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Chapter 1 
 

General Introduction 
 

 

 

1.1 Introduction to organic light-emitting diodes 

Organic Light-Emitting Diodes (OLEDs) constitute a new and exciting emissive 

display technology. These electroluminescent devices have the advantages of being self-

emitting, consuming low power, having a wide viewing angle and having a faster switching 

speed.1-5 Organic electroluminescence is the electrically driven emission of light from non-

crystalline organic materials. OLEDs have been extensively investigated for improving their 

performance owing to their potential applications in flat-panel displays and lighting in Figure 

1-1.6-10 

 

Figure 1-1. Potential applications of OLEDs in flat panel displays. (These pictures are obtained 

from the web page: (Kodak) http://anagam.com/transparent-oleds-video-displays, (LG display) 

http://www.oled-info.com/lg-display-supply-flexible-oleds-german-car-makers and (GE) 

https:// www.pinterest.com/kimaginery/fire-fighting-and-rescue.) 
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1.1.1 General description for organic light-emitting diodes 

OLEDs consist of one or more thin films sandwiched between two electrodes.11 A 

simplified schematic diagram of a typical OLED is shown in Figure 1-2. Indium tin oxide 

(ITO) is commonly utilized as the transparent anode and a low work function metal is utilized 

as the cathode. The device can be fabricated by thermal deposition of organic layers followed 

by a thin metal cathode onto a transparent substrate such as glass. When a forward bias is 

applied, the injected electrons and holes recombine in the emitting layer (EML) to generate 

light.12-14 

 

 

 

Figure 1-2. Energy level schematic of double heterojunction OLED. 
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The external quantum efficiency (EQE) of OLEDs has been expressed by the following 

equation; 

– ‎ – Ⱦ ή –                       (1-1) 

where ɔ is the charge balance factor, ɖS/T is the singlet-triplet factor, qPL is the PL quantum 

yield of the emitter and ɖOUT is the outcoupling efficiency of the emitted light.15 The charge 

balance factor of ɔ is defined as the number of excitons formed within the device per injected 

charge carrier and is somehow related to charge carrier mobilities from the hole transport layer 

(HTL) to the EML and from the electron transport layer (ETL) to the EML.16  

As shown in Figure 1-3, it has been demonstrated that exciton quenching due to 

accumulated charges at the exciton formation in each interface may significantly affect the 

OLED performances. This effect strongly depends on the energy gap at interface between the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

levels of the different organic layers.17,18 In that context, it is essential to carefully choose the 

materials of the different organic layers to minimize these detrimental charge accumulation 

effects. 

Ambipolar charge transport is generally preferred for the EML. For example, Figure 

1-4 shows the current density-voltage-luminance (J-V-L) characteristics of OLEDs using three 

different hosts for the guest-host EML; a hole transport material di-[4-(N,N-ditolyl-amino)-

phenyl]cyclohexane (TAPC), an electron transport material 2,8-bis(diphenylphosphoryl) 

dibenzothiophene (PO15) and an ambipolar TAPC:PO15 blend.19 The results clearly show that 

the use of an ambipolar host leads to improved current densities and luminance values. 
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Figure 1-3. a) Energy level diagrams of n-B3PYMPM (n-doping of Rb2CO3) / bis-4,6-(3,5-di-

3-pyridylphenyl)-2-methylpyrimidine (B3PYMPM), n-Bphen (n-doping of Rb2CO3) / Bphen 

(4,7-diphenyl-1,10-phenanthroline) and n-TPBi (n-doping of Rb2CO3) / TPBi (2,2′,2′′-(1,3,5-

benzenetriyl)-tris[1-phenyl-1H-benzimidazole]. b) Current density-voltage-luminance (J-V-L) 

characteristics of the three different OLEDs. (These figures are reproduced from Refs. 17 and 

18.) 
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Figure 1-4. Current density-voltage-luminance (J-V-L) characteristics of OLEDs using TAPC, 

PO15 and a TAPC:PO15 blend as host material in the EML. (These figures are reproduced 

from Ref. 19.) 

 

The ɖS/T parameter corresponds to the exciton branching ratio. Depending on the spins 

of the electrons and holes injected into OLEDs, excitons formed under electrical pumping exist 

as triplets or singlets. The singlet state is defined as having an antisymmetric spin wavefunction 

and a total spin quantum number S = 0, while the triplet spin wavefunction is symmetric with 

a total spin quantum number S = 1. Looking at spin statistics of the formed excitons, there are 

three combinations of spins forming a triplet and only one possible combination leading to the 

singlet. Assuming that the formation cross sections of the singlet and triplet excitons are the 

same, this leads to the situation where only 25% of the excitons produced under electrical 

injection of charge carriers are singlets while the 75% remaining excitons are triplets. In case 

of conventional fluorescent emitters, only singlet excitations are dipole coupled to the ground 

state and can decay radiatively. Because the relaxation of the triplets into a ground-state is spin-

forbidden, phosphorescence in these conventional aromatic fluorescent materials is usually 

extremely inefficient. This implies that 75% of the injected charges in fluorescent OLEDs are 
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lost in triplets, resulting in an upper limit value for the ɖEQE of 5% (assuming an isotropic 

distribution of light-emitting dipoles in an organic layer and without any additional light 

outcoupling technology). 

Phosphorescent heavy metal complexes have been successfully used in high 

performance OLEDs with internal quantum efficiency of nearly 100%. Heavy atoms such as 

iridium or platinum can improve dramatically spin-orbit interactions within a molecule which 

is, in turn, responsible for a mixing of the singlet and triplet excited states. As a result, triplets 

gain some singlet character and the relaxation of the triplets to the ground state becomes 

partially allowed. In that case, the phosphorescence process can become efficient if the singlet-

triplet mixing leads to a radiative decay rate faster than the non-radiative decay rate. In addition, 

the exciton mixing caused by the heavy atom effect dramatically improves the intersystem 

crossing (ISC) from the singlet excitons to the triplet excitons. In that context, phosphorescent 

OLEDs can harness effectively all the injected charge carriers to produce electroluminescence 

with an internal quantum efficiency of 100%. Nevertheless, the high cost and shortage of rare 

heavy metals such as iridium and platinum are serious drawbacks for commercial applications 

based on phosphorescence OLEDs.20-28  

Therefore, a number of studies have focused their attention in the last decade on the 

development of new light-emitting materials and device architectures that can overcome the 

spin statistic limit of fluorescent materials. The most successful approach to make triplet states 

available in fluorescent OLEDs is called thermally activated delayed fluorescence (TADF). 

The mechanism of this physical process is based on an upconversion from triplets to singlets 

using thermal energy, which enables the triplets to contribute to the electroluminescence 

without need of using rare heavy metals.29-32 Following the excitation of TADF emitters, some 

excitons in the first singlet excited states (S1) first decay via prompt fluorescence, while 

simultaneously other singlet excitons S1 undergo an ISC process (S1 → T1). Following the ISC 
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or from excitons directly formed in the first triplet excited state (T1), endothermic reverse 

intersystem crossing (RISC) (T1 → S1) occurs, leading to delayed TADF emission. The 

mechanism of RISC based upconversion is evidently driven by thermal vibronic energy. The 

most important criteria to obtain TADF emission are a very small energy gap (DEST) between 

S1 and T1 (< 200 meV) and a high yield of triplet-to-upconverted-singlet formation. Note that 

the decay of TADF emission is generally orders of magnitude slower compared to that of 

fluorescence, which can be explained by the long time needed for a thermal recycling of 

excitons from T1 to S1.33,34 

In conventional planar bottom-emitting OLED structure, emitted photons that are 

produced in the emitting layer must travel through the organic layers, the transparent electrode 

(typically ITO) and the substrate before being emitted into the forward viewing direction. In 

fact, only a fraction of this emitted light (corresponding to ɖOUT in equation (1-1)) will be able 

to reach the outside. The reason is that, in OLEDs, the emitted light is produced in an organic 

multilayer stack which has a refractive index substantially higher than those of the substrate 

and air. In planar conventional OLEDs, typically only a fraction of about 20% of emitted light 

is directly radiated into air. In that context, the development of new approaches for enhancing 

light outcoupling efficiency has been the subject of intensive studies in the recent years. They 

include the use of external outcoupling structures that can be used at the backside of the 

substrate to scatter, diffract or refract light35 and the use of internal outcoupling structures such 

as gratings and photonic crystals33,36-38 that are closer to the organic light-emitting layer. 

Development of top-emitting OLED micro-cavities, use of high refractive index substrates and 

control of the horizontal orientation of light-emitting molecules are some other crucial issues 

that are currently considered for improving the external quantum efficiencies of organic 

electroluminescent devices.39,40 
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1.1.2 Thermally activated delayed fluorescence (TADF) 

TADF emission was first observed in eosin solution and was then evidenced in other 

systems such as fullerene and porphyrin derivatives. While, based on these first observations, 

TADF was considered to exhibit low upconversion efficiency due to its endothermic character, 

recent studies have demonstrated that highly efficient TADF can be realized by optimizing the 

molecular design of TADF emitters in order to simultaneously obtain large radiative decay rate 

and small DEST. The first promising use of a TADF emitter in OLEDs used Sn4+-porphyrin 

complexes to reach an electroluminescence external quantum efficiency of 0.3%.41 While the 

performance of these first TADF devices was quite low, this pioneering work already suggested 

great promise for employing TADF emitters in OLEDs. In order to improve the RISC rate and 

to achieve smaller DEST, a method has then been proposed which involves the use of molecules 

with a strong intramolecular charge transfer (CT) character. In terms of molecular design to 

obtain a small DEST, it was proven that TADF can be obtained in molecules with a negligible 

overlap between HOMO and LUMO distributions. This can be elegantly realized using CT 

emitters where electron donor and electron moieties are chemically bonded to each other. In 

general, the HOMO is distributed in the donor units while the LUMO is distributed in the 

acceptor units. Therefore, a small DEST can be obtained by introducing electron donor and 

acceptor moieties in light-emitting molecules in an appropriate way to decrease the spatial 

overlap between the LUMO and the HOMO. In fact, two important considerations should be 

taken into account when designing TADF molecules. First, the inclusion of moieties such as 

anthracene known to have low T1 energy when isolated must be avoided. Second, to reduce the 

overlap between the spatial distributions of the HOMO and LUMO, some TADF molecules 

have been successfully demonstrated by combining donor and acceptor units with high T1 

energies in a way that the dihedral angle between them affects their conjugation. Overall, based 

on this molecular engineering concept, a large variety of TADF molecules has been reported 
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in the last few years and these materials were successfully used in OLEDs with efficiencies 

equivalent to those achieved in phosphorescent OLEDs.29 The TADF process is schematically 

represented by a Jablonski diagram in Figure 1-5. 

 

 

Figure 1-5. Simplified Jablonski diagram showing prompt fluorescence and TADF emission; 

Ὧ  is the rate constants of prompt fluorescence, kISC and kRISC are the intersystem crossing and 

reverse intersystem crossing rate constants, Ὧ  and Ὧ  are the non-radiative decay constants 

for the single and triplet states. 

 

In the presence of intersystem crossing (ISC) and reverse intersystem crossing (RISC), 

the rate constants of the prompt (kp) and delayed PL components (kd) can be expressed by the 

following equations;31,32 

Ὧ Ὧ Ὧ Ὧ                               (1-2) 

Ὧ Ὧ ρ Ὧ      (1-3) 

where Ὧ  and Ὧ  are the radiative and non-radiative decay rate constants of the S1 state, 

respectively, and Ὧ  and Ὧ  are the ISC (S1 → T1) and RISC (T1 → S1) rate constants, 
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respectively. The PL quantum efficiencies of the prompt and delayed fluorescence components 

(   and   , respectively) and ISC (Ὧ ) are given by the following equations; 

                                                    (1-4) 

  В      
˿

                       (1-5) 

                                                 (1-6) 

From equation 1-2 to 1-6, the following equation can be obtained kRISC by the following 

equation; 

Ὧ                                               (1-7) 

These equations can be used to describe the PL dynamics of TADF emitters. The decay of the 

TADF emission is typically orders of magnitude slower compared to that of fluorescence due 

to the long time needed for thermal recycling of excitons from triplet to singlet excited states. 

Note that according to Boltzmann distribution equation, a smaller DEST is associated with a 

higher RISC rate at a given temperature, such as; 

Ὧ ὃ ÅØÐ
Ў

                                   (1-8) 

where A is the rate of temperature-independent adiabatic RISC and k is the Boltzmann constant. 

Most organic light-emitting molecules do not show a small enough DEST to allow efficient 

TADF. In this thesis, I will present some results obtained in novel TADF emitters with 

remarkable characteristics such as horizontal molecular orientation and high efficiency near-

infrared (NIR) emission. 
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1.1.3 Horizontal molecular orientation  

 During carrier recombination, the electron wavefunction and the probability density 

related to the position of the electron changes from an excited state into a ground state, which 

can be considered as an oscillator strength of transition density. In addition, the spatial 

dimensions of the molecular orbitals involved in this transition are much smaller than the 

photon wavelength, which implies that the optical transition can be associated with an 

oscillating point dipole, so-called transition dipole. Figure 1-6 shows a schematic 

representation of an oscillating electrical dipole and its radiation pattern. By considering this 

radiation pattern, it is straightforward to see that a dipole oriented vertically with respect to the 

plane of the device only produces a small quantity of light that can be outcoupled. In fact, most 

of the power will be instead coupled to the substrate, waveguided and plasmonic modes. In 

contrast, a perfectly horizontally-oriented transition dipole emits a much larger fraction of its 

power to the outside.47-50 

This effect has been known in polymer electroluminescent devices for many years. In 

polymer films deposited from solution by spin-coating, a horizontal orientation of the polymer 

chains is very often obtained indeed and the transition dipole moments tend to be in most cases 

aligned in the direction parallel to the polymer chains. In that context, the first report in 2000 

about horizontal orientation of emitting dipoles in OLEDs was based on light-emitting 

polymers.51 This pioneering study already suggested that the horizontal orientation of the 

polymer chains should lead to a higher light outcoupling efficiency than that obtained for a 

random isotropic distribution of emitting dipoles. Nevertheless, vacuum deposited small 

molecule OLED materials were believed for a long time to have no preferential emitter 

orientation due to their rather isotropic, small molecular structure. Research on relating 

molecular orientation to enhanced light outcoupling efficiency in vapor-deposited OLED thin 

films gained intense activities since 2009 after it was demonstrated that linear-shaped organic 
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small molecules with suitable substituents could show horizontal orientation in neat films 

deposited by thermal evaporation.42 In fact, the first report on horizontal molecular orientation 

in vacuum-deposited glassy OLED thin films was published earlier.43 By using variable angle 

spectroscopic ellipsometry (VASE), two blue emitting ter(9,9-diarylfluorene) derivatives in 

thermally-evaporated neat films were found to be oriented parallel to the substrate plane. A 

few years later, a generalization of the horizontal molecular orientation process in vapor-

deposited glassy OLED thin films was proposed based on studies of the dependence on 

molecular structure using a variety of light-emitting, hole transport and electron transport 

OLED materials.38 As illustrated in Figure 1-6, while bulky and compact molecules show 

isotropic random molecular orientation, horizontal molecular orientation is observed with 

planar or linear molecules. In addition, it was found that larger the anisotropy of the molecular 

shape is the more significant the horizontal molecular orientation.  
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Figure 1-6. a) Schematic representation of an oscillating electrical dipole in a dielectric layer 

sandwiched between two interfaces. b) Effect of horizontal orientation of emitting molecules. 

Because the light is emitted mainly in the direction perpendicular to the transition dipole, 

horizontal orientation is better for high outcoupling efficiency. c) General relationship between 

the anisotropies of molecular shape and molecular orientation in thermally-evaporated organic 

glassy films. (These figures are reproduced from Refs. 42 and 45.) 

 

These studies also demonstrated that (i) horizontal molecular orientation in thermally-

evaporated thin films does not depend on a substrate, (ii) horizontal orientation of linear/planar 

shaped molecules can be achieved even in an isotropic organic host matrix, (iii) molecular 

orientation does not depend significantly on film thickness and the evaporation rate and (iv) 

molecular orientation can be controlled by varying the temperature of substrates during the 

thermal evaporation.39 
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Regarding the mechanism of these orientational processes, based on these studies, 

molecular orientation in glassy OLED films was attributed to weak Van der Waals interactions 

between either the substrate and the molecules or between neighboring molecules.38 In fact, 

molecules in glassy organic films can have a number of conformations and the van der Walls 

intermolecular interactions are weaker than in polycrystalline thin films. As a consequence, the 

horizontal orientation just after the deposition of a monolayer is not affected by intermolecular 

interactions and can be preserved in the metastable glassy state of the films. The importance of 

these studies devoted to horizontal molecular orientation in vapor-deposited glassy thin films 

was then validated at first by the fabrication of fluorescent OLEDs with enhanced outcoupling 

efficiencies and external quantum efficiencies beyond the spin statistical limit. For example, 

by comparing the device performance between an aligned and a nonaligned fluorescent dye, it 

was found that horizontal orientation led to a 1.45-fold efficiency enhancement.44 

While the initial studies devoted to horizontal molecular orientation were carried out in 

fluorescent molecules, it was much less evident that phosphorescent metal complexes could 

exhibit such preferred alignment due to their generally bulky molecular structure. It was not 

surprising for instance to see that the well-known phosphorescent iridium complex, Ir(ppy)3, 

and other symmetrically-substituted metal-organic complexes show an isotropic orientation 

distribution in a host matrix. However, some phosphorescent complexes with different ligands, 

such as the well-known red emitter, Ir(MDQ)2(acac), were found to exhibit a predominant 

horizontal orientation of the emitting dipoles.45,46 Since then, a large number of studies has 

provided evidence that the efficiency of phosphorescent OLEDs can be greatly improved by 

using horizontal molecular orientation effects.51 Moreover, it is important to highlight that, in 

the last few years, external quantum efficiencies higher than 30% could be reached 

experimentally in blue, green and red phosphorescent OLEDs with horizontally oriented light-

emitting dipoles.52-55 Optical simulations even predict that perfectly horizontally oriented 
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phosphorescent emitters with internal radiative quantum efficiencies close to unity could lead 

to OLEDs with an external quantum efficiency up to 70% if all of the substrate and 

waveguiding modes can be suppressed.56 Regarding the mechanism of the horizontal molecular 

orientation of metal-organic phosphorescent complexes, quantum chemistry calculations as 

well as comprehensive studies where a variety of iridium complexes were used in OLEDs, 

were carried out to improve our understanding.57-59 From these works, different mechanisms 

were proposed. Some studies suggest that large dipole moments of tris-cyclometalated ligands 

are responsible for a strong aggregation that reduces significantly the guest-host interactions. 

Other works speculate that electrostatic interactions between electronegative regions in the 

iridium complexes and electropositive host structures lead to macroscopic order and horizontal 

orientation. 

More recently, it was stated that the presence of the acetylacetonate in the ligands of 

phosphorescent emitters plays a primary role on these orientational processes, due to its 

aliphatic character.59 While only molecular orientations of fluorescent and phosphorescent 

emitters have been discussed so far, it is important to mention that horizontal alignment of 

TADF emitters has been also already reported. For instance, the orientational order of a linear-

shaped TADF dopant, called 2-phenoxazine-4,6-diphenyl-1,3,5-triazine (PXZ-TRZ), was 

selectively controlled in a randomly oriented host matrix by varying the temperature during the 

thermal evaporation of the film.60 In the optimized device structure, horizontal orientation of 

the TADF emitters was found to improve the external quantum efficiency of the OLEDs by 

24%.61  

Transition dipole moment can be expressed by the following process;62 

Ὅ —ȟ ‗ȟ ὥ ὥὍ ȟ ρ ὥ Ὅ ȟ Ὅ ȟ     (1-14) 
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where ɗ is a function of viewing angle, ɚ and a are wavelength and anisotropy factor and I is 

spectral radiant intensity. In the above equation, the TM and TE are transverse magnetic and 

transverse electric that indicate the light polarization. The anisotropy factor a is the ratio of the 

number of vertical dipoles to the total number of dipoles and hence describes the average 

orientation of the transition dipole moment. Isotropic orientation of a = 1/3 is present. a = 1/3 

of the transition dipole moments are vertical orientation, a = 2/3 is horizontal orientation in the 

thin films. It can indicate an orientation order parameter of S by VASE. The orientation order 

parameter can be expressed by the following process; 

3                            (1-15) 

where ɗ is the angle between the axis of transition dipole moment and the direction vertical to 

the substrate, and Ὧ  and Ὧ  are the ordinary (in-plane) and extraordinary (out-of-plane) 

extinction coefficients due to the transition dipole moment. S = 0 is associated with a random 

molecular orientation, a perfect horizontal orientation is evidenced when S = -0.5 and S = 1 is 

perfectly vertical orientation in Figure 1-7.42-44 

 

 

Figure 1-7. Orientation order parameter for the films of linear-shaped molecules.42 
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The orientation order parameter is thus an important parameter to investigate horizontal 

molecular orientation of emitters in OLEDs. This parameter is usually determined in neat films 

using VASE and from angle-dependent PL intensity measurements in blends.59-62 In this thesis, 

I investigated the influence of the molecular shape of TADF emitters on the horizontal 

molecular orientation and the OLED performances. 
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1.1.4 Organic near-infrared (NIR) emitters 

 OLEDs in the visible spectrum region have achieved significant progress during the 

last decades.1 Recently, there has been a growing interest in OLEDs that emit in the NIR region 

(i.e., 700-2500 nm).63 Potential applications of these NIR-OLEDs are of particular interest for 

biotechnology, bio-imaging, medical camera and treatment, sensors, security camera, military, 

spectroscopy and archaeology applications as depicted in Figure 1-8.64-67 

 

Figure 1-8. Possible applications of NIR-OLEDs. (Sensor and military are the NIR-laser) 

(There figures are captured from Refs. 122-129.) 

 

Effective triplet harvesting is one of the key issues to fabricate high performance NIR 

electroluminescent devices. For instance, room temperature phosphorescent heavy metal 

complexes have been successfully used in high performance NIR OLEDs with an external 

quantum efficiency above 10% and an emission peak at longer wavelength than 700 nm. 

Nevertheless, the high cost and shortage of rare heavy metals such as platinum and iridium are 

serious drawbacks for commercial applications. An alternative way in NIR OLEDs is based on 

the use of small heavy-metal-free organic aromatic molecules.68-73 In 1959, the first NIR 
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organic light-emitting molecules were developed by Owen H. Wheeler and his co-workers.74 

Nearly 60 years later, the external quantum efficiency of NIR OLEDs has only reached the 

values of 2.1% and 1.9% for an electroluminescence peak wavelength of 710 and 760 nm, 

respectively (Figure 1-9).75-91 

Molecules containing boron difluoride (BF2) unit, such as BODIPYs117 and aza-

BODIPYs118 are an important class of emitters that are of potential interest for a range of 

applications, due to their very large PLQY in solution. However, like cyanine dyes, most of 

these molecules tend to show a small Stoke shift and a low PLQY in solid-state. In this context, 

Dr. A. D′Aléo (CINaM, France), a collaborator of Prof. J. C. Ribierre and Prof. C. Adachi, 

developed series of BF2 complexes containing acetylacetonate-like chelate,119 curcuminoid120 

and hemicurcuminoid121 derivatives with the goal in mind to combine the electron withdrawing 

BF2 moiety to electron donor moieties. Such architecture should show a strong push-pull 

characteristics, allowing to overcome the Stokes shift issue and to reduce the quenching of the 

emission in solid-state. For instance, a previous study showed that BF2 curcuminoid derivatives 

are versatile emitters, allowing the preparation of fluorescent nanoparticles that can be used for 

bio-imaging.121 In my study, I investigated the photophysical properties and examined the 

potential of novel (BF2) curcuminoid derivatives as emitters for high performance NIR OLEDs. 

 

 

Figure 1-9. ɖEQE of NIR OLEDs based on both organic small molecules and heavy metal 

complexes.81-92 
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1.2 Organic semiconductor lasers 

1.2.1 Stimulated emission 

For lasing to occur, the presence of stimulated emission is required. Luminescence is 

known to result from the transition between a singlet excited state S1 and a ground state S0. 

These two states have many vibronic sublevels. Some of organic light-emitting semiconductors 

can exhibit strong stimulated emission for the transition S1 to a vibronic level of the ground 

state. As shown in Figure 1-10, the process of gain starts when the material is excited from the 

ground state to a higher vibronic level of the excited state. Fast non-radiative relaxation occurs 

from this state to the lowest vibronic level of the excited state. A radiative optical transition 

then takes place from this state to a higher vibronic level of the ground state. A gain, fast non 

radiative relaxation to the lowest level of the ground state occurs. This leads to a classic four 

level laser system where the population of the excited state is higher than the ground state it 

relaxes to. Due to the fast non-radiative relaxation in the ground state to its lowest level, this 

means that there is almost always a population inversion as the higher vibronic levels are 

quickly depleted. This means that when light passes through a gain medium, its intensity is 

amplified according to the following equation;94-96 

Ὅ Ὅ ÅØÐ Ὣ ‗ ‌ ―                                  (1-16) 

where I is the emission intensity after passing through the gain, I0 is the initial intensity of the 

emission, l is the length of the gain interaction region, g is the gain coefficient and a is the loss 

coefficient. In this four level system, the gain depends on the volume density of excited states 

Nexc and this relationship is defined as; 

Ç ‗ ὔ „ ‗                                                       (1-17) 
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The wavelength dependence of the stimulated emission cross section normally 

resembles the PL spectrum of the material. Several factors affect the amplification of the 

intensity entering the gain medium. The most important factor is that gain needs to be larger 

than the losses in the medium.97-99 

 

 

Figure 1-10. A typical four level laser scheme in organic molecules. 
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1.2.2 Amplified spontaneous emission (ASE) 

A useful technique to characterize an organic emitter as a laser material is to pump 

optically a slab waveguide, prepared by deposition of a thin film of the material on a low 

refractive index substrate.100 If the pump intensity is intense enough for the gain to exceed the 

scattering losses, then spontaneously emitted photons are exponentially amplified as they travel 

through the waveguide.99 Since predominantly these photons are amplified whose energy 

coincides with the spectral position of maximum gain, the overall emission spectrum changes. 

A line narrowing is observed as amplified spontaneous emission becomes the dominant 

deactivation pathway. This happens basically if (g(l)-a)L ≥ 1. 

ASE in waveguide structures is sometimes called mirrorless lasing as it can have many 

properties of a laser such as a distinct threshold in the input-output characteristics and the 

emission of a concentrated, polarized and nearly monochromatic beam. Nonetheless the 

absence of resonant modes and the incoherent output distinguishes ASE from lasing.101-103 
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1.2.3 Organic solid-state lasers 

Two components are needed for a laser, a gain medium and a resonator structure that 

provides the feedback needed for the build-up of the oscillations.104 Conventional lasers use a 

cavity consisting of two or more mirrors.105 This approach is typically used for solution-based 

dye lasers. In solid-state materials, a waveguide structure with cleaved edges can be used as a 

resonator. The light is confined in the waveguide by a series of total internal reflections and 

the end facets reflects some of the light. However, most organic materials are amorphous and 

so difficult to cleave.106 Even if they could be cleaved successfully, the low refractive index 

contrast between organics and air would mean that the facets would have a reflectivity of less 

than 10%. For this reason, a number of different resonator geometries has been used as shown 

in Figure 1-11. In this thesis, we focused on the use of distributed feedback (DFB) resonators. 
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Figure 1-11. Different types of resonator types used in organic semiconductor lasers. a) planar 

waveguide with corrugated substrate of DFB, b) distributed Bragg reflector (DBR), c) micro-

disk and d) micro-ring.107 
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1.2.4 Organic DFB lasers 

The concept of DFB lasers was introduced in the early 1970s by Kogelnik et al.,108 who 

showed that laser operation could be achieved if a periodic structure was integrated within the 

gain region. The major difference to a conventional device was that feedback is not obtained 

by local reflectors but by Bragg scattering due to periodically distributed optical 

inhomogeneities.109 Soon after, it was shown that DFB provides efficient means for narrow 

bandwidth and tunable laser emission. Since then, the concept has been extended to thin film 

waveguides, distributed Bragg reflectors, two-dimensional DFB and photonic bandgap 

lasers.110-112 

 

 

Figure 1-12. Scheme of a DFB laser with feedback in first and second Bragg order. 

 

DFB relies on Bragg scattering due to a periodic modulation of the complex refractive 

index, either in its real or in its imaginary part. In the case of thin film lasers, this is manifested 
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in a modulation of the refractive index or the gain coefficient with the periodicity Λ. A periodic 

modulation of the waveguide thickness, as displayed in Figure 1-12, modifies the propagation 

of the guided waves and induces coupling between otherwise independent waves. Waves 

propagating in the positive z-direction are partially reflected and thus couples to waves 

propagating in the negative z-direction. Coupling becomes very strong if the reflected waves 

interfere constructively, which is specified by the Bragg condition. Assuming the perturbation 

of the effective refractive index neff is small, the Bragg condition is the following;113-116 

ὲ ɤ ά                                     (1-18) 

Figure 1-12a shows the situation for 1st order DFB (m = 1). If the Bragg condition is 

fulfilled with m ≥ 2, then the lower Bragg orders will be scattered out of the waveguide. As an 

example, a 2nd order DFB laser (m = 2) is sketched in Figure 1-12b and emits radiation 

perpendicular to the surface due to the first order diffraction. 

In this thesis, I will report on the demonstration of low threshold ASE in NIR region 

from organic thin films based on curcuminoid derivatives and demonstrate ultra-low 

ASE/lasing thresholds from a blue-emitting solution-processable octafluorene derivative. 
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1.3 Outline  

 This thesis mainly focuses on the improvement of the TADF OLED and organic 

semiconductor laser performances based on newly designed molecules, aiming to obtain highly 

efficient TADF characteristics, excellent horizontal molecular orientation of light-emitting 

dipoles and low ASE/lasing thresholds.  

 In Chapter 2, I will demonstrate that horizontal orientation of the emission transition 

dipole of light-emitting molecules plays a critical role on the light outcoupling efficiency and 

the performance of organic light-emitting diodes. It is well established that linear and planar 

small molecules are generally preferred to achieve such a horizontal molecular orientation in 

vapor-deposited organic thin films. I designed and synthesized four novel carbazole-based 

TADF molecules with different shapes and degrees of planarity in order to examine the 

influence of the emitter structure on the molecular orientation and the electroluminescence 

properties in TADF OLEDs. 

 In Chapter 3, I focused on the development of novel NIR light-emitting boron difluoride 

curcuminoid derivatives for high performance OLEDs. I will demonstrate that these heavy-

metal-free donor-acceptor-donor (D-A-D) derivatives show high PLQY and TADF activity at 

room temperature. In addition, their emission spectrum can be tuned either via molecular 

engineering of the D and A groups or via solvatochromism effect, due to the CT character of 

the excited states and the large dipole moments of these compounds both in their ground- and 

excited-states. These NIR emitters were then tested in spin-coated NIR OLEDs.  

In Chapter 4, I demonstrate that these boron difluoride derivatives exhibit ASE with 

relatively low threshold in the NIR region of the electromagnetic spectrum. The ASE 

wavelength of the films can be tuned again by the molecular engineering of the dyes and by 

playing on the concentration of dyes in the film. Due to the TADF properties of these NIR dyes, 
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these results suggest a new possible route to realize organic semiconductor lasers in which 

triplet excitons could contribute positively to light amplification. 

In Chapter 5, I report on the photophysical, ASE and electroluminescence properties of 

a blue-emitting octafluorene derivative in spin-coated films. The neat film shows an extremely 

low ASE threshold, which is related to its high photoluminescence quantum yield and its large 

radiative decay rate. Low-threshold organic distributed feedback semiconductor lasers and 

fluorescent OLEDs with a maximum external quantum efficiency as high as 4.4% are then 

demonstrated, providing evidence that this octafluorene derivative is a promising candidate for 

organic laser applications. 
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Chapter 2 
 

Organic light-emitting diodes with horizontally 
oriented thermally activated delayed fluorescence 
emitters 
 

 

 

2.1 Introduction 

OLEDs have been the subject of intensive studies in the past decades due to their 

potential for high quality flat panel display and lighting applications.1–3 Effective triplet 

harvesting is one of the key-issues to fabricate high performance OLEDs. A few years ago, 

Adachi’s group proposed an alternative approach based on the use of TADF emitters.4–16 This 

third generation of luminescent OLED materials does not require the use of heavy metals and 

enables the fabrication of devices with efficiencies equivalent to those achieved in 

phosphorescent OLEDs. The mechanism of this TADF emission is based on an upconversion 

through reverse intersystem crossing (RISC) from the lowest triplet excited state to the lowest 

singlet excited state using thermal energy.17–21 Efficient TADF emission thus necessitates a 

small energy gap (ΔEST) between the first singlet excited state S1 and the first triplet excited 

state T1 in order to promote RISC and harvest spin-forbidden triplet excitons. In the last few 

years, a number of TADF OLEDs with nearly 100% internal quantum efficiency and ɖEQE 

around 20% were reported. For instance, recently, Kaji et al. could fabricate green TADF 

OLEDs with a maximum ɖEQE of 29.6% using a partially horizontally oriented emitter 
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combining electron-donating diphenylaminocarbazole and electron-accepting triphenyltriazine 

moieties.22 This ɖEQE value was even enhanced up to 41.5% by incorporating in the device a 

light outcoupling structure. 

The ɖEQE of OLEDs depends on the charge carrier balance,23–27 the efficiency of exciton 

generation by carrier recombination, the photoluminescence quantum yield (PLQY) and the 

light outcoupling efficiency.28–32 Previous works have demonstrated that a horizontal 

molecular orientation of the emitters in fluorescent, phosphorescent and TADF OLEDs leads 

to a strong improvement of the light outcoupling efficiency, resulting in a significant 

enhancement of the ɖEQE values.33–50 In addition to the enhancement of the light outcoupling 

efficiency, it should be noticed that horizontal molecular orientation can also affect the charge 

transport properties of the organic layers and reduce the coupling to surface plasmons at the 

organic/electrode interfaces.39,41 As an example, ɖEQE higher than 35% was recently reported 

in phosphorescent OLEDs with partially horizontally oriented green iridium complexes.48 The 

horizontal orientation of TADF emitters blended into a wide bandgap host was also found to 

enhance substantially the ɖEQE of OLEDs.50–52 In parallel, previous works have clarified the 

mechanism of the molecular orientation in vapor-deposited thin films and studied the influence 

of the molecular structure of light-emitting molecules on their orientation in organic thin films 

using a wide range of light-emitting and charge transport OLED materials.37 Guidelines for 

designing new light-emitting chromophores were proposed based on the fact that linear and 

planar molecular structures are preferable to achieve horizontal molecular orientation.35 While 

it is well established now that the light outcoupling efficiency and the overall performances of 

vapor-deposited fluorescent and phosphorescent OLEDs can be significantly improved by such 

a horizontal orientation, the dependence on molecular structure for TADF emitters has not been 

comprehensively examined yet. Thus, in this study, I focused on the molecular orientation of 

four new TADF emitters and clarified the orientation and the OLED characteristics. 
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2.2 Results and discussion 

In this study, I examined the photophysical properties and the OLED characteristics of 

four novel carbazole derivatives showing TADF emission and chemical structures with 

different degrees of planarity. The chemical structures of these four TADF molecules are 

displayed in Figure 2-1a. The molecules 9-(4,6-diphenyl-1,3,5-triazin-2-yl)-N,N-diphenyl-

9H-carbazol-4-amine (DTDC), N,N-di([1,1′-biphenyl]-4-yl)-9-(4,6-diphenyl-1,3,5-triazin-2-

yl)-9H-carbazol-4-amine (BDTC), N,N-di([1,1′-biphenyl]-4-yl)-9-(2,3-diphenylquinoxalin-6-

yl)-9H-carbazol-4-amine (BDQC-4) and N,N-di([1,1′-biphenyl])-4-yl-9-(2,3-

diphenylquinoxalin-6-yl)-9H-carbazol-2-amine (BDQC-2) were synthesized and provided by 

Tosoh Corporation.  

Molecular orientation in neat films was investigated using an ellipsometry technique. 

The 40 nm thick films for these measurements were prepared by thermal evaporation on top of 

precleaned bare silicon substrates. The optical constants of the films were then measured using 

a VASE at several incident angles varying from 45° to 75° by step of 5°. The ellipsometry data 

were then analyzed using an analytical software (J.A. Woollam, WVASE32) to determine the 

anisotropic extinction coefficients and refractive indices of the films. The orientation of the 

emitting dipoles in the 6wt% bis(2-(diphenylphosphino)phenyl)ether oxide (DPEPO) blends 

was studied by measuring the dependence of the PL intensity in transverse magnetic (TM) 

mode on the emission angle.  
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Figure 2-1. a) Chemical structures of the TADF molecules used in this study. b) Optimized 

geometry of each molecule at ground state with the direction of the calculated emitting 

transition dipole indicated by a red arrow. c) HOMO/LUMO distribution of DTDC, BDTC, 

BDQC-4 and BDQC-2 determined at ground state by TD-DFT calculations. 

 

For these measurements, 15 nm thick films were thermally evaporated onto precleaned 

glass substrates and the samples were then encapsulated with a glass coverslip to avoid any 

problems related to photodegradation. The samples were mounted on a computer controlled 

rotation stage and were photoexcited at a fixed incident angle of 45° by a semiconductor laser 

source emitting at 375 nm through a band-pass filter (370±5 nm). The emission in the TM 

mode from the films was detected using a calibrated multichannel spectrometer. It is important 

to emphasize the fact that the photoexcitation beam and the sample were rotated together in 
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order to make sure that the photoexcitation of the films remains identical for the measurements. 

Angle of emission was varied from 0° to 90° by step of 1°. A commercial software (Setfos 3.4, 

Fluxim Co.) was finally used to simulate the angle dependence of the far-field emission 

intensity and gain information about the emitting dipole orientation in the films. Note that these 

simulations take into account the optical constants and the thickness of the films. 

Regarding the OLED fabrication, the devices used precleaned indium tin oxide (ITO) 

glass substrates with a sheet resistance lower than 20 Ω/̘. The different organic layers were 

deposited onto the substrates by thermal evaporation under vacuum lower than 3 x 10-4 Pa. The 

devices were completed by depositing the LiF/Al cathode electrodes through a shadow mask. 

The active area of the OLEDs was 4 mm2. To prevent degradation and emission quenching due 

to oxygen and moisture, the devices were encapsulated in a N2-filled glove box prior to the 

OLED characterization. The J-V-L characteristics were measured using a source meter and an 

absolute external quantum efficiency measurement system. Electroluminescence spectra were 

recorded using an optical fiber connected to a spectrometer.  

The optimized geometries of DTDC, BDTC, BDQC-4 and BDQC-2 molecules in the 

ground-state were calculated by density functional theory (DFT) calculations at the B3LYP/6-

31+G* level using the Gaussian09 program package and are displayed in Figure 2-1b. It can 

be easily seen that the four carbazole based molecules show different degrees of planarity. 

Angles between carbazole (CZ) and diphenylamine (DA) units, and CZ and di([1,1′-biphenyl]-

4-yl)amine (DDA) are around 60° among these molecules. Moreover, dihedral angles between 

CZ and 2,4-diphenyl-1,3,5-triazine (DT) are about 20° in DTDC and BDTC, and CZ and 2,3-

diphenylquinoxaline (DQ) are 60° in BDQC-4 and BDAC-2. The big angles make molecular 

structures bulky. However, BDQC-4 showed more planar than the others, because DDA and 

DQ units are in the same plane, and it is displayed along with long axis in Figure 2-2. 
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Figure 2-2. Molecular structures of a) DTDC, b) BDTC, c) BDQC-4 and d) BDQC-2 as 

viewed along the long axes. Carbazole moieties are colored red.  

 

Previous works have already demonstrated that a planar molecular structure is highly 

desirable for achieving a horizontal molecular orientation.33,35,37 In that context, the different 

degrees of planarity of the DTDC, BDTC, BDQC-4 and BDQC-2 molecules should play a 

crucial role on their orientation in vapor-deposited glassy thin films.  

The HOMOs and the LUMOs of DTDC, BDTC, BDQC-4 and BDQC-2 were displayed 

in Figure 2-1c. Their HOMOs and LUMOs are spatially separated and are located on the 

electron donating and electron accepting moieties, respectively. It is well established that a 

small overlap between HOMO and LUMO at a single molecule level is one of the important 

factors to obtain a small ΔEST, an enhanced RISC and an efficient TADF emission.  
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Table 2-1. Summary of the results obtained by quantum chemistry calculations. ES and ET are 

the energies of the first singlet excited state S1 and the first triplet excited state T1, respectively. 

ΔEST is the energy gap between S1 and T1. 

 

 

 

Figure 2-3. Absorption (left) and normalized steady-state fluorescence (right) spectra of the 

TADF luminophores in neat films. These spectra were measured at room temperature. 

Excitation wavelength for the PL spectra was 499, 505, 517 and 546 nm. 

 

The ultraviolet-visible absorption and steady-state PL spectra of the neat films are 

displayed together in Figure 2-3. It can be seen that these films absorb light at wavelengths 

shorter than 450 nm and show green emission. The absorption bands with a maximum 

wavelength around 350 nm correspond to the CT absorptions. The maximum peak emission 
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wavelengths were found to be 499 nm for DTDC, 505 nm for BDTC, 517 nm for BDQC-4, 

and 546 nm for BDQC-2. The broad emission spectra could be consistent with the charge 

transfer character of TADF molecules. The steady-state PL spectra of these compounds 

blended at 6wt% into a DPEPO host were also measured at room temperature. As shown in 

Figure 2-4a, these PL spectra are very similar to those measured in neat films with a slight 

blueshift (5 nm for DTDC, 1 nm for BDTC, 7 nm for BDQC-4 and 1 nm for BDQC-2) due to 

the polarity of the host. The absence of emission from the DPEPO host in the PL spectra of the 

blends indicates an efficient energy transfer from the host to the guest molecules. 

 

 

Figure 2-4. a) steady-state PL spectra measured in the 6wt% DPEPO blend films at room 

temperature. Excitation wavelengths were 281 nm for DTDC, 332 nm for BDTC, 345 nm for 

BDQC-4 and 359 nm for BDQC-2. b) Transient photoluminescence decays of the blends at 

room temperature. 

 

To evaluate the ΔEST values of the four carbazole derivatives experimentally, I 

measured the prompt fluorescence and phosphorescence spectra of the neat films at room 

temperature and at 5 K, respectively. The TADF emission intensity is negligible at this low 

temperature and I thus could determine ΔEST from the difference in energy between the high-
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energy onset positions of the fluorescence and phosphorescence spectra. The shifts between 

the fluorescence and the phosphorescence spectra, which are displayed in Figure 2-5 and 

summarized in Table 2-2, lead to ΔEST values equal to 0.15, 0.09, 0.14 and 0.14 eV for DTDC, 

BDTC, BDQC-4 and BDQC-2, respectively. Although these experimental values are slightly 

higher than those determined from quantum chemistry calculations, such small energy gaps 

should enable TADF emission with an efficient conversion of triplets to singlets via RISC at 

room temperature. In order to confirm that these molecules are TADF emitters, I measured 

their transient PL decays in degassed and non-degassed toluene solutions.  

 

 

 

Figure 2-5. Photoluminescence spectra of a) DTDC, b) BDTC, c) BDQC-4 and d) BDQC-2 

neat films recorded with a streak camera. Fluorescence spectrum was recorded at room 

temperature while the phosphorescence spectrum was measured at 5 K. Excitation wavelength 

was 337 nm. 
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Table 2-2. Photophysical properties of the TADF luminophores in neat films. 

 

 As shown in Figure 2-6, the presence of oxygen leads for the four compounds to a 

strong quenching of the delayed emission which is due to an inactivation from the triplet 

excited state T1 of the TADF emitters to the triplet ground state of oxygen. 

 

 

Figure 2-6. Transient photoluminescence decay curves for a) DTDC, b) BDTC, c) BDQC-4 

and d) BDQC-2 in degassed and non-degassed toluene solutions. Excitation wavelength was 

337 nm.  
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To gain further insights into the photophysical properties of these TADF emitters, their 

PLQY values (ʌPL) and transient PL decays were measured at room temperature in the 6wt% 

DPEPO blends. I found that the DTDC, BDTC, BDQC-4 and BDQC-2 blends exhibit PLQY 

values equal to 61.3, 60.5, 60.4 and 50.2%, respectively. In other words, the four emitters 

present similar PLQYs in the blend films, in the range between 50 and 62%. The PL transient 

decays of the DPEPO blends are displayed in Figure 2-4b and show both nanosecond-scale 

prompt and microsecond-scale delayed emissions. For the DPEPO:DTDC blend, the prompt 

component shows a decay time constant (Űf) of 41 ns with an efficiency (ʌP) of 4 % while the 

delayed component has a decay time constant (Űd) of 165 µs and an efficiency (ʌd) of 20%. 

The prompt and delayed decay time constants (efficiency) are found to be 59 ns (34%) and 261 

µs (25%), respectively, in the BDTC doped film. For the DPEPO:BDQC-4 blend, the prompt 

decay time constant and efficiency are found to be 19 ns and 44%, respectively, while the 

delayed component has a decay time constant of 456 µs with an efficiency of 16%. Finally, for 

the DPEPO:BDQC-2 blend, the prompt decay time constant and efficiency are found to be 31 

ns and 28%, while the delayed component has a decay time constant of 332 µs and an efficiency 

of 21%. From these PL characteristics, the values of the ISC and RISC rates, noted kISC and 

kRISC, were calculated using the method previously reported.14,19 I found kISC = 1.4 x 107 s-1 and 

kRISC = 5.0 x 103 s-1 for DPEPO:DTDC, kISC = 1.0 x 107 s-1 and kRISC = 4.3 x 103 s-1 for 

DPEPO:BDTC, kISC = 2.3 x 107 s-1 and kRISC = 3.2 x 103 s-1 for DPEPO:BDQC-4, as well as 

kISC = 2.3 x 107 s-1 and kRISC = 3.2 x 103 s-1 for DPEPO:BDQC-2. Looking at these data carefully, 

I can see that for this series of emitters, the ISC rate is in the range between 1.0 x 107 s-1 and 

2.3 x 107 s-1, while the RISC rate lies in the range between 3.2 x 103 s-1 and 5.0 x 103 s-1. 

Noticeably, the ΔEST and kRISC values obtained with these emitters are consistent with those 

obtained in some other TADF emitters. These results demonstrate that, while DTDC, BDTC, 



Chapter 2 

51 
 

BDQC-4 and BDQC-2 exhibit different degrees of planarity in their molecular shapes, their 

TADF emission properties are relatively similar as summarized in Table 2-3. 

 

Table 2-3. Photoluminescence characteristics of the 6wt% DPEPO blends and maximum 
EQE values measured in OLEDs containing these blends. 

 

 

VASE measurements were carried out to evaluate the optical anisotropy and investigate 

the molecular orientation in neat films.54–56 For this purpose, DTDC, BDTC, BDQC-2 and 

BDQC-4 neat films were deposited by thermal evaporation onto silicon (100) substrates. The 

ellipsometric data shown in Figure 2-7 were fitted by a Kramers-Kronig consistent parametric 

functional model considering that the samples are uniaxially anisotropic with the optical axis 

in the direction perpendicular to the substrate plane. A sum of Tauc-Lorentz and Gaussian 

oscillators was calculated to simulate the absorption bands in the imaginary part of the 

dielectric function. 
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Figure 2-7. Experimental and simulated ellipsometric data ψ and Δ at different angles of 

incidence in a) DTDC, b) BDTC c) BDQC-4 and d) BDQC-2 neat films. 
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Figure 2-8. Optical constants, k and n, of a) DTDC, b) BDTC c) BDQC-4 and d) BDQC-2 neat 

films determined by variable angle spectroscopic ellipsometry. For this experiment, the neat 

films were deposited onto Si substrates and the measurements are carried out at room 

temperature. Note that no and ko correspond to the ordinary (in-plane) refractive index and 

extinction coefficient while ne and ke correspond to the extraordinary (out-of-plane) refractive 

index and extinction coefficient. 

 

Figure 2-8 shows the dispersion curves of the optical constants of the organic films for 

light polarized parallel (in-plane) and perpendicular (out-of-plane) to the film. In the case of 

BDQC-4 and BDQC-2 neat films, it can be seen that, in the absorption region, the ordinary (in-

plane) refractive index no and extinction coefficient ko are higher than the extraordinary (out-

of-plane) index ne and extinction coefficient ke. The observed optical anisotropy demonstrates 

that the absorption transition dipoles of both BDQC-4 and BDQC-2 molecules are 

preferentially aligned parallel to the substrate surface. In contrast, DTDC and BDTC neat films 
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shows a much smaller optical anisotropy indicating that the absorption transition dipoles of 

these molecules are nearly randomly oriented in the layer. 

 

 

Figure 2-9. Calculated oscillator strengths of the TADF emitters at the LC-wPBE*/6-31+G(d) 

level with the measured extinction coefficients. Oscillator strengths higher than 0.3 eV are 

highlighted by green, and numbers indicate the corresponding excited states of a) DTDC, b) 

BDTC c) BDQC-4 and d) BDQC-2. 

 

To gain further insights into the molecular orientation of the four TADF molecules in 

vapor-deposited neat films, quantum chemistry calculations were carried out to identify the 

transitions involved in the absorption features between 270 and 400 nm and to determine the 

direction of their absorption transition dipoles. The optimally tuned LC-wPBE* functional with 

6-31+G(d) basis set is known to describe electronic structures of TADF materials.5 In this study, 
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we used this calculation method to describe higher excited energies and simulate the absorption 

characteristics of the four TADF molecules. As shown in Figure 2-9, the calculation results 

obtained with the four chromophores showed an excellent agreement with the experimental 

absorption spectra between 270 and 400 nm. Noticeably, the absorption bands are dominated 

by several electronic transitions with various oscillator strengths. The directions of the 

absorption transition dipoles moment with the higher oscillator strengths (> 0.3) are displayed 

in the 3D expressions of Figure 2-10.  

 

 

 

Figure 2-10. 3D expressions showing the optimized ground state geometries of the four TADF 

emitters and the directions of the absorption transition dipoles from the lowest energy 

extinction coefficient peaks in Figure 2-9 with oscillator strengths higher than 0.3 eV of a) 

DTDC, b) BDTC c) BDQC-4 and d) BDQC-2. 
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In contrast to DTDC and BDTC, it can be seen that the absorption transition dipoles of 

interest for BDQC-4 and BDQC-2 lie nearly in a same plane. In the case of BDQC-4, the plane 

formed by the transition dipoles of S0-S1, S0-S3 and S0-S5 is nearly parallel to the longer axis 

of the molecule. As a consequence, the optical anisotropy evidenced by VASE indicates that 

the longer axis of the BDQC-4 molecule in neat film tends to be preferentially horizontally 

oriented. Regarding the BDQC-2 molecule, while its optimized geometry shows a V-shape as 

depicted in Figure 2-1b, the plane formed by the transition dipoles associated with the S0-S4 

and S0-S5 transitions is parallel to the direction formed by one arm of this V-shape. In other 

words, the optical anisotropy evidenced in BDQC-2 neat film by VASE indicates that it is this 

arm of the V-shaped molecule which tends to lie preferentially parallel to the substrate plane. 

 

 

Figure 2-11. Dependence of the photoluminescence intensity in TM mode on the emission 

angle in the DPEPO blends deposited onto glass substrates. The symbols correspond to the 

experimental data while the solid lines are the fits simulated to find the orientation parameter 

order S. 
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To quantify the degree of molecular orientation, the orientation order parameter (S) was 

calculated using the equation by the following process; 

3                                       (2-1) 

where ko and ke are the ordinary (in-plane) and extraordinary (out-of-plane) extinction 

coefficients at the maximum peak wavelength.37 As previously shown, while S = 0 is associated 

with a random molecular orientation, a perfect horizontal orientation is evidenced when S = -

0.5. For the DTDC and BDTC neat films, the negligible optical uniaxial anisotropy leads to S 

equal to -0.05. Considering the directions of the calculated absorption transition dipoles in 

Figure 2-9 and the small differences observed between the ordinary and extraordinary 

extinction coefficient spectra in Figure 2-8, it can be concluded that the DTDC and BDTC 

molecules are randomly oriented in neat films. In contrast, the optical anisotropy observed in 

both BDQC-4 and BDQC-2 neat films leads to S = -0.21 and S = -0.22, respectively, providing 

evidence that the absorption transition dipoles of these two molecules are partially horizontally 

oriented in the organic layers. 

The molecular orientation of the TADF molecules in the DPEPO blends was 

investigated using angle dependent PL measurements. Figure 2-11 shows the normalized PL 

intensities as a function of the emission angle for the four samples. In order to determine the 

emission dipole orientation of the guest TADF molecules in the DPEPO host, angle 

dependence of the far-field emission intensity was calculated to fit the experimental data taking 

into account the optical constants and the thickness of the films. The analysis of the 

experimental data leads to S values equal to -0.18, -0.12, -0.33 and -0.45 for the DPEPO:DTDC, 

DPEPO:BDTC, DPEPO:BDQC-4 and DPEPO:BDQC-2 blends, respectively. Considering the 

directions of the emission transition dipoles of these TADF emitters (Figure 2-1b), these 

results demonstrate that the horizontal molecular orientation of these TADF emitters is 
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significantly improved in the blends as compared to that found in neat films. Molecular 

orientation in glassy organic thin films strongly depends on intermolecular interactions and is 

influenced by some properties of the material such as glass transition temperature and film 

density.37 The better horizontal orientation in the blends is presumably due to stronger 

intermolecular interactions between guest and DPEPO host molecules than between 

neighboring molecules in the TADF neat films. It is also important to note that the BDQC-2 

molecules show a nearly perfect horizontal orientation in the DPEPO host, which should have 

a tremendous impact on the OLED performances. 

In order to investigate the effects of the different degrees of horizontal molecular 

orientation on the TADF electroluminescence properties, I fabricated OLEDs containing 

DTDC, BDTC, BDQC-4 and BDQC-2 using a multilayer architecture (Figure 2-12a) with the 

configuration glass / ITO / Ŭ-NPD (20 nm) / TCTA (10 nm) / mCP (10 nm) / 6wt% 

guest:DPEPO (10 nm) / DPEPO (10 nm) / TPBI (55 nm) / LiF (0.8 nm) / Al (90 nm), where 

4,4′-bis[N-{1-naphthyl}-N-phenyl]biphenyl diamine (Ŭ-NPD) and tris(4-carbazoyl-9-

ylphenyl)amine (TCTA) were used as hole transport layers, 1,3-bis(carbazol-9-yl)benzene 

(mCP) and DPEPO as electron and hole blocking layers, and 1,3,5-tris(N-phenylbenzimidazol-

2-yl)-benzene (TPBI) as electron transport layer. The electroluminescence spectra of these 

devices measured at 10 mA/cm2 are displayed in Figure 2-12b and are found to be nearly 

identical to the PL spectra of the DPEPO blends. Figure 2-12c shows the J-V-L characteristics 

measured in the devices. The green OLEDs using DTDC, BDTC, BDQC-4 and BDQC-2 as 

TADF emitters show at 1 cd/m2 a driving voltage of 3.8, 4.7, 3.5 and 3.1 V, respectively. It can 

be seen that the OLED with BDQC-4 as the dopant shows the highest current density at the 

same voltage among all the devices, while the BDTC device shows the lowest. I can attribute 

the variations observed in the J-V curves of the BDQC-4 and BDTC devices to changes in the 

charge transport properties of the light-emitting layer. From the position of the HOMO and 
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LUMO values of DPEPO and the TADF emitters, it can be seen that hole transport of the light-

emitting layer is very likely to occur via hopping between guest molecules. The lowest current 

density of the BDTC device suggests that the hole transport properties of this blend are 

significantly poorer than those of the BDQC-4 blend. Interestingly, the BDQC-4 blend shows 

the best horizontal molecular orientation of the guest molecules, which certainly reduces 

substantially the positional disorder of the system and could result in an improvement of the 

hole mobility.37 Noticeably, the highest luminance was obtained in the BDQC-4 device with a 

value of 10000 cd/m2 at 9 V. The external quantum efficiency of the devices was then measured 

as a function of the current density. As shown in Figure 2-12d, the DTDC, BDTC, BDQC-4 

and BDQC-2 based OLEDs exhibit a maximum external quantum efficiency of 10.3, 11.6, 15.1 

and 15.4%, respectively, which is well beyond the maximum theoretical value if the light-

emitting molecules were not TADF but conventional fluorescent emitters. 
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Figure 2-12. a) Schematic representation of the OLED architecture with the HOMO/LUMO 

levels of the different materials. b) Normalized EL spectra measured at 10 mA/cm2. c) Current 

density-voltage-luminance (J-V-L) curves. d) External quantum efficiency (ɖEQE) as a function 

of the current density. 

 

The theoretical maximum external quantum efficiency in TADF based OLEDs can be 

calculated using the following equation;14 

– πȢςυ   πȢχυ πȢςυ ρ   ‎ –       (2-2) 

where ɔ is the charge recombination factor assumed to be equal to 1 and ɖOUT is the light 

outcoupling efficiency. For a random orientation of the emitters in the OLEDs, the light 

outcoupling efficiency is generally taken equal to 0.25.57 Using equation (2-2), the theoretical 

maximum external efficiency for an isotropic distribution of the transition dipoles is 10.2, 11.1, 
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9.2 and 8.8% with the DTDC, BDTC, BDQC-4 and BDQC-2 based OLEDs, respectively. The 

estimated theoretical value is nearly identical with that determined experimentally in the DTDC 

and BDTC devices, which seems to be in good agreement with the very moderate horizontal 

orientation of the emission transition dipole of these emitters in the blend film. In contrast, the 

experimental external quantum efficiency values are significantly higher than those calculated 

using equation (2-2) (by factors of 1.64 and 1.75 for BDQC-4 and BDQC-2 OLEDs, 

respectively). I attribute this significant improvement of the device performance to an 

enhancement of the light outcoupling efficiency due to the excellent horizontal molecular 

orientation of the emitting dipoles in the BDQC-4 and BDQC-2 based OLEDs. 

Overall, this study provides important insights on the influence of the molecular shape 

of the TADF emitters on their orientation in vacuum-deposited organic thin films and its impact 

on the OLED performances. Non-planar highly twisted bulky TADF molecules such as DTDC 

and BDTC did not show good horizontal molecular orientation in the organic layers, which 

was consistent with the OLED results showing maximum external quantum efficiency values 

close to their theoretical limit for a random distribution of emitting dipoles. In contrast, BDQC-

4 and BDQC-2 molecules show more planar shapes which leads to excellent horizontal 

molecular orientation and a significant enhancement of the OLED performance due to a strong 

improvement of the light outcoupling efficiency.  
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2.3 Conclusions 

In summary, the main objective of this study was to clarify the influence of the 

molecular structure of TADF emitters on their horizontal orientation in vacuum-deposited thin 

films. For this purpose, a series of four novel carbazole-based TADF molecules with different 

degrees of planarity was specifically designed and synthesized. Steady-state and time-resolved 

photophysical measurements demonstrated that these organic materials show green TADF 

emission at room temperature with PLQY values in thin film in the range between 50 and 62%. 

Molecular orientation of these light-emitting chromophores in neat films and in DPEPO blends 

was investigated using variable angle spectroscopic ellipsometry and angle dependent PL 

measurements, respectively. The results provide evidence that the most planar TADF 

molecules show the highest degree of horizontal molecular orientation. This was found to have 

a major effect on the TADF electroluminescence performance. The most efficient device was 

based on the TADF molecule showing perfect horizontal orientation of the emitting dipoles in 

DPEPO host. The external quantum efficiency of this OLED has a maximum value of 15.4%, 

which is 1.75 times more than the theoretical value evaluated for a random distribution of 

emitting dipoles. I believe that this study should be taken into account in the near future for 

designing new TADF emitters showing both excellent horizontal molecular orientation in thin 

films and outstanding electroluminescence performances. 
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Chapter 3 
 

Near-infrared organic light-emitting diodes based on 
a boron difluoride curcuminoid derivatives 
 

 

 

3.1 Introduction 

NIR fluorescent materials are fundamentally interesting and practically useful as NIR 

application of biotechnology, industry and analysis. NIR fluorophores of emission wavelength 

from 700-2500 nm are more highly desirable than visible fluorescence because of a spectral 

separation from auto-fluorescence and low light scattering in industry.1,2 For potential 

applications in optical communication, night-vision displays and information-secured display, 

highly efficient NIR fluorophores are urgently needed for use in OLEDs. However, effective 

triplet harvesting is one of the key issues to fabricate high performance NIR emitters. For 

instance, room temperature phosphorescent heavy metal complexes have been successfully 

used in high performance NIR using metal complexes with emission in such region of the 

spectrum. Nevertheless, small organic molecules present some advantages in comparison metal 

complexes. For instance, for metal complexes, the high cost and shortage of rare heavy metals 

such as platinum or iridium are serious drawbacks for commercial applications. An alternative 

way in designing NIR dyes is to use small organic molecules made of aromatics. Many known 

fluorophores exhibit high fluorescence quantum yield in solution but weak or no fluorescence 

emission in diluted matrix in the NIR region because of aggregation-caused emission 
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quenching and thermal degradation.3-12 Further, limited examples of NIR emitter having TADF 

properties are reported to date limiting the ɖEQE of the OLEDs to only 5% when 100% PLQYs 

is detected. Recently, curcuminoid boron difluoride derivatives have shown potential 

applications in NIR region.12-22 As explained in the introduction, to take advantage of the larger 

Stokes shift when compared to BODIPY derivatives and therefore the reduction of the self-

quenching, curcuminoid boron difluoride derivatives were investigated. The molecular 

structures of those dyes feature two terminal electron-donor (D) groups, and a central BF2 

playing the role of a strong electron-acceptor (A) unit. As such, their molecular structures 

display a D-A-D sequence with pseudo-centrosymmetric character.23-29 

In this chapter, I examined the photophysical properties in solution, in films and the 

OLED characteristics of three novel curcuminoid boron difluoride complexes (with different 

meso-substitutions) showing TADF process. The chemical structures of these molecules are 

displayed in Figure 3-1. The studied curcuminoid boron difluoride derivatives contain 

triphenylamine-based moieties playing the role of electron donor on both sides and 

acetylacetonate boron difluoride central part. To simplify, those dyes will be called TPA-

CBD(mH) (where TPA stands for triphenylamine, CBD for curcuminoid boron difluoride and 

mH for meso-H), TPA-CBD(mBu) (where mBu stands for meso-butyl), TPA-CBD(mEster) 

(where mEster stands for meso-ethyl ester) and TPA-CBD(mTPA-CBD) (where mTPA-CBD 

stands for meso-TPA-CBD), thereafter. The photophysical results demonstrate that this type of 

compounds shows TADF activity in solid thin films. OLEDs based on these NIR dyes were 

then fabricated and tested. Their electroluminescence spectra can be tuned in the NIR region 

by changing the concentration of dyes in a host matrix. In addition, the most efficient device 

shows a maximum external quantum efficiency value of nearly 10%, demonstrating a very 

substantial improvement of the heavy-metal-free NIR OLED performances. 
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Figure 3-1. Chemical structures, HOMO and LUMO of the curcuminoid boron difluoride a) 

TPA-CBD(mH), b) TPA-CBD(mBu), c) TPA-CBD(mEster) and d) TPA-CBD(mTPA-CBD). 

 

3.2 Results and discussion 

 The solvent dependences of the absorption and emission properties were examined for 

those compounds. UV-visible absorption and fluorescence emission spectra of these 

compounds show positive solvatochromism, the vibronic structure disappearing in the more 

polar solvents. The solvent induced bathochromic shift of the absorption band ranges from 560 

to 596 nm of TPA-CBD(mH), from 566 to 602 nm of TPA-CBD(mBu), from 570 to 613 nm 

of TPA-CBD(mEster), and from 615 to 655 nm of TPA-CBD(mTPA-CBD) (Figure 3-2). This 

shift reveals that the ground state dipole moment is very high in such dyes.  
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Figure 3-2. Normalized electronic absorption and fluorescence emission spectra of four 

compounds in solvents of different polarity at room temperature a) TPA-CBD(mH), b) TPA-

CBD(mBu), c) TPA-CBD(mEster) and d) TPA-CBD(mTPA-CBD). 



Chapter 3 

72 
 

In a similar manner, I observed the emission redshift from 582 to 771 nm of TPA-

CBD(mH), from 591 to 771 nm of TPA-CBD(mBu), from 595 to 796 nm of TPA-

CBD(mEster) and from 649 to790 nm of TPA-CBD(mTPA-CBD) (Figure 3-2). Such positive 

solvatochromic shift indicates that the local excited state S1 is more polar than its ground state 

S0 counterpart and that the S1 excited state possesses a strong CT character. This behavior is in 

agreement with what was observed for other curcuminoid boron difluoride compounds24,28,29 

and is related to the strong electron-withdrawing effect of the central boron difluoride. These 

data evidence the strong CT character of the curcuminoid dyes in Figure 3-3. Here, it can be 

highlighted that boron difluoride of acetylacetonate presents a ground state dipole moment 

around 6-7 D without any substituent on the sides.   

 

 

Figure 3-3. The Stokes shifts of curcuminoid boron difluoride derivatives (the Lippert-Mataga 

plot from equation (3-8)). 
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To provide further insights, the Stokes shifts were measured in various solvents at 300 

K. The Stokes shift increases with increasing solvent polarity, confirming that singlet excited 

state is more polar than the ground state and hence an increase of excited state dipole moment 

is expected. The electric dipole moment of a polar solute polarizes the solvent which is 

proportional to the solute dipole moment in the ground and excited state.30-35 

ὺ ὺ άὊ ‐ȟ ὲ ÃÏÎÓÔÁÎÔ                     (3-1) 

ὺ ὺ ά Ὂ ‐ȟ ὲ ÃÏÎÓÔÁÎÔ                            (3-2) 

ά Ὂ ‐ȟ ὲ ÃÏÎÓÔÁÎÔ     (3-3) 

where 

ά                                                                                (3-4) 

ά                                                                              (3-5) 

ά                                                                              (3-6) 

where h is the Planck’s constant, c is the velocity of light in vacuum. µe and µg are the dipole 

moments in the ground and exacted states. a is the Onsager cavity radii from molecular volume 

of molecules is given by Suppan’s equation.  

ὥ                                                                                   (3-7) 
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where ŭ is the density of dye, M is the molecular weight of dye and N is Avogadro’s number. 

FLippert-Mataga, FBakhshiev and FKawski-Chamma-Viallet are solvent polarity functions using the following 

equation; 

Ὂ ‐ȟ ὲ                                                          (3-8) 

Ὂ ‐ȟ ὲ                                                            (3-9) 

Ὂ ‐ȟ ὲ      (3-10) 

where Ů and n are dielectric constant and refractive index of the solvents.  

‘                                                                   (3-11) 

‘                                                                    (3-12) 

ɝ‘ ‘ ‘
Ȣ Ȣ

                                        (3-13) 

where m is the slope of the linear plot of Ὁ  versus Stokes shift.  
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Figure 3-4. Solvent polarity functions a) TPA-CBD(mH), b) TPA-CBD(mBu), c) TPA-

CBD(mEster) and d) TPA-CBD(mTPA-CBD). 

 

In dipole estimation, proper selected sets of solvents, which provide the fit of the 

correlations, were used. Typical fitting data correlated with solvent polarity functions are 

illustrated in Figure 3-4. The calculated ground state dipole moments (ɛg) and excited state 

dipole moments (ɛe) have values above 7 D and 20 D, respectively. Here, it can be highlighted 

that such values represent indeed very high dipole moments for organic molecules.  

The photophysical properties of the four curcuminoid boron difluoride compounds 

were examined in their neat and doped films at different concentrations in a 4,4′-bis(N-

carbazolyl)–1,10-biphenyl (CBP) host. The doped films showed almost no shift of the 

absorption of the S0-S1 transition. However, the emission spectra were redshifted as the doping 
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concentration of the dyes in the CBP matrix was increased. This bathochromic shift can be 

related to the redshift of the emission in solvents with different polarities. As shown in Figure 

3-5, the TPA-CBD(mEster) doped CBP host has increased polarity with the increased 

concentration of the dye. In these CBP films, the maximum PLQY was reduced from 0.64 to 

0.07 at the doping concentration from 6wt% to 60wt% and it resulted in 0.03 for the neat film. 

The drastic decrease of the PLQY when increasing due to the doping concentration is similar 

to the quenching observed in liquid solution when increasing the polarity of the solvent.  

 

 

Figure 3-5. Normalized electronic absorption and fluorescence emission spectra of blended 

film of Xwt%-TPA-CBD(mEster):CBP.  

 

By carefully analyzing the absorption and emission spectra of TPA-CBD(mEster) in 

solutions and doped films, one can see that the maximum of the absorption spectra corresponds 

to the absorption in the acetonitrile solution (Figure 3-6). In the meantime, the PL spectrum of 

TPA-CBD(mEster) was blueshifted in nonpolar solvent of cyclohexane. Such results in doped 

films are not consistent with the CT behavior of “monomer” observed in solution and reveal 

that an association process occurs in the film formation. This implies that the absorption and 
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emission spectra of the doped films must be influenced by both the polarity of the medium and 

the formation of dimeric structures in the thin films. Such a dimer formation is supported by 

the large ground state dipole moment of the dyes. 

 

Figure 3-6. Normalized electronic absorption and fluorescence emission spectra. a) black solid 

line (absorption) and black dot line (PL) of TPA-CBD(mEster) in cyclohexane, red line of 

TPA-CBD(mEster) in acetonitrile and blue line of blended film of 6wt%-TPA-

CBD(mEster):CBP. b) PL spectrum of blended film of 0.5, 1.0, 2.0wt%-TPA-

CBD(mEster):CBP. 

 

 Figure 3.7a shows the fluorescence spectra of TPA-CBD(mEster) at various 

concentration from 10-4 M to 10-1 M. The lowest concentration (ca. 10-4 M) shows emission at 

610 nm. When increasing concentration up to 10-1 M, the emission at 610 nm gradually 

decreases and a new emission at longer wavelength appears (at 785 nm) which can be attributed 

to the aggregated TPA-CBD(mEster) which I attributed to π-π* transition of antiparallel 

aggregated dyes.24,37,38  

Transient photoluminescence decays shown that high concentration of 10-1 M has 

delayed component at the longer time scale (μs) from the CT mechanisms of triplet state. 
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However, diluted solution of 10-4 M has not revealed an effective upconversion from triplet to 

singlet excited states due to the aggregation with CT excited states in the Figure 3-7b.  

 

 

Figure 3-7. Optical characteristics. a) Fluorescence spectra of TPA-CBD(mEster) at various 

concentrations in cyclohexane of non polar solvent. b) Transient photoluminescence decays of 

low concentrations (10-4 M) and high concentrations (10-1 M). 

 

 

Figure 3-8. Fluorescence spectra of high concentration of TPA-CBD(mEster) in the non polar 

of cyclohexane and neat film of TPA-CBD(mEster). 
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 As can be seen, at high concentration (ca. 10-1 M) and neat film spectra have nearly 

similar emission wavelength in the Figure 3-8. Therefore, the spectrum of neat film was 

influenced by the aggregate emission as high concentration in the Figure 3-7. 

Fluorescence lifetime measurements using sub-picosecond streak camera technique 

reveals the presence of two components; 550 ps and 1.3 ns in 6wt%-TPA-CBD(mEster):CBP 

as shown Figure 3-8a. While the long time constant describes the PL transient at wavelengths 

longer than 760 nm, the decay at short wavelength shows the fast component, indicating that 

two different processes take place in the prompt fluorescence of the doped film. Upon time 

gating the emission (after ca. 4.5 ns), the spectrum of the long lived species can be seen. The 

short lived species can therefore be calculated using the steady state PL spectrum. The two 

spectra are shown in Figure 3-8b and I attribute them to the emissions from monomers and 

dimers, respectively. Also, for each dopant concentration of 2wt% to 40wt%, I found that the 

emissions are also composed of the monomeric (at high energy with a short-lived emission) 

and the dimeric (at lower energy with the long-lived emission) spectra in the doped films 

(Appendix A). 
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Figure 3-8. Optical characteristics a) Transient photoluminescence decays of blend film 

(6wt%-TPA-CBD(mEster):CBP). b) Transient photoluminescence spectra of 6wt%-TPA-

CBD(mEster):CBP film showing the monomeric (at high energy with a short-lived emission) 

and dimeric (at lower energy with the long-lived emission) contributions. 

 

 

Figure 3-9. Transient photoluminescence spectra of the doped film (6wt%-TPA-

CBD(mEster):CBP). 

 

In addition, upon measuring the fluorescence decays in the micro- to millisecond time 

range, the same spectrum was measured as shown in Figure 3-9. This observation reveals that 
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the singlet excited state is continuously repopulated by triplet excited states, indicating the 

presence of a delayed fluorescence mechanism.  

 

 

Figure 3-10. a) Transient absorption spectrum for a delay of 1 ms and obtained using an 

excitation wavelength of 355 nm for 6wt%-TPA-CBD(mEster):CBP film. b) Transient 

absorption decay (obtained from the spectrum integrated between 610 and 750 nm) of 6wt%-

TPA-CBD(mEster):CBP film. The fits are obtained using a sum of two exponential decays. 

The time constants and pre-exponential factors obtained from the fit are given in the inset. 

 

Transient absorption measurements were also performed in the 6wt%-TPA-

CBD(mEster):CBP film. As can be seen from Figure 3-10a, the spectrum is composed of two 

distinct parts. One broad excited state absorption transition at around 500 nm and one bleaching 

band centered at 660 nm. The absorption bleaching band belongs to the TPA-CBD(mEster) 

dopant which shows an absorption around this wavelength (see Figure 3-6). Therefore, this 

transition can be attributed to the S0-S1 transition of TPA-CBD(mEster). By looking at the 

decay of this transition (integrated from 610 to 750 nm), one can see that the singlet excited 

state lives longer than nanosecond which is in line with a TADF process. By analyzing 

carefully the time evolution of this bleaching transition, long-lived biexponential decays could 
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be found on the absorption bleaching band, revealing the occurrence of two TADF processes 

on the lowest transition in energy S0-S1. The fit of the decay curve of the bleaching S0-S1 shown 

in Figure 3-10b leads to two time constants of 28 ms and 183 ms. The observation of these two 

TADF processes can be explained by the presence of monomers and dimers in the blend. 

The TADF mechanism of these blend films involves two reverse intersystem crossing 

for the monomer and dimer, resulting in highly efficient NIR emission at room temperature. 

Here, I could not observe any phosphorescence from these derivatives even at low temperature, 

which makes impossible the direct experimental determination of the triplet energies and thus 

of the DEST. Nevertheless, my results strongly suggest that the effective reverse intersystem 

crossing through thermal activation observed in the blends is a consequence of small energy 

gaps between Tmonomer and Tdimer and Smonomer and Sdimer, respectively. It should be noted that 

another possible mechanism for the TADF activity observed in the CBP doped films could be 

an exciplex emission. However, the positions of the HOMO and LUMO energy levels of CBP 

and the curcuminoid derivatives are not compatible with such an exciplex emission. Besides, 

the PL intensity in the 6wt%-TPA-CBD(mEster):CBP film was measured as a function of the 

excitation density. The slope of 1 shown in Figure 3-11 indicates that the delayed fluorescence 

in this blend is only due to TADF and not caused by triplet-triplet annihilation.39,40 
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Figure 3-11. PL intensity of a 6wt%-TPA-CBD(mEster):CBP film as a function of the 

excitation density. The slope of 1 indicates that the delayed fluorescence observed in the blend 

is only due to TADF. 

 

The orientation order parameter (S) was evaluated using angle dependent PL methods. 

In such measurements, S = 0 is associated with a random molecular orientation, a perfect 

horizontal orientation is evidenced when S = -0.5. Figure 3-12 shows the normalized PL 

intensities as a function of the emission angle for the doped film. In order to determine the 

emission dipole orientation of the guest TPA-CBD(mEster) molecule in the CBP host, angle 

dependence of the far-field emission intensity was calculated to fit the experimental data taking 

into account the optical constants and the thickness of the films. The analysis of the 

experimental data leads to S values equal to -0.23. It is also important to note that the TPA-

CBD(mEster) molecule show a slightly horizontal orientation  in the CBP host, which should 

be attributed to a factor of increase in the OLED performances.  

 



Chapter 3 

84 
 

 

Figure 3-12. Dependence of the photoluminescence intensity in TM mode on the emission 

angle in the CBP blends by solution process. The symbols correspond to the experimental data 

while the solid lines are the fits simulated to find the orientation parameter order S. 

 

To evaluate the potential of the TADF curcuminoid boron difluoride derivatives, I 

fabricated OLEDs containing TPA-CBD(mH), TPA-CBD(mBu) and TPA-CBD(mEster) using 

a multilayer OLED architecture. The OLED structures have the following architecture: glass 

substrate / indium tin oxide (ITO) (100 nm) / poly(3,4-ethylenedioxythiophene):poly 

(styrenesulfonate) (PEDOT:PSS) (45 nm) / Xwt%-NIR dyes:CBP / bis{2-

[di(phenyl)phosphino]-phenyl}ether oxide (DPEPO) (10 nm) / 2,2′,2′′-(1,3,5-benzinetriyl)-

tris(1-phenyl-1 H-benzimidazole) (TPBi) (55 nm) / LiF (1 nm) / Al (100 nm). In these devices, 

PEDOT:PSS was used as a hole injection layer while DPEPO and TPBi were used as hole 

blocking and electron transport layers, respectively. It is worth noting that such device 

architecture was designed, taking into account of the HOMO and LUMO level of the 

curcuminoid derivatives. These HOMO and LUMO levels, approximated from the ionization 
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potential measured by photoelectron spectroscopy in air (AC-3) and the optical bandgap, were 

found to be around 5.6 and 3.8 eV, respectively.  

The electroluminescence spectra of these devices measured at 100 mA/cm2 are 

displayed in Figure 3-13 and are found to be nearly identical to the PL spectra of the blended 

films. Noticeably, the EL spectra were redshifted when the doping concentration was increased, 

which is fully consistent with the behavior of the PL spectra. The hEQE of the devices was then 

measured as a function of the current density. The device data are summarized in Table 3-1. 

 

Table 3-1. hEQE, PLQY and maximum emission wavelength of the three compounds for TPA-

CBD(mH), TPA-CBD(mBu) and TPA-CBD(mEster). 
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Figure 3-13. a) Normalized EL spectra measured at 100 mA/cm2 and hEQE as a function of the 

current density in TPA-CBD(mH), b) TPA-CBD(mBu) and c) TPA-CBD(mEster) – based NIR 

OLEDs. 

 

As shown in Figure 3-13, the TPA-CBD(mH), TPA-CBD(mBu) and TPA-

CBD(mEster) based OLEDs exhibited a maximum hEQE of 4.0% at 696 nm, 3.7% at 697 nm 

and 9.7% at 739 nm, respectively. It can also be seen that the TPA-CBD(mH) and TPA-

CBD(mBu) devices showed a residual emission from a CBP host for the dopant concentration 

lower than 6wt%. The dye concentration dependence of the EQE value shows the same trend 

as that of the PLQY value. It should be noted that the most efficient device fabricated in this 

study exhibits a maximum hEQE of nearly 10% with the maximum emission wavelength around 

740 nm without the use of any light outcoupling enhancement structure, which is well above 

the theoretical upper limit for conventional fluorescent OLEDs. Such a significant achievement 

is mainly due to the high PLQY of this EML with TADF activity. While the properties of these 

NIR OLEDs are excellent, a significant efficiency rolloff behavior was observed at high current 

densities, presumably due to singlet-triplet or triplet-triplet annihilation.  
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Finally, I note that for those dyes, the substitution group in meso-position strongly 

influences the emission wavelength in the blend films. By increasing the acceptor strength in 

the meso-position, one can see that the emission is more and more redshifted. In consequence, 

TPA-CBD(mH) and TPA-CBD(mBu) having weak donor group resulted in emission around 

705 nm for a 6wt%-TPA-CBD(mH):CBP and TPA-CBD(mBu):CBP films while for 6wt%-

TPA-CBD(mEster), the emission was at 739 nm. Further, the presence of another curcuminoid 

boron difluoride unit in meso TPA-CBD(mTPA-CBD) resulted in most redshifted emission at 

767 nm (for the 6wt% blend).  In conclusion, the use of curcuminoid boron difluoride dyes 

allowed to reach unprecedented hEQE for organic molecule in the NIR region of the spectrum 

as can be seen in Figure 3-14. 

 

Figure 3-14. Summary showing the hEQE values of the NIR OLEDs as a function of the 

wavelength. 
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3.3 Conclusions 

NIR OLEDs offer promising prospects for a variety of applications including night-

vision displays, sensors and information-secured displays. While organic dyes can generate 

electroluminescence efficiently at visible wavelengths, OLEDs are still underperforming in the 

NIR region. Here, I fabricated TADF-OLEDs that operate at near infrared wavelengths with a 

maximum hEQE of nearly 10% using donor-acceptor-donor heavy-metal-free boron difluoride 

curcuminoid derivatives. These compounds show an effective upconversion from triplet to 

singlet CT excited states. By controlling the polarity of the active medium and/or the matrix 

polarity, the maximum emission wavelength of the electroluminescence spectrum can be tuned 

from 700 to 780 nm. This study represents an important advance in NIR OLEDs and the design 

of alternative molecular architectures with TADF activity. 
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Chapter 4 
 

Near-infrared amplified spontaneous emission in 
organic semiconducting thin films based on boron 
difluoride complexes 
 

 

 

4.1 Introduction 

Organic solid state lasers are generally associated with easy and low-cost fabrication, 

broad tunability of emission wavelength, low temperature-sensitivity of stimulated emission 

threshold and other features competitive to their inorganic counterparts.1-3 Because of these 

advantageous properties, the applications of organic lasers range in various areas like 

spectroscopy, optical computing and data communications, illumination and displays, as well 

as bio- and chemosensing.4,5 Although the rapid development of organic gain materials in the 

past decade led to significantly reduced ASE thresholds, electrically-driven lasing has not been 

achieved yet. The most critical issues were identified to be caused by singlet-triplet annihilation 

and singlet-polaron annihilation which generally take place in organic electroluminescent 

devices at high excitation densities, polaron and triplet absorption at the lasing wavelengths as 

well as insufficient photo- and thermal stability.1-3 Regarding the issues related to the presence 

of triplet excitons in organic laser diodes, several approaches have been considered so far. The 

incorporation of triplet quenchers, such as oxygen, cyclooctatetraene and an anthracene 

derivative, in organic films has been proposed and successfully used to improve the lasing 
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properties under continuous-wave (CW) or quasi-CW photo-excitation.6-12 Another way to 

considerably reduce the triplet losses is based on the use of emitters showing a high PLQY and 

no spectral overlap between the absorption band of the triplet excited states and the emission 

band of the singlet excited states.6 It is worth noting that the non-utilization or the quenching 

of the triplets in the organic lasing medium limits the electroluminescence efficiency of the 

organic materials under electrical pumping and thus might be seen as counterproductive to 

realize an electrically-pumped organic laser diode. In that context, it should be noted that there 

have been so far no reports about triplet lasing from phosphorescent dyes and no lasing from 

conventional TADF emitters. The only approach successfully used up to now to be able to 

constructively use triplet states in an optically-pumped organic film is based on the utilization 

of TADF-assisted fluorescent (TAF) systems.13-16 Evidently, the demonstration of lasing in 

TADF organic thin films should be relevant to this area of research and could have an impact 

on future studies devoted to organic laser diodes. 

Since the first demonstration of an optically-pumped organic semiconductor laser in 

1995,17 their performance has dramatically improved due to significant progress in both high 

gain organic semiconducting materials and device design. Noticeably, the lowest lasing 

thresholds in organic lasers have been obtained in the blue region of the spectrum.18,19 While 

there are also a large number of green and red laser dyes that have been used as emitters in 

organic semiconductor lasers, it should be noted that there are, to our knowledge, no reports 

about NIR organic semiconductor lasers based on purely organic emitters. Due to the numerous 

potential applications of this type of devices in the NIR region, it becomes essential to develop 

rapidly new emitters suitable for the realization of low threshold NIR organic lasers.  

In this chapter, I will demonstrate that boron difluoride curcuminoid derivatives are not 

only suitable for high performance TADF NIR OLEDs but also can be used as emitters in 

organic semiconductor lasers. As mentioned above, considering the facts that there are no 
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reports on lasing in TADF materials and, to our knowledge, on NIR organic semiconductor 

lasers, the results presented in this chapter should be extremely relevant to the field and should 

have a strong impact on the research works devoted to organic lasers. 

 

4.2 Results and discussion 

In this chapter, I used two different curcuminoid boron difluoride derivatives (Figure 

4-1) to evaluate the potential of this type of NIR dyes for organic solid-state lasers. As shown 

in the previous chapter, CBP:TPA-CBD(mEster) doping at 6wt% in a CBP host shows a peak 

emission wavelength of 745 nm, a PLQY of about 65% and can be used in TADF-NIR-OLEDs 

with hEQE of nearly 10%. This dye was thus selected for this experiment, based on these 

photophysical and device properties, and considering the fact that this molecule shows a large 

oscillator strength with, for instance, a molar absorption coefficient of as 105 M-1cm-1 in 

dichloromethane solution. In addition, I aimed at developing curcuminoid boron difluoride 

derivatives with more redshifted emission while keeping a decent PLQY value. For that 

purpose, we synthesized the molecule TPA-CBD(mTPA-CBD) shown in Figure 4-1, which is 

basically composed of a dimeric structure based on two TPA-CBD(mH) covalently linked at 

the meso-position, was designed and synthesized by Dr. A. D′Aléo (CINaM, France). 
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Figure 4-1. Chemical structures a) TPA-CBD(mEster) and b) TPA-CBD(mTPA-CBD). 

 

In order to evaluate the potential of these two dyes for organic lasers, I characterized 

their ASE properties in thin films. For this purpose, the samples were photo-excited by a pulsed 

nitrogen laser at 337 nm, where the CBP host strongly absorbs light. The pulse duration of the 

pump laser is about 800 ps and its repetition rate is 8 Hz. The pump intensity was controlled 

using a set of neutral density filters. The pump beam was focused into a 0.5 cm × 0.08 cm 

stripe. An optical fiber connected to a charge-coupled device spectrometer is used to measure 

the emission spectra from the edge of the organic layers. The experimental configuration is 

schematically represented in Figure 4-2a. Note that for these ASE measurements, the organic 

thin films were spin-coated on top of precleaned fused silica substrates. Figure 4-2b shows the 

emission spectra of the 6wt%-TPA-CBD(mEster):CBP and 10wt%-TPA-CBD(mEster):CBP 

blend films above the ASE threshold. Similarly to what was observed for the PL and EL spectra, 

these results show the possibility to tune the ASE wavelength by changing the doping 

concentrations in the CBP host. Figure 4-2c displays the emission spectra of the 6wt% CBP 

blend measured at various pump intensity below and above the threshold. At low excitation 

intensities, the PL spectra are broad and independent of the pump intensity. 
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Figure 4-2 a) Schematic representations of the ASE measurement configuration. b) ASE 

spectra measured in two CBP blends with different doping concentrations of TPA-

CBD(mEster). c) ASE spectra measured in 6wt%-TPA-CBD(mEster):CBP at different pump 

intensities. d) output intensity as a function of the excitation intensity measured in 6wt%-TPA-

CBD(mEster):CBP blend film. 

 

At high excitation densities, ASE occurred and a spectral narrowing of the emission 

band was observed. Amplification occurred at about 750 nm in this representative blend film. 

Above the ASE threshold, it can be seen that the full-width-at-half-maximum (FWHM) 

dropped down to 17 nm. This ASE effect is due to spontaneously emitted photons, which are 

waveguided in the film and amplified by stimulated emission. Figure 4-2d shows the output 

light intensity emitted from the edge of the blend film, integrated over all wavelengths, as a 

function of the excitation intensity. The abrupt change in slope efficiency is directly associated 
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to the ASE threshold.  In the case of 6wt%-TPA-CBD(mEster):CBP blend film, the ASE 

threshold is determined to be around 12 µJ/cm2. Although such a value is higher than the lowest 

ASE thresholds typically reported in blue-emitting thin films (which are around 0.3-0.4 

µJ/cm2),4,8 this measured ASE threshold together with the broad PL spectra in the NIR region 

of this sample shows a great promise for the future realization of efficient and tunable NIR 

solid-state lasers. 

The photophysical properties of TPA-CBD(mTPA-CBD) are then investigated in 

solution and in thin films. The normalized electronic absorption and fluorescence emission 

spectra were recorded in solvent of different polarities to show the solvatochromic effect 

(Figure 4-3). TPA-CBD(mTPA-CBD) exhibits a strong absorption in the 615-655 nm range. 

This band displays rather more narrow FWHM than TPA-CBD(mEster) and the PL spectra 

show more redshifted emission than that of TPA-CBD(mEster). The solvent dependence 

confirms the CT character of the ground- and excited-states. It can be highlighted that TPA-

CBD(mTPA-CBD) shows a redshift in both absorption and emission because of the strong 

electron withdrawing effect associated with the meso-TPA-CBD. As such, the PLQYs strongly 

decrease with increasing the polarity of the solvent. In Figure 4-4a, the blended films of TPA-

CBD(mTPA-CBD) in a CBP host show redshift reaching 800 nm from 1wt% to 40wt% by 

normalized PL spectrum. The emission maxima (ɚmax) redshifted from 751 to 801 nm with the 

PLQY decreasing from 0.45 to 0.04. The PL transient decays of the CBP blends are displayed 

in Figure 4-4b and show similar optical characteristics of RISC that the ones described for 

TPA-CBD(Ester) in Chapter 3. Therefore, I selected blended films from 1wt% to 6wt% 

(showing delayed component in 300 µs time scale) to examine the ASE properties. 
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Figure 4-3. Electronic absorption spectra (10-5 M) and corrected fluorescence emission spectra 

(10-5 M) in solvatochromic. a) TPA-CBD(mEster) and b) TPA-CBD(mTPA-CBD). 

 

Figure 4-4. a) Steady-state PL spectra of TPA-CBD(mTPA-CBD) measured from 1 to 40wt% 

in the CBP blended films at room temperature and b) Transient photoluminescence decays of 

the blended films of TPA-CBD(mTPA-CBD) with CBP at room temperature. 
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Figure 4-5 Emission spectra of the ASE lasers measured above the thresholds at a repetition 

rate of 10Hz.  

 

Table 4-1. Summary of the ASE properties measured in CBP:TPA-CBD(mEster) and 

CBP:TPA-CBD(mTPA-CBD) films with different doping concentrations. 

 

 

The ASE properties are then examined in thin films based on CBP:TPA-CBD(mEster) 

and CBP:TPA-CBD(mTPA-CBD) blends with different dye doping concentrations varying 

from 4 to 60wt%. As shown in Figure 4-5 and Table 4-1, these blend films showed ASE 

activity with a peak wavelength redshifted from 738 to 860 nm as the dopant concentration 

was increased. As expected from the PL spectra of the different blends, this result demonstrates 
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that TPA-CBD(mTPA-CBD) can be used in organic solid-state lasers operating at longer 

wavelengths than those based on TPA-CBD(mEster). ASE properties were then measured in 

TPA-CBD(mEster) and CBP:TPA-CBD(mTPA-CBD) measured from 4 to 60wt% with the 

CBP blended films. The data shown in Figure 4-6 and Figure 4-7 indicate that, for both blends, 

the ASE thresholds decrease with the doping concentration, thus following the same trend as 

the PLQY values. 

As summarized in Table 4-1, the concentration dependence of the ASE threshold 

follows the same trend as that of the PLQY value with a gradual increase from 14.8 to 91 

µJ/cm2 as the doping concentration increases from 4 to 40wt%. Overall, these results 

demonstrate for the first time that boron difluoride curcuminoid derivatives are a promising 

candidate for high performance organic semiconductor lasers operating in the NIR region. It 

also shows that lasing in TADF materials is possible. However, further experiments are still 

required to conclude if the triplets in the borondifluoride curcuminoid based thin films can 

contribute to the light amplification, since the upconversion speed is rather slow (in the range 

of μs), suggesting almost no contribution for the ASE action.20 
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Figure 4-6. Output intensity from the edge of the organic layer (integrated over all 

wavelengths) as a function of the excitation density in TPA-CBD(mEster) measured from 4 to 

60wt% with the CBP blended films.  

 

 

Figure 4-7. Output intensity from the edge of the organic layer (integrated over all 

wavelengths) as a function of the excitation density in TPA-CBD(mTPA-CBD) measured 

from 4 to 40wt% with the CBP blended films. 
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Figure 4-8. Temporal decay of the emission intensity above the ASE threshold from a 100 

nm thick 6wt%-TPA-CBD(mEster):CBD film placed either in air or nitrogen atmosphere. 

The pumping intensity was 25 µJ/cm2 and 10 Hz. 

 

I note that CBP:TPA-CBD(mEster) showed no significant deterioration of their 

photophysical properties under intense light irradiation (excitation wavelength of 337 nm, 

pumping intensity of 25 µJ/cm2 and repetition rate of 10 Hz) in nitrogen atmosphere. On the 

other hands, it showed rather quick degradation in ambient atmosphere, presumably due to a 

photo-bleaching of the material under high intensity irradiation with the presence of oxygen. 
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4.3 Conclusions 

I demonstrated that boron difluoride curcuminoid derivatives are excellent candidate 

for NIR lasing. The results show that the organic thin films based on the NIR emitting dyes can 

show ASE at wavelengths between 750 and 850 nm. In addition, these TADF emitters showed 

TADF activity simultaneously, which is important in the context of harvesting all electrically 

generated singlet and triplet excitons for lasing. Further investigations are still needed to clarify 

if the triplets in these systems can contribute constructively to the light amplification. For this 

purpose, quasi-CW and CW lasing experiments are currently in progress. 
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Chapter 5 
 

Extremely low amplified spontaneous emission 
threshold and blue electroluminescence from a spin-
coated octafluorene neat film 
 

 

 

5.1 Introduction 

Fluorene-based oligomers and polymers represent an attractive class of light-emitting 

organic semiconductors for a large variety of optoelectronic devices including OLEDs and 

organic solid-state lasers.1-3 These compounds usually show ambipolar charge transport, high 

PLQY and excellent lasing properties.4-6 Fluorene derivatives have been used as blue emitters 

in OLEDs as well as host materials for fluorescent and phosphorescent emitters in green and 

red OLEDs.7 In addition, some of these fluorene-based materials have been successfully used 

in low threshold organic DFB lasers and optical amplifiers.8 One of the other important 

advantages of fluorene derivatives is their excellent solubility in most common organic 

solvents, resulting in the possibility to deposit them in thin films via solution-processing 

techniques such as spin-coating. This aspect is extremely relevant for the future development 

of large area and low cost organic optoelectronic applications.9,10  

As already mentioned in Chapter 4, although the performances of organic 

semiconductor lasers have greatly improved in the last two decades, it is still critical to reduce 

the lasing threshold of this type of devices. In particular, the development of novel high laser 
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gain organic materials is crucial, especially in the context of the current research activities 

devoted to organic laser diodes.  The radiative decay rate (kR) is directly related to the Einstein’s 

B coefficient as expressed by the equation; 

ὄ ᶿ  ὧȾψ“Ὤ’ Ὧ                                           (5-1) 

where ɜ0 is the frequency of light, h is the Planck’s constant and c the velocity of light. The 

ASE threshold is inversely proportional to the B coefficient, implying that a large kR is 

generally preferred to achieve low ASE threshold.11,12 As summarized in a recent review article 

about organic lasers,13 fluorene derivatives are among the best candidate for low ASE/lasing 

thresholds. In fact, the lowest ASE threshold reported in small-molecule-based organic thin 

films is 110 nJ/cm2 and was obtained using a 9,9′-spirofluorene derivative.13 Another excellent 

organic semiconductor laser material showing low ASE thresholds in thin films of around 300-

400 nJ/cm2 was a heptafluorene derivative.14  

Overall, fluorene derivatives have been found to be extremely promising for achieving 

low ASE threshold and some of them show a radiative decay rate higher than 1 x 109 s-1.13-20 

Noticeably, a previous work has investigated in details the photophysical properties of 

terfluorene, pentafluorene and heptafluorene derivatives functionalized with hexyl side 

chains.18 The results demonstrated that the radiative decay rate increased while the ASE 

threshold decreased when increasing the length of the oligofluorene molecules. In this context, 

it was important to verify if the ASE/lasing properties could be still further improved by 

increasing the oligomer length. 
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5.2 Results and discussion 

The chemical structure of the octafluorene derivative used in this chapter is displayed 

in Figure 5-1a. This molecule was synthesized by chemists working in Dr. C. Andraud’s 

laboratory (Ecole Normale Superieure de Lyon, University of Lyon, France). Fused silica 

substrates were cleaned with ultrasonication in detergent, pure water, acetone and isopropanol, 

followed by an ultraviolet-ozone treatment. Octafluorene neat films and CBP:octafluorene 

blend films were deposited on the fused silica substrates by spin-coating from a chloroform 

solution in a nitrogen-filled glove box. The concentration of the solution and the spin-speed 

were varied to control the thickness of the octafluorene neat films. Absorption and steady-state 

emission spectra were measured using an UV-vis spectrophotometer (Perkin-Elmer Lambda 

950-PKA) and a spectrofluorometer (Jasco FP-6500), respectively. The PLQY in films were 

measured using a xenon lamp with an excitation wavelength of 340 nm and an integrating 

sphere (C11347-11 Quantaurus QY, Hamamatsu Photonics). The PL decays were measured 

using a streak camera and a Ti-sapphire laser system (Millennia Prime, Spectra Physics) 

delivering optical pulses with a width of 10 ps and a wavelength of 365 nm. Variable angle 

spectroscopic ellipsometry (VASE) (J.A. Woollam, M-2000U) measurements were carried out 

at different angles from 45° to 75° by steps of 5° in a 75 nm thick octafluorene neat film. The 

ellipsometry data were then analyzed using an analytical software (J.A. Woollam, WVASE32) 

to determine the anisotropic extinction coefficients and refractive indices of the films. 
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Figure 5-1. a) Chemical structure of the octafluorene derivative. b) Absorption and steady-

state PL spectra measured at room temperature in spin-coated octafluorene neat film. Excitation 

wavelength for the measurement of the PL spectrum was 376 nm. A picture of an octafluorene 

neat film under UV illumination is shown in the inset. c) Optical constants (k and n) of the 

octafluorene neat film measured by variable angle spectroscopic ellipsometry. The film 

thickness was around 75 nm. 

 

The absorption and steady-state PL spectra of an octafluorene neat film spin-coated on 

a fused silica substrate are shown in Figure 5-1b. The film is nearly transparent in the visible 

range of wavelengths and exhibits one main absorption band in the ultraviolet region with a 

maximum absorption peak wavelength of 375 nm. This absorption peak has been previously 

attributed to excitonic coupling between fluorene monomers.15 The optical energy gap was 

calculated to be around 2.9 eV from the long-wavelength absorption edge. The PL spectrum 

and the picture shown in the inset of Figure 5-1b indicate that the octafluorene neat film emits 

blue fluorescence. The spectrum shows a clear vibronic structure with two peaks that can be 

assigned to the (0,0) and (0,1) transitions and a shoulder at longer wavelengths associated to 

the (0,2) transition. The maximum PL peak wavelength is found to be around 423 nm.  
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Figure 5-2. a) Absorption and b) steady-state PL spectra of blend films containing 10 and 

20wt% of octafluorene in a CBP host. Excitation wavelength used for the emission spectra was 

424 and 424 nm. 

 

The absorption and steady-state PL spectra measured in spin-coated blends containing 

10 and 20wt% of octafluorene dispersed into a 4,4′-bis(N-carbazolyl)-1,10-biphenyl (CBP) 

host are displayed in Figure 5-2. The CBP host is selected in this work because an efficient 

Förster-type energy transfer is known to take place from CBP to most of oligofluorene 

derivatives.16 While the absorption spectra of the blends are dominated by the CBP absorption, 

it can be seen that their PL spectra do not markedly differ from that of the octafluorene neat 

film. PLQY and PL lifetime are then measured in neat film and in CBP blends. All the samples 

show a PLQY value around 88.4% of 10wt% and 87.4% of 20wt%, and a single exponential 

fluorescence decay with a lifetime around 600 ps in Figure 5-3. 
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Figure 5-3. PL decays measured in octafluorene neat films and in blend films containing 10 

and 20wt% of octafluorene in a CBP host. Excitation wavelength was 365 nm. 

 

This provides evidence that the octafluorene neat film does not show any PL 

concentration quenching, unlike what has been already reported in similar terfluorene, 

pentafluorene and heptafluorene derivatives.15 Considering the high PLQY and the large 

radiative decay rate of about 1.7 x 109 s-1 measured in the octafluorene neat film, this 

oligofluorene derivative can be expected to show excellent ASE properties.11,12 Figure 5-1c 

show VASE at different incident angle ranging from 45° to 75° by step of 5° measurements 

were performed to determine the optical constants of around 75 nm of an octafluorene neat 

film and evaluate the optical anisotropy, which were calculated from the VASE data in Figure 

5-4. 
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Figure 5-4. Experimental and simulated ellipsometric data ψ and Δ at different angles of 

incidence. 

 

I calculated the orientation order parameter (S) using the following equation; 

3                                             (5-1) 

where ko and ke are the ordinary (in-plane) and extraordinary (out-of-plane) extinction 

coefficients at the maximum peak wavelength. The extinction coefficient values at the peak 

wavelength as S = -0.5 if the molecules are parallel to the substrate surface and S = 0 if the 

molecules are randomly oriented and S = 1 if the molecules are aligned perpendicular to the 

substrate surface.21,22 For the octafluorene neat film, I calculated that S is equal to -0.06, 

indicating that the molecules are indeed random orientation. 
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Figure 5-5. a) Schematic representation of the experimental configuration used to characterize 

the ASE properties of the organic thin films. b) Emission spectra of a 260 nm thick octafluorene 

neat film collected from the edge of the organic layer for different excitation intensities below 

and above the ASE threshold. The steady-state PL spectrum is also shown in dashed line. A 

picture of an octafluorene neat film under intense light irradiation is displayed in the inset. c) 

Output intensity from the edge of the 260 nm thick film (integrated over all wavelengths) as a 

function of the excitation density. d) ASE threshold as a function of the octafluorene neat film 

thickness. Excitation wavelength was 337 nm. 

 

The experimental procedures to characterize the ASE properties of the octafluorene thin 

films are the same as those described in Chapter 4. The experimental setup is schematically 

represented in Figure 5-5a. Figure 5-5b shows the PL spectra measured from the edge of a 

260 nm thick octafluorene neat film at various pumping intensities. A spectral line narrowing 

effect can be clearly seen at high excitation densities with a full-width-at-half-maximum 
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(FWHM) dropping down to 5 nm, providing evidence that ASE occurs in this sample. Light 

amplification takes place at about 450 nm, due to spontaneously emitted photons that are 

waveguided in the organic film and amplified by stimulated emission.20 The ASE threshold is 

then determined from the plot of the output intensity emitted from the edge of the film against 

the excitation intensity. The abrupt change in slope efficiency that can be seen in Figure 5-5c 

leads to an ASE threshold of around 90 nJ/cm2.  

 

 

 

Figure 5-6. Output intensity from the edge of the organic layer (integrated over all 

wavelengths) as a function of the excitation density in several octafluorene neat films with 

various thicknesses ranging between 53 and 540 nm. These data were used to examine the 

thickness dependence of the ASE threshold displayed in Figure 5-5d. 
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The ASE properties were measured in octafluorene neat films with different film 

thicknesses in the range between 53 and 540 nm. The data shown in Figure 5-5d and Figure 

5-6 indicate that the ASE threshold is the lowest for the film with a thickness of 260 nm. Similar 

thickness dependence of the ASE threshold has been already reported in poly(9,9-

dioctylfluorene) film.23 This behavior was ascribed to the interplay between an increase of the 

mode confinement and a decrease of the pump-mode overlap when increasing thickness. 

Noticeably, the ASE threshold measured in the 260 nm thick octafluorene neat film is lower 

than the lowest value ever reported in small molecule based organic thin films.3 However, this 

value is slightly higher than the lowest ones demonstrated in light-emitting polymer thin 

films.5,17,18 Unlike most of polyfluorene systems, the octafluorene as well as most of the 

fluorene-based small molecules22-24 do not show any significant deterioration of their 

photophysical properties under intense light irradiation in air, due to the formation of 

fluorenone. In addition, the results displayed in Figure 5-7 demonstrate that the octafluorene 

neat film exhibits an excellent photostability at high pumping intensities above the ASE 

threshold in both ambient and nitrogen atmospheres. This might be related to the high radiative 

decay rate of the film, which presumably leads to a reduction of the photo-bleaching of the 

material under high intensity irradiation.  
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Figure 5-7. Temporal decay of the emission intensity above the ASE threshold from a 260 nm 

thick octafluorene neat film placed either in air or nitrogen atmosphere. The pumping intensity 

was 873 µJ/cm2 and 10 Hz. 
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Figure 5-8. a) Schematic representation of the experimental configuration used to characterize 

the properties of the octafluorene DFB lasers. b) SEM image of the mixed order DFB grating 

used in this work. c) Emission spectra of a DFB laser based on an octafluorene neat film 

collected normal to the substrate plane for different excitation intensities below and above the 

lasing threshold. d) Output intensity of the DFB laser as a function of the excitation density. 

 

Next, I designed and fabricated a mixed-order DFB grating structure composed of 

second-order Bragg scattering regions surrounded by first-order scattering regions.18 Such a 

grating architecture was selected to obtain low lasing threshold together with a lasing emission 

in the direction normal to the substrate. In DFB lasers, laser emission takes place near the Bragg 

wavelength (ɚBragg) defined as: mɚBragg = 2neffΛ , where neff is the effective refractive index of 

the laser gain medium, m is the Bragg order and Λ is the grating period.24-26 Using the refractive 

index of an octafluorene neat film determined by ellipsometry and the ASE wavelength 
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measured in this study, the grating periods used in this study for m = 1,2 are chosen to be 260 

and 130 nm, respectively. Figures 5-8a and 5-8b show a schematic representation and a 

scanning electron microscope (SEM) image of such a DFB grating. 

Regarding the fabrication and characterization of these organic DFB lasers, silicon 

substrates with a thermally grown 1 mm thick SiO2 layer were cleaned following the same 

cleaning procedure as above. Hexamethyldisilazane (HMDS) was then spin-coated on top of 

the SiO2 surfaces and the samples were annealed at 120 °C for 2 minutes. After that, a 70 nm 

thick resist layer was spin-coated on the substrates from a ZEP520A-7 solution (ZEON Co.) 

and annealed at 180 °C for 4 minutes. Electron beam lithography was then used to pattern the 

DFB gratings on the resist layer using a JBX-5500SC system (JEOL). Following the electron 

beam irradiation, the patterns were developed in a developer solution (ZED-N50, ZEON Co.). 

In the following step, the patterned resist layer plays the role of etching mask. The substrates 

were plasma-etched with CHF3 using an EIS-200ERT etching system (ELIONIX). Finally, the 

substrates were plasma-etched with O2 using a FA-1EA etching system (SAMCO) to fully 

remove the resist layer. A SEM (SU8000, Hitachi) was used to check the quality of the DFB 

gratings. Note that the depth of the DFB gratings was around 70 nm. The 260 nm thick 

octafluorene neat film was finally spin-coated from chloroform solution on top of the DFB 

gratings in order to complete the organic laser devices.  

For the laser operation, pulsed excitation light from a nitrogen-gas laser (SRS, NL-100) 

was focused on a 6 x 10−3 cm2 area of the devices through a lens and slit. The excitation 

wavelength was 337 nm, the pulse width was 3.5 ns, and the repetition rate was 20 Hz. The 

excitation light was incident upon the devices at around 20° with respect to the normal to the 

device plane. The emitted light was collected normal to the device surface with an optical fiber, 

which was placed 6 cm away from the device, connected to a multichannel spectrometer (PMA-
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50, Hamamatsu Photonics). Excitation intensities were controlled using a set of neutral density 

filters. 

Figure 5-8c shows the emission spectra detected normal to the substrate plane at several 

excitation densities below and above the lasing threshold. Below threshold, Bragg dips 

attributed to the optical stopband of the DFB grating can be observed. Above the lasing 

threshold, a sharp laser emission peak is clearly seen at the lasing wavelength of about 452 nm. 

The output emission intensity and the FWHM of this DFB laser are plotted as a function of the 

excitation intensity in Figure 5-8d. The FWHM of the laser emission peak is found to be lower 

than 0.3 nm at high excitation densities. In parallel, the lasing threshold determined from the 

changes in slope of the output intensity curve is found to be around 84 nJ/cm2, which is slightly 

lower than the ASE threshold reported earlier. Overall, the extremely low ASE and lasing 

thresholds measured in this work together with the excellent photo-stability of the films under 

high photo-excitation intensity demonstrate that this octafluorene derivative is a very 

promising gain medium material for organic semiconductor laser applications.   
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Figure 5-9. a) Schematic representation of the OLED structure used in this study. The HOMO 

and LUMO of the organic materials used in these devices are also provided. b) External 

quantum efficiency versus current density in the OLEDs based on octafluorene neat and CBP 

blended films. c) EL spectra measured at a current density of 10 mA/cm2. d) J-V-L curves in 

the OLEDs based on octafluorene neat and CBP blended films. 

 

To fully evaluate the potential of this octafluorene derivative for organic laser diodes, 

it is also crucial to investigate the EL properties of this compound in neat films and in CBP 

blends using a standard OLED structure. A schematic representation of the OLED fabricated 

in this study is provided in Figure 5-9a. The architecture of the devices is as follows: indium 

tin oxide (ITO) (100 nm) / poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) (45 nm) / EML ( 40 nm) / 2,8-bis(diphenylphosphoryl)dibenzo[b,d]thiophene 

(PPT) (10 nm) / 2,2′,2′′-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) (55 nm) 
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/ LiF (1 nm) / Al (100 nm), where the emitting layer (EML) corresponds either to an 

octafluorene neat film or an octafluorene:CBP blend. In these devices, PEDOT:PSS plays the 

role of a hole injection layer while PPT and TPBi are used as hole blocking and electron 

transport layers, respectively. The HOMO and LUMO energy values of PEDOT:PSS, PPT and 

TPBi in Figure 5-9a are taken from the literature.26 The ionization potential of the octafluorene 

neat film was measured to be 5.9 eV by photoelectron spectroscopy.19 Using the optical 

bandgap value of 2.9 eV determined from the absorption spectrum of the neat film, the electron 

affinity of the octafluorene can be approximated to be around 3 eV. As shown in Figure 5-9c, 

the EL spectra measured at 10 mA/cm2 in these OLEDs are similar to the PL spectra measured 

in the octafluorene neat film and in the CBP blends, indicating that the blue EL emitted from 

these devices comes only from the octafluorene chromophores. The J-V-L curves of the devices 

are displayed in Figure 5-9d. The OLEDs based on a neat octafluorene film, 10wt% CBP blend 

and 20wt% CBP blend exhibit driving voltages of 5.0, 4.9 and 4.5 V, respectively, at 1 cd/m2. 

The highest luminance values obtained in these OLEDs were 4580 cd/m2 (at 12.6 V) for the 

neat film, 8520 cd/m2 (at 10.4 V) for the 20wt% blend and 8370 cd/m2 (at 11.2 V) for the 

10wt% blend. The hEQE of the devices are plotted as a function of the current density in Figure 

5-9b. Their maximum values were found to be 3.9% for the neat film, 4.3% for the 20wt% 

blend and 4.4% for the 10wt% blend. The differences in efficiency cannot be explained by the 

PLQY values of the three films, which are nearly identical. In fact, a recent study devoted to 

the molecular orientation of oligofluorene molecules in spin-coated thin films demonstrated 

that, while the octafluorene molecules are randomly oriented in neat films, the 20wt% and 

10wt% octafluorene:CBP blends show a relatively good horizontal orientation of the 

octafluorene molecules.21 Such horizontal molecular orientation of the emitting dipoles should 

lead to an improvement of the light outcoupling efficiency and thus can explain the slightly 

higher hext values measured in OLEDs based on the CBP blends.21,22 In the context of organic 
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laser diodes, the maximum hext values obtained in these OLEDs are evidently promising. 

However, the efficiency rolloff occurring at current densities higher than 100 mA/cm2 needs 

to be suppressed in further work via an improvement of the device architecture before seriously 

considering this octafluorene derivative as a candidate for electrically-driven organic lasing 

devices. 
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5.3 Conclusions 

In summary, this study demonstrates an unprecedentedly low ASE threshold of 90 

nJ/cm2 in a non-polymeric organic thin film. This achievement was realized using an 

octafluorene derivative that shows a PLQY of 87% and a large radiative decay rate of 1.7 x 109 

s-1 in spin-coated neat film. This blue light-emitting material was then used in low threshold 

organic semiconductor DFB lasers and in fluorescent OLEDs with hEQE as high as 4.4% and a 

maximum brightness value approaching 10,000 cd/m2. Overall, this study provides evidence 

that this octafluorene derivative is an excellent light-emitting organic material for application 

in optically-pumped organic semiconductor lasers and could be promising for organic laser 

diodes if the efficiency rolloff taking place at high current density in the electroluminescent 

devices can be strongly reduced in the near future.  
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Chapter 6 
 

Conclusions and perspective 
 

 

 

 In this thesis, I studied on different aspects that are essential for an improvement of the 

performances of TADF OLEDs and organic semiconductor lasers. In particular, the objectives 

of this thesis were: (i) to investigate the role of the molecular structure on the horizontal 

molecular orientation of TADF emitters in vapor-deposited thin films and to examine its impact 

on the OLED performances, (ii) to study the photophysical properties of novel BF2 

curcuminoid derivatives and to evaluate their potential for high efficiency TADF NIR OLEDs, 

(iii) to characterize the ASE properties of these curcuminoid derivatives and to demonstrate the 

possibility to observe light amplification due to stimulated emission in TADF materials, and 

(iv) to demonstrate the lowest ASE threshold reported so far in small molecule/oligomer based 

thin films.  

In Chapter 2, I investigated the molecular orientation and the TADF properties of four 

novel carbazole-based emitters with different shapes and degrees of planarity in vapor-

deposited thin films. Molecular orientation of the TADF molecules in neat film and in blend 

was investigated using VASE and angle dependent PL measurements. The results 

demonstrated that the most planar molecules present the best horizontal molecular orientation. 

The photophysical and electroluminescence properties of these TADF molecules were then 

investigated to examine the role of the molecular orientation on the TADF OLED performances. 
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The most efficient device was obtained with the TADF emitter exhibiting a nearly perfect 

horizontal orientation of the emitting dipoles in the blend films. The maximum hEQE value 

measured in this device was found to be 15.4%, which is about 1.75 times larger than the 

theoretical value determined using a random distribution of emitting dipoles. Overall, this work 

provides useful insights into the role of the TADF emitter structure on the molecular orientation 

and the electroluminescence properties of vapor-deposited TADF OLEDs. These results should 

serve as guidelines in the near future to develop novel TADF molecules allying excellent 

photophysical properties with perfect horizontal molecular orientation. 

In Chapter 3, I focused on BF2 curcuminoid derivatives containing triphenylamine 

donor groups (TPA-CBD(mH), TPA-CBD(mBu), TPA-CBD(mEster) and TPA-CBD(TPA-

CBD)) and clarified unprecedented PL characteristics in the NIR region. While the molecules 

do not present the usual disconnected donor-acceptor structures, those organic dyes showed 

TADF behavior. In particular, I evidenced that both monomeric and dimeric molecules in the 

CBP doped films showed efficient NIR light with TADF activity from aggregation and CT 

mechanisms. Furthermore, because of their high ground state dipole moment and their CT 

characteristics, those dyes showed PL that are solvatochromic in CBP doped films, allowing 

the fluorescence maximum from 700 to 790 nm by increasing the dopant. In addition, the high 

PLQY of 65% was obtained in the NIR region. Such high PLQY associated to TADF process 

allowed the fabrication of NIR OLEDs with hEQE reaching to 9.7% with the emission maximum 

at 739 nm (for 6wt%-TPA-CBD(mEster):CBP), and 5.1% at 758 nm and 3.1% at 773 nm (for 

2wt% and 10wt%, TPA-CBD(mTPA-CBD):CBP, respectively). Such high hEQE represents the 

highest efficiencies ever reported for NIR-OLEDs using organic molecules.  

In Chapter 4, I studied the ASE properties of two novel BF2 curcuminoid derivatives, 

namely TPA-CBD(mEster) and TPA-CBD(mTPA-CBD), in spin-coated thin films. These two 

TADF NIR-emitting compounds were blended into a CBP host at different doping 
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concentrations. In good consistency with the behavior of the steady-state PL spectra observed 

in Chapter 3, the films exhibited ASE activity with an ASE peak redshifted from 740 to 860 

nm as the doping concentration was gradually increased from 4wt% to 60wt%.  In addition, I 

found that the ASE thresholds decreased from 91 to 14.8 mJ/cm2 with the doping concentration, 

which could be explained by the concentration dependence of the PLQY values. Overall, this 

investigation has led to (i) the first demonstration of light amplification due to stimulated 

emission in BF2 curcuminoid derivatives, (ii) the first demonstration of NIR ASE in an organic 

semiconductor thin films not based on lanthanide complexes, (iii) the demonstration that lasing 

can be achieved using TADF emitters, suggesting a new possible way to harvest all singlet and 

triplet excitons for light amplification in future electrically-pumped organic laser devices.  In 

the near future, further studies involving CW ASE/lasing experiments should be carried out to 

see if triplets can be harvested in these systems to contribute to light amplification. 

In Chapter 5, I studied the photophysical, ASE and electroluminescence properties of a 

blue-emitting solution-processable octafluorene derivative in spin-coated films. The neat film 

did not show any concentration quenching of the PL emission and was found to exhibit a PLQY 

of 87% together with a large radiative decay rate of 1.7 x 109 s-1. In addition, I examined the 

thickness dependence of the ASE properties of the octafluorene neat films. The results 

demonstrated that the lowest threshold of 90 nJ/cm2 was achieved for a film thickness of 260 

nm. Such a value corresponds to the lowest ASE threshold ever reported in small 

molecule/oligomer based thin films. Low-threshold mixed order organic DFB lasers based on 

octafluorene neat films and fluorescent OLEDs with a maximum hEQE value of 4.4% are then 

fabricated, demonstrating that this octafluorene derivative is an excellent and very promising 

candidate for organic semiconductor laser applications.  Future works should be carried out in 

the near future to explore the possibilities to achieve continuous-wave lasing in octafluorene 
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DFB lasers and to inject high current densities into octafluorene based OLEDs via a more 

appropriate and improved device architecture. 
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Appendix A: Transient photoluminescence spectra 
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