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 Abstract 

Exciton dynamics in organic semiconductors for 

efficient electroluminescent devices 

Hwan-Hee Cho 

 

In this thesis, new approaches to realise efficient and stable visible and near-

infrared (NIR) electroluminescence (EL) devices are explored by controlling exciton 

energy transfer and charge transport in organic semiconductors.  

In the first part of the thesis, ‘hyperfluorescence’, which is the concept that 

thermally activated delayed fluorescence (TADF) materials are exploited as an exciton 

sensitiser to a fluorescent emitter, is investigated. Firstly, the possibility of excluding 

the host matrix is investigated based on the exploration of exciton energy transfer 

between donors and acceptors. Since a host matrix is removed, charge transport in 

TADF donors is studied in addition to energy transfer. Space-charge-limited current 

(SCLC) measurement based on single-carrier devices is employed. Secondly, 

encapsulated fluorophores are studied. To prevent aggregation and energy loss by 

Dexter energy transfer (DET), encapsulation of the molecules is used to increase 

intermolecular spacing so that the short-range energy transfer process can be effectively 

suppressed. Furthermore, newly designed deep blue multiple resonance emitters are 

explored. Using this concept, highly efficient deep blue hyperfluorescent organic light-

emitting diodes (OLEDs) with ultra-narrow emission are demonstrated with the study 

of exciton dynamics on the basis of transient analysis. Additionally, they are also 

applied in conventional fluorescent OLEDs. With effective Förster resonance energy 
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transfer (FRET), efficient deep blue OLEDs showing ultra-narrow emission with        

450 nm peak emission and CIEy ≤ 0.05 are demonstrated. 

In the second part of the thesis, organic radicals are explored for efficient NIR 

EL devices. Recently, doublet fluorescent emission from organic radicals has emerged 

as a new route to more efficient light-emitting devices than those using established non-

radical organic emitters. Charge recombination in radical-based devices results in 

doublet excitons with nanosecond emission and avoids the efficiency limit usually 

associated with singlets and triplets. Firstly, a novel NIR organic radical emitter with 

an 820 nm emission peak is used for efficient NIR EL devices. To improve charge 

transport and balance in an emitting layer (EML), mixed-host systems are utilised to 

improve the efficiency roll-off and operational lifetime. Secondly, a novel energy 

transfer mechanism between exciton donors and radical acceptors is devised to optimise 

device performance in devices. One of the anthracene derivatives is selected as an 

exciton donor to activate effective intersystem dual energy transfer, which means that 

singlet excitons are transferred to doublet excited states via FRET, and triplet excitons 

are transferred to doublet excited states via DET. Utilising this approach, highly 

efficient NIR EL devices are demonstrated based on the study of transient EL and 

magneto EL, as well as transient photophysical measurements. 
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Chapter 1 Introduction 

In this chapter, the general context of lighting and display technologies is 

outlined for the research results in the thesis. This is followed by more details on the 

theoretical background (Chapter 2), experimental methods (Chapter 3), and the full 

results and discussion of the thesis (Chapter 4-7). 

 

1.1 Organic light-emitting diodes (OLEDs) for displays 

The demonstration of the first organic electroluminescent device in 1987 marked 

a new era in light-emitting technology.1 From the late 2000s, organic light-emitting 

diodes (OLEDs) became a rival for liquid crystal displays (LCDs) due to superior 

efficiency, contrast, brightness, and ease of manufacture. OLEDs have now entered 

mass production and are widely applied in televisions, tablet personal computers, and 

smartphones, where they are increasingly replacing LCDs. The use of phosphorescent 

molecules to turn on emission from normally-dark triplet excited states was a key 

development, which significantly increased the performance of red and green OLED 

devices.2–4 However, there are some critical issues that prevent the implementation of 

energy-efficient white lighting and cheap, ubiquitous display technology based on 

OLEDs. The main issue they face is “burn-in”, which is a consequence of the much 

lower operational lifetime and efficiency of blue fluorescent OLEDs compared to their 
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red and green counterparts.5 The realisation of blue phosphorescent OLEDs with high 

stability remains a key challenge, with operational lifetimes still far from those required 

for OLED consumer products.6–14 Moreover, current phosphorescent materials utilise 

one of the rarest elements on Earth - iridium, which may represent a barrier to cost-

effective mass production in the long term. Both of these factors have driven the search 

for alternative approaches to efficient light emission. 

In 2011, Adachi et al. demonstrated highly promising metal-free organic 

materials capable of harvesting singlet and triplet excitons via the concept of thermally 

activated delayed fluorescence (TADF).15 In most efficient TADF materials, a small 

energy gap (≤ 0.1 eV) between singlet and triplet states is achieved by separating 

electron and hole wavefunctions via a charge-transfer excitation between electron 

donating and accepting moieties. This is considered to enable a mechanism for up-

conversion from nonradiative triplet excited states to radiative singlet excited states by 

reverse intersystem crossing (RISC). Using this approach, almost 100% 

electroluminescence (EL) internal quantum efficiency (IQE) has been demonstrated, 

with operating stability and colour purity becoming the next target.16 Improved colour 

purity has recently been attained by developing multiple resonance (MR) TADF 

emitters, which do not rely on the formation of typical CT states, but these devices are 

generally limited by low stability that has not yet been fully solved.17,18 

In terms of the technology for accomplishing high efficiency, stability, and 

colour purity in OLED devices, one of the most promising concepts in the field is to 

exploit TADF molecules as an exciton sensitiser,19 which is the so-called 

‘hyperfluorescence’.20 Here, the TADF molecule manages triplet up-conversion before 

energy transfer to a fluorescent component with a narrow emission profile. Förster 

resonance energy transfer (FRET) between those molecules must be as effective as 
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possible, while Dexter energy transfer (DET) must be prevented. Recently, using this 

concept with MR emitters, higher than 25% external quantum efficiency (EQE) and 

high stability with narrow emission spectra were achieved, showing the potential of 

satisfying the requirements for display applications.21,22  

Research in this thesis: Chapter 4 explores hyperfluorescent OLEDs based on 

novel TADF materials, carbene-metal-amides (CMAs), with detailed studies of exciton 

energy transfer between donors and acceptors and charge transport in EL devices, 

showing the potential of excluding a wide gap host matrix in hyperfluorescent OLEDs. 

In chapter 5, encapsulated fluorescent molecules are studied to suppress aggregation 

and DET in the hyperfluorescent systems. Newly designed MR fluorescent dyes are 

investigated to realise highly efficient deep blue OLEDs with ultra-narrow emission, 

with optimised designs revealed from the transient analysis of films and devices. 

 

1.2 Organic radicals for near-infrared electroluminescence 

Whilst there are numerous demonstrations of visible-light emitters based on 

organic molecules for OLEDs, materials with efficient near-infrared (NIR) emission are 

less well-developed since multi-phonon emission reduces radiative luminescence 

quantum yields for lower gap organic semiconductors.23–25 However, NIR OLEDs are 

of interest due to the wide range of technological applications in biosensing, optical 

imaging, photodynamic therapy, security in personal identification and surveillance, 

and communications. A variety of emission concepts, such as fluorescence,26–28 

phosphorescence,29–32 TADF,33–35 and sensitised fluorescence by TADF or 

phosphorescence36–38 have been studied, but the EQE has not been satisfactory, 

typically under 5% for emission peak wavelengths of 800 nm and longer. 
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As a promising alternative, luminescent organic radical materials have been 

developed with doublet emission from 585 nm to 900 nm.39–52 Organic radicals have 

unpaired electrons that give rise to doublet spin manifolds, for which efficient OLEDs 

with pure-red and mixed red/NIR EL from tris(2,4,6-trichlorophenyl)methyl (TTM) 

radical derivatives have been demonstrated.50–52 The high efficiency was attributed to 

these devices using EL from doublet excitons rather than conventional singlet and triplet 

excitons that limit the efficiency in standard non-radical devices. 

However, as radical emitters are typically dispersed at relatively low 

concentration in a wide-bandgap host matrix, exciton formation on the emitters occurs 

by sequential capture of electrons and holes (or vice versa) following injection and 

transport in the host. However, the lower energy orbitals of organic radicals compared 

to conventional fluorescent emitters causes severe electron trapping in devices, which 

results in significant efficiency roll-off, low radiance, and poor stability. Engineering 

of the transport and recombination of charges in an emitting layer (EML), therefore, 

provides opportunities to enhance device performance. A further strategy to facilitate 

control over the recombination zone is to arrange for electron-hole capture to occur 

primarily in the host followed by energy transfer to the emitter, thus decoupling the 

recombination process from charge trapping by the emitter. 

Research in this thesis: Efficient NIR organic radical LEDs with around          

820 nm peak emission are demonstrated in Chapter 6 based on the optimisation of direct 

charge recombination. Exciton formation and charge transport in radical doped films 

are investigated in different hosts, modifying charge transporting properties by mixing 

electron transporting and hole transporting layers. In Chapter 7, a newly designed 

energy transfer system is explored towards realising highly efficient NIR organic 

radical LEDs with longer than 800 nm peak emission. Energy transfer pathways and 
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exciton decay kinetics are revealed by time-resolved spectroscopy in addition to device 

characterisation with transient and magnetic field dependent EL. 
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Chapter 2 Theoretical background 

This chapter will cover the theoretical background for physical mechanisms in 

organic semiconductors and electroluminescent devices. The physics of organic 

semiconductors is described to understand the photophysical characteristics, exciton 

dynamics, and exciton energy transfer in organic layers in devices, which are 

fundamental for the ideas explored in the thesis. Different emission mechanisms are 

described with their advantages and disadvantages in the context of the state of the art. 

 

2.1 The physics of organic semiconductors 

2.1.1 Exciton 

A hole and electron bound by the electrostatic Coulomb force are defined as an 

exciton, which is electrically neutral, leading to the transportation of energy, not 

charge.53–55 Figure 2-1(a) shows the schematic representation of the exciton. As an 

electron in the valence band is excited to the conduction band, the excited electron and 

hole (the positive charge in the valence band) are formed as an electron-hole pair, 

exciton, with stabilising energy provided by the repulsive Coulomb force from 

neighbouring electrons.53–55 Thus, the exciton has slightly smaller energy than the 

single-particle energy gap. In general, excitons are generated by light absorption or 

electric field, as depicted in Figure 2-1(b). For organic semiconductors, as electrons are 

localised to each molecule occupying molecular orbitals, the valence and conduction 

bands in inorganic semiconductors correspond to the highest occupied molecular orbital  
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Figure 2-1. Schematic diagram of (a) the exciton in the two-band model and (b) 

Photoexcitation and electrical excitation to form excitons in organic semiconductors. 

 

(HOMO) and lowest unoccupied molecular orbital (LUMO), respectively.  

 The concept of excitons was first introduced by Frenkel in 1931, which provides 

a good approximation for organic semiconductors having relatively small dielectric 

constant with van der Waals bonding, where excitons are well localised in one 

molecule.56–58 The size of the exciton is therefore disposed to be small, and the 

interaction between hole and electron in a single organic molecule is relatively strong. 

56–58 The typical binding energy of these Frenkel excitons is on the order of                      

0.1⁓1.0 eV.58 However, excitons are not restricted to being located on one molecule. 

The hole and electron can be located on adjacent molecules to form excitons, termed 

charge-transfer excitons, which are also usually observed in organic molecules.57 Also, 

the hole and electron may be located on the molecules away from each other, which is 

termed Wannier-Mott excitons.54,57–59 This type of excitons is generally formed in 

inorganic semiconductors having large dielectric constants, such as silicon and gallium 

arsenide. The valance electrons are shared with a number of atoms as the interaction 

between neighbouring atoms is strong. Hence, the excited electron and hole are not 

localised in a single position, and the size of the electron-hole pair becomes quite larger 

with much less binding energy than Frenkel exciton, the order of 0.01 eV. The  
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Figure 2-2. Schematic diagram of (a) Frenkel exciton, (b) Charge-transfer exciton, and 

(c) Wannier-Mott exciton.  

 

schematic diagram of the three types of excitons is displayed in Figure 2-2. 

As shown in Figure 2-1(b), there are two possible ways to form excitons in 

organic semiconductors, photoexcitation and electrical excitation. When excitons are 

formed by external light energy, one of the two electrons having different spin is excited 

from HOMO to LUMO. Hence, the photoexcited exciton can have only one kind of spin 

state, where the total spin angular momentum quantum number (S) is 0, as each electron 

on HOMO and LUMO has the opposite spin projection, which is termed ‘singlet’ as a 

state with paired electrons remains a single state.60,61 On the other hand, as excitons are 

generated via electron transport under an external electric field, electrons on both 

LUMO and HOMO can have the s of either ½ (spin up ↑) or -½ (spin down ↓).  

Therefore, in addition to singlet (S = 0), the overall exciton spin states can be S = 1 with 

the spin projection quantum number (ms) of -1, 0, 1, which is termed ‘triplet’ with three 

quantised states.60,61  
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Figure 2-3. Schematic representation of singlet and triplet spin states in typical organic 

semiconductors. 

 

Figure 2-3 shows the schematic illustration of one singlet and three triplet spin 

configurations. According to the Pauli exclusion principle,62 no electrons can have the 

same spin state occupying the same orbital simultaneously. As described above, 

excitons formed in typical organic semiconductors have four different spin states as ↑↑, 

↑↓, ↓↑, and ↓↓, where the first arrow and the second arrow present the spin direction of 

the first and second electron, respectively.60,61 They are expressed by the spins and 

projections on the z-axis in a vector space with the form of |𝑠, 𝑚𝑠⟩. The triplet states at 

the overall S = 1 are expressed by,60,61 

|1, 1⟩ = ↑↑                  (2-1) 

|1, 0⟩ =
1

√2
(↑↓ + ↓↑)                   (2-2) 

|1, −1⟩ = ↓↓                   (2-3) 
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And, the singlet state at S = 0 is found to be,60,61 

|0, 0⟩ =
1

√2
(↑↓ − ↓↑)                 (2-4) 

 In general, the S1 (the first electronically excited singlet state) → S0 (the ground 

electronic singlet state) transition is a spin-allowed process emitting light with energy 

corresponding to the energy gap of S1 and S0 (fluorescence) while T1 (the first 

electronically excited triplet state) → S0 transition is spin-forbidden due to the different 

spin states of T1 and S0 based on a selection rule.60 However, the strong spin-orbit 

coupling (SOC) (coupling between the orbital magnetic moment and the spin magnetic 

moment) in phosphorescent emitters induced by heavy metal (especially iridium or 

platinum) enables the efficient triplet emission (phosphorescence).4 

On the other hand, organic radicals, incorporating one unpaired electron on the 

outermost molecular orbital, show the doublet spin manifold, which is different from  

 

 

Figure 2-4. Schematic illustration of doublet spin states in organic radicals. 



11 Theoretical background 

 

11 

singlet and triplet spin states observed in typical organic semiconductors.63,64 Figure     

2-4 shows the schematic diagram of doublet spin states observed in organic radicals. In 

the ground state, one unpaired electron is located on the non-bonding singly occupied 

molecular orbital (SOMO), which is the intermediate of HOMO and LUMO, and this 

generates excitons that have one unpaired electron and total S = ½, which is termed 

‘doublet’ as the spin degeneracy is two.63,64 As the S of both the ground and excited 

states is maintained at the S = ½, D1 (the first electronically excited doublet state) → D0 

(the ground electronic doublet state) transition is a spin-allowed process enabling 

efficient doublet fluorescence with nanosecond decay lifetime. 

 

2.1.2 Photoluminescence and absorption 

Photoluminescence (PL) is light emission from any form of matter after the 

absorption of photons in photoexcitation.65 Photons are emitted from the lowest 

electronic excited state after the rapid relaxation processes of excitons (Kasha’s rule).66  

 

 

Figure 2-5. Schematic diagram of absorption and photoluminescence. 
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Figure 2-6. Schematic representation of absorption and photoluminescence with 

potential wells and vibrational wave functions. 

 

The schematic illustration of PL and absorption is depicted in Figure 2-5. However, the 

spectra of both PL and absorption in organic semiconductors have fine structures with 

vibrational wavefunctions based on the Franck-Condon principle that governs the 

intensity of vibronic transitions.67,68 The transition from the ground state to the excited 

state includes the changes in both electronic and vibrational energy levels, and the 

transition to a new vibrational energy level is compatible with the position and 

momentum of the nuclei in a molecule. Therefore, the excited state upon absorption of 

light results in the shift of the equilibrium position. Figure 2-6 displays the schematic 
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diagram of absorption and PL mechanisms to which the Franck-Condon principle is 

applied. According to the principle, the intensity of a vibronic transition in a molecule 

is proportional to the square of the overlap of the vibrational wavefunctions of the 

original and final state.67,68 

In general, the absorbance of a material (A) is defined by  

𝐴 = − log10 𝑇 = log10
𝐼s

𝐼0
                        (2-5) 

where T is transmittance, 𝐼0 and 𝐼s are the intensity of the light before and after passing 

through the material,  

For a non-scattering and uniform medium, the absorbance is linear to the optical 

path length (l), expressed as 

𝐴 = 𝛼𝑙                                  (2-6) 

where 𝛼 is the absorption coefficient. 

 For a homogenous medium, such as a solution, the absorbance after propagating 

through the medium is proportional to the concentration of a solute and path length 

(Beer-Lambert law), expressed by 

𝐴 = 𝜀𝑐𝑙                    (2-7) 

where 𝜀 is the molar absorption coefficient, c is the molar concentration, and 𝑙 is the 

optical path length. 
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2.1.3 Electroluminescence 

Electroluminescence (EL) is the light emission from electrically formed excitons 

in semiconducting materials. Based on this mechanism, EL devices, that is, light-

emitting diodes (LEDs), can be fabricated by utilising either inorganic or organic 

semiconductors. Here, EL devices exploiting organic semiconductors, which are termed 

organic light-emitting diodes (OLEDs), are explored.  

The basic structure of the OLEDs is depicted in Figure 2-7. It generally consists 

of multiple layers, including an anode, a hole injection layer (HIL), a hole transporting 

layer (HTL), an emitting layer (EML), an electron transporting layer (ETL), an electron 

injection layer (EIL), and a cathode to optimise EL performance in devices. Given that 

the electric field is applied to the device, electrons and holes are transported from the 

cathode and the anode, respectively, to the EML. Afterwards, they recombine to form 

 

 

Figure 2-7. Schematic diagram of the OLED structure. 
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excitons and emit light. 

Indium tin oxide (ITO) is commonly utilised as an anode since it provides a very 

low sheet resistance with high transmittance for visible light, and aluminium (Al) is 

typically used for the cathode. For better hole and electron injection, additional thin 

layers are applied between HTL and anode and ETL and cathode. Lithium fluoride 

(LIF) is generally used as an EIL with a thickness of ⁓1 nm to improve electron injection 

and protect organic layers from chemical reactions with the cathode.4,69 One of the most 

commonly used HIL materials is 1,4,5,8,9,11-hexaazatri phenylene hexacarbonitrile 

(HATCN).70,71 It was proved that the distinctively low energy levels of HATCN 

(LUMO: -5.5 eV and HOMO: -9.5 eV) provide effective hole injection for high device 

performance.70–75 Furthermore, for the better hole and electron injection, p-doping and 

n-doping materials are applied to HIL and EIL layers, leading to substantially 

 

 

Figure 2-8. Chemical structures of the typical charge transporting materials widely 

utilised in OLEDs. 
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reduced turn-on and driving voltage of EL devices.69,76 HTL materials include electron-

donating moieties, such as amino groups, to provide sufficient hole injection from an 

anode, while ETL materials incorporate electron-withdrawing moieties, such as nitrile 

and heterocyclic ring, to promote electron injection from a cathode.69,77 Also, additional 

layers between EML and ETL or/and HTL and EML are employed to block hole or/and 

electron leakage from EML to HTL or/and ETL to enhance efficiency further, and the 

layers are called hole and electron blocking layers (HBL and EBL), respectively.4,69 

However, they may cause charge accumulations leading to low device stability.4,78,79 

 

 

Figure 2-9. Schematic diagram of (a) electron and (b) hole transport based on the 

hopping model.  
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Figure 2-8 shows the chemical structures of the typical charge transporting materials 

commonly utilised in academia.21,69,76,80 

The transport of charge carriers (electron and hole) in organic layers in OLEDs 

is interpreted based on the hopping model.4,69,77 Figure 2-9 shows the schematic diagram 

of the charge transport process based on the hopping model. Radical anions and cations 

are generated from a cathode and an anode by chemical reduction and oxidation driven 

by an electric field.69,77 Then, electrons hop to adjacent molecules with chemical 

oxidation and reduction as the anions and cations interact with neighbouring molecules. 

The consequent electron current in OLEDs results from these processes. Here, a hole is 

a model particle as a result of electron removal from the HOMO in neutral organic 

molecules.4,69 As one electron in the HOMO is extracted and transported to an adjacent 

molecule by the hopping process, the empty electron position can be populated by 

another electron from the HOMO of a neighbouring molecule, and subsequently, this 

positive charge can move between molecules, called a hole.4,69 

When the charge carriers arrive at an EML, they can recombine and form 

excitons for emitting light. The EML usually consists of host and dopant; more 

precisely, dopant molecules are dispersed in a host matrix, and host materials should 

have higher energy than dopant materials for effective energy transfer and charge 

recombination on dopant molecules. Excitons can be formed on host molecules and 

transferred to dopant molecules via energy transfer processes. Also, they can be directly 

formed on dopant molecules, typically when holes and electrons can be easily trapped 

on dopant sites due to the large HOMO and LUMO energy level difference between 

host and dopant. When they are located far away from each other, they act 

independently and are not bound. However, they can be bound when they are close 

enough within the critical distance (𝑅𝑐), which can be extracted from the Coulomb 

potential energy (ΔΕ𝑒−ℎ) expressed by4 
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ΔΕ𝑒−ℎ =
𝑒2

4𝜋𝜀0𝜀𝑅𝑐
= 𝑘B𝑇                      (2-8) 

where e is the electron charge, 𝜀0 and 𝜀 are the dielectric constants of the vacuum and 

the host material, 𝑘B is the Boltzmann constant (8.617 × 10-5 eV·K-1), and T is the 

absolute temperature. Assuming 𝜀 = 3, 𝑅𝑐 is ⁓18 nm at 300K, meaning that they can 

be bound even though they are quite distant in the EML, but they can be easily separated 

by thermal energy at this distance.4 From the weakly bound state, they become closer 

and meet at the same molecule (Frenkel exciton) or adjacent molecules (charge-transfer 

exciton) to form excitons by the Coulomb energy. They can have either singlet and 

triplet (typical organic semiconductors) or doublet spin states (organic radicals) in 

OLEDs, as studied in Section 2.1.1. They can have various emission mechanisms 

depending on the types of emitting materials. Section 2.2 will cover them more in detail.  

 

2.1.4 Exciton energy transfer 

In the donor-acceptor system, excitons formed on donor molecules can migrate 

to acceptor molecules via non-radiative energy transfer processes with intermolecular 

interaction between donor and acceptor.60,61 FRET and DET are the two dominant 

mechanisms governing exciton energy transfer from donor to acceptor molecules in 

most organic materials.60,61 Figure 2.10 exhibits the schematic diagram of FRET and 

DET. They can occur if the emission spectrum of the donor and the absorption spectrum 

of the acceptor are overlapped so that several vibronic transitions in the donor can 

correspond to those in the acceptor.61 They have different interaction mechanisms: 

FRET is induced by near-field dipole-dipole interactions, and intermolecular orbital 

overlap enables DET.  
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Figure 2-10. Schematic illustration of exciton energy transfer. (a) Förster resonance 

energy transfer (FRET). (b) Dexter energy transfer (DET). 

 

As described above, FRET is on the basis of resonant dipole coupling, and singlet 

excitons are transferred by this mechanism. The rate of FRET (kFRET) and the Förster 

radius (𝑅0) are expressed as61,81–84 

𝑘FRET =
1

𝜏D
(

𝑅0

𝑑
)

6

=  𝑘D (
𝑅0

𝑑
)

6

                (2-9) 

𝑅0
6 =

9000 ln 10𝜂𝐷𝜅2

128𝜋5𝑁𝐴𝑛4 ∫ 𝜆4𝐹D(𝜆)𝜖A(𝜆)𝑑𝜆             (2-10) 

where NA is Avogadro’s number, n is the refractive index, 𝜂D is the photoluminescence 

quantum efficiency (PLQE) of the donor, 𝜅 is the dipole orientation factor, 𝜆 is the 
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wavelength, FD is the PL spectrum of the donor normalised to unity, 𝜖A is the molar 

decadic absorption coefficient of the acceptor, d is the intermolecular distance between 

the donor and acceptor, 𝜏D and 𝑘D are the exciton lifetime and decay rate of the donor. 

From Equation 2-9, R0 is the critical distance when 𝑘FRET = 𝑘D, and it is generally             

3~7 nm if there is sufficient spectral overlap, which is much longer than the 

intermolecular distance, ~1 nm or less.82–84 

 The FRET efficiency (𝛷FRET) can be defined by61 

𝛷FRET =  
𝑘FRET

𝑘D+𝑘FRET
                        (2-11) 

Using Equation 2-9, Equation 2-11 can be expressed by 

𝛷FRET =  
1

(
𝑑

𝑅0
)

6
+1

                        (2-12) 

From Equation 2-12, 𝛷FRET becomes 50% when d = 𝑅0. Hence, it is described that 𝑅0 

is the distance that 50% of singlet excited states of donors can be transferred to those of 

acceptors via FRET.61 

 On the other hand, DET is based on the electron exchange mechanism by the 

donor-acceptor orbital overlap and occurs within the intermolecular distance (~1 nm). 

Thus, it is a shorter-range process compared to FRET. According to Dexter’s theory, 

the rate of DET (kDET) is defined as61,82–85  

𝑘DET =  𝐾𝐽′exp (
−2𝑑

𝐿
)                                  (2-13) 

where K is related to the specific orbital interactions, 𝐽′ is the normalised spectral 

overlap integral of the emission and absorption for the donor and acceptor                    

(𝐽′ = ∫ 𝐹D(𝜆)𝜖A(𝜆)𝑑𝜆 where ∫ 𝐹D(𝜆)𝑑𝜆 = 1 and ∫ 𝜖A(𝜆)𝑑𝜆 = 1) and L is the van der 
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Waals radius of the donor and acceptor. As 𝐾 is not related to any spectroscopic data, 

it is difficult to quantify 𝑘DET experimentally.61 The important point assumed in this 

equation is that the electronic distributions of the donor and acceptor molecules 

decrease exponentially in the radial direction, and kDET is not dependent on the 

magnitude of the absorption coefficient of the acceptor.82–85 Whereas singlet-singlet 

energy transfer is involved in both dipole-dipole interaction and orbital overlap, triplet-

triplet energy transfer is due only to orbital overlap as it includes forbidden transitions             

(T1 → S0 for the donor and S0 → T1 for the acceptor).61 To be specific, the Coulomb 

interaction is dominant even at short distances for spin-allowed transitions, whilst it is 

negligible for the forbidden transitions, stimulated only at around intermolecular 

spacing (~1 nm) due to the fact that the orbital overlap is necessary.61 Therefore, as 

DET is the exchange of electrons between nearby molecules, this theory applies to 

triplet-triplet energy transfer.60,61 

 

2.1.5 Intersystem crossing 

Intersystem crossing (ISC) is a non-radiative transition between two isoenergetic 

vibronic levels belonging to electronic states of different spin multiplicities.60,61 Thus, 

ISC is the transition between singlet and triplet spin states. For instance, excitons in the          

0 vibronic level of the S1 state can move to the isoenergetic vibronic level of the Tn 

state. Here, the Sn → Tn transition is generally called ISC, and reverse ISC (RISC) 

means the Tn → Sn transition. However, as described above, the transition between the 

different spin states is forbidden, but it is allowed with strong SOC.4,60,61 For example, 

phosphorescent emitters incorporated with iridium or platinum enable ISC due to strong 

SOC induced by the heavy atom.4 Thus, highly efficient triplet emission can be 

achieved, leading to a dramatic enhancement in OLED device performance.2–4 The 

emission mechanism of phosphorescence is described in Section 2.2.2. 
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In general, most typical organic semiconductors based on aromatic hydrocarbons 

can not experience ISC (or RISC) due to the relatively large energy gap difference 

between S1 and T1. However, even without such heavy metal atoms, ISC can be 

activated in pure organic semiconductors when the energy level difference between S1 

and T1 is pretty small, typically < 0.1 eV. Therefore, as non-radiative triplet excitons 

are converted to highly emissive singlet excitons via RISC, all excitons formed in EL 

devices can contribute to luminance. Accordingly, the IQE of 100% can be attained, 

and this mechanism is termed thermally activated delayed fluorescence (TADF) as the 

RISC process is endothermic and thermally activated.15,16,60,61 The detailed mechanism 

of TADF is explored more in Section 2.2.3. 

 

2.2 Emission mechanisms of OLEDs 

2.2.1 Fluorescence 

Fluorescence is the light emission from materials with the relaxation of excitons, 

which is normally induced by the absorption of light or electric field.60,61 As studied in 

Section 2.1.1, fluorescence occurs between the same spin states (spin-allowed process), 

and as most organic semiconductors have a singlet ground state (𝑆0), it is generally 

considered as singlet emission from a singlet excited state (𝑆1). Figure 2-11 shows the 

schematic diagram of the fluorescence emission mechanism when excitons are 

generated under an electric field in OLEDs (Figure 2-7). Electrically generated excitons 

can have singlet and triplet spin states with the ratio of 1:3 based on the spin multiplicity 

and spin-statistics.60,61,86,87 While singlet excitons are capable of emitting light, the 

radiative decay between T1 and S0 is spin-forbidden, limiting the IQE to only 25% in 
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Figure 2-11. Schematic illustration of the fluorescence emission mechanism. 

 

conventional fluorescent OLEDs. 

One of the most important parameters in OLEDs is an EL EQE, which is a ratio 

of outcoupled photons to generated excitons, can be expressed as88–90 

EQE = 𝜂outIQE = 𝜂out𝜂𝑟𝛷PL𝛾                      (2-14) 

where 𝜂out is the optical outcoupling efficiency, 𝜂𝑟 is the fraction of the singlet exciton 

generation in charge recombination, 𝛷PL is the value of PLQE, and 𝛾 is the charge 

balance factor. Even though 𝛷PL and 𝛾 can be unity, assuming that the optical 

outcoupling efficiency (𝜂out) is 0.2⁓0.3, the EQE is limited to just 5⁓7.5 % in 

conventional fluorescent OLEDs as 𝜂𝑟 is 0.25. 

However, higher than 25% IQE with higher than 10% EQE in many fluorescent 

OLEDs has been reported based on additional singlet generation by utilising the 
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collision of two triplet excitons, termed triplet-triplet annihilation (TTA) (or triplet-

triplet fusion (TTF)).88–95 Figure 2-12(a) shows the schematic diagram of fluorescent 

OLEDs utilising the TTA process. In conventional fluorescent OLEDs, triplet densities 

are much higher than singlet densities due to the three times higher exciton generation 

as well as the much longer exciton lifetime of triplets (⁓microseconds) than singlets 

(⁓nanoseconds). As mentioned above, light is emitted only from the initially generated 

singlet excitons of 25% with nanosecond decay lifetime, and due to far slower radiative 

decay, non-radiative decay is dominant for triplets. However, if additional singlet 

excitons are generated by TTA, more excitons are able to participate in an emission 

process, leading to exceeding the IQE limit of 25%. This mechanism is usually 

examined by transient EL, as shown in Figure 2-12(b). With initial prompt emission by 

initially formed singlet excitons, delayed fluorescence is recorded with microsecond 

decay lifetime resulting from additionally generated singlet excitons by TTA.88–94 

 

 

Figure 2-12. (a) Schematic illustration of the efficiency enhancement mechanism in 

fluorescence exploiting the TTA process. (b) Schematic representation of the typical 

transient EL profile observed in fluorescence OLEDs with the TTA process. 
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In principle, the collision of the two triplet excitons gives rise to nine 

configurations of the intermediate spin states, singlet (S = 0), triplet (S = 1), and quintet 

(S = 2), expressed as88,90,96–98 

3A* + 3A* → 1/9 1(AA)* → 1A* + 1A0 (Singlet channel)               (2-15) 

3A* + 3A* → 3/9 3(AA)* → 3A* + 1A0 (Triplet channel)          (2-16) 

3A* + 3A* → 5/9 5(AA)* → 3A* + 1A0 or 3A* + 3A* (Quintet channel)          (2-17) 

where 1A0 is the ground singlet state, 1A* and 3A* are the excited singlet and triplet 

states, and 1(AA)*, 3(AA)*, and 5(AA)* are the intermediate states of singlet, triplet, and 

quintet exciton pairs.  

In general, the energy of quintet states is expected to be higher than the two 

triplets, and with the condition of E(S1) ≤ 2E(T1) < E(T2), the loss channel by the high 

lying triplet (E(T2)) or quintet states can be excluded.93,94 Thus, it is anticipated that the 

faction of singlet generation via one TTA event (f) is 25%. Then, the maximum fraction 

of the series of TTA processes (𝑓TTA) is given by93,94 

𝑓TTA = ∑ (
1−𝑓

2
)

𝑛𝑛=∞

𝑘=0
= 𝑓

1−𝑓

1+𝑓
                          (2-18) 

Accordingly, 𝑓TTA can be calculated to be 15%, and with the initial singlet generation 

proportion of 25%, the theoretical maximum IQE can be 40% in TTA-based fluorescent 

OLEDs. In this case, the fraction of delayed fluorescence is 37.5% (15% / (15% + 

25%)). Furthermore, higher efficiency can be achieved if only singlet exciton generation 

is allowed by the TTA event when the energy level alignment is such that E(S1) ≥ 

2E(T1).93 In this case, 𝑓TTA can be defined as93,94             

         𝑓TTA =
1−𝑓

2
                                    (2-19) 
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Figure 2-13. Typical fluorescent emitters and hosts commonly used in fluorescent 

OLEDs. 

 

Hence, the maximum IQE of 62.5% could be obtained theoretically as the fraction of 

the additional singlet excitons by the TTA process is 37.5% based on Equation 2-19. 

Figure 2-13 shows typical fluorescent emitters and hosts commonly applied in 

fluorescent OLEDs.69,99–102 

 

2.2.2 Phosphorescence 

Phosphorescence is the form of light emission from materials by the radiative 

transition between different spin states, from excited triplet states to ground singlet 

states, unlike fluorescence which occurs by the relaxation between the same excited and 

ground spin states.4,60 In general, the typical PL process (fluorescence) occurs on a 

nanosecond timescale as the spin states are conserved before and after light emission. 
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In contrast, as the transition between triplet and singlet states is spin-forbidden, the 

triplet emission is not generally observed from typical organic materials at room 

temperature. However, it was demonstrated that organo-transition metal complexes, 

especially incorporating iridium or platinum, can show very efficient phosphorescence 

with microsecond decay lifetimes.2–4  

Figure 2-14 shows the schematic illustration for the emission mechanism of 

phosphorescence when excitons are electrically generated. The heavy metal complexes 

allow the singlet excited states of 25% to be converted to triplet excited states by fast 

ISC (order of 1012 to 1013) due to a strong SOC effect, and the same SOC effect renders 

triplet excitons luminescent in such complexes.4 Therefore, 100% of the excitons enable 

participation in the emission process exceeding the efficiency limit of fluorescence by 

a factor of four. Figure 2-15 shows typical iridium and platinum complexes showing 

high efficiency.4,11,103,104  

 

 

Figure 2-14. Schematic illustration of the phosphorescence emission mechanism. 
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Figure 2-15. Examples of typical iridium- and platinum-based phosphorescent emitters. 

 

2.2.3 Thermally activated delayed fluorescence 

In 2011, TADF was proposed as a promising method to harvest triplet excitons 

from pure organic molecules.15 Through TADF, a maximum EQE of around 20%, 

comparable to that of phosphorescence, was attained in 2012.16 As illustrated in Figure 

2-16, a small energy gap (≤ 0.1 eV) between singlet and triplet energy levels enables 

spin up-conversion from non-radiative triplet excited states to radiative singlet excited 

states by RISC.16 Since then, a great deal of research on TADF has been carried out to 

enhance efficiency and stability by applying a diverse combination of donor and 

acceptor moieties to TADF emitters, achieving higher than 20% EQE.105–115 Figure      

2-17 shows the chemical structures of typical TADF materials showing high 

efficiency.16,109,110,112–114 However, low stability due to unstable chemical structure and 

broad spectra resulting from large structural distortion between ground states and 

excited states are the issues necessary to be solved. In 2016, new types of boron- 
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Figure 2-16. Schematic illustration of TADF emission mechanism. 

 

 

Figure 2-17. Chemical structures of typical efficient TADF materials showing high 

efficiency. 

 

containing TADF materials were introduced to overcome the broad spectrum of TADF 

emission via minimising structural relaxation by MR effects (Figure 2-18).17,18 

However, the low device lifetime in TADF OLEDs has not been fully solved yet. 
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Figure 2-18. Multiple resonance (MR) effect in boron-containing TADF materials and 

their chemical structures. Reproduced with permission from the reference 17 (Advanced 

Materials 28, 2777–2781 (2016). Copyright 2015 Wiley-VCH. 

 

Theoretically, the singlet and triplet exciton densities (S and T) in TADF 

materials under photoexcitation are expressed by the following equations,16,116–118 

 
𝑑S

𝑑𝑡
= −(𝑘r,S + 𝑘nr,S)S − 𝑘ISCS + 𝑘RISCT                   (2-20) 

𝑑T

𝑑𝑡
= −𝑘nr,TT − 𝑘RISCT + kISCS                                 (2-21) 

where 𝑘r,S, 𝑘nr,S, and 𝑘nr,T are the radiative and nonradiative rate constants of the singlet 

and the nonradiative rate constant of the triplet, and 𝑘ISC and 𝑘RISC are the rate constants 

of ISC and RISC, respectively. The solutions to Equation 2-20 and 21 can be expressed 

in the form of biexponential decays, 
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 S, T = 𝐴1exp (−𝑘pt) + 𝐴2exp (−𝑘dt)                (2-22) 

where 𝐴1 and 𝐴2 are the fitting parameters of prompt and delayed components, 𝑘p and 

𝑘d are the prompt and delayed emission decay rates, which can be described as116–118 

 𝑘p, 𝑘d =
𝑘r,S+𝑘nr,S+𝑘ISC+𝑘nr,T+𝑘RISC

2
× 

(1 ± √1 −
4(𝑘r,S+𝑘nr,S+𝑘ISC)(𝑘nr,T+𝑘RISC)−4𝑘ISC𝑘RISC

(𝑘r,S+𝑘nr,S+𝑘ISC+𝑘nr,T+𝑘RISC)
2 )            (2-23) 

Assuming that 𝑘r,S, 𝑘nr,S, and 𝑘ISC ≫ 𝑘nr,T and 𝑘RISC, 𝑘p and 𝑘d can be approximated 

by116,117 

 𝑘p = 𝑘r,S + 𝑘nr,S + 𝑘ISC                        (2-24) 

𝑘d = 𝑘nr,T + (1 −
𝑘r,S

𝑘r,S+𝑘nr,S+𝑘ISC
) 𝑘RISC                (2-25) 

The PLQEs of the prompt and delayed emission (𝛷p and 𝛷d) are given by 

 𝛷p =
𝑘r,S

𝑘r,S+𝑘nr,S+𝑘ISC
=

𝑘r,S

𝑘p
                   (2-26) 

 𝛷d = ∑ (𝛷ISC𝛷RISC)𝑘𝛷p
∞
𝑘=1 =

𝛷ISC𝛷RISC

1−𝛷ISC𝛷RISC
𝛷p                    (2-27) 

where 𝛷ISC and 𝛷RISC are the efficiencies of ISC and RISC, described as 

 𝛷ISC =
𝑘ISC

𝑘r,S+𝑘nr,S+𝑘ISC
=

𝑘ISC

𝑘p
                  (2-28) 

 𝛷RISC =
𝑘RISC

𝑘RISC+𝑘nr,T
                         (2-29) 

Also, as the total PLQE (𝛷total) can be divided by 𝛷p and 𝛷d, 𝛷total, 𝛷p, and 𝛷d 

are expressed by119 
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𝛷total = 𝛷p + 𝛷d               (2-30) 

 𝛷p = 𝑟1𝛷total                      (2-31) 

 𝛷d = 𝑟2𝛷total               (2-32) 

 𝑟1 =
𝐴1𝜏p

𝐴1𝜏p+𝐴2𝜏d
               (2-33) 

 𝑟2 =
𝐴2𝜏d

𝐴1𝜏p+𝐴2𝜏d
               (2-34) 

where 𝑟1 and 𝑟2 are the intensity ratio of the prompt and delayed emission, 𝜏p and 𝜏d 

are the decay lifetime constants of the prompt and delayed emission, 𝐴1 and 𝐴2 are the 

fitting parameters of the biexponential fit (𝐴1𝑒−𝑡/𝜏p + 𝐴2𝑒−𝑡/𝜏d) for the transient PL 

curve, respectively. These values are determined experimentally from the fitting of the 

transient PL profile. Accordingly, 𝑘p and 𝑘d are extracted by 

𝑘p =
𝛷p

𝜏p
                (2-35)    

𝑘d =
𝛷d

𝜏d
                (2-36)  

In principle, 𝑘p and 𝑘d are highly affected by ISC, which is the non-radiative 

transition between different spin states. As 𝑘nr,T is significantly lower than 𝑘RISC   

(𝛷RISC ≈ 1), 𝑘ISC can be estimated by 

𝑘ISC =
𝛷d

𝛷p+𝛷d
𝑘p               (2-37) 

Another key process in TADF is RISC. From Equation 2-24⁓29, 𝑘RISC is given 

by 
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𝑘RISC =
𝑘d𝛷RISC

1−𝛷ISC𝛷RISC
=

𝑘p𝑘d

𝑘ISC

𝛷d

𝛷p
                 (2-38) 

Therefore, 𝑘ISC and 𝑘RISC can be extracted from Equation 2-37 and 38, respectively. 

As RISC is thermally activated, delayed emission is highly suppressed at low 

temperature. The temperature dependence of 𝑘RISC on the activation energy 

corresponding to a singlet-triplet energy gap (∆𝐸ST) can be expressed by a Boltzmann 

distribution,16,116 

𝑘RISC ∝ exp (−
∆𝐸ST

𝑘𝐵𝑇
)                         (2-39) 

where 𝑘𝐵 is the Boltzmann constant (8.617 × 10-5 eV·K-1), and T is the absolute 

temperature. Hence, 𝑘RISC is increased at high temperature and small ∆𝐸ST. 

 

2.2.4 TADF- or phosphor-sensitised fluorescence 

In order to tackle the issues that TADF involves, as described in the previous 

section, a new way to harvest triplet excitons to attain 100% IQE was suggested in 

2014,19  which is the concept of using TADF molecules as exciton sensitisers for 

conventional fluorescent emitters, which is termed ‘hyperfluorescence’.20 As depicted 

in Figure 2-19, the triplet excited states of TADF emitters are up-converted to the singlet 

excited states by RISC, and they are transferred to the singlet excited states of 

fluorescent dyes by FRET to contribute to the fluorescent emission, so the IQE of 100% 

is theoretically possible while preserving the photophysical properties of a conventional 

fluorescent material.  

Another way to harness triplet excitons for emitting light from fluorescent 

emitters is to utilise phosphorescent organometallic complexes as exciton sensitisers.  



2.2 Emission mechanisms of OLEDs 34 

 

34 

 

 

Figure 2-19. Schematic diagram for the emission mechanism of TADF-sensitised 

fluorescence. 

 

 

Figure 2-20. Schematic diagram for the emission mechanism of phosphor-sensitised 

fluorescence. 
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This so-called phosphor-sensitised fluorescence concept was initially suggested in 

2000,120 and recently, this has re-attracted much interest from academia since the 

substantial improvement of efficiency and lifetime was achieved.100,102,121–123 Figure     

2-20 is the schematic diagram of phosphor-sensitised fluorescence. FRET enables 

triplet excitons of phosphorescent emitters to be transferred to the singlet energy level 

of fluorescent dyes, leading to efficient fluorescence. There were some attempts to 

realise blue phosphor-sensitised fluorescence in 2018.102,122 Even though the spectral 

overlap between the absorption of fluorescent dyes and the PL of phosphorescent dyes 

was not sufficient, higher than 10% EQE was obtained. 

These types of fluorescence are up-and-coming because highly efficient 

fluorescent OLEDs with excellent colour purity and stability are achievable. However, 

some issues are preventing them from being applied to OLED products. Firstly, as well 

as the sensitiser donor and luminescent acceptor, wide-gap matrix molecules are 

typically included as a third EML component. The third component disperses donor 

molecules, which is typically necessary to prevent donor concentration quenching. 

Dilution into a host is also important for suppressing DET between donors and 

acceptors, which populates the non-emissive acceptor triplet state and constitutes a loss 

pathway. A considerable increase in driving voltage is also inevitable when a wide gap 

matrix is incorporated. Despite the fact that exciplex-forming hosts (mixed hosts of 

electron and hole transport materials) are capable of improving the driving voltage, this 

concept requires at least four components to be used in an EML, which adds further 

structural complexity to the device. Hence, hyperfluorescence has not yet been widely 

chosen for the mass production of OLEDs.100,121,123 Also, the realisation of complete 

deep blue hyperfluorescence is reasonably limited. As sensitisers should have higher 

singlet and triplet energy levels than the singlet energy levels of deep blue fluorescent 

molecules to enable effective exciton energy transfer, the challenge becomes the design 

of stable and efficient sensitisers emitting deep blue or near-ultraviolet (UV) light. 
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However, higher than 25% EQE and high stability with narrow emission spectra were 

recently reported utilising this concept, showing the potential of realising efficient deep 

blue hyperfluorescent OLEDs.21,22  

 

2.2.5 Doublet fluorescence 

Another route to obtain the IQE of 100% in EL devices is to harness doublet 

emission. Doublet fluorescence from organic radicals has been recently much of interest 

due to its potential to achieve very high efficiency avoiding the efficiency limit usually 

related to singlet-triplet spin states in typical organic semiconductors.39–52 One unpaired 

electron gives rise to a doublet spin manifold (Figure 2-4), and the ground and excited 

states are maintained in doublet spin states, leading to the efficient radiative D1 → D0 

transition with nanosecond exciton lifetime. Figure 2-21 shows the schematic diagram 

of doublet fluorescence in EL devices. All of the electrically generated doublet excitons 

 

 

Figure 2-21. Schematic diagram for the emission mechanism of doublet fluorescence. 



37 Theoretical background 

 

37 

 

Figure 2-22. Chemical structures of TTM-based efficient organic radicals. 

 

can be directly formed at radical sites in an EML. Therefore, a maximum IQE of 100% 

can be theoretically achieved. In general, as the organic radicals are dispersed in a wide 

bandgap host, direct charge recombination is the desired EL mechanism rather than 

energy transfer from the host.50,63,64 Figure 2-22 shows some examples of efficient 

organic radicals based on tris-(2,4,6-trichlorophenyl)-methyl (TTM) radical.50,51 



3.1 Photophysics 38 

 

38 

 

Chapter 3 Experimental methods 

This chapter will describe various experimental methods utilised in this thesis 

for investigating photophysics for solutions and thin films and device physics for 

singlet-carrier and full devices. 

 

3.1 Photophysics 

3.1.1 Sample preparation 

For making organic films, glass substrates were prepared, and they were cleaned 

with acetone and isopropyl alcohol with sonification for ten minutes before loading 

them into an evaporator (manufactured by Angstrom Engineering). Next, organic 

materials were loaded in alumina crucibles and were thermally evaporated on glass 

substrates to form amorphous films. The evaporation process was conducted in a 

vacuum chamber under ⁓10-7 Torr. As each organic material has different deposition 

properties, the evaporation process was calibrated based on the measurement of the film 

thickness. First, organic materials were deposited on silicon wafers, and their thickness 

was measured by ellipsometry (J. A. Woollam Co., Inc). Then, the new tooling factor 

was determined by multiplying the initial tooling factor by the ratio of the value 

measured by ellipsometry and the value recorded by the thickness monitor from the 

evaporator. For transient optical measurements, the films were encapsulated in a glove 

box to prevent degradation by air.   
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Regarding solutions, organic molecules were dissolved in solvents, such as 

toluene and tetrahydrofuran (THF), and quartz cuvettes with a 0.1 cm path length are 

used for the steady-state absorption and PL of the solutions. Micropipettes and micro 

scales are utilised to make solutions with accurate concentration. 

 

3.1.2 Steady-state photoluminescence and absorption 

Steady-state PL and absorption spectra provide the basic properties of organic 

materials to estimate how they work with other materials or in devices. Absorption 

spectra were measured by a Shimadzu UV-3600 Plus spectrophotometer. A blank glass 

substrate and a solvent-only cuvette were used for a film and a solution as a reference, 

respectively. Samples were scanned from 800 nm to 200 nm to obtain the absorption 

spectra from NIR to UV regions.  

Luminescence spectra for solutions and films were obtained using an Edinburgh 

Instruments fluorescence spectrometer (FLS980) with a monochromated xenon arc 

lamp. The excitation wavelength was selected based on the absorption spectra of the 

testing films and solutions, and background noise was removed by subtracting the signal 

of the blank samples corresponding to a film and a solution mentioned above. 

 

3.1.3 Photoluminescence quantum efficiency 

Photoluminescence quantum efficiency (PLQE) is one of the most significant 

parameters to assess the performance of emitting materials. The PLQE (𝜂) is formulated 

as124,125 

 𝜂 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
                (3-1) 
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Figure 3-1. Schematic diagram of the three PLQE measurement configurations. 

 

The most common way to measure PLQE is to utilise an integrating sphere.124,125 

There are three measurements necessary to calculate PLQE for the organic materials 

formed on glass or quartz substrates.124 Figure 3-1 shows the schematic illustration of 

the three measurements. The laser is illuminated into the sphere without a sample in the 

first measurement, and the laser intensity is detected by the spectrometer.124 For the 

second measurement, the sample is placed inside the sphere, and the laser is pointed 

onto the sphere wall, and then the third measurement is performed with the laser beam 

being directed onto the sample.124 The absorption (A) and The PLQE (𝜂) are formulated 

as124 

 𝐴 = (1 −
𝐿c

𝐿b
)                  (3-2) 

 𝜂 =
𝑃c−(1−𝐴)𝑃b

𝐿a𝐴
                           (3-3) 

where La, Lb, and Lc are the laser intensity from the first, second, and third measurement, 

respectively, and Pb and Pc are the PL spectra from the second and third measurement, 

respectively.  
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 PLQE measurements were conducted by the method described above using an 

integrating sphere with a nitrogen flow. PL spectra from a sample in an integrating 

sphere were recorded by an Andor spectrometer (Shamrock 303i) with an Andor iDus 

CCD array (Chapter 4) and an Edinburgh Instruments fluorescence spectrometer 

(FLS980) (Chapter 5⁓7). Two samples were made for each material, and their PLQE 

measurements were carried out twice. The PLQE values in this thesis are their average 

values. 

 

3.1.4 Transient photoluminescence 

Transient (or time-resolved) PL spectroscopy is a powerful method for 

investigating the kinetics of excitons in organic semiconductors.126,127 Time-correlated 

single-photon counting (TCSPC) system (Chapter 4) and intensified charge-coupled 

device (ICCD) (Chapter 5⁓7) are the two technologies to measure transient PL 

employed in this thesis. TCSPC is based on the repetitive excitation of a sample by a  

 

 

Figure 3-2. Schematic diagram of the TCSPC measurement setup. 
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laser pulse and the data collection over multiple cycles of excitation and emission.128 

Single photons are detected by a microchannel plate photomultiplier tube (MCP-PMT), 

and their arrival time and the time difference between the excitation pulse and the 

observed photons are recorded by TCSPC electronics (Figure 3-2).128 They are stored 

in a histogram with the time (x-axis) and the number of photons is detected for the time        

(y-axis). In this thesis, samples were excited by a 375 nm laser (PicoQuant,                

LDH-P-C375B), and the signal was detected by an MCP-PMT (Hamamatsu,     

R3809U-50) and a TCSPC electronics (Edinburgh Instruments, Lifespec-ps and 

VTC900 PCI card). 

On the other hand, CCD is a device that converts photons into electron charges 

to obtain an image, consisting of integrated electronic circuits (an array of  

 

 

Figure 3-3. Schematic diagram of the intensifier in an ICCD camera. Reproduced with 

permission from the reference 131 (Computer Methods in Applied Mechanics and 

Engineering 213–216, 383–398 (2012)). Copyright © 2011 Elsevier B.V. 
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photodiodes).128,129 ICCD is a CCD on which an image intensifier is mounted to achieve 

high sensitivity and very fast gate time.129–131 The intensifier consists of a photocathode, 

an MCP, and a phosphor screen (Figure 3-3).129–131 Incident photons are converted into 

electrons as they strike a photocathode, and the photoelectrons are drawn towards the 

MCP by an electric field.129–131 Then, they are multiplied inside the MCP and 

accelerated towards the phosphor screen, converting back into photons detected by the 

CCD coupled to a fibre optic.129–131 Using ICCD, PL spectra for the different time steps 

can be obtained, and the decay kinetics are generally extracted by the integration of the 

spectra at each time. In this thesis, an Andor spectrometer setup (Andor SR303i) with 

an electrically gated ICCD camera (AndoriStar DH740 CCI-010) was utilised, and 

sample excitation was provided by a frequency-doubled 800 nm pulse from Ti:sapphire 

amplifier (Spectra Physics Solstice Ace, 100 fs pulses at 800 nm, 7 W output at 1 kHz). 

The transient PL data provide valuable information such as the nature of the 

excited states, exciton energy transfer kinetics, exciton decay lifetime, and decay 

pathways.126,127 The measured exciton decay lifetime (𝜏) is expressed with the 

combination of radiative and non-radiative processes modelled approximately as 

unimolecular decay processes, which is given by126 

𝜏 =
1

𝑘r+𝑘nr
                  (3-4) 

where kr and knr are the radiative and non-radiative decay rate constants, respectively. 

Furthermore, the value of PLQE is used to calculate the radiative and non-radiative 

decay constants in conjunction with transient PL measurements.124 It can be determined 

with kr and knr, which is formulated as126 

𝜂 =
𝑘r

𝑘r+𝑘nr
                  (3-5) 

Given that the effect of concentration quenching should be taken into account, the  
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concentration quenching rate constant (kCQ) is applied to Equation 3-4 and 3-5, which 

are denoted as132 

 𝜏 =
1

𝑘r+𝑘nr+𝑘CQ
                 (3-6) 

𝜂 =
𝑘r

𝑘r+𝑘nr+𝑘CQ
                 (3-7) 

In general, 𝜏 is obtained by the exponential fitting of transient PL profiles, 

expressed by 

 𝐼 = 𝐴1𝑒−𝑡/𝜏1 + 𝐴2𝑒−𝑡/𝜏2…+𝐴n𝑒−𝑡/𝜏n                              (3-8) 

where I is the PL intensity, 𝐴n is the fitting parameter, 𝑡 is the time. When the materials 

have one decay lifetime constant, their transient PL plots tend to be easily fitted mono 

exponentially (n = 1). However, when exciton energy transfer between two materials 

or spin states is considered, the transient PL profiles have more than one decay lifetime 

constant, so two or more exponential terms are necessary. For example, when hole 

transport and electron transport materials are mixed, an exciplex is formed with a 

narrow singlet-triplet energy gap resulting in rapid prompt emission and strong delayed 

emission.117,133,134 Even from a single material, transient PL profiles can have multiple 

decay lifetime constants, such as TADF materials.16  

 

3.1.5 Transient absorption 

Transient absorption (TA) is another important technique of time-resolved 

spectroscopy, enabling the investigation of exciton dynamics in organic 

semiconductors.135 The kinetics of singlet and triplet excited states and energy transfer  
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Figure 3-4. Schematic diagram of the transitions probed by transient absorption 

measurement. 

 

mechanisms are studied by recording excited state absorption energies and probing their 

change in terms of wavelength and time.135–138 Since the technique was firstly 

introduced in 1950,139 it has been substantially developed, reaching time resolutions on 

the femtosecond scale.140,141 In general, singlet excited states and fast processes, such as 

FRET, are probed by femtosecond-picosecond TA, while triplet excited states and other 

slow processes, such as TTA and ISC, are examined by the nanosecond TA.135–141 

The recorded TA spectra are analysed based on the result of the following 

equation, 

 ∆𝑇/𝑇 =
𝑇𝑝𝑢𝑚𝑝−𝑇

𝑇
                 (3-9) 

where 𝑇𝑝𝑢𝑚𝑝 and 𝑇 are the transmitted spectra with and without pump pulse, 

respectively. Figure 3-4 shows a schematic representation of the transitions probed by 

a TA measurement. Before the pump beam reaches a sample, only the singlet ground 

state (S0) → singlet excited states (Sn) absorption is recorded as the probe beam passes 
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through the sample. When the pump beam hits the sample, numerous molecules in S0 

are excited to S1. As a result, the S1 → higher-lying singlet excited state (S2) absorption, 

termed photo-induced absorption, is detected. In the meantime, the intensity of the S0 

→ S1 absorption is decreased due to the absence of electrons in S0, which is termed 

ground state bleach (GSB). In addition, the triplet excited state (T1) → higher-lying 

triplet excited state (T2) PIA can be detected when the ISC between S1 and T1 is 

possible. Also, the relaxation of excited electrons by emitting photons is detected, 

termed stimulated emission. 

Figure 3-5 shows the schematic illustration of the TA measurement. It was 

performed on setups pumped at a rate of 1 kHz by a regenerative Ti:sapphire amplifier 

(Solstice Ace, Spectra-Physics) emitting sub-100 fs laser pulses centred at 800 nm. 

Sample excitation with 400 nm pump pulses was provided by frequency-doubled        

800 nm pulse from Ti:sapphire amplifier in picosecond–nanosecond TA studies. Short- 

 

 

Figure 3-5. Schematic depiction of the transient absorption spectroscopy principle and 

Contributions to Δ𝐴 (the absorption spectrum of the excited sample minus the 

absorption spectrum of the sample in the ground state): ground state bleach (dashed 

line), stimulated emission (dotted line), excited-state absorption (solid line), and sum of 

these contributions (gray line). Reproduced from the reference 135 (Photosynthesis 

Research 101, 105–118 (2009), open access). Copyright 2009, Springer Nature. 
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time TA studies at different wavelengths of excitation were achieved from the 

wavelength tuneable output of TOPAS commercial optical parametric amplifier (Light 

Conversion), which was pumped by the 800 nm laser pulses from the Ti:sapphire 

amplifier. The pump pulses were chopped at 500 Hz to enable shot-to-shot referencing, 

which accounted for intensity fluctuations in the amplifier. Probe pulses for TA were 

obtained from a set of home-built non-colinear optical parametric amplifier (NOPA) 

systems for the visible (510-790 nm) and infrared (1250-1650 nm) wavelength ranges. 

The NOPA probe pulses were divided into two identical beams by a 50/50 beamsplitter; 

this allowed for the use of a second reference beam for improved signal:noise. The 

probe pulses were detected by Si (Hamamatsu S8381-1024Q) and InGaAs (Hamamatsu 

G11608-512DA) dual-line array with a custom-built board from Stresing 

Entwicklungsbüro. 

 

3.2 Device physics 

3.2.1 Device fabrication 

All OLED devices studied in this thesis were fabricated by a vacuum process 

utilising an evaporator manufactured by Angstrom Engineering. ITO coated substrates 

were cleaned with acetone and isopropyl alcohol, and then oxygen plasma treatment 

was applied to align the energy level with an HTL. Loading/unloading the substrates 

to/from a vacuum chamber was conducted in a nitrogen environment (glove box) to 

prevent degradation by air. All organic layers and a LiF/Al cathode were thermally 

evaporated on the substrates in a vacuum chamber under a high vacuum (⁓107 Torr). 

The evaporation process for each organic layer was calibrated in the same way as 

described in Section 3.1.1. The deposition rate of the organic layers was 1 Å/s for 
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thicker layers (>20 nm) and 0.5 Å/s for thinner layers (< 20 nm). Regarding an EML, 

host and dopant materials were loaded in separate crucibles and were co-deposited 

based on the target doping concentration. For example, for 3% doping, the deposition 

rate of the host is 0.97 Å/s, and that of the dopant is 0.03 Å/s. The doping concentration 

in Chapter 4 means volume percentage, and that in Chapter 5~7 means weight 

percentage. In terms of the deposition for LiF and Al, LiF powder and Al pellets were 

loaded on the alumina coated boat (S38B) and the Al deposition boat (QA00-00011), 

respectively. Then, they were thermally deposited in a vacuum chamber with a 

thickness of 1 nm (0.1 Å/s) and 100 nm (1 Å/s), respectively. 

 

3.2.2 Device characterisation 

Figure 3-6 shows the schematic diagram of the OLED device measurement. In 

this thesis, current, voltage, and luminance data were recorded by a Keithley 2635 

sourcemeter and a calibrated Si photodiode, and EL spectra were obtained by an Ocean 

Optics Flame spectrometer. Based on them, several important values representing 

device performance are extracted, such as EQE (%), power efficiency (PE, lm/W), 

luminance (cd m-2), and radiance (W sr-1 m-2 or mW sr-1 m-2). Also, from the EL spectra, 

colour coordinates are calculated based Commission Internationale de l'Éclairage (CIE) 

1931 colour space. 

One of the essential parameters for OLEDs is an EQE, which can be defined as 

the ratio of the number of photons outcoupled from the EL device to the number of 

electrons flowing through the EL device, 

 EQE =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝐸𝐿 𝑑𝑒𝑣𝑖𝑐𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑓𝑙𝑜𝑤𝑖𝑛𝑔 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝐸𝐿 𝑑𝑒𝑣𝑖𝑐𝑒
=

𝑝𝑞𝜋

𝐼
         (3-10) 
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Figure 3-6. Schematic diagram of the OLED device measurement setup. 

 

where p is the number of photons per second per steradian, q is the value of an electron 

charge (1.602 × 10-19 C), and I is the electric current, the electric charge passing through 

the device per second (1 A = 1 C/s). p is obtained from a photodiode, calculated by 

 𝑝 =
𝐿𝐹𝑑2

𝐴𝐶𝑞×106
                     (3-11) 

where L is the photodiode output voltage, F is the photodiode calibration factor, d is the 

distance between a device and a photodiode, A is the photodiode area, C is the average 

photodiode quantum efficiency of the photodiode weighted EL spectrum, expressed as 

∫ 𝑄(𝜆)𝑆(𝜆)𝑑𝜆

∫ 𝑆(𝜆)𝑑𝜆
 where Q is the photodiode quantum efficiency (the fraction of incident 

photons and electrons generated by incident photons), and S is the device EL spectrum. 

The factor of 106 originates from a 1 MΩ resistor in the photodiode to obtain the 

photodiode output voltage.  

PE is defined as the ratio of the luminous flux (lm), which is the measure of the 

power of visible light weighted by the human eye sensitivity (P), to the total power  
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applied to a device, calculated by 

 PE =
∫ 𝑃(𝜆)𝑆(𝜆)𝑑𝜆

𝐼·𝑉
                (3-12) 

where V is the voltage, and 𝜆 is the wavelength. 

 Luminance is defined as the luminous intensity (luminous flux per unit steradian) 

per unit area of a device (R), calculated by 

 Luminance =
∫ 𝑃(𝜆)𝑆(𝜆)𝑑𝜆

𝜋·𝑅
               (3-13) 

As luminance is not applicable to NIR EL devices, radiance is utilised instead. 

Radiance is defined as radiant flux (radiant energy per unit time) per steradian per R, 

calculated by 

 Radiance =
𝑝 ∫ 𝑆(𝜆)𝑑𝜆

𝑅 ∫
𝑆(𝜆)

ℎ𝑐/𝜆
𝑑𝜆

               (3-14) 

where h is the Planck constant (6.226 × 10-34 J·Hz-1) and c is the speed of light          

(2.998 × 108 m·s-1). 

CIE colour coordinates (CIEx,y) were created by the International Commission 

on Illumination (or its French name: Commission Internationale de l'Éclairage) in 1931,  

and they can be calculated utilising the 1931 CIE standard observer colour matching 

functions (x̄(𝜆), ȳ(𝜆), and z̄(𝜆)) displayed in Figure 3-7.142,143 The XYZ tristimulus 

values are calculated by the following equations,142,143  

 X = ∫ x̄(𝜆)𝑆(𝜆)𝑑𝜆                (3-15) 

 Y = ∫ ȳ(𝜆)𝑆(𝜆)𝑑𝜆                (3-16) 

 Z = ∫ z̄(𝜆)𝑆(𝜆)𝑑𝜆                (3-17) 
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Figure 3-7. CIE standard observer colour matching functions. 

 

 

Figure 3-8. The CIE chromaticity diagram with the colour spaces of sRGB, Adobe 

RGB, and DCI-P3.  
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Table 3-1. The colour coordinates of sRGB, Adobe RGB, and DCI-P3.  

 

 
Blue Green Red 

CIEx CIEy CIEx CIEy CIEx CIEy 

sRGB 0.150 0.060 0.300  0.600 0.640 0.330 

Adobe RGB 0.150 0.060 0.210 0.710 0.640 0.330 

DCI-P3 0.150 0.060 0.265 0.690 0.680 0.320 

  

From these values, the colour coordinates of x and y are calculated by,142,143 

 x =
X

X+Y+Z
                 (3-18) 

 y =
Y

X+Y+Z
                 (3-19) 

Figure 3-8 shows the CIE chromaticity diagram and the three representative standard 

colour spaces that have been applied to displays, and Table 3-1 shows the specific 

colour coordinates of the colour spaces.142–146 

 

3.2.3 Single-carrier device and space-charge-limited current 

There are several experimental techniques to estimate the carrier mobility of 

organic molecules. In general, the most common way which has been widely exploited 

for obtaining carrier mobility is the time-of-flight (TOF) technique.147 The carrier 

transport in organic semiconductor films can be directly observed under laser excitation, 
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and the mobility is measured based on the transient photocurrent monitoring as holes or 

electrons drift to the charge-collecting electrode. Nonetheless, the main disadvantage of 

the method is the requirement of the micrometre scale thick organic layer resulting from 

the low electrical signal. It is challenging to form such a thick film through a thermal 

evaporation process due to enormous material consumption and the long time necessary 

for depositing the material. Also, the direct application of the mobility from TOF may 

not be possible in the sense that the thickness of organic layers in OLEDs is generally 

under 100 nm. 

A useful alternative to the method mentioned above is to utilise the space-  

 

 

Figure 3-9. Schematic diagram of the typical current density-voltage curves in dielectric 

materials. Reproduced with permission from the reference 150 (Journal of Applied 

Physics 129, 100902-1‒32, (2021)). Copyright 2021 AIP Publishing LLC. 
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charge-limited current (SCLC) model based on single-carrier devices.148–151 Figure 3-9 

shows the schematic representation of the current density-voltage (J-V) curve in 

dielectric materials. The model assumes trap-free solids, but in practice, current flow is 

limited by trap states. However, as voltage increases, trap states are filled, and 

consequently, the J-V curve shows the trap-free SCLC behaviour at high voltage.150–152 

The principal merit of this technique is that the carrier mobility of organic 

semiconductors can be directly estimated by the equation defined by the Mott-Gurney 

law. Therefore, the steady-state SCLC from single-carrier devices has been exploited to 

derive both hole and electron mobility of organic materials.153–156 To analyse the charge 

mobility of organic materials, the J-V characteristics of single-carrier devices are 

examined utilising the Mott-Gurney law, expressed as 

𝐽 =
9

8
𝜀𝜀0𝜇

𝑉2

𝐿3
                           (3-20) 

where 𝐽 is the current density, 𝜀 is the relative dielectric constant, 𝜀0 is the permittivity 

of the free space, 𝜇 is the carrier mobility, 𝐿 is the thickness of the organic layer, and 𝑉 

is the voltage. However, 𝜇 is electric-field dependent ascribed to energetic disorder in 

an amorphous film resulting from the interaction of each hoping charge with randomly 

oriented and located dipoles.157–159 Hence, 𝜇 can be expressed by the Poole-Frenkel 

equation, 

𝜇(𝐸) = 𝜇0exp (𝛾√𝐸)                           (3-21) 

where 𝜇0 is the zero-field mobility, 𝛾 is the field activation of the mobility, 𝐸 is the 

electric field (V/L). From Equation 3-20 and 21, the filed-dependent SCLC equation 

can be approximated as148,157,158 

𝐽 =
9

8
𝜀𝜀0

𝑉2

𝐿3
𝜇0exp (0.891𝛾√𝐸)                 (3-22) 
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Figure 3-10. Schematic diagram of (a) hole-only device (HOD) and (b) electron-only 

device (EOD) structures with buffer layers to make a single-carrier current. 

 

In general, hole transporting and electron transporting materials can show a 

single carrier flow without additional buffer layers.154–156 However, for bipolar materials 

incorporating both electron donating and accepting moieties in a single molecule, the 

proper buffer layers between a layer of the testing organic material and the two 

electrodes are necessary to make electron- and hole-only devices (EODs and HODs), 

as shown in Figure 3-10. For HODs, the organic layer is sandwiched by hole 

transporting materials having high LUMO to block electron injection and allow hole-

only current. In contrast, for EODs, the organic layer is sandwiched by electron 

transporting materials having deep HOMO to block hole injection and achieve an 

electron-only current. Single-carrier devices studied in this thesis were designed based 

on this concept. For better electron blocking for HODs, 1,4,5,8,9,11-hexaazatri 

phenylene hexacarbonitrile (HATCN) can be selected as buffer layers (Section 4.8).108   

 

3.2.4 Transient electroluminescence 

Transient EL is a powerful method to explore the fundamentals of device physics 

associated with the characteristics of OLEDs, such as charge transport, charge trapping, 
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charge carrier accumulation, exciton formation, exciton energy transfer, and exciton 

annihilation.160–166 Accordingly, it has been widely applied to investigate the emission 

mechanism of OLEDs as the transient EL profiles show the results of the exciton 

dynamics in the EL devices. Figure 3-11 shows the schematic diagram of the transient 

EL setup utilised in the research in this thesis. The transient EL characteristics were 

recorded by an Andor spectrometer setup (Andor SR303i) with an electrically gated 

ICCD camera (AndoriStar DH740 CCI-010). The voltage pulse was given by a Keithley 

2401 function generator. 

One of the most commonly observed transient EL features is the EL overshoot 

after turn-off. The interpretation for this is highly dependent on how device 

architectures and host-dopant combinations are designed, but these EL features are 

typically ascribed to the delayed recombination of remaining trapped charge carriers in  

 

 

Figure 3-11. Schematic diagram of the transient EL setup. 
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devices.160,164–166 It was reported that due to a relatively wide energy gap difference 

between host and dopant, charges tend to be trapped and stored at dopant sites during 

operation, causing the EL overshoot after turn-off.160,165,166 Also, as the charges are 

accumulated at the interface of EML and charge transporting layers, the accumulated 

charges can contribute to the additional emission after turn-off.160 However, charge 

trapping or accumulation causes large efficiency roll-off and low device stability.78,79 

However, they are substantially reduced by exploiting ambipolar hosts or mixed hosts 

in an EML, leading to improved charge transport and balance, which is proved by the 

transient EL profiles not showing or showing considerably reduced EL overshoot after 

turn-off.78,79,165  

Furthermore, triplet contribution to the EL in fluorescent OLEDs has been 

proved by harnessing the transient EL measurement.89,91–94 As mentioned in Section 

2.2.1, transient EL profiles show delayed emission resulting from the additional singlet 

excitons generated by TTA. Transient PL is unable to show the TTA-induced delayed 

emission as only singlets are formed by photoexcitation. However, due to the three 

times higher population of triplet excitons than singlet excitons under electrical 

excitation, strong delayed emission can be observed in transient EL profiles if TTA 

effectively occurs.89,91–94  

 

3.2.5 Magneto electroluminescence 

Magneto EL (MEL) has been widely utilised to investigate exciton dynamics in 

EL devices. A magnetic field induces the Zeeman splitting, which is the splitting of 

atomic energy level in the presence of the external magnetic field,167 in organic 

semiconductors resulting in different MEL tendencies in different systems owing to 

magnetic interactions.168–180 MEL is understood based on the polaron-pair model 
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(Figure 3-12).181–184 As holes and electrons are injected from an anode and a cathode, 

free charge carriers (positive and negative polaron, P+ and P-) are weakly bound at an 

EML to form singlet and triplet polaron pairs (SPP and TPP) with a statistical ratio of 

1:3.181–184 They can either dissociate to polarons or recombine to form singlet and triplet 

excitons (SE and TE). The density of SPP and TPP relies on the effective decay rates of 

SPP and TPP, 𝑘S = 𝑘D + 𝑘SE and 𝑘T = 𝑘D + 𝑘TE as well as the ISC between SPP and 

TPP.183,184 The Zeeman splitting induced by an external magnetic field affects hyperfine 

interaction between each polaron and its neighbouring nuclei and SOC between the spin 

of polaron-pairs and the molecule orbital moment, leading to the disturbance of the SPP 

and TPP spin mixing and changes in interconversion between SPP and TPP, which can 

result in positive or negative MEL.174,175,177,182–184 MEL is defined by  

 MEL (%) =  
EL(𝐵)−EL(0)

EL(𝐵)
× 100             (3-23) 

 

 

Figure 3-12. Schematic diagram of the dissociation and recombination for polaron pairs 

in an EML in OLEDs. Reproduced with permission from the reference 184 (Journal of 

Chemical Physics 144, 1‒10 (2016)). Copyright 2016 AIP Publishing LLC. 
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where EL(B) is the EL under a magnetic field (B), and EL(0) is the EL without a 

magnetic field (B = 0). 

Figure 3-13 shows the schematic diagram of the MEL measurement setup. A 

sourcemeter controls voltage and current applied to the device, and a magnetic field 

applied to the device is measured by a gauss meter. An EL device was positioned 

between magnet cores (GMW 3470 electromagnet), and a Keithley 2635 sourcemeter 

was utilised to apply the voltage to the device. Its EL spectrum was recorded by an 

Andor spectrometer (Shamrock 303i and iDus camera) with and without a magnetic 

field. 

 

 

Figure 3-13. Schematic illustration of the MEL measurement setup. 
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3.3 Measurement uncertainty and error 

Measurement is the set of operations to determine a value of a quantity that is 

intended to be measured and conducted to investigate and compare the properties of 

research subjects, which is one of the essential parts of experimental studies.185–187 As 

described in Section 3.1 and 3.2, various measurements were utilised to quantify the 

characteristics, exploiting appropriate measuring instruments. However, when the 

experimental data are analysed, measurement uncertainty and error should be taken into 

account, which is briefly described in this section.  

 

3.3.1 Measurement uncertainty 

No measurement is perfect, despite the measuring instruments being set up as 

carefully as possible; in other words, there is always a margin of doubt about the 

measurement result, which is uncertainty.185,186 There are many factors affecting the 

measurement results, such as the resolution and performance of the instruments, 

operator skills, the quality of the item being measured, sampling issues, the 

measurement conditions and environment, and the measurement process, in addition to 

the unknown factors that are not recognised.185,186  Due to these factors, repeated 

measurements tend to give different results with some variations. Therefore, basic 

statistical calculations are used to ensure the measurement results, such as the average 

(arithmetic mean) and standard deviation.185,186 Also, it is vital to minimise the 

uncertainties for the credibility of the measurement results. To be specific, it is 

necessary to calibrate the measuring instruments and set them up based on the 

instructions provided by the suppliers. In addition, following the standard measuring 

process with making it traceable is important to obtain reliable results and correct them 
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if they deviate from the expected range, and software and calculations are needed to be 

inspected.185,186 For example, when the device characteristics are measured, several 

factors affecting the results have to be considered. The device intended to be measured 

should be placed perpendicularly to the photodiode, and the distance between them 

should be measured as accurately as possible. Also, the quality of each pixel in the 

device is needed to be inspected by checking the leakage current level so that the device 

performance cannot be underestimated, and the input parameters for the software should 

be checked to ensure the measured device characteristics. In addition, the spectrometer 

is necessary to be well calibrated to obtain the correct emission spectrum, and the 

accuracy of the Keithley source metre (±0.02%) may be checked if issues related to the 

input voltage are encountered. 

 

3.3.2 Measurement error 

Error is different from uncertainty. Uncertainty is a doubt about the measurement 

results, while error is the difference between the ‘measured’ value and the ‘true’ 

value.185,186 There are two aspects that should be considered for measurement error: 

random and systematic error.185,186 Random error means an error that randomly occurs 

in the repeated measurements, giving different results with unpredictable or stochastic 

variations.185,186 If more measurements are conducted, a better estimate will be obtained 

by averaging the measured values, leading to the reduction of the error.185,186 On the 

other hand, the systematic error originates from a recognised effect, such as the inherent 

measurement setup or procedure, so it is predictable and can be corrected by appropriate 

calibration or calculation.185,186 
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Chapter 4 Investigations of exciton energy transfer 

and charge transport in hyperfluorescent OLEDs 

with carbene-metal-amides 

4.1 Introduction 

FRET from triplet-harvesting assistant dopants to singlet emitters has been 

identified as a concept with the potential to improve operational stability and colour 

purity simultaneously.19,188–194 The particular approach utilising TADF-type molecules 

as the assistant dopants in conjunction with conventional fluorescent emitters is termed 

‘hyperfluorescence’.20 Hyperfluorescent EMLs use composites of multiple functional 

materials. Transport is typically handled by a host matrix, and interconversion of singlet 

and triplet states is managed by an assistant dopant, while the shape of the emission 

spectrum is managed by a fluorescent dopant. Dispersal of emissive components in a 

host matrix also acts to suppress concentration quenching and parasitic DET to the 

fluorescent dopant. The requirement for a host matrix means that a considerable 

increase in driving voltage is inevitable. Two-component exciplex-forming hosts may 

be capable of addressing this problem, though the concept requires at least four 

materials to be used in the EML, which is one reason why hyperfluorescence is not 

widely implemented in displays.22,100,121,123 

In 2017, coinage metal-based organometallic emitting materials (carbene-metal-

amides, so-called CMAs) exhibiting TADF-like characteristics were introduced with 

exceptionally rapid mixing of spin states and large oscillator strengths.195 Interestingly, 
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even in a neat solid film, high PLQE of 83% was achieved for some CMA compounds. 

This implies an absence of significant concentration quenching, potentially due to weak 

intermolecular interactions, in part arising due to the tendency of many CMAs to anti-

align in the solid phase.196,197 This suggests that CMA-type organometallic compounds 

may be good candidates for realising efficient hyperfluorescent OLEDs without a host 

matrix, in the sense that the assistant dopant could fulfil the role normally played by the 

host. If the host may be removed without a significant drop in quantum efficiency, PE 

will be dramatically increased. Moreover, an emitting system with only two 

components is advantageous for eventual OLED manufacture. 

This chapter explores matrix-free hyperfluorescene (MFHF) OLEDs with a 

simple device structure achieving comparable quantum efficiency and significantly 

improved PE versus equivalent devices employing a host matrix. Compounds CMA1 

and CMA4 are employed as hosts,195 (synthesised by Dr Alexander Romanov, 

Department of Chemistry, University of Manchester) and 5,6,11,12-tetraphenyl 

naphthacene (rubrene) and 2,8-di(tert-butyl)-5,11-di[4-(tert-butyl)phenyl]-6,12-

diphenylnaphthacene (TBRb) are examined as dopants.198,199 From the absorption and 

PL spectra of the hosts and dopants, Förster radii are calculated to predict the 

effectiveness of FRET between them. In order to investigate exciton energy transfer 

more directly, PL quenching measurements are performed. PLQE and transient PL 

measurements are employed to show the influence of tert-butyl substituents and doping 

concentration on FRET and DET. Next, the characteristics of the hyperfluorescent 

OLEDs are explored. In CMA1-based devices, the driving voltage of the MFHF devices 

is considerably reduced at 1000 cd/m2, in line with the approximately two-fold increase 

in PE compared to devices employing a host matrix. Maximum EQEs of 15.2% and 

16.5% for CMA1 and CMA4 MFHF devices are observed, versus 16.3% and 18.1%, 

respectively, when employing a host matrix. To further investigate the different features 
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of CMA1 and CMA4 in EL devices, the charge transporting abilities of CMA1 and 

CMA4 are examined based on analysing single-carrier devices. Hole and electron 

mobility for CMA1 is extracted from SCLC measurement. It is shown that faster charge 

transport in CMA1 than in CMA4 is correlated with their different device 

characteristics. 

 

4.2 Förster resonance energy transfer 

CMAs can achieve high PLQE even in neat films. Table 4-1 shows the values of 

absolute PLQE for thermally evaporated films of CMA1 and CMA4 diluted in             

1,3-bis(N-carbazolyl)benzene (mCP) and their neat films, which were measured in an 

integrating sphere under a nitrogen flow with a calibrated spectrometer.124 The 

comparable and high PLQE values (81±5 %) imply that CMAs can serve as a single 

host for hyperfluorescent OLEDs. 

First, exciton energy transfer between exciton donors and exciton acceptors is 

examined. Once singlet and triplet excitons are generated on a donor, they may transfer 

to nearby acceptors via FRET and DET mechanisms. Minimising DET and maximising 

FRET is a way to optimise the performance of hyperfluorescent OLEDs. Even though 

high PLQE is available in neat films for CMAs, if a host matrix is not utilised, triplet 

diffusion via DET to the fluorescent sites will be possible since the CMAs and 

fluorescent emitters are in close contact.200 It was recently demonstrated that the 

adoption of appropriate substituents attached to fluorescent emitters for the separation 

of donors and acceptors is a useful method for suppressing DET since the likelihood of 

transfer varies exponentially with chromophore spacing.190 In this work, CMA1, 

CMA4, rubrene, and TBRb (molecular structures shown in Figure 4-1) are employed to 
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explore the influence of steric bulk, introduced via tert-butyl substituents (TBRb is tert-

butyl substituted rubrene, and CMA4 is tert-butyl substituted CMA1), on DET 

efficiency between CMAs and fluorescent emitters. 

 

 

Table 4-1. The PLQE values of CMAs and those diluted in mCP and the Förster radii 

for each combination of those with rubrene and TBRb.  

 

 CMA1 100% 
mCP:CMA1 

20% 
CMA4 100% 

mCP:CMA4 

20% 

PLQE (%) 83 86 76 82 

Rubrene 
R0 

(nm) 

3.48 3.40 3.30 3.34 

TBRb 3.79 3.70 3.62 3.64 

 

 

 

 
Figure 4-1. (a) Chemical structures and (b) PL and absorption spectra of CMA1, CMA4, 

rubrene, and TBRb. 
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Figure 4-2. Refractive index of CMA1, CMA4, and mCP. 

 

FRET operates on the basis of resonant dipole coupling, with long-range energy 

transfer between the singlet excited states of two molecules achieved by virtual 

emission and absorption processes.81 As such, the spectral overlap between the PL of 

the donor and the absorption of the acceptor is vital for effective FRET. FRET between 

CMAs and fluorescent emitters is studied via the calculation of the Förster radius (R0), 

which is the critical distance that 50% of singlet excited states of donors can be 

transferred to those of acceptors, expressed as81–84 

𝑅0
6 =

9000 ln 10𝜂𝐷𝜅2

128𝜋5𝑁𝐴𝑛4 ∫ 𝜆4𝐹D(𝜆)𝜖A(𝜆)𝑑𝜆              (4-1) 

where NA is Avogadro’s number, n is the refractive index, 𝜂D is the PLQE of the donor, 

𝜅 is the dipole orientation factor, 𝜆 is the wavelength, FD is the PL spectrum of the 

donor normalised to unity, and 𝜖A is the molar decadic absorption coefficient of the 

acceptor. Absorption and PL spectra are shown in Figure 4-1(b). Figure 4-2 presents 

refractive index measurements of neat CMA1, CMA4, and mCP, obtained by 
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ellipsometry. At 550 nm, the values of n are 1.65, 1.61, and 1.74, respectively. 𝜅 in a 

randomly orientated amorphous film is 0.845√2/3, which is used for the calculation 

of R0.201 As shown in Table 4-1, the calculated values of R0 for CMA1 and CMA4 with 

rubrene are 3.48 nm and 3.30 nm, and with TBRb are 3.79 nm and 3.62 nm, 

respectively. Those for CMA1 and CMA4 diluted in mCP with rubrene are 3.40 nm 

and 3.34 nm, and with TBRb are 3.70 nm and 3.64 nm, respectively, indicating that 

FRET is achievable at low doping concentration. The absorption spectra of rubrene and 

TBRb and the PL spectra of CMAs are well-overlapped with each other, and the 

absorption coefficient of TBRb is higher than that of rubrene, resulting in a larger R0. 

 

4.3 Photoluminescence quenching measurement 

In order to explore exciton energy transfer in a CMA-based host-guest emitting 

system in detail, PL quenching measurements in a CMA4:mCP:rubrene system were 

performed to obtain exciton quenching efficiency (𝜂𝐸𝑄).202,203 As presented in Figure       

4-3(a), mCP was adopted as a host to dilute rubrene and as a spacer layer to separate 

CMA4 from rubrene. After 10 nm of an mCP:rubrene 95:5% quencher layer is 

deposited on glass, a pure mCP spacer layer is deposited on top, followed by a 10 nm 

CMA4 sensitisation layer. The thickness of the mCP spacer layer varies from 0 nm to 

10 nm. From the measurements of quenched PL (PLQ) and non-quenched PL (PLNQ), 

𝜂𝐸𝑄  of CMA4 is constructed by 1-PLQ/PLNQ.202 In this structure, when CMA4 is 

excited, excitons formed in CMA4 are transferred to diluted rubrene via FRET (singlets) 

or DET (triplets). mCP is not expected to directly participate in exciton energy transfer 

since its singlet and triplet energy levels are much higher than those of either CMA4 or 
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Figure 4-3. (a) Schematic illustration of the structures for PL quenching measurements. 

(b) PL spectra variation with the different thickness of an mCP spacer layer.  
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Figure 4-4. (a) Variation of the exciton quenching efficiency of CMA4 and (b) 

normalised integrated PL intensity from rubrene as a function of spacer layer thickness. 

Exciton quenching for CMA4 is attributed to both FRET and DET between 0 nm and  

1 nm thick spacer layer. For higher spacer thicknesses, the regimes in which first DET, 

and then FRET, are turned off are shown. The PL of rubrene is sensitised only via 

FRET, so no signature from the change in DET efficiency is seen.  

 

rubrene, so it acts primarily as an inert spacer. For PLNQ, CMA4 10 nm was directly 

deposited on glass without the spacer and quencher layer as a control sample. Figure   

4-3(b) displays the PL spectral dependence on the thickness of the spacer layer. When 

the mCP layer thickness is below 2 nm, the strong emission from rubrene with a peak 

wavelength at around 560 nm is observed with the reduced emission contribution from 

CMA4, meaning that singlet excitons formed in CMA4 are effectively transferred to 

rubrene via FRET. As the mCP layer thickness increases, the proportion of rubrene 

emission decreases and that of CMA4 emission increases. At a spacer thickness of         

10 nm, the PL spectrum almost recovers that of the neat CMA4 control, since the CMA4 

layer and mCP:rubrene 5% layer are sufficiently separated to block exciton energy 

transfer. 𝜂𝐸𝑄 of CMA4 and the normalised integrated PL intensity of rubrene are 

obtained from the decomposed CMA4 and rubrene spectra, which are extracted by 

subtracting a linearly-scaled CMA4-only spectrum from the total PL spectrum. 
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Figure 4-4(a) and (b) show the variation of normalised 𝜂𝐸𝑄 and normalised 

integrated PL intensity with spacer thickness. While 𝜂𝐸𝑄 of CMA4 drops significantly 

for greater than 2 nm of the spacer layer, the normalised integrated PL intensity of 

rubrene only falls substantially for greater than 3 nm of the spacer layer. This is 

interpreted as originating from the difference between FRET and DET characteristics. 

Since DET is an electron exchange process, it typically occurs below 1 nm 

intermolecular distance. Accordingly, both DET and FRET are expected to contribute 

between 0 nm and 1 nm spacer layer thickness. However, for spacer layers of 2 nm and 

greater, excitons primarily migrate via FRET. Therefore, the decrease in 𝜂𝐸𝑄 of CMA4 

observed up to 2 nm spacer thickness is attributed to the proportion of quenching due 

to DET, while the decrease in 𝜂𝐸𝑄 from 3 nm onwards results from reduced quenching 

due to FRET, in qualitative agreement with the expected Förster radius between CMA4 

and rubrene. Concomitantly, light emission from rubrene drops for spacer layers beyond  

3 nm as indirect excitation of rubrene singlets reduces. It is shown that DET causes 

triplet excitons generated in donors to be partly wasted, not contributing to an emission 

process. Also, FRET is not effective over distances greater than around 4 nm, in 

agreement with calculations. If a longer Förster radius were achieved, a greater 

proportion of excitons would be able to be transferred to acceptors via FRET. 

 

4.4 Photoluminescence quantum efficiency 

To explore the behaviour of different material combinations, PLQE was 

measured for the CMA-based hyperfluorescent films with and without a host matrix 

and varying doping concentrations. The values are summarised in Table 4-2. The PL 

spectra of the films are also measured using a fluorimeter, as shown in Figure 4-5,  
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Figure 4-5. (a) and (b) show PL spectra of 2% rubrene or TBRb doped in mCP:CMA1 

20% and mCP:CMA4 20% films. PL spectra of rubrene or TBRb doped in CMA1 or 

CMA4 films are plotted in (c), (d), (e), and (f), respectively, with the variation of doping 

concentration. 
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indicating that in all cases, most of the emission is from rubrene or TBRb. As expected, 

as doping concentration increases, the PLQE values are substantially reduced, which is 

interpreted as arising from the increased probability of triplet DET between the CMAs 

and the emitters. There may also be an effect of concentration quenching, but rubrene 

and TBRb are known to experience negligible concentration quenching at low doping 

concentrations (<5%).198,199 The highest quantum efficiency is observed for 

conventional hyperfluorescent films where both donor and acceptor are dispersed in a 

matrix, reducing the probability of DET. In matrix-free films, rubrene shows relatively 

poor performance, achieving 34-38% PLQE at 2% concentration. By contrast, the 

performance of bulkier TBRb is better, and when paired with the bulkier derivative 

CMA4, the relative drop in performance at higher doping concentration is considerably 

reduced. This is ascribed to suppressed DET resulting from larger inter-chromophore 

spacing due to tert-butyl substituents in both CMA4 and TBRb. 

 

Table 4-2. The PLQE values of rubrene or TBRb doped in CMA1, CMA4 and those 

diluted (at 20%) in mCP. 

 Rubrene TBRb 

Doping (%) 2 4 10 2 4 10 

CMA1 

PLQE 
(%) 

38 25 8 57 37 24 

CMA4 34 19 8 45 50 40 

mCP:CMA1 78 - - 74 - - 

mCP:CMA4 67 - - 73 - - 
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4.5 Exciton decay kinetics and energy transfer pathway 

To better understand these implied exciton dynamics, transient PL was measured 

by TCSPC. Figure 4-6(a) illustrates a schematic representation of the exciton energy 

transfer mechanism and decay pathways for CMA-based hyperfluorescence. Once 

excitons are formed in CMAs, they convert rapidly between singlet and triplet excited 

states via RISC and ISC and migrate to fluorescent emitters via FRET or DET. Transient 

PL kinetics were measured at the peak emission wavelengths, which are 510 nm and 

535 nm for CMA1 and CMA4, 490 nm and 515 nm for mCP:CMA1 20% and 

mCP:CMA4 20%, and 560 nm for rubrene and TBRb, respectively, depicted in Figure 

4-7. CMAs and the acene emitters are expected to be dispersed with a broad range of 

intermolecular distances. Accordingly, decay kinetics are not mono-exponential since 

both FRET and DET are strongly dependent on intermolecular distance. From a multi-

exponential fit with three components, the average (intensity-weighted) decay time (𝜏) 

of rubrene and TBRb diluted in CMA1, CMA4, mCP:CMA1 20%, and mCP:CMA4 

20% were calculated as 𝜏 =
∑ 𝐴𝑖𝜏𝑖

23
𝑖=1

∑ 𝐴𝑗𝜏𝑗
3
𝑗=1

, where 𝐴𝑖 and 𝜏𝑖 are the amplitude and lifetime of 

the ith decay component, respectively. The kinetics of CMA1, CMA4, mCP:CMA1 

20%, and mCP:CMA4 20% without fluorescent dopants were fitted with double 

exponential decays to derive 𝜏. In general, 𝑘r and 𝜏 are expressed as126 

𝑘r =
𝜂

𝜏
                             (4-2)

 𝜏 =
1

𝑘r+𝑘nr
                  (4-3) 

where 𝜂 is the value of PLQE, and where 𝑘r and 𝑘nr are the overall radiative and 

nonradiative rates of the system, respectively. The system is parameterised in terms of 

the individual radiative (r) and nonradiative (nr) rates shown in Figure 4-6(a), with 
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𝑘FRET and 𝑘DET, the characteristic FRET and DET rates from CMA to fluorescent 

dopant, respectively. The decay of triplets on the fluorescent dopant (𝑘T) is taken to be 

entirely nonradiative. Note that for brevity, 𝑘nr,CMA incorporates both nonradiative 

singlet and triplet decay, and it is assumed that ISC rapidly mixes the singlet and triplet 

populations on the CMA materials. 

Under the assumptions that 𝑘r,F ≫ 𝑘nr,F and 𝑘r,F ≫ 𝑘FRET where 𝑘r,F and 𝑘nr,F 

are the fluorescent radiative and nonradiative decay rate, respectively, the following 

equations are obtained as 

𝑘r ≈ 𝑘r,CMA + 𝑘FRET                (4-4) 

𝑘nr ≈ 𝑘nr,CMA + 𝑘DET                (4-5) 

 

 

Figure 4-6. (a) Schematic representation of the energy diagram for exciton decay and 

energy transfer pathways for CMA-based hyperfluorescence. (b) The ratio of DET and 

FRET rates for the films of rubrene or TBRb doped in CMA1 or CMA4 with the 

variation of doping concentration. The FRET rate was derived from Equation 4-8, and 

the DET rate was calculated from Equation 4-7. 
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Figure 4-7. Comparison of transient PL kinetics. (a) and (b) show the transient PL for 

dopant-free mCP:CMA1 or CMA4 20% and rubrene or TBRb doped in mCP:CMA1 or 

CMA4 20% films. (c), (d), (e), and (f) display the transient PL for dopant-free CMA1 

or CMA4 and rubrene or TBRb doped in CMA1 or CMA4 films. 
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𝜂 =
𝑘r,CMA+𝑘FRET

𝑘r,CMA+𝑘nr,CMA+𝑘FRET+𝑘DET
               (4-6) 

i.e., the fluorescent emitter acts as a radiative sink for singlets and a nonradiative sink 

for triplets. These expressions are valid, assuming the fluorescent dyes have close to 

unity PLQE with radiative decay rates much higher than kr,CMA. PLQE for both rubrene 

and TBRb is close to unity, negligible concentration quenching is expected, and their 

radiative rates are of order 109 s-1.198,199 kDET can, therefore, be approximated from 

Equation 4-3~6 as 

𝑘DET ≈ 𝜏−1 − 𝑘𝑛𝑟,𝐶𝑀𝐴 − 𝑘r,CMA − 𝑘FRET                  (4-7) 

while kFRET may be obtained from Equation 4-2 and 4-4 as 

𝑘FRET ≈
𝜂

𝜏
− 𝑘r,CMA                 (4-8) 

𝜂 and 𝜏 are determined for each experiment, and 𝑘r,CMA and 𝑘nr,CMA are obtained from 

single-component films. The decay time and rate constants are summarised in           

Table 4-3. Figure 4-6(b) shows the ratio of kFRET and kDET depending on the host-dopant 

combination and doping concentration. Regarding the CMA:rubrene mixed films, the 

dominance of DET over FRET at all doping concentrations explains their poor PLQE 

performance and precludes the use of rubrene-based composites in MFHF OLEDs. kDET 

and kFRET for CMA:TBRb mixed films are much more similar, with CMA4:TBRb, 

which is the most promising candidate by this metric, explaining its relatively good 

PLQE performance even at higher doping concentrations. Thus, it is inferred that steric 

hindrance between the bulkier hosts and dopants is effective in suppressing DET in 

these composites. The slight deviation from the monotonic increase at CMA4:TBRb 

2% is probably due to the fact that tert-butyl substituents in both CMA4 and TBRb 

increase intermolecular distance causing less efficient FRET at low doping.  
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Table 4-3. Summary of decay lifetime, radiative decay rate, FRET rate, DET rate, and 

FRET efficiency with respect to the doping concentration in CMA1, CMA4, 

mCP:CMA1, and mCP:CMA4. 

 

 Doping (%) 
Rubrene TBRb 

0 2 4 10 2 4 10 

mCP:CMA1 

τ (μs) 1.19 0.046 - - 0.077 - - 

kr (/μs) 0.70 17.02 - - 9.64 - - 

kFRET (/μs) - 16.30 - - 8.92 - - 

kDET (/μs) - 4.80 - - 3.39 - - 

EFRET (%) - 95.7 - - 92.5 - - 

CMA1 

τ (μs) 1.15 0.063 0.027 0.018 0.068 0.021 0.018 

kr (/μs) 0.72 5.98 9.21 4.52 8.31 17.48 12.72 

kFRET (/μs) - 5.26 8.49 3.80 7.59 16.76 12.00 

kDET (/μs) - 9.93 27.62 50.57 6.35 29.38 41.40 

EFRET (%) - 88.0 92.2 84.1 91.4 95.9 94.3 

mCP:CMA4 

τ (μs) 1.22 0.042 - - 0.066 - - 

kr (/μs) 0.67 15.71 - - 11.18 - - 

kFRET (/μs) - 15.04 - - 10.51 - - 

kDET (/μs) - 7.74 - - 3.93 - - 

EFRET (%) - 95.6 - - 93.7 - - 

CMA4 

τ (μs) 1.10 0.041 0.033 0.017 0.23 0.051 0.023 

kr (/μs) 0.69 8.32 5.68 4.29 2.00 9.93 17.38 

kFRET (/μs) - 7.63 4.99 3.60 1.31 9.24 16.69 

kDET (/μs) - 16.21 24.38 52.94 2.44 9.77 25.64 

EFRET (%) - 91.7 87.9 83.9 65.6 93.1 96.0 
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4.6 Device characterisation 

In light of these photophysical results, TBRb was chosen as a dopant for MFHF 

OLEDs. Figure 4-8(a) shows the device structure and schematic energy level diagram. 

1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) and 2,2',2"-(1,3,5-benzinetriyl)-

tris(1-phenyl-1-H-benzimidazole) (TPBi) were employed as a HTL and an ETL, 

respectively. 1,4-bis(triphenylsilyl) benzene (UGH2) with 10% of TPBi was applied to 

improve charge balance in the EML.197 The layers of TBRb 0, 2, 4, and 10% doped in 

CMA1 or CMA4 served as an EML for MFHF. For comparison, mCP was used as a 

host matrix for conventional hyperfluorescent devices using the same donor-acceptor 

mix. CMA1- and CMA4-based hyperfluorescent devices were successfully fabricated; 

their EL spectra are displayed in Figure 4-8(b)-(d). As anticipated, as doping 

concentration increases, the proportion of CMA1 and CMA4 emission decreases as per 

the PL spectra shown in Figure 4-5. 

The device characteristics are summarised in Table 4-4, and Figure 4-9 shows 

plots of EQE versus current density and PE versus luminance as the doping 

concentration of TBRb varies. Also, the characteristics of current density and luminance 

versus voltage are plotted in Figure 4-10. It is noticeable that CMA1-based devices 

show much lower turn-on voltage than CMA4-based ones (3.3 V vs 4.3⁓4.5 V for the 

MFHF devices and 3.5 V vs 4.3 V for the devices with a host matrix), mainly due to 

the difference of electrical properties between CMA1 and CMA4. In terms of CMA1- 

based devices, the devices with a host matrix exhibit somewhat higher EQE than the 

MFHF counterparts. MFHF devices with higher doping concentrations of TBRb show 

lower EQEs, which is well-correlated with the values of PLQE shown in Table 4-2. 

The maximum EQE of the CMA1-based MFHF OLED is 15.2% at 2% doping 
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Figure 4-8. (a) Device structure and energy diagram of CMA-based hyperfluorescent 

OLEDs. (b) EL spectra of the mCP:CMA1- and mCP:CMA4-based devices with and 

without TBRb doping. (c) and (d) show EL spectra of the devices based on CMA1 and 

CMA4 with varying TBRb concentration. 
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Figure 4-9. Characteristics of hyperfluorescent OLED devices based on CMA1 and 

CMA4 with TBRb doping. (a) and (b) present EQE vs current density. (c) and (d) show 

PE vs luminance. 

 

concentration. As shown in Table 4-4, at 2% doping concentration, the MFHF device 

shows 2.6 V lower driving voltage and nearly two-times higher PE at a brightness of 

1000 cd/m2 than the device incorporating a host matrix. In addition, 40% higher PE at 

1000 cd/m2 is observed in the dopant-free CMA1-based device compared to the 

mCP:CMA1-based counterpart. This clearly shows that the wide-gap host matrix 

adversely affects device efficiency. Regarding the CMA4-based hyperfluorescent 

devices, the maximum EQE for the MFHF device at 2% doping concentration is 16.5%, 

while that for the device with mCP is 18.1%. Like the CMA1-based devices, the driving 
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voltage for the CMA4-based MFHF devices is reduced compared to the mCP:CMA4- 

based devices, showing about 10% higher PE at 1000 cd/m2 despite the lower EQE at 

2% TBRb concentration. From this, it is concluded that both CMA4 and the mCP host 

act to increase driving voltage. In addition, even in 10% doping concentration, the EQE 

of the CMA4-based device is still high, over 11.9%, which is associated with the high 

PLQE value and the suppressed DET, as shown in Table 4-2 and Figure 4-6(b). 

 

 

 

Figure 4-10. Characteristics of current density vs voltage and luminance vs voltage. (a), 

(b) CMA1-based devices. (c), (d) CMA4-based devices. 
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Table 4-4. Summary of the performance for the hyperfluorescent OLED devices. 

 
 

 Doping 
(%) 

Von
a) 

(V) 
V1000 nit 

(V) 
EQEMax 

(%) 
EQE1000 nit 

(%) 
PEMax 

(lm/W) 
PE1000 nit 
(lm/W) 

CIE 
(x,y) 

mCP:CMA1 
0 3.5 5.7 24.1 22.4 41.5 25.8 (0.206, 0.336) 

2 3.6 7.4 16.3 11.9 40.3 15.0 (0.405, 0.453) 

CMA1 

0 3.3 4.8 21.5 20.7 55.5 36.3 (0.274, 0.466) 

2 3.3 4.8 15.2 14.0 43.5 29.0 (0.431, 0.494) 

4 3.3 5.1 9.9 6.8 29.0 12.7 (0.501, 0.486) 

10 3.3 5.3 7.9 5.2 22.6 9.2 (0.508, 0.481) 

mCP:CMA4 
0 4.3 7.5 25.6 24.2 47.0 27.8 (0.294, 0.473) 

2 4.3 7.2 18.1 15.8 39.1 21.3 (0.411, 0.497) 

CMA4 

0 4.4 5.7 16.0 15.7 32.9 26.7 (0.375, 0.541) 

2 4.4 6.1 16.5 14.3 37.6 23.7 (0.423, 0.524) 

4 4.6 6.6 16.1 11.2 34.8 16.9 (0.481, 0.502) 

10 4.6 6.6 11.9 8.3 24.2 12.0 (0.503, 0.487) 

a)At 1 cd/m2 

 

4.7 Analysis of charge transporting properties based on device 

characteristics 

When the host matrix is not applied, the TADF donors have to play a role in 

charge transport usually handled by the host matrix, as well as energy transfer. 

Therefore, it is vital to understand the charge transporting properties of CMAs in 

addition to energy transfer between CMAs and fluorescent acceptors for designing 
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Figure 4-11. (a) Device architecture and energy level diagram with (b) chemical 

structures of CMA1, CMA4, TBRb, TAPC, and TPBi. (c) and (d) show EL spectra of 

the devices based on CMA1 and CMA4 with varying TBRb concentration. 

 

appropriate device architectures for high efficiency.  

To compare the different electrical properties between CMA1 and CMA4 more 

directly in EL devices, the UGH2:TPBi 10% 10 nm layer was removed from the device 

structure, as shown in Figure 4-11(a). This layer was inserted between EML and ETL 

as a HBL for high efficiency, as shown in Figure 4-8(a), but it was not utilised here for 

investigating the effect of the different donors on device performance in terms of the 

charge transporting properties since it impedes electron injection and transport to the 
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EML. The CMA-based EL devices shown in Figure 4-11(a) were successfully 

fabricated by a thermal evaporation process with variation of doping concentrations. 

Figure 4-11(c) and (d) show the EL spectra of the CMA1- and CMA4-based devices. 

As the doping concentration of TBRb is increased, the proportion of the CMA1 and 

CMA4 contribution to EL is reduced, like the EL spectra in Figure 4-8(c) and (d). 

 

 

Fig. 4-12. Optoelectronic performance of the OLED devices based on CMA1 and 

CMA4 and with 2% TBRb doping concentration. (a) Current density versus voltage. (b) 

Luminance versus voltage. (c) EQE versus luminance. (d) PE versus luminance. 
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The device performance of the CMA1- and CMA4-based devices at 2% doping 

is shown in Figure 4-12 to directly compare the differences between them, and the 

specific device performance of all devices with varying doping concentrations is shown 

in Table 4-5 and Figure 4-13 and 4-14. Figure 4-12(a) and (b) show the J-V and 

luminance-voltage (L-V) characteristics of the CMA1- and CMA4-based devices with 

and without TBRb 2% doping. The turn-on and driving voltage of the devices 

employing CMA4 rose substantially compared to those using CMA1. It is noticeable 

that the CMA1-based devices reach high current density and luminance much faster 

than the CMA4-based counterparts corresponding to the faster charge transporting 

properties of CMA1 than CMA4. The turn-on and driving voltages of CMA4 are 4.3 V 

and 5.7 V, almost 2 V higher than CMA1, 2.5 V and 3.7 V, respectively.  

Figure 4-12(c) exhibits the EQE vs luminance plots. The EQEs of the CMA1-

based devices below 100 cd/m2 are lower than those of the CMA4-based counterparts. 

It can be interpreted that while both hole and electron transport in CMA4 are quite slow, 

the higher hole transport than electron transport in CMA1 causes charge imbalance in 

the low current density region, reducing EQE. The maximum EQE values for CMA1-

based devices with and without TBRb doping are 11.3% and 13.9%, whereas 14.5% 

and 12.0% are recorded from the CMA4-based counterparts, respectively. When it 

comes to PE shown in Figure 4-12(d), the maximum PE values of the CMA1-only and 

TBRb-doped devices are 33.5 lm/W and 37.6 lm/W, which are higher than the CMA4-

based counterparts, 26.1 lm/W and 32.1 lm/W, respectively. As luminance increases, 

the disparity of the PE between the devices becomes more prominent. For example, at 

1000 cd/m2, the PE values of the CMA4-based devices are 17.4 lm/W and 20.1 lm/W, 

whereas those of the CMA1-based counterparts are 31.5 lm/W and 29.0 lm/W, showing 

approximately 80% and 50% higher values, respectively. This result originates from 

the substantial difference in turn-on (2.5 V vs 4.3 V) and driving voltage (3.7 V vs 
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Table 4-5. Summary of the device performance. 

 
Doping 

(%) 

Von
a) 

(V) 

V1000
b) 

(V) 

EQEMax 

(%) 

EQE1000
b) 

(%) 

PEMax 

(lm/W) 

PE1000
b) 

(lm/W) 

CIE 

(x,y) 

CMA1 

0 2.5 3.7 13.9 13.7 33.5 31.5 (0.267,0.444) 

2 2.5 3.7 11.3 11.0 37.6 29.0 (0.429,0.494) 

4 2.5 3.8 9.6 8.7 31.8 21.3 (0.477,0.493) 

10 2.5 4.1 7.1 5.4 24.0 12.0 (0.513,0.480) 

CMA4 

0 4.3 5.6 12.0 10.2 26.1 17.4 (0.349,0.536) 

2 4.3 5.7 14.5 11.5 32.1 20.1 (0.426,0.524) 

4 4.3 5.7 12.8 10.7 27.9 18.7 (0.461,0.512) 

10 4.4 5.9 10.8 8.1 22.4 13.1 (0.491,0.495) 

   a)Voltage at 1 cd/m2, b)At 1000 cd/m2        

 

 

Fig. 4-13. Characteristics of hyperfluorescent OLED devices employing CMA1 with 

varying TBRb concentration. (a) and (b) EQE and PE versus luminance. (c) and (d) 

current density and luminance versus voltage. 
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Fig. 4-14. Characteristics of hyperfluorescent OLED devices employing CMA4 with 

varying TBRb concentration. (a) and (b) EQE and PE versus luminance. (c) and (d) 

Current density and luminance versus voltage. 

 

5.7 V) between the CMA1- and CMA4-based devices. Accordingly, it can be inferred 

that the considerable disparity in the device performance originates from the different 

electrical properties between CMA1 and CMA4 since all other conditions and materials 

utilised in the devices are identical. Furthermore, it can interpreted why the turn-on 

voltages for the CMA4-based devices stay almost the same regardless of the presence 

of the HBL while those for the CMA1-based devices are reduced from 3.3 V to 2.5 V 

when the HBL is excluded. Due to the much slower charge transport in CMA4 than in 

CMA1, the turn-on voltages do not change in the CMA4-based devices even though the 

HBL hindering electron transport is removed.  
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4.8 Single-carrier device analysis 

To confirm the different charge transporting properties, single-carrier devices 

were fabricated. Figure 4-15(a) displays the chemical structures of CMA1, CMA4, 

1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HATCN), and bis‐4,6‐(3,5‐di‐3‐

pyridylphenyl)‐ 2‐methylpyrimidine (B3BYMPM), and Fig. 4-15(b) and (c) show the  

 

  

Figure 4-15. (a) Chemical structures of CMA1, CMA4, HATCN, and B3PYMPM. (b) 

and (c) show the device architectures of HOD and EOD. CMA1 and CMA4 are 

sandwiched by HATCN and B3PYMPM for HOD and EOD, respectively, to allow 

hole- and electron-only current. 
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Figure 4-16. J-V characteristics of HOD and EOD for CMA1 and CMA4 with the 

thickness of 100 nm and 200 nm. (a) and (b) show HOD plots, and EOD curves are 

depicted in (c) and (d). Both hole and electron transport for CMA4 are much slower 

than CMA1. Also, hole current is faster than electron current. 

 

device structure of HOD and EOD. As CMAs are bipolar-type materials consisting of 

electron-donating (carbazole part) and electron-accepting (carbene part) moieties, it is 

important to design HOD and EOD structures with proper buffer layers to leave a single 

carrier current in the CMA layer. HATCN has been widely utilised as a HIL or charge 

generation layer (CGL) due to its distinct energy level.70–75 The LUMO of HATCN is  
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-5.5 eV, well-aligned with an anode, improving hole injection to an EML. Also, 

HATCN effectively prevents electron injection considering more than a 2 eV difference 

in LUMO energy levels between HATCN and CMAs. On the other hand, B3PYMPM 

is capable of effectively blocking hole injection due to its HOMO energy level of               

-6.8 eV. Therefore, HATCN and B3BYMPM with a thickness of 5 nm were employed 

to sandwich CMA1 and CMA4 layers for HODs and EODs to make the single carrier 

current. Also, the thickness of 100 nm and 200 nm for CMA1 and CMA4 layers were 

used to compare charge-transporting properties in the different thicknesses of the layers. 

Figure 4-16 shows the comparison of the J-V characteristics of HODs and EODs 

for CMA1 and CMA4. Overall, the charge transporting abilities of CMA4 are much 

lower than CMA1, considering the much shallower J-V curves. This is attributed to the 

addition of tert-butyl substituents in CMAs, given that the inert moieties significantly 

affect carrier mobility in an amorphous film by increasing structural disorder and 

separation distance, reducing intermolecular interaction.99,190,204 Also, hole transport is 

faster than electron transport for both CMA1 and CMA4, suggesting that the additional 

layer between EML and ETL for preventing hole leakage in an EML is necessary to 

enhance efficiency in EL devices. To examine the charge transporting properties in 

CMAs specifically, the charge mobility of CMA1 was estimated from SCLC behaviour. 

With the increase of voltage, the variation of current density follows SCLC 

characteristics, which can be expressed by the Mott-Gurney law, 

𝐽 =
9

8
𝜀𝜀0𝜇

𝑉2

𝐿3
                                      (4-9) 

where 𝐽 is the current density, 𝜀 is the relative dielectric constant, 𝜀0 is the permittivity 

of the free space, 𝜇 is the carrier mobility, 𝐿 is the thickness of the organic layer, and 𝑉 

is the voltage. However, 𝜇 is dependent on the electric field due to the randomly  
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Fig. 4-17. The HOD and EOD characteristics of CMA1. (a) and (b) show J-V 

characteristics of HOD and EOD for CMA1 with the fitting by the SCLC equation. 

Slight deviation from the measured values under 3V means the presence of traps. The 

characteristics of ln(J/E2) vs √E for CMA1 are depicted in (c) and (d). The solid lines 

represent fits to SCLC behaviour. 

 

oriented and located dipoles in the organic film, which can be generally expressed by 

the Poole-Frenkel equation, 

𝜇(𝐸) = 𝜇0exp (𝛾√𝐸)                           (4-10) 

where 𝜇0 is the zero-field mobility, 𝛾 is the field activation of the mobility, 𝐸 is the  
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electric field (V/L). From equation 4-9 and 10, Murgatroyd approximated the SCLC 

equation expressed as148 

𝐽 =
9

8
𝜀𝜀0

𝑉2

𝐿3
𝜇0exp (0.891𝛾√𝐸)                 (4-11) 

 Figure 4-17(a) and (b) show the J-V characteristics of HODs and EODs for 

CMA1 with the thickness of 100 nm and 200 nm. The solid curves are fits by Equation 

4-11, and the slight deviation from the measured current density at the low voltage 

region means the presence of traps. In general, there are three regions in J-V curves, 

ohmic region, trap-SCLC region, and trap-free SCLC region.150–152 As the electric field 

begins to be applied, J-V curves initially follow the ohmic region and reach the trap-

SCLC region. As more voltage is applied, traps are filled with charges, and the J-V 

characteristics become highly associated with electric field-dependent SCLC behaviour 

described by Equation 4-11. Figure 4-17(c) and (d) show the electric field dependent 

J/E2. The fitted lines and the experimental data coincide with each other, showing that 

the current follows electric field-dependent SCLC in the selected region. 𝛾 and 𝜇0 can 

be obtained from the slope and the intercept, respectively. 𝜀0 is 8.8542 × 10-12 C/V·cm, 

and 𝜀 for CMA1 is set by 3. 

Figure 4-18 shows the calculated hole and electron mobility for CMA1 

dependent on the electric field. The solid lines mean the fitting by Equation 4-11. 

Concerning the thickness effect, while the hole mobility is less affected by the thickness 

increase, the electron mobility rises as the thickness increases. This tendency was also 

observed in the previous reports studying the charge mobility of organic 

semiconductors based on SCLC analysis, suggesting an interface effect.155,156 In the 

EOD structure of this work, there is an energy barrier of 0.4 eV between the LUMO 

energy levels of CMA1 and B3PYMPM (Figure 4-15), preventing fluent electron  
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Figure 4-18. Electric field dependent (a) hole and (b) electron mobility for CMA1 in 

the 100 nm and 200 nm thick layers. The solid lines are fits by Equation 4-11. 

 

Table 4-6. Zero-field mobility, field activation, carrier mobility at 0.7 MV/cm for the 

thickness of 100 nm and at 0.3 MV/cm for the thickness of 200 nm. 

 

  𝜇0 (cm2/Vs) 𝛾 (cm/V) 𝜇 (cm2/Vs) 

  hole electron hole electron hole electron 

CMA1 
100 nm 2.58×10-10 6.81×10-12 8.65×10-3 9.47×10-3 1.63×10-7 7.87×10-9 

200 nm 3.08×10-10 3.17×10-10 7.69×10-3 6.02×10-3 1.34×10-8 5.83×10-9 

 

injection at a low electric field and causing the slight deviation of electron mobility 

depending on thickness. Regarding HOD, due to the distinct energy levels of HATCN, 

the LUMO energy level of HATCN and the HOMO energy levels of CMA1 and CMA4 

are well-aligned (Fig. 4-15(b)). Thus, under this energy level arrangement, electrons in 

CMA1 and CMA4 layers can be easily transported to HATCN with a negligible energy 

barrier, leading to the hole mobility being insensitive to thickness. The calculated values 

of zero-field mobility, field activation, and carrier mobility at 0.7 MV/cm and                 
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0.3 MV/cm for the 100 nm and 200 nm thick layers are summarised in Table 4-6. As 

expected from the J-V characteristics, hole mobility is 1.63×10-7 cm2/Vs at 0.7 MV/cm 

for 100 nm and 1.34×10-8 cm2/Vs at 0.3 MV/cm for 200 nm, higher than electron 

mobility, 7.87×10-9 cm2/Vs at 0.7 MV/cm for 100 nm and 5.83×10-9 cm2/Vs at                  

0.3 mV/cm for 200 nm, respectively. 

 

4.9 Summary 

In summary, MFHF OLEDs were successfully demonstrated with CMA 

materials as a donor of excitons. High PLQE in neat films and effective energy transfer 

to exciton acceptors (fluorescent dopants) indicate the high suitability of CMA 

materials in this role. This two-component device architecture is particularly sensitive 

to DET processes, which can be reduced through the addition of steric tert-butyl 

substituents on both donor and acceptor molecules. It is shown that the MFHF system 

is able to achieve up to a 90% increase in PE compared with equivalent three-

component hyperfluorescent OLEDs, and this increase in performance arises due to the 

significantly reduced driving voltage in the MFHF devices. The maximum EQEs of the 

CMA1 and CMA4 MFHF devices (15.2% and 16.5%) are reduced by only 5-10% 

versus devices incorporating a host matrix (16.3% and 18.1%), which was identified as 

the result of increased DET. 

Also, the charge transporting properties of CMAs were investigated on the basis 

of single-carrier and EL devices. The CMA1-based EL devices showed far higher PE 

with nearly 2.0 V lower turn-on and driving voltages than the CMA4-based 

counterparts. These results show that steric hindrance in chemical structure 

considerably affects the electrical properties of CMAs associated with optoelectronic 
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properties. To understand the different electrical abilities between CMA1 and CMA4, 

HODs and EODs for CMA1 and CMA4 were examined. The hole and electron transport 

in CMA4 were much slower than in CMA1 due to the bulkier chemical structure of 

CMA4 resulting from tert-butyl substituents increasing intermolecular spacing and 

weakening intermolecular interaction. From single-carrier devices with SCLC analysis, 

the carrier mobility of CMA1 was obtained. It was interpreted that the higher hole 

mobility of CMA1 than the electron resulted in the lower EQE of the devices when an 

HBL was not utilised. 

In conclusion, the exciton energy transfer and charge transport in CMA-based 

hyperfluorescent OLEDs were investigated with photophysical studies and device 

characterisation. It was demonstrated that CMAs could play a role in effective exciton 

donors to fluorescent acceptors for realising efficient MFHF OLEDs. Also, the effect 

of inert moieties on the charge transporting properties of the exciton donor molecules 

was explored based on the investigation of single-carrier devices and device 

characterisation. On the basis of the results, it is envisaged that with further work, two-

component hyperfluorescent OLEDs may become the next industry-preferred method 

to enhance OLED device performance. 



5.1 Introduction 96 

 

96 

 

Chapter 5 Covalently encapsulated fluorophors for 

efficient deep blue hyperfluorescent OLEDs with 

narrow emission 

5.1 Introduction 

Hyperfluorescence is considered one of the most promising contemporary 

solutions to the blue OLED problem, combining the high efficiency of TADF with the 

stability and colour purity of conventional fluorescent emitters. There have been a 

variety of studies on this concept utilising diverse combinations of TADF sensitisers 

and fluorescent acceptors to afford almost 100% IQE.188–194 The realisation of efficient 

blue hyperfluorescent devices has been considered quite challenging as, naturally, a 

deep blue TADF sensitiser is necessary for efficient FRET to a blue fluorescent emitter. 

However, even though the donor PL and acceptor absorption were not perfectly 

overlapped, high efficiency and stability with narrow emission have been attained from 

blue hyperfluorescent OLEDs utilising MR TADF emitters as exciton acceptors, 

indicating the promise of the hyperfluorescence strategy towards stable blue devices 

satisfying the requirement for the application to displays.21,22 

In conventional-type hyperfluorescence (CTHF) devices, the EML is a three-

component system consisting of a host matrix, TADF donor, and fluorescent acceptor. 

Fundamentally, the primary role of the host matrix is to suppress concentration 

quenching and aggregation of the TADF donors as well as DET of triplets from the 

donor to the acceptor – two phenomena that can lead to substantial reductions in EQE. 
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Nevertheless, it should be taken into account that a wide-gap host matrix can reduce 

PE, resulting from a considerable increase in driving voltage. A three-component EML 

also increases the complexity of device fabrication. 

In Chapter 4, a MFHF emissive system was investigated based on the 

combination of CMA exciton donors and the conventional fluorescent exciton acceptor, 

TBRb, with higher than 15% EQE and substantially improved PE over three-component 

CTHF reference devices. However, the complete exclusion of DET and aggregation, 

causing an efficiency drop for the donors and acceptors, was not possible with bulky 

tert-butyl substituents. Hence, it is essential to research more effective methods to 

prevent energy losses. Theoretical studies on HF OLEDs have been reported, showing 

that the DET from an exciton sensitiser to an exciton acceptor could be minimised by 

steric protection in molecular structure.205 One of the most effective ways to achieve 

such steric protection is to encapsulate organic molecules.206,207 It was demonstrated 

that encapsulated diphenylanthracene dyes show higher than 80% PLQE even in neat 

films, indicating that concentration quenching is effectively suppressed by the steric 

protection.207 

In this chapter, encapsulated fluorescent dyes are studied to achieve efficient 

deep blue OLEDs. Firstly, the encapsulated diphenylanthracene-based fluorescent 

emitter is investigated with a deep blue TADF donor. Thin-film steady-state and 

transient photophysical studies are conducted to examine how encapsulation influences 

efficiency and exciton energy transfer processes. Also, CTHF and MFHF devices 

employing the encapsulated emitter are fabricated, and their device performance is 

compared. It is shown that MFHF devices using the encapsulated emitter considerably 

outcompete the CTHF counterparts in terms of PE, luminance, and stability. Secondly, 

newly designed indolocarbazole-based MR emitters are explored for high efficiency 

deep blue hyperfluorescent OLEDs with ultra-narrow emission. It is shown that the 
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encapsulation of the MR emitter core substantially prevents aggregation and energy 

losses via DET, which is proved by steady-state and transient photophysical studies. 

Also, higher than 20% EQEs are achieved in both CTHF and MFHF devices showing 

the disruptive potential of MFHF in deep blue EL devices. In addition, the MR emitters 

are applied in conventional fluorescent OLEDs, showing higher than 8% EQE with pure 

blue emission. 

 

5.2 Encapsulated diphenyl anthracene for deep blue OLEDs 

5.2.1 Characterisation of diphenyl anthracene derivatives: MeO-DPA and 

En-DPA 

Synthetic details for the encapsulated 9,10-diphenylanthracene (En-DPA) and 

the non-encapsulated En-DPA analogue, MeO-DPA, are described in reference 207 

(synthesised by Dr Dan Congrave, Department of Chemistry, University of 

Cambridge). En-DPA has a larger calculated Onsager cavity radius (volume) than 

MeO-DPA (6.54 vs 6.05 Å). Hence, the intermolecular distance between the anthracene 

core of En-DPA and neighbouring chromophores is expected to be larger than                       

MeO-DPA. The increase in volume of En-DPA is due to the inclusion of nonconjugated 

alkyl straps. Electronic communication with neighbouring chromophores is therefore 

expected to be reduced, suppressing excimer formation and aggregation while also 

potentially suppressing DET, which requires direct chromophore orbital overlap. To 

clarify the difference between the two molecules in detail, the steady-state and transient 

PL measurements were conducted. The PL spectra of En-DPA and MeO-DPA obtained 

from evaporated neat films and dilute toluene solutions are compared in Figure 5-1.  
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The PL spectrum obtained from the neat film of En-DPA is near-identical to that 

recorded in solution, as expected from the literature.207  In contrast, the MeO-DPA neat 

film shows a red-shifted PL spectrum compared to the solution with an increased full-  

 

 

Figure 5-1. Comparison of the neat film and solution PL for (a) En-DPA and (b)      

MeO-DPA. 

 

 

Figure 5-2. The refractive index plots measured by ellipsometry for En-DPA and    

MeO-DPA. 
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Figure 5-3. (a) Transient PL profiles and (b) integrated PL intensity for En-DPA and 

MeO-DPA neat films. 

 

Table 5-1. PLQE, decay time, radiative and nonradiative decay rate for En-DPA and 

MeO-DPA neat films. 

 PLQE (%) τ (ns) k
r
 (/ns) k

nr
 (/ns) 

En-DPA neat 84 3.28 0.255 0.050 

MeO-DPA neat 43 3.38 0.128 0.168 

a)Derived from the time when the integrated PL intensity reaches 1-(1/e). 

 

width-half maximum (FWHM) suggestive of some contribution to the PL from 

aggregates. The PLQE of the En-DPA neat film is 84%, much higher than for            

MeO-DPA (43%), in line with the previous report,207 indicating a reduction in 

aggregation and concentration quenching due to the encapsulated chemical structure of 

En-DPA. The relatively lower refractive index of En-DPA than MeO-DPA also 

supports that encapsulation increases intermolecular distance (Figure 5-2). In addition, 

the transient PL decays are distinctly different for MeO-DPA and En-DPA (Figure 5-3 

and Table 5-1). A faster initial decay was recorded for MeO-DPA than En-DPA, 
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suggesting that an additional decay channel induced by intermolecular interaction is 

expected in MeO-DPA. 

 

5.2.2 Steady-state photophysics 

To examine En-DPA and MeO-DPA in a hyperfluorescence system, 9,9'-(4,4'-

sulfonylbis(4,1-phenylene))bis(3,6-di-tert-butyl-9H-carbazole) (CZ-PS), which was 

reported as a deep blue TADF dye,208 was selected. The molecular structures of the 

materials used in this study are displayed in Figure 5-4(a). Figure 5-4(b) shows the PL 

spectra of evaporated films of CZ-PS (neat and 20% doped into DPEPO) alongside the 

absorption coefficient plots for En-DPA and MeO-DPA. The En-DPA and MeO-DPA 

absorption spectra are almost identical. The PL spectrum of the CZ-PS neat film has an 

emission peak at 424 nm, slightly red-shifted compared to DPEPO:CZ-PS 20%, which 

shows a peak wavelength of 417 nm. Figure 5-4(c) and (d) show the PL spectra of the 

CZ-PS and DPEPO:CZ-PS 20% hosted films with varying doping concentrations of  

En-DPA and MeO-DPA. As the doping concentration is increased, the FWHM values 

of the PL spectra are slightly reduced, ascribed to an increased proportion of the 

emission from En-DPA and MeO-DPA due to more efficient energy transfer from      

CZ-PS at higher doping. Two peaks at around 410 nm and 430 nm are observed for all 

cases, similar to the neat film PL spectra of En-DPA and MeO-DPA (Figure 5-1).  

The PLQEs of the blends were measured to confirm the superiority of En-DPA 

over MeO-DPA as an exciton acceptor in a donor-acceptor emissive system (Table      

5-2). Regarding the MeO-DPA-based blends, the blends for 2% and 5% doping 

concentrations show higher than 90% PLQEs. However, the PLQE for MeO-DPA 10% 

doped in CZ-PS drops considerably to 64%. From the studies of the intrinsic        
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Figure 5-4. (a) Chemical structures of En-DPA, MeO-DPA, and CZ-PS. (b) PL spectra 

of CZ-PS neat and DPEPO:CZ-PS 20% films and absorption coefficient of En-DPA 

and MeO-DPA. (c) and (d) show  PL spectra of En-DPA and MeO-DPA doped in       

CZ-PS and DPEPO:CZ-PS 20% with variation of doping concentration. 

 

photophysical properties for En-DPA and MeO-DPA in Section 5.2.1, it is anticipated 

that the efficiency drop could result from concentration quenching, aggregation, and 

potential energy loss via DET. In contrast, for En-DPA, a PLQE of 100% was measured 

at 2% doped into DPEPO:CZ-PS 20%. Importantly, without the host matrix (DPEPO), 

the PLQEs of En-DPA doped into CZ-PS at 2%, 5%, and 10% are 100%, 99%, and 

96%, respectively. Higher than 95% PLQE was maintained even at the highest doping 
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concentration. This is ascribed to the encapsulated chemical structure of En-DPA, 

which can potentially inhibit the loss mechanisms caused by close contact between 

molecules, as mentioned above. 

 

Table 5-2. The summary of the PLQE values for the blends. 

 

 CZ-PS DPEPO:CZ-PS 20% 

 En-DPA MeO-DPA  En-DPA MeO-DPA 

Doping (%) 0 2 5 10 2 5 10 0 2 2 

PLQE (%) 74 100 99 96 97 94 64 77 100 95 

 

5.2.3 Exciton decay kinetics 

Figure 5-5 shows the decay kinetics of the doped films, and the decay constants 

are summarised in Table 5-3. CZ-PS and DPEPO:CZ-PS 20% undoped films show a 

combination of rapid nanosecond prompt decay and slow microsecond delayed 

emission, in accordance with the previous work.208 However, due to the large singlet-

triplet energy gap of CZ-PS (0.34 eV),208 the delayed PL contribution is notably weak 

compared to efficient TADF materials with an S-T energy gap < 0.1 eV.16 From the 

normalised integrated PL plots (Figure 5-6), the intensity proportion of the delayed 

emission for CZ-PS neat and DPEPO:CZ-PS 20% films are only 1.4% and 2.8%, 

respectively, whereas the intensity proportion of delayed emission for 4CzIPN, one of 

the representative TADF materials, is higher than 70%.16 Hence, the triplet yield of  

CZ-PS upon photoexcitation is expected to be rather low, which is expected to 

contribute to the high PLQE of MeO-DPA. As the energy loss channel via DET is only  
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Figure 5-5. Transient PL characteristics for (a) En-DPA 0~10% doped in CZ-PS, (b) 

MeO-DPA 0~10% doped in CZ-PS, and (c) En-DPA and MeO-DPA 0~2% doped in 

DPEPO:CZ-PS 20%.  

 

 

Figure 5-6. Normalised integrated PL profiles for (a) En-DPA 0~10% doped in CZ-PS, 

(b) MeO-DPA 0~10% doped in CZ-PS, and (c) En-DPA and MeO-DPA 0~2% doped 

in DPEPO:CZ-PS 20%.  

 

applied to triplets interconverted from singlets via ISC, it is anticipated that the energy 

loss via DET is very small even in the MeO-DPA-based blends, allowing high PLQEs 

(> 90%) for them at low doping concentrations. 

As the delayed emission components for the blends are low, the average 

(intensity-weighted) decay time (τavr) is extracted from the multi-exponential fit with 
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three components and calculated by 𝜏 =
∑ 𝐴𝑖𝜏𝑖

23
𝑖=1

∑ 𝐴𝑗𝜏𝑗
3
𝑗=1

 where 𝐴𝑖 and 𝜏𝑖 are the amplitude and 

lifetime of the ith decay component, respectively, and the rate constants were obtained 

based on these results (Table 5-3). As the doping percentage of the emitters is increased, 

a shorter τavr is recorded. Also, as En-DPA and MeO-DPA are doped into the CZ-PS 

and DPEPO:CZ-PS 20% systems, both initial and delayed decay rates become faster, 

indicating that excitons formed in the hosts by photoexcitation are rapidly transferred 

to the emitters via FRET. As the fluorescence lifetimes of the emitters are much shorter 

than for CZ-PS (Table 5-1 and 5-3), a faster decay with increased doping indicates 

enhanced FRET to the emitters. 

 

Table 5-3. The summary of average decay time and the rate constants of radiative and 

nonradiative decay for the blends.  

 

 CZ-PS DPEPO:CZ-PS 20% 

 En-DPA MeO-DPA  En-DPA MeO-DPA 

Doping (%) 0 2 5 10 2 5 10 0 2 2 

τavr (ns)a) 9.1 8.5 8.0 6.7 8.7 7.5 6.5 8.7 9.0 8.6 

kr (107 /s) 8.1 11.7 12.5 14.2 11.1 12.5 9.8 8.9 11.2 11.1 

knr (107 /s) 2.8 - 0.1 0.6 0.4 0.8 5.6 2.7 - 0.6 

a) The average intensity-weighted decay time obtained by 𝜏 =
∑ 𝐴𝑖𝜏𝑖

23
𝑖=1

∑ 𝐴𝑗𝜏𝑗
3
𝑗=1

 from tri-exponential fit. 

 

5.2.4 Analysis of exciton energy transfer 

For the investigation of the FRET between CZ-PS and the two emitters, the 

Förster radius (R0), which is the critical distance that 50% of singlet excited states of 



5.2 Encapsulated diphenyl anthracene for deep blue OLEDs 106 

 

106 

 

donors can be transferred to those of acceptors, was calculated (refer to Section 2.1.4 

and 4.2). The calculated values for En-DPA and MeO-DPA with CZ-PS are 2.05 nm 

and 2.00 nm, and En-DPA and MeO-DPA with DPEPO:CZ-PS 20% are 2.28 and 2.24 

nm, respectively.  

Also, the characteristic FRET rate (kFRET) can be extracted by81 

𝑘FRET =  
1

𝜏D
(

𝑅0

𝑅avr
)

6

             (5-2-1) 

where 𝜏D is the radiative decay lifetime of the donor, and 𝑅avr is the average 

intermolecular distance between donor and acceptor molecules. Assuming 𝑘FRET ≫

𝑘nr,D (the nonradiative decay rate of the donor) and all photoexcited excitons formed at 

donors can be transferred to acceptors via FRET, The FRET efficiency (EFRET), which 

is the proportion of photoexcited excitons transferred via FRET from donor to acceptor, 

can be calculated by61 

 𝐸FRET =
𝑘FRET

𝑘r,D+𝑘FRET
=

1/𝜂 ∫ 𝑃A(𝜆)𝑑𝜆

∫ 𝑃D(𝜆)𝑑𝜆+1/𝜂 ∫ 𝑃A(𝜆)𝑑𝜆
                   (5-2-2) 

 

 

Figure 5-7. The PL spectra of the CZ-PS:En-DPA 2~10% films with the decomposed 

CZ-PS and En-DPA emission spectra. 
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Figure 5-8. The PL spectra of the CZ-PS:MeO-DPA 2~10% films with the decomposed 

CZ-PS and En-DPA emission spectra. 

 

 

Figure 5-9. The PL spectra of the DPEPO:CZ-PS 20%:En-DPA and MeO-DPA 2% 

films with the decomposed DPEPO:CZ-PS 20% and En-DPA emission spectra. 

 

where 𝑘r,D is the radiative decay rate of the donor, PD and PA are the donor and acceptor 

emission spectra, and 𝜂 is the PLQE of the blends. PD and PA are obtained from the 

decomposed donor and acceptor spectra, which are extracted by subtracting a linearly-

scaled donor-only spectrum from the total PL spectrum (Figures 5-7⁓9). Figure 5-10 

shows the plots for PLQE, EFRET, kFRET, and Ravr with varying doping concentrations in 

CZ-PS, and the calculated values are summarised in Table 5-4. As doping concentration 

increases, PLQE and Ravr are decreased while EFRET and kFRET are increased for both    
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En-DPA and MeO-DPA. However, the influence of the doping concentration of      

MeO-DPA on the values is much more significant than for En-DPA. At 10% doping 

concentration, the Ravr for MeO-DPA considerably drops to 1.14 nm, which is close to 

the spacing between adjacent molecules, with a very rapid FRET rate. In contrast,       

En-DPA maintains a relatively longer Ravr (1.31 nm at 10%), with approximately half 

of the FRET rate than that observed for MeO-DPA. This indicates that the encapsulation 

is capable of maintaining intermolecular distance, causing the FRET efficiency to 

increase less drastically with varying doping concentrations. 

 

 

Figure 5-10. PLQE, EFRET, kFRET, and Ravr for En-DPA and MeO-DPA doped in CZ-PS 

with varying doping concentration. 
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Table 5-4. The summary of the FRET efficiency, Förster radii, FRET rate, and average 

donor-acceptor distance.  

 

 

CZ-PS DPEPO:CZ-PS 20% 
 

En-DPA MeO-DPA En-DPA MeO-DPA 

Doping (%) 2 5 10 2 5 10 2 2 

EFRET
 
(%) 79.8 88.1 95.2 71.6 87.4 97.6 69.9 82.2 

R0 (nm) 

 

2.05     2.00   2.28 2.24 

kFRET
 
(108 /s) 3.22 6.00 16.10 2.06 5.62 32.72 2.06 4.09 

Ravr
 
(nm) 1.71 1.54 1.31 1.80 1.52 1.14 2.07 1.81 

 

5.2.5 Device characterisation 

Deep blue fluorescent OLEDs were successfully characterised utilising CZ-PS 

and En-DPA as an exciton donor and acceptor. Figure 5-11(a) shows the device 

structures employed for this study. 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane 

(TAPC), 4,4′,4″-tris(carbazol-9-yl)triphenylamine (TCTA), and 1,3-bis(N-carbazolyl) 

benzene (mCP) constituted an HTL part, and bis[2-(diphenyl phosphino)phenyl]ether 

oxide (DPEPO) and 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 

(TPBi) were employed for an ETL. Also, CZ-PS and En-DPA were used as an exciton 

sensitiser and a fluorescent acceptor in an EML, respectively. 2⁓10% doping of the 

emitter was applied to explore the dependence of doping concentration on MFHF 

devices (MF 1-3), and a wide-gap host matrix, DPEPO, was used for the CTHF device 

(CT 1). The device performance of CZ-PS and DPEPO:CZ-PS 20% without doping is 

presented in Figure 5-12. A maximum EQE of the DPEPO:CZ-PS 20% device is 9.3%, 

comparable to the previous work.208 
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Figure 5-11. Optoelectronic performance of the En-DPA-based devices. (a) Device 

architecture. (b) EL spectra of the devices. (c) Current density-voltage plots. (d) EQE-

luminance plots. (e) PE-luminance plots. 

 

 

Figure 5-12. Optoelectronic performance of the CZ-PS and DPEPO:CZ-PS TADF 

devices without En-DPA doping. 
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The device characteristics of MFHF and CTHF devices based on En-DPA are 

summarised in Figure 5-11(b)-(d) and Table 5-5. Figure 5-11(b) shows the EL spectra 

of the devices. They are similar with two emission peaks at 410 nm and 430 nm and 

deep blue spectra with CIEy ≤ 0.060. As doping concentration increases, CIEy becomes 

smaller (from 0.060 at 2% to 0049 at 10%) due to increased emission from En-DPA.  

J-V plots are depicted in Figure 5-11(c). As expected, the J-V plot for CT 1 is much 

shallower than MF 1-3 since the wide-gap host matrix interferes with charge transport 

in the EML. This leads to much higher maximum luminances (1,421 cd/m2 for MF 1 vs 

172 cd/m2 for CT 1) and far lower turn-on and driving voltages for the MFHF devices 

than the CTHF device (Von: 2.8 V and V100: 5.2 V for MF 1 vs Von: 3.4 V and V100:                       

8.8 V for CT 1), as shown in Table 5-5 and Figure 5-13. The EQE and PE-luminance 

curves for the En-DPA devices are exhibited in Figure 5-11(d) and (e). MF 1⁓3 show 

maximum EQEs of 7.5%, 7.5%, and 7.3%, with negligible dependence on doping 

concentration, in line with PLQE values, comparable to CT 1 (7.9%), although  

 

Table 5-5. Summary of the device performance for En-DPA-based devices. 

a) Voltage at 0.01 cd/m2.  

b)  Values at 100 cd/m2. 

 
Von

a) 

(V) 

EQEMax 

(%) 

V100
b) 

(V) 

EQE100
b) 

(%) 

PEMax 

(lm/W) 

LuminanceMax 

(cd∙m-2) 

λpeak 

(nm) 

FWHM 

(nm) 
CIE (x,y) 

MF 1 3.0 7.5 5.4 3.3 4.0 1,421 410, 430 46.6 0.172, 0.060 

MF 2 3.0 7.5 5.6 2.8 3.6 1,304 410, 430 49.0 0.168, 0.055 

MF 3 3.1 7.3 6.2 2.0 3.3 1,169 410, 430 44.6 0.167, 0.049 

CT 1 3.6 7.9 8.8 2.1 2.8 172 410, 430 44.6 0.163, 0.049 
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Figure 5-13. (a) Luminance-voltage and current and (b) Current efficiency-luminance 

plots for MF 1-3 and CT 1. 

 

 

Figure 5-14. Lifetime profiles for MF 1-3 and CT 1 measured under constant current at 

starting brightness of 10 cd/m2. 
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Figure 5-15. Optoelectronic performance of the devices using MeO-DPA.  

 

Table 5-6. Summary of the device performance for MeO-DPA-based devices. 

a) Voltage at 0.01 cd/m2. 

b)  Values at 100 cd/m2. 

 

 
Von

a) 

(V) 

EQEMax 

(%) 

V100
b) 

(V) 

EQE100
b) (%) 

PEMax 

(lm/W) 

LuminanceMax 

(cd∙m-2) 
λpeak (nm) 

FWHM 

(nm) 
CIE (x,y) 

MF 4 3.1 7.4 5.5 3.2 4.3 1,036 410, 430 49.7 0.172, 0.070 

MF 5 3.1 7.2 5.8 2.4 4.3 1,267 410, 430 49.4 0.173, 0.073 

MF 6 3.3 5.1 6.4 1.6 2.5 958 410, 430 44.6 0.169, 0.058 

CT 2 3.4 7.6 8.7 3.2 2.5 228 410, 430 42.7 0.160, 0.041 



5.2 Encapsulated diphenyl anthracene for deep blue OLEDs 114 

 

114 

 

efficiency roll-off becomes larger with increasing doping concentration since 

bimolecular exciton quenching is accelerated at high doping. A maximum PE of MF 1 

is 4.0 lm/W, about 43% higher than CT 1, 2.8 lm/W, and the disparity between them 

becomes more prominent as luminance increases. EQE and PE for CT 1 are recorded 

just until 172 cd/m2 since DPEPO hinders charge transport, while MFHF devices give 

values over 1000 cd/m2 due to improved charge injection and transport in the EML. 

Also, device lifetime was compared as depicted in Figure 5-14. More than one order of 

magnitude increase in lifetime is attained in the MF devices compared to CT 1. The 

optoelectronic performance of the MeO-DPA-based devices (MF 4⁓6 and CT 2) are 

shown in Table 5-6 and Figure 5-15. The maximum EQE of the MF device at 2%       

(MF 4) is 7.4%, comparable to the En-DPA-based devices, but as doping concentration 

increases, the values of EQE fall considerably associated with the PLQE results.  

Overall, the En-DPA-based MFHF devices significantly outcompete the CTHF 

counterparts with respect to PE, luminance, driving voltage, and stability. However, due 

to the relatively poor performance of CZ-PS, the absolute EQE is quite lower than 

efficient hyperfluorescent OLEDs, usually showing higher than 20% EQE.  
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5.3 Encapsulated multiple resonance deep blue emitters with 

ultra-narrow emission 

5.3.1 Necessity of new material design for efficient deep blue matrix-free 

hyperfluorescence 

The working mechanism for hyperfluorescence is an energy cascade from a 

triplet-harvesting TADF donor to a fluorescent acceptor, with the spectral overlap 

between the donor PL and the acceptor absorption governing the key step of FRET. 

Accordingly, the singlet excited state energy of the TADF must exceed that of the 

acceptor, which is especially important when moving into the blue because the number 

of efficient TADFs reported in the literature drops off drastically with increasing singlet 

excited state energy. It is clear from Section 5.2 that the poor performance of high 

energy TADF materials (such as CZ-PS) can limit the efficiency of deep blue 

hyperfluorescent devices. 

Rational fluorescent acceptor design provides the avenue to minimise the 

required singlet energy level for true blue hyperfluorescence. Beyond the base 

requirements of a unity PLQE and short fluorescence lifetime (τ), a narrow Stokes shift, 

small PL FWHM, and intense 0-0 absorption are all essential to lower the singlet energy 

level of the acceptor and hence the singlet energy level of the TADF donor. Recent 

advances have been made toward obtaining narrowband MR emitters that combine 

these properties, allowing the fabrication of efficient CTHF OLEDs with the CIEx,y 

colour coordinates approaching display requirements.21,22  

In CTHF devices, a high gap host material is typically incorporated alongside 

the TADF sensitiser and the emitter molecule, leading to a three-component EML (or 

even four in the case of exciplex hosts). CTHF devices are the status quo for two 
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predominant reasons: Firstly, dilution into a high triplet energy host increases the 

average TADF-emitter distance to eliminate the DET of triplets as a loss pathway. 

Secondly, it suppresses aggregation of the TADF donor. As well as the possibility of 

concentration quenching, the neat film luminescence of TADF materials is usually red-

shifted compared to diluted films, out of the useful region for HF with the current true 

blue acceptors. 

However, the incorporation of additional high-gap materials into the EML of 

CTHF devices is a compromise, not without disadvantages: it substantially increases 

the complexity of device fabrication and reduces PE due to higher turn-on and driving 

voltages. In principle, the EML of a true blue hyperfluorescent OLED only requires two 

components: a TADF host and a narrowband emitter, a simpler device structure that is 

termed MFHF in this thesis. An MFHF device with display-relevant true blue CIEx,y 

colour coordinates would afford a new paradigm in OLED technology, but to achieve 

this, the challenge is substantial. An emitter with ideal spectral properties for matching 

with the sparse selection of suitable high energy TADF hosts is required, and an 

alternative strategy to suppress the short-range loss pathway, DET, must be developed. 

 

5.3.2 Design and characterisation of novel multiple resonance emitters:     

tb-DBPICz and En-DBPICz 

Recently, boron-free polycyclic aromatic hydrocarbons (PAHs) based on 

indolo[3,2,1-jk]carbazole (ICz) units have been of much interest for efficient deep blue 

fluorescent emitters due to their high efficiency and narrow emission in addition to 

relatively easier synthetic procedure with a higher yield.209–212 These indolocarbazole-

based fluorophors have a rigid chemical structure with small structural relaxation 



117 Covalently encapsulated fluorophors for efficient deep blue hyperfluorescent 

OLEDs with narrow emission 

 

117 

between ground and excited states with MR effect by the different electronegativity of 

carbon and nitrogen, leading to a narrow Stokes shift and a small PL FWHM. Using 

this concept, novel dibenzo[2,3:5,6]pyrrolizino[1,7-bc]indolo[1,2,3-lm]carbazole 

(DBPICz)-based ultra-narrowband fluorescent emitters were designed (by Dr Dan 

Congrave, Department of Chemistry, University of Cambridge), which are isomeric 

with BisICz.210,213,214 The chemical structures of BisICz and DBPICz are shown in 

Figure 5-16. From time-dependent density functional theory (TDDFT) calculations 

(conducted by Dr Dan Congrave and Dr Weixuan Zheng, Department of Chemistry, 

University of Cambridge), it is shown that the HOMO and LUMO are locally separated 

in the atoms by the MR effect. 

Based on the DBPICz core structure, tert-butyl substituted DBPICz (tb-DBPICz) 

and covalently encapsulated DBPICz (En-DBPICz) were synthesised (by Dr Dan 

Congrave, Department of Chemistry, University of Cambridge), and their chemical 

structures are displayed in Figure 5-17, in addition to the steady-state PL and absorption 

spectra for them diluted in toluene. Interestingly, tb-DBPICz and En-DBPICz show  

 

 

Figure 5-16. Molecular structure of BisICz and DBPICz and the HOMO and LUMO 

distributions of DBPICz by TD-DFT. 
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Figure 5-17. Chemical structures of tb-DBPICz and En-DBPICz and normalised 

absorption and PL spectra for tb-DBPICz and En-DBPICz diluted in toluene. 

 

 

Figure 5-18. Comparisons of solution (a) PL spectra and (b) absorption coefficients for 

pICz, tb-DBPICz, and En-DBPICz. 

 

ultra-narrow emission with ~10 nm FWHM and the CIEx,y of (0.15, 0.05), satisfying 

the blue coordinate of the OLED display colour spaces shown in Section 3.2.2 (Figure  
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3-8 and Table 3-1). En-DBPICz shows 447 nm peak emission, slightly red-shifted 

compared to the spectrum of tb-DBPICz, 443 nm. The redshift is ascribed to a small 

increase in conjugation by the encapsulating phenyl rings. As well as a Stokes shift of 

just 3 nm, strong 0-0 absorption is observed, which is highly advantageous for efficient 

FRET. Moreover, PLQEs for tb-DBPICz and En-DBPICz solutions are 100% and 96%, 

respectively, showing great potential as an efficient fluorescent acceptor for deep blue 

hyperfluorescent OLEDs. The PL and absorption spectra of tert-butyl substituted 

BisICz (pICz)211 and DBPICz-based emitters are compared in Figure 5-18. The PL 

spectrum of pICz shows 439 nm peak emission with 17 nm FWHM, which is more 

blue-shifted with wider FWHM than tb-DBPICz and En-DBPICz. In addition, the high 

energy deep blue light between 415 nm and 455 nm could cause eye damage.215,216 A 

large amount of harmful blue emission below 450 nm is included in pICz spectrum, 

while most of it is quenched in En-DBPICz due to ultra-narrowband emission with a 

peak wavelength of around 450 nm, which is beneficial for practical display 

applications (Figure 5-18(a)). Moreover, the absorption coefficients for the three 

emitters are compared in Figure 5-18(b). Intense 0-0 absorption coefficients of around 

6.2×104 l mol-1 cm-1 are observed for tb-DBPICz and En-DBPICz at wavelengths of  

 

 

Figure 5-19. Ellipsoid and spacefill plots of the crystal structure for En-DBPICz from 

XRD. 
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440 nm and 445 nm, respectively. In contrast, for pICz, the 0-0 absorption coefficient 

is less than a fifth of the values for tb-DBPICz and En-DBPICz, 1.2×104 l mol-1 cm-1. 

An encapsulating alkyl chain was incorporated to sterically protect the DBPICz 

core structure in En-DBPICz. Consequently, En-DBPICz is expected to be more 

resistant to aggregation than tb-DBPICz, with the potential for substantially suppressed 

triplet DET from host molecules. Figure 5-19 shows the single crystal molecular 

structure from X-ray diffraction (XRD) (conducted by Dr Andrew Bond, Department 

of Chemistry, University of Cambridge). A thermal ellipsoid plot is shown (probability 

50%) in addition to spacefill plots from top to side perspectives. The spacefill plots 

show the Van der Waals radii of the atoms with the size of the atomic electron clouds 

at 100% probability to help visualise the effective size of the molecule and emphasise 

the considerable steric protection around the DBPICz core from tert-butyl groups 

(purple) and the encapsulating rings (dark blue). 

To help quantify the degree of steric protection, the volumes of the molecules 

were calculated using the marching tetrahedron model (by Dr Dan Congrave and           

Dr Weixuan Zheng, Department of Chemistry, University of Cambridge), which is 

approximately the sum of the volumes of all atoms calculated from their Van der Waals 

radii.217 The calculated DBPICz core volume is 476 Å3, whereas tb-DBPICz and          

En-DBPICz display values of 647 Å3 and 1496 Å3, much larger than the core structure. 

Accordingly, as the alkyl group encapsulating the core is not electronically coupled to 

the DBPICz chromophore, it can be inferred that the extra volume of 1020 Å3 can be 

seen as insulating the core, contributing to the suppression of aggregation and the short-

range energy transfer, DET. 

Next, HOMO and LUMO energy levels for tb-DBPICz and En-DBPICz were 

obtained from cyclic voltammetry (CV) and DFT calculations (Dr Dan Congrave and 
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Dr Weixuan Zheng, Department of Chemistry, University of Cambridge),  as shown in 

Figure 5-20 and Table 5-7. The onset of oxidation for tb-DBPICz is unconventionally 

shaped, likely due to its poor solubility, which complicates a detailed comparison of 

the electrochemical data. However, it can be reasonably concluded that the HOMO 

energy levels for tb-DBPICz and En-DBPICz obtained from CV are similar, around  

5.4 eV. The difference in the DFT (B3LYP/6-31G*) calculated HOMO energies is 

more pronounced than for the experiment, with En-DBPICz displaying a significantly 

shallower HOMO than tb-DBPICz. This is rationalised based on the encapsulating 

alkoxy groups of En-DBPICz, which have electron donating properties to destabilise 

the HOMO of En-DBPICz relative to tb-DBPICz. Also, the vertical excitation energies 

of the first singlet (𝐸S1
) and triplet (𝐸T1

) excited states were calculated using TDDFT 

(PBE0/def2svp). 𝐸S1
 for tb-DBPICz is 3.05 eV, slightly higher than that for                    

En-DBPICz, 3.00 eV, in line with the slightly blue-shifted experimental absorption and 

 

 

Figure 5-20. Cyclic voltammograms of tb-DBPICz and En-DBPICz. 
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Table 5-7. The electrochemical properties of tb-DBPICz and En-DBPICz obtained from 

CV, DFT, and TDDFT. 

 

 

Compound 

CV DFT / TDDFT 

Eonset
ox  

(V)a  

HOMO  

(eV)b 

LUMO  

(eV)c 

Eg
opt  

(eV)d 

HOMO  

(eV)e 

LUMO  

(eV)e 

𝐸S1
 

(eV)e 

𝐸T1
 

(eV)e 

∆𝐸ST 
(eV)e 

tb-DBPICz 0.59 -5.39 -2.62 2.77 -5.15 -1.75 3.05 2.30 0.75 

En-DBPICz 0.65 -5.45 -2.71 2.74 -4.95 -1.59 3.00 2.31 0.69 

aReferenced to E1/2 of the fcH/ fcH+ redox couple; bHOMO level calculated from CV potentials using the HOMO 

of ferrocene (‒4.8 eV) as the standard, HOMO = −4.8 + (−E1/2
ox); cLUMO = HOMO + Eg

opt; dOnset of the UV-

Vis spectrum in toluene; eB3LYP/6-31G*  

 

PL spectra observed for tb-DBPICz compared to En-DBPICz. Interestingly, the 𝐸T1
 for 

both emitters are relatively low, at around ~2.3 eV, leading to a singlet-triplet energy 

gap (Δ𝐸ST) of around ~0.7 eV. Hence, the emitters are expected not to show TADF 

characteristics, in contrast to other boron-incorporated or pICz-based MR emitters.17,210 

This will be investigated experimentally in Section 5.3.4. 

 

5.3.3 Steady-state photophysics 

As an efficient blue TADF donor, 10,10'-(4,4'-Sulfonylbis(4,1-phenylene)) 

bis(9,9-dimethyl-9,10-dihydroacridine) (DMAC-DPS) was selected since it shows very 

high EQE in both doped and nondoped devices.115,218 Approximately 20% EQE was 

reported even in DMAC-DPS-based host-free TADF devices, giving high potential for 

incorporation alongside the novel MR emitters in the MFHF system. Firstly, the steady-
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state photophysical properties of the DMAC-DPS and the DBPICz-based MR emitter 

components of the hyperfluorescent system are investigated. Figure 5-21(a) shows the 

schematic diagram of the hyperfluorescence emission mechanism. As described above, 

excitons formed in TADF donors have to be transferred to fluorescent acceptors via 

FRET while experiencing ISC and RISC, and triplet transfer via DET must be 

suppressed to prevent the efficiency loss and realise 100% IQE. The PL-absorption 

overlap of the donor and acceptor considerably affects the long-range energy transfer, 

FRET, and is shown in Figure 5-21(b). The PL peaks of DPEPO:DMAC-DPS 20% and 

DMAC-DPS neat films are observed at 475 nm and 479 nm, respectively, which are 

quite red-shifted compared to the absorbance peaks for tb-DBPICz and En-DBPICz. 

However, due to the very intense 0-0 absorption coefficients of the acceptors (Figure  

5-18(b)), a potential for effective FRET is still expected considering the apparent PL-

absorption overlap. Figure 5-21(c) and (d) show the PL spectra for tb-DBPICz and      

En-DBPICz 0.5% and 1.0% doped in DMAC-DPS. Interestingly, tb-DBPICz doped 

films show quenching of the expected emission peak at 449 nm with red-shifted spectra 

upon increasing the doping concentration to 1%. A tendency for broadened emission 

upon increasing the doping concentration has been previously reported for pICz and 

was ascribed to aggregation.211 In contrast, En-DBPICz shows a narrowing of the 

emission towards a profile similar to the solution PL spectrum (Figure 5-17) as doping 

concentration is increased. Thus, aggregation is considerably suppressed in En-DBPICz 

by the sterically protected chemical structure of En-DBPICz that inhibits close contact 

between molecules (Section 5.3.2).  

Furthermore, the PLQEs of the MR emitter doped and undoped films were 

measured with 330 nm laser excitation. A PLQE of 96% was obtained from a           

DMAC-DPS neat film, in line with the previous report.218 Regarding the DMAC-DPS  
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Figure 5-21. (a) Schematic diagram of hyperfluorescence emission mechanism. (b) The 

absorbance for tb-DBPICz and En-DBPICz diluted in toluene and the PL spectra for 

DMAC-DPS and DPEPO:DMAC-DPS 20% films. (c),(d) show the PL spectra for        

tb-DBPICz and En-DBPICz doped in DMAC-DPS without a host matrix. 

 

 

Figure 5-22. The total PL spectra of (a) the DMAC-DPS:tb-DBPICz 0.5% and (b) 1.0% 

films with the decomposed PL spectra for DMAC-DPS and tb-DBPICz. 
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Figure 5-23. The total PL spectra of (a) the DMAC-DPS:En-DBPICz 0.5% and (b) 1.0% 

films with the decomposed PL spectra for DMAC-DPS and En-DBPICz. 

 

 

Figure 5-24. The PL spectra for (a) tb-DBPICz and (b) En-DBPICz doped in 

DPEPO:DMAC-DPS 20%. 

 

hosted films, those doped with tb-DBPICz show much lower PLQEs (43% for 0.5% 

doping and 35% for 1% doping) than with En-DBPICz (75% for 0.5% doping and 63% 

for 1.0% doping). The difference in PLQEs between the two emitters in DMAC-DPS is 

likely related to the lower PLQE of the aggregates present in the tb-DBPICz doped 

films, potentially increasing triplet DET for tb-DBPICz, compared to the En-DBPICz 

molecules. Meanwhile, in contrast to the solution PL spectra in Figure 5-17, a long 
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emission tail over 520 nm is not perfectly removed in the DMAC-DPS hosted film PL 

for En-DBPICz, which probably originates from the remaining DMAC-DPS emission 

contribution due to its broad PL spectrum (92 nm FWHM). Figure 5-22 and 5-23 show 

the decomposed PL spectra of DMAC-DPS and the emitters for the DMAC-DPS hosted 

films, indicating that DMAC-DPS emission is included in the total PL spectra of the 

films. As displayed in Figure 5-21(b), the PL-absorption overlap between DMAC-DPS 

and the MR emitters is not sufficient to transfer all excitons formed on DMAC-DPS to 

the MR emitters at low doping concentrations; there are residual excitons on        

DMAC-DPS molecules not transferred to En-DBPICz via FRET at a sufficient rate to 

quench all DMAC-DPS emission. Additionally, Figure 5-24 shows the PL spectra for 

the CTHF films, and the tendency dependent on doping concentrations is almost the 

same as those for the MFHF films in Figure 5-21(c) and (d). 

 

5.3.4 Exciton decay kinetics 

To study exciton decay kinetics in this hyperfluorescence system, transient PL 

measurements were conducted with 330 nm laser excitation. Figure 5-25 shows the 

transient PL data for the tb-DBPICz and En-DBPICz doped films and the DMAC-DPS 

neat film. The radiative decay rate constants of prompt (kp) and delayed (kd) 

fluorescence for the films can be calculated by,116,117,119 

𝑘p =
𝛷p

𝜏p
              (5-3-1)    

𝑘d =
𝛷d

𝜏d
              (5-3-2) 

where 𝛷𝑝 and 𝛷d are the PLQEs of prompt and delayed emission, and 𝜏p and 𝜏d are the 

decay lifetime of prompt and delayed emission. The total PLQE (𝛷total) is expressed  
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Figure 5-25. Transient PL profiles for (a) tb-DBPICz and (b) En-DBPICz doped in 

DMAC-DPS. 

 

Table 5-8. The summary of PLQEs (total, prompt, and delayed), decay time, and decay 

rate for DAMC-DPS neat and tb-DBPICz and En-DBPICz doped in DMAC-DPS.  

 

Host DMAC-DPS 

Dopant tb-DBPICz En-DBPICz 

Doping (%) 0 0.5 1 0.5 1 

Φtotal 0.96 0.43 0.35 0.75 0.63 

r1 0.15 0.24 0.32 0.15 0.23 

r2 0.85 0.76 0.68 0.60 0.77 

Φp 0.14 0.11 0.11 0.20 0.14 

Φd 0.82 0.32 0.24 0.55 0.49 

𝜏p (10-9 s) 13.80 13.75 13.60 11.37 8.57 

𝜏d (10-6 s) 1.24 1.37 1.15 1.47 1.43 

kp (107 /s) 1.04 0.76 0.81 1.32 1.67 

kd (105 /s) 6.61 2.36 2.08 4.08 3.40 
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Figure 5-26. Biexponential fits for the transient PL profiles of DMAC-DPS-based films. 

(a) DMAC-DPS. (b),(c) tb-DBPICz 0.5% and 1.0%. (d),(e) En-DBPICz 0.5% and 1.0%. 
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by the sum of 𝛷p and 𝛷d, expressed by the following equations, 

 𝛷total = 𝛷p + 𝛷d             (5-3-3) 

 𝛷p = 𝑟1𝛷total                    (5-3-4) 

 𝛷d = 𝑟2𝛷total             (5-3-5) 

where 𝑟1 and 𝑟2 are the intensity ratio of prompt and delayed components, defined by 

 𝑟1 =
𝐴1𝜏p

𝐴1𝜏p+𝐴2𝜏d
             (5-3-6)  

 𝑟2 =
𝐴2𝜏d

𝐴1𝜏p+𝐴2𝜏d
             (5-3-7) 

where 𝐴1 and 𝐴2 are the fitting parameters in the double exponential equation       

(𝐴1𝑒−𝑡/𝜏p + 𝐴2𝑒−𝑡/𝜏d). Figure 5-26 shows the biexponential fitting for the transient PL 

profiles of the films. Based on these results, the decay time and rate constants for the 

films are calculated from Equation 5-3-1 to 5-3-7, as summarised in Table 5-8. 

DMAC-DPS shows nanosecond prompt fluorescent emission with microsecond 

delayed emission in line with the previous report.115 As the MR emitters are doped into 

DMAC-DPS, the overall PLQE drops, accompanied by a change in the ratios of prompt 

and delayed emission. The ratio of the prompt to delayed emission increases (inset in 

Figure 5-25) as the doping concentration of both MR emitters is increased. There are 

likely multiple factors that lead to the increase in prompt emission compared to delayed. 

The change in ratio could be ascribed 1) to an increase in prompt emission due to FRET 

from DMAC-DPS to the DBPICz emitters outcompeting ISC from the initial       

DMAC-DPS S1 state formed during photoexcitation, and also 2) a decrease in delayed 

emission due to quenching via triplet DET from DMAC-DPS to the DBPICz emitters. 

Additionally, Figure 5-27 shows the integrated normalised PL intensity of the transient 
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Figure 5-27. Normalised integrated PL intensity for (a) tb-DBPICz and (b) En-DBPICz 

doped in DMAC-DPS.    

 

PL profiles indicating an increase in the prompt emission proportion with a decrease in 

the delayed emission proportion. 

Meanwhile, the prompt fluorescent emission of En-DBPICz is faster than           

tb-DBPICz (inset in Figure 5-25(a) and (b)), and as doping concentration is increased, 

the prompt fluorescent emission of En-DBPICz becomes much shorter while that of    

tb-DBPICz is insensitive to doping concentration in the early time region. This tendency 

may be related to slower aggregate emission in tb-DBPICz and prompted a study of the 

intrinsic decay kinetics of the emitters in the wide energy hap host, CBP.  

Figure 5-28 shows the transient PL characteristics and integrated PL intensity 

plots for the CBP hosted films. As expected from the large Δ𝐸ST (Table 5-7), delayed 

emission is negligible, and almost all emission is from initial fluorescence. However, 

En-DBPICz shows appreciably faster initial decay than tb-DBPICz (inset in Figure      

5-28(a)), and this is attributed to the aggregate emission of tb-DBPICz originating from 

its chemical structure. The decay times of the films are taken for a fraction 1-(1/e) of     
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Figure 5-28. (a) Transient PL and (b) normalised integrated PL profiles for tb-DBPICz 

and En-DBPICz doped in CBP. 

 

 

Figure 5-29. Normalised PL at different times for (a) tb-DBPICz and (b) En-DBPICz 

1% doped in CBP. 

 

the total emission to occur (Figure 5-28(b)), which are 10.1 ns and 5.7 ns for tb-DBPICz 

and En-DBPICz, respectively. Figure 5-29 shows the PL spectra at different times for   

the tb-DBPICz and En-DBPICz doped films. The PL spectra for the En-DBPICz doped 

films are maintained at almost the same spectral profile across all time scales (0-30 ns). 
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In contrast, for tb-DBPICz, the peak emission at 450 nm is comparatively quenched at 

all investigated timescales, and a broad secondary shoulder develops as time is 

increased. This disparity highlights that aggregation is prevalent for tb-DBPICz even 

when doped into a wide energy gap host at a low concentration, which can be effectively 

suppressed in En-DBPICz due to the sterically protected chemical structure. 

 

5.3.5 Analysis of exciton energy transfer 

Firstly, the exciton dynamics in DMAC-DPS are explored. Figure 5-30 shows 

the schematic diagram of the TADF process in DMAC-DPS. Assuming that the            

T1-to-S0 radiative and nonradiative transition in DMAC-DPS (𝑘r,T and 𝑘nr,T) is 

negligible, the decay rates and PLQEs of the prompt and delayed emission for     

DMAC-DPS (𝑘p,D, 𝛷p,D, 𝑘d,D, 𝛷d,D) can be approximated as16,116,117  

 𝑘p,D = 𝑘r,S + 𝑘nr,S + 𝑘ISC                      (5-3-8) 

 𝛷p,D =
𝑘r,S

𝑘r,S+𝑘nr,S+𝑘ISC
=

𝑘r,S

𝑘p,D
                (5-3-9) 

𝑘d,D = (1 −
𝑘r,S

𝑘r,S+𝑘nr,S+𝑘ISC
) 𝑘RISC             (5-3-10) 

 𝛷d,D = ∑ (𝛷ISC𝛷RISC)𝑘𝛷p,D
∞
𝑘=1 =

𝛷ISC𝛷RISC

1−𝛷ISC𝛷RISC
𝛷p,D           (5-3-11) 

where 𝑘r,S and 𝑘nr,S are the radiative and nonradiative decay rates of the singlet state, 

𝑘ISC and 𝑘RISC are the rate constants of ISC and RISC, and 𝛷ISC and 𝛷RISC are the 

efficiencies of ISC and RISC, respectively. From the above equations, 𝑘ISC and 𝑘RISC 

are described by the following equations, 
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Figure 5-30. Schematic representation of the TADF process in DMAC-DPS. 

 

 𝑘ISC =
𝛷d,D

𝛷p,D+𝛷d,D
𝑘p,D               (5-3-12) 

𝑘RISC =
𝑘d,D𝛷RISC

1−𝛷ISC𝛷RISC
=

𝑘p,D𝑘d,D

𝑘ISC

𝛷d,D

𝛷p,D
             (5-3-13) 

Accordingly, 𝑘ISC and 𝑘RISC are obtained as 8.82 × 106 /s and 4.44 × 106 /s, respectively. 

The schematic diagram of the hyperfluorsecent system where the MR emitters 

are doped in DMAC-DPS is depicted in Figure 5-31. Firstly, the FRET between 

DMAC-DPS and the MR emitters are explored. As studied in Section 5.3.3, the 

fluorescent emission from the DMAC-DPS hosted films consists of the MR emitter 

emission by excitons transferred from DMAC-DPS via FRET in addition to         

DMAC-DPS emission by the remaining excitons not transferred to the emitter 

molecules. To understand FRET between DMAC-DPS and the emitters, Forster radius 

(R0) was calculated (refer to Section 2.1.4 and 5.2.4). The values of R0 are 2.73 nm for 

tb-DBPICz and 2.88 nm for En-DBPICz, respectively. 
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Figure 5-31. Schematic representation of exciton decay and energy transfer pathways 

between DMAC-DPS and MR emitter. 

 

In transient PL profiles for the films (Figure 5-25), when the fluorescent MR 

emitters are doped in DMAC-DPS, strong delayed emission is still observed even 

though it is weaker than the DMAC-DPS neat film. To explore the difference in prompt 

and delayed emission more in detail, the PL spectra of prompt and delayed emission for 

the films at different times are plotted in Figure 5-32 and 5-33, respectively. Regarding 

the prompt emission (Figure 5-32), due to the strong aggregation features of tb-DBPICz, 

the peak emission is quickly quenched while the peak emission of En-DBPICz is 

maintained in line with Figure 5-29(b). However, with a slight increase of shoulder 

peaks at around 480 nm, the intensity of tail spectra over 500 nm is increased with time, 

suggesting that there is a small PL contribution from aggregate emission. In contrast, 

Figure 5-33 shows the normalised PL spectra of delayed emission for the films. 

Interestingly, the PL spectra of the delayed emission include negligible emission 

contribution from the MR emitters, meaning that delayed emission originates from the 

remaining excitons on DMAC-DPS, and FRET is completed at early times. 

Assuming that the fluorescent emission of the MR emitter doped films originates 



135 Covalently encapsulated fluorophors for efficient deep blue hyperfluorescent 

OLEDs with narrow emission 

 

135 

from the FRET of excitons initially formed in DMAC-DPS, the characteristic FRET 

efficiency and rate (𝐸FRET and 𝑘FRET ) can be described as  

𝐸FRET =
𝑘FRET

𝑘p,D+𝑘FRET
=  

1/𝛷total ∫ 𝑃A(𝜆)𝑑𝜆

∫ 𝑃D(𝜆)𝑑𝜆+1/𝛷total ∫ 𝑃A(𝜆)𝑑𝜆
                    (5-3-14) 

𝑘FRET =
𝐸FRET𝑘p,D

1−𝐸FRET
=  

1

𝜏D
(

𝑅0

𝑅avr
)

6

                (5-3-15) 

where PD and PA are the decomposed donor and acceptor emission spectrum, 𝛷total is 

the total PLQE of the films, 𝜏D is the radiative decay lifetime of DMAC-DPS, and 𝑅avr 

 

 

Figure 5-32. Normalised PL spectra of prompt emission for the DMAC-DPS:                

MR emitter films at different times. (a),(b) tb-DBPICz. (c),(d) En-DBPICz. 
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Figure 5-33. Normalised PL spectra of delayed emission for the DMAC-DPS:              

MR emitter films at different times. (a),(b) tb-DBPICz. (c),(d) En-DBPICz. 

 

is the average intermolecular distance between donor and acceptor molecules. PD and 

PA are obtained by subtracting a linearly-scaled donor-only spectrum from the total PL 

spectrum (Figures 5-22 and 5-23). 𝐸FRET for tb-DBPICz is 0.58 for 0.5% and 0.93 for 

1.0%, respectively. In contrast, 𝐸FRET for En-DBPICz is 0.31 for 0.5% and 0.64 for 

1.0%, respectively, which is lower than that for tb-DBPICz. This result shows that as 

the encapsulating alkyl chain in En-DBPICz substantially increases intermolecular 

distance, 𝐸FRET for the En-DBPICz doped films is lower than that for the tb-DBPICz 

doped films since 𝑘FRET decreases rapidly with molecular spacing. From Equation         

5-3-15, 𝑘FRET for the DMAC-DPS:MR emitters films are calculated. As DMAC-DPS 
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and tb-DBPICz are in closer contact than En-DBPICz, 𝑘FRET for the DMAC-DPS:        

tb-DBPICz blends (1.4 × 107
 

/s for 0.5% and 13.8 × 107
 

/s for 1.0%) is much faster than 

the DMAC-DPS:En-DBPICz blends (0.5 × 107
 

/s for 0.5% and 1.8 × 107
 

/s for 1.0%). 

As the values of 𝑘FRET for the blends were obtained, the values of Ravr can also be 

extracted from Equation 5-3-15. As expected, Ravr of tb-DBPICz 0.5% and 1.0% doped 

in DMAC-DPS is 2.59 nm and 1.77 nm, quite shorter than that of En-DBPICz 0.5% 

and 1.0% doped in DMAC-DPS, 3.29 nm and 2.62 nm, respectively, indicating that the 

encapsulating ring in En-DBPICz increases the intermolecular distance effectively. 

Next, the energy loss mechanisms, aggregation and DET, are examined. In 

principle, aggregation is the intrinsic properties of the dopant, not related to the 

interaction with the host, whereas DET is highly associated with the intermolecular 

orbital interaction between host and dopant molecules. As shown in Figure 5-32 and 33, 

FRET is almost completed in the early time range, and delayed emission only results 

from remaining excitons on DMAC-DPS. Accordingly, it is assumed that the efficiency 

loss in prompt emission and delayed emission results from aggregation and DET, 

respectively. Then, the efficiency and rate of aggregation (𝐸agg and 𝑘agg) can be 

described by 

𝐸agg = 1 − 𝛷total =
𝑘agg

𝑘p+𝑘agg
                            (5-3-14) 

𝑘agg =
𝐸agg𝑘p

1−𝐸agg
                                (5-3-15) 

Also, assuming that 𝑘nr,T is negligible (𝑘RISC and 𝑘DET ≫ 𝑘nr,T), the efficiency and rate 

of DET (𝐸DET and 𝑘DET) can be expressed by 

𝐸DET = 1 − 𝛷total =
𝑘DET

𝑘RISC+𝑘DET
                              (5-3-16) 
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𝑘DET =
𝐸DET𝑘RISC

1−𝐸DET
                             (5-3-17) 

From Equation 5-3-15 and 17, 𝑘agg and 𝑘DET can be extracted. The rate constants 

of energy transfer and other important parameters are summarised in Table 5-9. As 

expected, the 𝑘agg and 𝑘DET of En-DBPICz are much slower than those of tb-DBPICz, 

which can lead to higher efficiency in devices. 

 

Table 5-9. The summary of EFRET, kFRET, R0, Ravr, kagg, and kDET for the tb-DBPICz and 

En-DBPICz doped in DMAC-DPS. 

 

Host DMAC-DPS 

Dopant tb-DBPICz En-DBPICz 

Doping (%) 0.5 1 0.5 1 

EFRET
 
 0.58 0.93 0.31 0.64 

kFRET (107
 

/s) 1.43 13.77 0.47 1.84 

R0 (nm) 2.73 2.88 

Ravr (nm) 2.59 1.77 3.29 2.62 

kagg (107
 

/s) 1.01 1.51 0.44 0.98 

kDET (106
 

/s) 5.89 8.25 1.48 2.61 

 

5.3.6 Device characterisation: hyperfluorescent OLEDs 

Hyperfluorescent EL devices were fabricated utilising DMAC-DPS (exciton 

donor) and the two MR emitters, tb-DBPICz and En-DBPICz (exciton acceptor). It is 

expected that En-DBPICz could show much better performance in devices than                 

tb-DBPICz on the basis of the chemical and photophysical studies in Section 5.3.2~5. 
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Figure 5-34. (a) Device structure for CTHF and MFHF devices employing En-DBPICz. 

Doping concentrations varies from 0.5% to 2.0% for both types of devices. (b),(c) EL 

spectra for CTHF and MFHF devices at 1 mA/cm2. (d),(e) EQE-luminance plots for 

CTHF and MFHF devices.  
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Figure 5-35. Comparison of current density-voltage plots and luminance-voltage plots 

for the CTHF and MFHF devices employing En-DBPICz. (a),(c) Current density-

voltage plots. (b),(d) Luminance-voltage plots. 

 

Accordingly, En-DBPICz was applied in hyperfluorescent OLEDs utilising the simple 

device structure shown in Figure 5-34(a). TAPC and 2,2′-di(9H-carbazol-9-yl)-1,1′-

biphenyl (oCBP) were employed in an HTL part, and diphenyl-4-triphenylsilylphenyl 

phosphine oxide (TSPO1) was employed as an ETL. 

 To compare the device performance with and without a wide gap host matrix, 

MFHF and CTHF devices are explored with variation of emitter doping concentrations 

from 0.5% to 2.0%. Figure 5-34(b) and (c) show the EL spectra of the CTHF and MFHF 
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devices, respectively. Due to the better PL-absorption overlap in CTHF, the spectra at 

0.5% and 0.75% doping in CTHF are narrower than those in MFHF. However, with 

increased doping to 1% and 2%, as the donors and acceptors are close enough for 

effective FRET, the EL of the MFHF devices is observed predominantly from               

En-DBPICz with EL spectra approaching the solution PL with an ultra-narrow FWHM 

(~12 nm). Figure 5-34(d) and (e) show the EQE-luminance plots. In CTHF devices, the 

maximum EQE of 26.7% is achieved at 0.5% doping, and as doping concentration is 

increased, EQE is gradually reduced, but higher than 20% maximum EQE was 

maintained at 1% doping where most excitons formed in DMAC-DPS are transferred 

to En-DBPICz (Figure 5-34(b)). Regarding MFHF devices, the maximum EQE of  

 

Table 5-10. Summary of the device performance for En-DBPICz-based 

hyperfluorescent OLED devices. 

 

 V
on

a)
 

(V) 

EQE
Max

  

(%) 

V
100

b)
 

(V) 

EQE
100

b)
 

(%) 

Luminance
Max

 

(cd∙m-2) 

λ
peak

 

(nm) 

FWHM 

(nm) 

CIE 

(x,y) 

CTHF 1 2.8 26.7 4.2 22.5 4477.5 449.5 15.5 0.163, 0.173 

CTHF 2 2.9 22.5 4.3 19.9 3840.8 449.5 14.3 0.164, 0.159 

CTHF 3 2.9 20.9 4.4 14.4 2327.5 450.5 12.3 0.159, 0.115 

CTHF 4 2.9 15.9 4.8 11.2 1955.1 450.5 12.0 0.157, 0.105 

MFHF 1  2.6 18.8 3.4 16.7 4531.8 449.0 60.3 0.176, 0.247 

MFHF 2 2.6 21.1 3.4 19.3 4285.1 449.0 47.8 0.174, 0.225 

MFHF 3 2.6 15.2 4.0 12.1 3086.6 449.0 12.5 0.166, 0.156 

MFHF 4 2.6 11.2 4.0 7.8 1980.0 449.0 12.5 0.160, 0.116 

       a) Voltage at 0.1 cd/m2. b) Values at 100 cd/m2. 
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21.1% was attained even though the host matrix was not applied, meaning that the IQE 

is close to unity. In addition, at 1% doping, higher than a maximum EQE of 15% is 

maintained with CIEy ~0.16, showing the disruptive potential of realising highly 

efficient pure blue MFHF OLEDs with ultra-narrowband emission. The J-V and L-V 

plots for the CTHF and MFHF devices are presented in Figure 5-35. Considering the 

insensitivities of J-V profiles to doping concentrations (Figure 5-35(a) and (c)), charge 

trapping is negligible, and EL primarily results from exciton energy transfer between 

the donors and acceptors. Also, as shown in Figure 5-35(b) and (d), luminance is 

decreased with reduced EQEs as doping concentrations are increased. The detailed 

device performance for the devices is summarised in Table 5-10. 

Figure 5-36 shows the device results for conventional-type TADF (CT-TADF) 

and matrix-free TADF (MF-TADF) OLEDs. The maximum EQE for the CT-TADF 

device is 28.5%, much higher than MF-TADF, 17.0%, which led to the lower EQEs of 

the MFHF devices than those of the CTHF devices. Also, the slightly red-shifted and 

broader spectrum of the MF-TADF device compared to the CT-TADF one is not 

beneficial for effective FRET from DMAC-DPS to En-DBPICz. Better device 

performance could be realised in MFHF devices if more efficient blue TADF donors  

 

Table 5-11. Summary of the device performance for DMAC-DPS TADF OLED 

devices. 

 

 V
on

a)
 

(V) 

EQE
Max

  

(%) 

V
100

b)
 

(V) 

EQE
100

b)
 

(%) 

Luminance
Max

 

(cd∙m-2) 

λ
peak

 

(nm) 

FWHM 

(nm) 

CIE 

(x,y) 

CT-TADF 2.8 28.5 3.7 25.8 5420.5 461.0 83.0 0.173, 0.242 

MF-TADF 2.7 17.0 3.3 15.8 2261.7 475.5 88.3 0.185, 0.315 

       a) Voltage at 0.1 cd/m2. b) Values at 100 cd/m2. 
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Figure 5-36. (a) Device structure for DMAC-DPS-based CT-TADF and MF-TADF 

devices (b) EL spectra for CT-TADF and MF-TADF devices at 1 mA/cm2.  (c) EQE-

luminance plots for the CT-TADF and MF-TADF devices. (d),(e) show current density-

voltage plots and luminance-voltage plots for the CT-TADF and MF-TADF devices, 

respectively. 
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with improved PL-absorption overlap could be combined with En-DBPICz. The 

detailed device performance of DMAC-DPS TADF devices is summarised in Table      

5-11. 

To confirm the superiority of En-DBPICz over tb-DBPICz in devices,                  

tb-DBPICz is also employed in the same device structure and doping conditions used 

with En-DBPICz, and the device performance is shown in Figure 5-37 and Table 5-12. 

The EL spectra for the CTHF and MFHF devices are depicted in Figure 5-37(b) and 

(c). As anticipated from the steady-state photophysical studies in Section 5.3.3, the 

peak emission at 450 nm is quenched, and the EL spectra are red-shifted with broader 

FWHM as doping concentrations are increased. This result is associated with the PL 

spectra of the tb-DBPICz doped films with variation of doping concentrations in Figure 

5-21(c) and 5-22(a). Figure 5-37(d) and (e) show the EQE-luminance plots. As  

 

Table 5-12. Summary of the device performance for tb-DBPICz-based OLED devices. 

 

 V
on

a)
 

(V) 

EQE
Max

  

(%) 

V
100

b)
 

(V) 

EQE
100

b)
 

(%) 

Luminance
Max

 

(cd∙m-2) 

λ
peak

 

(nm) 

FWHM 

(nm) 

CIE 

(x,y) 

CTHF 5 2.9 17.5 4.6 15.3 2259.6 448.5 58.3 0.162, 0.194 

CTHF 6 2.9 16.4 4.5 14.6 2108.1 448.5 62.5 0.162, 0.208 

CTHF 7 2.9 12.5 4.4 10.7 1724.7 465.5 72.3 0.161, 0.231 

CTHF 8 2.9 6.5 5.7 3.9 1251.0 480.5 66.5 0.163, 0.304 

MFHF 5  2.6 14.1 3.7 12.9 2284.2 449 60.3 0.173, 0.234 

MFHF 6 2.6 10.0 4.2 9.1 1699.7 449 61.3 0.165, 0.221 

MFHF 7 2.6 5.2 4.4 4.2 1202.7 479 77.8 0.170, 0.293 

MFHF 8 2.6 4.2 4.8 3.5 928.4 475.5 62.5 0.158, 0.266 

       a) Voltage at 0.1 cd/m2. b) Values at 100 cd/m2. 



145 Covalently encapsulated fluorophors for efficient deep blue hyperfluorescent 

OLEDs with narrow emission 

 

145 

 

Figure 5-37. (a) Device structure for CTHF and MFHF devices employing tb-DBPICz. 

Doping concentrations varies from 0.5% to 2.0% for both types of devices. (b),(c) EL 

spectra for CTHF and MFHF devices at 1 mA/cm2. (d),(e) EQE-luminance plots for 

CTHF and MFHF devices. 
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Figure 5-38. Comparison of current density-voltage plots and luminance-voltage plots 

for the CTHF and MFHF devices employing tb-DBPICz. (a),(c) Current density-voltage 

plots. (b),(d) Luminance-voltage plots. 

 

expected, the maximum EQEs for the tb-DBPICz-based CTHF and MFHF devices are 

17.5% and 14.1%, respectively, much lower than those for the En-DBPICz-based 

counterparts. Also, as doping concentrations are increased, EQEs steeply drop due to 

significant aggregation and triplet transfer via DET between the donors and acceptors, 

as studied in Section 5.3.3~5. Also, tb-DBPICz can act as trapping sites at high doping 

consistent with the slightly shallower J-V curves as doping concentrations are increased, 

as shown in Figure 5-38(a) and (c). The substantially reduced luminance with an 
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increase in doping concentrations (Figure 5-38(b) and (d)) is also relevant to the energy 

loss mechanisms mentioned above. Therefore, it can be concluded that sterically 

protected chemical structures by encapsulation can substantially enhance the device 

performance of hyperfluorescent OLEDs by suppressing energy losses via aggregation 

and triplet DET. 

 

5.3.7 Device characterisation: fluorescent OLEDs 

As studied in Section 5.3.2, the solution PL of En-DBPICz shows much narrower 

FWHM(~10 nm) than DABNA-type MR emitters (~20-30 nm FWHM),17,21,22 with 

CIEx,y: (0.15, 0.05). However, in the DMAC-DPS matrix, due to the remaining emission 

tail over 520 nm, CIEy was slightly higher than 0.1 in DMAC-DPS-based 

hyperfluorescent OLEDs, as studied in Section 5.3.6. Recently, one of the blue boron-

incorporated MR emitters, methyl-2,12-di-tert-butyl-5,9-bis(4-(tert-butyl)phenyl)-5,9-

dihydro -5,9-diaza-13b-boranaphtho[3,2,1-de]anthracene (M-tDABNA) was applied to  

 

 

Figure 5-39. (a) The absorbance for En-DBPICz diluted in toluene and the PL spectrum 

for the MADN nest film. (b) The PL spectra for the En-DBPICz doped in MADN films 

with variation of doping concentrations from 0.5% to 5.0%.  
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conventional fluorescent OLEDs showing good colour purity (CIEx,y: 0.137, 0.076) in 

bottom emission OLEDs with higher than 8% EQE.95 Therefore, En-DBPICz was also 

applied in conventional fluorescent OLEDs exploiting one of the anthracene 

derivatives, 2-methyl-9,10-bis(naphthalen-2-yl)anthracene (MADN), as an exciton 

donor, for realising pure blue En-DBPICz spectrum in OLEDs. Figure 5-39(a) shows 

the PL-absorption overlap between MADN and En-DBPICz. The 0-0 transition 

absorption peak for En-DBPICz is well-overlapped with the PL spectrum for MADN. 

In addition, FWHM for MADN is 61 nm, narrower than that for DMAC-DPS (92 nm) 

with a much smaller PL intensity over 550 nm, which could be beneficial for quenched 

emission tail beyond 520 in the MADN hosted films. Figure 5-39(b) shows the PL 

spectra for the MADN hosted films with the variation of doping concentrations from 

0.5% to 5.0%. As expected from the excellent PL-absorption overlap, the PL spectra 

for the films are almost identical to the solution PL (Figure 5-17), with quenched 

MADN emission at over 1% doping. 

Based on these results, the MADN:En-DBPICz combination was applied in the 

device architecture shown in Figure 5-40(a), and the device performance is shown in 

Figure 5-40(b) and (c) and Table 5-13. TAPC, TCTA, and mCP were used in an HTL 

part, and 2-(9,9'-spirobi[fluoren]-3-yl)-4,6-diphenyl-1,3,5-triazine (SF3-TRz) and bis-

4,6-(3,5-di-3-pyridylphenyl)-2-methylpyrimidine (B3PYMPM) were employed for an 

ETL. The doping concentration of En-DBPICz varies from 0.5% to 5.0%, like the PL 

spectra. Figure 5-40(b) shows the EL spectra for the devices. As anticipated from the 

PL spectra, pure En-DBPICz emission is fully realised by effective FRET from MADN 

to En-DBPICz, showing pure deep blue emission spectra at ~450 nm peak wavelength 

and 11~12 nm FWHM. Furthermore, CIEx,y: (0.15, 0.05) is attained (Table 5-13), with 

mostly quenched emission below 450 nm, which is considered as unfavourable and 

harmful deep blue emission range in displays.215,216 Figure 5-40(c) shows EQE-  
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Figure 5-40. (a) Device structure for En-DBPICz-based conventional fluorescent 

OLEDs with variation of doping concentration from 0.5% to 5%. (b) EL spectra for the 

devices at 1 mA/cm2.  (c) EQE-luminance plots for the devices. 

 

 

Figure 5-41. (a) Current density-voltage plots and (b) luminance-voltage plots for the 

devices. 
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luminance plots. The maximum EQE among the devices is 8.5%, attained at 2% doping 

(CTFL 4). At low doping, as MADN emission is included in EL due to incomplete 

FRET, EQE is relatively low, but at 1% and 2%, EQEs are higher than 8% as most 

excitons formed in MADN are mostly transferred to En-DBPICz via FRET. However, 

at higher than 3%, EQE drops due to concentration quenching, which is normally 

observed in host-guest emitting systems.132,219 J-V and L-V curves are exhibited in 

Figure 5-41(a) and (b). Almost identical J-V and L-V curves for all devices indicate that 

the charge trapping effect is negligible, and most emission occurs by energy transfer, 

FRET, from the host to the dopant.  

 

Table 5-13. Summary of the device performance for En-DBPICz-based fluroescent 

OLED devices. 
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a)
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EQE
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(%) 

V
100

b)
 

(V) 

EQE
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b)
 

(%) 

Luminance
Max

 

(cd∙m-2) 

λ
peak

 

(nm) 

FWHM 

(nm) 

CIE 

(x,y) 

CTFL 1 2.7 7.0 5.1 5.1 8545.5 449.5 13.0 0.151, 0.060 

CTFL 2 2.7 7.3 5.1 5.6 9028.8 449.5 11.8 0.149, 0.054 

CTFL 3 2.7 8.3 5.0 6.2 10125.5 449.5 11.3 0.149, 0.049 

CTFL 4 2.7 8.5 4.9 6.5 10908.6 449.5 11.9 0.149, 0.050 

CTFL 5 2.7 7.8 5.1 6.1 9330.6 450.5 11.9 0.150, 0.051 

CTFL 6 2.7 7.5 4.9 5.9 8694.0 450.5 12.6 0.150, 0.056 

       a) Voltage at 0.1 cd/m2. b) Values at 100 cd/m2. 
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5.4 Summary 

Firstly, the influence of encapsulation on the performance of deep blue 

hyperfluorescent OLEDs with 9,10-diphenylanthracene based fluorescent acceptors 

was investigated. Doped into DPEPO:CZ-PS and a host-free CZ-PS system, En-DPA 

exhibits a maximum PLQE of 100% by effective FRET. Also, even at 10% doping in 

the TADF matrix CZ-PS, a PLQE greater than 95% was recorded, indicating that loss 

mechanisms resulting from close contact between molecules (such as aggregation and 

DET) are effectively suppressed by encapsulation. Furthermore, it was demonstrated 

that MFHF devices substantially outperform CTHF devices. Higher than 40% improved 

PE with nearly ten times higher maximum luminance and stability was attained with 

deep blue emission, maintaining the comparable maximum EQE of 7.5% to CTHF 

devices, 7.9%. This result shows the potential of efficient MFHF devices with the new 

design of fluorescent acceptors and TADF donors for effectively suppressing the energy 

loss pathways. 

Next, the newly designed MR emitters were studied. The sterically encapsulated 

indolocarbazole-based new emitter, En-DBPICz, showed ultra-narrow emission at       

450 nm peak wavelength with almost unity PLQE. With one of the efficient blue TADF 

materials, DMAC-DPS, En-DBPICz was utilised in the hyperfluorescent emissive 

system, and tb-DBPICz was compared as a control. The steady-state and transient 

photophysical studies proved that triplet transfer is substantially reduced in the             

En-DBPICz-doped films compared to the tb-DBPICz-doped film. Also, it was 

demonstrated that the aggregation effect of tb-DBPICz is severe, while En-DBPICz 

shows negligible aggregate emission due to its sterically protected chemical structure. 

Furthermore, the two MR emitters were employed in EL devices. In hyperfluorescent 

EL devices, the CTHF and MFHF devices show maximum EQEs of 26.7% and 21.1%, 
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respectively, indicating almost 100% IQE in both CTHF and MFHF devices, 

considering the 20~30% outcoupling efficiency of OLEDs.16,218 Furthermore, higher 

than 15% EQE is maintained in the MFHF device with CIEy ~0.16, showing the great 

potential of realising highly efficient deep blue MFHF devices with future work. For 

true blue EL devices, En-DBPICz is applied in conventional fluorescent OLEDs. 

Higher than a maximum EQE of 8% with CIEx,y: (0.15,0.05) was attained. These results 

suggest that the encapsulated deep blue MR emitters could be a solution for realising 

highly efficient pure blue OLEDs. 
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Chapter 6 The optimisation of exciton formation 

and charge transport in organic radical LEDs 

6.1 Introduction 

Organic radicals have emerged as the basis of more efficient OLEDs with higher 

performance limits than typical molecular emitters. This is achieved by doublet 

fluorescence with nanosecond emission in contrast to standard singlet-triplet 

photophysics found in organic optoelectronics. Here, direct charge recombination at 

radical sites is considered the primary emission process. However, due to the low-

energy radical orbitals, severe electron trapping occurs in devices with narrow emission 

zones at the interface of EML and ETL, which causes problems of significant efficiency 

roll-off, low radiance, and poor stability. 

The most effective and widely used method for improving the balance of electron 

and hole transport in an EML is to mix electron-transporting and hole-transporting 

materials in a blended host.78,79,220 This can be achieved by blending the materials used 

for the electron- and hole-transport layers (ETL and HTL). Mixed-host approaches have 

been widely applied not only to fluorescence-221–223 and phosphorescence-based 

devices,133,224–226 but also with TADF EL, and TADF- or phosphorescence-sensitised 

fluorescence.100,102,121,122,227 

For efficient and stable NIR OLEDs, a new NIR emitter based on (3,5-dichloro-

4-pyridyl)bis(2,4,6-trichlorophenyl)methyl (PyBTM) radical has been designed.41 

Triphenyl amine-substituted (2-chloro-3-pyridyl)bis(2,4,6-trichlorophenyl) methyl 
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(PyBTM’) (TPA-PyBTM’) shows efficient NIR emission around 820 nm and strong 

absorption between 400 and 550 nm, beneficial for effective FRET. The design of   

TPA-PyBTM’ follows the previously established rules for obtaining emissive π-radicals 

with non-alternant hydrocarbon motifs (here -TPA and -PyBTM’ components).       

TPA-PyBTM’-based devices were successfully fabricated with a maximum EQE of 

6.4%: the highest value of published NIR emissive devices. By exploiting mixed hosts 

for the radical emitters, improved efficiency roll-off, radiance, and operational lifetime 

are obtained, despite the slightly reduced maximum EQEs. Furthermore, by enhanced 

electron transport in an EML, the comparable EQE to the CBP-based device is achieved 

with substantially improved efficiency, radiance, and device lifetime. 

 

6.2 Studies of mixed host systems for organic radical 

6.2.1 Characterisation of NIR organic radical: TPA-PyBTM’ 

The synthesis and characterisation of TPA-PyBTM’ were conducted by Dr Shun 

Kimura, Department of Chemistry, University of Tokyo. TPA-PyBTM’ is a new NIR 

radical emitter with energy level features that are suitable for testing radical-based 

OLEDs, as shown by studies of its spin, electrochemical, photophysical, and quantum-

chemical properties. Quantitative electron spin resonance (ESR) spectroscopy 

confirmed the existence of one unpaired electron for each TPA-PyBTM’ molecule. The 

ESR spectrum displays hyperfine splitting assigned to nitrogen and hydrogen atoms in 

the PyBTM’ moiety, indicating delocalisation of the spin density over this group 

(Figure 6-1). CV demonstrated two reversible redox waves at E0’
red  = −1.05 V (vs 

ferrocenium/ferrocene) and E0’
ox = 0.15 V, attributed to reduction centred at the  
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Figure 6-1. (a) ESR spectrum of TPA-PyBTM’ in toluene at 175 K (2.0 × 10-4 M, red) 

and computed simulation (black). Hyperfine coupling constants used for the simulation 

were as follows: 0.2 mT for a nitrogen atom, 0.1 mT for four hydrogen atoms on two 

trichlorophenyl groups, and 0.1 and 0.15 mT for hydrogen atoms at 5- and 4-positions 

in the pyridyl ring, respectively. (b) Spin density distribution calculated using DFT. 

 

 

Figure 6-2. Cyclic voltammograms of TPA-PyBTM’ Cyclic voltammogram of                      

TPA-PyBTM’ (red), H-TPA-PyBTM’(blue), and metaPyBTM (green) in CH2Cl2 

containing 0.1 M n(C4H9)4NPF6, obtained with a scan rate of 0.1 V/s.  
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electron-poor PyBTM’ moiety and oxidation that removes an electron from the highest 

occupied molecular orbital (HOMO), a -orbital delocalised over the electron-rich TPA 

skeleton and the PyBTM’ moiety (Figure 6-2 and Figure 6-4). From this, SOMO 

(reduction) and HOMO energies are estimated as 3.8 eV and 5.0 eV. TPA-PyBTM’ 

displays PL in a variety of solvents (Figure 6-3 and Table 6-1), with PLQEs between   

6 and 24%. The peak emission wavelength is redshifted from 742 nm (1.67 eV) to       

875 nm (1.42 eV) with increasing solvent polarity, indicating the formation of an 

intramolecular charge-transfer excited state. These experimental characteristics are 

supported by density functional theory (DFT) and time-dependent density functional 

theory (TDDFT) calculations (done by Dr Shun Kimura, Department of Chemistry, 

University of Tokyo) as described in Figure 6-4. 

Figure 6-4 shows the calculated molecular orbitals (MOs) of TPA-PyBTM’. The 

MOs are distributed on both the TPA and the PyBTM’ moieties due to orbital 

hybridisation via efficient -conjugation. The -HOMO (184) and -SOMO (185) 

are located mainly at the TPA and the PyBTM’ moieties, while their -counterparts are 

delocalised over the entire -conjugated framework. TDDFT calculation shows that the  

 

Table 6-1. Photophysical parameters of TPA-PyBTM’ in solvents. 

 

Solvent λab / nm ε / M
-1

cm
-1

 λem / nm Φ τ / ns kf / 10
7
s

-1
 knr / 10

7
s

-1
 

Cyclohexane 715 7230 742 0.17 8.0 2.1 10 

Carbon tetrachloride 719 6636 753 0.22 9.4 2.3 8.3 

Toluene 720 6520 800 0.24 8.5 2.8 8.9 

Dioxane 713 5950 811 0.12 4.6 2.6 19 

Diethyl ether 712 5730 830 0.06 2.3 2.4 41 

Chloroform 713 5020 875 0.06 2.5 2.5 38 
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Figure 6-3. (a) Absorption and (b) emission spectra of TPA-PyBTM’ in solvents. 

 

 

Figure 6-4. MO diagram of TPA-PyBTM’ in cyclohexane calculated by DFT. 
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lowest energy excited state is formed mainly via a 185←184 electronic transition. 

This transition corresponds to a charge transfer transition from the TPA to the PyBTM’ 

moiety and is assignable to the transition bands observed around 600-750 nm in the 

absorption spectra. The modelled charge-transfer character of the doublet excited state 

is consistent with the solvatochromic effects mentioned above. 

 

6.2.2 Design of mixed hosts 

Figure 6-5(a) shows the molecular structures of TPA-PyBTM’, 4,4’-

bis(carbazol-9-yl)biphenyl (CBP), 4,4′,4″-tris(carbazol-9-yl)triphenylamine (TCTA), 

and bis-4,6-(3,5-di-3-pyridylphenyl)-2-methylpyrimidine (B3PYMPM). The three 

types of EML composition were designed using these materials, as shown in Figure           

6-5(b). For standard devices, CBP was employed as a conventional host with                  

TPA-PyBTM’. To control charge transport and improve charge balance in the EML, 

two types of mixed hosts were exploited using typical ETL and HTL materials: 

B3PYMPM was mixed with CBP to enhance electron transport, and CBP was replaced 

with TCTA to further increase hole transport. When B3PYMPM was mixed with CBP 

or TCTA in a 1:1 ratio, emission peaks were observed at 430 nm (CBP:B3PYMPM) 

and 510 nm (TCTA:B3PYMPM), which were red-shifted with respect to the individual 

host components and indicate exciplex formation (Figure 6-6). In this case, it is 

anticipated that when radical emitters are doped in an exciplex host matrix, both singlet 

and triplet exciplexes formed on the host can undergo energy transfer to form doublet 

excitons in the radical dopant for efficient and rapid light emission in EL devices. Direct 

charge capture on the dopant is also a possible mechanism that is tested in this design. 
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Figure 6-5. (a) Chemical structures of TPA-PyBTM’, CBP, TCTA, and B3PYMPM. 

(b) Schematic representation of the energy level diagram for the three types of emissive 

system. CBP is selected for the standard, and B3PYMPM is combined with CBP and 

TCTA for the mixed hosts with TPA-PyBTM’. 
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Figure 6-6. PL spectra of CBP, TCTA, B3PYMPM, CBP:B3PYMPM, and 

TCTA:B3PYMPM films.   

 

6.2.3 Steady state and transient photophysics 

Figure 6-7 shows the TPA-PyBTM’ steady-state and transient photophysical 

studies. The PL of CBP, CBP:B3PYMPM, and TCTA:B3PYMPM neat films and the 

PL and absorption of TPA-PyBTM’ diluted in toluene are depicted in Figure 6-7(a). 

The high absorption coefficient of TPA-PyBTM’ between 400 nm and 550 nm allows 

the exciplex-forming hosts to be adopted as an energy donor, and overlap of (exciplex) 

PL and (radical) absorption enable efficient energy transfer. The steady-state PL spectra 

of TPA-PyBTM’ 3% doped in CBP, CBP:B3PYMPM, and TCTA:B3PYMPM show 

TPA-PyBTM’ emission spectra centred at 820 nm in all cases, with some residual 

emission contribution from the hosts due to low radical doping concentration (Figure 

6-7(b)). As the films are excited by a 330 nm laser, NIR emission mainly originates 

from FRET from the hosts even though there is a small contribution by direct excitation 
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of TPA-PyBTM’ (Figure 6-8). In addition, PLQEs for the TPA-PyBTM’-doped films 

were measured at the same excitation wavelength as above. The PLQE values for the 

TPA-PyBTM’ 3% doped in CBP:B3PYMPM and TCTA:B3PYMPM films are 14% 

and 9%, respectively, which is lower than the value of 21% in CBP films.  

 

 

Figure 6-7. Steady-state and transient photophysics. (a) PL spectra of CBP, 

CBP:B3PYMPM, and TCTA:B3PYMPM neat films; and TPA-PyBTM’ solution 

absorption and PL spectra. (b) PL spectra of TPA-PyBTM’ doped at 3 wt% in CBP, 

CBP:B3PYMPM, TCTA:B3PYMPM films. (c) and (d) show transient PL 

characteristics of CBP, CBP:B3PYMPM, and TCTA:B3PYMPM films and the radical-

doped films, respectively. The inset in (d) shows the same data at earlier times. 
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Figure 6-8. Absorbance of CBP, CBP:B3PYMPM, and TCTA:B3PYMPM films and 

TPA-PyBTM’ in toluene. 

 

For the investigation of the excited-state decay kinetics, transient PL 

measurements were conducted for the three host types with and without TPA-PyBTM’ 

doping, as shown in Figure 6-7(c) and (d). Characteristic decay timescales were 

determined from the time-integrated PL intensity (Figure 6-9); the times taken for a 

fraction 1-(1/e) of the total emission to occur are shown in Table 6-2. As expected, due 

to reduced oscillator strength, the exciplex emission is slower than the rapid exciton 

emission seen in CBP. TCTA:B3PYMPM exhibits strong delayed emission in 

agreement with the previous work134 where it was attributed to the formation and 

recovery of non-emissive triplet exciplex states. CBP:B3PYMPM also shows slow non-

monoexponential decay, although the delayed components are not as prominent as in 

TCTA:B3PYMPM. TPA-PyBTM'-doped films show nanosecond decay (Figure             

6-7(d)), with faster emission on all timescales than in the undoped mixed hosts. This 

implies rapid energy transfer from the singlet exciplex state onto the radical emitter. 
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The decay times for fluorescent doublet emission of TPA-PyBTM’ doped in CBP, 

CBP:B3PYMPM, and TCTA:B3PYMPM are 7.8 ns, 11.3 ns, and 22.9 ns, respectively.  

 

Table 6-2. Summary of TPA-PyBTM’ decay kinetics doped in different hosts. 

 

TPA-PyBTM’ 

Doping (%) 

CBP CBP:B3PYMPM TCTA:B3PYMPM 

0 3 0 3 0 3 

PLQE (%) 78 21 15 14 46 9 

τ (ns)a) 3.4 7.8 45.9 11.3 418.1 22.9 

kr (/µs) 229.4 26.9 3.3 12.4 1.1 3.9 

knr (/µs) 64.7 101.3 18.5 76.1 1.3 39.7 

a)Derived from the time when the integrated PL intensity reaches 1-(1/e). 

 

 

 

Figure 6-9. Normalised integrated PL intensity of (a) CBP, CBP:B3PYMPM, and 

TCTA:B3PYMPM films and (b) TPA-PyBTM’ 3 wt% doped in CBP, 

CBP:B3PYMPM, and TCTA:B3PYMPM films. 
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Compared to the radical doped in CBP, the CBP:B3PYMPM and TCTA:B3PYMPM 

hosted films show longer decay time with delayed components (inset in Figure 6-7(d)), 

which suggests longer time energy transfer from the exciplex formed between CBP or 

TCTA and B3PYMPM  (Figure 6-7(c)).  

 

6.2.4 Single-carrier device analysis 

Single-carrier devices were examined to probe charge transport in devices with 

different hosts. Figure 6-10(a) and (b) show the device structures for the HODs and 

EODs. For the HOD, 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) and TCTA 

are used as the HTL, and TAPC is inserted between the EML and the cathode to block 

electron injection into the EML. For the EOD, the EML is sandwiched by the well-

established ETL material B3PYMPM to achieve an electron-only current. Figure            

6-10(c) and (d) show the J-V characteristics of single-carrier devices with and without 

radical emitter doping based on three different hosts: CBP (HOD 1 and EOD 1), 

CBP:B3PYMPM (HOD 2 and EOD 2), and TCTA:B3PYMPM (HOD 3 and EOD 3). 

On radical doping, the J-V curves for both HOD and EOD become shallower in all 

cases, suggesting that the direct recombination of holes and electrons at the radical sites 

will dominate the emission mechanism for radical EL. The severe electron trapping 

(Figure 6-10(d)) behaviour implies that the emission zone is located close to the 

EML/ETL interface in full OLED devices. The hole current in HOD 3 is much higher 

than in other devices due to the improved hole-transporting properties of TCTA 

compared with CBP,228 and the introduction of B3PYMPM reduces hole transport as 

observed from the shallower J-V curve of HOD 2 than HOD 1 (Figure 6-10(c)). From 

EOD studies with and without radical doping, EOD 2 and 3 show steeper J-V curves 

than EOD 1, meaning that B3PYMPM considerably improves electron-transporting 
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properties. Enhanced electron transport is apparent despite substantial electron-trapping 

behaviour by the radical dopant. 

 

 

Figure 6-10. (a),(b) show the device architectures of HOD and EOD. For the direct 

comparison of the hole and electron-transporting properties in devices, the device 

structures are designed based on usable layers for a full device. For HOD, TAPC 20 nm 

is used between the EML and cathode to block electron injection. For EOD, B3PYMPM 

20 nm is deposited at the anode to allow electron-only currents. The current density-

voltage profiles for the HODs and EODs are plotted in (c) and (d). As TPA-PyBTM’ is 

doped in the hosts, HOD and EOD plots become shallower, meaning that the radical 

plays a role in trapping both holes and electrons, but electron trapping is more severe. 
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6.2.5 Device characterisation 

Radical EL devices were explored on the basis of the device layout displayed in 

Figure 6-11(a), with EML composition corresponding to the materials combinations 

studied above. The three types of devices were successfully characterised, and their 

performance is shown in Figure 6-11(b)⁓(d) and Table 6-3. Figure 6-11(b) shows 

current density-voltage-radiance characteristics. Device 3 exhibits a substantially lower 

turn-on voltage, 2.1 V, than other devices, 2.7 V (Device 1) and 3.3 V (Device 2), which 

is attributed to the negligible hole injection barrier between HTL and EML as TCTA is 

used in both layers. Additionally, Device 2 shows 0.6 V higher turn-on voltage than 

Device 1 as B3PYMPM partially inhibits hole injection to the EML, which is consistent 

with the HOD studies (figure 6-10(c)). 

Figure 6-11(c) displays the recorded EQE-current density plots. The maximum 

EQE of 6.4% was attained from Device 1, with Devices 2 and 3 reaching 4.7% and 

3.7%, respectively, and follows the same trend as the film PLQE values. The large 

efficiency roll-off in Device 1 is mainly ascribed to poor electron transport narrowing 

the recombination zone, while Devices 2 and 3 exhibit improved efficiency roll-off 

characteristics, with higher EQEs than Device 1 at current densities over 1 mA/cm2 

since the mixed-host design leads to reduced charge trapping and improved electron 

transport (Figure 6-11(c) and 6-12). This is also summarised in Table 6-3, which shows 

that at 10 mA/cm2, the EQE for Device 1 drops to only 15% of the maximum EQE, 

while approximately 50% and 40% of the maximum EQEs are maintained in Device 2 

and 3, respectively.  

Figure 6-11(d) shows the EL spectra of the devices, where the emission can be 

seen to peak at wavelengths higher than 800 nm. No host emission is observable, which 

contrasts with the PL spectra shown in Figure 6-7(b), and suggests that direct electrical  
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Figure 6-11. Device structures and optoelectronic performance of the TPA-PyBTM’ 

radical-based OLEDs. (a) TPA-PyBTM’ device layout with energy level diagram for 

the materials used for this study. (b) Current density-voltage-radiance plots. (c) EQE-

current density curves. (d) EL spectra at 1 mA/cm2 

 

Table 6-3. Summary of device performance. 

 

 
Von

a) 

(V) 

EQEMax 

(%) 

EQEJ-1.0
b) 

(%) 

EQEJ-10.0
c) 

(%) 

RadianceMax 

(W∙sr-1∙m-2) 

λmax 

(nm) 

Device 1 2.7 6.4 3.0 0.9 0.6 805 

Device 2 3.3 4.7 2.8 2.2 4.0 820 

Device 3 2.1 3.7 2.3 1.4 3.0 820 

a)Voltage at 10-5 mA/cm2. b)EQE at 1 mA/cm2, c)EQE at 10 mA/cm2 
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excitation of the dopant dominates over possible energy transfer mechanisms from host 

excitons. The EL from Device 1 is slightly blue-shifted compared to Device 2 and 3 

(not seen in the PL spectra). It is inferred that this is due to a recombination zone 

shift.229 Concerning Device 1, the emission zone is close to the EML/ETL interface 

since the severe electron trapping due to the large energy gap disparity between CBP 

LUMO and TPA-PyBTM’ SOMO is expected from the EOD studies (Figure 6-10(d)). 

In contrast, the recombination zone of Device 2 and 3 can be extended towards the 

HTL/EML interface because of the enhanced electron transport in B3PYMPM, leading 

to a slight spectrum change compared to Device 1 with increasing optical path length 

from cathode to the emission zone. Furthermore, device lifetime was measured at                            

1 mA/cm2 (10.3 V for Device 1, 10.7 V for Device 2, and 8.4 V for Device 3) for the 

devices (Figure 6-13). As investigated, the mixed hosts are conducive to more balanced  

 

 

Figure 6-12. The normalised EQE-current density plots of the devices. 
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Figure 6-13. Comparison of device lifetime measured at 1 mA/cm2. 

 

charge populations in an extended recombination zone; this results in substantially 

improved device stability (70 s for Device 1, 3.4 hr for Device 2, and 0.5 hr for       

Device 3). The approximately seven times shorter lifetime of Device 3 than Device 2 is 

attributed to the higher hole mobility and shallower HOMO energy level in TCTA 

compared to CBP, leading to higher hole transport in the EML causing hole 

accumulation at the EML/ETL interface for increased exciton-polaron quenching.78,79 

Additionally, it is noted that as lifetime was measured at relatively high voltage in an 

ambient condition without encapsulation, the absolute device lifetime could be 

enhanced in more optimised device configurations and measurement conditions. 

Consequently, mixed hosts contributed to the considerable improvement of efficiency 

roll-off and device lifetime, whereas maximum EQEs compromised, prompting further 

work on the new design of mixed hosts.  
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6.3 New design of mixed hosts for enhanced electron transport 

6.3.1 New mixed host design for TPA-PyBTM’ 

To further improve the optoelectronic performance of TPA-PyBTM’-based 

organic radical LEDs, higher electron transport with reduced electron trapping is 

required, considering the severe electron trapping examined in Section 6.2.4. For this 

purpose, B3PYMPM is replaced with 4,6-bis[3,5-(dipyrid-4-yl)phenyl]-2-methyl 

pyrimidine (B4PYMPM) as shown in Figure 6-14. B4PYMPM is known to have deeper  

 

 

 

Figure 6-14. New design of mixed hosts for TPA-PyBTM’. B4PYMPM is adopted 

instead of B3PYMPM as a new ET host for enhanced electron transport and reduced 

electron trapping in an EML. 
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energy levels with one order higher electron mobility than B3PYMPM.80 Accordingly, 

it is anticipated that B4PYMPM could substantially raise the electron transporting 

properties in an EML compared to B3PYMPM. 

 

6.3.2 Steady-state and transient photophysics 

Figure 6-15 shows the steady-state and transient photophysical properties for 

TPA-PyBTM’ 3% doped and undoped films in different hosts. As studied in Section 

6.2.3, the fundamental characteristics of B4PYMPM-based mixed hosts are almost the 

same as B3PYMPM-based ones. CBP:B4PYMPM and TCTA:B4PYMPM PL spectra 

are red-shifted compared to the PL of each element (Figure 6-16(a)), implying the 

formation of exciplexes. Figure 6-15(b) shows the PL spectra of the films with 820 nm 

peak wavelength excited by a 330 nm laser. Considering that the hosts are mainly 

excited by the laser (Figure 6-16(b)), NIR emission mainly results from FRET from the 

hosts, and a small proportion of host emission is detected, in line with the PL spectra of 

the TPA-PyBTM’ doped films studied in Section 6.2.3. In addition, PLQEs for the films 

are measured with the same wavelength laser excitation. The CBP:B4PYMPM and 

TCTA:B4PYMPM hosted films show the PLQEs of 11% and 8%, which are lower than 

the PLQE of the CBP hosted film (21%), and these results are similar to the lower 

PLQEs of the CBP:B3PYMPM and TCTA:B3PYMPM hosted films studied in Section 

6.2.3. 

Figure 6-15(c) and (d) show transient PL characteristics of the TPA-PyBTM’ 

doped and undoped films to explore the different decay kinetics in the three kinds of 

hosts. Overall, the basic decay features for the B4PYMPM-based mixed hosts are 

almost identical to the B3PYMPM-based ones. Figure 6-15(c) presents the decay  
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Figure 6-15. Steady-state and transient photophysics. (a) PL spectra of CBP, 

CBP:B4PYMPM, and TCTA:B4PYMPM neat films and the absorption and PL spectra 

of TPA-PyBTM’ solution. (b) PL spectra of TPA-PyBTM’ doped at 3 wt% in CBP, 

CBP:B4PYMPM, TCTA:B4PYMPM films. (c) and (d) show transient PL 

characteristics of CBP, CBP:B4PYMPM, and TCTA:B4PYMPM films and the radical-

doped films, respectively. The inset in (d) shows the same data at earlier times. 

 

Table 6-4. Summary of TPA-PyBTM’ decay kinetics doped in different hosts. 

TPA-PyBTM’ 

Doping (%) 

CBP CBP:B4PYMPM TCTA:B4PYMPM 

0 3 0 3 0 3 

PLQE (%) 78 21 14 11 65 8 

τ (ns)a) 3.4 7.8 56.6 14.5 780.5 21.5 

kr (/µs) 229.4 26.9 2.5 7.6 0.83 3.7 

knr (/µs) 64.7 101.3 15.2 61.4 0.45 42.8 

a)Derived from the time when the integrated PL intensity reaches 1-(1/e). 
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Figure 6-16. (a) PL spectra of CBP, TCTA, B4PYMPM, CBP:B4PYMPM, and 

TCTA:B4PYMPM films. (b) Absorbance of CBP, CBP:B4PYMPM, and 

TCTA:B4PYMPM films, and TPA-PyBTM’ in toluene. 

 

 

Figure 6-17. Normalised integrated PL intensity of (a) CBP, CBP:B4PYMPM, and 

TCTA:B4PYMPM films and (b) TPA-PyBTM’ 3 wt% doped in CBP, 

CBP:B4PYMPM, and TCTA:B4PYMPM films. 

 

kinetics of the hosts without radical doping. TCTA:B4PYMPM shows prominent 

delayed emission like TCTA:B3PYMPM, and it is correlated with the previous work.230 

Also, CBP:B4PYMPM shows faster emission decay than TCTA:B4PYMPM, meaning 

that RISC in CBP:B4PYMPM is not as effective as that in TCTA:B4PYMPM. With 
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radical doping, high-speed doublet fluorescence decay profiles are recorded in all hosts 

like in the previous study in Section 6.2.3. Table 6-4 shows the summary of the PLQE 

values and decay constants determined from the time when the integrated normalised 

PL intensity reaches 1-(1/e) (Figure 6-17). Compared to CBP:B3PYMPM and 

TCTA:B3PYMPM (Table 6-2), CBP:B4PYMPM and TCTA:B4PYMPM show longer 

decay time, indicating that RISC is more effective in B4PYMPM-based mixed hosts 

than B3PYMPM-based ones. 

 

6.3.3 Single-carrier device analysis 

To confirm the enhanced electron transport by the exploitation of B4PYMPM 

compared to B3PYMPM, single-carrier devices were fabricated. From the device 

structures in Figure 6-10(a) and (b), B3PYMPM was replaced with B4PYMPM, and 

the other layers are identical, as shown in Figure 6-18(a) and (b). EML thickness is 

reduced from 30 nm to 20 nm, which could lead to better device performance by 

improving J-V characteristics. 

Figure 6-18(c) and (d) show the J-V characteristics of HODs and EODs for the 

three kinds of hosts with and without TPA-PyBTM’ doping: CBP (HOD 1 and           

EOD 1), CBP:B4PYMPM (HOD 2 and EOD 2), TCTA:B4PYMPM (HOD 3 and     

EOD 3). The J-V plots for both HODs and EODs become shallower as TPA-PyBTM’ 

is doped, which means that direct charge trapping to the radical would be dominant in 

EL devices. Regarding HODs (Figure 6-18(c)), TCTA increases hole transport in                      

HOD 3 while the J-V curve for HOD 2 is shallower than HOD 1 as B4PYMPM 

interferes with hole transport in an EML. 
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Figure 6-18. (a),(b) show the device architectures of HOD and EOD. For HOD, TAPC 

20 nm is deposited between the EML and cathode to preclude electron injection. For 

EOD, the EML is sandwiched by B4PYMMPM to ensure electron-only currents. The 

J-V plots for the HODs and EODs are depicted in (c) and (d). As TPA-PyBTM’ is doped 

in the hosts, the radical plays a role in trapping both holes and electrons, considering 

HOD and EOD plots become shallower, but electron trapping is more severe. Also, as 

B4PYMPM is mixed with CBP and TCTA, electron transporting abilities in an EML 

are substantially improved in the sense of the much steeper J-V curves. 

 

On the other hand, as B4PYMPM is utilised instead of B3PYMPM, electron 

transporting properties for CBP:B4PYMPM and TCTA:B4PYMPM are substantially 

improved considering the much steeper J-V curves than CBP:B3PYMPM and 

TCTA:B3PYMPM (Figure 6-19(b)). Nevertheless, electron trapping is still severe 
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considering the much shallower J-V curves for EOD 1⁓3 with doping than EOD 1⁓3 

without doping (Figure 6-18(d)). However, B4PYMPM substantially enhances electron 

transport in an EML compared to B3PYMPM, which could lead to the more balanced 

hole and electron transporting properties. 

 

 

Figure 6-19. Comparisons of (a) HOD and (b) EOD for the B3PYMPM-based mixed 

hosts and B4PYMPM-based mixed hosts.  

 

6.3.4 Device characterisation 

On the basis of the photophysical studies and single-carrier device results, the 

three kinds of the full devices corresponding to the EML combinations explored above 

were successfully fabricated utilising the device layout shown in Figure 6-20(a). TAPC 

and TCTA were used in an HTL part with the thickness of 30 nm and 10 nm, 

respectively, and 80 nm thick B4PYMPM was employed as an ETL. To investigate the 

host effect on device performance, the three hosts (CBP, CBP:B4PYMPM, and 

TCTA:B4PYMPM) were compared in the same device architecture, corresponding to  
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Figure 6-20. Device structures and device performance. (a) TPA-PyBTM’ device layout 

with energy level diagram for the materials used for this study. (b) EQE-current density 

curves. (c) EL spectra at 1 mA/cm2. (d) Current density-voltage-radiance plots. (e) 

Lifetime measured at 0.1 mA/cm2. 
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Table 6-5. Summary of device performance. 

 

 
Von

a) 

(V) 

EQEMax 

(%) 

EQEJ-0.1
b) 

(%) 

EQEJ-10.0
c) 

(%) 

RadianceMax 

(W∙sr-1∙m-2) 

Lifetimed) 

(hr) 

λmax 

(nm) 

Device 1 2.4 6.2 5.2 1.8 1.8 0.4 812 

Device 2 2.6 4.6 3.8 2.8 24.6 20.8 818 

Device 3 2.1 5.7 5.0 4.1 41.3 48.7 814 

a)Voltage at 10-5 mA/cm2. b)EQE at 0.1 mA/cm2, c)EQE at 10 mA/cm2, d)Lifetime at 0.1 mA/cm2 

 

Device 1, Device 2, and Device 3, respectively. 

The optoelectronic performance of the devices is presented in Figure 6-20(b)⁓(e) 

and Table 6-5. Figure 6-20(b) shows the EQE-current density plots. The maximum EQE 

of Device 3 is 5.7%, comparable to Device 1, 6.2%, and the maximum EQE of       

Device 2 is slightly lower than others, 4.6%. As mixed hosts are employed, Device 2 

and 3 show highly improved efficiency roll-off features. While the EQE for Device 1 

drops substantially over 1 mA/cm2, Device 2 and 3 keep relatively high EQEs and 

exceed Device 1. As a result, at 10 mA/cm2, just 30% of the maximum EQE remains in 

Device 1, whereas Device 2 and 3 maintain higher than 60% and 70% of the maximum 

EQEs, respectively. Interestingly, it is noted that the PLQE of the TCTA:B4PYMPM 

hosted film is just 8%, lower than half of the PLQE of the CBP hosted film (21%), but 

the EQE of Device 3 is comparable to Device 1. This can be interpreted by the 

difference between photoexcitation and electrical excitation. As shown in Figure            

6-15(b), there remains host emission in PL as NIR emission from TPA-PyBTM’ is 

mainly from FRET from host molecules. In contrast, no host emission is observed in 

EL, as shown in Figure 6-19(c), meaning that the direct charge recombination at radical 

sites is the main emission mechanism in electrical excitation, and the contribution of 
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the energy transfer from hosts to radicals in EL is not dominant. Therefore, EL 

efficiency is mostly determined by the intrinsic efficiency of the dopant and charge 

recombination by hole and electron in the EML. 

Figure 6-20(d) shows the current density-voltage-radiance plots. As expected 

from single-carrier device studies, Device 2 and 3 show much faster charge transport 

than Device 1 as B4PYMPM considerably increases electron transport, as shown in the 

EOD studies (Section 6.3.3). Moreover, as B4PYMPM having much faster electron 

mobility than B3PYMPM is utilised,80 radiance for the B4PYMPM-based devices is  

 

 

Figure 6-21. Comparison of the J-V characteristics between the devices with and 

without TPA-PyBTM’ doping. 
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substantially enhanced compared to the devices using B3PYMPM. The maximum 

radiance for Device 3 is 41.3 W∙sr-1∙m-2 W, more than ten times higher than the 

B3PYMPM-based counterpart, 3.0 W∙sr-1∙m-2. Also, compared to the maximum 

radiance for Device 1 (1.8 W∙sr-1∙m-2), more than twenty times higher maximum 

radiance is achieved in Device 3. Furthermore, in order to prove the effect of mixing 

B4PYMPM with the HT hosts on device characteristics, the J-V curves for the devices 

with and without the radical doping are compared, as shown in Figure 6-21. In       

Device 1, as TPA-PyBTM’ is doped, the J-V curve becomes much shallower (Figure  

6-21(a)), indicating that most electrons are captured at radical sites near the interface of 

EML and ETL, causing bimolecular exciton quenching at high current density in line 

with the EOD study and large efficiency roll-off (6-18(d) and 6-20(b)). However, the  

J-V curve difference between with and without doping for Device 2 and 3 is 

substantially reduced compared to Device 1 as shown in Figure 6-21(b) and (c). As 

electron transporting properties are highly enhanced by B4PYMPM, electrons can 

travel more quickly and easily to meet holes at radical sites in an EML to form excitons 

by direct charge recombination, which is associated with low efficiency roll-off in 

Device 2 and 3. To confirm the superiority of the mixed hosts over the standard single 

host in terms of stability, device lifetime was measured at 0.1 mA/cm2, as shown in 

Figure 6-20(e). Device 3 shows the lifetime of 48.7 hr, more than one hundred times 

longer lifetime than Device 1 (0.4 hr). The lifetime of Device 2 is 20.8 hr, lower than 

half of the lifetime of Device 3, probably due to relatively higher hole trapping resulting 

in relatively less balanced charge recombination and excessive radical cations causing 

lower efficiency and stability in Device 2 than Device 3. 
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6.3.5 Transient electroluminescence 

Transient EL was measured to compare the difference of the emission process 

in the three devices and prove the higher device performance of Device 3 than others 

in terms of efficiency roll-off, radiance, and stability. Figure 6-22(a) shows transient 

EL kinetics for the devices without doping. The undoped Device 2 and 3 show longer 

decay profiles than Device 1, in line with the transient PL studies (Figure 6-15(c)). 

However, the transient EL decays for the radical doped devices show different 

characteristics compared to the undoped devices. As studied in single-carrier device 

studies, the radical molecules act as a trapping centre. In Device 1, as only CBP is used 

as a host, the strong additional emission decay is observed compared to the other 

devices (inset in Figures 6-22(b)), indicating that trapped electrons can be recombined 

with holes contributing to EL after turn-off.160,164–166 As B4PYMPM is mixed with 

CBP, the additional emission is considerably reduced due to enhanced electron transport  

 

 

Figure 6-22. (a),(b) show the transient EL plots for the TPA-PyBTM’ undoped and 

doped devices. The frequency was 100,000 Hz, and the pulse width was 1 µs. They 

were measured at the voltage corresponding to 1 mA/cm2. Off voltage was -5 V for    

de-trapping the charge carriers after turn-off. 
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(Device 2). Also, Device 3 shows the negligible additional emission with rapid doublet 

fluorescence decay, meaning that the direct electron-hole capture at radical sites 

becomes more balanced in Device 3 than Device 1 and 2, supporting substantially 

improved efficiency roll-off and lifetime. 

 

6.4 Summary 

In conclusion, efficient NIR OLEDs were successfully demonstrated by utilising 

a novel radical emitter, and improved efficiency roll-off and device lifetime were shown 

by employing mixed hosts. The high absorption coefficient of TPA-PyBTM’ in the 

range of 400 nm to 550 nm allows efficient energy transfer from the energy donor to 

the radical as an energy acceptor. It was demonstrated that improvement in charge 

balance of holes and electrons with the extended emission zone enables more stable 

devices with improved efficiency roll-off. From the conventional charge trapping-type 

device, a maximum EL EQE of 6.4% was achieved, and with B3PYMPM mixed hosts, 

not only the efficiency roll-off was improved, but also substantially better device 

lifetime was found: more than one hundred times longer than conventional devices.  

However, the low-lying nature of the SOMO and HOMO energy levels of the 

radical causing severe electron trapping leads to the requirement of electron transport 

materials having lower energy levels with higher electron mobility than optimised for 

non-radical optoelectronics. For better electron transport with reduced electron 

trapping, B4PYMPM, which has one order faster electron mobility and 0.5 eV deeper 

LUMO energy level than B3PYMPM, was employed. It was shown that enhanced 

electron transport results in substantially improved optoelectronic performance, which 
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was proved by single-carrier devices and transient EL. A maximum EQE of 5.7% from 

the TCTA:B4PYMPM-based device was achieved, which is comparable to the CBP-

based standard device (6.2%). Moreover, not only efficiency roll-off was substantially 

improved, but also more than ten times higher maximum radiance and two orders of 

magnitude increased device stability were attained, showing the disruptive potential of 

organic radical LEDs. 

Consequently, it was shown that mixed host-based emissive systems are 

conducive to realising efficient and stable NIR organic radical LEDs based on doublet 

fluorescence. It was demonstrated that severe electron trapping in organic radicals 

results in low device performance, but it can be substantially enhanced by engineering 

EML and electron transport materials. It is noted that in electrical excitation, most 

doublet excitons are directly formed at radicals, which is opposite to photoexcitation 

resulting in doublet fluorescence mostly by FRET from hosts. As direct charge 

recombination at radical sites is dominant over energy transfer from hosts in doublet 

EL, it was shown that balanced hole and electron transport in an EML by mixing HTL 

and ETL materials results in high device performance. These results indicate a pathway 

for radical-based optoelectronic devices with doublet emission for infrared light-

emitting technologies. 
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Chapter 7 Exploiting intersystem dual energy 

transfer for high efficiency organic radical LEDs 

7.1 Introduction 

In Chapter 6, efficient NIR OLEDs using a novel organic radical emitter,       

TPA-PyBTM’, were studied with charge control by exploiting mixed hosts. 

Substantially improved efficiency roll-off and stability were achieved by exploiting 

mixed hosts while exploring the radical EL emission mechanism based on transient 

analysis and single-carrier device studies. However, although mixed hosts contribute to 

more balanced charge transport in an EML for improved device performance, direct 

charge recombination mechanisms still considerably dominate the overall emission 

process in doublet fluorescence in devices, and this has led to research for a new route 

to harvest excitons formed on host molecules by energy transfer for optimising doublet 

EL efficiency. 

Anthracene derivatives have been widely applied in fluorescent OLEDs as 

exciton donors since they can show efficient TTA, which leads to overcoming the IQE 

limit of 25% in fluorescent OLEDs.88–95 Interestingly, their triplet energy levels are 

generally around ~1.8 eV, which can be well-aligned with the doublet energy level of 

NIR emissive organic radicals, giving the potential of promoting triplet-to-doublet 

DET. Also, their fluorescent emission is well-overlapped with the absorption of radicals 

enabling effective FRET. Accordingly, excitons formed on the host molecules are 

capable of participating in doublet fluorescent emission by simultaneous intersystem 

dual energy transfer. This novel energy transfer mechanism can lead to realising highly  
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efficient NIR EL devices based on organic radicals.        

 In this chapter, highly efficient NIR OLEDs are demonstrated, exploiting 

organic radicals with intersystem dual energy transfer. One of the conventional 

anthracene derivatives, 2-methyl-9,10-bis(naphthalene-2-yl)anthracene (MADN), is 

selected as an exciton donor, and triphenyl amine-substituted tris(2,4,6-trichloro 

phenyl)methyl (TTM-TPA) presenting efficient NIR emission is employed as an 

exciton acceptor. Based on the MADN:TTM-TPA combination, a highly efficient NIR 

EL device with peak emission at 800 nm is successfully achieved, and its device 

performance easily outperforms the conventional charge trapping-type device. A 

maximum EQE of 9.6% is attained, which is approximately 60% higher than the 

conventional-type counterpart, 6.1%, with substantially reduced efficiency roll-off and 

enhanced radiance and device stability. To confirm and investigate the emission 

mechanism and energy transfer pathways in detail, the devices are examined using the 

transient EL and MEL measurements. Prominent delayed emission in the transient EL 

profile is recorded from the MADN-based device, indicating that as well as the FRET 

of singlets, the concurrent DET of triplets formed in MADN substantially contributes 

to doublet fluorescence. Also, this is confirmed by the distinct positive dependence of 

the EL on the magnetic field. Furthermore, transient PL and absorption profiles for the 

MADN-based blend clearly support the doublet-triplet interaction considering the much 

faster decay in transient absorption and prominent delayed emission in transient PL. 

 

7.2 The design of intersystem dual energy transfer 

Figure 7-1 shows the schematic diagram of the energy transfer pathways between  
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MADN and TTM-TPA with their energy levels. When TTM-TPA molecules are doped 

in a MADN matrix, it is expected that electrically excited singlet and triplet excitons 

formed on MADN molecules are capable of being transferred to the doublet excited 

states of TTM-TPA via the mechanism of FRET and DET. The schematic diagram of 

the spin configurations for the expected FRET and DET processes between MADN and 

TTM-TPA is displayed in Figure 7-2, corresponding to the following expressions, 

 S1 + D0  →  S0 + D2 → S0 + D1  (FRET channel)              (7-1) 

 T1 + D0  →   S0 + D1  (DET channel)                              (7-2) 

where S1 and T1 are the first electronically excited states of the singlet and the triplet, 

S0 is the ground singlet state, D1 and D2 are the first and second electronically excited 

states of the doublet, and D0 is the ground doublet state. As shown in Figure 7-2, the 

intersystem energy transfer between the different spin states can be achieved with 

conservation of spin projection quantum number. 

 

 

Figure 7-1. Schematic illustration of dual energy transfer between MADN and         

TTM-TPA in devices. 
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Figure 7-2. Schematic illustration of the spin configurations for the energy transfer 

mechanisms between MADN and TTM-TPA. (a) FRET. (b) DET.  

 

As demonstrated from previous reports, FRET from the non-radical host (singlet 

states) to radical dopant (doublet states) occurs effectively considering high PLQE 

values and strong doublet fluorescence intensity by photoexcitation from the radical 

doped films.50 Also, considering the small energy gap between MADN T1 and         

TTM-TPA D1 (< 0.1 eV), it is anticipated that triplet excitons formed on MADN 

molecules can be transferred to the doublet excited states of TTM-TPA via DET. 

Therefore, both singlet and triplet excitons formed at MADN molecules can contribute 

to doublet emission via effective concurrent dual energy transfer, in addition to the 

doublet exciton formation by the direct charge recombination at TTM-TPA sites, which 

could lead to substantially improved optoelectronic performance in doublet EL devices. 
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7.3 Steady-state photophysics 

TTM-TPA was synthesised by Prof. Feng Li, College of Chemistry, Jilin 

University. Figure 7-3(a) shows the chemical structures of TTM-TPA, MADN, and 

4,4’-Bis(carbazol-9-yl)biphenyl (CBP), and Figure 7-3(b) depicts their steady-state 

photophysical properties. As a control, CBP was utilised as a conventional host for 

TTM-TPA to be compared with MADN. CBP neat and CBP:TTM-TPA 3% films and 

TTM-TPA solution are excited by a 330 nm laser, and MADN neat and MADN:     

TTM-TPA 3% films are excited by a 370 nm laser. The PL of CBP and MADN neat 

films overlaps with the absorption of TTM-TPA so that photoexcited singlet excitons 

formed in CBP and MADN can be effectively transferred to the doublet excited states 

of TTM-TPA, emitting intense NIR fluorescence with the emission peak at around           

800 nm (Figure 7-3(b)). This result indicates that the doublet excitons are formed from  

 

 

Figure 7-3. Chemical structures and steady-state photophysical properties. (a) Chemical 

structures of TTM-TPA, CBP, and MADN. (b) PL and absorption profiles for TTM-

TPA, CBP, and MADN. The absorption coefficient for TTM-TPA and the PL spectra 

for CBP and MADN are well-overlapped, leading to effective FRET between them. The 

CBP- and MADN-hosted films show strong NIR emission with around 800 nm peak 

wavelength, in line with the TTM-TPA solution PL. 
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the singlet excitons generated in MADN via the effective FRET. A small contribution 

of the host emission to the total PL is observed since the small proportion of the 

remaining singlet excitons in CBP and MADN participates in the emission process. 

Also, PLQEs of the TTM-TPA solution and the TTM-TPA doped films are measured. 

The PLQE of TTM-TPA diluted in toluene is 24%, while the CBP and MADN hosted 

films show 19% and 27% PLQEs, respectively. 

 

7.4 Device characterisation 

To explore how MADN works with TTM-TPA under electrical excitation, the 

MADN:TTM-TPA combination was initially applied in doublet EL devices. The device 

structure and the energy level diagram of materials utilised in this work are displayed 

in Fig. 7-4(a). 1,1-bis[(di-4-tolylamino) phenyl] cyclohexane (TAPC) and 4,4′,4″-

tris(carbazol-9-yl) triphenylamine (TCTA) were used in an HTL part, and bis-4,6-(3,5-

di-3-pyridyl phenyl)-2-methyl pyrimidine (B3PYMPM) was employed as an ETL. For 

a control device, CBP was used as a host for TTM-TPA in an EML. In contrast,       

TTM-TPA was doped in MADN to compare device performance to the control device. 

The radical-based EL devices were fabricated, and their characteristics are shown in 

Figure 7-4(b)⁓(e) and Table 7-1. Regarding the EQE-current density plots shown in 

Figure 7-4(b), the MADN-based device shows a maximum EQE of 9.6%, nearly 60% 

higher than the CBP-based device, 6.1%. Also, whereas the CBP-based device shows a 

large efficiency drop beyond 10 mA/cm2, the MADN-based device keeps a relatively 

high efficiency, 4.2%, even at 100 mA/cm2. As a result, the maximum radiance of the 

MADN-based device reaches 68,000 mW∙sr-1∙m-2, which is the highest value of 

published NIR OLEDs with over 800 nm emission peak, and this is nearly ten times  
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Figure 7-4. (a) Device structure with energy levels. (b) EQE-current density plots. (c) 

Radiance-current density plots. (d) EL spectra at 1 mA/cm2. (e) The comparison of the 

J-V profiles for the devices with and without TTM-TPA doping. 
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Table 7-1. Summary of device performance. 

 

 
Von

a) 

(V) 

EQEMax 

(%) 

EQEJ-1.0
b) 

(%) 

EQEJ-100.0
c) 

(%) 

RadianceMax 

(mW∙sr-1∙m-2) 

λmax 

(nm) 

Lifetimed) 

(hr) 

CBP:TTM-TPA 3% 2.8 6.1 4.9 1.3 8,100 820 6.9 

MADN:TTM-TPA 3% 2.4 9.6 7.2 4.2 68,000 800 58.4 

a)Voltage at 10-1 mW∙sr-1∙m-2. b)EQE at 1 mA/cm2, c)EQE at 100 mA/cm2, d)Lifetime at 0.1 mA/cm2 

 

higher than the CBP-based device, 8,100 mW∙sr-1∙m-2 (Fig. 7-4(c)). Fig. 7-4(d) shows 

the NIR doublet EL emission spectra for the devices. Interestingly, no host emission is 

recorded, unlike PL, indicating that the direct charge recombination contributes to the 

overall emission process as well as energy transfer from hosts. Also, the EL spectrum 

for the MADN-based device (800 nm) is slightly blue-shifted compared to the CBP-

based device (820 nm). This is probably attributed to the host effect,231 like the 

solvatochromic effect shown in Section 6.2.1 (Figure 6-3(b)). In order to investigate the 

influence of the radical doping and different hosts on the charge transport in devices, 

the J-V plots for the radical doped and undoped devices are compared, as shown in 

Figure 7-4(e). When MADN is employed, the J-V curves become steeper than CBP, 

showing the faster charge transporting properties of MADN than CBP. Moreover, as 

TTM-TPA is doped in CBP, the J-V curve becomes much shallower. In contrast, 

regarding the MADN-based devices, even though TTM-TPA is doped in MADN, the 

charge transport in the device stays almost the same. It is inferred that MADN shows 

much better electron and hole transporting properties than CBP, and potentially energy 

transfer dominates the overall emission process in the device. 

 Furthermore, the device lifetime was compared to support the superiority of the 

MADN-based device over the CBP-based device. Figure 7-5 shows the comparison of  
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Figure 7-5. Comparison of device lifetime measured at 0.1 mA/cm2. 

 

lifetime for the devices measured at 0.1 mA/cm2. The MADN-based device shows    

58.4 hr, almost ten times longer than the CBP-based device, 6.9 hr. Compared to the 

previous reported lifetime result of radical-based OLEDs showing under 1 hr, the device 

stability was dramatically enhanced.51 Furthermore, due to the very low efficiency and 

low material stability of NIR organic emitters resulting from the energy gap law, most 

NIR OLED papers do not tend to report device lifetime, possibly due to poor values.23 

Therefore, these results show the great potential of realising high stability as well as 

high efficiency in doublet EL devices. 

Overall, the MADN-based device substantially outcompetes the CBP-based 

device in terms of all aspects of the device characteristics, such as EQE, efficiency    

roll-off, radiance, J-V profiles, and lifetime. To understand the driving force of the 

significantly enhanced device performance in detail, the devices are specifically 

investigated based on the examination and comparison of the charge transporting  
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properties and emission mechanism in the devices in the following sections. 

 

7.5 Single-carrier device analysis 

Single-carrier devices were fabricated to explore the influence of the different 

hosts on charge transporting abilities in an EML more in detail. They were designed 

based on the full device architecture to directly apply their characteristics to the full 

device performance, as shown in Figure 7-6(a) and (b). Regarding HODs, TAPC and 

TCTA are used in the HTL part, and TAPC is inserted between the EML and the cathode 

to block electron injection into the EML. In contrast, the EML is sandwiched by the 

ETL material, B3PYMPM, to achieve an electron-only current in EODs. The 

corresponding host-dopant compositions used in the full devices (CBP:TTM-TPA 3%, 

MADN:TTM-TPA 3%, CBP, and MADN) are applied in both HODs and EODs to 

examine the different charge transporting properties in devices depending on the 

different use of hosts and radical doping. 

Figure 7-6(c) and (d) present the comparison of the J-V plots for HODs and 

EODs, respectively. Regarding HODs, hole transport in MADN is more rapid than in 

CBP, considering the steeper J-V curves. Also, holes are less trapped at radicals in 

MADN than CBP due to the shallower HOMO energy level of MADN. Also, electron 

transport in MADN is much faster than in CBP, leading to a more balanced population 

of charge carriers in the EML. Although electrons are captured at radicals in both 

MADN and CBP, much more enhanced electron transport in MADN is apparent 

compared to CBP. Therefore, MADN is capable of providing much more improved 

charge transport with better charge balance in the EML, leading to substantially 

enhanced device performance. Also, as holes are less captured in a MADN matrix, it is 
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expected that direct recombination of hole and electron at radical sites would be less 

dominant, whereas exciton energy transfer from MADN to TTM-TPA would dominate 

the overall emission process in this combination. 

 

 

Figure 7-6 (a),(b) show the device architectures of HOD and EOD. For HOD, TAPC 20 

nm is deposited between the EML and cathode to preclude electron injection. For EOD, 

EML is sandwiched by B3PYMMPM to ensure electron-only currents. The J-V plots 

for the HODs and EODs are depicted in (c) and (d). As TTM-TPA is doped in the hosts, 

the radical plays a role in trapping both holes and electrons, considering HOD and EOD 

plots become shallower, but electron trapping is more severe. Also, as MADN is 

employed, electron transporting abilities in EML are substantially improved in the sense 

of the much steeper J-V curves. 
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7.6 Transient and magneto electroluminescence 

Despite the fact that the substantially improved charge transport and balance in 

an EML are proved by the comparison of the J-V characteristics for the full devices and 

single-carrier devices, it is necessary to explore the difference in the emission 

mechanisms for the two devices more in detail to clearly prove and support the 

substantial enhancement of the optoelectronic performance in the MADN-based device 

compared to the CBP-based counterpart. For this purpose, transient EL and MEL  

 

 

Figure 7-7. (a) Transient EL profiles for the TTM-TPA doped and undoped devices. 

The voltage pulse corresponds to 1 mA/cm2, and off-voltage was -5V for de-trapping 

the charge carriers after turn-off. In the CBP-based devices, no delayed emission is 

observed, but additional emission after turn-off is recorded due to trapped charges. 

Interestingly, the MADN-based devices show strong delayed emission features, which 

is different from TTA shown in the undoped device. Hence, it is estimated that DET 

considerably contributes to the emission process. (b) Magneto EL for the devices at        

1 mA/cm2. The CBP-based devices show negligible MEL while the MADN based 

devices clearly show positive MEL, but the apparently different dependence on 

magnetic field is recorded. Unlike the MADN-only device, the TTM-TPA-doped device 

shows much lower MEL at low magnetic field, suggesting that DET dominates the 

emission process over TTA. 
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measurements were conducted. Transient EL and MEL results were interpreted with 

Dr. Emrys Evans, Department of Chemistry, Swansea University. 

Firstly, transient EL profiles for the devices with and without TTM-TPA doping 

are exhibited in Figure 7-7(a). It is known that MADN shows effective TTA with 

distinct delayed emission in devices.95,178 These characteristics were clearly recorded 

by the transient EL measurements on the MADN only device. In contrast, the CBP- 

only device shows no delayed emission but just rapid fluorescence emission, meaning 

that triplets formed in CBP do not contribute to the emission process. Regarding the 

radical-doped devices, as expected from the full device and single-carrier device results, 

the CBP-based device shows fast doublet fluorescence with the initial feature at   

50⁓100 ns resulting from the remaining trapped charges at radical sites.160,164–166 In 

contrast, the MADN-based device does not show fast prompt decay but much slower 

EL decay, which is also entirely different from the transient EL decay of the MADN-

only device. If TTA occurred effectively in the MADN:TTM-TPA device, additionally 

generated singlet excitons would contribute to the emission process via FRET after 

prompt doublet fluorescence. Accordingly, the transient EL decay plot for the 

MADN:TTM-TPA device would be similar to the MADN-only device in this case. 

However, given that the far slower initial EL decay is recorded without prominent rapid 

prompt decay compared to other devices, it can be estimated that the triplet excitons 

formed on MADN molecules contribute to doublet EL by a different mechanism from 

TTA. Accordingly, it is inferred that with the singlet-to-doublet FRET, the coincident 

triplet-to-doublet DET between MADN and TTM-TPA substantially contributes to the 

formation of doublet excitons, as designed in the MADN:TTM-TPA emissive system 

(Figure 7-1). 

To confirm and distinguish the different exciton dynamics in the MADN-based  
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devices with and without TTM-TPA doping, MEL was recorded (Figure 7-7(b)). MEL 

is defined by the following equation, 

 MEL (%) =  
EL(B)−EL(0)

EL(B)
× 100               (7-3) 

where EL(B) and EL(0) are the EL intensity with the presence and absence of magnetic 

field, respectively. MEL can reveal the different exciton mechanisms in devices since 

the Zeeman splitting of spin states in a magnetic field leads to different MEL tendencies 

arising from magnetic interactions in different systems, especially for those where 

singlet-triplet interconversion can happen effectively by ISC or TTA.168–180  

For CBP-based devices, MEL shows almost negligible magnetic field 

dependence regardless of TTM-TPA doping. In contrast, the MADN-based devices 

show distinct positive MEL, meaning that magnetosensitive triplet excitons contribute 

to the emission process as deduced from transient EL studies. For the MADN-only 

device biased at 1 mA/cm2, the net positive MEL suggests that magnetosensitivity of 

the polaron-pair hyperfine mechanism (positive MEL) must dominate magneto- 

sensitivity from TTA (negative MEL).177,178,180,183,184 In the polaron-pair hyperfine 

mechanism, a positive MEL for S1 emission occurs if triplet states of the polaron-pair 

precursor to excitons decay more rapidly than the singlet. On the applied magnetic field, 

the Zeeman splittings of polaron-pair T+ and T- make them energetically isolated from 

singlet-triplet conversion, and the singlet population is lost only via T0.184 In the TTA 

mechanism, a negative MEL for delayed S1 emission occurs due to a reduced number 

of states with spin-conserving singlet-intermediate ‘{}’ upon the applied magnetic field, 

when considering encounter eigenstates for: T1 + T1  {T1 T1}  S1 + S0.180,232 

However, as TTM-TPA molecules are doped in a MADN matrix, the MEL 

profile shows a different dependence on the magnetic field with a non-Lorentzian shape. 
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If energy transfer from MADN S1 to TTM-TPA D1 for radical emission were dominant, 

MEL profiles for the MADN-only and MADN:TTM-TPA devices would be identical 

since the magnetic field does not affect the FRET. The MADN:TTM-TPA 

magnetosensitivity is attributed to contribution from the triplet-doublet energy transfer 

mechanism for EL. The triplet-to-doublet magnetosensitivity would give rise to 

negative MEL behaviour for TTM-TPA emission. This arises due to a reduced number 

of states with spin-conserving doublet-intermediate ‘{}’, upon the applied magnetic 

field, when considering encounter eigenstates in: T1 + D0  {T1 D0}  S0 + D1.233 The 

triplet-to-doublet transfer contributes to the total MEL in the MADN:TTM-TPA device, 

where the magnetic field response curve depends on the MADN T1 zero-field splitting 

interaction. This gives a broader magnetic field response than for systems such as the 

MADN-only device, where smaller hyperfine interactions dominate the 

magnetosensitivity at a low magnetic field. 

 

7.7 Exciton decay kinetics and energy transfer analysis 

Transient absorption and PL measurements (done by Sebastian Gorgon, 

Department of Physics, University of Cambridge) were conducted to investigate the 

exciton dynamics and confirm the energy transfer pathways in the MADN:TTM-TPA 

combination. Both host excitation (330 nm laser for CBP and 400 nm laser for MADN) 

and radical excitation (532 nm laser) were applied to explore the difference of energy 

transfer and exciton decay kinetics between TTM-TPA 3% doped in CBP and MADN 

films (150 nm) on the basis of the absorbance spectra of CBP and MADN neat films 

(100 nm) shown in Figure 7-8. 

Figure 7-9(a) shows the transient absorption profiles for the MADN only and 
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MADN:TTM-TPA 3% films excited at 400 nm. The singlet decay of the MADN:   

TTM-TPA 3% is much faster than the MADN-only, meaning that singlet excitons 

formed in MADN are rapidly transferred to TTM-TPA via FRET. The doublet signal 

in the MADN:TTM-TPA 3% is well fitted monoexponentially assigning singlet-to-

doublet FRET with a time constant of just 8 ps. Therefore, although there may be a 

possible route for singlets to be converted to upper excited triplets via ISC,234 it can be 

inferred that almost all singlet excitons formed by photoexcitation are rapidly 

transferred to doublet excited states via FRET. Furthermore, the CBP:TTM-TPA 3% 

and MADN:TTM-TPA 3% films were excited by a 532 nm laser to compare the 

different behaviour of TTM-TPA 3% doped in CBP and MADN, not considering FRET 

from the hosts (Figure 7-9(b)). Even though singlet-to-doublet FRET is excluded by the 

direct radical excitation, quicker decay of the MADN hosted blend (0.58 ns) than the 

CBP hosted blend (1.2 ns) is observed, which is evidence showing that intersystem 

doublet-to-triplet DET between TTM-TPA D1 and MADN T1 may decrease the doublet 

population. 

 

 

Figure 7-8. The normalised absorbance of CBP and MADN neat film (100 nm). 
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Figure 7-9. (a) Transient absorption profiles of MADN only and MADN:TTM-TPA 3% 

films for singlet and doublet signals. (b) Comparison of transient absorption profiles for 

CBP:TTM-TPA 3% and MADN:TTM-TPA 3% films excited by 532 nm laser. (c),(d) 

Transient PL profiles at 400 nm and 532 nm laser excitation. 

 

In order to confirm the interaction between MADN T1 and TTM-TPA D1, 

transient PL for the two blends was compared, as shown in Figure 7-9(c) and (d). When 

the hosts, CBP and MADN, are excited (Figure 7-9(c)), the MADN hosted film shows 

distinct delayed emission, not observed in the CBP hosted film. Moreover, a similar 

delayed emission is recorded even by the direct excitation of TTM-TPA in the 
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MADN:TTM-TPA blend, clearly supporting the doublet-to-triplet DET (R-DET) in 

addition to triple-to-doublet DET (F-DET) in line with the transient absorption results. 

Figure 7-10 shows the schematic diagram of exciton decay kinetics and energy 

transfer pathways in the MADN:TTM-TPA system. Assuming that the internal 

conversion (IC) time is negligibly short, and doublet excitons experiencing radiative   

and nonradiative decay (𝑘r,D and 𝑘nr,D) are generated by the FRET of singlet excitons 

formed by photoexcitation when MADN is excited by 400 nm, the FRET efficiency         

(𝐸FRET) can be extracted as, 

 𝐸FRET =
𝑘FRET

𝑘r,MADN+𝑘nr,MADN+𝑘FRET
 

=
1/𝛷𝐹 ∫ 𝑃TTM−TPA(𝜆)𝑑𝜆

1/𝛷MADN ∫ 𝑃MADN(𝜆)𝑑𝜆+1/𝛷𝐹 ∫ 𝑃TTM−TPA(𝜆)𝑑𝜆
                (7-4) 

 

 

Figure 7-10. Schematic illustration of exciton decay kinetics and intersystem dual 

energy transfer pathways between MADN and TTM-TPA. 
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Figure 7-11. The transient PL and normalised integrated PL intensity profiles of the 

CBP and MADN neat films. 

 

Table 7-2. Summary of PLQE, decay lifetime, and decay rate for CBP and MADN. 

 

 PLQE τ (10-9s)a) kr (109/s) knr (109/s) 

CBP 0.78 3.27 23.85 6.73 

MADN 0.41 2.23 18.39 26.56 

                    a)Derived from the time when the integrated PL intensity reaches 1-(1/e). 

 

Table 7-3. Summary of PLQE, decay lifetime, decay rate, FRET rate, and FRET 

efficiency for CBP:TTM-TPA 3% and MADN:TTM-TPA 3%. 

 

Host Dopant PLQE 
τ a) 

(10-9s) 
kr  

(107/s) 
knr  

(107/s) 
kFRET  

(109/s) 
EFRET  
 (%) 

CBP 
TTM-TPA 

0.19 8.27 2.30 9.79 20.08 98.5 

MADN 0.27 14.33 1.88 5.09 21.97 98.0 

   a)Derived from the time when the integrated PL intensity reaches 1-(1/e). 
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where 𝑘r,MADN and 𝑘nr,MADN are the radiative and nonradiative decay rates of MADN 

(Figure 7-11 and Table 7-2), 𝑘FRET is the rate constant of the characteristic FRET, 

𝛷MADN and 𝛷𝐹 are the PLQEs of the MADN neat and the MADN hosted films, and 

PMADN and PTTM-TPA are the PL spectra of MADN and TTM-TPA emission components 

in the blend, respectively, obtained from the decomposed donor and acceptor spectra 

from the total spectra of the MADN hosted film. From Equation 7-4, 𝑘FRET is calculated 

by  

𝑘FRET =
𝐸FRET(𝑘r,MADN+𝑘nr,MADN)

1−𝐸FRET
                              (7-5) 

Hence, from Equation 7-5, 𝑘FRET between MADN and TTA-TPA can be extracted as 

21.97 × 109/s, in line with the rapid doublet signal rise (⁓8 ps) of the transient absorption 

profile (Figure 7-9(a)). The decay lifetime, decay rate, FRET rate, and FRET efficiency 

for the CBP-based and MADN-based blends are summarised in Table 7-3. 

Furthermore, to understand the mutual DET between MADN T1 and TTM-TPA 

D1, the transient PL profile of the MADN:TTM-TPA blend by the direct excitation of 

TTM-TPA was investigated (Figure 7-9(d)). The decay profile can be separated by 

prompt and delayed components resulting from the intermolecular intersystem triplet-

doublet mutual DET. Accordingly, under the direct excitation of TTM-TPA in the 

MADN hosted blend, the doublet and triplet exciton densities in TTM-TPA and MADN 

(D and T) are described by116–118 

 
𝑑D

𝑑𝑡
= −(𝑘r,D + 𝑘nr,D)D − 𝑘R−DETD + 𝑘F−DETT                (7-6) 

 
𝑑T

𝑑𝑡
= −𝑘nr,TT − 𝑘F−DETT + 𝑘R−DETD                       (7-7) 

where 𝑘r,D and 𝑘nr,D are the radiative and nonradiative decay rates of the doublet, 𝑘nr,T 
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is the nonradiative decay rate of the triplet, 𝑘R−DET and 𝑘F−DET are the rate constants of 

R-DET and F-DET. The solutions to Equation 7-11 and 12 can be expressed as the 

simple form of the biexponential decay,116–118 

 D, T = 𝐴1exp (−𝑘pt) + 𝐴2exp (−𝑘dt)                  (7-8) 

where 𝐴1 and 𝐴2 are the fitting parameters, and 𝑘p and 𝑘d are the rate constants of the 

prompt and delayed emission. With the intersystem mutual DET, 𝑘p and 𝑘d are given 

by Equation 7-9,116–118 

  𝑘p, 𝑘d =
𝑘r,D+𝑘nr,D+𝑘R−DET+𝑘nr,T+𝑘F−DET

2
× 

(1 ± √1 −
4(𝑘r,D+𝑘nr,D+𝑘R−DET)(𝑘nr,T+𝑘F−DET)−4𝑘R−DET𝑘F−DET

(𝑘r,D+𝑘nr,D+𝑘R−DET+𝑘nr,T+𝑘F−DET)
2 )           (7-9) 

  Assuming 𝑘r,D, 𝑘nr,D, and 𝑘R−DET ≫ 𝑘nr,T and 𝑘F−DET, 𝑘p and 𝑘d  are expressed 

by Equation 7-10 and 11,116–118 

 𝑘𝑝 = 𝑘r,D + 𝑘nr,D + 𝑘R−DET             (7-10) 

 𝑘d = 𝑘nr,T + (1 −
𝑘r,D

𝑘r,D+𝑘nr,D+𝑘R−DET
) 𝑘F−DET =

𝑘p𝑘F−DET−𝑘r,D𝑘F−DET

𝑘p
            (7-11) 

Also, the PLQEs of the prompt and delayed emission (𝛷P and 𝛷d) are given by 

Equation 7-12 and 13, 

𝛷P =
𝑘r,D

𝑘r,D+𝑘nr,D+𝑘R−DET
                         (7-12) 

𝛷d = ∑ (𝛷R−DET𝛷F−DET)𝑘𝛷p
∞
𝑘=1 =

𝛷R−DET𝛷F−DET

1−𝛷R−DET𝛷F−DET
𝛷p,D                (7-13) 

where 𝛷R−DET and 𝛷F−DET are the efficiency of R-DET and F-DET, given by 
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 𝛷R−DET =
𝑘R−DET

𝑘r,D+𝑘nr,D+𝑘R−DET
=

𝑘R−DET

𝑘p
                 (7-14) 

 𝛷F−DET =
𝑘F−DET

𝑘F−DET+𝑘nr,T
≈ 1                   (7-15) 

Meanwhile, 𝛷p and 𝛷d are extracted experimentally from the total PLQE (𝛷total) 

and the intensity ratio of the prompt and delayed emission (𝑟1 and 𝑟2) in the transient 

PL profile. Hence, 𝛷total,  𝛷p, and 𝛷d are described by 

𝛷total = 𝛷p + 𝛷d               (7-16) 

𝛷p = 𝑟1𝛷total                      (7-17) 

 𝛷d = 𝑟2𝛷total               (7-18) 

where 𝑟1 and 𝑟2 are expressed by 

𝑟1 =
𝐴1𝜏p

𝐴1𝜏p+𝐴2𝜏d
               (7-19) 

 𝑟2 =
𝐴2𝜏d

𝐴1𝜏p+𝐴2𝜏d
               (7-20) 

where 𝐴1 and 𝐴2 are the fitting parameters of the biexponential decay (𝐴1𝑒−𝑡/𝜏p +

𝐴2𝑒−𝑡/𝜏d) for the transient PL curve, and 𝜏p and 𝜏d are the decay lifetime of prompt and 

delayed emission (Figure 7-12). Thus, from the values of 𝛷p, 𝛷d, 𝜏p, and 𝜏d, the 

radiative decay rates of prompt and delayed emission (𝑘p and 𝑘d) can be extracted by 

𝑘p =
𝛷p

𝜏p
                (7-21)     

𝑘d =
𝛷d

𝜏d
                (7-22) 
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Figure 7-12. The biexponential fit of the transient PL profile obtained by 532 nm 

excitation for the MADN:TTM-TPA 3% film. 

 

 

Figure 7-13. The normalised integrated PL intensity of the CBP:TTM-TPA 3% and 

MADN:TTM-TPA 3% films with different excitation wavelengths. 
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Table 7-4. Summary of the intensity ratios, the PLQEs of total, prompt, and delayed 

emission, and the efficiency of R-DET in the MADN:TTM-TPA system. 

 

Host Dopant 𝑟1 𝑟2 𝛷total 𝛷p 𝛷d 𝛷R−DET 

MADN TTM-TPA 0.69 0.31 0.27 0.186 0.084 0.31 

 

 

Table 7-5. Summary of the decay lifetime and rate constants in the MADN:TTM-TPA 

system. 

 

Host Dopant 
τp 

(10-9 s) 
τd 

(10-9 s) 
kp  

(107 /s) 
kd 

(105 /s) 
kr,D  

(106 /s) 
knr,D 

(106 /s) 
kR-DET 

(106 /s) 
kF-DET 

(105 /s) 

MADN TTM-TPA 7.27 160.1 2.56 6.03 4.77 12.91 7.94 8.74 

 

From Equation 7-10⁓15, 𝑘R−DET and 𝑘F−DET are obtained by 

𝑘R−DET =
𝛷d

𝛷p+𝛷d
𝑘p               (7-23) 

𝑘F−DET =
𝑘d𝛷F−DET

1−𝛷R−DET𝛷F−DET
=

𝑘p𝑘d

𝑘R−DET

𝛷d

𝛷p
                            (7-24) 

Therefore, 𝑘R−DET and 𝑘F−DET are can be obtained from Equation 7-23 and 24 as        

7.94 × 106 /s and 8.74 × 105 /s, respectively. The detailed rate constants are summarised 

in Table 7-5. In addition, Figure 7-13 shows the comparison of the normalised 

integrated PL intensity for the TTM-TPA 3% doped in CBP and MADN films 

supporting the different exciton decay kinetics between them. 
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7.8 Summary 

In summary, highly efficient NIR organic radical LEDs with low efficiency roll-

off and high radiance were demonstrated based on intermolecular intersystem dual 

energy transfer. As singlet and triplet excitons generated by electrical excitation can be 

effectively transferred from MADN to TTM-TPA via FRET and DET, respectively, a 

maximum EQE of 9.6% was achieved, much higher than the control device using a CBP 

host, 6.1%. Also, a very high maximum radiance of 68,000 mW∙sr-1∙m-2 was attained 

with highly improved device lifetime. From the investigation of charge transport in the 

full and single-carrier devices, it was shown that charge transport, as well as charge 

balance, was substantially enhanced. Furthermore, the triplet-to-doublet DET in devices 

was demonstrated by analysing transient EL and MEL. The distinct delayed EL and 

positive MEL characteristics of the MADN-based device prove that the intersystem 

dual energy transfer between MADN and TTM-TPA contributes to the substantial 

enhancement of device performance. Exciton decay kinetics and energy transfer 

pathways were studied based on transient photophysical studies. Transient absorption 

data show highly effective and rapid FRET between MADN and TTM-TPA with the 

rise of doublet signal in several picoseconds. Moreover, the distinct delayed emission 

in the transient PL of the MADN:TTM-TPA blend in accordance with the slow EL 

decay recorded in the transient EL of the MADN-based device supports the mutual 

energy transfer between MADN T1 and TTM-TPA D1.  

In conclusion, the intersystem dual energy transfer in the doublet EL emissive 

system was clearly demonstrated with the exceptionally high device performance. 

Therefore, this novel emission mechanism could shed light on a pathway to infrared 

light-emitting technologies based on doublet fluorescence. 
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Chapter 8 Summary and outlook 

8.1 Matrix-free hyperfluorescent deep blue OLEDs 

Hyperfluorescent OLEDs have been of much interest due to their great potential 

of simultaneously realising high efficiency and stability with good colour purity. 

However, to optimise their device performance, a wide gap host matrix is necessary to 

minimise aggregation and triplet DET from TADF donors to fluorescence acceptors, 

but it generally increases the driving voltage and complexity of devices. 

In this thesis, MFHF OLEDs were explored based on the study of device 

characterisation and exciton dynamics in the MFHF emissive system. It was 

demonstrated that higher than 15% EQE could be achieved in MFHF devices employing 

the novel organometallic TADF materials, CMAs. Furthermore, to suppress the typical 

energy loss mechanisms, aggregation and triplet-DET, more effectively, encapsulated 

fluorophores were investigated in deep blue OLEDs. The newly designed MR emitters 

are encapsulated by alkyl straps to ensure high device performance in MFHF devices. 

It was demonstrated that higher than 20% EQE with close to 100% IQE can be achieved 

from MFHF devices with ultra-narrowband emission of 11⁓12 nm FWHM at ⁓450 nm 

peak wavelength. In addition, the MR emitter is well incorporated in fluorescent OLEDs 

with higher than 8% EQE and CIEy ⁓0.05, realising pure blue emission. 

To further improve the device performance of MFHF OLEDs, it is necessary to 

develop novel deep blue TADF donors that can show high efficiency without a wide 

gap host to optimise the combination of TADF donor and MR acceptor. Several recent 

reports show the great potential of nondoped deep blue TADF OLEDs with higher than 

20% EQE.235–237 Accordingly, much higher device performance could be demonstrated 
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by exploring novel deep blue TADF donors as future work. Also, there is a possibility 

to modify the En-DBPICz for better performance. For example, if the spectrum of       

En-DBPICz is slightly red-shifted, better PL-absorption overlap is attained, leading to 

more effective FRET for better device performance. Also, adding new moieties to the 

core structure of the emitter to increase steric hindrance could further suppress the 

energy loss channels.  

Therefore, the more optimised combination of TADF donor and MR emitter 

would result in the substantial enhancement of device performance, and MFHF 

exploiting MR emitters could be a solution for realising highly efficient and stable pure 

blue OLEDs in the near future. 

 

8.2 NIR organic radical LEDs based on doublet fluorescence 

Organic radical LEDs show a unique emission mechanism based on doublet spin 

configurations, which is different from the typical organic emitters controlled by the 

management of singlet and triplet states. Moreover, they can show theoretically 100% 

IQE as the radiative doublet decay (D1 → D0) is a spin-allowed process so that all of 

the electrically generated doublet excitons are capable of contributing to the emission 

process with nanosecond decay lifetime. 

In this thesis, NIR emissive organic radicals were explored. Firstly, a novel NIR 

emissive organic radical, TPA-PyBTM’, was applied in a mixed host system to improve 

charge balance and transport in an EML. Due to the intrinsically deep energy level of  

TPA-PyBTM’, severe electron trapping in an EML was observed, resulting in large 

efficiency roll-off, low radiance and device stability. However, as electron transport 



211 Summary and outlook 

 

211 

materials (B3PYMPM and B4PYMPM) are mixed with hole transport materials (CBP 

and TCTA), device performance was substantially improved in terms of efficiency   

roll-off, radiance, and lifetime. Secondly, intersystem dual energy transfer was 

demonstrated. As one of the anthracene derivatives, MADN, and an efficient NIR 

emissive organic radical, TTM-TPA, were combined, the substantially enhanced device 

performance of organic radical LEDs was achieved. A maximum EQE of almost 10% 

was attained with the NIR emission with 800 nm peak wavelength, overcoming the 

energy gap law found in typical nonradical-based OLEDs.  

For achieving more enhanced device performance from doublet emitters, it is 

vital to research new designs of organic radicals with more optimised host-dopant 

combinations and novel device architectures. Severe electron trapping would be 

improved if the SOMO and LUMO energy levels of organic radicals could be shallower. 

Also, the enhancement of the intrinsic PLQE could lead to better EQE in devices. 

Moreover, the further optimisation of intersystem dual energy transfer could contribute 

to much better device performance in doublet EL devices. In terms of device physics, 

as organic radicals have deeper energy levels than nonradical emitters, the more 

appropriate charge transporting layers for the radical emitters should be investigated. In 

conclusion, with future work, doublet fluorescence could illuminate a new route to 

achieve highly efficient NIR OLEDs with the novel design of organic radicals and 

effective energy transfer processes.
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