their use 

can only be realized as their synthesis characterization and device fabrication progress. 

In this chapter, we have discussed the importance of the charge carrier properties such 

as injection, transport, and recombination of the carriers in a device. Such expressions 

are extremely important to construct a simple but efficient device. The fundamental 

goal of this thesis is to develop a simple but efficient OLEDs based on TADF emitter via 

solution-processed methods. The state-of-the-art discussed herein this chapter point 

out the main issue of the simplicity of the fabrication process and the device structure 

that we will deliver in this thesis. The earlier reported devices exhibited high EQE, but 

the efficiency roll-off was an issue in most of the TADF based OLEDs. Thus, achieving a 

simple and efficient device structure, suppressed EQE roll-off, simplicity of the 

fabrication processes is among the main goals of this thesis study. The EQE is the 

product of IQE, outcoupling efficiency, singlet-triplet ratio, charge carrier balance and 

we conclude that the improvement to the EQE and suppress the roll-off originate from 

improvement to the charge carrier balance in the device, which we will focus in this 

thesis.  
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Chapter 3 

Materials and Experimental Methods 

A great deal of research effort has been made to enhance the performance of TADF 

OLEDs via molecular design strategy, chemical synthesis, and device structure 

modulation. In recent years, more than 500 TADF emitters have been reported, but 

still, in TADF based OLEDs the problem arises with: 

(i) The development of TADF emitter with a selection of a suitable host and charge 

transporting materials with the modified anode, electron transport layer (ETL), 

emissive layer (EML) and the doping concentrations of the TADF are required to 

capitalize the potential of TADF; 

(ii) Charge carrier dynamics, i.e.; (a) need for optimization to the organic layer 

thickness, or according electrical carrier mobilities and b)reduce the charge 

injection barriers, c) recombination zone modulation, d) confinement of the 

excitons within the emission layer, etc., which directly impact the device 

performance and stability; and, 

(iii) Thermal and morphological stability of the TADF and host materials in thin-film 

and OLEDs stability.  

 To address such issues, we have selected commercialized fundamental color red, 

green, and blue TADF emitters (donor-acceptor and donor-acceptor-donor type). The 

TADF emitters were screened based on their solubility in different solvents, thermal 

stability, emission range for the desired application, and on their reported 

characteristics such as IQE, PLQY, and EQE values. Nevertheless, for all selected 

emitters, there were no reports on extensive investigation of solution-processable 

OLEDs, and device physics with a combination of simulation and experimental were 

reported. Interestingly, in all the emitters, the roll-off was a challenge, and we 

encounter this challenge to increase the efficiency of the existing technology in a simple 

device structure.  
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3.1 Materials  

The TADF emitters red-orange  2-[4 (diphenylamino)phenyl]-10,10-dioxide-9H-

thioxanthen-9-one (TXO-TPA), green (2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-

1,3,4-oxadiazole) (2PXZ-OXD), and blue bis[4-(3,6-

dimethoxycarbazole)phenyl]sulfone (DMOC-DPS), poly(N-vinylcarbazole) (PVK), 1,3-

Bis(N-carbazolyl)benzene (mCP), 1,3-Bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-

yl]benzene (OXD-7), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 

(TPBi), 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP), N,N′-Di(1-naphthyl)-N,N′-

diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB), bis[2- (diphenylphosphino) phenyl] 

ether oxide (DPEPO) were obtained from Lumtech ltd. poly(styrenesulfonate)-doped 

poly(3,4-ethylenedioxythiophene) (PEDOT: PSS), 1,3,5-Tri(m-pyridin-3-

ylphenyl)benzene (Tm3PyPB), Tris(4-carbazoyl-9-ylphenyl)amine (TCTA), Cs2CO3, 

and LiF were obtained from Ossila. All solvents were purchased from Sigma Aldrich. 

All organic materials were sublimed. The patterned ITO substrates used for device 

fabrication (resistivity of 20 Ω/) were purchased from Ossila. The following are the 

chemical structures of materials used in this work. (Figure 3.1 and list of the 

materials) 

 

 

Figure 3.1 Emission state on the materials used for this thesis work. (both powder and solution). 
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a. TADF emitters 

 

b. p-type material 
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c. n-type material 

 

 

 

d. Bipolar material 

 

Figure 3.2. The chemical structure of all the materials used for this thesis work. 
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3.2 Instruments and Device fabrication  

The devices were fabricated with both thermal vacuum and solution-processed 

deposition processes. The thermal deposition devices were fabricated via Kurt J. lesker 

Spectros 150 automated system, containing five organic crucibles and three metallic 

crucibles for large-area fabrication. For small area devices, MBRAUN Evaporator 

(ECOVap and ProVap) – TP700 was used. Solution-processed devices were spin-coated 

on substrates via the POLOS spin coater. The thickness of spin-coated thin films and 

evaporated thin film on substrates were measured by using a Profilometer: KLA tencor, 

Alpha-Step D-100 Stylus Profiler. All the instruments used for fabrication are shown in 

Figure 3.3. 
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Figure 3.3 Instruments used for the characterization and device fabrication for this thesis work. (a) 

MBRAUN evaporator, (b) Spectros 150, (c) Glove box metal evaporator, (d) Spin coater and (d) 

Profilometer.  

The simple devices structures were glass/ ITO(100nm) / HTL (x nm) / EML (y 

nm) / ETL (z nm)/ LiF (1nm) or Cs2Co3 (2 nm) / Al (100nm). In thermally deposited 

devices, the EML was Host100-a: TADFa, where ‘a’ was 10 wt.%. In solution-processed 

devices, the EML was [PVK: host](100-a): TADFa, where ‘a’ was the wt.% of the TADF 

emitter dopant in the matrix of PVK: host. The substrates were first cleaned in an ultra-

sonic bath containing 1% v/v Hellmanex solution in water at 70°C, and then in acetone, 

2-propanol (IPA) for 10 minutes in each. After solvent cleaning, a UV Ozone treatment 

was done for 5 min. In thermally vacuum-deposited devices, the HTL, EML, and ETL 

were thermally deposited. The EML was deposited via co-evaporation of host and 

TADF. For solution-processed devices, the PEDOT: PSS was filtered with a 0.45 μm 

(Polyvinylidene difluoride) PVDF filter, spin-coated at 2000 rpm, and annealed at 120 

°C for 15 min. In solution-processed devices, EML from different host systems from 

chlorobenzene/dichlorobenzene/chloroform solvent was spin-coated at different rpm 

after filtered using 0.1 μm Polytetrafluoroethylene (PTFE) filter and dried in the glove 

box at 80 oC for 30 min. ETL of different thicknesses was then thermally deposited on 

EML. The metal layers of 1 nm LiF or 2 nm Cs2CO3 and 100 nm Al were deposited in a 

vacuum, at pressure < 5×10-6 mBar. The rate for the organic materials deposition was 

1 Å/s, 0.1 Å/s for LiF, and 4 Å/s for Al. The active device area is 4.5 mm2. A simple 

schematic of substrate active-area is shown in Figure 3.4 a, b. Any different and 

modified specific conditions will be described in the corresponding chapter. 
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Figure 3.4. (a) schematic of the substrate. (b) the patterned substrate, and (c) the Ossila Push-fit test 

board for OLED device measurements.  

3.3 Electrical, optical and morphological characterization 

UV-Vis absorption spectra were recorded with a Cary 5000 (Varian) spectrometer. 

Photoluminescence spectra of the samples in different solvents and thin films were 

performed at room temperature with an Edinburgh Instruments FLS980 fluorescence 

spectrometer with Xe-lamp as an excitation source and R-928 photomultiplier 

detector. The photoluminescence quantum yields (PLQY) were determined using an 

integrating sphere from Edinburgh Instruments with BENFLEC inside coating. Current-

voltage-luminance (J-V-L) characteristics of OLEDs were measured using a Keithley 

2612 Source-Meter and Keithley source meter 2425 model, and a Minolta CS-200, and 

CS110 Chroma Meter, where substrates were mounted in an Ossila Push-fit test board 

set-up (Figure 3.4c). A special collecting optical system obtained the 

electroluminescence spectra and a MicoHR spectrometer with a CCD 3500 detector 

(Horriba Jobin-Yvon) linked fiber-optically, and with an Ocean Optics USB4000 

spectrometer. The system has a flat sensitivity response in the wavelength range of 

350–950 nm. The CIE-1931 color coordinates and luminance were recorded using a 

Minolta LS-100 chromameter. For the efficiency figures of merit calculations, current 

efficiency (c), power efficiency (p), and EQE were calculated. The morphological 

characterizations were obtained by the Park Systems XE7 Atomic force microscope. 

The characterized devices were not encapsulated. The brightness measurements were 

taken in the normal direction to the sample, and the efficiency calculations were 
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analyzed considering the Lambertian emission. Figure 3.5 is the block diagram of the 

characterization (J-V-L) setup used for the devices in this thesis work. 

 

 

 

Figure 3.5. A block diagram of the J-V-L characterization setup used in this work. 
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Chapter 4 

Effect of hole and electron transport layer thickness 

on orange-red organic light-emitting diodes based on 

a thermally activated delayed fluorescence emitter 

 

 

 

 

 

 
1 The results discussed in this chapter are part of a manuscript submitted. Manish Kumar and Luiz 
Pereira*, “Effect of hole and electron transport layer thickness on orange-red organic light-emitting 
diodes based on a thermally activated delayed fluorescence emitter.” (Submitted) 
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Abstract 

To achieve significant efficiency in thermally activated delayed fluorescence material 

(TADF), it is important to optimize the thickness of hole injection (HIL), electron 

injection (EIL), an emissive layer (EML). Herein, this chapter, we present the effect of 

the thickness of both electron and hole injection layers on organic light-emitting diodes 

based on an orange-red emitter. The TADF emitter with a typical D-A structure with 9-

H-Thioxanthen-9-one-10,10-dioxide (TXO) as an electron acceptor unit and 

triphenylamine (TPA) as an electron donor unit emitters was investigated with 10 

wt.% in an electron type of host 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP). N,N′-Di(1-

naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB) and 2,2',2"-(1,3,5-

Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) were used as hole and electron 

transport materials. This work aims to develop a simple three organic layer structure 

with stable efficiency high as possible, color stability in a large dynamic range of 

operation. The charge balance mechanism was investigated for different thicknesses of 

both HTL and ETL and electron-hole mobilities. By combining experimental and 

simulation results, we show that electron-hole profile and recombination region 

formation probability are critical for improving the device performance by changing 

the thickness of both HIL and EIL. The results show that external quantum efficiency 

(EQE) can be modulated from 1.81% to 11.22% by changing the thickness of HIL and 

EIL. The optimized device exhibited an excellent EQE of 11.22%, current efficiency (Ƞc) 

of 17.5 cd/A, power efficiency (Ƞp) of 9.16 lm/W with high luminescence (Lmax) of 

10188 Cd/m2 with a turn-on voltage of 4V at CIE coordinates of (0.45, 0.45). Along with 

we have fabricated a 16 cm2 large-area device that exhibited an excellent EQE of 

17.72% at 20V, which is best among the highest EQE reported for any TADF large-area 

emitter for this device size. 
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4.1 Introduction 

Light-emitting diodes is a booming field in past decades, and it continues to grow in 

both research and technology. Much more than ever, the use of organic materials in 

LEDs is recognized as the key breakthrough, and the science of studying organic 

material is thriving. The main principle behind OLED technology is 

electroluminescence, and such devices offer brighter, thinner, high contrast, and 

flexible emitters.1  

 The rapid advance in synthesis and development of organic emitters based on 

TADF emitters has prompted to strategize the device structure to use these emitters in 

an efficient device. TADF based OLEDs are gaining much attention owing to their 

remarkable performance in both 100% internal quantum efficiency (IQE) and more 

than 30% external quantum efficiency (EQE) because it emits light using both singlet 

(S1) and triplet (T1) excitons by harvesting triplet-to-singlet upconversion through 

reverse intersystem crossing (rISC) process.2-11 Rapid chemical synthesis and 

fundamental investigation of the material photophysics have further accelerated the 

progress.2, 5, 12-18 

 In TADF based OLEDs, the device performance is higher compared to that of 

OLEDs with phosphorescent emitters without the use of heavy metals. 11, 13-15, 19-21 

Nevertheless, to date, although in the complex structured hybrid (thermal and 

solution) processed OLEDs of TADF emitters with high EQE of 36.7% and 37.8% for 

the blue and green emitter, respectively, while in solution-processed OLEDs an EQE of 

31% has been demonstrated. In red-orange emitter, EQE of nearly 30% was recently 

reported. 8, 22-25 In most of the devices, the structure is much complex, and it has been 

very challenging to achieve a highly efficient OLED with a simple architecture that 

considerably undermines the technological advantage. Moreover, in most cases, the 

roll-off is the constraint. 

 The charge balance and mobility in a device are considered as the most important 

factors for the performance because it influences practical electrical characteristics 

such as the driving voltage, efficiency, and lifetime. 26-35 In organic materials, the 

mobility of holes is very high compared to electron mobility; thus the holes from the 
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hole transport layer (HTL) moved faster when compared to electrons from the electron 

transport layer (ETL), which result in the hole accumulation near EML-ETL interface 

without exciton generation.26, 32, 35 The thickness and electrical carrier mobility of both 

HTL and ETL governs the charge transport in the emissive layer and recombination. It 

also modulates the recombination region width and its zone. To extract better 

performance from EML, it is essential to confine all the exciton and balanced charge 

carriers in it, which affects the recombination zone formation. Tang et al. demonstrated 

that the higher hole mobility through the EML changes the width of the recombination 

zone,32, which is responsible for a longer device lifetime and a lower drive voltage at 

the expense of luminance yield. This perturbs that at higher hole mobilities, the 

recombination zone appears to be extended at the EML/ETL interface, increasing the 

width of the recombination zone, therefore allowing more emitter molecules to 

participate in the recombination process. The electron and hole mobility is dependent 

on the film morphology and molecular orientations. In a typical TADF based OLEDs, 

holes and electron recombine in EML where they form an exciton.36 This EML is a 

matrix of TADF emitter doped in a wide-energy-gap host material, and this host will 

provide charge carriers to the TADF dopant due to relatively high triplet and singlet 

levels and confine the exciton in the guest. 37-39 In host: TADF, all carriers are 

transferred to the emitter via either a long-range dipole coupling (Forster energy 

transfer) or a short-range exchange interaction (Dexter energy transfer) or a 

combination of both Forster-Dexter energy transfer to utilize all the electrical carriers 

and reaching a 100% IQE. 40 Upon doping, the charge mobilities of host materials 

changes due to different mobilities of the TADF dopant (as discussed, the mix mobilities 

in Chapter 2) and this alternation in charge mobilities inside the host molecule change 

the recombination process. 41-43 This is because in a host: guest system, the mobility 

depends on the electrical field and the electrical characteristics of the host material. So, 

the one important challenge while designing an OLED the asymmetrical hole and 

electron mobilities. The energy levels and the charge carrier mobilities are responsible 

for the efficiency and operating voltage of the device. Efficient injection and transport 

of the charge carriers into EML leads to a high SCLC that reduces the operating voltage 

and increases the recombination44. To achieve this, a symmetrical hole and electron 
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mobility profiles are required. So usually, only one high mobility carrier is not 

favorable for device efficiency. In a p-type host, the holes are transported through the 

host molecule because of the high hole mobility and deep HOMO levels. The electrons 

can be transported through the host too, but partially trapped by the dopant molecule. 

In p-type host: guest system, the recombination zone takes place in the EML close to 

the ETL. This reduces the width of the recombination zone and total recombination 

probability. While in an n-type host, the electrons are transported through the host 

molecule. The host molecule works as a hole blocking layer. Thus the hole injected 

through the TADF emitter has lower mobility and narrowing the recombination zone. 

Thus, nearly equivalent carrier mobilities of HTL and ETL should be employed to 

obtain desired efficiency and operating voltage via a selection of proper HTL and ETL 

materials to felicitate appropriate hole and electron injection and balanced transport. 

So, the formation of the recombination region and the width of the zone can be 

modulated via changing the electrical carriers mobilities which further controlled by 

changing the HTL and ETL thickness and this can be simulated.  

 In this contribution, we discuss a new approach to the fabrication strategies for a 

simple device architecture in TADF based OLEDs. For the pursuit of the high efficiency 

of red TADF OLEDs in a simple device structure, we first simulate the electrical carrier 

profiles across the device based on layer thickness and electrical mobilities to improve 

the reported results. The simulations were carried out based on the theoretical 

descriptions discussed in chapter 2. The relationship of the charge injection, transport, 

and their mobilities with device performance, the interface properties of the EML/ETL, 

HTL/EML for the formation of the recombination zone were investigated in detail. All 

these parameters are to be considered while designing an OLED device, as discussed in 

chapter 2. The TADF emitter TXO-TPA was co-evaporated with CBP host, and the 

OLEDs fabricated with different HTL and ETL thickness lead to orange-orange emission 

with brightness over 10000 cd/m2, with EQE of 11.22% for a simple three organic layer 

device which is among the best reported to date. A detailed simulation of charge carrier 

injection, mobilities, and recombination profile formation based on different thickness 

of HTL and ETL are also discussed. In the end, the successful fabrication for thermally 

evaporated large-area applications up to 16cm2 glass substrates is also discussed.  
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4.2 Device fabrication 

We have fabricated multilayer OLEDs using orange-red TXO-TPA TADF dopant in CBP 

as the emitting layer (EML). This TADF was firstly reported by Wang et al. .45 The device 

structure is ITO/NPB (x nm)/ EML (20 nm)/ TPBi (y nm)/LiF (1 nm)/Al (100 nm) 

(Figure 4.1), where the x= 20 nm, 30 nm and y= 20 nm, 30 nm. EML was co-evaporated 

with CBP and TXO-TPA. The active device area is 4.5 mm2. The doping concentration of 

TADF dopant TXO-TPA was optimized to 10 wt.% due to concentration quenching. The 

chemical structures, energy diagram TADF, and hosts are shown in Figure 4.1. 

 

 

 

Figure 4.1. The chemical structures of materials and energy diagram of the structured device.  

 

4.3 Results and Discussion 

To see the effect of both HTL and ETL layer thickness on device characteristics, four 

different sets of devices were fabricated named RED1, RED2, RED3, and RED4. The 
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description of the devices is summarized in Table 4.1. CBP, which is a hole-type host, 

was used as a host material. The T1 of CBP is 2.6 eV, the hole mobility is 10-3 cm2V-1s-1, 

and the electron mobility is 2-7×10-4 cm2V-1s-1.46-48 The hole mobility of NPB is 1.63×10-

5 cm2V-1s-1.49, 50 TPBi was used as ETL, and the electron mobility is 3.3-8×10-5 cm2V-1s-

1, and the T1 level is 2.73 eV.30, 51 The high triplet of TPBi (2.73 eV) enables to prevent 

the transfer of triplet energy in EML from CBP (2.6 eV) to ETL. The T1 of TXO-TPA is 

2.47 eV.45 Figure 4.2 shows the J-V-L and EL characteristics obtained for the device 

structure ITO/NPB (x nm)/ EML (20 nm)/ TPBi (y nm)/LiF (1 nm)/Al (100 nm), where 

the x= 20 nm, 30 nm and y= 20 nm, 30 nm. CBP was chosen as the host material due to 

the higher hole conducting capability to improve the charge balance and electron-hole 

pair recombination.52 

 

Table 4.1 Summary of the results obtained for the device structure ITO/NPB (x nm)/CBP-co-TXO-TPA 

(10wt.%) (20 nm)/TPBi (y nm)/LiF (1 nm)/Al (100 nm). (x= 20 nm, 30 nm and y= 30 nm and 40 nm) 

Device HTL+ETL 

(nm) 

ȠC (cd/A) ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

Turn on 

(VON) 

CIE (x,y) 

RED1 20+30 3.60 1.79 1.81 13440 4 0.48;0.49 

RED2 20+40 8.69 3.90 4.63 10231 6 0.45;0.52 

RED3 30+30 9.48 4.96 5.81 11800 6 0.45;0.48 

RED4 30+40 17.50 9.16 11.22 10188 6 0.45;0.45 
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Figure 4.2. The device characteristics of the TXO-TPA based OLED: (a) current density-voltage curves, 

(b) brightness-voltage curves, (c) current efficiency-brightness curves, (d) EQE-brightness curves, (e) 

power efficiency-current density curves, and (f) EL spectra at 12V.  
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4.3.1 RED 1 

The device structure is ITO/NPB (20 nm)/CBP-co-: TXO-TPA (10wt.%) (20 nm)/TPBi 

(30 nm)/LiF (1 nm)/Al (100 nm). This configuration results in lower EQE and high 

luminance. The turn-on voltage (VON) for the device was 4 V. In RED 1 OLED, due to the 

faster hole mobility of hole from NPB, the holes form HTL travel faster through EML 

towards ETL, and the recombination takes place almost near EML-ETL interface 

embedded inside ETL. (Figure 4.3a schematic). The device exhibited the maximum 

brightness (Lmax) of 13440 cd/m2. The Ƞc is 3.60 cd/A, Ƞp is 1.79 lm/W, and the EQE is 

1.81%. The EQE was obtained at higher current density values at 2.84 mA/cm2. In the 

EL spectra of the device at different voltages, first a dominant spectrum at 584 nm, 

which corresponds to the luminescence of red TADF TXO-TPA (Figure 4.2f).45 The 

Commission Internationale de L'Eclairage (CIE) coordinates are (0.48, 0.49). Along 

with, two shoulders peaks at 565 nm and 602 nm also exhibited. These emissions can 

arise from different energy levels of the TADF molecule showing weak confinement in 

the recombination region, perhaps due to the different electrical profiles of EML. The 

PL spectra of the TXO-TPA thin film exhibited a spectrum at strong red emission 625 

nm.45 Figure 4.3b, and c reveals the recombination probability and hole-electron 

profile across the EML. For all the devices, the simulation was carried out considering 

J at 40 mA/cm2, p = 210-3 cm2V-1s-1, n = 210-6 cm2V-1s-1, and V-Vbi of 2.20 V (voltage 

drop across all device in equilibrium state). In RED1, the total recombination 

probability is 1.8×1014 1/cm3 s near HIL, 6×1013 1/cm3 s at the center of the EML, and 

2.12×1014 1/cm3 s at ETL interface, calculated from simulations. The overall integrated 

recombination probability is 1.83×1016 1/cm3 s.  
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Figure 4.3. (a) Schematic model of RED1; 20/20/30 nm configuration, (b) holes and electron profile in 

EML, and (c) Recombination profile in EML. 

 

4.3.2 RED 2 

The device structure is ITO/NPB (20 nm)/CBP-co-TXO-TPA (10wt.%) (20 nm)/TPBi 

(40 nm)/LiF (1 nm)/Al (100 nm). This configuration results in good luminance and 

lowers EQE. The VON for the device was 6 V. The Ƞc is 8.69 cd/A, Ƞp is 3.90 lm/W, and 

the EQE is 4.63% with Lmax of 10231 cd/m2. The EQE was obtained at higher current 

density values at 0.23 mA/cm2. Due to the increase in the thickness of ETL, a better 

charge balance occurred, and improvement in the recombination happened near the 

EML-ETL interface with most of the recombination embedded inside EML. (Figure 

4.4a schematic). In the EL spectra at different voltages, it is revealed that the device 

exhibit two different spectra, first a dominant spectrum at 588 nm, which corresponds 

to the luminescence of red TADF TXO-TPA along with a weak shoulder at 604 nm. The 

Commission Internationale de L'Eclairage (CIE) coordinates are (0.45, 0.52). In RED1, 

the recombination probability increased compared to the RED2 and is 5.2×1014 1/cm3 
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s near HIL, 1.6×1014 1/cm3 s at the center of the EML, and 8.92×1014 1/cm3 s at ETL 

interface, calculated from simulations (Figure 4.4c). The overall integrated 

recombination probability is 5.61×1016 1/cm3 s.  

 

 

Figure 4.4. (a) Schematic model of RED2; 20/20/40 nm configuration, (b) holes and electron profile in 

EML, and (c) Recombination profile in EML. 

 

4.3.3 RED 3 

The device structure is ITO/NPB (30 nm)/CBP-co-TXO-TPA (10wt.%) (20 nm)/TPBi 

(30 nm)/LiF (1 nm)/Al (100 nm). The device exhibited good luminance and moderate 

efficiency. The VON voltage for the device was 6 V. There was no significant change in 

RED2 and RED3 performances. The Ƞc is 9.48 cd/A, Ƞp is 4.96 lm/W, and the EQE is 

5.81 % with Lmax of 11800 cd/m2. The highest values obtained at 2.64×10-2 mA/cm2 

exhibiting improved carrier injection and electrical profile in RED3 compared to RED2. 

Upon increasing the thickness of HTL to 30 nm, a charge balance occurred in RED3 

compare to RED1 and RED2. This improvement in charge balance shifted the 
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recombination region inside the EML, where most of the exciton formed (Figure 4.5a 

schematic). The EL spectra revealed that the device exhibit only a dominant spectrum 

at 604 nm corresponds to the luminescence of orange-red TADF TXO-TPA. The device 

exhibited a red-shift in EL spectra. This shift in the EL peaks reveals a different local 

interaction between host: guest, the different electron mobility in thin and thicker HTL, 

ETL, and solvatochromism effect as described earlier.53 The redshift in the emission 

spectra also could be due to faster exciton formation, better recombination, and 

controlled charge carrier injection in the emissive layer compared to 20 nm thin NPB 

HTL, which resulted in better device performance also.54, 55 The Commission 

Internationale de L'Eclairage (CIE) coordinates are (0.45, 0.48). In RED3, the 

recombination probability is similar to the RED2 and is 5.9×1014 1/cm3 s near HIL, 

1.6×1014 1/cm3 s at the center of the EML, and 9×1014 1/cm3 s at ETL interface, 

calculated from simulations (Figure 4.5c). The overall integrated recombination 

probability is 5.64×1016 1/cm3 s. The high recombination probability in RED2 and 

RED3, as compared to RED1, increases the overall efficiency of both the devices. 

 

Figure 4.5. (a) Schematic model of RED3; 30/20/30 nm configuration, (b) holes and electron profile in 

EML, and (c) Recombination profile in EML. 
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4.3.4 RED 4 

The device structure is ITO/NPB (30 nm)/CBP-co-TXO-TPA (10wt.%) (20 nm)/TPBi 

(40 nm)/LiF (1 nm)/Al (100 nm). This device exhibited the best performance among 

all devices, which is almost two folds compare to RED2 and RED3. It exhibited a good 

luminance with high EQE in a much-balanced device. The VON voltage for the device 

was 6 V. The Ƞc is 17.50 cd/A, Ƞp is 9.16 lm/W, and the EQE is 11.22% with Lmax of 

10188 cd/m2. In thicker 40 nm ETL and 30 nm HTL, a better charge balance is 

optimized inside EML, which leads to a balanced structure and optimum current 

density. (Figure 4.6a schematic) In the EL spectra, it is clearly revealed that the device 

exhibits only one dominant spectrum at 608 nm corresponds to the luminescence of 

red TADF TXO-TPA. This redshift in EL spectra indicates recombination region 

confinement due to better charge transport due to thicker n-type layers, as discussed 

in RED3. Here-in, thicker n-type and p-type layers form a well-controlled charge carrier 

transport, which leads to the formation of recombination region towards n-type, and 

the emission exhibited from TXO-TPA. This also helps to increase device performance. 

The Commission Internationale de L'Eclairage (CIE) coordinates are (0.45, 0.45). In 

RED4, the recombination probability increased compared to RED1, 2, and 3 owing to 

its superior charge balance and exciton formation. It is 6.34×1014 1/cm3 s near HIL, 

1.8×1017 1/cm3 s at the center of the EML, and 1.2×1015 1/cm3 s at ETL interface, 

calculated from simulations (Figure 4.6c). The overall integrated recombination 

probability is 6.44×1016 1/cm3 s.  
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Figure 4.6. (a) Schematic model of RED4; 30/20/40 nm configuration, (b) holes and electron profile in 

EML, and (c) Recombination profile in EML. 

 

4.4 Discussion 

From the results, it is clear that the device performance is solely based on the 

architecture where the thickness plays an important role. The HOMO levels of the 

compounds suggest that the energy barriers for holes and electrons are identical (same 

device structure). Thus, the hole and electron mobilities of the organic materials have 

the most substantial impact on the recombination-width and, hence the device 

efficiency. The mobilities are electrical field and driving voltage-dependent. The 

simulation results conclude the effectiveness of symmetrical hole and electron density 

profile in EML, the importance of the improved mobilities, and thickness effect on the 

device efficiency. The improved electrical carrier profile is important to confine the 

recombination zone inside the EML and not let it shift towards HTL or ETL, which is 

mostly affected by the thickness and electrical properties of the material. 56 
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In device RED1, the EL spectra exhibit a dominant peak at 584 nm, a typical 

characteristic of TXO-TPA, while another weak spectrum at 602 nm was also observed 

corresponding to the emission from TADF. The device showed a lower Ƞc of 3.60 cd/A 

and an EQE of 1.81%, and this is due to the unbalanced structure with an asymmetrical 

electrical profile of hole and electron densities. This also can be ascribed due to thin 

organic layers of HTL and ETL, where an unsymmetrical charge injection and transport 

occurs. It is worth noting that the VON in RED1 is lower, i.e., 4V compared to 6V in other 

devices. The VON depends on the mobility (μ), the density of the charges, thickness, and 

the permittivity of the organic layers. It also indicates the transition from Ohmic (VΩ) 

to the SCLC transport regime in the operating voltage range, as discussed earlier in 

chapter 2. The high luminance in RED1 requires a large number of the recombination 

and further large number of charge carrier injection. In such a case, the loss of radiative 

recombination is too high, reducing the overall efficiency of the OLED.  

When the thickness of ETL increased to 40 nm, i.e., RED2, there was not much 

difference in the emission spectra, but the device performance was improved 

drastically, and the current efficiency increased to 8.69 cd/A and a twofold to the EQE 

from 1.81% to 4.63%. It is due to the much-improved injection of the electrons from 

ETL to the emissive layer, which further increases the carrier density and formation of 

high number excitons at the interface.  

When the thickness of NPB increased to 30 nm in device RED3, no further 

spectrum at the blue region was observed, which reveal the shifting of the 

recombination region completely far from the interface. Which is further observed in a 

redshift to the emission spectrum of TXO-TPA at 605 nm. The current efficiency 

achieved was 9.48 cd/A and EQE of 5.81%.  

In the device RED4, the increase to the ETL to 40 nm, exhibits the device 

performance improved via more improved electron injection inside the emissive layer. 

This increases the exciton formation and a narrow recombination region. The excellent 

Ƞc of 17.5 cd/A with EQE value of 11.22% achieved. This device also exhibits only one 

emission spectra shifted at 608 nm, revealing the further movement of the 

recombination center inside the EML, and the number of exciton formation increased, 

which was evident in the redshift of the EL spectra as well.54, 55 The redshift in both the 
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RED3 and RED4 devices by 20-30 nm demonstrates that we have an emission more 

similar to the expected from this TADF. This can be a consequence of electrical 

conditions in the active layers that change with thickness. In both RED3 and RED4, we 

have a relatively more balanced device. However, here, the thickness of EML in all the 

devices is 20 nm, but the width and formation of the recombination region differ with 

a change in thickness of HTL and ETL. In all kinds of devices, the EL spectrum clearly 

shows only TADF emission, and this means that an efficient charge transfer from the 

host to the guest took place. The difference in the efficiency must be attributed to the 

hole-electrons profile. When the thickness of both the HTL and ETL increases, the 

overall series resistance increases. This effect is observed in Figure 4.2a and b in an 

increase in VON. The RED1 exhibited higher luminance at lower voltage due to the fact 

that in thin ETL and HTL layer, the carriers recombine much faster in EML, resulting in 

higher luminance at a lower voltage (<15V). But, in device RED1, the higher current 

density required for high luminance at lower driving voltage. In all three devices to 

achieve high luminance, a higher driving voltage required (>20V), and at this driving 

voltage, the devices start to disrupt due to the electrical field. This is the reason that 

the RED1 exhibited 13440 cd/m2 Lmax, compare to the 10188 cd/m2 in RED4 and a 

lower VON.52 But the device efficiencies were higher in the thicker devices. The devices 

RED3 and 4 exhibited lower current density values at VON demonstrating the balanced 

injection and recombination in EML. The efficient device exhibited a lower current 

density of 2.64×10-2 mA/cm2 in RED3 and RED4 with balanced charge injection, while 

it was at high J of 2.84 mA/cm2 in RED1.  

Hence, the higher J in RED1 with thin ETL is attributed to the leakage electron in 

the EML due to the poor charge balance and yielded reduced efficiencies.57, 58 From the 

simulation results, it is also supported that the recombination probability is higher in 

the RED4 device compared to those with thin ETL and HTL, resulting in the superior 

performance in RED 4 over other devices. The effect of thickness can be seen on the EL 

spectra of all the devices. In RED1, the HTL/ETL is 20/30 nm inducing higher hole 

injection compared to RED2 40 nm ETL, causing the moment of recombination zone 

towards the cathode at HTL/EML interface, which generated exciton emission and 

reduced efficiency. RED1 exhibited EL spectra of 584 nm. But upon increasing the 
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thickness of ETL in RED2 by 30 nm improved the balance of carriers, thus increasing 

the overall performance and a redshift in EL at 588 nm. When both the HTL and ETL 

increased to 30 nm in RED3, a slight enhancement to the performance observed 

compared to RED1 and RED2, with a strong redshift in EL spectra at 604 nm. RED3 

device gives an optimized HTL of 30 nm with improved EQE values of 5.81%. This was 

further redshifted in RED4 at 604 nm and increased EQE values of 11.22%, which is 

five folds higher than those of RED1. In RED4 device, the optimized thickness if both 

HTL and ETL are 30 and 40 nm, respectively. The recombination zone confined in the 

EML, which was confirmed by simulation results revealing the increment to the 

recombination probability and increased exciton density in EML. Simulation results 

also revealed that the probability of the recombination zone increased owing to the 

better charge balance.54 This results in more exciton formation due to the participation 

of more molecules in the recombination with further enhancement to the device 

performance.56  

The reported OLED structure was: ITO/PEDOT (30 nm)/TAPC (20 nm)/EML (35 

nm) /TmPyPB (55 nm)/LiF(0.9 nm)/Al, a combination of hybrid approach (solution 

and thermal-deposited) with four organic layers exhibited an EQE of 18.5%. 45 While 

in our results, the device exhibited EQE of 11.22% in a simple three layers thermally 

evaporated OLED, which is among the best-reported results for red-orange TADF 

emitter and best for this TXO-TPA emitter.  

Usually, the TADF should have only one emission, which is the combination of the 

prompt (ΦPF) and delayed fluorescence (ΦDF).9 The different EL spectra observed in all 

devices is ascribed to the molecular interaction/local configuration of the TADF with 

the host material and the TADF itself and the interaction of the TADF energy levels with 

the host material.10 The different interaction of D-A to D-A changes the charge transfer 

states and energy levels of the emitter, giving different emission centers on the local 

confirmation.10 The change in the thickness of the organic layers impacts on electrical 

carrier profile of the device. For deep analysis, a vigorous photophysics analysis 

required to understand the multiple optical centers in emitters, which is not the main 

aim of this thesis. The interaction changes the energy location and the probability of 

the radiative recombination. This change in electron and holes profile can promote the 
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different emission centers. All the results are well supported by simulation studies. 

However, to the best of our knowledge, this is the first report directly correlating the 

device thickness, charge-transport properties, and the electrical carrier profile with 

the recombination formation.  

 

4.5 An insight on large-area application 

The unique nature of the OLEDs allowing great design freedom to produce a large 

production of displays and flat panels. They can be fabricated on large substrates such 

as glass, flexible thin plastic sheets, ceramics, metals, and fabrics. The large area OLEDs 

are preferred for lighting applications. Despite the advancement of the OLEDs field, the 

use of large-area applications is delayed, and this is mainly due to their higher 

production costs. However, large-area OLEDs face some problems such as a short 

circuit, non-uniformity emission, reduced efficiency, and heat generation, which must 

be considered for their practical use. To address such issues, the large-area fabrication 

was done on rigid-glass substrates via thermal evaporation. It is difficult to do the 

solution-processable fabrication of OLEDs. Thus a roll-to-roll fabrication method is 

required. But at present, due to the unavailability of the roll-to-roll system, it was 

difficult to fabricate large-area flexible OLEDs, so we focused on thermally evaporated 

OLEDs. 

The device RED4 was selected for the fabrication of the large-area application. 

For this, the ITO coated glass substrates with 16cm2 area were chosen to fabricate the 

device and see the possibility of the optimized structure to use for practical lighting 

application. The device fabricated with the structure of ITO/NPB (30 nm)/CBP-co-

TXO-TPA (10wt.%) (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm), i.e., RED4 

exhibited the best results obtained so far for any large-area OLED fabrication (Figure 

4.7). The device characteristics are shown in Figure 4.8.  
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Figure 4.7 (a) A schematics of the large-area substrates used for the device fabrication 15×15 cm2, (b) 

fabricated OLED based on RED4, and (c) a pixel showing vibrant emission from the device with a 

diameter of 5 cm.  

The device exhibited excellent performance in accordance with the small-area 

device characteristics. For the large area devices, usually, the turn-on voltage is high, 

and it was the same for fabricated devices. This higher turn-on voltage is ascribed to 

the higher series resistance in a large area and to the resistivity of the ITO coated 

substrates. The device turn-on at 15 V, but the stability range for the device was 

comparatively high and was up to 50V. All the device characteristics are shown in 

Figure 4.8. The device a uniform luminance, and the maximum brightness was nearly 

150 cd/m2, which as per the practical 100 cd/m2 applications. The device exhibited an 

EQE of 17.72% at 20V, which is among the highest EQE reported for any large-area 

emitter for this device size. At practical 100 cd/m2, the EQE was 13.50%, which exhibits 

the suppressed roll-off in large-area OLED. Simultaneously, the ȠP was 4.7 lm/W, and 

ȠC was 29.21 cd/A. For the large-area OLED, we must consider; (i) luminance non-

uniformity; to achieve a useful luminous flux, bright and area must be taken into 

account, (ii) electrical and thermal stability, (iii) development of simple, efficient device 

structure, and (iv) keep in check with the device efficiency. We must force that in the 

device fabricated, all the prerequisites were considered, and the device behaved 

following all requirements for a real practical lighting application without irreversible 

degradation.  
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Figure 4.8 The large-area device characteristics of the device ITO/ NPB (30 nm)/CBP-co-TXO-TPA 

(10wt.%) (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm): (a) current density-voltage- brightness 

curves, (c) EQE-brightness curves, (d) current efficiency-power efficiency-Luminance curve, and (d) EL 

spectra at 10V. 

 

 

4.6 Conclusion  

To summarize, in search of new simple orange-red TADF emitter-based OLEDs, we 

have investigated the effect of layer thickness on the recombination process of a TXO-

TPA based TADF emitter in CBP host. We have demonstrated TXO-TPA based OLEDs 

with high EQEs of up to 11.22% with luminance over 10000 cd/m2. These represent 

efficient three-organic layer thermally deposited red-TADF based OLEDs. But the most 

important question is to study of the device structure simplification in terms of 

electrical, physical properties to introduce for the future optimization, and for that, a 
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charge carrier simulations were carried out to optimize both HTL and ETL thickness, 

and it was found that the width of the recombination zone is affected by both HTL and 

ETL thickness. By changing the thickness, the EQE can be increased from 1.81% to 

11.22% due to better exciton formation and confinement in the emissive layer. The 16 

cm2 large-area device exhibited an excellent EQE of 17.72% at 20V, which is best 

among the highest EQE reported for any large-area emitter for this device size. In 

particular, the present results underline the importance of elucidating all 

recombination possibilities within a device architecture to comprehend the 

recombination mechanism within the simple three-layer device accurately. The 

fabrication strategy of all the devices was based on the discussion provided in chapter 

2, i.e., charge injection, transport, and recombination. The results of this work provide 

good feedback for the future planned work to enhance the device performance further. 

We anticipate the outstanding characteristics of the TXO-TPA, a D-A type system to lead 

a low cost and high-performance device structure for display and lighting applications. 

But, in such devices, there are always some constraints to improve the efficiency 

further, such as efficiency quenching at high doping concentration, HTL, EML, and EITL 

thickness. The structural limitations and the high roll-off in the devices produced in 

this chapter are still a drawback, which we will discuss in the next chapter. The 

feedback on organic layer thickness and the high roll-off will be implemented in the 

next chapters to improve the device performances further. Thus, we don’t have much 

freedom of choices to improve further improvement, so for real practical large-area 

application, we must look for a hybrid approach or complete solution-processed 

devices which is presented in next chapters. 
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Abstract  

To achieve significant efficiency and low roll-off in thermally activated delayed 

fluorescence material (TADF) OLEDs, it is essential to choose a host, which has suitable 

high triplet energy (T1) and bipolar character to boost the TADF characteristics as a 

dopant and avoid exciton annihilation. In the previous chapter, we have discussed the 

effect of organic layers on device performance in a simple three organic layered OLED. 

But, the high roll-off in such OLEDs constraint the practical application. The high roll-

off can be reduced by improving charge carriers in different hosts. Most importantly, 

the blue TADF emitters are hard to process in a simple but efficient device with a 

suppressed roll-off. To address the most essential issue of high roll-off, herein this 

chapter, we present the effect of different host materials on the efficiency of organic 

light-emitting diodes (OLEDs) based on bis[4-(3,6 dimethoxycarbazole)phenyl]sulfone 

(DMOC-DPS) deep-blue emitter via a hybrid solution-thermal deposition approach. 

The devices with 10 wt.% of an emitter in different electron type of host bis[2- 

(diphenylphosphino) phenyl] ether oxide (DPEPO), and hole type host 1,3-bis(N-

carbazolyl)benzene (mCP) were fabricated to study the effect on device performance. 

The results show that an external quantum efficiency (EQE) of 4%, maximum current 

efficiency (Ƞc) up to 5.77 cd/A with high luminescence (Lmax) 8185 cd/m2 in DPEPO 

was achieved, compared to 2.63 % EQE, Ƞc 4.12 cd/A with Lmax 5338 cd/m2 in mCP, in 

a very simple device structure. As a remarkable result, the roll-off is suppressed at 

1000 cd/m2, and for the maximum brightness, the roll-off is less than 50%. The theme 

of this chapter falls exactly in the main aim of the thesis, which is to obtain a simple but 

efficient device structure.  

 

5.1 Introduction 

The organic light-emitting diodes (OLEDs) have been a booming field in past decades, 

and it continues to grow in both research and technology. Much more than ever, the 

use of organic materials in LEDs is recognized as a critical breakthrough, and the 

science of studying these organic materials is thriving. The main principle behind OLED 
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technology is electroluminescence, and such devices offer brighter, thinner, high 

contrast, and flexible emitters. 1  

Thermally activated delayed fluorescence (TADF) process has recently emerged 

as one of the most attractive methods for harvesting both singlet and triplet states in 

metal-free organic materials for application in highly efficient OLEDs because they can 

achieve a theoretical maximum internal quantum efficiency (IQE) up to 100% 2-8. In 

TADF materials, the triplets (T1) are readily upconverted to the singlet state (S1) by 

virtue of the reverse intersystem crossing (rISC) due to their near-zero singlet-triplet 

splitting (ΔEST) 3, 6, 8-10. Then all S1 emit light via a prompt or delayed fluorescence 7, 11. 

Despite the significant progress made in recent years, still, considerable challenges 

persist to achieve a full understanding of the TADF mechanism, but, importantly, 

improve the stability of the devices based on such emitters and suppress the well-

known roll-off.  

To date, many deep blue TADF emitters have been reported for their use in 

various applications with a maximum external quantum efficiency (EQE) over 30% 2, 3, 

7, 9, 12, 13. Generally, deep-blue TADF emitters possess high T1 over 2.8 eV 3. However, in 

blue TADF emitters, a long-delayed exciton lifetime and strong intermolecular charge 

transfer (ICT) 6, 11 leads to a broad emission spectrum due to the exciton-polaron 

quenching and triplet-triplet annihilation (TTA) with consequent high roll-off 7, 11, 14-17. 

Therefore, for such emitters, the main objective of the researchers is to confine all 

singlet and triplet excitons generated by charge recombination and avoid the TTA 

effect. For these specific characteristics of the host materials in blue emitters required. 

First, the hosts should have T1 around or above 3.0 eV to prevent exciton quenching 6. 

Second, it is also essential that in a host: guest system, the host should ensure the 

excitons transfer to the guest 2, 3, 6, 8, 17. Third, suitable charge carrier transporting 

abilities are essential to increase the chances of the hole and electron recombination 

within the emitting layer 18. Therefore, in TADF based OLEDs, the host material plays a 

more vital role to increase the efficiency and suppress the roll-off, compared to 

phosphorescent OLEDs 19, 20.  

To the present state of art, many studies of blue TADF emitters have been carried 

out in different n-type or p-type hosts, such as host bis[2- (diphenylphosphino) phenyl] 

ether oxide (DPEPO), 2,8-bis(diphenylphosphine oxide) dibenzofuran (DBFPO), 4,4′-
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Bis(N-carbazolyl)-1,1′-biphenyl (CBP), and 1,3-bis(N-carbazolyl)benzene (mCP) 3, 7, 8, 

21-23. In a carbazole based host such as CBP, mCP with the optimum T1, the carbazole 

unit acts as a hole transfer unit, while in phosphine-oxide based host, i.e., DPEPO, the 

phosphine unit acts as an electron transport unit 2, 8. In phosphine-oxide based hosts, 

the narrow-induced emission zone arises owing to unbalanced charge transportation, 

which increases the probability of TTA,24 while in carbazole unipolar hosts, the lower 

triplet-triplet resonance between both host and guest due to the lower T1 (<3.0 eV) 

impacts overall device performance. Therefore, using such hosts for a suitable device 

is not simple. Nevertheless, in some good results reported, the final device structure 

was very complex, sometimes with more than five organic layers, which is a 

technological constraint for practical applications 2, 3. Decreasing the blue OLED 

structure complexity should be one of the fundamental keys. 

As for OLED practical applicability, the high roll-off is a severe constraint 25, 26. 

This issue can be eliminated by using multiple electron and hole transport layers, but 

this will increase the fabrication complexity, and low reproducibility, and such 

problems constantly persist for the blue TADF emitters. Considering these questions, 

it is worthy to accept that a balance between efficiency/brightness must be achieved, 

finding the best compromise (regardless the absolute values) to keep efficiency as 

more constant possible in all the dynamic voltage range of OLED operation, i.e., 

suppressing the roll-off as more as possible. From the literature, the published data 

report a very high EQE, but this is only achieved at applied voltages immediately after 

the turn-on voltage; as the applied voltage increases slightly, the EQE decreases 

quickly, sometimes more than two orders of magnitude, which is a bottleneck for 

applications.  

In chapter 4, we have discussed completely thermal evaporated devices with an 

EQE of 11.75%, but the high roll-off limits the use of such three organic-layer devices 

for better efficiency. Thus, it is important to enhance the electrical characteristics of 

the EML to keep the device as simple as possible but improve the performance and 

suppress the roll-off. This can be achieved via the employment of either HTL or ETL 

layer, depending on the host electrical characteristics such as charge carrier types and 

their mobilities. To attempt to address this issue, we demonstrated in this chapter, the 

effect of the host environment versus device structure on overall performance with 
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suppressed roll-off. The device was fabricated in the two usual hosts (mCP and DPEPO) 

with a very simplified structure. We have studied blue DMOC-DPS TADF dopant in a 

hybrid solution-thermally processed device with 10wt.% doping of TADF to 

understand the efficient charge transfer from host to TADF dopant with further 

competitive exciton emission/annihilation for final enhanced device performance. This 

work tends to move towards the main fundamental idea of the thesis, i.e., solution-

processed OLEDs with deep control of electrical properties in a simple device 

structure. In this work, we introduced a solution-processable HTL of TCTA to improve 

better hole-injections, subsequently reducing the TTA effect by efficient charge 

transport to the emissive layer. For the first time, we show the best roll-off for a blue 

TADF emitter found in the literature in a very simple structure. An explanation about 

different device characteristics in both the hosts is given along with a comparison with 

earlier-reported results of the same TADF. 

 

5.2 Device Fabrication 

We have fabricated multilayer OLEDs using deep-blue DMOC-DPS TADF dopant in 

different hosts DPEPO and mCP as the emitting layer (EML) via co-evaporation. The 

device structure is glass / ITO/ PEDOT:PSS (40nm) (Poly(3,4-

ethylenedioxythiophene)poly(styrenesulfonate)) / TCTA (10 nm) (Tris(4-carbazoyl-

9-ylphenyl)amine)/EML (20 nm)/TmPyPb (40 nm) (1,3,5-Tri(m-pyridin-3-

ylphenyl)benzene)/Cs2CO3 (2 nm)/Al (100 nm) (Figure 5.1a), (see molecular 

structures in Figure 5.1c). Both PEDOT: PSS and TCTA were deposited via a solution-

processed method, while EML, TmPyPb, Cs2CO3, and Al were thermally deposited. First, 

a 40 nm PEDOT: PSS layer was spin-coated at 2000 rpm and annealed at 120 °C for 15 

min. Then, a 10 nm TCTA layer (chlorobenzene solvent) was spin-coated at 1500 rpm 

after being filtered using a 0.1 μm PTFE filter and dried in the glove box at 70 °C for 30 

min. Here, TCTA was used as a hole injection layer, and TmPyPb was used as an 

electron injection layer. The emissive layer was then thermally deposited. DMOC-DPS 

was co-evaporated with the hosts to ensure the optimum 10 wt.% concentration in the 

EML. The doping concentration of TADF dopant DMOC-DPS was optimized to 10 wt.%. 
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This TADF was firstly reported by Adachi et al. in 2013 with an EQE of 14.5% and a 

lower Lmax of 2544 cd/m2 at 12.5V 27. The doping concentration of TADF dopant DMOC-

DPS was optimized to 10 wt.% to prevent the concentration quenching. The energy 

diagram TADF and hosts and molecular structures are shown in Figure 5.1a and 5.1c. 

 

 

 

Figure 5.1. (a) Energy schematic of the device, and (b) UV-Vis and PL spectra of DMOC-DPS in toluene (the 

concentration was 1mM, λex at 350 nm at room temperature), and (c) chemical structures of the materials 

used in this work. 

 

5.3 Results and discussion 

5.3.1 UV-vis absorbance and photoluminescence (PL) characteristics 

Figure 5.1b shows the absorption and PL spectra of DMOC-DPS in toluene at room 

temperature. In absorption, two bands at 310 nm and 370 nm were observed, which 

corresponds to a typical DMOC-DPS moiety absorption. In the emission spectra of 

DMOC-DPS, a wideband at 450 nm was observed, which is assigned to an 

intramolecular charge transfer transition from the methoxy-substituted carbazoles 

into the diphenyl sulfone 27. DMOC-DPS exhibits the first singlet (S1= 3.1 eV), and triplet 
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(T1= 2.88 eV) excited states with the lower energy gap between S1 and T1 (ΔEST= 0.38 

eV) 27. For indication, the HOMO levels of DPEPO and mCP are similar (6.1 eV), whereas 

the LUMO level of DPEPO is 0.4 eV higher (2.0 eV) than that of mCP (2.4 eV) due to the 

electron-donating phosphine moieties. 

  

5.3.2 Device characteristics 

The J-V-L and EL characteristics of OLEDs from mCP and DPEPO hosts are shown in 

Figure 5.2. The EL (Figure 5.2a) spectrum of both the devices was almost identical to 

the PL of the DMOC-DPS in toluene.  

The devices with DPEPO host exhibited a peak at 450 nm with a blue color where 

the Commission Internationale de L'Eclairage (CIE) coordinates are (0.18, 0.23) 

(Figure 5.2b), whereas the device with the mCP host exhibited EL peak at 470 nm. The 

results with DPEPO are like the PL spectra in toluene, but there was a red shift in mCP 

host by 20 nm, with (CIE) coordinates of greenish-blue (0.21, 0.29). No additional 

emission was observed in the EL spectrum of both the devices, which indicates that 

only the TADF emission occurs, without any other radiative recombination. 
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Figure 5.2. The device characteristics of the TADF based OLED: (a) Electroluminescence spectra of both 

the devices at 8 V, (b) brightness-voltage curves, (c) current efficiency-brightness curves, (d) current 

density-voltage curve, and (e) EQE-brightness curves. 

 

Usually, the host polarity is responsible for a shift to the TADF emission. This 

process is generally known as the solvatochromism effect and was initially observed in 

photophysics studies of emitters in solution 28-30. Although originally related to 

emitters in solution, solvatochromism can also be observed in solid-state films. It is 
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currently called solid-state solvation (SSS) 31-32, which depends on the matrix 

polarizability 33. The dielectric constant (ε) of the DPEPO and mCP is 6.12 and 2.84, 

respectively. 34 But the EL spectra of all the results lead to the conclusion that the 

position of PL/EL maxima of the guest-host systems decorrelates with the host-

polarity that is in agreement with the previous report. 34 The host-polarity effect on the 

charge transfer (CT) energies states varies very little, thus constituting a minor effect 

for the rISC process and the final TADF emitter efficiency 17, 35. 

As, perhaps more important question, the use of a host: guest matrix in the 

emissive layer will modulate the device behavior, besides the polarity question. The 

HOMO / LUMO energy levels and electrical carrier mobility in the emissive layer can 

face a noticeable change. From the different charge carrier mobilities, we can expect a 

shift in the balance of electron/hole densities in the active layer. The location of energy 

levels will influence the charge injection/transport and, finally, in the performance. 

mCP has a high hole and electron mobility (4×10-4 cm2 V-1 s-1 and 2×10-4 cm2 V-1 s-1 

respectively), 36 while the electron mobility of DPEPO is deficient (7.03×10-8 cm2 V-1 s-

1 37) expecting the same for the hole (is an n-type material). The current density 

characteristics are shown in Figure 5.2(b-d).  

The devices based on DMOC-DPS achieved a maximum current efficiency of 5.77 

cd/A in DPEPO host compare to 4.12 cd/A in mCP host, attributed firstly to a better 

efficient exciton harvesting, which results from T1→S1 up-conversion.6 The EQE values 

were 4% and 2.63 % for DPEPO and mCP devices, respectively. The device with DPEPO 

turned on (VON) at 4 V, and the Lmax is 8185 cd/m2, compared to VON of 3 V, Lmax of 5338 

cd/m2 with mCP. The lower VON in mCP can be attributed due to the less carrier 

blocking effect at TCTA/emissive layer and emissive layer/TmPyPB interfaces as 

compared to the DPEPO host-based devices, although in both kinds of OLEDs, these 

values are of the lowest found for a simplified deep blue emitter device. Both the 

devices showed (comparatively in the literature) good EQE at 1000 cd/m2, i.e., 4% for 

DPEPO and 2.5% for mCP as hosts, but the most important result is excellent roll-off 

suppressing characteristic that remains constant at higher brightness values. Even at 

maximum brightness, both the devices showed excellent EQE of 2% and 1.53% for 

DPEPO and mCP as hosts, respectively, which was the one of best behavior found for 

this specific blue TADF emitter. The power efficiency (ȠP) was 2.6 lm/W and 1.70 lm/W 
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in DPEPO and mCP hosts, respectively. For now, it is clear that the host matrix of DPEPO 

enhances the TADF emission, particularly for high brightness, which is significantly 

attractive in this device structure. Moreover, the device with DPEPO as a host exhibited 

excellent results. All the main results are summarized in Table 5.1. 

 

Table 5.1. Summary of results obtained for structure ITO/PEDOT:PSS (40 nm)/TCTA (10 nm)/ 

EML (20 nm)/ TmPyPb (40 nm)/Cs2CO3 (2 nm)/Al (100 nm) in DPEPO and mCP hosts.  

Host 
Ƞc 

(cd/A) 

Ƞp 

(lm/W) 

Max EQE 

(%) 

EQE (%) at 

1000 

cd/m2 

Lmax(cd/m2)/ 

EQE (%) 

Roll-off (EQE 

at 1000cd/m2 

over max 

EQE) 

Roll-off (EQE 

at max L over 

max EQE) 

DPEPO 5.77 2.6 4.0 4.0 8185 / 2.0 1.0 0.5 

mCP 4.12 1.7 2.63 2.5 5338 / 1.53 0.95 0.58 

 

It is worth to the point that this specific TADF is particularly hard to be used as 

OLED emitter with simultaneously suitable efficiency / roll-off. For instance, Ban et al. 

38 also employed DMOC-DPS as an emitter. Compared with our results, although the 

authors reported a better maximum current efficiency, the high roll-off persists. The 

maximum c ~ 11 cd/A was obtained for L < 1 cd/m2 but at L ~ 1000 cd/m2, c is only 

close to 0.2 cd/A showing the question of high roll-off. In our devices, the maximum c 

~ 5.8 cd/A was obtained for L ~ 1000 cd/m2, and at L ~ 2000 cd/m2, it was constant. 

Even at maximum Lmax > 8500 cd/m2, we still have a c of ~ 4 cd/A. We must stress 

that our devices have only three organic layers (regardless of PEDOT: PSS acting as 

anode optimization) with a lover VON < 4V. The other experimental result by Adachi et 

al. 27 for the same DMOC-DPS emitter exhibits high efficiencies but not good brightness 

(Lmax of 2544 cd/m2). It is worthy to consider that the high EQE was obtained for L < 

0.1 cd/m2, but for L = 100 cd/m2 is near 1.5%. Nevertheless, the device was a complex 

six organic layered structure, and the roll-off is very high with a high VON.  

All these results exhibit the main problem regarding efficiency / roll-off. 

Moreover, no suitable solution has been reported that simultaneously overcome the 

problem and keep the device structure simple enough for more attractive practical 
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applications. As referred before, TTA is the typical main problem for noticeable roll-off. 

As the carrier injection density increases, as expected, an increase in brightness is 

observed due to the higher rate of radiative recombination, but the quenching at 

excited levels becomes more pronounceable leading to a marked decrease of the EQE. 

Particularly problematic is the case of emitting materials exhibiting delayed 

fluorescence. In TADF, as the long lifetime of excited electrical carriers increases, the 

probability of TTA increases dramatically 39. Theoretically, it is possible to overcome 

this issue, if, for a high current density range, the exciton density in the active layer is 

high enough for high brightness but moderate as required for avoiding TTA or 

quenching. The emitter concentration easily controls this late; TTA should be, in an 

electrical point of view, controlled by the carrier density profile in the active layer. The 

exciton profile in the active layer naturally depends on the electron/hole profile arising 

from the carrier injection at interfaces and on their transport across the layer’s bulk. 

In the first case, HOMO / LUMO levels are essential; in the second case, we need to deal 

with the electrical mobilities and layer´s thickness.  

Both hosts have a higher first excited T1 than DMOC-DPS, which is an advantage 

for a possible charge transfer to the TADFs first excited triplet level. Moreover, from 

the energy diagram (Figure 5.1a), if TmPyPb can act as an efficient hole blocking layer 

independently of the host, only DPEPO be an efficient electron blocking layer resulting 

in a more well-designed device structure. In the first approximation, this evidence can 

explain the low turn-on voltage of devices with mCP as host but the better brightness 

when DPEPO is used. More complex is the roll-off at very high L and J ranges. As usually 

pointed, the accumulation of T1 exciton in the active layer leads to a strong TTA and a 

possible singlet-triplet annihilation (STA) with the consequent strong roll-off. 

Unfortunately, a long-time window is required for an efficient rISC process in TADF 

emitters. Achieving high EQE is not a problem with a very low J (and the widely-

reported results confirm such behavior); as J increases, the only way to suppress the 

row-off is guaranteeing a suitable control between the T1 exciton and rISC process 

probability. Playing with molecular structure is possible, although no suitable deep-

blue TADF emitter has been obtained that can be employed in a simple device structure 

with high EQE/low roll-off. In our work, we focus on J control. Achieving desired value 
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can be made (besides HOMO / LUMO levels already discussed) with correct modulation 

of electrical charge mobility.  

One of the more complicated questions in a host: guest material is the 

determination of the electrical carrier mobility. The most accepted model was initially 

proposed by S. W. Liu et al. based on the concept of a bulk-heterojunction layer 40, as 

discussed earlier in Chapter 2. The expression is valid for both electrons and holes, 

considering that C1+C2 is equal to one. Moreover, it is also known that the presence of 

a D-A material (TADF) in a host material tends to alter the overall mobility for both 

electrons and holes 41, 42. This behavior is effectively one of the most important factors 

to consider in a host material for an efficient device regardless of the energy levels. In 

EML based on n-type DPEPO host, the difference of hole and electron mobilities is 

lower compared to the EML based on p-type mCP host, which induces the ability to 

exciton conformation, highest exciton density and better recombination in EML. This 

results in a much more balanced device 43. Besides, a more adjustable electrical carrier 

injection/transport was achieved, leading to a better equilibrium between long life T1 

excitons and rISC time. In the fabricated devices, not only one of the best results for 

deep-blue DMOC-DPS TADF was obtained, but also, as far as our knowledge, the best 

performance in the roll-off point of view was effectively achieved. Moreover, EQE of 

2% for brightness over 8000 cd/m2 are effectively the best results. As the primary 

importance of these results, it is clear that this simplest deep-blue OLED structure 

based on DMOC-DPS TADF appears to be an exciting model for further developments. 

 

5.4 Conclusion 

The effect of the host environment on 10 wt.% deep-blue DMOC-DPS TADF based 

OLEDs has been successfully demonstrated in a simple device structure. It has been 

found that the performance is dependable on how the electrical properties of the host 

material influence the balance between charge accumulation in excited states and the 

rISC process. The device with the less polar host (mCP) showed a maximum ȠC of 4.12 

cd/A compared to the more polar host DPEPO where ȠC was 5.77 cd/A. Both the simple 

structure devices exhibited a good EQE of 4% and 2.5% for DPEPO and mCP at 1000 
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cd/m2, respectively, but more interestingly, both devices show a noticeable roll-off 

suppression at highest brightness, that in case of DPEPO host is higher at 8185 cd/m2. 

Besides, both kinds of devices showed lower turn voltage and excellent color stability 

even at high brightness. The OLED structure was the simplest found for a deep-blue 

TADF emitter with these characteristics. Our study helps to understand the properties 

of host material for excellent device fabrication. This simple device structure for deep-

blue emitters can be easily implemented for fabrication in a large area continuous 

deposition system, which is particularly interesting for practical applications.  

From the results, it is clear that a good trade between efficiency and roll-off is 

essential, which is the main issue in OLEDs. The deep-blue emitters are considered as 

hard emitters to use in simple, efficient OLEDs, but herein we demonstrate that a good 

trade between EQE and roll-off can be established. From the results, we conclude that 

it is possible to fabricate OLEDs of deep-blue emitters, which is difficult at current 

research and technology levels in a simple structure. We can manipulate the current 

density control to reduce the TTA effect and increase the efficiency in the current 

framework. In such devices, the moderate efficiency limits the wide range of the 

application of such OLEDs. So, it is important to keep such a device structure and 

improve them in an efficient device. The results obtained from this chapter will give 

feedback for the further improvement of the devices. We have found that a good 

relationship between roll-off and efficiency is possible, but further improvement is 

required, such as different host material, the effect of thickness of solution-processable 

HTL, and EML to increase the efficiency and suppress roll-off. The simple device 

structure exhibited moderate EQE, but the fabrication process is strong feedback for 

further improvement. We demonstrated that manipulation to the electrical properties 

of EML is possible to keep a balanced OLED device and suppress the roll-off, which can 

be utilized for the basic architecture for a next-generation complete solution-

processable OLEDs and also use of different TADF emitters, which we will discuss in 

next chapters. 
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Chapter 6 

An insight on charge carrier transport in the efficient 

green solution-processable OLEDs based on TADF 

small molecule  

 

 

 

 

1 The results discussed in this chapter are part of a manuscript submitted. Manish Kumar, Marian 
Chapran, Gabriela Wiosna-Sałyga*, Beata Łuszczyńska, and Luiz Pereira*. “An efficient OLEDs with 
solution deposited single-layer based on thermally activated delayed green fluorescence”. (Submitted) 
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Abstract 

An efficiency of solution-processed organic light-emitting diodes is dependent on the 

fabrication parameters such as the thickness of polymer layers and cathode type, and 

in thermally activated delayed fluorescence materials, it is difficult to optimize the 

fabrication parameters which can be implemented for the device applications. From 

large-area solution fabrication, device design, and optimization perspective, an OLED 

with only a single organic semiconducting layer would be extremely enticing.  In earlier 

chapter 4, we have discussed the thermal vacuum processed OLEDs with EQE of 

11.22% in red TXO-TPA emitter is easy to fabricate, but the high roll-off was an issue. 

In chapter 5, we have fabricated a hybrid solution-thermally processed OLEDs for a 

50% reduction in roll-off in blue DMOC-DPS based OLEDs by the addition of the HTL 

layer. But, in such devices, it is difficult to achieve high performance considering the 

cost-effectiveness of the final device and fabrication parameters. In this chapter, we 

will discuss how to simplify the device structure to extract the information that can be 

utilized to improve the main idea of this thesis, i.e., simple and efficient devices. 

Nevertheless, in order to eliminate the efficiency quenching and address the 

fabrication process issue, herein this chapter, for the first time we demonstrate 

fabrication of highly efficient green thermally activated delayed fluorescence (TADF) 

organic light-emitting diodes based (OLED) on 2PXZ-OXD (2,5-bis(4-(10H-

phenoxazin-10-yl)phenyl)-1,3,4-oxadiazole) emitter via solution-processed in a 

simple one-organic layer device structure. To achieve high efficiency, the devices were 

fabricated at different weight concentrations 1%, 2%, 5%, 8%, and 10% of an emitter 

in a polymer host matrix, and their characteristics were studied. The device 

performance is compared with different spin coating parameters for both the hole 

injection layer (HIL), as well as the emitting layer (EML). By optimizing the mixed ratio 

of EML, a solution-processed, highly efficient, green-emitting OLED of 2PXZ-OXD TADF 

emitter fabricated with hole-transport layer (HTL) of poly(styrenesulfonate)-doped 

poly(3,4-ethylenedioxythiophene) (PEDOT: PSS), and a host matrix poly(N-

vinylcarbazole) (PVK) with 40 wt.% of 1,3-Bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-

5-yl]benzene (OXD-7), which turn on at low voltage at 5V, a maximum current 

efficiency (Ƞc) of 16.2 cd/A and maximum external quantum efficiency (EQE) of 7.5% 



Chapter 6 

125 

 

for the 8% emitter concentration. As a result, the device exhibited a suppressed roll-

off at 1000 cd/m2 with EQE of 7.15%. The results indicated that such device structures 

could be used for roll-to-roll large area OLED fabrication via the solution process.  

 

6.1 Introduction 

The advantages and popularity of portable and flexible OLEDs have given rise to the 

need for better device fabrication processes, compatibility, and effectiveness. In the 

conventional fluorescence OLED, the π electron-rich molecules of organic materials 

help in faster charge transport. But in these OLEDs, the internal quantum efficiency 

(IQE) is 25%, due to involving only singlet excitons, which results in the lower external 

quantum efficiency (EQE) of 5% due to lack of triplet excitons that limits the OLEDs 

development. Over the past 30 years, phosphorescent emitters such as iridium1-3 or 

platinum-based complexes4,5 have played a pivotal role to achieve the 

electroluminescence efficiency as a result of their heavy-atom effect where strong spin-

orbit coupling effectively induces intersystem crossing that allows generating triplet 

excitons.6 In phosphorescent OLEDs, the internal quantum efficiency was reported 

close to 100% 7-12, where both singlet (S) and triplet (T) states can be efficiently 

converted into light 1, 2, 13, but the disadvantage in such phosphorescent material is 

their high cost and poor stability. However, in this space, phosphorescence2, 14, triplet-

triplet (T-T) annihilation (TTA) 15 to utilize the triplets more efficiently were also used 

over the last 10 years. In the TTA process, the maximum IQE of OLED is only 62.5%. 

TTA is hard to obtain in amorphous materials due to the natural problem of molecular 

orientation, where bi-molecular interactions are limited. Therefore, to achieve 100% 

IQE, the development of an alternative to harvesting 75% triplets is important for 

OLEDs development, and TADF emitters give this freedom. The first chemical 

development of the metal-free TADF materials was reported by Adachi et al. in 2011.16 

In TADFs, the pure organic aromatic system has a very low energy gap (ΔEST) between 

S1 and T1 levels, enabling the up-conversion of triplet to singlet to achieve IQE close to 

100%.17, 18 Humongous efforts have been made to enhance the performance of TADF 

OLEDs via molecular design strategy, simulations, and device structure modulation.17, 

19  
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Solution process fabrication of organic light-emitting diodes is an extremely 

rapidly evolving technology for both the display and lighting industry.20, 21 The choice 

of fabrication process had driven the research in OLEDs intending to maximize the use 

of materials. Using a vacuum thermal evaporation process. OLEDs fabricated with 

materials having nearly 100% IQE, and excellent stability has already been achieved. 

That method involves a more complex device structure for efficient charge carrier 

transport and charges carrier balance, which consequences a high cost for large area 

fabrication 21-23. Solution process methods, such as spin-coating, roll-to-roll process, 

and screen printing, can be adopted low-cost large-area fabrication.24, 25.  

Current research on solution-processed OLEDs centers on the choice of materials 

such as electro-phosphorescent emitters for triplet harvesting and small organic 

molecules for charge carrier transport. 26 In 2011, Shinar and co-workers 25 

demonstrated highly-efficient spin-coated OLED based on small molecule active 

material of tris[2-(p-tolyl)pyridine] iridium(III) (Ir(mppy)3) with ȠP of 60 lm/W, ȠC of 

69 cd/A, and an EQE of 22%. Later, Wang and co-workers27 in 2014 reported the 

highest performance values for dendritic host H2 and emitter 5-trifluoromethyl-2-

(9,9-diethylfluoren-2-yl)pyridine ligand. Their dendritic-composite-based OLEDs 

reached Ƞc of 70.6 cd/A, ȠP of 47.6 lm/W, and an EQE of 26%. Concerning TADF-based 

solution-processed OLEDs have also shown promise applications. Such devices based 

on complex dendritic TADF emitters have a difficult synthetic path to improve 

solubility and high molecular weight, which is not cost-effective for large-scale 

production.28 Lee et al. .29 demonstrated the use of TADF-based material 2,4,5-

tetra(3,6-di-tert-butylcarbazol-9-yl)-1,3-dicyanobenzene(t4CzIPN) in OLEDs reaching 

18.3% EQE. Their dendritic based emitter suffered from low charge injection at high 

current densities. Recently a solution‐processed phosphorescent tandem organic light‐

emitting device (OLED) exhibiting extremely small efficiency roll‐off reported with 

22% EQE.30 At present state of the art, EQE of 31% in solution-processed OLEDs is 

reported but the device composed of double HTL with cross-linkable polymers and had 

a much complex multilayer device structure. 31 The structure complexity is too high for 

large area applications. 

However, we may have undermined the role of spin coating parameters, which is 

the heart of the solution process fabrication. The thickness of organic layers in the 
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device is an important component when understanding the charge carrier's transport, 

which was not described to evaluate the effect on the device's stability and efficiency. 

Robust, TADF OLEDs, mostly using polymeric dendritic components, have been a 

popular trend. Solution-processed TADF emitters are difficult to synthesize, and they 

have high molecular weight and expensive. For large TADF molecules, it is more 

difficult to make stable and amorphous thin-film via solution process, which needs to 

be focused more. 32. So, another way is to adopt already exist TADF emitter (such as 

2PXZ-OXD) for solution process OLEDs. 

However, research in this area is still in its infancy due to the lack of 

standardization for the fabrication protocol and performance evaluation of these 

devices. Firstly, the use of TADF is still a challenge to explain the thickness of HTL and 

EML on charge carrier transport.26, 28, 33, 34 Second, the choice of the host material which 

generally has low HOMO energy level (<5.6 eV), resulting in a high hole-injection 

barrier. Third, the triplet-triplet annihilation due to long triplet decay lifetime in the 

EML.28, 29 In this chapter, we demonstrate the use of spin-coating parameters for 

optimization of a highly efficient TADF based OLED in a very simple one organic layer 

structure. We first investigated the effect of spin-coating parameter and weight 

concentration of small molecule-based green emitter 2PXZ-OXD in a polymer matrix of 

PVK-OXD-7 as a blend for an active layer. This emitter was reported by Adachi et al. in 

2013 with an EQE of 14% in the thermally vacuum-deposited method.35 Along with 

this, we demonstrate the thickness optimization of the HTL PEDOT: PSS to adjust the 

hole injection to the EML. The different wt.% 1, 2, 5, 8, and 10 of 2PXZ-OXD were 

studied to achieve an optimized device structure based on the spin-coating and 

thickness profile of organic layers. The relationship between weight % of emitter and 

thickness of organic layers with current density and luminescence were investigated 

in detail. The device incorporating 8 wt.% 2PXZ-OXD showed a maximum ȠC of 16.2 

cd/A, ȠP of 5.3 lm/W, and an EQE of 7.5%. Along with the photophysical characteristics 

of the blends at different wt.% in PVK: OXD-7 has been investigated to find the 

relationship between the emitter concentration, thickness, and ȠC. To the best of our 

knowledge, no solution-processed OLEDs were reported using this green emitter in a 

simple device structure. The work in this chapter is an extension of the work and 

feedback obtained from chapter 5, where we have discussed the employment of 
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solution-processed HTL for modification of the electrical properties of the EML for a 

better improvement of the device. In here, we will also use the modified anode for 

better hole injection and a solution-processable EML containing host: TADF towards a 

completely simple, efficient, and one organic-layer OLED.  

 

6.2 Experimental procedures and TADF molecule energy 

calculations 

Theoretical calculations of HOMO (Highest Occupied Molecular Orbital) and LUMO 

(Lowest Unoccupied Molecular Orbital) levels can help to design a suitable device band 

structure to maximize the efficiency, considering the very simple device structure 

tested. Figure 6.1 shows the HOMO and LUMO states for the S1 state of 2PXZ-OXD. We 

optimize the ground-state (S0) geometry of the compound with the Hybrid-functional-

PBE0. All the calculations have been performed with ORCA with density functional 

theory (DFT).36 To calculate HOMO and LUMO, we choose Valance triple-zeta basis set 

with “new” polarization functions def2-TVZP. Atom-pairwise dispersion correction 

with the Becke-Johnson damping scheme (D3BJ) was used in optimization.37, 38 It was 

found that the HOMO and LUMO values are 5.289 eV, and 2.179 eV, respectively. The 

purpose of this theoretical calculation was to confirm the HOMO-LUMO levels, which 

was firstly not reported by the authors35, and later another report39 revealed T1=2.8 

eV. They reported the HOMO= 5.328 eV, LUMO= 2.147 eV, and similar values as ours. 

 

 

 

Figure 6.1. a) HOMO and (b) LUMO for the S1 state of 2PXZ-OXD calculated at the ORCA-PBE0 level of 

theory. 
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The simple device structure was ITO(100nm) / PEDOT:PSS (X nm) / EML (Y nm) 

/ Cs2CO3 (2nm) / Al (100nm) where X= 30, 40, and 50 nm, Y= 30, 35, 40, 45 and 50 nm. 

Emissive layer, was [PVK: OXD-7](100-x):2PXZ-OXDx, where x was the wt% of the TADF 

emitter dopant in the host PVK: OXD-7 (3:2 in wt%). The final device active area is 4.5 

mm2. Figure 6.2 shows the chemical structures of the materials, a general device 

scheme, and the energy levels diagram. 

 

 

 

 

 

 

Figure 6.2. The molecular structures of 2PXZ-OXD, PVK and OXD-7, device structure used in this work, 

and respective energy diagram. 

 

To evaluate the potential of the 2PXZ-OXD green emitter for solution-processed 

OLEDs, several devices were fabricated at different wt.% of 2PXZ-OXD, i.e., 1, 2, 5, 8 and 

10 to find the most efficient concentration. In addition, several different layer thickness 

of PEDOT: PSS (HTL) as well as 2PXZ-OXD: [PVK/OXD-7] (EML) films were tested to 

optimize the device structure. The tested HTL thickness varied from 30 nm, 40 nm, 50 

nm, and the EML 30 nm, 35 nm, 40 nm, 45 nm, 50 nm. It was found that the optimized 

thickness was the abovementioned 30 nm for PEDOT: PSS and 40 nm for 2PXZ-OXD: 
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[PVK/OXD-7]. From all the results, some physical explanations are given, allowing 

further developments in solution deposited efficient OLEDs. 

 

6.3 Results and discussions 

6.3.1 Photophysical characterization 

A first investigation of the effect of TADF dopant concentration in the PVK-OXD-7 host 

matrix was performed by photophysics experiments. 2PXZ-OXD it is one of the 

commercially available green TADF emitter, which has a typical D-A-D structure 

containing 1,3,4-oxadiazole and phenoxazine moieties.35 D-A-D structures of emitters 

have a small overlap between HOMO and LUMO; as a result, small ΔEST can be achieved. 

Figure 6.3a shows the absorption spectra of 2PXZ-OXD in solid-state and toluene 

solution. The absorption spectra of the D-A-D molecule show the major peak at 400 

nm. This peak can be assigned to charge transfer (CT) absorption, an n−π* transition 

in the D−A−D molecule.40 And an additional peak at around 325 nm, 300 nm, and 250 

nm reflects the sum of oxadiazole and phenoxazine moieties.41, 42. 

 

 

 

Figure 6.3. (a) Normalized absorption spectra of 2PXZ-OXD in toluene solution (10-4 M concentration) 

and pristine film, and (b) photoluminescence spectra of 2PXZ-OXD in Zeonex, pristine film, 8 wt.% 2PXZ-

OXD in PVK: OXD-7 and in toluene solution. 

 

Earlier it was reported that the PVK host only features p-type doping capacity; 

thus PVK with OXD-7 host blend can be both electrochemically p-type and n-type 
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doped, and are thus qualified as an expected TADF host materials which feature a 

balanced electron and hole mobility.43 PVK has been used as a host material for various 

metal-phosphorescent complex due to its high triplet (T1=2.8-3.0 eV) energies.44, 45 

However, its low hole and electron mobilities 10–6 and 10–9 cm2V-1s-1, respectively,46 

and high triplet-triplet annihilation (TTA), which limits the EQE,47 implies that pure 

PVK is not a proper host material. For that purpose PVK: OXD-7 blend provides an 

efficient charge carrier balance where OXD-7 facilitate electron transport.48 

Both in the toluene solution and the PVK: OXD-7 host rigid-matrix, 2PXZ-OXD 

demonstrated broad, Gaussian shape emission with the maximum position at 510 nm. 

However, in non-polar rigid-matrix (Zeonex), the emission is blue-shifted (Figure 

6.3b) with slightly visible structure at peaks 450 nm and 475 nm, which can be 

explained by an excited state with strong 1π-π∗ character. Such a rigid chromic effect 

suggests a strong intramolecular charge transfer character 1CT of emissive state 

(Figure 6.3b).42 The shifting of the emission spectra of 2PXZ-OXD to the longer 

wavelength with increasing polarity of the environment as evidence of 

solvatochromism is typical for such geometry of molecules.42 This process is hampered 

in the rigid environment and as a consequence emission with higher energy is 

observed. 

 

 

 

Figure 6.4. (a) Normalized absorption spectra of thin films of PVK:OXD-7 doped with different amount 

of 2PXZ-OXD and pure PVK:OXD-7 host, and (b) normalized photoluminescence spectra of thin layers: 

the neat PVK:OXD-7 matrix and PVK:OXD-7 doped with 1, 2, 5, 8, 10 wt.% of emitter molecules. 
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To estimate a potential of 2PXZ-OXD for the solution process, OLEDs appropriate 

host (blend of PVK / OXD-7) has been primarily chosen due to a good correlation 

between the absorption spectrum of emitter and emission of a matrix. In the device, 

the host should ensure hole and electron transport for effective charge carrier balance, 

which is important for single layer OLEDs. On the other hand, PVK and OXD-7 will 

provide efficient Dexter and Foster energy transfer to the dopant due to relatively high 

triplet and singlet levels. Moreover, and from a practical technological point of view, 

the PVK: OXD-7 blend allows a good film-formation, and the usual viscosity of solution 

allows it to be adapted for inkjet printing or roll-to-roll process. The electrical analysis 

will be discussed later. 

Photoluminescence spectra of guest doped into the host (PVK: OXD-7) with 1, 2, 

5, 8, 10 wt.% are shown in Figure 6.4b. 1, 2 wt.% 2PXZ-OXD in the host showed peak 

emission at 500 nm, which corresponds to CT state and an additional peak at 420 nm 

responsible for the emission from PVK: OXD-7. Consequently, low doping 

concentration does not ensure efficient energy transfer from host to the guest, and 

consequently, the emission of the system is the sum of host and guest emission. 

Completed energy transfer has been observed at 5 and 8 wt.% of the green emitter in 

the host. When the wt.% of dopant increased (from 1- 8 wt.%), the maximum emission 

band is shifted slightly to the longer wavelengths, which can display the intermolecular 

interaction, which became important at higher concentration. The emission of a 

pristine film of 2PXZ-OXD seems to confirm this observation. Surprisingly, as a higher 

concentration of 2PXZ-OXD as 10 wt.% in the matrix shows similar emission to the 1 

wt.% 2PXZ-OXD in PVK: OXD-7, this can be explained not a good blending of guest in 

the host system and phase separation of materials. The quality of layers with 12 wt.% 

and higher concentrations were very poor due to difficulty in obtaining a good 

homogeneous thin-film by spin-coating. Hence, we can assume that optimal 

concentration is 8 wt.% due to the highest photoluminescence quantum yield 

PLQY=45% in thin-film in comparison with 5 wt.% 2PXZ-OXD in PVK: OXD-7 where 

PLQY=33%. Considering only the photophysical analysis, we can, therefore, conclude 

that T1 excitons of 2PXZ-OXD are well confined in PVK: OXD-7 host as expected from 

the location of the T1 level of PVK (2.9 eV) 49-52 and of the OXD-7 (2.7 eV),53 which is 
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higher than S1 level of 2PXZ-OXD (2.40 eV). In Table 6.1 are shown the PLQY of films 

used for OLEDs preparation.  

It is worth to note that the larger PLQY in the nitrogen environment shows that 

2PXZ-OXD exhibits effective T1→S1 up-conversion and emit more fluorescence in these 

D-A-D type structures.35  

 

Table 6.1. Photoluminescence quantum yield (PLQY) of films in air and oxygen-free condition. 

PLQY 

1% 2PXZ-

OXD in 

PVK:OXD-7 

2% 2PXZ-

OXD in 

PVK:OXD-7 

5% 2PXZ-

OXD in 

PVK:OXD-7 

8% 2PXZ-

OXD in 

PVK:OXD-7 

10% 2PXZ-

OXD in 

PVK:OXD-7 

PLQY (in air) 

% 
12 15 24 32 25 

PLQY 

(oxygen 

free) % 

15 20 33 45 30 

 

 

6.3.2 Device characteristics 

Following the results from photophysics investigation, to investigate the effect of 

doping of TADF in the host matrix under the electrical field, we fabricated devices with 

different wt.% ranging from 1-10 wt.% of TADF in PVK: OXD-7. The device structure 

was glass/ITO (120 nm)/PEDOT: PSS (X nm)/wt% 2PXZ-OXD-doped PVK-OXD-7 (Y 

nm)/ Cs2CO3 (2 nm)/Al (100 nm). To achieve the best device efficiency, the film 

thickness was adjusted by several different spin coating parameters. Some 

considerations relative to the film thickness and electrical transport/recombination 

will be discussed. Nevertheless, and independently of final layer thickness, the best 

device consisted of a 30 nm thick PEDOT: PSS layer and 40 nm of EML thickness with 

8% wt of 2PXZ-OXD.  

Current density-voltage-luminescence (J-V-L) curves of the solution-processed 

device are presented in Figure 6.5. All the detailed data are summarized in Table 6.2.  

 

 



An insight on charge carrier transport in the efficient green solution-processable OLEDs 

based on TADF small molecule  

134 

 

 

 

Figure 6.5. The device characteristics of the TADF based OLED: (a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) EQE-brightness curves, (e) 

power efficiency-current density curve, and (f) EL spectra at 10V. 
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The devices with 1 and 2 wt.% exhibited the turn-on voltage (Von) near 7 V and 6 

V, respectively; devices with 5, 8, and 10 wt.% exhibited remarkable low turn Von of 5 

V, considering the very simple structure. In a first observation, the high turn-on voltage 

at lower concentrations could be ascribed to some defects formation and low emitter 

concentration. At high emitter density, the lower turn-on induced by the improved hole 

injection from HTL to EML due to higher concentration. So, when the density of emitter 

increases in the EML, more holes can directly go to the HOMO of 2PXZ-OXD. The device 

with 1 wt.% showed Ƞc of 5.2 cd/A, the maximum luminance of 2019 cd/m2 at 18V, and 

EQE of 2.5%. Among these devices, the device with 8 wt.% displayed excellent 

characteristics (as our best knowledge the best result in this type of device structure), 

which exhibited a significant low Von of 5V, with maximum Ƞc of 16.2 cd/A, Ƞp of 5.30 

lm/W, and EQE of 7.5 %. The maximum luminance of the 8wt.% device was 7240 cd/m2 

at 18V. At the practical luminance of 1000 cd/m2, the ȠC is 15.5 cd/A, and EQE= 7.15%, 

such parameters belong, tour knowledge, to the best reported solution-processed 

OLEDs based on Oxadiazole based emitters. Such high performance can be explained 

by the barrier-free and exciton confinement architecture of OLEDs. Furthermore, in the 

first approximation, besides the evident energy levels match, to the high triplet energy 

level of PVK: OXD-7 host, i.e., 2.7 eV for OXD-7 and 3.0 for PVK, which reduces triplet 

exciton quenching in EML.54 As the 2PXZ-OXD dopant concentration increased from 1 

to 8 wt.%, the device performance increased, but in 10 wt.% device, the performance 

starts to decrease. The explanation can be ascribed to the previous discussion in 

photophysics due to concentration quenching. Moreover, the results with an increase 

of the wt.% concentration of TADF from 1% to 8% can also be related due to the 

promotion of Dexter energy transfer, improved balance of charge injection and 

transport. The results indicate that a polymer host with higher T1 helps in balancing 

the charge carrier injections and transport in the emissive layer. The Ƞc, Lmax and EQE 

were 12.6 cd/A, 8061 cd/m2, and 6%, respectively. These results are following the 

photophysical results with different wt.% in the PVK-OXD-7 matrix.  

Furthermore, all the EL spectra (Figure 6.5f) of OLEDs with different 

concentrations of the emitter in EML exhibit much similar behavior with small 

deviations at the EL maximum in the range of green emission 532-547 nm. Such 

differences (without significant changes in color coordinates, Table 6.2) can be due to 
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the local molecular conformation at different amounts or TADF emitters.55 

Furthermore, it should be noted that in all devices studied, and EL spectra remain 

stable at different operating voltage. No emission from the PVK: OXD-7 host was 

observed in OLED, confirming effective charge transfer from host to the 2PXZ-OXD 

emitter. Therefore, one can assume that the recombination zone was spread 

throughout the entire emission layer for all concentrations of the 2PXZ-OXD emitter.   

 

Table 6.2 Device performance of all wt.% TADF OLEDs. 

Wt.

% 

Von (V) Lmax 

(cd/m2) 

Maximum efficiency EQE at 

1000 

cd/m2 

ELmax 

(nm) 

CIE (x,y) 

   Ƞc 

(cd/A) 

Ƞp (lm/W) EQE (%)    

1 7 2019 5.2 1.4 2.5 2.24 540 0.34, 0.53 

2 6 2731 6.7 1.7 3.4 3.17 532 0.32, 0.52 

5 5 7456 11.8 3.2 5.7 5.70 540 0.33, 0.53 

8 5 7240 16.2 5.3 7.5 7.15 547 0.36, 0.53 

10 5 8061 12.6 4.5 6.0 5.95 532 0.32, 0.55 

 

 

The device performance is summarized in Table 6.2. The quantum efficiency of 

OLEDs was significantly increased from 2.6% to 7.5% in solution-processed devices, 

which indicates the use of 2PXZ-OXD emitter in PVK: OXD-7 polymer host for solution-

processed devices. To study the influence of the thickness of layers on charge carrier 

properties, OLEDs have been fabricated with different thicknesses of HTL and EML. 

The performance of OLEDs results is summarized in Table 6.3 for 5%, 8%, and 10% 

wt. of the 2PXZ-OXD emitter. 
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Table 6.3 Device performance of different wt.% TADF OLEDs with different EML and HTL thickness 

parameters.  

Nº Thicknes

s 

(HTL+ 

EML) 

Ƞc 

cd/A 

EQE 

(%) 

 

L 

cd/m2 

 

Ƞc  

cd/A 

EQE 

(%) 

L  

cd/m2 

Ƞc 

cd/A 

 

EQE 

(%) 

L 

cd/m2 

 

 5% 2PXZ-OXD 8% 2PXZ-OXD 10% 2PXZ-OXD 

1 50+40 3.84 1.86 6488 5.52 2.61 10058 4.30 2.36 8459 

2 50+35 3.97 1.59 5148 5.15 2.43 8984 5.21 2.85 7273 

3 50+30 3.39 1.63 4524 4.54 2.14 7205 3.72 2.07 6412 

4 30+40 11.8 5.70 7456 16.2 7.5 7240 12.6 6.0 8061 

5 30+50 4.90 2.36 8162 6.38 3.02 10565 5.68 2.95 10100 

6 30+45 3.52 1.70 6658 4.25 2.01 8397 4.02 2.20 9216 

 

From these experimental results, it is clear that the best electrically balanced 

device was achieved with 8 wt.% TADF in an emissive layer with a thickness of 40 nm. 

In the most efficient device, the thinner PEDOT: PSS layer guarantees a low series 

resistance, and it can be seen as a pure hole injection layer (HIL) optimizing the anode.  

Besides the electrically balanced device, we found an excellent low roll-off with 

interesting EQE values for a simple device, which represents a surplus in the final 

trade-off between efficiency and application. For our best device (device #4, 8 wt.% 

2PXZ-OXD, table 2), the maximum EQE was obtained for an applied voltage near 6 V (8 

cd/m2, J ~ 1 mA/cm2) and remains almost constant up to J ~10 mA/cm2. More 

interesting, for J ~ 100 mA/cm2 (applied voltage near 18 V, almost the maximum 

allowed before device disruption), the EQE is near 3% for a brightness over 7240 

cd/m2 at an applied voltage near 18V. To the best of our knowledge, these 

performances represent one of the best behaviors for roll-off suppressing in one 

organic layer OLEDs and are the best everywhere found for this TADF in such device 

structure. 

To get some insight to explain this behavior, a simple theoretical analysis 

considering electrical charges transport in the active layer has been made. Following 

the description discussed in Chapter 4, the profile of electrons and holes, as well as the 

recombination and electrical field across only the active layer, were estimated. The 
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main factor influencing such profiles arises from the electrical mobility regardless of 

pure injection that governs the main charge density in the organic layer in a region 

immediately after the electrodes. Based on the estimates, considering the Poole-

Frenkel mobility (particularly electrical field dependent) and, following the theory 

proposed by Liu et al.,56 the final electron and hole mobility in a layer with mixture of 

several organic materials should be a combination of the individual mobilities 

depending on the relative concentration of the different materials (Chapter 2, eq. 33). 

We estimate that the electron mobility is approximately 10-8 cm2V-1s-1 and the hole 

mobility approximately 10-6 cm2V-1s-1 considering only the PVK: OXD-7 matrix, these 

values that do not correspond to the experimental determinations using dc data under 

SCLC conditions, even if this method is only an estimation.  

 

 

Figure 6.6. Simulation (device with 30 nm (HIL): 40 nm (EML), 8 wt.% 2PXZ-OXD) of (a) electron/hole 

and recombination profile and, (b) HOMO / LUMO levels offset and electrical field across the active layer. 

In this case, current density (J) = 0.1 mA/cm2. 

 

Although we don’t have a typical p/n-type device, under SCLC condition 

(equation 18, chapter 2), we can estimate the slowest carrier effective mobility (we 

expected that the slowest carriers are electrons). We were considering, as usual in 

organic semiconductors the value of εr  3.0, the values of mobility µeff for device 4 

(from Table 6.3) are calculated and in order of 1.3×10-5 cm2V-1s-1, 5.92×10-6 cm2V-1s-1, 

1.16×10-6 cm2V-1s-1, 4.01×10-5 cm2V-1s-1, and 1.39×10-4 cm2V-1s-1, when the doping 

concentration of the TADF changes from 1wt.% to 10wt.%. Therefore, using 

simulations, considering the drift-diffusion model (Chapter 2.5.1.3) to estimate the 
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holes/electrons profile as well as the exciton recombination region and extension, we 

were able to estimate the best electrical mobilities that should give the most 

approximated J (current-density) experimental values. The best average values for the 

electrical mobilities in EML (for 8 wt.% 2PXZ-OXD) are found to be in order of [0.5 – 

1.5]10-6 cm2V-1s-1 and [2.0 – 3.0]10-6 cm2V-1s-1 for electrons and holes, respectively. 

These values are, in some range, in agreement with the experimental estimative. With 

this data, a simple simulation gave a very well electrically balanced device, as shown in 

Figure 6.6. 

Effectively at the low current density, the recombination profile followed the 

expected estimation for a very well electrically balanced device. This can be confirmed 

in the expected profile for HOMO / LUMO levels as well for the electrical field profile 

also (Figure 6.6b). Upon Increasing the applied voltage (i.e., current density), we 

expect some changes in those profiles, which is confirmed from the experimental J-V-L 

data. For instance, considering a J near 1 mA/cm2, high recombination (hole/electron 

densities) can be found, but the electrical profile in the active layer exhibits slight 

changes towards a less balanced device (see Figure 6.7). 

 

 

Figure 6.7. Simulation (device with 30 nm (HIL): 40 nm (EML), 8 wt.% 2PXZ-OXD) of (a) electron/hole 

and recombination profile and (b) HOMO / LUMO levels offset and electrical field across the active layer. 

In this case, current density (J) = 1 mA/cm2. 

 

At higher current density, the total recombination rate increases, but the device 

becomes less electrically balanced. Nevertheless, when compared to the low J values, 

the asymmetric profile of recombination indicates that we can expect a less efficient 
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device (Figure 6.7) due to different holes/electrons profile and the rearrangement of 

HOMO / LUMO levels. Nevertheless, it was observed that the device still exhibits a 

relatively good charge balance indicating that the efficiency should have remarkable 

values. These results were observed in the experimental data also. 

From the simulation results, it is clear that in a suitable host, the device 

performance could improve, especially for solution deposited OLEDs due to the facility 

to create host mixtures. Upon improvement of the electrical balance inside the active 

layer, which is the determinant factor for efficiency and roll-off conditions, both p-/n-

type materials should guarantee that the electrical charge mobility could be modified 

in such a way that allows a more symmetric profile for electrical charge transport and 

recombination. Consequently, it is possible to achieve a good trade-off between 

efficiency and roll-off behavior in a very simple device structure, opening interesting 

possibilities for printing techniques. As presented in this work where for the first time 

a green TADF emitter (2PXZ-OXD) was used for a simple solution deposited OLED 

structure exhibiting a remarkable performance compared to the best results found in 

thermally evaporated process with a five-layer device35, where a maximum EQE near 

15% was obtained but for J = 10-1 mA/cm2, decreasing to 0.5% for J = 100 mA/cm2 (cf. 

with our data). Moreover, in our best result, the maximum current efficiency c is 

almost 16.2 cd/A, which is constant over 10 cd/A in a brightness range of 30 to 5000 

cd/m2. The devices exhibited am excellent suppressed roll-off at 1000 cd/m2. The 

device with 8wt.% emitter exhibited a roll-off of 7.15%, which is among the best ones 

ever reported in such green TADF emitters. On the other hand, the physical limitations 

for a good film formation limit the range of possible host mixture combinations 

(although from simulation, an increase of n-type OXD-7 should give slightly better 

results). Nevertheless, the framework discussed a basic model for simple structure, 

and balanced trade-off OLEDs can be achieved. 

 

6.4 Conclusion 

In conclusion, we investigated the effect of the doping concentration of TADF in 

polymer host matrix on device performance, with a focus on an optimized EML layer in 

a simple OLED structure. Exploiting the hole-transport and adjusting the layer 
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thickness for efficient transport for recombination, it is possible to achieve an 

electrically balanced device with a good trade-off between efficiency and roll-off. To 

address the problems that hinder the practical use of green TADF based OLEDs: (1) 

complex thermally evaporation process, (2) high turn-on voltage, (3) application cost 

and (4) low efficiency, we proposed a simple polymer-based TADF green-OLED 

structure with a specific host matrix. The green TADF 2PXZ-OXD, which was not 

designed for solution-processable OLEDs, is successfully composed in p-/n-type PVK: 

OXD-7 polymer host via a simple solution-processed process. The highly simplified 

optimized OLED achieved a very low turn-on voltage of 5V, maximum c of 16.2 cd/A, 

EQE of 7.5%, and p of 5.3 lm/W. The device exhibited excellent brightness at lower 

current density. These results can be explained by the physical simulation of the 

electrical charges/recombination across the active layer. By simulation, a much-

balanced device structure can be obtained before fabrication. The model can be used 

to evaluate the properties of OLEDs before fabrication. Such green OLEDs can be used 

as a replacement of large-area solid-state lighting with cheap production cost. To the 

best of our knowledge, these device performances are among the highest efficiencies 

in solution-processed green TADF OLEDs in a simple “one organic layer” device 

structure. The work discussed in this chapter is the initial idea for the fabrication of 

solution-processed OLEDs to manipulate the electrical properties of EML is 

advantageous, as excellent results of device characteristics showed due to better hole 

injection. But, in such one-organic layered devices, the efficiency is limited to <10% 

that is still an issue due to limited charge injections, which requires the addition of 

different host materials, HTL, or ETL layers. Considering the results, we will focus on 

the improvement of the figures for the merits of the OLEDs. In response to this need, 

we will discuss in the next chapters the employment of different hosts and ETL to adapt 

both hole and electron mobilities to improve the device efficiency keeping the device 

structure as simple as possible. 
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Chapter 7 

Towards highly efficient TADF yellow-red OLEDs 

fabricated by solution deposition methods: critical 

influence of the active layer conformation 

 

1The results discussed in this chapter are part of two manuscripts.  
1. Manish Kumar and Luiz Pereira*, “A mixed-host system with a simple device structure for efficient 
solution-processed organic light emitting diodes of a red-orange TADF emitter.” ACS Omega, 2020, 5, 5, 
2196-2204.  
2. Manish Kumar and Luiz Pereira*, “Towards highly efficient TADF yellow-red OLEDs fabricated by 
solution deposition methods: critical influence of the active layer morphology.” Nanomaterials 2020, 
10(1), 101. 
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Abstract 

In the previous chapters, via simulation and experimental investigation, we have 

discussed that only one-organic layered OLEDs can be fabricated via solution 

processing, but the EQE is limited to <10%. Such devices required a better 

improvement to charge carriers in the emissive layer, an insight into the thin film 

morphology in different solvents is a necessity. Charge balance, concentration 

quenching, and exciton confinement are the most important factors for realizing the 

use of thermally activated delayed fluorescence (TADF) emitters for organic light-

emitting diodes. Herein this chapter to address such an issue, we report the fabrication 

of efficient orange-red TADF via solution-processed in a simple two-organic layered 

device. To achieve high efficiency, the devices were fabricated at different weight 

concentrations of 5%, 8%, and 10% emitter in a polymer host matrix, and their 

characteristics were studied. The device performance is compared with different 

thickness parameters for both the emitting layer (EML) and the electron transport 

layer (ETL) in different solvents such as chlorobenzene, dichlorobenzene, and 

chloroform. By optimizing the mixed ratio of EML, a solution-processed, highly 

efficient, orange-red-emitting OLED of TXO-TPA TADF emitter fabricated with hole-

injection layer (HIL) of poly(styrenesulfonate)-doped poly(3,4-

ethylenedioxythiophene) (PEDOT: PSS), and p-type host matrix poly(N-

vinylcarbazole) (PVK) with 1,3-Bis(N-carbazolyl)benzene (mCP) and another n-type 

PVK with 1,3-Bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene (OXD-7). The p-

type host system demonstrated a peak external quantum efficiency (EQE) of 9.75%, 

maximum current efficiency (Ƞc) 19.36 cd/A and power efficiency (ȠP) of 12.17 lm/W, 

while n-type host system OLEDs turn on at low voltage at 5V, with an excellent EQE of 

18.44%, Ƞc of 36.71 cd/A, and ȠP of 14.74 lm/W for the 8% emitter concentration. The 

results indicated the importance of the selection of the solvent and electrical properties 

of the host for a suitable molecular configuration that allows a better charge carrier 

transport and therefore tunes the properties of the device. As the solvent affects the 

molecular organization, electrical mobility, and the movement in the atomic-scale, 

which changes the physical, electrical, and optical properties of the thin films via 

emitter confinement. 
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7.1 Introduction 

For the fabrication of OLEDs, both solution-processed and thermal evaporation 

processes are used, but the choice of fabrication process had driven the research in 

OLEDs with an aim to maximize the use of materials. Solution process fabrication of 

Organic light-emitting diodes is an extremely rapidly evolving technology for both 

display and lightening industry.1, 2 Using thermally evaporation process OLEDs with 

materials with 100% IQE, excellent stability has been already achieved, but involves 

more complex structure to enable efficient charge carrier transport in the interface. 

Developing such device the process involves high vacuum generation requirement and 

complex deposition process, which consequences in high cost for large area 

fabrication.2-4 Thus, solution process methods, such as spin-coating, inkjet process, and 

screen printing are enticing for low-cost large-area fabrication.5, 6  

In conventional organic emitters, the IQE is limited to 25% due to non-harvesting 

of 75% triplets that limit their use for efficient OLEDs. TADF emitters give this freedom 

of utilizing both singlet and triplets as well for radiative harnessing.7 In TADFs, the pure 

organic aromatic system exhibits a very low energy gap (ΔEST) between S and T levels, 

enabling the up-conversion of triplet exciton to singlet exciton where the IQE can be 

easily achieved up to 100%.8, 9 TADF emitters considered as the third generation of 

OLEDs. It is worth to note that Perrin et al. first rationalized TADF in 1929.10 

Recently a solution‐processed phosphorescent tandem OLED exhibiting 

extremely small efficiency roll‐off reported with 22% EQE, but the structural 

complexity is too high for large-area applications.11 At present state of the art, the 

efficiency of thermally processed devices already reached 36.7% and 37.8% for blue 

and green emitters respectively.12-14 In solution-processed devices, recently, EQE of 

31% reported with the use of cross-linkable polymer in bluish-green TADF, but the 

process also involves a complex processing method.15 Some recent reports on both 

solution and thermally processed TADF OLEDs summarized recent advancements on 

such processes, but they fail to deliver effective charge transport properties and 

recombination profile inside emissive layer.16-20 In solution process technology, the 

effect of the thickness of EML and ETL is underestimated and not much explored.  
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To date, many red-orange TADF emitters are reported for their use in various 

applications such as bioimaging, sensors, telecommunications, and night vision with 

external quantum efficiency (EQE) over 20%, 2, 17, 19, 21-24 but compared with the blue 

and green TADF emitters reported earlier, and red TADF emitters are underexplored 

by virtue of their nature of nonradiative transition process and concentration 

quenching effect induced by strong donor-acceptor structure.22, 25 At the current state 

of art EQE, nearly 30% is achieved in red-orange TADF OLEDs.26, 27 Nevertheless, high 

efficient reported OLEDs the final device structure was very complex, sometimes with 

more than five organic layers that are a technological constraint for practical 

applications.19, 25-28 Therefore, decreasing the red OLED structure complexity should 

be one of the fundamental keys to the larger production and applications. 29 

To extract the best performance from the TADF based EML, it is necessary to 

ensure the balance charge carriers and excitons confinement in it. Balanced charge 

carriers and recombination zone in OLEDs are very sensitive to the organic layer 

thickness and mobilities of carriers, which should be improved for better device 

characteristics enhancement.16, 30 The properties of ETL and crucial for the better 

charge transport and recombination zone confinement in the device.31  

In solution-processed organic devices, both host and solvent plays a critical role 

in the performance of the processed device where viscosity and evaporation rate of 

solvent control the thin-film properties.32-37 The host material ensures the charge 

transport to the emitter. A non-aromatic solvent such as chloroform with a high 

evaporation rate, or aromatic solvent chlorobenzene (CB) and dichlorobenzene (DCB) 

with a low evaporation rate can be utilized to study device characteristics where these 

properties could be an effective route to change the electrical and optical properties of 

a device.36 The solvent evaporation rate, evaporation temperature affect the physical, 

optical, and electrical properties of the thin films. The degree of freedom inside the thin 

fill at the atomic scale also constraint by the type of solvent used with different 

properties such as viscosity, evaporation temperature, etc. A few studies have been 

carried out to see the effect of solvent on organic semiconductor-based devices, but 

none reported in solution-processed TADF based OLEDs in a simple device structure.  
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In this work, we demonstrate the effect of solvents on device performance of a 

stable, highly efficient TADF based OLED. We first investigated the effect of the weight 

concentration of small molecule-based orange-red emitter TXO-TPA in a polymer 

matrix of a p-type mCP: OXD-7 and an n-type PVK-OXD-7 as a blend for an active layer. 

This emitter was reported by Wang et al. in 2014.28 We have chosen this red emitter 

because it has already been demonstrated to harvest nearly 100% of the triplets via 

TADF with a PLQY of 83 ± 3% in a co-evaporated film with a 5 ± 1%wt of TXO-TPA: 

mCP film. But, no investigation on solution-processed devices of such emitter has been 

done. Along with this, we demonstrate the thickness optimization of both the emissive 

layer and the electron transport layer. The different wt.% 5, 8, and 10% of TXO-TPA 

were studied to achieve an optimized device structure based on the thickness profile 

of organic layers. The relationship between weight % of emitter and thickness of 

organic layers with current density and luminescence were investigated in detail. The 

device incorporating 8 wt.% TXO-TPA showed a maximum current efficiency (ȠC) of 

36.71 cd/A, a maximum power efficiency (ȠP) of 14.18 lm/W, and an EQE of 18.44% in 

n-type PVK: OXD-7 host system. The red light-emitting devices were compared with 

those reported vacuum-evaporated counterparts with the advantage of a simple 

structure that is suitable for large-area roll-to-roll production. Along with the 

photophysical characteristics of the blends at different wt.% were in chlorobenzene, 

PVK: OXD-7, as well as in Zeonex matrix investigated to find the relationship between 

the emitter concentration, thickness, and efficiency. Additionally, the effect of ETL 

revealed that the optimized structure for the red-orange OLED was 40 nm, indicating 

that the mixed-host system with optimized thickness realizes the formation of the 

exciton/recombination inside the EML. To best our knowledge, no solution-processed 

OLEDs were reported using this red emitter in a simple device structure. The 

motivation behind this work is to improve the device structures used in chapter 5 and 

chapter 6 in terms of thin-film morphology, the electrical profile of the emissive layer, 

and the overall efficiency of the devices for different types of emitters. The work in 

chapter 6 focuses on solution-processed OLEDs green 2PXZ-OXD emitter with a limited 

EQE of 7.5 % in an n-type host system. Herein, from the feedback of chapter 6 on the 

thickness profile of EML and HTL, and requirement of the improvement of the electron 

injection, we have improved the device performance drastically in up to 18.44% EQE 
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in a red-orange TXO-TPA emitter. Different solvents such as chloroform, 

chlorobenzene, and dichlorobenzene were used to compare the thin film 

characteristics and their effects on device performance. 

7.2 Device fabrication 

The simple device structure was glass/ITO(100nm) / PEDOT:PSS (40 nm) / EML (x 

nm) / ETL (y nm)/ LiF (1nm) / Al (100nm). Two different emissive layers were 

[PVK:mCP](100-a): TXO-TPAa and [PVK: OXD-7](100-a): TXO-TPAa, where a was the wt.% 

of the TADF emitter dopant in the host PVK:mCP and in PVK: OXD-7 (3:2 in wt.%). The 

EML layer from different solvents such as chlorobenzene, dichlorobenzene, and 

chloroform solvent was spin-coated at different rpm after filtered using 0.1 μm 

Polytetrafluoroethylene (PTFE) filter and dried in the glove box at 80 °C for 30 min. All 

the molecules PVK, mCP, OXD-7, and TXO-TPA have good solubility in all solvents. The 

solution concentration (total) was 42mg/mL. An electron transport layer of TmPyPb 

or TPBi was then thermally deposited on EML as well, the dielectric/metal layers of 1 

nm LiF and 100 nm Al, in a vacuum, at a pressure lower than 5×10-6 mBar. The active 

device area is 4.5 mm2. The chemical structures of the materials used are shown in 

Figure 7.1. 
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Figure 7.1. The molecular structures of TmPyPB, TXO-TPA, PVK, and mCP.  

 

 

7.3. Results and discussion of p-type PVK:mCP host system 

7.3.1. UV-vis absorbance and photoluminescence (PL) characteristics 

Earlier in chapter 4, we have used a thermally evaporated EML of TXO-TPA and p-type 

CBP host, and in chapter 5, mCP in a blue emitter. Thus, we aimed to use a p-type mCP 

host in solution-processable OLEDs for TXO-TPA emitter, which we will discuss in this 

section. For TXO-TPA, the UV-vis absorption, photoluminescence spectra are shown in 

Figure 7.2. Figure 7.2a shows the absorption spectra of TXO-TPA in solid-state and 

toluene solution. The absorption spectra of D-A molecule show a major peak at 420 nm 

which is assigned to charge transfer absorption (CT) mainly associated with electron 

transport from TPA moiety to TXO moiety, and additional peaks at 350 nm, 300 nm, 

and 250 nm reflect the sum of TXO and TPA moieties. 28 It exhibits emissive spectra at 

590 nm in toluene and is redshifted to 650 nm in thin-film due to aggregation-induced 

emission (Figure 7.2b) and the absolute fluorescence quantum yield (ΦPL) of 40%. 

However, in nonpolar rigid media Zeonex, this red emitter showed blue-shifted 

emission at 500 nm, which can be explained by an excited state with a strong 1π-π∗ 

character. Such a rigid chromic effect suggests a strong intramolecular charge transfer 
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character 1CT of emissive state 38 (Figure 7.2b). Similar results were obtained for TXO-

TPA in PVK: (n-type) OXD-7 host for absorbance and photoluminescence. 

 

 

Figure 7.2. Normalized absorption spectra of the TXO-TPA in toluene solution (10-5 M concentration) 

and a pristine film, (b) photoluminescence spectra of TXO-TPA in Zeonex, pristine film, 8 wt.% TXO-TPA 

in PVK: mCP and in toluene solution (similar results were obtained for TXO-TPA in PVK: OXD-7 host). 

 

TXO-TPA exhibits T1=2.46 eV excited states with the lower energy gap between 

S1 and T1 (ΔEST=0.09 eV). The HOMO and LUMO levels of TXO-TPA are 5.4 eV and 3.5 

eV; thus, the HOMO levels of mCP are much deeper than TXO-TPA (-6.1 eV), whereas 

the LUMO levels of mCP are (-2.4 eV), whereas the LUMO levels of mCP are (-2.4 eV). It 

is anticipated that a wider bandgap and a deeper HOMO of host materials are 

considered best for better carrier confinements, balance the electron flux, and control 

the exciton formation mechanism.39, 40 As previously assumed 30, it is consistent to 

consider that the HOMO level of the active layer should correspond to the HOMO level 

of the p-type material (in this case, the mCP). With these assumptions, we expect a 

small hole-blocking barrier at EML/ TmPyPB interface. However, PVK has a low hole, 

and electron mobilities 10–6 and 10–9 cm2 V-1 s-1, respectively,41 and high rate of TTA 

that limits the EQE implies that pure PVK is not a proper host material. 42 Thus a 

blended system of PVK+host was chosen for EML 
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7.3.2. Device characteristics 

Figure 7.3 shows the general device scheme. All the molecules PVK, mCP, and TXO-

TPA have good solubility in chlorobenzene to form an EML. The deposition parameters 

were optimized to maximize device performance. Here, TmPyPB was used as electron 

transport material due to its high electron mobility of 10-3 cm2 V-1 s-1 and high triplet 

ET of 2.8 eV. 43  

 

Figure 7.3 The respective energy diagram for the device structure used p-type mCP host. 

 

All the devices were fabricated using chlorobenzene as a solvent. Figure 7.4 

shows the current density-voltage-luminescence, EL spectrum, luminescence 

dependence Ƞc, Ƞp and current density dependence EQE results obtained for device 

structure ITO/PEDOT: PSS (40 nm)/EML (30 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al 

(100 nm). The turn-on voltage (VON) of the devices was 6 V for 5wt.% OLED and 5 V for 

the 8 and 10wt.% OLEDs. The thickness of the ETL was varied from 30 to 50 nm, and 

the increase to the thickness of ETL does not increase the resistivity of the device 

significantly as primarily observed from the unchanged VON in all the devices. In the 

first observation, the lower VON can be ascribed due to the higher doping of the emitter, 
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mobility, and layer thickness and density of states. The device for all wt.% of TXO-TPA 

exhibited an EQE in the range of 3-3.5%. The maximum Ƞc was 6.60 cd/A, and ȠP was 

3.46 lm/w for 5wt.%. The device emits red-orange EL peak with 554 nm, which is 

independent of the driving voltage, corresponds to the emission of TXO-TPA emitter. 

Another peak at 625 corresponds to TXO-TPA was also observed. An additional weak 

peak around 400 was observed and is attributed to the emission from PVK. The 

intensity of this PVK emission is less than 2% of the integrated intensity from the EL 

spectra. No significant change in the CIE coordinates was observed due to the PVK 

emission. The Commission Internationale de L’Eclairage (CIE) coordinates were 

(0.44;0.51). The results are summarized in Table 7.1. In the EL spectra of all the 

devices, a redshift was observed upon increasing the TADF concentration. At a lower 

thickness of TmPyPb (30 nm), the efficiency is low, and this can be ascribed to the 

asymmetric hole/electron density profile. 

 

Table 7.1 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 

nm)/PVK:mCP:TXO-TPA (x wt.%) (40 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm) deposited from 

chlorobenzene. (Max EQE values at >5 cd/m2) 

Wt.% Ƞc 

(cd/A) 

Ƞp 

(lm/W) 

EQE 

(%) 

Lmax 

(cd/m2) 

EQE at 

100 

cd/m2 

Jon 

(mA/cm2) 

Von 

(V) 

CIE (x,y) 

(1931) 

5 6.60 3.46 3.24 1513 1.08 1.64×10-2 6 0.42;0.53 

8 6.24 3.26 3.13 1614 1.30 4.84×10-2 5 0.44;0.51 

10 6.02 3.15 3.08 1871 1.48 7.70×10-2 5 0.45;0.51 
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Figure 7.4. The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:mCP:TXO-TPA (x 

wt.%) (40 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-current density curves, and (f) EL spectra at 10V. 

When the thickness of the ETL was increased to 40 and 50 nm, the device 

characteristics were improved by almost two-three folds. (Table 7.2, and 3) The VON 
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was identical to the device with 30 nm ETL. Also, there was no further change in CIE 

coordinates were observed in all the devices. The device with 40 nm ETL exhibited 

improved EQE of 3.67, 5.71, and 5.80% for 5, 8, and 10wt.% doping. (Figure 7.5) The 

maximum Ƞc was 11.36 cd/A, and ȠP was 7.13 lm/w for 8wt.%. This improvement in 

the device is attributed due to the better confinement of the recombination zone upon 

increasing of the ETL and electrical carrier profile.44 The devices exhibited EL at 563, 

563, and 574 nm for 5, 8, and 10wt.%. The best results were obtained with the device 

structure of ITO/PEDOT: PSS (40 nm)/EML (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al 

(100 nm). (Figure 7.6) In the device with the ETL of 50 nm, the EQE was 6.02, 9.75, 

and 5.33% for 5, 8, and 10wt.% doping. The maximum Ƞc was 19.36 cd/A, and Ƞp was 

12.17 lm/w and Lmax of 2200 cd/m2 for 8wt.%. The EL spectra were at 561, 561, and 

574 nm for 5, 8, and 10wt.%. In a 50nm thick ETL device, owing to the superior exciton 

confinement in EML and charge balance, the device performance-enhanced threefold 

compare to the 30 and 40 nm thick ETL devices. The current densities values in 50 nm 

devices are lower than those with 30 and 40 nm. The higher current density values 

observed in the 30 nm based devices are attributed to the leakage of the electrons in 

EML due to poor charge balance and thus yielded the reduced efficiencies.45, 46 The 

luminescence is also poor in 30 nm device, which exhibited a reduction of the 

formation of the excitons. 

Table 7.2 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 

nm)/PVK:mCP:TXO-TPA (x wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from 

chlorobenzene. (Max EQE values at >5 cd/m2) 

Wt.% ȠC 

(cd/A) 

ȠP 

(lm/W) 

EQE 

(%) 

Lmax 

(cd/m2) 

EQE at 

100 

cd/m2 

Jon 

(mA/cm2) 

Von 

(V) 

CIE (x,y) 

(1931) 

5 7.34 3.29 3.67 1187 1.51 1.98×10-2 6 0.44;0.51 

8 11.36 7.13 5.71 1767 1.94 3×10-3 5 0.45;0.51 

10 11.06 6.95 5.80 2180 2.10 7.28×10-3 5 0.47;0.50 
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Table 7.3 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 

nm)/PVK:mCP:TXO-TPA (x wt.%) (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm) deposited from 

chlorobenzene. (Max EQE values at >5 cd/m2) 

Wt.% ȠC 

(cd/A) 

ȠP 

(lm/W) 

EQE 

(%) 

Lmax 

(cd/m2) 

EQE at 

100 

cd/m2 

Jon 

(mA/cm2) 

Von 

(V) 

CIE (x,y) 

(1931) 

5 12.16 6.36 6.02 1634 1.70 9.13×10-3 6 0.43;0.52 

8 19.36 12.17 9.75 2200 2.12 4.35×10-3 5 0.45;0.51 

10 10.42 6.54 5.33 1918 1.50 1.20×10-2 5 0.46;0.50 

 

In our simple two-organic layer structure (EML / ETL), in general, the mobility of 

the electrons in the ETL is lower than the hole mobility in EML, and for a better exciton 

formation and confinement, this mobility matching is prerequisite irrespective of the 

ETL thickness. Hence, finding the optimum device thickness for both EML and ETL 

according to the charge carrier mobilities is essential.47 The results presented in Figure 

7.6 clearly show that a thin EML of 50 nm leads to a stable and efficient device with an 

EQE of 9.75%. In this way, and considering the overall electrical carriers mobilities 

previously indicated, we can expect (from the EML mixed mobilities) that an increase 

on ETL thickness should lead to a more symmetrical electron/hole density profile in 

the active layer contributing for a better result due to high electron mobility in 

TmPyPB.  

Thus, the proposed device structure provides with; (i) facilitated enhanced 

electron injection into EML and hole accumulation at the ETL/EML interface for better 

hole-electron charge balance in EML, (ii) blocking of exciton quenching by p-type mCP 

with high charge mobilities and triplets in a simplified structure, (iii) the good match 

of HOMO levels of TXO-TPA (5.4 eV) with modified anode (ITO/PEDOT: PSS, 5.3 eV) 

also reduces the hole accumulation at cathode/EML interface for better charge balance 

in EML, and (iv) the optimized thickness of ETL provides adequate charge balance and 

exciton confinement in EML, further increase to the overall device performance. 
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Figure 7.5. The device characteristics of the device ITO/PEDOT: PSS (40 nm)/PVK: mCP: TXO-TPA (x 

wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm): (a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-current density curves, and (f) EL spectra at 10V. 
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Figure 7.6. The device characteristics of the device ITO/PEDOT: PSS (40 nm)/PVK: mCP: TXO-TPA (x 

wt.%) (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-current density curves, and (f) EL spectra at 10V. 

 

Herein this part of the chapter, we have focused on the use of a p-type mCP host 

system for TXO-TPA emitter. We conclude that results are interesting but exhibited a 
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lower device performance, which could be due to the p-type of host characteristics 

exhibiting an asymmetrical profile of both the holes and electrons resulting in the 

imbalanced device and recombination. Therefore, we focused on an n-type host, i.e., 

OXD-7, as a second EML recipe for the TXO-TPA emitter that we will discuss in the next 

section. 

7.4. Results and discussion of PVK: OXD-7 (n-type) host 

system 

7.4.1. UV-vis absorbance and photoluminescence (PL) characteristics 

For TXO-TPA, the UV-vis absorption, photoluminescence spectra are shown in Figure 

7.7. 

 

Figure 7.7. (a) Normalized absorption spectra of thin films of PVK: OXD-7 doped with different amount 

of TXO-TPA and pure PVK: OXD-7 host, and (b) normalized photoluminescence spectra of thin layers: the 

neat PVK: OXD-7 matrix and PVK: OXD-7 doped with 1, 2, 5, 8, 10 wt.% of emitter molecules. 

To estimate the potential of TXO-TPA emitter for solution-processed OLEDs, an 

appropriate host matrix PVK: OXD-7 was chosen primarily due to a good correlation 

between the absorption spectrum of emitter and emission of the matrix. In the device, 

the host should ensure efficient hole and electron transfer for effective charge carrier 

balance. Photoluminescence spectra of TXO-TPA doped in the host matrix (PVK: OXD-

7) with 1, 2, 5, 8, and 10 wt.% are shown in Figure 7.7b, where OXD-7 works as an n-

type host material. OXD-7 was chosen due to its suitable triplet (ET=2.7eV) state near 

to the TXO-TPA (ET=2.27 eV) for efficient charge transfer process for the confinement 
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of triplet in the guest emitter.48 In PVK: OXD-7 host, the D-A emission spectra 

demonstrated broad Gaussian shape emission with the maximum 570-600 nm with 

different wt.%, significantly blue-shifted compare to the pure film. This can be due to 

the rigidification of the molecular structure of TXO-TPA in the host matrix, which can 

lower the reorganization energy in the aggregated state.49 It can also be due to the 

weakened interactions between TXO-TPA and PVK: OXD-7 host matrix and the polarity 

difference of host materials. 50 The photoluminescence quantum yields also increased 

up to 60±3% that is higher than the pure film (35±3%), indicating that the effective up-

conversion of triplets did occur. The values of PLQY of TXO-TPA in the pure film are 

35%, and in Zeonex, rigid-matrix is 100%.  

Films doped with 1 and 2 wt.% of TXO-TPA exhibited a peak emission of 570 and 

575 nm, which corresponds to CT state, and an additional peak at 425 nm also observed 

which is responsible for the emission of PVK: OXD-7. This suggested that lower doping 

of TXO-TPA does not ensure the full energy transfer from OXD-7 to TXO-TPA, and the 

emission is the sum of both the host and the guest. While in higher doping 

concentrations, the only emission corresponds to TXO-TPA observed, resulting in the 

complete transfer of the energy from OXD-7 to TXO-TPA. The 8wt.% PVK: OXD-7: TXO-

TPA film gave orange emission with a peak emission wavelength of 590 nm, 

significantly blue-shifted compared with the counterpart of the pure film. The long 

intermolecular distance between the polar carbazole core units of PVK and the TXO-

TPA weakened the solid-state solvatochromic effect and resulted in blue-shifted 

emission color.50 Upon doping concentration increment, the PLQY also increased and 

was found 60±3% in 8wt.% doping. These results are typical from TADF emitters. The 

main principle of TADF emission falls in the high probability of reverse intersystem 

crossing (rISC) between excited T and S states due to the lower exchange energy value.7 

This gives rise to a sum of a prompt fluorescence (PF) with an ultra-fast decay from S1 

→ S0 states and a delayed fluorescence (DF), with a significant low lifetime, resulting 

from T1 → S1 → S0 transition.7, 18 The low values of PLQY in the non-degassed 

environment is the usual consequence of DF extinction in TADF emitters when in the 

presence of oxygen.18 By another side, increasing the TADF concentration in the host, 

should give rise to an increase of the PLQY but further decreasing is expected when the 
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spatial density of emitters becomes high enough for quenching. In our case, using as 

host PVK: OXD-7, the optimal TXO-TPA concentration was found to be 8wt%. When the 

doping concentration increased from 1-10wt.% a red shift in emission spectrum was 

observed, which displays the stronger direct intermolecular interaction, which became 

important at higher concentration and the emission of pristine PVK: OXD-7 film 

confirm this observation.51, 52 (Table7.4) 

 

Table 7.4 Photoluminescence quantum yield (PLQY) of films in air and oxygen-free condition. 

PLQY (±3%) 1% TXO-TPA 

in PVK:OXD-7 

2% TXO-TPA 

in PVK:OXD-7 

5% TXO-TPA 

in PVK:OXD-7 

8% TXO-TPA 

in PVK:OXD-7 

10% TXO-

TPA in 

PVK:OXD-7 

PLQY (in air) 

% 

10 12 14 18 15 

PLQY (oxygen 

free) % 

18 23 52 65 54 

 

To compare the surface morphology and effect of a solvent of thin-film formation, 

spin-coated thin films of PVK: OXD-7 with 5, 8 and 10wt.% TXO-TPA were prepared in 

chlorobenzene, dichlorobenzene, and chloroform of 40 nm thickness on the ITO 

substrate. Figure 7.8 shows the atomic force microscopy (AFM) images of films at 

various concentrations in chlorobenzene. It reveals that the root-mean-square 

roughness was 0.35 nm, 0.30 nm, and 0.26 nm for 5, 8, and 10wt.%, respectively TXO-

TPA in chlorobenzene. Figure 7.9 demonstrated the AFM image of 8% TXO-TPA: PVK: 

OXD-7 active material in different solvents of chloroform, chlorobenzene, and 

dichlorobenzene, revealing the RMS value of 1.30, 0.30 and 0.60 in chloroform, 

chlorobenzene, and dichlorobenzene, respectively. In both the chloroform and 

dichlorobenzene, large islands can be seen, causing the poor morphology of the thin 

films, while in chlorobenzene, a smooth thin film was obtained. As generically 

observed, for the same solvent, the root-mean-square roughness tends to slightly 

increases when the TXO-TPA concentration decreases and vice-versa. When the TADF 

concentration ranges from 5 to 10wt%, the RMS value was 0.40 nm. The uniformity of 
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films obtained using CB as a solvent is clearly high. The differences in morphology 

when the TADF concentration changes in the same solvent, is not noticeable (see, for 

the case of CB and, Figure 7.9). 

 

 

 

Figure 7.8. AFM Image of PVK: OXD-7: TXO-TPA of wt.%; (a) 5%, (b) 8%, and (c) 10% from 

chlorobenzene solvent.  

 

 

 

Figure 7.9. AFM Image of PVK: OXD-7: TXO-TPA of 8 wt.% in; (a) chloroform, (b) dichlorobenzene, and 

(c) chlorobenzene. 

 

7.4.2 Device characterization 

To see the effect of electron mobility of the electron transport layer, the OLEDs were 

fabricated with different ETL as TmPYPb, and TPBi with different layer thicknesses, 

and their characteristics were studied. The device structure is shown in Figure 7.10 

used for the p and n-type (PVK: OXD-7) host system. 
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Figure 7.10. The respective energy diagram for the device structure used in p-type PVK: OXD-7 host. 

 

Here, TmPyPB 53 is used as ETL due to its high electron mobility of 10-3 cm2V-1s-1 

and high triplet ET= 2.8 eV, which is higher than TPBi ET of 2.7 eV, the electron mobility 

of TPBi is 3.3 −8×10−5 cm2V-1s-1.43 The high triplets of TmPyPB enable to prevent the 

transfer of triplet energy in EML from OXD-7 (ET-2.7 eV) to ETL. The electron mobility 

of OXD-7 is 1−4×10−5 cm2V-1s-148. Additionally, a shifted HOMO level of 0.3 eV will avoid 

resonance transfer. Besides these triplet levels, the HOMO / LUMO levels, as well as the 

electrical carrier mobility in the active layer, need to be estimated from the individual 

materials. As previously assumed,30 is consistent to consider that the HOMO level of 

the active layer should correspond to the HOMO level of the p-type material (in this 

case, the PVK), the same assumption for LUMO that should correspond to the LUMO 

level of OXD-7. With these assumptions, we expect a small hole-blocking barrier at 

EML/ TmPyPB interface.  

By another side, it is known that the effective mobility of an electrical carrier in 

organic semiconductors depends critically on the molecular ordering and stacking. 

54Electrical carriers can also be subject, under space-charge conditions, to the effect of 

energy levels acting as traps, which, primarily tends to decrease the mobility.29 

Therefore, allowing a high molecular order staking is important, particularly when the 
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electron and hole density profile in OLED active layer, depending on the mobility, are 

fundamental for the correct exciton confinement and efficient recombination. From 

solution deposited layers, the chemical characteristics of the solvents and the physical 

process of solvent evaporation rate and temperature (besides the atmospheric 

environment conditions) plays a fundamental role in allowance the best molecular 

ordering, critically contributing for a homogeneous and ordered (in molecular scale) 

of the final film. Consequently, one way to improve the efficiency of solution deposited 

devices is the choice of solvent, evaporation temperature and rate, etc. 

 

7.4.2.1 Devices with an emissive layer using Chloroform as a solvent 

All the molecules PVK, OXD-7, and TXO-TPA have good solubility in chloroform 

(42mg/mL). the deposition parameters were optimized to maximize the device 

performance. When devices were fabricated from chloroform as a solvent, the device 

performance showed high resistivity. In chloroform, the lower viscosity of 0.58 cP and 

extremely lower evaporation rate of solvent leads to a less homogeneous and 

molecular ordered film of TXO-TPA in PVK: OXD-7 matrix.  
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Figure 7.11. Device characteristics for structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-7:TXO-TPA (x 

wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5, 8 and 10wt.% (at 20V).   

Figure 7.11 shows the results obtained for device structure ITO/PEDOT: PSS (40 

nm)/EML (X nm)/TmPyPb (Y nm)/LiF (1 nm)/Al (100 nm). Where X= 25, and 40, while 

Y=30, and 40 nm. The doping concentration was 5,8 and 10wt.%. The devices with 40 

nm ETL and 40 nm EML exhibited a higher turn-on voltage (VON) of 13V showing higher 

resistivity in the OLEDs and relatively poor charge transport under SCLC conditions. 

Surprisingly, the fabricated OLEDs do not change the device characteristics upon 

changing the thickness of the emissive layer.  
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Figure 7.12. Device characteristics for structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-7:TXO-TPA (x 

wt.%) (25 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5, 8 and 10wt.% (at 20V).   

The device with both ETL and EML of 40 nm showed EQE of 2.77%, 8.78 and 

2.97%, while the device with 25 nm EML exhibited EQE of 2.72%, 7.32%, and 3.37% 

for 5, 8 and 10 wt.%, respectively (Figure 7.12). Commission Internationale de 

l’Eclairage (CIE 1931) chromaticity coordinates (x, y) of OLED were determined as 

(0.50;0.47) for 8wt.%. In chloroform solvent EML device, the luminance reduced 

drastically to nearly 400 cd/m2, and this can be due to poor molecular ordering of films, 

which cause leakage of the current and reduced exciton formation. All the devices 

exhibited emission at 570 nm, which corresponds to emission from TXO-TPA, also in 

emission spectra a redshift observed upon TADF doping concentration increase.51 In 

the device with EML of 25 nm, the EL spectra changes and red-shifted to 580 nm, and 

this difference in the EL peaks reveals a different local interaction between host: guest 
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and solvatochromism effect.52 This indicates that in a thin layer of EML, the 

recombination zone in the EML was created near the EML-ETL interface, while in thick 

40 nm EML, it was in EML, which increases the relaxation probability to further 

increase in the device performance. (Figure 7.11d) It is worth mentioning that the EQE 

has the maximum value at >1 cd/m2, and the device with 5wt.% is the lowest at low 

luminance. Table 7.5 and Table 7.6 shows the main results for OLEDs with different 

active layer thickness deposited using CF as a solvent. In any case, the results, 

independently of a very simplified device structure, are poor and effectively does not 

correspond to the expected results from this TADF emitter (and based in the PL data). 

The main explanation should be addressed to the difficulty to achieve an optimized 

hole and electron density profile in the active layer, suitable for final efficient exciton 

recombination. The nature of the active layer morphology, due to a probably non-

ordered molecular stacking, leads to an electrically unbalanced device (because of big 

changes in electrical carrier mobility from the Pool-Frenkel model 55). It should be 

noted that no further optimization was obtained, either changing temperature, 

evaporation rate, and active layer thickness (via spin-coater parameters). This simple 

conclusion is also supported by the fact that changing ETL thickness, and we do not see 

significant differences, giving the idea that the main issue is related to the EML itself. 

More discussion will be made after. 

 

Table 7.5. Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-

7:TXO-TPA (x wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. 

(Max EQE values at >5 cd/m2) 

Wt.% ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

Jon 

(mA/cm2) 

Von (V) CIE (x,y) 

(1931) 

5 4.31 3.04 2.77 245 1.64×10-2 14 0.43;0.51 

8 15.66 3.78 8.78 440 3.37×10-2 13 0.50;0.47 

10 4.46 1.27 2.97 190 3.18×10-2 11 0.50;0.47 
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Table 7.6. Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-

7:TXO-TPA (x wt.%) (25 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. 

(Max EQE values at >5 cd/m2) 

Wt.% ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

Jon 

(mA/cm2) 

Von (V) CIE (x,y) 

(1931) 

5 4.86 1.17 2.72 353 3.37×10-2 13 0.43;0.51 

8 11.39 2.38 7.32 225 1.01×10-2 13 0.50;0.47 

10 5.06 1.32 3.37 452 7×10-2 12 0.50;0.47 

 

7.4.2.2 Devices with an emissive layer using Dichlorobenzene as a solvent 

Dichlorobenzene is a more viscous solvent with a higher evaporation point then 

chloroform. The device configuration in dichlorobenzene solvent for EML is 

ITO/PEDOT: PSS (40 nm)/EML (X nm)/TmPyPb (Y nm)/LiF (1 nm)/Al (100 nm). 

Where X= 25, and 40, while Y=30, and 40 nm. The doping concentration was 5, 8, and 

10wt.%. The viscosity of dichlorobenzene (DCB) is 1.32 cP. With a higher evaporation 

rate, which changes the film formation and changes the electrical, optical properties of 

the thin film. The device with both EML and ETL of 40 nm exhibited a lower turn-on 

voltage of 4 V, compared to its counterpart chloroform, but the EQE reduced to 2%, 

2.71%, and 3.34% in 5, 8 and 10wt.% doping, respectively. Figure 7.13 and Figure 

7.14 show that upon increasing the thickness of EML, the resistivity increase 

monotonically. Surprisingly, the efficiency of the OLEDs does not change substantially 

either with EQE or brightness or turn-on voltage.   

When the thickness of EML reduced to 25 nm, the device performance is with EQE 

of 2.33%, 4.71%, and 5.47% in 5,8 and 10wt.%, respectively. In DCB, upon reducing the 

thickness, there is no massive difference in the device performance, and at 10wt.% 

TXO-TPA, the EQE increased from 3.34% to 5.47%, and the luminance from 3279 

cd/m2 to 3427 cd/m2. This decrease in the OLEDs performance compare to chloroform 

can be attributed due to much dense thin film in DCB where the π-π stacking of 

carbazoles in PVK is increased compare to minimized stacking in chloroform.54 

Moreover, the propensity to form aggregates (Figure 7.9b) with poor morphology of 

film, (although the root-mean-square roughness is less than one-half of the films 
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deposited with CF as solvent), should lead to an increase of defects in active layer with 

further loss of radiative recombination, independently of less resistive device. 

Therefore, these devices exhibited reduced EQE performance compared to those using 

CF as a solvent for the active layer (Figure 7.13). All the results are summarized in 

Table 7.7 and 7.8. 

 

 

Figure 7.13. Device characteristics for structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-7:TXO-TPA (x 

wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from dichlorobenzene. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5,8 and 10wt.% (at 14 V).     
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Figure 7.14. Device characteristics for structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-7:TXO-TPA (x 

wt.%) (25 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from dichlorobenzene. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5,8 and 10wt.% (at 14 V).  

 

Table 7.7. Summary of results obtained for the device with structure ITO/PEDOT: PSS (40 

nm)/PVK:OXD-7: TXO-TPA (x wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from 

dichlorobenzene. (Max EQE values at >10 cd/m2) 

Wt.% ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

Jon 

(mA/cm2) 

Von (V) CIE (x,y) 

(1931) 

5 4.15 2.17 2 3038 1.33 4 0.40;0.53 

8 5.52 3.46 2.71 3268 4.7×10-1 4 0.43;0.52 

10 6.80 3.52 3.34 3279 1.76 4.5 0.44;0.52 
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Table 7.8. Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-

7:TXO-TPA (x wt.%) (25 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from 

dichlorobenzene. (Max EQE values at >10 cd/m2) 

Wt.% ȠC 

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

Jon 

(mA/cm2) 

Von (V) CIE (x,y) 

(1931) 

5 4.29 2.70 2.33 2939 2.28 4 0.40;0.50 

8 8.36 6.57 4.71 3115 9×10-2 4 0.40;0.48 

10 9 7.07 5.47 3427 6.57×10-2 4 0.40;0.46 

   

Although we still run in poor figures of merit framework, two aspects should be 

for now pointed, in the direct comparison of OLEDs with active layers deposited from 

solutions with CF or DCB solvents: the turn-on voltage and brightness. Using DCB as a 

solvent, a remarkable reduction in VON was achieved. Under space-charge conditions, 

the transition from an ohmic behavior to an SCLC depends, in the simplest model, on 

the electrical carrier density and effective electrical mobility (that can depend on traps 

energy levels). Decreasing the Von value so sharply implies a very deep change in 

carrier density and mobility, both of them, dependent on film morphology. We still not 

have an electrically balanced device (from the previous simple discussion), but a much 

better local molecular conformation was achieved, allowing higher electrical current 

densities (better electrical transport). With a correct device structure based on the 

HOMO / LUMO levels of all organic layers and work-functions of electrodes, it seems 

clear that the improved electrical carrier transport simultaneously decreases the turn-

on voltage and, because of high electrical carrier density, increases the brightness 

strongly. We will discuss these questions later. 

 

7.4.2.3 Devices with an emissive layer using Chlorobenzene as a solvent 

The viscosity of chlorobenzene (CB) is 0.80 cP with a moderate evaporation rate, which 

leads to good thin film formation (Figure 7.8). The device with TPBi as ETL exhibited 

EQE of 11.95% in 8wt.% concentrations in chlorobenzene as a solvent. The results are 

summarized in Table 7.9 (Figure 7.15). It exhibited a Lmax of 4806 cd/m2. The device 

structure was ITO/PEDOT:PSS (40 nm)/EML (40 nm)/TPBi (40 nm)/LiF (1 nm)/Al 
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(100 nm). The device turn-on at 5V. device with 5wt.% and 10 wt.% exhibited a lower 

performance with EQE of 8.3% and EQE of 3.34%, respectively. The devices exhibited 

electroluminescence spectra at 563, 570, and 580 nm for 5,8 and 10wt.%, respectively, 

while a redshift observed in EL spectra with an increase of TXO-TPA doping 

concentration. The color coordinates (CIE 1931) of the device with 5, 8 and 10wt.% 

were (0.43;0.50) (0.46;0.50) (0.46;0.51), respectively. 

 

Figure 7.15. Device characteristics for structure ITO/PEDOT: PSS (40 nm)/PVK: OXD-7: TXO-TPA (x 

wt.%) (40 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5,8 and 10wt.% (at 14 V).     

The devices with ETL as TmPyPb were fabricated with a different configuration 

of both EML and ETL. The device configuration was ITO/PEDOT: PSS (40 nm)/EML (X 

nm)/TmPyPb (Y nm)/LiF (1 nm)/Al (100 nm). Where X= 25, 40, and 50 nm, while 

Y=30, 40, and 50 nm. The doping concentration was 5, 8, and 10wt.%. The device 
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characteristics are summarized in Table 7.10. The device with a thickness of 40 nm 

for both EML and ETL exhibited excellent device characteristics, EQE of 16.81%, 

18.44%, and 8.03% for 5, 8, and 10wt.% device, respectively. All the devices turn at a 

lower voltage of 5-6V. The EL spectra emitted at 580-585 nm with a shoulder at 623 

nm, which corresponds to the emission of TXO-TPA emitter.28 A redshift was also 

observed on doping concentration that can be ascribed to the previous related 

discussion.51 The increment to the results ascribed to the movement of the 

recombination zone towards the cathode, owing to the faster and increased exciton 

formation and recombination.56, 57 Also, the optimized 40 nm thick EML layer enhanced 

the charge balance and confine the recombination zone in EML. The results ensure an 

efficient charge transfer from OXD-7 host to guest with a suitable recombination zone. 

(Figure 7.16) 

Figure 7.16. Device characteristics for structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-7:TXO-TPA (x 

wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5,8 and 10wt.% (at 14 V).     
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Upon changing the thickness of the EML, the device performance decreased 

drastically. (Figure 7.17) when the thickness is increased to 50 nm of EML, the EQE of 

15.33% was obtained in the 8wt.% device, while in 5 and 10wt.%, it also reduced to 

10.6% and 6.14%. No further change in EL spectra was observed. This reveals that in 

thicker EML, the charge carrier is imbalanced, which forms a disruptive recombination 

region, and the formation of exciton recombination probability is reduced. The devices 

with 5, 8, and 10wt.% exhibited EQE of 10.39%, 8.72%, and 7.99%, respectively. All the 

device characteristics are shown in Figure 7.18. 

 

 

Figure 7.17. Device characteristics for structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-7:TXO-TPA (x 

wt.%) (50 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5,8 and 10wt.% (at 20V).   
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Figure 7.18. Device characteristics for structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-7:TXO-TPA (x 

wt.%) (25 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5,8 and 10wt.% (at 20V).     

Along with the change in the thickness of EML, the effect of ETL was also observed 

on device performance when the thickness is changed. When the thickness of TmPyPb 

is reduced to 30 nm, the performance reduced to EQE of 11.65%, 14.53%, and 10.27% 

in 5,8 and 10wt.% TXO-TPA devices. A blue shift in EL spectra observed at 575 nm. 

Here, the decrease in EQE can be attributed due to the fact that when the thickness of 

ETL reduced, and the recombination profile gives a more unbalance device. As a result, 

the charge recombination is expected at HIL/EML interface, and this induces the 

recombination region shift towards HIL/EML and reduced the performance of the 

device.47 (Figure 7.19) 
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Figure 7.19. Device characteristics for structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-7:TXO-TPA (x 

wt.%) (40 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5,8 and 10wt.% (at 20V).     

When the ETL thickness increased to 50 nm, the device performance improved 

compare to ETL of 25 nm. An EQE of 13.73%, 15.82%, and 12.23% was observed in 5, 

8, and 10wt.%, respectively. The performance is reduces compared to 40 nm EML/ETL. 

This is due to the exciton decay caused by the movement of the recombination zone 

towards the EML/ETL interface. From the results, we can conclude that in 40 nm of 

EML and ETL, a better charge carrier injection and transport is observed, which leads 

to the confinement of excitons in the recombination region, result in enhanced 

performance. All the devices have VON lower to 5-6 V. (Figure 7.20)     
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Figure 7.20. Device characteristics for structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-7:TXO-TPA (x 

wt.%) (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (a) current 

density vs voltage vs luminance, (b) Current efficiency vs luminance, (c) EQE vs luminance and (d) 

electroluminescence spectra for 5,8 and 10wt.% (at 20V).     

 

Table 7.9: Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-

7:TXO-TPA (x wt.%) (40 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. 

(Max EQE values at >5 cd/m2) 

Wt.% ȠC 

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

Jon 

(mA/cm2) 

Von (V) CIE (x,y) 

(1931) 

5 16.07 8.41 8.3 3950 1.67×10-2 5.5 0.43;0.50 

8 22.97 12.02 11.95 4809 1.61×10-2 5.5 0.46;0.50 

10 12.27 6.66 7.19 4681 1.02×10-2 5.5 0.56;0.51 
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Table 7.10: Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/PVK:OXD-

7:TXO-TPA (x wt.%) (A nm)/TmPyPb (B nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. 

(Max EQE values at >5 cd/m2) (A= 25, 40 and 50nm, B= 30, 40, 50nm) 

Wt.% 

A=EML 

B=ETL 

ȠC 

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

Jon 

(mA/cm2) 

Von (V) 

(±0.5) 

CIE (x,y) 

(1931) 

A=25nm B=40nm  

5 21 9.42 10.39 3237 1.96×10-2 6 0.44;0.51 

8 17.21 9.01 8.72 3878 2.53×10-2 6 0.46;0.50 

10 10.95 7.95 7.99 3123 4.33×10-2 6 0.47;0.49 

A=40nm B=40nm 

5 31.60 14.18 16.81 3180 3.75×10-2 6 0.45;0.51 

8 36.71 12.81 18.44 2585 3.11×10-2 6 0.48;0.49 

10 14.74 6.61 8.03 2992 2.37×10-2 6 0.49;0.48 

A=50nm B=40nm 

5 19.22 8.62 10.6 2300 1.9×10-2 6 0.46;0.50 

8 29.24 13.12 15.33 1700 4.33×10-3 6 0.49;0.48 

10 6.14 4.36 5.98 2251 2.15×10-2 6 0.49;0.48 

A=40nm B=30nm 

5 22.41 11.73 11.65 2885 8.9×10-3 6 0.44;0.51 

8 29.47 13.22 14.53 2513 5.57×10-3 6 0.47;0.50 

10 19.34 8.68 10.27 3021 2.11×10-2 6 0.48;0.49 

A=40nm B=50nm 

5 26.21 11.76 13.73 1490 8×10-3 6 0.46;0.50 

8 28.60 14.97 15.82 3800 1.95×10-2 6 0.49;0.48 

10 22.50 8.83 12.23 1922 2.04×10-2 7 0.48;0.49 

 

In addition, the maximum theoretical EQE can be compared with the EQE of the 

fabricated device from equation 7 (chapter 2): η𝑒𝑥𝑡 = η𝑜𝑢𝑡 × η𝑖𝑛𝑡 , where η𝑖𝑛𝑡 =

γ × η𝑆𝑇 × Φ𝑃𝐿. Where γ corresponds to the charge-balance factor (assuming γ=1 for 

electrically balance device ), ϕPL is the PLQY (ϕPL=0.60±0.3 for the PVK: OXD-7: 8wt.% 

TXO-TPA), ST is the efficiency of exciton production (ST =1 for TADF type devices), 

and ηout is the outcoupling efficiency (ηout =0.3). So, the maximum theoretical EQE for 

the fabricated device is nearly 19%. For the device ITO/PEDOT:PSS (40 nm)/PVK:OXD-

7:TXO-TPA (8 wt.%) (40 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm) deposited from 
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chlorobenzene we have obtained experimental EQE of 18.44% via utilization of both 

the singlet and triplet excitons effectively. This means that with careful development 

of the host: guest matrix in order to booth improve the PLQY and the charge transport 

and exciton confinement in EML, we are able to achieve the maximum external 

efficiency possible in a similar way of the best reported in the literature in a more 

complex device structure. 

From the results, it is clear that the best devices were obtained using CB as a 

solvent for 8 wt.% of TXO-TPA in the active layer and with EML / ETL thickness of 40 

nm / 40 nm. Some discussions can be done now. An optimized OLED structure should 

allow (besides good electrical charge injection) an efficient electrical charge transport 

and further exciton confinement in the active layer. The increase in efficiency directly 

depends on the ratio of emitted photons over injected electrical carriers. In the 

optimized devices, both anode (ITO/PEDOT: PSS) and the cathode (LiF/Al) are 

optimized to increase the electrical charge injection. Besides, electrical transport must 

be optimized. In general, the electrical properties of the different organic 

semiconductors determine both electron and hole density profile across the device. 

These profiles should guarantee the high density of exciton and confinement in a 

symmetrical recombination profile in the active layer. These assumptions will assure 

that the probability of the radiative recombination will be the highest possible. 

In this framework, electrical charge mobility and organic layer thickness play a 

fundamental role. The desirable condition is that both electron and hole mobility 

should be (under the same electrical field conditions, following the Poole-Frankel 

model) as most similar possible. In practice, and because these conditions are 

sometimes far from the ideal concept, it is essential to optimize the thickness of the 

organic layers to guarantee that the abovementioned conditions are achieved. This 

simple approach was followed in this work. Although importantly, as the results show, 

further improvement can be made. Firstly, including both p and n-type suitable hosts 

materials in the active layer, we can modulate the electron and hole mobility 

straightforwardly (following the previously mentioned conditions for the electrical 

mobilities of an organic layer composed by a mixture of materials). Secondly, and 

because the electrical transport in organic materials is strongly dependent on the 
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molecular ordering and conformation, which can be improved using various solvents 

to alter the molecular stacking. In our case, the conjugation of these concepts, leads to 

excellent results, if we consider that the device structure is very simple. Naturally that 

we are considered the direct influence of energy levels from defects acting as traps. 

From the J-V data, it seems that all devices should have deep traps (as usual), and we 

assume that their influence decreases as a better molecular stacking increase. 

Comparable results can only be found in more complex structures under the thermal 

evaporation process, which will attempt to compensate for the mere possibility to 

modulate the electrical carrier mobility with the increase of organic layers for the final 

desired exciton profile density inside the active layer.  

 

7.5 Conclusion  

In conclusion, for efficient solution-processed OLEDs based on TXO-TPA emitter, we 

studied different solvents chlorobenzene, dichlorobenzene, and chloroform to make 

thin-film for better morphology and use the electron mobility properties of TPBi and 

TmPyPB to construct an efficient device and provide better charge transport. The 

optimized doping concentration of emitter and the thickness of both EML and ETL 

provide information about recombination region formation and shifting in EML. This 

leads to the high EQE of 18.44%, Ƞc of 36.71 cd/A in n-type PVK: OXD-7 host for 8wt.% 

TXO-TPA. The OLEDs in p-type PVK: mCP host exhibited the maximum EQE of 9.75%, 

Ƞc was 19.36 cd/A, and Ƞp was 12.17 lm/w for 8wt.%, along with the CIE coordinates 

of (0.45;0.51). An insight into the photophysical results provided in comparison with 

theoretical EQE values to experimental values. We conclude that the devices in the 

chlorobenzene solvent can be utilized for further improvement. This work, we think, 

will impact on the use of the red TADF emitters for large-area display, lighting 

applications. The work discussed in this chapter is the final idea for the fabrication of 

solution-processed OLEDs of all three red TXO-TPA, green 2PXZ-OXD and blue DMOC-

DPS emitters with higher efficiencies and stability, which is the main aim of this thesis 

study. The results conclude that the fundamental idea of two-organic layer OLEDs 

works that demonstrated efficiency of 18.44% in n-type OXD-7 host. In the first part of 
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this chapter, we have discussed the use of p-type mCP host, while in the second part, 

we have focused on an n-type OXD-7 host system. We have demonstrated that thin-film 

formation is a fundamental requisite for electrical transport properties. The use of 

different types of solvents, different evaporation rate, and viscosity of solvents can 

modulate the EML electrical characteristics. A detailed investigation to manipulate the 

electrical properties of EML with the use of different types of hosts is required that we 

will discuss in the next chapter. Different hosts of characteristics of p-type, n-type, and 

bipolar will be used with different compositions of the EML matrix compared to this 

work to achieve stable device and suppressed roll-off keeping the same device 

structure.  
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molecule TADF emitter based OLEDs 
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Abstract 

In previous chapters, we have discussed the importance of thickness layer, fabrication 

methods, and types of solvents on the efficiency of a simple structured device. In 

chapter 4, with the combination of experimental and simulation, we have discussed 

that it is possible to modulate the electrical profile of emissive layer based on an 

orange-red emitter TXO-TPA in thermal evaporated devices, but the EQE was limited 

11.22% due to the requirement of the additional charge transport layers and a high 

roll-off issue. This was further eliminated in chapter 5 by adding a hole transport layer 

of TCTA, and up to 50% suppression in roll-off could be achieved at higher brightness 

of 8185 cd/m2 but has a lower EQE of <5% for the blue DMOC-DPS emitter. The 

fabrication process was a hybrid approach of the solution and a thermally evaporated 

process. To overcome the thermal evaporated fabrication process, in chapter 6, a 

complete solution process method was used in one-organic layer OLED which has EQE 

of 7.5% but has an issue of electron injection, and this was further improved with an 

addition of an ETL to improve the EQE up to 18.44% in chapter 7. On the final, we have 

optimized a device structure with two-organic layers to achieve higher EQE, and this 

standard structure can be used for all three emitters. In this context, OLEDs of all three 

TADF emitters red-orange 2-[4 (diphenylamino)phenyl]-10,10-dioxide-9H-

thioxanthen-9-one (TXO-TPA), green 2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-1,3,4-

oxadiazole (2PXZ-OXD) and blue bis[4-(3,6-dimethoxycarbazole)phenyl]sulfone 

(DMOC-DPS) have been reported by doping in a mixed p-type, n-type and bipolar host 

system of poly(N-vinylcarbazole) (PVK) with 1,3-Bis(N-carbazolyl)benzene (mCP), 

1,3-Bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene (OXD-7), 2,2',2"-(1,3,5-

Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) and 4,4′-Bis(N-carbazolyl)-

1,1′-biphenyl (CBP). These hosts have high triplet energy over 2.6 eV and high p and n 

charge mobility to effectively confine excitons and carriers in the emissive layer and 

efficient host to guest energy transfer. The devices were fabricated with the electron 

transport layer (ETL) of 1,3,5-Tri(m-pyridin-3-ylphenyl)benzene (Tm3PyPB). 

Furthermore, the devices were compared with different thicknesses of both ETL and 

an emissive layer. All the emitters were fabricated with 10wt.% doping. The red TXO-

TPA exhibited EQE of 6.85%, maximum luminance (Lmax) over 6000 cd/m2 with CIE 
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coordinates of (0.45, 0.51). Sky blue OLEDs of DMOC-DPS with high EQE of 5.15% and 

Lmax of 3214 cd/m2 are also fabricated with the same configuration and hosts, 

exhibiting CIE coordinates of (0.15,0.19). The device incorporating 10 wt.% 2PXZ-OXD 

in mCP exhibited EQE of 18.54% at 3 mA/cm2, Lmax over 10000 cd/m2, with a ȠP of 

26.52 lm/w, which turns on (VON) at 2.8V. Interestingly, the efficiency is excellent of 

nearly 14% at practical 1000 cd/m2 indicating suppressed roll-off due to suppressed 

TTA and STA. This indicates a balanced charge-injection and transportation into the 

emissive layer. All the light-emitting devices were compared with those reported 

vacuum-evaporated counterparts. The results indicated that this solution-processed 

TADF device structure is a promising strategy to develop highly efficient simple OLEDs.       

 

8.1. Introduction 

Organic semiconductor materials have been a research focus with rapid development 

in past 30 years, and they have a great potential for their use in organic light-emitting 

diodes (OLEDs), organic photovoltaics (OPVs), sensors, and organic field-effect 

transistors (OFETs).1-5 Among all of them, OLEDs have a great potential for their use in 

display, flexible devices, solid-state lighting, and wearable electronics.6-8 In 

conventional organic semiconductor emitters, under electrical excitation, the 

recombination of holes and electrons generates 25% singlets (S1) and 75% triplets 

(T1), but only S1 can be converted into light-generating through radiative transition 

while 75% triplet undergo nonradiative transition limiting the internal quantum 

efficiency (IQE) of the emitter to 25%.8 

Different from conventional organic molecules, TADF process is as one of the 

most attractive methods for harvesting both singlet (S1) and triplet (T1) states in metal-

free organic materials because they can achieve a theoretical maximum internal 

quantum efficiency (IQE) up to 100%.9-16 In TADF materials, the triplet excitons (T1) 

are readily upconverted to the singlet state (S1) by virtue of the reverse intersystem 

crossing (rISC) due to their near a zero S1-T1 splitting (ΔEST),12-14 then all S1 excitons 

emit light via a prompt or delayed fluorescence leading to IQE of 100%.9, 17 Despite the 

significant progress that has been made in recent years, TADF technology still has 
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challenges to achieve a full understanding of the emitters mechanism and improve the 

stability of the devices containing such materials.18 To date, extensive research has 

been done on the synthesis, computational simulation, and device fabrication of many 

TADF molecules.10, 11, 13, 16, 17, 19-21 However, this technology is stupendous, but still has 

some outstanding issues such as unable to establish a good color purity, requirements 

of suitable host selection, device stability, emitter degradation, efficiency roll-off, 

fabrication process complexity, and cost-effectiveness that are important to address 

for effectively use of TADF for electronics applications. In addition, an efficient and 

reliable simple OLED structure for real market applications in the large area 2D diffuse 

emitters (lighting) is the need of the current technology.  

To date, numerous red, green and blue TADF emitters are reported for their use 

in various applications such as display, laser, bioimaging, sensors, telecommunications, 

and night vision with EQE over 20%. But among all of them, most are processed 

vacuum thermally. 10, 13, 16, 19, 21-24 In red and green emitters the triplet is usually near 

2.5 eV, while in blue emitters the high triplet near 3 eV, but in such emitters, the virtue 

of nonradiative relaxation due to strong donor-acceptor structure makes them 

vulnerable for concentration exciton quenching. 12, 16, 20 Also, in TADF, long-delayed 

exciton lifetime and inter charge transfer (ICT) characteristics lead to reduced device 

efficiency. So, for such emitters, the main objective of the researchers is to confine all 

singlet and triplet excitons in the active layer with a balance electrical carrier profile. 

This requires specific characteristics of the host material, such as higher T1 (>3.0 eV) 

to prevent exciton quenching, efficient exciton charge transfer from guest to host, 12, 

and decent charge injection and transport properties inside the emissive layer. 25-27 

Therefore, the host material is an important entity to harvest the electrical carriers at 

the utmost efficiency. TADF technology still requires some improvements, firstly the 

use of TADF is still a challenge to explain the thickness of involved layers on charge 

injection and transport process at interface.15, 20, 28, 29 Second, the choice of the host 

material which generally has low HOMO energy level (<5.6 eV), resulting high hole-

injection barrier. Third, the triplet-triplet annihilation due to long triplet decay lifetime 

in the EML.20, 30  
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Generally, OLEDs are fabricated via vacuum deposition process and solution 

processing. In vacuum deposition methods, efficient complex multilayer devices with 

great control can be fabricated easily, but the loss of the material and cost-effectiveness 

is greater than the solution process. So, the solution process has an upper hand for 

large-area production for simple device structure via roll-to-roll.31 For TADF emitters, 

it is extremely important to fabricate devices via the solution process of those reported 

via thermal vacuum deposition. Low-cost solution-processed TADF OLEDs are 

important for application in displays and solid-state lightening. 13, 20, 21 

Various types of hosts have been used to utilize maximum triplets for green, red, 

and blue emitters, and they have specific characteristics of p-type, n-type, and bipolar, 

but most of the device was more than five organic layers, which complicate the large-

area fabrication for practical application.13, 21 Only a few small TADF emitters have 

been used in the solution process, which has high solubility and high glass transition 

temperature, and most of the small molecules have been used in the thermal vacuum 

deposition process with highly complex structures. Therefore, designing a simple 

device structure is a need for large-area production with reduced cost-effectiveness via 

the solution process.  

In this chapter, we demonstrated the effect of the host environment on the device 

performance of red, green, and blue emitters. We discuss an overall attempt to use the 

optimized structure for all fundamental color red, green, and blue emitters. The device 

structure is optimized from the thermal to solution-processed methods evaluated from 

chapter 4 to chapter 7, and all the research methodology, simulation and photophysics 

results were concluded to design a final optimized standard OLED structure for all 

types of emitter in various thickness and materialistic combination (emitter, host type, 

doping concentration, etc.). The device was fabricated in four different hosts; a 

unipolar p-type mCP, n-type OXD-7 and TPBi, and a bipolar host CBP. The emissive 

matrix was composed of emitter and host in p-type PVK polymer. We have studied red 

TXO-TPA, green 2PXZ-OXD and blue DMOC-DPS TADF dopant in a hybrid solution-

thermally processed device with 10wt.% doping of TADF to understand the efficiency 

in the charge transfer from host to TADF dopant, which leads to the maximum exciton 

formation result in enhanced device performance. The effect of EML and ETL thickness 
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were investigated to optimize the device structure for maximum efficiency. An 

explanation of the different device characteristics in all the host was given along with 

a comparison with earlier-reported results of the same TADFs. 

 

8.2. Device fabrication 

The simple device structure was ITO(100nm) / PEDOT:PSS (40 nm) / EML (x nm) / 

ETL (y nm)/ LiF (1nm) / Al (100nm). Emissive layer, was [PVK: host](100-a): TADFa, 

where a was the 10 wt.% of the TADF emitter dopant in the matrix PVK: host (10 

mg/ml). The ratio of PVK: host was 5:4 wt.%. The different ratio of wt.% was used 

compared to 3:2 wt.% used in chapter 6 and 7 to see the effect of host and TADF 

concentration on device performance. The device active area is 4.5 mm2. Figure 8.1 

shows the molecular structures of all the chemicals and the energy levels diagram. 
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Figure 8.1. The respective energy diagram of the standard device structure used in this work. The 

molecular structures of TmPyPB, TXO-TPA, DMOC-DPS, 2PXZ-OXD, OXD-7, PVK, TPBi, CBP and mCP.  

 

8.3. Results and discussion 

The structure of the devices based on the different hosts, i.e., mCP, TPBi, CBP, and OXD-

7, were first optimized according to the T1 and charge carrier mobilities of the host to 

ensure maximum exciton formation. Along with the different hosts, devices were 

fabricated with different thicknesses of both EML and ETL. Here the ETL was TmPyPB 
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due to its high electron mobility of  10-3 cm2V-1s-1 and T1 of 2.8 eV. Also, TmPyPB works 

here as a hole blocking layer. mCP has higher hole transport mobility of 10-4 cm2 V-1 s-

1, 32, and was used as a p-type host material. TPBi and OXD-7 were used as n-type hosts, 

and the electron mobility of TPBi is 8×10−5 cm2V-1s-1. 33, and the T1 level is 2.73 eV. The 

electron mobility of OXD-7 is 4 × 10–5 cm2V -1s -1 and T1 of 2.7. 34 CBP was used as a 

bipolar host material.35 The T1 2.6 eV and the hole mobility are 10-3 cm2V-1s-1, and the 

electron mobility is 2-7×10-4 cm2V-1s-1 36-38. PVK has been used as a host material for 

various metal-phosphorescent complex due to its high triplet (T1=2.8-3.0 eV) energies. 

39, 40 However, its low hole and electron mobilities 10–6 and 10–9 cm2V-1s-1, 

respectively,41 and high rate of TTA that limits the EQE implies that pure PVK is not the 

best host material. 42 Thus a blended system of PVK+host was chosen for EML. 

Most TADF molecules are donor-acceptor (D-A) or donor-acceptor-donor (D-A-

D) type moieties, which give the bipolar characteristics to a TADF molecule.13, 16 In a 

host: guest system based on a TADF dopant, the ideal charge transport is via hole 

transport in the TADF molecule while electron transport via host molecule and to 

ensure this type of transport the HOMO levels of the host should be deeper than HOMO 

levels of TADF.18 But, in all the host molecules this is not the ideal case due to p-type or 

n-type or bipolar characteristics of hosts, which can change the entire characteristics 

of the device. In this need, we investigated red-orange, green, and blue TADF emitters-

based OLEDs with p-type, n-type, and bipolar type host molecules, where the TADF is 

D-A-D type moiety. All the results conclude a final device structure. 

 

8.3.1 Electrical and optical performance of red-orange TXO-TPA with 

different hosts 

Firstly, for the red-orange OLEDs, we have studied the electroluminescence (EL) 

performance of the device structure of ITO/PEDOT:PSS (40 nm)/Host:TXO-TPA (X 

nm)/TmPyPb (Y nm)/LiF (1 nm)/Al (100 nm), where the EML composed of host: TXO-

TPA, hosts were mCP, TPBi, CBP and OXD-7. The thickness of both EML and ETL was 

changed, X= 40, 50nm, and Y= 30, 40, and 50nm. For all the devices with different 

thicknesses of both EML and ETL, the turn-on voltage (VON) was in the range of 4V for 
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mCP, CBP, and OXD-7 based devices, while for the TPBi based devices it was 7V. The 

higher VON can be primarily explained by the lower electron mobility of TPBi compare 

to the OXD-7 in an n-type host, although the parameters such as energy levels and 

“traps” can also influence. This is to the fact that the transition of the ohmic region to 

the SCLC region at higher voltage driven by the effective mobility. The presence of 

charge density traps lower mobility in TPBi that affects the effective mobility and 

further the higher VON.3 

The device with mCP exhibited the highest Lmax of 4342, EQE of 2.71% at the 0.27 

mA/cm2. As summarized in Table 9.1, stable device performances were achieved in the 

device with the EML of 40 and ETL of 30 nm. In a 40/30 device, the best efficiency was 

achieved in n-type host, i.e., OXD-7, with an EQE of 3.05% at 1.90 mA/cm2. 

Interestingly, the EQE at 1000 cd/m2 was 1.1% in mCP based devices. (Figure 8.2, 

Table 8.1) All the device exhibited the CIE coordinates of (0.44,0.52). All four OLEDs 

emitted light at 560 and 625 nm, only from the guest compound indicating energy 

transfer from the host to guest. Importantly, when the thickness of EML increased to 

50 nm, the device performance increased in all perspectives of EQE and Lmax. The 

device with the mCP host exhibited the best results upon increasing the thickness of 

both EML as well as ETL thickness. In the device, with 50/30 nm EML/ETL, mCP based 

device showed EQE of 4.20%, with Lmax of 4186 cd/m2. (Figure 8.3, Table 8.2) 

 

Table 8.1 Summary of results obtained for the device with structure ITO/PEDOT: PSS (40 nm)/Host: 

TXO-TPA (40 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (Max EQE 

values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 5.63 4.21 2.71 4342 1.10 4 0.43;0.52 

TPBi 1.08 0.42 0.56 1321 0.30 7 0.44;0.52 

CBP 3.81 2.39 1.91 3678 1.01 4 0.43;0.52 

OXD-7 6.04 4.14 3.05 3118 0.70 4 0.44;0.52 
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Table 8.2 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:TXO-

TPA (50 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (Max EQE 

values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 8.50 6.67 4.10 4186 1.30 4 0.44;0.52 

TPBi 1.55 0.62 0.80 1263 0.37 7 0.44;0.52 

CBP 4.05 2.55 3.59 3649 1.10 4 0.44;0.52 

OXD-7 7.7 5.55 3.58 3701 1 4 0.44;0.52 

 

However, upon increasing the ETL to 40 nm, no further enhancement in the 

device performance was obtained indicate that the recombination profile is the same 

as 50/30 EML/ETL devices. The best performance device was with CBP based device 

exhibiting EQE of 4.21% with Lmax of 4780 cd/m2. Further increase in EML to 50nm the 

performance enhanced by almost two folds, in mCP EQE of 5.71% and in OXD-7 EQE of 

5.97%, was observed compared to the previous devices with less thick EML and ETL. 

(Figure 8.4, 8.5; Table 8.3, 8.4) 
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Figure 8.2 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:TXO-TPA (10 

wt.%) (40 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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Figure 8.3 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:TXO-TPA (10 

wt.%) (50 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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Table 8.3 Summary of results obtained for the device with structure ITO/PEDOT: PSS (40 nm)/Host: 

TXO-TPA (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (Max EQE 

values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 7.32 4.60 3.59 4298 1.40 3 0.43;0.53 

TPBi 3.89 2.03 3.88 3300 1.06 4 0.44;0.52 

CBP 8.65 5.44 4.21 4780 1.80 4 0.43;0.53 

OXD-7 6.68 11.09 3.49 3208 0.90 4 0.44;0.52 

 

 

Table 8.4 Summary of results obtained for device with structure ITO/PEDOT: PSS (40 nm)/Host:TXO-

TPA (50 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (Max EQE 

values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 11.61 11.94 5.71 5082 2.06 3.5 0.44;0.52 

TPBi 1.86 0.65 0.96 1167 0.41 8 0.45;0.51 

CBP 9.39 9.53 4.62 4728 1.90 4 0.44;0.52 

OXD-7 11.82 11.26 5.97 3711 1.20 4 0.44;0.52 
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Figure 8.4 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:TXO-TPA (10 

wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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Figure 8.5 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:TXO-TPA (10 

wt.%) (50 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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The best performances were obtained in the device with both the EML and ETL 

of 50 nm. (Figure 8.7). The device with EML/ETL 40/50 nm exhibited an EQE of 6.65% 

in mCP based OLED. (Figure 8.6, Table 8.5). When the thickness of both EML and ETL 

is 50 nm, the device with mCP exhibited ȠC of 13.68 cd/A, ȠP 10.74 lm/W, EQE of 6.85% 

with Lmax of 6089 cd/m2. These are the best performance in such solution-processed 

red emitter-based OLEDs. The device exhibited a good roll-off at practical 1000 cd/m2, 

EQE of 2.70%. All the results are summarized in Table 8.6. This emitter was firstly 

reported with an EQE of 18.5% at 1 cd/m2 via thermally vacuum-deposited device with 

the structure of ITO/PEDOT:PSS(30nm)/TAPC(20nm)/EML(35nm)/ 

TmPyPB(55nm)/LiF(0.9nm)/Al. No solution-processed counterparts with different 

host structures were reported.28 So it is noteworthy that in a simple device structure, 

such efficiency is good via solution-processed two-organic layer OLEDs. 

 

Table 8.5 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:TXO-

TPA (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (Max EQE 

values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 13.09 10.28 6.65 5391 2.25 4 0.44;0.51 

TPBi 2.05 0.71 1.17 1738 0.70 7 0.42;0.48 

CBP 8.77 6.88 4.49 4561 2.10 4 0.43;0.51 

OXD-7 7.23 4.59 3.75 4284 1.2 4 0.44;0.51 

 

Table 8.6 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:TXO-

TPA (50 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (Max EQE 

values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 13.68 10.74 6.85 6089 2.70 4 0.44;0.51 

TPBi 2.42 0.76 1.35 1785 0.80 7 0.43;0.48 

CBP 12.12 7.61 6.10 4474 2.10 4 0.44;0.51 

OXD-7 12.24 7.69 6.79 5591 1.30 4 0.44;0.51 
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Figure 8.6 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:TXO-TPA (10 

wt.%) (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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Figure 8.7 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:TXO-TPA (10 

wt.%) (50 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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In the end, the results obtained for this TXO-TPA emitter exhibited moderate 

efficiency compared to those of thermally evaporated (EQE= 11.75%) in chapter 4 and 

chapter 7, the EQE was 18.44% in PVK: OXD-7, 9.75% in PVK: mCP host systems, where 

the PVK: host ratio was 3:2, while here it was 5:4. But, the device from this chapter 

work, PVK: mCP (5:4) exhibited 50% reduced roll-off at 1000 cd/m2, compared to 

those thermally evaporated devices in chapter 4 and solution-processed OLEDs from 

chapter 7, where the roll-off was more than 70% at 1000 cd/m2. In solution-processed 

OLEDs, the reduced roll-off and enhanced luminance from this chapter can be utilized 

for practical application.  

 

8.3.2 Electrical and optical performance of sky-blue DMOC-DPS with 

different hosts 

The J-V-L characteristics of the devices based on DMOC-DPS are shown in Figure 9.8-

8.11, and the corresponding device performance is summarized in Table 8.7-8.10. We 

investigated the same device configuration with blue emitter DMOC-DPS as red TXO-

TPA. In the device with 40/40 EML/ETL, the highest EQE was obtained in mCP based 

device and was 2.87% with 2320 cd/m2 for J=11 mA/cm2. All the devices showed a 

lower VON of 4V in mCP, CBP, and OXD-7, while for TPBi based device was 5V. The 

device exhibited EQE of 2.20% at 1000 cd/m2. (Figure 8.8, Table 8.7) Similar results 

were obtained upon increasing of the thickness of EML and ETL. In the device with 50 

nm EML, the EQE increased by almost two folds to 5.02% at a current density of 3.86 

mA/cm2. (Figure 8.9) This increase is ascribed to the better confinement and injection 

of the carriers upon EML thickness increment. All the results are summarized in Table 

8.8. All the devices exhibited emission at 445 and 483 nm, which is the emission of blue 

DMOC-DPS emitter.  
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Table 8.7 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:DMOC-

DPS (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (Max EQE 

values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠC 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 2.40 1.51 2.87 2320 2.20 3 0.15;0.19 

TPBi 0.61 0.37 0.64 1261 0.40 5 0.15;0.23 

CBP 3.08 2.42 3.70 2137 2.42 4 0.15;0.19 

OXD-7 1.47 1.16 1.64 2175 1.4 4 0.15;0.21 

 

Table 8.8 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:DMOC-

DPS (50 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (Max EQE 

values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠC 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 4.24 2.66 5.02 2713 3.67 3 0.15;0.23 

TPBi 0.78 0.35 0.66 1080 0.4 5 0.16;0.23 

CBP 3.26 2.55 3.92 2474 2.71 4 0.15;0.19 

OXD-7 1.53 1.20 1.60 2196 1.37 4 0.15;0.19 
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Figure 8.8 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:DMOC-DPS (10 

wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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Figure 8.9 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:DMOC-DPS (10 

wt.%) (50 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 

A further increment can be seen in the device with EML/ETL thickness of 40/50 

nm. It exhibited EQE of 5.04 % with increased Lmax of 3240 cd/m2, but for the device, 
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the roll of was 4% at practical 1000 cd/m2, which is best to find in such blue emitter in 

a simple device structure. (Figure 8.10, Table 8.9) Figure 8.11 shows the best 

performance of the device based on EML/ETL of 50/50 nm. The mCP based device 

exhibited remarkable EQE of 5.15%, with ȠC of 4.63 cd/A, ȠP 2.91 lm/W, with Lmax of 

3214 cd/m2. The CIE coordinates were (0.15;0.23) in mCP based device. The device 

exhibited EL of 445 and 483 nm, corresponding to the emission from blue DMOC-DPS 

emitter. (Table 8.10) This emitter exhibited an EQE of 14.5% and Lmax of 2544 cd/m2 

at 12.5 V in thermally vacuum-deposited device of device structure is ITO/a-NPD (30 

nm)/TCTA (20 nm)/CzSi (10 nm)/EML (20 nm)/DPEPO (10 nm)/TPBI (30 nm)/LiF 

(0.5 nm)/Al. 43 Moreover, no solution-processed OLEDs of these emitters are reported 

before our work.  

 

Table 8.9 Summary of results obtained for the device with structure ITO/PEDOT: PSS (40 nm)/Host: 

DMOC-DPS (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm) deposited from chlorobenzene. (Max 

EQE values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠC 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 3.62 2.67 5.04 3220 4 3.5 0.15;0.19 

TPBi 4.26 0.33 0.63 1309 0.5 4 0.16;0.23 

CBP 3.15 2.48 3.72 3067 3 5 0.15;0.20 

OXD-7 1.20 0.75 1.27 1635 1 3.5 0.15;0.21 

 

Table 8.10 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 

nm)/Host:DMOC-DPS (50 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm) deposited from 

chlorobenzene. (Max EQE values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠC 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 4.63 2.91 5.15 3214 3.5 3.5 0.15;0.21 

TPBi 1.08 0.48 1.04 1367 0.65 6 0.16;0.26 

CBP 4.01 3.15 4.49 2795 2.8 4 0.15;0.21 

OXD-7 1.71 1.33 1.88 2476 1.5 4 0.15;0.21 
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Figure 8.10 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:DMOC-DPS (10 

wt.%) (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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Figure 8.11 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:DMOC-DPS (10 

wt.%) (50 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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In the end, the OLEDs fabricated form this work exhibited better efficiency 

compared to solution-thermally evaporated devices in chapter 5. In chapter 5, we have 

demonstrated EQE of 4% with an addition of HTL of TCTA that could induce the 

fabrication complexity. But, herein the chapter, for the DMOC-DPS blue emitter, for the 

first time, we have achieved a suppressed roll-off of 4% at 1000 cd/m2, which is highest 

among earlier reported blue TADF OLEDs. Thus, this work impacts the use of blue 

DMOC-DPS based OLEDs for cost-effectiveness lighting applications. 

  

8.3.3 Electrical and optical performance of 2PXZ-OXD with different hosts 

The J-V-L characteristics of the devices based on 2PXZ-OXD are shown in Figure 8.13- 

and the corresponding device performances are summarized in Table 8.11-8.16. We 

investigated the same device configuration with green 2PXZ-OXD emitter red and 

green emitters. The device structure of ITO/PEDOT: PSS (40 nm)/Host:2PXZ-OXD (X 

nm)/TmPyPb (Y nm)/LiF (1 nm)/Al (100 nm), where the EML composed of 

host:2PXZ-OXD, hosts were mCP, TPBi, CBP and OXD-7. The thickness of both EML and 

ETL was changed, X= 40, 50nm, and Y= 30, 40, and 50nm. For all the devices with 

different thicknesses of both EML and ETL, the turn-on voltage (VON) was in the range 

of 3.5-4 V for mCP, CBP, and OXD-7 based devices, while for the TPBi based devices it 

was 5-6V. The higher VON can be explained by the lower electron mobility of TPBi 

compare to the OXD-7 in the n-type host, as discussed earlier in section 8.3.1. The 

devices with 2PXZ-OXD follow the same characteristics as DMPC-DPS and TXO-TPA. 

The morphological characterization is shown in Figure 8.12 of 8wt.% 2PXZ-OXD in 

mCP, CBP, TPBi, and OXD-7 of 50 nm EML. The importance of such morphology is the 

relationship with the optical-electrical characteristics of the device. The root-means-

square roughness was 0.26nm, 0.27nm, 0.40 nm, and 0.56 nm, respectively. The 

uniformity of the films was obtained in mCP host, as seen from Figure 8.12a.  
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Figure 8.12. AFM image of PVK:host:2PXZ-OXD (10wt.%, 50 nm) in; (a) mCP, (b) TPBi, (c) CBP, and 

(OXD-7) from chlorobenzene solvent.  

 

The device with mCP exhibited the highest EQE of 18.54% at the 0.05 mA/cm2. 

As summarized in Table 8.11, stable device performances were achieved in the device 

with the EML of 40 and ETL of 30 nm. In a 40/30 device, the best efficiency was 

achieved in the n-type host, i.e., OXD-7 and CBP like those of TXO-TPA and DMOC-DPS 

devices, with an EQE of 8.84 at 0.18 mA/cm2. The maximum brightness was obtained 

in OXD-7 and was 6763 cd/m2. Interestingly, the EQE at 1000 cd/m2 was 7.40 in CBP 

based device. (Figure 8.13) The device exhibited the CIE coordinates of (0.26,0.52). No 

further change in CIE coordinate was observed with different hosts configuration. All 

four OLEDs emitted light at 500-515 nm, from the guest compound indicating energy 

transfer from the host to guest.  
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Figure 8.13 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:2PXZ-OXD (10 

wt.%) (40 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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The device with mCP and CBP emitted at 500 nm, while in the n-type TPBi and 

OXD-7 was at 515 nm. This can be ascribed due to the higher polarity of n-type hosts 

as explained in chapter 5 (DMOC-DPS devices with different host polarity). 

When the thickness of EML increased to 50 nm, the device performance increased 

in all perspectives of EQE, and Lmax for mCP based devices. The device with mCP host 

exhibited the best results upon increasing the thickness of both EML as well as ETL 

thickness, showed EQE of 14.84%, with Lmax of 7652 cd/m2. (Figure 8.14, Table 8.12) 

 

Table 8.11 Summary of results obtained for the device with structure ITO/PEDOT: PSS (40 

nm)/Host:2PXZ-OXD (40 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. 

(Max EQE values at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 10.20 4.14 5.47 5485 4.18 3.5 0.24;0.54 

TPBi 10.53 4.30 5.62 4730 4.20 5 0.25;0.54 

CBP 15.60 8.42 8.84 6040 7.40 3.5 0.26;0.52 

OXD-7 15.13 6.54 8.14 6763 5.40 3.5 0.24;0.54 

 

 

Table 8.12 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:2PXZ-

OXD (50 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. (Max EQE values 

at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 26.06 20.46 14.84 7652 10.85 4 0.23;0.52 

TPBi 10.72 6.74 5.68 5417 4.27 5 0.25;0.55 

CBP 14.43 9.76 7.96 7233 7.21 4 0.24;0.53 

OXD-7 15.36 12.06 8.26 9217 6.01 4 0.24;0.54 
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Figure 8.14 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:2PXZ-OXD (10 

wt.%) (50 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 

However, upon increasing the ETL to 40 nm, no further enhancement in the 

device performance was obtained as compared to 50/30 EML/ETL configuration, and 
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this indicates that the recombination profile follows the same framework. It is not 

possible to increase the electron density in the active layer that could further improve 

the injection/recombination at EL/ETL interface. The mobility is also governed by the 

HOMO/LUMO energy levels. The best performance device was with the same as mCP 

exhibiting EQE of 13.68% with Lmax of 8125 cd/m2. Further increase in EML to 50 nm, 

the performance enhanced by almost two folds, in mCP EQE of 18.25% and CBP EQE of 

11.34%, were observed compared to the previous devices with less thick EML and ETL. 

In this configuration, mCP based devices exhibited excellent roll-off of 14% EQE at 

practical 1000 cd/m2, best in any solution-processed green OLEDs. This suggests that 

optimum EML thickness is near 50 nm, and the best suitable type hosts are either mCP 

or CBP. (Figure 8.15, 8.16; Table 8.13, 8.14) The enhanced EQE and suppressed roll-

off are due to the efficient rISC in the presence of mCP host, triplet-to-singlet up-

conversion to reduce the TTA, and STA effect. 12, 44 The thickness of the individual layer 

governs the effective mobility, which affects the recombination probability, and here 

in the case of mCP, the higher mobility of charge carriers increases this probability. 

Table 8.13 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:2PXZ-

OXD (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. (Max EQE values 

at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 24.01 18.91 13.68 8125 11.05 3 0.23;0.51 

TPBi 10.86 2.92 5.78 3736 2.35 6 0.25;0.55 

CBP 14.74 11.57 8.38 7595 6.5 3 0.23;0.51 

OXD-7 16.61 13.05 8.84 10258 6.5 3 0.25;0.55 

Table 8.14 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:2PXZ-

OXD (50 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. (Max EQE values 

at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 32.981 17.96 18.25 8842 14 3 0.23;0.53 

TPBi 8.63 3.87 4.53 4508 3.86 6 0.25;0.55 

CBP 20.53 11.56 11.34 8211 9.50 3 0.24;0.53 

OXD-7 16.10 9.32 8.51 10812 7.10 4 0.25;0.55 
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Figure 8.15 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:2PXZ-OXD (10 

wt.%) (40 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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Figure 8.16 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:2PXZ-OXD (10 

wt.%) (50 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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Figure 8.17 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:2PXZ-OXD (10 

wt.%) (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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The best performances were obtained in the device with both the EML and ETL 

of 50 nm. (Figure 8.17). The device with EML/ETL 40/50 nm exhibited the best EQE 

of 17.89% in mCP based OLED. This configuration exhibited the highest Lmax of 11492 

cd/m2 in the OXD-7 host. (Figure 8.18, Table 8.15). When the thickness of both EML 

and ETL is 50 nm, the device with mCP exhibited ȠC of 33.77 cd/A, ȠP 26.12 lm/W, EQE 

of 18.54% with Lmax of 9064 cd/m2. These are the best performance in such solution-

processed red emitter-based OLEDs. The device exhibited a good roll-off at practical 

1000 cd/m2, EQE of 13.60%. All the results with mCP, TPBi, CBP, and OXD-7 for this 

device configuration are summarized in Table 8.16. Such results are excellent 

compared to the counterparts of thermally vacuum-deposited device. This emitter 

exhibited an EQE of 14.9% 10 mA/cm2 in thermally vacuum-deposited device of device 

structure (ITO)/ a-NPD (30 nm)/mCP (10 nm)/6 wt% 2PXZ-OXD:DPEPO (15 

nm)/DPEPO (10 nm)/TPBi (40 nm)/LiF (0.8 nm)/Al (90 nm).45 The higher EQE in this 

research was reported, but no further comments on luminance and roll-off were 

exploited. The roll-off in the thermal deposited device is worse, and the EQE is <1% at 

100 mA/cm2, while in our results the suppressed roll-off and the excellent EQE of 14% 

at 100 mA/cm2 and 1000 cd/m2 makes this configuration best in any reported green 

TADF emitter. Our results suggest that solution-processed devices are an excellent 

alternative for such small emitters, which can be used in the large-area application.  

The device exhibited 18.54% EQE with a reduced roll-off of 13.60% at 1000 

cd/m2 is the highest among green TADF based OLEDs. Earlier, in chapter 6, we have 

discussed the same emitter (2PXZ-OXD) with a simple one-organic layer device, which 

exhibited EQE of 7.5% and almost 7.2% EQE at 1000 cd/m2. But, due to the 

requirement of an additional ETL to balance the charge carriers in EML, the efficiency 

was limited to < 10%. Thus, in this chapter, we have achieved enhancement to the 

device performance in terms of EQE, luminance, and power efficiency with a 

suppressed roll-off upon the addition of TmPyPb as ETL without increasing the device 

complexity, that is clearly a surplus for practical application.  



Influence of host carrier mobility and electron transport layer thickness on red, green 

and blue small molecule TADF emitter based OLEDs 

226 

 

 

 

Figure 8.18 The device characteristics of the device ITO/PEDOT:PSS (40 nm)/PVK:host:2PXZ-OXD (10 

wt.%) (50 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm):(a) current-density-voltage curves, (b) 

brightness-voltage curves, (c) current efficiency-brightness curves, (d) power efficiency-current density 

curve, (e) EQE-brightness curves, and (f) EL spectra at 10V. 
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Table 8.15 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:2PXZ-

OXD (40 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. (Max EQE values 

at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 32.13 25.24 17.89 9053 10.54 3 0.23;0.52 

TPBi 7.22 3.24 3.83 4949 3.50 5 0.25;0.55 

CBP 21.06 16.54 11.71 8391 9.60 3.5 0.24;0.53 

OXD-7 19.20 15.08 10.26 11492 7.80 3 0.24;0.54 

 

Table 8.16 Summary of results obtained for device with structure ITO/PEDOT:PSS (40 nm)/Host:2PXZ-

OXD (50 nm)/TmPyPb (50 nm)/LiF (1 nm)/Al (100 nm) deposited from chloroform. (Max EQE values 

at >5 cd/m2) 

Host ȠC  

(cd/A) 

ȠP 

(lm/W) 

EQE (%) Lmax 

(cd/m2) 

EQE at 1000 

cd/m2 

Von (V) CIE (x,y) 

(1931) 

mCP 33.17 26.12 18.54 9064 13.60 3 0.24;0.53 

TPBi 8.22 5.70 6.57 5881 5.23 5 0.26;0.56 

CBP 22.38 14.06 12.10 9069 10.60 3.5 0.24;0.54 

OXD-7 19.10 15.08 10.17 9864 7.60 3 0.25;0.55 

 

8.4 Conclusion 

In conclusion, we demonstrated that by optimizing both EML and ETL, the device 

architecture could be modulated in different host systems based on their charge carrier 

properties. Earlier, for TADF molecules, the strict selection of host criteria to match 

with the HOMO and LUMO of TADF was a drawback in solution-processed OLEDs. 

Fortunately, employing n-type, p-type, and bipolar hosts such as mCP, TPBi, CBP, and 

OXD-7 in a comparative study can eliminate this to choose the best host for best device 

performances to assist efficient charge transfer from host to the guest to obtain high 

EQE. One of the biggest bottlenecks to developing a simple solution-processed OLED is 

to optimize the thickness of both the emissive and electron transport layer, which is 

demonstrated in this study. The development of a simple device architecture via 

solution-processed could be a solution for PVK:host: emitter based OLEDs, which can 

be used not only for lower triplet red TXO-TPA emitter but also for high triplet based 
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blue DMOC-DPS with an extended range of efficiency and reduced roll-off. Red TXO-

TPA emitter in mCP host achieved an EQE of 6.85% and 2.70% at practical 1000 cd/m2. 

The blue DMOC-DPS exhibited 5.15% EQE and 3.5% at 1000 cd/m2. While the best 

device incorporating 10 wt.% 2PXZ-OXD in mCP exhibited EQE of 18.54% at 3 mA/cm2, 

Lmax over 10000 cd/m2 with a ȠP of 26.52 lm/w, which turn on (VON) at 2.8V, and 14% 

EQE at 1000 cd/m2 that is highest among green emitter based solution-processed 

simple OLEDs.  

In this chapter, we conclude that compared to the thermal deposited OLEDs, 

solution-processed OLEDs are advantageous by the simplicity of the fabrication 

process, cost-effectiveness, and overall efficiency. The devices were improved from 

thermal deposited to the solution process. While in chapter 4, the thermal deposited 

OLEDs of TXO-TPA with EQE, nearly 12% have a limitation of high roll-off, which was 

further encountered in chapter 5 by employing additional HTL. In solution-processed 

OLEDs, as we have discussed in chapter 6, a single organic layered device can be easily 

fabricated by optimizing the thickness of HIL and EML. This was further supported by 

simulation results. Chapter 7 concluded that chlorobenzene is the best solvent for such 

devices, and the highest EQE of 18.44 % was obtained in TXO-TPA emitter by 

improving a single organic layer to two organic-layered. The electron injection was 

improved by employing ETL. On the final, by controlling the thickness and type of host 

and ETL materials, the device performance can be significantly improved. The 

thickness adaptation of all EML and ETL helps to improve the overall performance. The 

improved mobility in different types of hosts, controlling the hole/electron and exciton 

profile in emissive layer contribute to the final recombination, subsequently improving 

the device performance. Our work offers a simple architecture to realize an efficient 

TADF OLED. Through the different hosts and recombination region engineering, OLEDs 

exhibit low to turn on voltage, highly efficient with excellent luminance in a simple two 

organic-layer structure. The results presented in this thesis work can surely be realized 

in large area roll-to-roll OLEDs for display and lightening applications. We believe that 

the concepts presented here will be useful for further studies to optimized, efficient 

TADF based OLEDs in a simple structure.   

 



Chapter 8 

229 

 

References 

1. Kumar, M.; Kumar, S., Liquid crystals in photovoltaics: A new generation of organic 
photovoltaics. Polymer Journal 2017, 49 (1), 85. 
2. Gaspar, H.;  Figueira, F.;  Pereira, L.;  Mendes, A.;  Viana, J.; Bernardo, G., Recent 
Developments in the Optimization of the Bulk Heterojunction Morphology of Polymer: 
Fullerene Solar Cells. Materials 2018, 11 (12), 2560. 
3. Pereira, L. F., Organic light emitting diodes: The use of rare earth and transition 
metals. Pan Stanford: 2012. 
4. Horowitz, G., Organic field‐effect transistors. Advanced materials 1998, 10 (5), 365-
377. 
5. Someya, T.;  Kato, Y.;  Sekitani, T.;  Iba, S.;  Noguchi, Y.;  Murase, Y.;  Kawaguchi, H.; 
Sakurai, T., Conformable, flexible, large-area networks of pressure and thermal sensors 
with organic transistor active matrixes. Proceedings of the National Academy of Sciences 
2005, 102 (35), 12321-12325. 
6. Tang, C. W.; VanSlyke, S. A., Organic electroluminescent diodes. Applied physics 
letters 1987, 51 (12), 913-915. 
7. D'Andrade, B. W.; Forrest, S. R., White organic light‐emitting devices for solid‐state 
lighting. Advanced Materials 2004, 16 (18), 1585-1595. 
8. Rothberg, L. J.; Lovinger, A. J., Status of and prospects for organic 
electroluminescence. Journal of Materials Research 1996, 11 (12), 3174-3187. 
9. Kumar, M.;  Ribeiro, M.; Pereira, L., New Generation of High Efficient OLED Using 
Thermally Activated Delayed Fluorescent Materials. In Light-Emitting Diode-An Outlook On 
the Empirical Features and Its Recent Technological Advancements, IntechOpen: 2018. 
10. Data, P.; Takeda, Y., Recent Advancements in and the Future of Organic Emitters: 
TADF‐and RTP‐Active Multifunctional Organic Materials. Chemistry–An Asian Journal 2019. 
11. Jou, J.-H.;  Kumar, S.;  Agrawal, A.;  Li, T.-H.; Sahoo, S., Approaches for fabricating 
high efficiency organic light emitting diodes. Journal of Materials Chemistry C 2015, 3 (13), 
2974-3002. 
12. Dias, F. B.;  Penfold, T. J.; Monkman, A. P., Photophysics of thermally activated 
delayed fluorescence molecules. Methods and applications in fluorescence 2017, 5 (1), 
012001. 
13. Yang, Z.;  Mao, Z.;  Xie, Z.;  Zhang, Y.;  Liu, S.;  Zhao, J.;  Xu, J.;  Chi, Z.; Aldred, M. P., 
Recent advances in organic thermally activated delayed fluorescence materials. Chemical 
Society Reviews 2017, 46 (3), 915-1016. 
14. Zhang, Q.;  Li, B.;  Huang, S.;  Nomura, H.;  Tanaka, H.; Adachi, C., Efficient blue 
organic light-emitting diodes employing thermally activated delayed fluorescence. Nature 
Photonics 2014, 8 (4), 326. 
15. Yersin, H., Highly efficient OLEDs: Materials based on thermally activated delayed 
fluorescence. Wiley-VCH: 2018. 
16. Wong, M. Y.; Zysman‐Colman, E., Purely organic thermally activated delayed 
fluorescence materials for organic light‐emitting diodes. Advanced Materials 2017, 29 (22), 
1605444. 



Influence of host carrier mobility and electron transport layer thickness on red, green 

and blue small molecule TADF emitter based OLEDs 

230 

 

17. Im, Y.;  Kim, M.;  Cho, Y. J.;  Seo, J.-A.;  Yook, K. S.; Lee, J. Y., Molecular design strategy 
of organic thermally activated delayed fluorescence emitters. Chemistry of Materials 2017, 
29 (5), 1946-1963. 
18. Cui, L.-S.;  Ruan, S.-B.;  Bencheikh, F.;  Nagata, R.;  Zhang, L.;  Inada, K.;  Nakanotani, 
H.;  Liao, L.-S.; Adachi, C., Long-lived efficient delayed fluorescence organic light-emitting 
diodes using n-type hosts. Nature communications 2017, 8 (1), 2250. 
19. Kim, J. H.;  Yun, J. H.; Lee, J. Y., Recent Progress of Highly Efficient Red and Near‐
Infrared Thermally Activated Delayed Fluorescent Emitters. Advanced Optical Materials 
2018, 6 (18), 1800255. 
20. Huang, T.;  Jiang, W.; Duan, L., Recent progress in solution processable TADF 
materials for organic light-emitting diodes. Journal of Materials Chemistry C 2018, 6 (21), 
5577-5596. 
21. Liu, Y.;  Li, C.;  Ren, Z.;  Yan, S.; Bryce, M. R., All-organic thermally activated delayed 
fluorescence materials for organic light-emitting diodes. Nature Reviews Materials 2018, 3, 
18020. 
22. Tsai, K. W.;  Hung, M. K.;  Mao, Y. H.; Chen, S. A., Solution‐Processed Thermally 
Activated Delayed Fluorescent OLED with High EQE as 31% Using High Triplet Energy 
Crosslinkable Hole Transport Materials. Advanced Functional Materials 2019, 1901025. 
23. Lu, H.;  Zheng, Y.;  Zhao, X.;  Wang, L.;  Ma, S.;  Han, X.;  Xu, B.;  Tian, W.; Gao, H., 
Highly Efficient Far Red/Near‐Infrared Solid Fluorophores: Aggregation‐Induced Emission, 
Intramolecular Charge Transfer, Twisted Molecular Conformation, and Bioimaging 
Applications. Angewandte Chemie International Edition 2016, 55 (1), 155-159. 
24. Li, Y.;  Liu, J.-Y.;  Zhao, Y.-D.; Cao, Y.-C., Recent advancements of high efficient 
donor–acceptor type blue small molecule applied for OLEDs. Materials Today 2017, 20 (5), 
258-266. 
25. Méhes, G.;  Goushi, K.;  Potscavage Jr, W. J.; Adachi, C., Influence of host matrix on 
thermally-activated delayed fluorescence: Effects on emission lifetime, photoluminescence 
quantum yield, and device performance. Organic Electronics 2014, 15 (9), 2027-2037. 
26. Siboni, H. Z.; Aziz, H., Explaining the different efficiency behaviors of PHOLEDs 
with/without a hole injection barrier at the hole transport layer/emitter layer interface. 
Organic Electronics 2013, 14 (10), 2510-2517. 
27. Chaskar, A.;  Chen, H. F.; Wong, K. T., Bipolar host materials: a chemical approach 
for highly efficient electrophosphorescent devices. Advanced Materials 2011, 23 (34), 
3876-3895. 
28. Wang, H.;  Xie, L.;  Peng, Q.;  Meng, L.;  Wang, Y.;  Yi, Y.; Wang, P., Novel thermally 
activated delayed fluorescence materials–thioxanthone derivatives and their applications 
for highly efficient OLEDs. Advanced Materials 2014, 26 (30), 5198-5204. 
29. Yu, T.;  Liu, L.;  Xie, Z.; Ma, Y., Progress in small-molecule luminescent materials for 
organic light-emitting diodes. Science China Chemistry 2015, 58 (6), 907-915. 
30. Cho, Y. J.;  Yook, K. S.; Lee, J. Y., High efficiency in a solution‐processed thermally 
activated delayed‐fluorescence device using a delayed‐fluorescence emitting material with 
improved solubility. Advanced Materials 2014, 26 (38), 6642-6646. 
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Conclusions and Outlook 

 

The past few years have witnessed tremendous development in the field of organic 

electronics, especially the synthesis of organic light-emitting materials, which helped 

to boost the cost reduction of OLEDs and performance enhancement. For the 

application of solid-state lighting and full-color displays, three primary colors red, 

green, and blue emitters are required. Various phosphorescent organometallic iridium 

complexes have been reported with high efficiency, full-color gamut, and stability, but 

they were expensive and limited to the lower EQE. So, to realize cost-effective and high-

performance devices, pure-organic TADF luminophores are essential prerequisites for 

next-generation OLEDs. 

This thesis focused on understanding the use of TADF emitters for the fabrication 

of highly efficient, simple structured organic light-emitting diodes. TADF materials 

have been introduced in OLEDs fabrication to achieve 100% IQE and high EQE, which 

can be obtained near 50%. One major problem that arises in the use of TADF emitters 

for OLED fabrication is the choice of the host materials and a complex fabrication 

process. In this thesis, different hosts were selected based on their charge transport 

and energy level properties. The previously reported OLED based on TADF emitters 

demonstrated the use of a complex device structure with multiple (>5) organic layers, 

which limit the use of such efficient emitters for a large-area, lighting, or display 

applications. A simple device fabrication process was in urgent need of such emitters, 

and this thesis focuses on delivering such solutions for OLED fabrication and their use 

in large-area fabrication. TADF molecules generally undergo concentration quenching 

due to their long-lasting excited states, which causes the non-radiative decaying 

process resulting in reduced efficiency. To overcome this fundamental problem, a host-

guest system has been adopted for efficient OLED fabrication by doping emitters in 

hosts, but this required a complex thermal co-evaporation process to form a solid-

host:guest-matrix. It could overcome by using a simple solution-processed method, 

and the main aim of this thesis is to deliver such host-guest systems for solution-

processable methods for TADF emitters. 
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In particular, the objectives of this thesis were: (i) to investigate the effect of HTL, 

EML, and ETL thickness on the OLED performance in a relatively a simple three organic 

layered thermal vacuum-deposited device, (ii) to investigate the effect of different host 

materials properties and their impact on the OLED performances, (iii) to analysis the 

basic study the photophysical properties of TADF emitters in different host systems to 

evaluate their potential for high-efficiency OLEDs, (iv) investigate the role of the 

molecular conformation of TADF emitters in different solvent systems in solution-

deposited thin films and to examine its impact on the OLED performances, (v) to 

characterize the effect of doping concentration of TADF in host maters, impact of all 

HTL, EML, and ETL layer thickness in solution-processed device, and (vi) to 

demonstrate the use of TADF emitters in large-area up to 16 cm2 substrates. 

Both thermally, as well as solution-processed fabrication methods, were used for 

devices based on multiple TADF emitters such as red TXO-TPA, green 2PXZ-OXD, and 

blue DMOC-DPS for small-area devices. Large-area fabrication of red TXO-TPA with a 

simple device architecture is achieved successfully with the highest EQE of 17.75%.  

We have started this thesis in chapter1 and 2 by explaining the fundamental 

characteristics of OLEDs, and characteristics and photophysics of TADF emitter. The 

physical models to understand the basic device physics in order to improve device 

performance. We have discussed the optimum conditions for the experimental setup 

and fabrication parameter for the work developed in this thesis in chapter 3. In chapter 

4, a simple approach to fabricate highly efficient and luminescent red-orange TXO-TPA 

emitters based OLEDs were fabricated. The devices were fabricated in a simple three-

layer structure via a completely thermally evaporated process. It was a unique strategy 

to fabricate such simple, highly efficient devices. OLEDs with 10wt.% of TXO-TPA 

exhibited EQE of >11 % with maximum brightness over 10000 cd/m2. Along with the 

effect on the recombination region upon changing both the HTL and ETL thickness was 

also studied. The same structure was then used for large area structures up to 16 cm2, 

which exhibited an excellent EQE of 17.75% that is highest among any reported large 

area TADF OLEDs. Theoretical calculation of the recombination probability and the 

hole/electron profile across the emissive layer is also calculated. The devices have 

limitations in terms of high roll-off, which was further discussed in chapter 5.  
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In chapter 5, The effect of host characteristic was studied in a rather simple device 

of a blue emitter DMOC-DPS. An EQE of 4% with low roll-off was achieved at high 

brightness >8000 cd/m2. A hybrid approach of both solution and thermally evaporated 

OLEDs were employed. An addition of HIL, i.e., TCTA, helps to balance the hole injection 

and further improving the device performance. A local conformation of charges in 

different host enables to improve the electrical profile in the EML and suppress the 

roll-off effectively that is 100% at 1000 cd/m2 and is less than 50% at Lmax of 8185 

cd/m2. The only issue with such devices was their lower limited <5% EQE, which was 

further discussed in chapter 6. 

In chapter 6, a simple one-organic layer efficient solution-processed OLED of the 

green 2PXZ-OXD emitter was studied. The photophysics experiments were firstly 

considered to see the effects of concentration quenching on PLQY of the emitters in a 

PVK: OXD-7 n-type polymer host with different concentrations of 1,2,5,8 and 10 wt.%. 

The devices were fabricated and an EQE up to 7.5% with high brightness of >10000 

cd/m2 achieved in such structures. Such simple architecture is a step towards complete 

solution-processed green OLEDs. Devices were optimized with different HTL and EML 

thickness. The devices exhibited excellent reduced roll-off at 1000 cd/m2 that is 7.15% 

for 8wt.% TADF emitter. A theoretical explanation of the formation of the 

recombination zone and the width of the zone also discussed. Concentration quenching 

of TADF molecules was found to be dominated by electron-exchange interactions for 

triplet excitons, as described by the Dexter energy-transfer model. The device structure 

obtained from this work was used as a base structure for further research. The device 

has a scope of enhancement to the efficiency via the addition of ETL that was discussed 

in chapter 7. 

Chapter 7 is the studies of red TXO-TPA emitter in solution-processed OLEDs. The 

devices were fabricated in both n-type PVK: OXD-7 and p-type PVK:mCP hosts with 

different wt.% of 5, 8, and 10%. The device architecture was adopted form chapter 6 

with an addition of ETL. Before the fabrication, the photophysics experiments 

conducted to calculate the maximum theoretical EQE in such host: guest system. An 

EQE of 18.44% achieved in n-type PVK: OXD-7 host in a two-organic layer device. Along 

with, the effect of solvent on the device efficiency was also studied. AFM studies in 

different solvents were demonstrated to understand the molecular confirmation effect 
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and the performance on the device based on the organic thin-film characteristics of 

EML. The final optimized device structure was obtained with a detailed investigation 

of the thickness of both the EML and ETL. The final device structure has a scope of 

change in terms of different hosts, and concentration percentages of PVK, host, and 

TADF, which was further studied in chapter 8. 

Chapter 8 discusses the best results obtained for this thesis work following the 

progressive work form previous chapters. A device architecture was designed 

according to the charge transport properties of the host materials. A comparative study 

of different hosts such as mCP, TPBi, CBP, OXD-7 was carried for all three red TXO-TPA, 

green 2PXZ-OXD, and blue DMOC-DPS emitters. The effect of both EML and ETL 

thickness on the device performance is investigated extensively. It was found that 

adjusting the host electrical properties (together thickness), it is possible to achieve a 

very well electrical balanced device when fabricating via the solution process. 

All the emitters exhibited suppressed roll-off characteristics. In green emitter 

2PXZ-OXD, the EQE of 18.54% achieved with reduced roll-off (EQE=14% at practical 

1000 cd/m2), which is the highest in solution-processed green TADF emitters till date. 

Future works should be carried out soon to explore the possibilities to achieve 

complete solution-processed OLEDs based on the structure described in chapter 6. For 

the blue emitters, a future study is must to realize the potential of the blue emitters for 

application. Hosts with a wide bandgap, high triplet levels, and deep HOMO levels are 

the urgent need for blue OLED construction. In the two-organic layer, the device 

efficiency is limited to <20%, which can be improved by the addition of hole/electron 

injection layers. It is essential to consider various solvents apart from chloroform, 

chlorobenzene. A detailed investigation should be carried out on different solvent 

types, and their mixed concentration, solvent evaporation rate, the viscosity of the 

solvents, and final organic emitter contained the solution. The large area fabrication of 

both flexible and rigid substrates could fall in the same line of research with motivation 

from the results of chapters 4 and 8. A roll-to-roll process could be adopted based on 

the results of chapter 8. 
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