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1. ABSTRACT 

 The concept of present dissertation involves a discussion of photophysical processes 

occurring in the selected types of organic white light-emitting diodes (WOLEDs). Such devices 

are difficult to develop since the involvement of a variety of mechanisms governing their work 

has to be considered, such as the injection and transport of electrical charges of both signs, 

energy transfer processes, charge trapping, as well as the phenomena responsible for reduction 

of emission efficiency. 

 The thesis has been divided into two main parts. The first one presents in brief the 

history of investigation on electroluminescence of organic emitters and the state of the art of 

WOLEDs. Subsequently, the purpose and the scope of the work are listed. To give a reader a 

background for detailed description of the author's research, some physical phenomena 

determining the work of organic molecular systems are considered. As for technological aspects 

of fabrication of the WOLEDs, the types of their architectures are presented together with 

examples of functioning devices known from the literature. Finally, a description of technical 

parameters used for characterization of the light-emitting diodes has been included. 

 The second part has been based mainly on the author's own research. Chapter 7 

describes the materials applied for the investigated WOLEDs and the details of the techniques 

used for preparation of the samples. Then, the measuring systems applied for examination of 

the samples are described. Finally, the author's experimental results are given in three 

subsequent sections of chapter 8. 

 In section 8.1 the results obtained for the OLEDs based on the emission from dendrons 

with pyrene antennae are presented. A dendronic part of the molecules serves in these devices 

as an emitter of blue and green light and, simultaneously, as an energy donor for the red 

emitting acceptor. The suitable chromophore concentration allowed to obtain white light as a 

combination of the emissions from the pyrene excimer and acceptor moiety. 

 Section 8.2 describes investigations on the diodes containing tetrakis β-diketonate 

complexes of terbium and europium and includes a discussion of the results received for a 

green OLED (with the terbium complex), a red one (containing the europium complex) and a 

system emitting white light. In this section the mechanism of energy transfer from materials 

forming the matrix of the white light emitting OLED to the europium complex is also discussed 

and  diffusion coefficients of singlet excitons in the matrix together with lengths of their diffusion 

paths are determined. 

 In section 8.3 experiments on diodes with organic platinum complexes are presented. 

For the most efficient OLED the mechanisms responsible for a decrease in device quantum 

efficiency are discussed and the outcomes of measurements are compared with predictions of 

relevant theoretical models. As a result, the annihilation constant was determined for triplet-

triplet annihilation process, being identified as the main reason for reduction of the quantum 

efficiency observed with increasing device current density. Finally, construction and 

characteristics of a double-layer WOLED employing monomer and excimer emission of the 
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platinum complex is described. 

 The thesis ends with a summary and conclusions together with two appendixes and a 

list of references. 
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3. INTRODUCTION 

 In the first part of this chapter the milestones of organic electroluminescence are 
highlighted in order to give a reader the historical background of the field. Then the most 
perspective directions in current research of OLEDs are described and the state of the art of 
present WOLEDs, and also commercial products, are reported. Finally, few words about this 
thesis are given. 

 

3.1. History of organic electroluminescence 

 The first electroluminescence (EL) from an organic dye was observed by Bernanose 

and co-workers in 1953 [1, 2] and since that time a magnificent improvement of materials and 

devices has been achieved allowing construction of light sources based on organic emitters 

which today are available commercially. 

 At first stage the research was focused on organic crystals due to high mobility values 

of at least one type of charge carriers in those materials as well as the well-known crystal 

structure, these features allowing a better understanding of device processes. The most 

important in that time, however, was a lack of other kinds of materials being suitable for 

successful construction of light-emitting devices. In 1963 the Pope's group observed 

electroluminescence from a single, pure crystal of anthracene and anthracene doped with 

tetracene. Nevertheless, the emission mechanism was ascribed to the field-accelerated electron 

excitation of the molecules [3]. 

 The first reported observation of EL in organic crystal resulting from double injection 

recombination electroluminescence was made by Helfrich and Schneider with the use of 

anthracene crystal supplied with electron and hole injecting electrodes [4]. Yet, working with 

organic crystals had a big drawback from the applicative point of view: since their thickness was 

of the order of microns it was necessary to apply a potential difference of hundreds of volts to 

achieve the emission. 

 This obstacle has been removed by employment of small molecules which create 

amorphous layers during thermal evaporation process performed in vacuum. In 1987 Tang and 

VanSlyke published a famous paper describing the first organic light-emitting diode (OLED) 

based on a heterostructure [5]. The device utilized two organic layers: the hole transporting of 

diamine and the electron transporting and emitting one consisting of tris(8-hydroxyquinoline) 

aluminium(III) (Alq3). This diode achieved 1% of the external quantum efficiency at operating 

voltage lower than 10V and luminance as high as 100 cd/m2, paving a way to the commercial 

application of organic emitters. Two years later an OLED with a host-guest configuration was 

presented, constituting a concept being well established today i.e. the assignment of 

transporting and emissive functions to the properties of specialized materials [6]. Therefore, the  

well-transporting (but not necessary well-emitting) materials could be applied in such devices 

together with efficient dyes of not necessary good carrier transporting abilities. In this 
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configuration a dye could be excited directly by charge trapping on emitting sites or indirectly by 

energy transfer from a matrix. 

 In the meantime, intensive research was performed on the polymers. The first EL from a 

polymer film of poly(N-vinylcarbazole) sandwiched between two charge injecting electrodes was 

reported by Partridge in 1983 [7-10]. In 1990 Burroughes et al. published their paper describing 

a device based on a 100 nm thick film of a green-light-emitting conjugated polymer poly(p-

phenylene vinylene) of a decent efficiency [11]. The era of solution-processable large-area 

devices has started. 

 The above results made it possible to build the first white OLED (WOLED) having a 

reasonable efficiency (Kido and co-workers in 1994 [12]). 

 The next breakthrough took place in 1998 when Baldo et al. reported a diode with a 

phosphorescent emitter [13]. It should be noted that till that time all dyes used in devices were 

the fluorescent emitters, which limited their internal quantum efficiency up to 25% under 

electrical excitation, assuming a 100% emission quantum yield of a dye. With application of  

organometallic complexes containing a heavy atom with bonded organic ligands the spin-orbit 

coupling was introduced to the molecule which activated radiative transitions from the triplet 

states. In this way the emission of excitons having both multiplicities could be harvested in an 

electroluminescent device which in turn (for a perfectly efficient dye) increased the internal 

quantum efficiency of OLEDs up to 100%. Today, the best organic light-emitting diodes 

approach to their theoretical limits proving validity of this concept. 

 Few years ago a new class of efficient emitters was presented which utilize the 

thermally activated delayed fluorescence (TADF) [14-16]. In these materials the emission 

consists of prompt fluorescence and a delayed component, the latter originating from the 

reversed intersystem crossing from the triplet to singlet states. Such a transition is possible due 

to a small (≤ 0.1 eV) difference between the singlet and triplet levels, hence it can be activated 

by thermal energy. It is expected that emitters based on TADF mechanism will compete with 

phosphorescent emitters as dyes in OLEDs [17]. 

 Another interesting approach employing the so-called hybridized excited state was 

presented recently in reference [18]. Such a kind of states represents a mixture of charge 

transfer (CT) component of small singlet-triplet energy splitting and locally excited (LE) state 

which in turn ensures high quantum yield of emission. By balancing the contributions of both 

types of components of the mixture a new class of materials has been created possessing 

advantages of both counterparts. It should be noted here that an emitter containing hybridized 

excited states exhibits emission mechanism different than that of an emitter based on TADF. In 

the latter case the prompt and delayed fluorescences are observed while for a dye with 

hybridized excited states the delayed component is absent. 

 Materials employing TADF and containing hybridized excited states reveal also their 

advantage when used as a host for fluorescent dyes. Particularly, since the emission of both 

singlets and triplets are harvested in such systems, energy of all excitons created in an 
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emissive layer can be transferred to the dye molecules which allows to boost the internal 

quantum efficiency above the fluorescent-diode-theoretical limit being as high as 25%. 

 The efficiency of a device can be enhanced significantly if transition dipole moments of 

the emitter are oriented in its plane. In this way the creation of waveguide modes is avoided and 

more light can be outcoupled from an emitting structure. Though the arrangement of dipoles of 

luminescent molecules depends greatly on material utilized, it was shown in the literature that 

this concept has a great potential to improve light sources [19, 20]. 

3.2. White light organic sources - state of the art 

 In figure 3.1 luminous power efficacy progress in the academic research of organic 

lighting sources during years is presented. It is clear that WOLEDs built these days in 

laboratories possess higher efficiency than incandescent bulbs and even fluorescent lamps 

based on gas vapours, the record of luminous power efficacy belongs to Panasonic with 128 

lm/W at 1000 cd/m2 [21]. The main reasons why organic light sources still are not applied 

universally for the illumination purposes are high manufacturing costs related to small capacities 

of production lines and limitations of lifetime of the final products.  

 

Figure 3.1. Progress in luminous power efficacy with different types of materials and techniques, for the 
meaning of each letter see [21]. Values for WOLEDs with TADF materials were taken from [22] and [23] 

Despite the above, the quality of organic panels and also the quantity of the final products using 

them is constantly increasing. In table 3.1 the basic data of some commercially available 

organic light sources are gathered. The average luminous power efficacy now offered is around 

45 lm/W, which is enough for some applications. Usually CCT of organic panels available today 

corresponds to warm hues of white. 

 The biggest white light-emitting panel offered to date is produced by LGChem with the 

emission area dimensions 300mm x 300mm. The same supplier provides flexible panels with 

the active area 41mm x 188mm and the bending radius of 30mm. COMEDD built sources able 

to emit light through bottom and top electrodes, which are transparent when the device is off. 
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Table 3.1 Performance data of commercially available organic panels 

 Philips LGChem Lumiotec MC Pioneer OLEDWorks 

Luminous power 
efficacy [lm/W] 

40 - 50 55 - 80 27 - 40 31 - 52 45 

LT70 [103 hrs] 10 - 50 30 - 50 5 - 60 8 - 20 10-20 

CRI 80 90 80 - 90 84 - 87 >80 

CCT [K] 3000, 4000 3000, 4000 
2800, 4000, 

4700 
1200-6500* 3000, 3500 

* These panels can change emission colour  

 The above few examples show that organic lighting sources start to enter a broad 

market and it is just a matter of time they conquer its significant part due to development of 

cheaper production methods and growth of efficiency. It will be a successful finish of the race 

that started more than sixty years ago. 

3.3. About this thesis 

 This thesis has been divided into two main parts. The first one (chapters 3 - 6) 

introduces the reader in the world of WOLEDs, describes physical phenomena involved in 

OLEDs' operation, presents possible types of architectures of devices and the strategies to 

obtain white light, and finally gives a specification of parameters describing white light sources. 

The second part (chapters 7 and 8) is based on the work of the author (and co-workers) and 

presents three different approaches to obtain white light: fluorescence from dendrons with 

pyrene antennae, phosphorescence of lanthanide complexes of terbium and europium, and 

phosphorescence from organic platinum complexes exploiting monomer and excimer emission. 

In the last two cases theoretical models were applied to get a better understanding of the 

processes taking place in the devices and the parameters describing kinetics of the phenomena 

(the diffusion coefficients, the diffusion path lengths, the annihilation constants of excitons) were 

found. 

A list below presents all publications of the author: 

 
1. Giorgio Grisci, Wojciech Mróz, Marinella Catellani, Erika Kozma, Francesco Galeotti “Off-on 

fluorescence response of a cysteine-based perylene diimide for mercury detection in water” 
Chemistry Select, 1 (2016) 3033 

 
2. Erika Kozma, Wojciech Mróz, Francesca Villafiorita-Monteleone, Francesco Galeotti, Marinella 

Catellani, Chiara Botta “Perylene diimide derivatives as red and deep red-emitters for fully 
solution processable OLEDs” RSC Advances 6 (2016) 61175 
 

3. Giorgio Grisci, Erika Kozma, Wojciech Mróz, Katiuscia Pagano, Laura Ragona, Francesco 
Galeotti “Self-assembly of a water soluble perylene and surfactant into fluorescent 
supramolecular ensembles sensitive to acetylcholinesterase activity” RSC Advances 6 (2016) 
64374 
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4. ELECTRONIC EXCITED STATES IN ORGANIC MOLECULAR SYSTEMS - 
THEIR CREATION AND PATHS OF DECAY 

 In this chapter basic physical concepts involved in operation of organic light-emitting 
diodes are described. 

 

4.1. Conjugation in organic molecules 

 We start from a description of the electronic structure of a conjugated organic system. 

An example is benzene molecule consisting of six carbon atoms arranged in a ring, shown in 

figure 4.1. A carbon atom in the ground state possesses six electrons organized as 1s22s22p2. 

In benzene molecule the atomic orbitals of neighbour carbon atoms overlap each other creating 

chemical bonds. 2s orbital is mixed with px and py (all in the plane of the molecule) creating 

three new hybridized sp2 orbitals. Two of such orbitals originating from two near carbon atoms 

overlap with each other forming a strong σ-bond between adjacent atoms and in this way fixing 

the ring configuration of the molecule. Remaining sp2 orbital binds hydrogen atom to the 

benzene ring.  

 

Figure 4.1. Benzene molecule structure, its molecular orbitals and electronic energy levels [24] 

The pz orbital extends perpendicularly above and below the plane of benzene molecule. The 

orbital from each atom again overlaps with the ones next to them, creating π-bond. Since this 

bond type is relatively weak, it allows a delocalisation of the electron distribution around all 

benzene ring, giving rise to the conjugated π-electron system. 

 Let us consider a molecular system consisting of two atoms. We can define it by the 

linear combination of atomic orbitals ( )raφ  and ( )rbφ . Since there can be constructive or 

destructive interference of atomic orbitals, we obtain two possible terms describing the molecule 

   ( ) ( )[ ]rrN ba φφ +=Φ ++ ,  ( ) ( )[ ]rrN ba φφ −=Φ −− .       (4.1) 

Now we calculate the electron orbital density for the both cases 
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   ( ) ( ) ( ) ( )[ ]rrrrNP baba φφφφ 2
2222

++=Φ= +++ ,      (4.2a)

   ( ) ( ) ( ) ( )[ ]rrrrNP baba φφφφ 2
2222

−+=Φ= −−− .      (4.2b) 

We notice that P+ has higher value than the sum ( ) ( )rr ba

22 φφ +  of densities of separate atomic 

orbitals, which makes +Φ energetically more favourable and so a bonding orbital. On the other 

hand, P- is smaller than the sum and thereby −Φ orbital is of antibonding character. The product 

( ) ( )rr ba φφ  is called the overlap density. 

 Though the above example is very simple, it sustains its validity for more complex 

molecules. Therefore, in benzene and other organic molecules a splitting into bonding and anti-

bonding orbitals is also observed. Because pz carbon orbitals overlap less with themselves as 

compared to sp2
 orbitals, the splitting between the π bonding and π* anti-bonding orbitals is 

smaller than between the σ and σ*. As a consequence, in most conjugated organic compounds 

the highest occupied molecular orbital (HOMO) is the π orbital and the lowest unoccupied 

molecular orbital (LUMO) is the π* orbital (see fig. 4.1). 

4.2. Multiplicity of states 

 Upon excitation of a molecular system unpaired electrons from π and π* orbitals create 

a two-particle system. Electrons have the angular momentum quantum number (spin) s=1/2 and 

from the above we conclude there are two possible values of the spin magnetic quantum 

number: ms= 1/2 and ms= -1/2. We denote the state of single electron sms, = 2/1,2/1 +  as 

α, while the state 2/1,2/1 −  as β. 

 Considering two particles we denote the total spin of a system as S and the spin 

magnetic quantum number as Ms. For the system under discussion we get the singlet (S=0) 

state in the form of spin wavefunctions 

             { }2121
2

1
αββα −          (4.3) 

and three triplet (S=1) states: 

             
21ββ   for Ms=-1,       (4.4)

             { }2121
2

1
αββα +  for Ms=0,       (4.5)

              
21αα   for Ms=1.       (4.6) 

The indexes of α and β refer to particle 1 and 2. We notice that for the case S=0 there is only 

one value of Ms=0 and as a consequence this arrangement is called singlet. If S=1 there are 

three possible values of Ms = -1, 0, 1 and therefore the name triplet is assigned. A vectorial 

representation of the system is shown in fig. 4.2. 
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Figure 4.2. Vector diagram showing orientations of two electron spins for singlet and triplet states 

In singlet state spins are 180o out of phase ("-" in formula 4.3) while for triplet states they are 

always in phase. 

4.3. Singlet and triplet energy levels 

After we have defined the HOMO and LUMO energy levels of a molecule as well as 

their singlet and triplet configurations, now we are able to determine the mutual position of the 

energy levels of singlet and triplet states. We introduce two quantities, the first one is named the 

Coulomb integral 

           ( ) ( ) ( ) ( )∫∫ 







= 2

3

1

3

21

12

2

*

1

*

0

2
1

4
rdrdrr

r
rr

e
J aiaiia ψψψψ

πε
        (4.7) 

and describes the total contribution to the potential energy arising from a hole ( ) 2

1re iψ−  and 

an electron ( ) 2

2re aψ−  in the two orbitals. The second quantity is the exchange integral 

        ( ) ( ) ( ) ( )∫∫ 







= 2

3

1

3

21

12

2

*

1

*

0

2
1

4
rdrdrr

r
rr

e
K iaaiia ψψψψ

πε
,       (4.8) 

describing quantum mechanical correction to the Coulomb integral. 

 It can be shown that the energy corresponding to the orbital wavefunctions symmetric 

under the particle interchange is [25] 

     iaiaS KJE += ,          (4.9) 

while for the orbital wavefunctions that are antisymmetric under the interchange of the names of 

electrons is equal to 

     iaiaT KJE −=  .       (4.10) 

It is known that singlets have the symmetric orbital wavefunctions states and the antisymmetric 

orbital wavefunctions states are ascribed to triplets, thus we conclude that ES determines the 
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energy of singlet state and ET describes the triplet state energy. Because Jia and Kia are both 

positive quantities, the energy of the triplet state is lower than the energy of the singlet state. 

From the above we can also see that the energy difference between the singlet and the triplet 

level of a molecule is proportional to the double exchange integral 

     iaST KE 2=∆ .        (4.11) 

Since the exchange integral describes overlap of the HOMO and LUMO, the smaller overlap 

between the orbitals the smaller the difference in energy between the singlet and the triplet 

state of the molecule. 

4.4. The Jablonski diagram 

 In figure 4.3 the Jablonski diagram is presented, showing most of possible 

photophysical processes in an isolated molecule. After photon absorption the molecule goes 

from the electronic ground state S0 to the electronic excited state or its vibrational level. Since 

typically the ground state possesses singlet multiplicity, only transitions to the singlet excited 

states are allowed due to the multiplicity conservation rule. In the case of highly phosphorescent 

materials, the transition S0 → Tn is possible but still is much less efficient than between singlet 

states. On the other hand, if the molecule is in the first triplet excited state T1, transitions to the 

higher triplet states are allowed (T-T absorption). 

 

Figure 4.3. The Jablonski diagram 

 Once the molecule is in the vibrationally "hot" electronic excited state, vibrational 

relaxation (VR) occurs finishing on the lowest vibrational level of the excited state. Vibrational 

relaxation is a very fast process (10-12 s) and during transitions to lower vibrational levels the 

energy is dissipated to the surroundings of the molecule. When the molecule is in the lowest 

vibrational level of the excited state three competitive processes may occur. 
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 The first one is a transition to the ground state with simultaneous photon emission. 

Depending on whether the transition is between the states of the same or different multiplicity, 

the decay to the ground state S1 → S0 + hν is called fluorescence, while T1 → S0 + hν is 

phosphorescence, respectively. Fluorescence is a fast process (10-9 s), while phosphorescence 

requires much longer time (10-6 - 10-3 s). 

 The second possible process is the intersystem crossing (ISC), i.e. a radiationless, 

isoenergetic transition between the states having different multiplicity. The transition rules forbid 

this path, but at favourable conditions like vibronic coupling or presence of a heavy atom,  the 

ISC becomes partially allowed. 

 The third possibility is the internal conversion (IC) from the ground vibrational level of 

the higher excited state to the hot vibrational level of the lower excited state (both having the 

same multiplicity). This nonradiative process is much faster (10-12 s) than a radiative decay to 

the electronic ground state. As a consequence, excited molecules typically relax via IC and VR 

to the lowest vibrational levels of the lowest electronic exited state before photon emission 

(Kasha's rule). However, it still may happen that a molecule being in the lowest excited state will 

relax vibrationally to the ground state rather than emit photon. This is typically the case if an 

excitation of a fluorescent molecule was transferred by the ISC process to the first excited triplet 

level. 

4.5. Quantum yield of photoluminescence 

 Perhaps the most important quantity describing any emitter is its quantum yield (ηPL), 

defined as the ratio of the number of emitted photons to the number of photons that were 

absorbed. The quantum yield can also be derived on the basis of the Jablonski diagram as the 

ratio of the radiative rate constant kr to the sum of the rate constants of all decay pathways 

     
nrr

r
PL

kk

k

+
=η ,        (4.12) 

where knr denotes the total rate constant for nonradiative decay that depopulates the excited 

states without emission of photons.  

4.6. Excitons 

 Excitation in a molecular material may transfer an electron from one site into another 

one at various distances. Depending on the intermolecular interactions, holes and electrons 

created in this way become either free carriers or excitons, i.e. a bound state of a hole and an 

electron, which are attracted to each other by the Coulomb force. Three types of excitons are 

observed, depending on their radius, as shown in figure 4.4. The type of an exciton is 

determined by properties of the material in which it has been created. 
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Figure 4.4. Classification of excitons: a) Frenkel exciton, b) charge-transfer exciton, c) Mott-Wannier 
exciton 

 In inorganic semiconductors atoms are linked by strong covalent or ionic bonds. 

Consequently, the valence and conductive bands are wide and charge carriers may travel within 

them without scattering at long distances (of many lattice constants). Moreover, these materials 

possess dielectric constants εr of the order of 10. Due to the high dielectric constant, the value 

of the coulombic capture radius 

     
kT

e
r

r

c επε0

2

4
= ,       (4.13) 

defined as the distance at which the coulombic bonding energy is equal to kT, is small at room 

temperature. For example, at 295K the capture radius is 4.7 nm in crystalline silicon (εr = 12). At 

distances higher than rc a hole and an electron become free charge carriers. As a result, in 

inorganic semiconductors free holes in a valence band and free electrons in a conductive band 

are created at room temperature. With temperature decreasing the coulombic capture radius 

increases allowing a formation of weakly bound, large radius Mott-Wannier excitons. For 

example, in GaAs (εr = 13) the bonding energy is equal to 4.2 meV at ~2K [26] and the 

coulombic capture radius is 26 nm. 

 In organic solids the situation is fundamentally different. Weak van der Waals forces 

between the molecules lead to narrow valence and conductive bands in crystals or even lack of 

bands in amorphous materials. In consequence, the physical properties of molecular organic 

solids are similar to the properties of molecules they are built of. Dielectric constant of organic 

materials is typically 3 ÷ 4 which determines rather considerable coulombic capture radius. For 

a material having εr = 3, the coulombic capture radius is 19 nm at T = 295K. Because of the 

reasons mentioned above the electronic excitations in organic materials have a form of tightly 

bound excitons. In the case that an exciton resides on the molecule it is called Frenkel exciton, 

after Yakov Frenkel, who proposed such a concept in 1931 [27]. If an electron - hole pair is 

localized at the adjacent molecules the exciton is classified as the charge transfer one. 

 In organic materials the distance between a hole and an electron in the exciton is small, 

which provides strong overlap of their wavefunctions. This determines significant values of the 

exchange energy (formula 4.8) and, consequently, the spin of charge carriers that create the 

exciton is of high importance in these materials. In inorganic solids the radius of exciton is 

significant and the difference between the singlet and triplet energy levels is negligible. 

 All types of excitons are able to move through a solid and, consequently, to transport 

energy. In typical organic materials at room temperature the exciton movement takes a form of 
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hops from one molecule to the adjacent one. From hereafter we define this type of energy 

transfer as the diffusion mediated energy transfer, in opposite to the other types of energy 

transfer that are defined below. 

4.7. Mechanisms of energy transfer 

 The first energy transfer mechanism we discuss is a trivial case of reabsorption of an 

emitted photon by another molecule 

νhDD +→*  

*AAh →+ν , 

where D and A are the energy donor and the energy acceptor, respectively, and asterisk 

denotes the excited state. Probability of radiative energy transfer between two different or the 

same molecules (energy migration) is given approximately by formula [28] 

            ( ) ( )∫
∞

≈
0

303.2
ννεν

η
df

xc
k ADD

PL

Arad

ET
,      (4.14) 

where cA is the molar concentration of acceptors, x is the specimen thickness, D

PLη  denotes the 

quantum yield of the donor and ( )νDf  and ( )νε A  stand for the emission spectrum of the donor 

and the absorption spectrum of the acceptor, respectively. Except this two-step energy transfer 

process mediated by photons another two single-step energy transfer mechanisms exist which 

are frequently present in organic materials. 

 The Förster-type resonant dipole-dipole long range energy transfer is a radiationless 

phenomenon shown schematically in figure 4.5. To occur it requires that the emission spectrum 

of a donor overlaps the absorption spectrum of an acceptor, however the overlap of their 

wavefunctions is not necessary.  

 

Figure 4.5. The Förster-type energy transfer. Thick arrows represent spins at the ground and the exited 
state of molecules 

In this process the spin is not changed in either participant. Therefore, following transitions 

** 1111 ADAD +→+  and 

** 3131 ADAD +→+  
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are allowed. The rate constant of transfer process is described by formula [29, 30] 

   
( ) ( ) ( )

∫
∞

=
0

4645

2

128

10ln9
ν

ν

νεν
τπ

κ
d

f

RNn
k AD

i

DA

Forster

ET
,      (4.15) 

where ν  is the wavenumber, n - the refractive index of the environment, NA - Avogadro's 

number, i

Dτ  - the intrinsic (radiative) lifetime of the excited donor, R - the distance between the 

donor and the acceptor, ( )νε A  - the acceptor extinction coefficient (in cm-1M-1), ( )νDf  - the 

normalized spectral distribution of the donor's luminescence ( ) 







=∫

∞

1
0

νν df D  and κ2 the 

orientation factor. For an isotropic distribution of dipoles κ2=2/3. 

 Formula (4.15) can be rewritten in a different form as 

           
6

01






=

R

R
k

D

Forster

ET τ
,       (4.16) 

where τD is the mean lifetime of the donor (in the absence of energy transfer), being connected 

with the donor PL quantum yield, D

PLη , and the intrinsic lifetime by i

D

D

PLD τητ ⋅= . R0 is the 

Förster radius 

      
( ) ( ) ( )

∫
∞

=
0

445

2
6

0
128

10ln9
ν

ν

νεν
π

ηκ
d

f

Nn
R AD

A

D

PL .      (4.17) 

The Förster radius corresponds to the distance at which the excitation transfer and all other 

competing deactivation processes are equally probable. Although the energy transfer depends 

on the sixth power of the distance, it is usually relevant up to 100Å. 

 The second possibility of single-step energy transfer is known as the Dexter-type 

transfer. Since it is based on an exchange of electrons between a donor and an acceptor, in 

addition to the spectral overlap of the donor emission and the acceptor absorption, the overlap 

of their wavefunctions is also required. Therefore, the proximity of energy transfer participants is 

necessary and the Dexter transfer operates in the range 10 ÷ 20Å.  

 

Figure 4.6. Dexter-type energy transfer 
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In figure 4.6 the process of Dexter energy transfer is shown schematically. Differently than in 

the Förster-type energy transfer where the spin of the donor and acceptor is unchanged, in the 

Dexter exchange energy transfer only the total spin of the system is conserved, therefore a 

transfer of singlets and triplets between molecules is possible 

** 1111 ADAD +→+  

** 3113 ADAD +→+ . 

For the transfers between the states with allowed transitions (with the donor and the acceptor 

as singlet states), the Dexter transfer is typically overwhelmed by the longe-range Förster 

process. The rate constant of the exchange energy transfer is given by 

   ννεν df
L

R
Ak AD

DADexter

ET )()(
2

exp
0

∫
∞








 −= ,      (4.18) 

where A is the constant related to the specific orbital interactions, ( )νDf  is the normalized 

emission spectrum of the donor, ( )νε A  is the normalized absorption spectrum of the acceptor 

and RDA is the donor-acceptor separation relative to the effective average Bohr radius of the 

excited donor and unexcited acceptor states, L [31, 32]. 

4.8. Excimers 

 Till now we have considered excited states created in organic solids involving mainly a 

single molecule. However, in a material composed of identical molecules bimolecular excited 

states may be also present due to resonant interactions between the excited molecule and the 

neighbour molecule in the ground state. Such new states are called excimers. Resonant 

interaction between the molecules creating an excimer has both energy exchange contribution 

and charge exchange character. The first mechanism leads to the locally-excited excimers 

(local or LE excimers) while the second one to the charge-transfer excimers (CT excimers). The 

existence of excimer possessing only one type of resonance is not possible [28], therefore a 

contribution of each term is described by the amplitudes a and b (formula 4.19). Excimers may 

have either singlet or triplet multiplicity. 

=+++= +−−+
21

3,1

221

3,1

1

*

21

3,1

22

*

1

3,1

1

3,1
* MMbMMbMMaMMaMM

excimer
    (4.19) 

CTloc
MMbMMa −++

3,13,1
*  

 The intrinsic property of excimers is that they are dimers which are associative in an 

electronic excited state but dissociative in the ground state. In figure 4.7 the potential well of a 

bound excimer and the repulsive potential of the ground state are shown. Such a shape of the 
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potential energy curves determines the excimer emission spectrum being typically observed as 

a broad featureless band red-shifted with respect to the monomer emission. 

 

Figure 4.7. The potential energy curves of molecules M creating an excimer (top), the emission spectrum 
of the excimer (bottom). Letters a and b are the amplitudes from formula (4.19) 

The higher energy transitions of the excimer emission correspond to larger influence of the local 

excimer (a > b), while the lower energy transitions correspond to substantial contribution of CT 

excimer (a ≈ b). Since the excimers do not exist in the ground state, a transition from the ground 

to the excited state, i.e. absorption, is not observed for these species. Usually excimers possess 

low quantum yields due to increased radiationless relaxation introduced by phonons interacting 

with an extended bi-molecular system and due to the small overlap of proper wavefunctions of 

the excited and the ground states of excimer forming molecules (Fermi's golden rule). 

 Excimer formation requires a close proximity of molecules, typically of 3 ÷ 4 Å, above 

this distance they lose their excimer features. 

4.9. Exciplexes 

 Bimolecular excited states can be created not only between identical molecules but also 

with participation of two different ones. Such a two-component system is called exciplex. 

Typically, such states are easily created in blends composed of electron donor and electron 

acceptor molecules. An example is shown in figure 4.8 presenting the energy levels of polymer 

TPD (donor), PBD (acceptor) and exciplex formation mechanism. 

Like excimers, exciplexes possess a mixed character of energy and charge resonance 

(see formula 4.19) and a high proximity of participating molecules is necessary to create such 

states. Emission spectrum is again a broad, structureless band red-shifted from the monomer 

spectra of the donor and the acceptor. An example of the emission spectrum of electrically 

excited exciplex is presented in figure 4.9. Other authors obtained similar results for the same 

molecules [33]. 
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Figure 4.8. Exciplex formation mechanism for polymer TPD donor and PBD acceptor 

 Emission maximum of an exciplex can be calculated from the relation between the 

electron affinity of the acceptor (Ea), the ionization energy of the donor (Ei) and the Coulombic 

energy of attraction between an electron and a hole (Ec) 
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Figure 4.9. Electroluminescence spectrum of 65% polymer TPD : 35% PBD device at 5V (left). A 
photograph of the emitting device (right) 

        caiexciplex EEEh −−≈maxν ,       (4.20) 

     
r

e
Ec επε0

2

4
= .        (4.21) 

Formula (4.20) is derived under the assumption of a dominant role of the charge transfer terms 

in formula (4.19). 

4.10. Spin-orbit coupling 

 Interaction between the magnetic moment created by an oscillating electron in an orbit 

and spin of the same electron is called the spin-orbit coupling and is responsible for enhanced 

intersystem crossing between the singlet and triplet states. The energy of interaction between 

the magnetic field generated by an electron, B , and a magnetic dipole, m , has a form of 

Bm ⋅− . Since magnetic field is created by an electron oscillating in the circular orbit it can be 
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related to the angular momentum l of the electron and, as a consequence, the spin-orbit 

interaction is proportional to sl ⋅ . It can be shown that the hamiltonian of spin-orbit interaction 

has a form [25] 

          sl
dr

d

rcm

e
H

e

so ⋅=
φ

222
,       (4.22) 

where e is the elementary charge, me denotes the mass of an electron, r stands for the orbit 

radius, c denotes the speed of light and ( )rφ  designates the isotropic potential. For hydrogenic 

atom, the potential of a nucleus carrying Ze charge is rZe 04/ πεφ = . After substitution we 

obtain 

        sl
crm

Ze
H

e

so ⋅−=
232

0

2

8πε
.       (4.23) 

The expectation value of r -3 for hydrogenic orbitals is proportional to Z3 thus finally we get 

         sl
cm

eZ
H

e

so ⋅−=
22

0

24

8πε
.       (4.24) 

We notice that the spin-orbit coupling is proportional to Z4 and, consequently, is much more 

significant in heavy atoms. 

 Now we show an example of how spin-orbit interaction mixes singlet and triplet states in 

a two electron configuration. We write 

    =⋅+⋅= 222111 slslH so ξξ  

            ( ) ( ) ( ) ( )212211212211
2

1

2

1
ssllssll −⋅−++⋅+ ξξξξ .      (4.25) 

Since the 21 ss +  operator commutes with the total spin operator, 2S , it cannot mix states of 

different multiplicity. On the other hand, the 21 ss − operator does not commute with 2S  and so 

this component of the operator is responsible for the singlet-triplet mixing. Therefore, we 

consider 

           ( ) ( ) 0,0,1
2

1
0,0,1 212211 ssllMHM ssos −⋅−= ξξ .     (4.26) 

The z-component of the spin operator, 
zz ss 21 − , is relevant and its action is to convert a singlet 

to a MS=0 triplet state as follows 

( ) ( ) { } =






 +++=−−=− 2121212121212121

2

1

2

1

2

1

2

1

22

1
0,0 αββααββααββα

h

zzzz ssss  
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    { } 0,1
2

2121 h
h

=+= αββα        (4.27) 

The remaining orbital operator part of the spin-orbit coupling hamiltonian is 

    ( )zzso llH 2211
2

0,00,1 ξξ −=
h

.      (4.28) 

4.11. Emission mechanisms in β-diketonate complexes containing Tb
3+

and Eu
3+

 

 Terbium and europium belong to a group of elements named lanthanides, their position 

in the periodic table is in the "footnote", c.f. figure 4.10.  Lanthanides are unique among other 

elements (except actinides) in resembling so much each other. This is well understood on the 

basis of electronic configuration of their ions which essentially exist in the trivalent state LnIII 

([Xe]  4f n, n = 0 ~ 14). Since the outer filled 5p and 5s shells effectively shield the inner 4f shell 

from surroundings, the last one does not play a role in chemical bonding between an ion and a 

matrix or organic ligand. In consequence, transitions within the 4f shell of a lanthanide (organic) 

complex are similar to those of a free ion. In figure 4.11 interactions within the lanthanide ion 

that split energy levels are shown, using as an example Eu3+. 

 

Figure 4.10. The periodic table. Lanthanides have atomic numbers from 57 to 71 

 The strongest interaction between electrons within 4f orbital is of repulsion character 

due to Coulombic interaction. It determines the mutual positions of terms of the ion which are 

separated on energy scale in the order of 104cm-1. Since lanthanide ions possess heavy nuclei, 

the spin-orbit coupling plays an important role in splitting the terms into J-levels with separation 

of the order of 103cm-1. The terms created in this way are described by symbol 2S+1LJ, where 

2S+1 represents the total spin multiplicity, L specifies the total orbital angular momentum and J 

- the total angular momentum of the f electrons. 

Terms described till now correspond to free ion levels. In the case of an ion placed in a 

coordination environment, like a crystal or an organic ligand, further splitting of J-levels is 

observed due to electric field of the matrix. These splittings are of the order of 102cm-1 and are 

usually referred to as crystal field splitting. The splitting pattern is determined by the symmetry 
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of the coordination polyhedron around the lanthanide ion and by the crystal field strength. 

Because these levels have superfine structure their presence in the spectrum depends on 

resolution of the spectrometer. 

 

Figure 4.11. The interactions within Eu3+, having configuration [Xe] 4f 6 5d 0, leading to the splitting of the 
electronic energy levels 

  

 Although luminescence of lanthanide ions is an efficient process they suffer from weak 

light absorption. Typical extinction coefficients are in the order of 1 M-1cm-1 with bandwidths of 

less than 0.2 nm. In order to apply lanthanide ions as light-emitting species it was necessary to 

find a way of their efficient excitation. In 1942 Weissman discovered that intense metal-centred 

luminescence can be observed for lanthanide complexes with organic ligands, when they are 

excited in the absorption band of a ligand [34]. Since organic ligands possess broad intense 

absorption bands, they are able to work as an antenna that harvests excitation energy and 

subsequently transfers it to the ion of the complex. The scheme of such a process is shown in 

figure 4.12. 

 

Figure 4.12. The scheme of emission mechanism in organic complexes of lanthanides 

 Upon UV light irradiation of a complex the electronic transition occurs at the ligand from 

the ground state to the vibrational level of the first singlet excited state. After VR the ligand is in 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 27 

the lowest vibrational level of the first singlet excited state. Due to the influence of a heavy ion 

the inter-system crossing takes place from the singlet state S1 to the triplet state T1 of the ligand 

and, subsequently, energy is transferred to an energy level of the ion. It is important to notice 

that the triplet level of a ligand should be higher on the energy scale than the resonance level 

(emitting level) of an ion, otherwise the transfer is not possible (or will not cause luminescence 

of the ion). If the ligands triplet level is equal to the lanthanide resonant one, back transfer may 

occur from the ion to the ligand. In this case phosphorescence of the ligand often may be 

observed. 

 The second important role of a ligand in lanthanide complexes is to shield an ion from 

the environmental surroundings and prevent it in this way from a radiationless deactivation. The 

most important reason for a lanthanide ion radiationless decay is vibrational coupling with a 

ligand or solvent molecules. 

 In the face of the above discussion the tetrakis β-diketonate complexes are a promising 

alternative for the lanthanide tris coordination compounds, exhibiting higher luminescence 

quantum yields due to better shielding of a lanthanide ion, larger cross-sections for photon 

absorption and charge carrier trapping. 

 As already mentioned, emission of lanthanide complexes is similar to those of an ion 

and exhibits sharp-line spectra corresponding to the transitions between the ion energy levels. 

The energy levels of trivalent ions of terbium and europium as well as an example of PL spectra 

of their complexes are presented in figure 4.13.  

 

Figure 4.13. Emission spectra of Tb3+ (left) and Eu3+ (right) in Tb(hfa)4P(Ph)4 and Eu(tta)4P(Ph)4 
complexes, respectively. In the insets energy levels of Tb3+ and Eu3+ ions and the most intense transitions 

between the proper energy levels are denoted. For molecular structures of the complexes see section 
7.1.2 

4.12. Ionic states in organic solid 

 Till now we have discussed excited states in organic systems considering only isolated 

molecules. However, when molecules are closely packed, as in a solid, interaction between 

them modifies the positions of their energy levels, as shown in figure 4.14.  

In the figure singlet and triplet energy levels of a molecule are denoted as S and T, 

respectively, and ionization energy as IG and electron affinity as AG. Due to electrostatic 
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interaction between dipole moments of the molecules in the solid state the relevant energy 

levels of excited  states  decrease  in  comparison  to  an  isolated  molecule.  Additionally,   

 

Figure 4.14. The positions of energy levels for an isolated molecule and a molecular crystal. For the 
meaning of each symbol see the text 

interaction between molecules in crystals creates energy bands being responsible for charge 

transport. Interaction between molecules is also the cause that ionization energy of a crystal (IC) 

diminishes with respect to IG of an isolated molecule by a factor Ph referred to as the hole 

polarization energy. Similarly, electron affinity in a crystal (AC) is deeper than in an isolated 

molecule (AG) and the difference Pe is called the electron polarization energy. The energy level 

denoted as Ete corresponds here to the narrow (due to weak intermolecular interactions) band 

responsible for transport of excessive electron within an organic crystal while the energy level 

Eth to the relevant band transporting excessive hole. These levels are separated by the energy 

gap EG which must be surpassed in order to create a pair of charge carriers. Levels Eth and Ete 

are often referred to as the HOMO and LUMO ones, respectively, though the two latter terms 

are associated essentially with isolated molecules.  

 Below Ete level the charge-transfer states are localized, separated from Eth with the 

energy gap ECT which is smaller than EG. 

4.13. Onsager model of charge pair dissociation 

 Figure 4.15 shows possible processes in an organic material involving generation of 

bound charge pairs (e-h). In the scheme, the (e-h) pair creation under optical as well as 

electrical excitation are presented in order to maintain generality of the discussion. 
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 Absorbing a photon a molecule becomes excited from the ground state E0 to a "hot" 

excitonic state E*. This state can either relax vibrationally to the first excited state E1 with 

probability 01 η−  and subsequently deactivate radiatively or nonradiatively to the ground state, 

or with probability of 0η  become a bound geminate charge pair (e-h). This entity is referred to 

as geminate (e-h) pair or charge-transfer (CT) state and was described earlier in more detail. A 

geminate pair (e-h) can recombine to state E1 with probability R (geminate recombination) or 

dissociate to free charge carriers with probability Ω. 

 In the case of an electrical excitation, charge carriers injected from proper electrodes 

meet together in a bulk of an organic material and form an intermediate (e-h) pair state. This 

pair can create emissive state E1 or dissociate. The last process is highly sensitive to the 

external electric field, with Ω probability increasing with the field strength. Therefore, the 

external quantum efficiency of an OLED may depend on electric field applied to the device.  

 

Figure 4.15. Processes leading to creation of a bound charge pair (e-h) in an organic material 

The formula, derived by Onsager [35], describing the dissociation probability Ω of a 

charge pair in the presence of external electric field F has the form 

           ( ) ∑
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The symbol E is here a dimensionless quantity describing the electric field 

          
kT

eFr
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2
= ,  

d

U
F = ,       (4.30) 

rc is the so-called Onsager radius, i.e. the distance at which coulombic interaction between 

charges forming an (e-h) pair is equal to the thermal energy kT (see formula 4.13) and r0 is the 

initial distance between charges at a pair creation moment. The functions Wj(x) of order j are 

here determined by the following recurrence 
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4.14. Triplet-triplet annihilation 

 The triplet-triplet annihilation (TTA) is usually the main reason for the efficiency roll-off in 

OLEDs employing phosphorescent emitters. It is so due to two factors: i) triplet lifetimes are in 

the range of microseconds while lifetimes of singlet excitons are in the nanosecond range, ii) 

during electrical excitation the probability of triplet exciton creation is of 75% whereas there is 

only the 25% chance of creation of an exciton with singlet multiplicity. These two facts imply that 

the concentration of triplets in OLEDs is usually much higher than that of singlets and, hence, 

the interaction between triplets will be dominant. 

 When two triplet states with random orientation of spins encounter, there exist three 

possible ways the spins can combine without breaking the spin conservation rules, as shown in 

table 4.1 [36]. 

Table 4.1 Spin statistics for the interaction of two triplets 

 
 

Tn 

 

Tn 

Total Spin 

S = Tn + Tn 

Arrow 

Notation 

Multiplicity 

= (2S + 1) 

Final State, 

Symbol 

Case 1 T+ (↑↑) T- (↓↓) 0 ↑↓↑↓ 1 Singlet, S 

Case 2 T+ (↑↑) T0 (↓↑) +1 ↑↑↓↑ 3 Triplet, T 

Case 3 T+ (↑↑) T+ (↑↑) +2 ↑↑↑↑ 5 Quintet, Q 

 

According to the table, the first combination produces a singlet state, the second creates a 

triplet state and the third one produces a quintet. However, quintet excitons do not contribute to 

the luminescence of organic materials. This is because in order to create an excited quintet 

state in TTA process the energy sum of two participating triplets must be at least equal to the 

energy of the quintet. This situation is rare in organic electroluminescent materials [37]. 

Additionally, even if the encounter complex acquires a quintet multiplicity, the separation is 

more probable than the annihilation, or it returns to be excited triplet [38, 39]. Therefore, the two 

most typical mechanisms of TTA in a diode are as presented in a scheme below. 

( ) ( )
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 →−↔+
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 In the annihilation process of two triplet states (T1) an intermediate state (T1 - T1) is 

created which subsequently can be transformed either into a hot singlet state (Sn) (with 

probability 25%), or into a hot triplet state (Tn) (with probability 75%), and the ground state 

singlet (S0). Then, the hot excited state relaxes to the first excited state (S1 or T1). If we deal 

with a phosphorescent emitter the S1 state changes the multiplicity to T1 due to intersystem 

crossing (kisc) (bracket in the upper row in the scheme). As a result, from two triplet excitons 

existing before the annihilation one triplet or one singlet exciton remains after TTA process. The 
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above scheme shows that while for phosphorescent emitters the TTA is an undesired 

phenomenon that leads to the decrease of internal quantum efficiency of OLEDs, in the case of 

a diode with fluorescent emitter it may improve performance of the device. 

4.15. Triplet-polaron annihilation 

 Another possible annihilation process is that due to interaction between triplet excitons 

and charge carriers, as shown in the scheme below. Typically, the number of trapped charges 

greatly surpasses the amount of free ones, therefore we can write [40] 

−− +→+ eSeT Tek

t 01 , 

++ +→+ hShT Thk

t 01 , 

where the subscript t denotes a trapped charge. As a result of the annihilation of triplet T1 with a 

trapped electron 
−
te  or a trapped hole 

+
th , a singlet ground state S0 and a hot electron e- or a 

hot hole h+ can be created. Considering multiplicity of the participants of this triplet-polaron (Tq) 

annihilation we obtain a scheme presented below. 

( ) *0

,

1

4,2

1 DSDTDT ThTe kk + →−↔+  

During Tq annihilation process a complex of a triplet exciton and a doublet (charge carrier) is 

created. This complex may possess either the doublet or quartet multiplicity, available from the 

total six possible spin mixtures. Since in Tq annihilation a charge takes energy from a triplet the 

latter will be converted into the singlet ground state. The charge carrier after the annihilation 

process receives the excess of energy and can either relax in its trap or becomes a free charge 

carrier. 
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5. ORGANIC LIGHT-EMITTING DIODES (OLEDs) 

 In this chapter the basic architectures used in organic electroluminescent diodes are 
presented from the simplest to the most sophisticated one. In the first section the stress is put 
on explaining the function of each layer of a device while in the second one different strategies 
to obtain white emission are shown. The reader searching for more information and examples of 
white light-emitting diodes can refer to S. Reineke, M. Thomshke, B. Lüssem, K. Leo, Rev. Mod. 
Phys. 85 (2013) 1245 

 

5.1. Basic types of OLEDs 

 All organic light-emitting diodes consist of organic layer(s) sandwiched between 

electrodes with at least one of them being semitransparent, as shown in figure 5.1. By applying 

a bias voltage to the electrodes injection of electrons from a cathode and holes from an anode 

is initiated. The carriers meet together in the organic material of semiconductor properties and 

create excitons which subsequently recombine radiatively emitting light. 

 

Figure 5.1. A general structure of an organic light-emitting diode 

5.1.1. Single layer devices 

 The simplest organic light-emitting diode consists of a single organic layer sandwiched 

between electrodes, a scheme of the device is presented in figure 5.2. In this type of diode an 

organic material simultaneously serves as transporter of both types of charge carriers and as  

emitter of light. By improving the charge transport properties of applied compound, the exciton 

radiative recombination probability decreases because [41] 

     
rect

t
recP

ττ
τ
+

= ,         (5.1) 

where τt and τrec are the transit and recombination time of the carriers, respectively. On the 

other hand, a charge trapping on the emission centres increases the recombination chance, but 

decreases the transport abilities as a charge carrier must be released from a trap in order to 

continue its travel within a layer. This may disturb injection from electrodes into organic material 

because the charge trapped close to the electrodes creates a barrier for the carriers entering a 

device. Thus, both transport and trapping are crucial in such a simple system and good balance 

of these properties is important to achieve an efficient diode. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 33 

 

Figure 5.2. A scheme of a device with single organic layer 

 Considering electrodes, usually their energy levels should match well those of the 

applied organic material, that is the highest occupied molecular orbital (HOMO) in the case of 

an anode and the lowest unoccupied molecular orbital (LUMO) in the case of a cathode. As for 

the ideal carrier injection, the Ohmic contact should be created, i.e. without energy barrier for 

charge carriers between the electrode and the organic layer. However, as mobilities of holes 

and electrons are typically different for a given material it may be desired to have an energy 

barrier at one of the electrodes to balance carrier injections. 

 Three different injection mechanisms may be involved in OLED operation. The first one 

is a charge carrier injection above an energy barrier created between the electrode and organic 

material. Such a situation is created typically when a cathode is build of a low-work-function 

metal, e.g. calcium or barium. The second injection mechanism involves the tunneling through 

an energy barrier. Materials used for this type of contacts are insulators and their layer must be 

sufficiently thin to allow the process to be effective. An example of  the material applied in this 

type of electrode is LiF with the layer thickness of 0.5 - 1.5 nm. The third possibility is the Ohmic 

contact, mentioned already above. To obtain such a contact it is not necessarily difficult, for 

example for the red emitter possessing a small energy gap. 

 Though single layer devices have drawbacks mentioned at the beginning, they are easy 

to build, also using wet techniques like spin-coating. This makes them a cheap solution for large 

area diodes.  

5.1.2. Single layer devices with a guest 

 The development of the idea from the previous section is a single layer device with a 

dopant as an emitter of light. Introduction of a guest has important implications for OLED 

operation. First of all, the carrier transport and recombination processes are separated and 

occur in two specialized in their purposes materials. After charge injection into a host, the 

carriers may be transported efficiently through the device. Typically, the emitting dopant 

concentration does not surpass 10% of a layer composition (w/w) and charge trapping in vicinity 

of the electrode is limited which establishes good injection conditions.  On the other hand,  if an 

electron or a hole are trapped in a potential well of the dopant emitting centre (see figure 5.3), 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 34 

 

Figure 5.3. A scheme of a single layer device with a dopant (red dots)  

they can stay there for a time long enough to increase the effectiveness of opposite sign carrier 

capture, an exciton creation and, subsequently, radiative recombination. In the case that the 

recombination occurs on the host it is highly probable that energy transfer to the guest will take 

place. This is because the energy gap of the matrix material is larger than that of the dopant 

material and, consequently, the host emits at higher energy than the guest. Distribution of a 

guest in a matrix also prevents from concentration quenching of emission. 

5.1.3. Devices with transporting layers 

 Organic materials typically have different electron and hole mobilities. As a result, the 

recombination zone in a single layer device shifts towards a certain side of the diode, which 

may reduce the performance of OLEDs by the interfacial exciton quenching due to energy 

transfer to the high-density electrode states or generation of plasmons in an electrode. A 

solution of this problem is application of charge transporting layers, as shown in figure 5.4. 

 

Figure 5.4. A scheme of a device with a hole transporting layer (HTL), doped emitting layer and electron 
transporting layer (ETL) 

 In this type of device transport of electrons and holes is separated and assigned to the 

materials specialized in their tasks. As a result, charge is injected and conveyed to the 
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recombination zone very efficiently, but when it arrives there the charge carriers are trapped on 

dopant emitting centres. In this way the transit time through the emitting layer (τt) is longer, 

increasing the recombination probability (Prec). Another advantage is the position of 

recombination zone in the central part of a device, far from the electrodes, which diminishes 

excitation of plasmons. 

 An important step towards efficient charge injection and transport was done by doping 

transporting layers with p and n type species [42, 43]. In this way a device constructor has a 

greater freedom of choice of electrodes materials because one does not have to match the work 

function of the electrode to the energy levels of transporting materials. As a result, the best 

devices are able to approach the thermodynamic limit [44] when the voltage necessary to turn 

on a device corresponds to the emitted photon energy divided by the elementary charge. 

However, the creation of organic molecules with p (or n) doping capabilities requires that their 

HOMO and LUMO levels must be positioned much deeper (shallower) than in the case of 

typical organic semiconductors, therefore, a special effort is necessary to design such 

molecules. Additionally, the stability of n type doping materials is diminished due to shallower 

HOMO levels which makes reduction by oxygen of these compounds much easier. 

5.1.4. Devices with blocking layers 

 In the operating electroluminescent device a charge carrier in principle is able to pass 

through the whole diode without recombination with the counter charge. Such a situation, 

termed as the leakage current, is detrimental to the diode and it is a parasitic effect. In order to 

prevent from this effect, blocking layers are incorporated at both interfaces of the transporting 

layers and emitting layer, as shown in figure 5.5. 

 

Figure 5.5. A scheme of a device with a hole transporting layer (HTL), electron blocking layer (EBL), 
doped emitting layer, hole blocking layer (HBL) and electron transporting layer (ETL) 

 Compounds used as blocking layers must have properly localized energy levels with 

respect to transporting and matrix materials. In the case of electron blocking layer (EBL), the 

HOMO should have similar energy as the HOMO of the HTL and the matrix, while the LUMO 

must be higher than its neighbour layers. In this way electrons that arrive to the edge of the 
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emitting layer are blocked there and cannot reach the HTL. Similarly, a hole blocking layer 

(HBL) must have the LUMO at the energy level of the matrix and the ETL, but the HOMO below 

their HOMO levels. Blocking layers should be thin, around 10 nm, just to stop charge within the 

emitting zone, but without having significant influence on device thickness. 

5.2. White organic light-emitting diodes (WOLEDs) 

 We start to describe WOLEDs from a brief review of architectures used in these 

devices. In figure 5.6 the most common approaches are shown: a) doping single colour 

lumiphores into a single emitting layer, b) building a stack of layers emitting in different spectral 

regions, c) applying monochrome devices with semitransparent electrodes as a stack, d) using 

adjacent monochrome subpixels, e) converting blue light partially by phosphors placed on a 

surface of a blue OLED. 

 

Figure 5.6. Different approaches used in OLEDs to generate white light. Semitransparent electrodes are 
grey, reflective electrodes are shown black 

 The most straightforward way to generate white light in a WOLED is to blend different 

colour luminophores in the emitting layer. The first WOLED having reasonable efficiency was 

built by Kido and co-workers in 1994 using this method (Fig. 5.7) [12].  

 

Figure 5.7. Device architecture, structures of molecules and EL spectrum of the WOLED built by Kido and 
co-workers [12] 

The drawback of such a simple device architecture is possible phase separation of the 

components with the passage of time which will result in film nonhomogeneity, local changes in 

current density and spectral shift of emitted light. The requirements for materials applied in this 
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concept may be also contradictory like balanced transport of electrons and holes through a 

matrix. 

 The second approach in building WOLEDs is construction of a multilayer device, where 

each layer emits different colour. The first diode of this type was presented by Kido et al. in 

1995 [45]. This strategy requires application of vacuum evaporation optionally with spin-coating 

used to prepare some layers. The big challenge in multilayer WOLEDs is to maintain the 

balance of all colours at different brightness levels. The colour variation is caused by excitation 

complexity of emitting species involving direct electron-hole recombination on dopants, energy 

transfer processes and shift of the recombination zone with increase of applied voltage. 

 The next architecture used in WOLEDs is a stack of OLEDs. This approach has some 

advantages as compared to the previous concept. They are less susceptible to colour change at 

different biases because the current density in each subdevice is the same. The stack 

architecture allows for current reduction due to the presence of charge generating zones placed 

between organic layers [46-48]. After external bias application a charge is injected from the 

external electrodes and also generated directly inside of a device. Since the operational lifetime 

of OLEDs depends on current density in a superlinear manner, reduction of current density is 

able to increase the device lifetime significantly. 

 A variation of the stack concept is a device in which subdevices can be addressed 

separately. In this way colour balance of the components can be controlled independently via 

brightness change. Additionally, degradation of emitters due to aging can be actively 

compensated. 

 The advantage of direct addressing of each colour is also present in adjacent subpixel 

architecture. Such an arrangement requires, however, closely spaced stripes to give an 

impression of white colour, which creates some difficulty in processing. Typically, production 

involves vacuum evaporation through shadow masks, though wet technique is also applicable 

[49]. 

 The last way to obtain white OLEDs we describe is borrowed from inorganic white 

LEDs. It involves a blue emitting OLED and an orange phosphor placed on it. When the diode is 

emitting, some of light is absorbed and reemitted by the phosphor giving overall white emission. 

Such a concept is not very frequently applied in WOLEDs because it requires an efficient and 

long living blue OLED which is one of the real problems of organic emitters.  

 Now we review very briefly the strategies for generating white electroluminescence from 

the employed materials point of view. The most obvious way of white light creation seems to be 

doping a conductive host with guests emitting primary or complementary colours. In the first 

method red, green and blue emitters are applied and their simultaneous emission creates white 

light. The complementary colours approach is based on Grassmann's law, which states that 

chromatic sensation can be described in terms of an effective stimulus consisting of linear 

combinations of different light colours [50]. In this method only blue and orange emitters are 

used, together creating white light. Such an approach simplifies the device design and building 
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process, but the typical disadvantage is lower CRI1 compared to WOLEDs containing three 

emitters. 

 In the doping approach small molecules as well as polymers can be applied in a single 

and multilayer configuration. In the first case co-evaporation of a dopant with host molecules is 

used to create emitting layer(s). An example of such a device together with structures of 

employed molecules is displayed in figure 5.8. 

 Considering application of polymers, the easiest method is to add emitting dopant 

species into polymeric matrix. However, much more interesting solution is to synthesize a single 

compound emitting white electroluminescence. For this purpose, the block copolymers or 

polymers with pedant emitting groups as well as single molecules can be employed [52-58], 

examples are presented in figure 5.9. The existence of such materials paves the way to large-

area light sources produced by cheap spin-coating or roll to roll methods. 

 

Figure 5.8. Design of a WOLED applying the complementary colours strategy and structures of molecules 
used [51] 

 Another way of white light formation is the application of compounds having 

simultaneous monomer and excimer or electromer emission [59, 60]. The EL spectrum of this 

system does not change with device aging because only one species is responsible for the 

emission. Moreover, the excimer/electromer spectrum forms typically a broad structureless 

band which is desired for white light generation purpose. Disadvantages of this approach are 

typically low efficiencies of excimer or electromer emission and difficulty in controlling the EL 

bands associated with these states.  

                                                
1 Colour Rendering Index (CRI) is the parameter describing how well a light source reproduces true 
colours of the object. See chapter 6 for more details. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 39 

 

Figure 5.9. Examples of compounds emitting white light. (a) Block copolymer [57]. (b) Polymer with 
pendant groups, HT and ET denote hole transporting and electron transporting groups, respectively [58]. 
(c) White light emitting molecule [54]. In all cases colours show the emission spectral range of the proper 

part of the compound 
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6. PARAMETERS DESCRIBING LIGHT-EMITTING DIODES 

 In order to be able to compare different light sources without an ambiguity a set of 

parameters describing their properties is necessary. We can divide them roughly into four 

groups: i) characterizing colour perception of emitted light by the human eye; ii) describing 

electrical performance of a diode; iii) combination of the first two; iv) remaining parameters 

describing a diode. Into the first group we include the Comission International d’Eclairage (CIE) 

chromaticity coordinates, the colour temperature (CT) or correlated colour temperature (CCT), 

the colour rendering index (CRI) and luminance. The second group consists of turn-on voltage, 

internal and external quantum efficiency. Parameters from the third group are luminous efficacy 

and luminous power efficacy. The last group consists of spatial distribution of emitted radiation 

and stability of a device. Below each term is described shortly and at the end of this chapter the 

definition of white light is given. 

 

6.1. The CIE chromaticity coordinates 

All colours visible by the human eye in photopic vision∗ mode can be expressed by a set 

of numbers x and y, known as the CIE chromaticity coordinates. The coordinates determine the 

position of a colour in the CIE 1931 chromaticity diagram, shown in figure 6.1. The arc within the 

centre of the diagram is known as the Planckian locus and shows the coordinates of black body 

radiation at different temperatures. At coordinates (0.33, 0.33) the equal energy white is placed, 

which converges to the coordinates of the black body at temperature 5780K corresponding well 

with the photosphere of the Sun temperature [61]. 

 

Figure 6.1. The CIE 1931 (x, y) chromaticity diagram. The Planckian locus, isotherms and wavelengths in 
nanometres (blue numbers) are indicated. Colours in the diagram are approximation only 

                                                
∗ Photopic vision is a way of perception of an eye in high brightness conditions, in opposite to scotopic 
vision, which is operational at low light levels. 
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Now we describe how to calculate the CIE coordinates. In figure 6.2 the colour matching 

functions )(λx , )(λy  and )(λz are depicted. They were derived experimentally on a sample 

of many people and can be considered as a chromatic response of the standard observer. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. The colour matching functions of the CIE standard observer 

In order to find the CIE coordinates of a light source having spectrum )(λI  we integrate the 

product of the spectrum with each matching function. Obtained three numbers ZYX ,, are 

known as the tristimulus values: 

     ∫
∞

=
0

)()( λλλ dxIX ,      ∫
∞

=
0

)()( λλλ dyIY ,      ∫
∞

=
0

)()( λλλ dzIZ .       (6.1) 

The chromaticity coordinates are defined as 

        
ZYX

X
x

++
= , 

ZYX

Y
y
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= , 

ZYX

Z
z

++
= .       (6.2) 

It is easy to notice that yxz −−=1  and it is enough to know two coordinates (x, y) to 

determine the chromaticity of a given colour. 

6.2. Colour temperature (CT) and correlated colour temperature (CCT) 

It is common to describe a colour of light sources in terms of temperature expressed in 

kelvins. If a given light source had a spectrum of the black body radiator, its CIE coordinates lie 

exactly on the Planckian locus. For such light sources the colour temperature (CT) name is 

assigned and CT is equal to the temperature of the black body at the chromaticity coordinates 

of a given source. The best example of such a light source is an incandescent bulb. In the case 
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that a spectrum has not a form of the black body radiation, but the CIE coordinates are still 

close to the Planckian locus (the term "close" is explained below), the name correlated colour 

temperature (CCT) is used. Following the official definition [62]: “The correlated colour 

temperature is the temperature of the Planckian radiator whose perceived colour most closely 

resembles that of a given stimulus at the same brightness and under specified viewing 

conditions”. 

The temperature of colours was defined not in the CIE 1931 colour space but in the CIE 

1960 Uniform Chromaticity Space (CIE 1960 UCS) [63], which chromaticity diagram is shown in 

figure 6.3. The reader should notice that in the CIE 1960 UCS the lines denoting an equal 

temperature – isotherms are perpendicular to the Planckian locus arc while in the CIE 1931 they 

are not (fig. 6.1). In both spaces, however, the isotherms are straight lines. From both diagrams 

it is clear that there are many colours having the same temperature because there are many 

points with different coordinates which lie on the same isotherm. 

 

Figure 6.3. The CIE 1960 UCS (u, v) chromaticity diagram. The Planckian locus and isotherms from 
1,000K to 10,000K are indicated 

After simplification of the chromaticity diagram of CIE 1960 UCS by MacAdam [64], to calculate 

the (u, v) chromaticity coordinates in the CIE 1960 colour space, formulas presented below are 

used 

   
3122

4

++−
=

yx

x
u , 

3122

6

++−
=

yx

y
v ,        (6.3) 

where x and y are the chromaticity coordinates from the CIE 1931 diagram. Following the 

definition, to determine CCT of a source having chromaticity coordinates (us, vs) we must find 

the minimal distance to the point on the Planckian locus, the coordinates of which we denote as 

(uP, vP). Using geometrical properties of the CIE 1960 space, the chromaticity distance DC is 

defined as 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 43 

           22 )()( PsPs vvuuDC −+−= .         (6.4) 

Having determined the chromaticity coordinates of the Planckian radiator the closest to our 

source we ascribe the CCT to the temperature of the black body at the coordinates (uP, vP). 

It is set that to maintain a meaningful result the DC difference between the coordinates 

should be less than 0.0054. It allows to avoid an ambiguity when the chromaticity coordinates of 

a source are equidistant to two points on the locus. In order to distinguish whether a source 

coordinates are above or below the locus, the DC is positive for the first and negative for the 

latter case. The CCT can be calculated numerically but in this work we used two approximations 

from references [65] and [66]. 

6.3. Colour rendering index (CRI) 

 The colour rendering index (CRI) is the parameter describing how well a light source 

reproduces colours of illuminated objects with respect to the reference light source, both having 

the same CT or CCT. It has a value from 0 to 100 and the latter one means an excellent 

similarity. The CRI evaluation is based on the comparison of colour appearance of the eight test 

samples illuminated by the tested and the reference light sources. A determination of CRI does 

not require performing an experiment as the reflectance spectra of the test samples are known 

[67] and reference source spectra can be generated numerically. A detailed calculation of CRI, 

based on references [68-70], is presented in Appendix A, here we discuss certain restrictions 

imposed on the CRI. 

A high CRI value should not be automatically assigned to a good quality of light, i.e. its 

natural reproduction of colours. That is because a reference source itself may not render 

colours perfectly. Again the best example is an incandescent bulb, having the CRI equal to 100. 

However, objects illuminated by this light source are not rendered naturally. Especially in the 

blue spectral region, where this kind of source has small intensity, the reproduction of colour is 

rather poor. 

Due to the discontinuity of reference source determination at 5000K, two very close light 

sources (one with CCT=4999K and the other with CCT=5001K) may give an overestimated 

difference of their CRIs. 

The CRI as well as CCT cannot be evaluated for sources emitting non-white light. 

6.4. Luminance 

 The luminance of a source is the quotient of the luminous intensity of light emitted within 

the given solid angle per unit area of the source. The unit for luminance is candela per square 

meter (cd/m2). It is defined by formula 

             
θcos

2

Ω
Φ

=
dSd

d
L v ,          (6.5) 
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where Φv is the luminous flux (lm), S is the area of a source (m2), Ω is the solid angle (sr) and θ 

is the angle between the surface normal and the specified direction. 

 A derivation of the formula determining luminance of a device and also the formulae of 

other quantities describing performance of an electroluminescent diode can be found in 

Appendix B. 

 Luminance should not be confused with term brightness since the latter depends on the 

state of the eye, e.g. a source will seem brighter in a dark room than in a daylight, even if its 

luminance is the same. 

6.5. Turn-on voltage 

 The turn-on voltage (Von) is defined typically as the voltage at which a device starts to 

emit light (reaches 0.1 cd/m2). It depends on the heights of energy barriers between the energy 

levels of organic materials and electrodes, the thickness of an OLED and the transporting 

properties of employed materials. Generally, the lower the value the better and today the best 

devices approach or even surpass [71] their thermodynamic limit. 

6.6. Internal quantum efficiency 

 The internal quantum efficiency ( intη ) is the ratio of photons generated inside a device 

to the number of charge carriers injected into the diode. It can be expressed also as 

     recssPL PPηη =int ,         (6.6) 

where 
PLη is the quantum yield of an emitter, defined as the ratio of the radiative to the total 

decay rate constants, ssP denotes the probability, based on the spin statistics, that in an 

electron-hole recombination event the emissive state with proper multiplicity will be created, and 

recP is the (e-h) recombination probability. According to the spin statistics, 
4

1
 of excitons created 

in EL are singlets and 
4

3
are triplets. Thus, for fluorescent emitters the maximal intη is equal to 

25%, assuming 1=PLη , 1=recP  and no interaction between excitons (we neglect e.g. triplet-

triplet annihilation process from which excited singlet state may be created). The above 

theoretical calculations were confirmed experimentally by Baldo and co-workers [72, 73]. 

In the case of phosphors, due to strong spin-orbit coupling, the multiplicity of excited 

states is not well defined, which makes forbidden transitions partially allowed. Since typically the 

first excited triplet state has lower energy than corresponding the first excited singlet state, EL 

from the first one is observed. The OLEDs with employed phosphorescent emitters are able to 

achieve %100int ≈η ηPL %100≈ , which was presented by Adachi and co-workers [74, 75]. 
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 Interestingly, conjugated polymers and oligomers seem to not obey the above spin 

statistics rule. As they are fluorescent materials, the devices containing them should not 

surpass 25% of the internal quantum efficiency under electrical excitation. However, it was 

proved that in these compounds the singlet states are created easier than triplets [76-79], which 

may increase intη of OLEDs comprising this type of materials [80, 81]. On the other hand, there 

are examples of small molecule fluorescent emitters that also surpassed the theoretical limit for 

singlet exciton creation [82], therefore the issue remains still unclear. 

6.7. External quantum efficiency 

 The internal quantum efficiency is important in determination of physical properties of 

materials employed in a device. However, considering application of OLEDs, more useful is the 

external quantum efficiency ( extη ), which is defined as the number of photons emitted from a 

device per amount of charge carriers injected into the device. It can be also expressed as 

     intηη outext R= ,          (6.7) 

where outR is the outcoupling factor, describing extraction of photons generated inside the 

device from the diode. 

 It is well known that majority of generated light never leaves an OLED due to intrinsic 

losses, generation of plasmons in electrodes, total internal reflection and waveguiding, and self-

absorption [83]. 

 To solve the trapped light problem many solutions have been proposed, like Bragg 

mirrors [84], low refractive index grids [85], photonic crystals [86], antireflection coatings [87], 

patterned substrates [88] and microlenses [89, 90], to name but a few examples. 

6.8. Luminous efficacy 

 The luminous efficacy (ηl) is defined as the ratio of the device luminance L multiplied by 

its active area S to the intensity of current I flowing through the OLED 

         
I

LS
l =η           (6.8) 

and is expressed in cd/A. The ηl can be considered as extη  with included photopic eye 

sensitivity. The reader should be aware that in the literature various alternative names are used 

for luminous efficacy and also for luminous power efficacy described below.  

6.9. Luminous power efficacy 

 The luminous power efficacy (ηp) of a light source is expressed by 
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IU

v
p

Φ
=η ,          (6.9) 

where Φv is the luminous flux, I is the current intensity and U is the voltage. The unit of luminous 

power efficacy is lm/W. 

 Luminous power efficacy of a source should not be confused with luminous efficacy of 

radiation, also having the lm/W unit. The latter expresses the ratio of the luminous flux to the 

radiant flux of a source and describes how much of the produced radiation is useful for the 

human eye. 

6.10. Spatial distribution of emission 

 For a standard OLED it is common to assume that a spatial distribution of emission 

follows the Lambert law [91] which means that the emission intensity depends on the cosine of 

the angle between the normal perpendicular to the device surface and the observation direction. 

In figure 6.4 the normalized integrated intensity of OLED emission is shown as a function of the 

observation angle, together with theoretically calculated the lambertian emission pattern. The 

agreement is good enough and in this work we always based on the lambertian distribution 

assumption. 

 

Figure 6.4. Normalized spatial emission distribution of a single layer F8BT OLED (points) and lambertian 
distribution (line) 

 By modifications introduced into a device it is possible to change a spatial distribution of 

emission. Application of a microcavity arrangement allowed to achieve sharply directed 

emission [92]. On the other hand, a patterned substrate enhances and broadens outcoupled 

light flux [89, 90]. 

6.11. Stability 

The stability of a WOLED can be understood in two ways. The first one considers a 

change of the EL spectrum during increase of the voltage applied to the device. The most 

typical example is a dominant red emission at low luminance level and then a gradual growth of 

the green and blue components. This change in the spectrum can be caused by a direct charge 

trapping and subsequent recombination at the red emitting centres at low brightness levels. Red 
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emitters possess smaller band gaps than the other employed emitting and transporting 

materials which facilitates charge trapping. Another possibility is energy transfer from the blue 

and green emitting materials to the red emitter. In both cases at some point the red emission is 

saturated and the higher energy emission emerges. In multilayer devices another option is a 

shift of recombination zone with increase of applied voltage. Due to the change of transport 

conditions in a diode, the recombination zone may move within organic layer stack from the 

layer emitting one colour to the layer emitting another one, thus influencing the balance of light 

components creating the white light. 

Today the commercially available WOLEDs change their CIE coordinates at different 

luminance levels within the margin x < 0.01, y < 0.01, which makes the above problem 

negligible. 

The second parameter describing the stability of a WOLED is its operational lifetime, i.e. 

how long a diode preserves the performance properties above a chosen level. The most 

commonly standard used here is LT70, which is defined as the time required to decrease the 

luminance to 70% of the initial value. Since lifetimes of present devices are in the range of tens 

of thousands of hours, to determine them some extrapolations were required. A decrease in 

luminance with time can be described by the stretched exponential decay [93] 

           

















−=

β

τ
t

LL exp0 ,       (6.10) 

where L0 is the initial luminance and τ and β are the fitting parameters dependent on the used 

materials and device architecture. 

 There may be many origins of luminance decrease during organic diode operation, like 

exposure to water and oxygen due to poor encapsulation, crystallization, morphological 

changes at the different materials interfaces and chemical reactions, all together changing 

injection, transport and recombination properties of a WOLED. Degradation is a complex 

problem and despite many years of study there is still much work to fully understand processes 

responsible for luminance decrease [94]. 

 The lifetime of an OLED, t, decreases in proportion to the current density, j, according to 

relation 

             njt −∝ ,        (6.11) 

where n (=1.2-1.9) is the acceleration factor [95]. From the above formula it is clear that in order 

to increase a lifetime we must apply more efficient emitters in a device, which would decrease 

the current density necessary to obtain the required luminance level. Another possibility is to 

employ a larger electrode area which decreases the current density and this way the luminance, 

but the amount of produced light remains the same due to a larger emissive surface. 
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6.12. White light definition 

 White is the colour the human eye sees when it senses light which contains all the 

wavelengths of the visible spectrum. As was mentioned at the beginning of this chapter, the 

equal energy white has chromaticity coordinates (0.33,0.33). In this chromatic point all the three 

basic colours have equal contribution to the human eye perception, giving as a result white light. 

In practice, as the white light sources are considered not only emitters the emission spectra of 

which have the (0.33, 0.33) coordinates, but all sources with coordinates close to the Planckian 

locus (the term "close" was defined in the section that describes CCT). From the applicative 

point of view not all white light sources are considered as suitable for the illumination purpose. 

Such emitters should fulfil CRI>80 condition and organic materials are here advantageous with 

their broad EL spectra. 

In table 6.1 the chromaticity coordinates, colour temperatures, colour rendering indices 

and luminous power efficacies of common light sources are gathered. 

Table 6.1. The CIE chromaticity coordinates (x, y), colour temperatures (CT) or correlated colour 
temperatures (CCT), colour rendering indices (CRI) and luminous power efficacies (ηp) of the light sources. 
Data from [96- 98] 

Light source x y CT or CCT [K] CRI 
ηp 

[lm/W] 

High pressure sodium 0.519 0.417 2100 24 150 

Incandescent bulb (100W) 0.448 0.408 2854 100 17 

Tungsten halogen 0.448 0.407 2856 100 24 

Fluorescent tube 0.375 0.367 4080 89 100 

Xenon 0.324 0.324 5920 94 50 

Daylight (Standard Illuminant D65) 0.313 0.329 6500 90 -- 
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7. EXPERIMENTAL METHODS 

In this chapter materials employed in devices and experimental methods used for their 

characterization are described. 

 

7.1. Materials 

7.1.1. Dendrons with pyrene antennae 

 A synthesis of the materials used in this investigation are described in ref. [99]. In our 

work the designation D is used for the energy donor molecules, A for the energy acceptor 

molecules and G for the dendrons. The subscript number (1,2,3) denotes the generation 

number of the donor or the dendron molecule. The donor molecules are built of pyrenes 

attached through alkyl chain and triazole ring to ester compound centre. Their structures are 

shown in figure 7.1. 
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Figure 7.1. Chemical structures of the donor molecules D1 (left), D2 (centre) and D3 (right) 

 A styrylpiridinium derivative molecule was used as the red emitting acceptor excited by 

energy transfer from pyrene antennae. Its structure is presented in figure 7.2. 
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Figure 7.2. Chemical structure of the acceptor molecule A 
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 The dendron molecules consist of the chemically bonded donor of proper generation, 

Dn, and the acceptor A, they are shown in figure 7.3. 
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Figure 7.3. Chemical structures of the dendrons G1 (left), G2 (centre) and G3 (right) 

7.1.2. Tetrakis β-diketonate lanthanide complexes 

 As green and red emitters, tetraphenylphosphonium tetrakis-(1,1,1,5,5,5-hexafluoro-2,4-

pentanediono)terbium(III) (Tb(hfa)4P(Ph)4) and tetraphenylphosphonium tatrakis(4,4,4,-trifluoro-

1-(2-thienyl)-1,3-butadiono)-europium(III) (Eu(tta)4P(Ph)4) were used, respectively, in the 

WOLED based on tetrakis β-diketonate lanthanide complexes. Synthesis of the complexes used 

in this work are described in ref. [100]. Their chemical structures are presented in figure 7.4.  
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Figure 7.4. Chemical structures of green emitting Tb(hfa)4P(Ph)4 (left) and red emitting Eu(tta)4P(Ph)4 
(right) 
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7.1.3. Organic platinum complexes 

 In the devices employing emission from the platinum complexes three types of 

complexes were used, their synthesis procedure can be found in ref. [60]. All the applied 

platinum complexes have similar base structure, the only difference is in the substituents at the 

two positions of the complexes. The structures of the complexes under investigation are 

presented in figure 7.5. 

NN Pt

Cl

CH3

 

NN Pt

CH3

NCS  

NN Pt

Cl

F

 

Figure 7.5. Chemical structures of MePtCl (left), MePtNCS (centre) and FPtCl (right) 

7.1.4. Other materials 

 A typical matrix applied in an emissive layer in OLEDs from this work consisted of poly-

N-vinylcarbazole (PVK) mixed with 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole 

(PBD). The average molar weight of PVK employed in the matrices was 42.000 g/mol and both 

materials were purchased from Sigma-Aldrich and used as supplied. Their chemical structures 

are shown in figure 7.6. 

  
O

NN

t-Bu

        

N

n  

Figure 7.6. Chemical structures of PBD (left) and PVK (right) 

 In the improved OLEDs with the platinum complexes, PVK with a high molecular weight 

of 106 g/mol (PVK-h, Sigma-Aldrich) was used as a hole transporting layer. 

 In the double emissive layer WOLEDs with FPtCl, PVK-h was used in the blue emitting 

layer together with poly(9,9-dioctylfluorenyl-2,7-diyl) end-capped with N,N-bis(4-methylphenyl)-

4-aniline (PFO, American Dye Source, Mw= 82.000 g/mol), applied as an emitter. The structure 

of PFO is shown in figure 7.7. 
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Figure 7.7. Chemical structure of PFO 
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 Some samples used in energy transfer investigation between the matrix and the 

europium complex contained bisphenol-A-polycarbonate (PC) (Sigma-Aldrich, Mw= 45.000 

g/mol) as a neutral binding polymer, its structure is depicted in figure 7.8. 

 In all OLEDs glass covered with indium tin oxide (ITO) was used as a substrate for 

devices. In all cases on glass / ITO substrates poly(3,4-ethylene-

dioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) (H.C. Starck Clevios P VP.AI 4083) was 

spin-coated, creating a hole injecting layer. The structure of PEDOT:PSS is presented in figure 

7.8. 
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Figure 7.8. Chemical structure of PC (left)  and  PEDOT:PSS (right) 

7.2. Samples preparation 

7.2.1. Glass / ITO / PEDOT:PSS substrates for OLEDs 

 Glass substrates coated with indium tin oxide (ITO, with 20 ohms-per-square sheet) 

were cleaned ultrasonically in distilled water, acetone and 2-propanol. Afterwards, a 50 nm layer 

of PEDOT:PSS was spin-coated from a water solution filtered through nylon (pore size 0.45 

µm), and annealed at 100oC for 10 minutes under a N2 atmosphere. On such prepared 

substrates all types of OLEDs were built inside a nitrogen filled glovebox. 

7.2.2. Samples based on the dendrons with pyrene antennae 

 Samples for photophysical characterization were prepared either in CH2Cl2 solutions, 

having concentration about 10-4 M, or by casting or spin-coating solutions on quartz substrates. 

 In the case of devices, the Dn and Gn molecules, PVK and PBD were dissolved in 

tetrachloroethane with the proper ratios at concentrations 15 mg/ml. Subsequently, a thin film 

creating emissive layer was spin-coated inside the nitrogen filled glovebox. The film thickness of 

the active layers was around 80-100 nm. Finally, 30 nm of calcium or 5 nm of barium and 

100 nm of aluminium were thermally evaporated at 10-7 mbar. 

7.2.3. Samples based on the tetrakis β-diketonate lanthanide complexes 

 All emissive layers of OLEDs were composed of PVK : PBD matrix and small amount of 

dopant(s). In the case of green emitting device the dopant was 4% (w/w) of Tb(hfa)4P(Ph)4 

dispersed in 66% PVK : 30% PBD, while for the red emitting diode it was 4% of Eu(tta)4P(Ph)4 
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in the same matrix. In WOLEDs the ratio between the green and the red emitters was 4.5% : 

0.5%, respectively, and the matrix consisted of 65% PVK : 30% PBD. The emitting layers were 

spin-coated from CH2Cl2 solutions, having the 7-10 mg/ml concentration, inside the nitrogen 

filled glovebox. Cathodes, consisting of 10 nm of calcium and 50 nm of aluminium, were 

deposited by thermal vacuum evaporation at 10-6 mbar. 

 Energy transfer was studied for 50 nm thick Eu(tta)4P(Ph)4 : PVK blends and 

Eu(tta)4P(Ph)4 : PBD : PC films, prepared in the same way as the emissive layers of the 

devices. 

 The PL quantum yields were measured in CH2Cl2 solutions or on samples prepared by 

casting or spin-coating solutions on quartz substrates. 

7.2.4. Samples based on the organic platinum complexes 

 The emitting layers of simple green-emitting OLEDs (5% dopant), consisting of PVK, 

PBD and either FPtCl, MePtNCS or MePtCl, were spin-coated from a deaerated CH2Cl2 solution 

(8 mg/ml) comprised of 65% PVK : 30% PBD : 5% Pt complex by mass. As a cathode 10 nm 

thick layer of calcium and ca. 100 nm layer of aluminium were used. 

 In the case of improved green-emitting OLEDs, a film of PVK-h was spin-coated from 

CH2Cl2 solution (12 mg/ml) on substrates with PEDOT:PSS layers and subsequently the 

samples were annealed at 150oC for 30 min. Afterwards, on such prepared substrates emitting 

layers were spin-coated using the procedure as for the simple green-emitting OLEDs. The 

average total thickness of PVK-h and the emitting layer was equal to 165 nm for all three 

devices. Finally, a barium (5 nm layer) and aluminium (60 nm layer) were deposited by thermal 

vacuum evaporation at 10-6 mbar. 

 Devices containing high concentrations of FPtCl in the emitting layer were spin-coated 

from CH2Cl2 solutions, keeping more less the constant ratio between the materials creating 

matrices (2 PVK : 1 PBD). 

 In the WOLEDs, a film of PVK-h mixed with PFO with the ratio 52% PVK-h : 48% PFO 

by mass was spin-coated from toluene solution (15 mg/ml) onto the PEDOT:PSS-covered ITO 

substrates. The samples were successively annealed at 100oC for 30 minutes. Then the second 

layer, comprised of 40% PVK : 20% PBD : 40% FPtCl by mass, was spin-coated from CH2Cl2 

solution (2 mg/ml). Finally, calcium (10 nm layer) and aluminium (60 nm) were deposited by 

thermal vacuum evaporation at 10-6 mbar. 

7.3. Experimental setups 

7.3.1. Photophysical measurements 

 The absorption spectra were measured either on Biotek Instruments XS or Perkin Elmer 

UV/VIS/NIR Lambda 900 spectrometer. 

 The luminescence spectra were recorded at room temperature by a liquid nitrogen 

cooled charge-coupled device (CCD, Spex) combined with a monochromator (Spex 270M). The 
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steady state PL was excited by a monochromated xenon lamp, while EL was registered by 

applying constant bias to the devices. In the case of EL, the diodes were placed in nitrogen 

atmosphere. All the spectra were corrected for the instrument response. 

 Photophysical characterization of the platinum complexes was performed in degassed 

solvents, which was achieved via minimum three freeze-pump-thaw cycles whilst connected to 

the vacuum manifold. The final vapour pressure at 77K was 5·10-2 mbar, as monitored using a 

Pirani gauge. Bimolecular rate constants for quenching by molecular oxygen, 2O

Qk , were 

determined from the lifetimes in degassed and air-equilibrated solution, taking the concentration 

of oxygen in CH2Cl2 at 0.21 atm O2 to be 2.2 mmol dm-3 [101]. 

7.3.2. Devices electrical characterization  

 The current–voltage (I–V) device characterization was performed with a Keithley 2602 

source meter combined with a calibrated photodiode. The external quantum efficiency (ηext) was 

calculated by measuring the light emitted in the forward direction and assuming the Lambertian 

emission intensity profile. All devices preparation and characterization was performed under a 

N2 atmosphere inside a M-Braun glovebox system. The details of calculations of the parameters 

describing OLEDs can be found in appendixes A and B. 

7.3.3. Thickness measurement 

 The thickness of the devices was measured with an AFM (NT-MDT NTEGRA) 

instrument in non-contact mode under ambient conditions after complete characterization of the 

diodes. 

7.3.4. Photoluminescence lifetime measurements 

 In the case of samples with the lanthanide complexes the fluorescence lifetimes of PBD 

and PVK were measured with a streak camera (C5680, Hamamatsu), exciting the films by the 

third harmonic of a Ti:Sapphire laser (Mira 900, Coherent). 

 In the case of the platinum complexes the luminescence lifetimes of the complexes 

were measured by time-correlated single-photon counting, following excitation at 375 nm with 

an EPL-375 pulsed-diode laser. The emitted light was detected at 90o using a Peltier-cooled 

R928 PMT after a passage through a monochromator. The estimated uncertainty in the quoted 

lifetimes is ±10% or better. 

7.3.5. Quantum yield measurements 

 The quantum yields for the solutions were calculated according to formula [102] 

refref
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where ref

PLη  is the quantum yield of the reference emitter, A denotes the absorbance at the 

excitation wavelength, n stands for the refractive indices of solvents and AreaPL is the 

integrated PL spectrum divided before by photon energy. The formula requires that the 

excitation wavelength is the same for a reference and a sample, otherwise a correction for 

different intensities of excitation light is necessary. As the references quinine sulphate in 0.1M 

H2SO4 [103], rhodamine 6G in ethanol [104] or MePtCl [105] were used. 

 The quantum yields in solid state were measured in an integrating sphere using formula 

[106] 

( )
a

bc
PL

AL

PAP −−
=

1
η . 

The subscript c denotes here the configuration where a sample inside the sphere is excited 

directly by an excitation light, the arrangement b corresponds to the sample excited by the 

excitation light scattered inside the sphere and subscript a describes the sphere without the 

sample. The P and L are the integrated emission spectra of the sample and the lamp, 

respectively, both divided by photon energy. Absorbance A is calculated from a formula 

b

c

L

L
A −= 1 . 

In the case when the difference of emission intensities of a sample and a lamp was so big that 

during spectra acquisition the CCD was saturated, separate measurements were performed for 

the spectra P and L and, subsequently, they were normalized to the same acquisition time. 

7.3.6. Electrochemical measurements of the lanthanide complexes 

 The cyclic voltammetry measurements of the complexes (ca. 1·10-3 M in acetonitrile + 

0.1 M Bu4NClO4) were performed at a platinum minidisc electrode (0.003 cm2) and a scan rate 

of 0.1 V/s. The experiments were performed at 298 K under nitrogen in three electrode cells. 

The reference electrode was a silver/0.1 M silver perchlorate in acetonitrile (0.34 V vs. SCE). 

The voltammetric apparatus (AMEL, Italy) included a 551 potentiostat modulated by a 568 

programmable function generator. 

7.3.7. Electrochemical measurements of the platinum complexes 

 The cyclic voltammetry measurements were carried out using an Autolab PG-Stat 30 

potentiostat with computer control and data storage via GPES Manager software. Solutions of 

concentration 1 mM in CH2Cl2 were used, containing [Bu4N][PF6] 0.1 M as the supporting inert 

electrolyte. A three-electrode assembly was employed, consisting of a platinum wire working 

electrode (0.012 cm2), a platinum wire counter electrode and a saturated calomel electrode 

(SCE) as the reference electrode. The polishing procedure for the working Pt electrode 

consisted of surface cleaning with diamond powder (Aldrich, diameter 1 µm) on a wet cloth (DP-

Nap, Struers). The solutions were purged for 5 min with solvent-saturated N2 gas with stirring, 
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prior to measurements being taken without stirring. The ohmic drop (of 310 Ω) was 

compensated by the positive feedback technique. The voltammograms were referenced to a 

ferrocene–ferrocenium couple as the standard (E1/2 = 0.42 V vs. SCE). 
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8. RESULTS AND DISCUSSIONS 

 In this chapter three ways of white light creation in OLEDs are presented with 

application of the materials described in chapter 7. Results from chapters 8.1, 8.2 and 8.3 were 

published in ChemPhysChem 11 (2010) 683, Phys. Chem. Chem. Phys. 11 (2009) 10152 and 

J. Mater. Chem. 21 (2011) 8653, respectively. 

 

8.1. White electrofluorescent diodes based on the dendrons with pyrene antennae 

 The optical properties in solution and in solid state of D2 dendron are presented in figure 

8.1.1, though similar spectra were obtained for the first and the third generation molecules (D1 

and D3, respectively). The absorption spectrum in dichloromethane reveals sharp peaks, 

corresponding to the S0 → S1 and S0 → S2 transitions of the pyrene unit, while in the solid state 

the spectrum broadens, but conserves all the spectral features. The registered slight red-shift 

(6 nm) of the absorption spectrum in the solid state, in comparison to the solution, indicates a 

presence of preassociated pyrene units in the ground state [107, 108]. The PL spectrum of D2 

donor in diluted solution (ca. 10-5 M) shows sharp peaks at 375 nm and 396 nm, corresponding 

to the S1 → S0 transition of the monomer pyrene emission, and a broad intramolecular excimer 

emission centred at 488 nm [99]. In the solid state the monomer component of the PL spectrum 

disappears and only the green excimer emission is observed. Aggregation of the dendrons in 

the solid state causes pre-association of pyrene molecules that excludes emission from the 

monomers. 
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Figure 8.1.1. Absorption (blue) and PL (black) spectra of D2 molecule in CH2Cl2 (a) and in the solid state 
(b) 

 The optical properties of the acceptor molecule A in solution and in solid state are 

gathered in figure 8.1.2. The molecule shows red emission centred at 620 nm in 

dichloromethane while in the solid state it is shifted to 660 nm and strongly quenched (see table 

8.1.1) due to dependence on polarizability of the environment and intermolecular interactions 

[109 -111].  
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Figure 8.1.2. Absorption (blue) and PL (black) spectra of A molecule in CH2Cl2 (a) and in the solid state 
(b) 

 In figures 8.1.1 and 8.1.2 we notice that the absorption spectrum of the acceptor 

molecule overlaps very well with the excimer band emission of the donor molecule, both in 

solution and in solid state. Additionally, Dn molecules possess relatively high PL quantum yields 

(table 8.1.1) and A molecules - rather high extinction coefficient [112]. Therefore, efficient 

Förster type energy transfer is expected for the system containing the acceptor and donor 

molecules, in particular, dendrons Gn built from chemically bonded Dn and A moieties. 

 Absorption and PL spectra of the second generation dendron G2 are presented in figure 

8.1.3, but similar spectra were obtained also for the other dendron generations. The shape of 

PL spectra excited at 350 nm confirms the presence of energy transfer from the donor part of 

the dendron to the red emitting acceptor part. In solution (ca. 10-5 M) the most intense emission 

belongs to the acceptor A in the dendron, centred at 620 nm, but the pyrene monomer and 

excimer bands are still visible. Despite the above fact we can state that the dendrons show 

good light harvesting properties towards the red emitting acceptor. In the case of the solid state, 

energy transfer is even more efficient, since the pyrene emission disappeared and only the 

acceptor red light is detected. There are two reasons for more efficient energy transfer process 

in the solid state in comparison to the solution. The first one is the lack of monomeric pyrenes in 

the solid state which enhances the donor emission in the spectral region of better acceptor 

absorption. The second reason is an additional intermolecular energy transfer towards the red 

emitting dye in the case of solid state, which is not present in the solution.  

 A film of G2 dendron reveals a bright red emission peaked at 635 nm despite a very 

weak emission of the neat acceptor molecules in the solid state. This feature can be ascribed to 

the screening effect of the pyrene units which reduces the quenching caused by intermolecular 

interaction between A molecules. As can be seen in table 8.1.1, the PL quantum yield of the 

molecules Gn in the solid state increases with the dendron generation, in agreement with the 

screening effect of the donor moieties. It is worth to note that the PL quantum yields of Gn films 

are the same for either direct acceptor excitation or donor excitation which reveals the 

conversion of excitation light to red light is performed efficiently by the dendrons in the solid 

state. 
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Figure 8.1.3. Absorption (blue) and PL (black) spectra of G2 molecule in CH2Cl2 (a) and in the solid state 
(b) 

 To test the possibility of white light creation by our materials first we built devices 

containing a mixture of the D and G molecules. The EL spectra of devices consisting of solely 

D2 molecule and 90 % D2 : 10% G3 mixture presented in figure 8.1.4 show a green emission at 

around 500 nm, typical of pyrene excimer [113], together with an additional component at 

690 nm. The intensity of this red emission was dependent on the generation of Dn molecule, 

increasing with the generation (figure 8.1.4a inset) and also was growing with the operation time 

of the device with a D2:G3 blend (figure 8.1.4a bottom). A possible origin of the red emitting 

band may be triplet excimer of the pyrene units [114-116].  

Table 8.1.1. PL quantum yields measured by exciting the pyrene donors at 350 nm or directly the acceptor 
molecule [a, b] for CH2Cl2 solutions and cast films 

 A D1 G1 D2 G2 D3 G3 

solution 
0.06 

0.10a 
0.24 

0.14 

0.22a 
0.27 

0.17 

0.22a 
0.32 

0.28 

0.29a 

film <0.01a 0.28 
0.03 

0.02b 
0.22 

0.07 

0.07b 
0.44 

0.12 

0.11b 

a 488 nm, b 450 nm 

 In the case of PL spectra (figure 8.1.4b), measured on the devices with 90% D2 : 10% 

G3 blend, only the red emission from G3 dendron was detected, in agreement with a complete 

energy transfer process from the D matrix to the acceptor of G molecule. Differently, in 

electroluminescence a weak red emission is superimposed on the dominating green D2 

emission and becomes quenched during device operation. 

 We note here that diodes built of solely G3 dendron did not reveal any 

electroluminescence. 
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Figure 8.1.4. (a) EL spectra of D2 film and D2:G3 blend at 10% G3 concentration at the beginning of 
operation (black line) and after 2 minutes of operation (blue line) at 14V. In the inset EL spectra of D2 and 

D3 films; (b) PL spectra of D2 film and D2:G3 blend 

 In order to improve stability of the red emission we decided to insert the molecules in a 

polyvinylcarbazole (PVK) matrix. PVK is a commercially available blue emitting and hole 

transporting polymer, widely used in OLEDs as a host. It possesses the LUMO and HOMO 

levels at 2.3 eV and 5.7 eV, respectively [100], providing a good fit with the energy levels of 

pyrene placed at 2.3 eV and 5.4 eV [113]. 

 Absorption of PVK and PL spectra of PVK:G3 blends for different dendron contents are 

presented in figure 8.1.5. The absorption spectrum of PVK resembles roughly that of pyrene, 

but is slightly shifted towards higher energy. Since the PL spectrum of the polymer is in the 

range 360-500 nm, it overlaps partially with both absorption spectra of pyrene and 

styrylpyridinium moieties of G3. Consequently, PVK should be able to transfer energy to the 

dendron molecules. In the PL spectra of PVK:G3 blends, the emission of the polymer and the 

dendron are present. The PVK component has a maximum at 413 nm while emission of G3 

molecules is manifested by the peak at 376 nm of the monomer pyrene and  a broad band of 

the acceptor red emission. For all types of blends photoluminescence of pyrene excimers has 

not been observed. 
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Figure 8.1.5. Absorption spectrum of a PVK neat film and PL spectra of PVK:G3 films for different G3 
concentrations 
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 A lack of the excimer band can be explained as follows. At low dendron concentrations 

in PVK, the pyrene units association is hindered due to a rigid polymer matrix surrounding G 

molecules. On the other hand, at high concentrations, when the pyrenes vicinity allows for the 

excimer formation, energy from the excimer is completely transferred to the acceptor moieties, 

as in the G2 film (figure 8.1.3). 

 The emission intensity of the acceptor increases with respect to the PVK emission and 

the spectrum red-shifts with the increase of dendron concentration, reaching a maximum at 

630 nm for the 50% concentration. This shift can be related to the dependence of the acceptor 

spectral properties on the polarizability of the environment [111]. The emission of PVK is still 

visible even at the 50% dendron concentration due to microaggregation of the dendron 

preventing from the efficient excitation energy reception from the polymer. 

 The EL spectra of PVK:G3 blends presented in figure 8.1.6 do not show pyrene excimer 

emission. Similarly, like in the case of PL spectra, at low dendron concentration creation of the 

excimers is hindered, while at high concentration complete energy transfer to the acceptor 

occurs. The emission of PVK is characterized by a main band, centred at 440 nm, and a small 

low energy band at around 600 nm. The blue band of PVK, associated with singlet excimers, 

has been shown to possess spectral features dependent on the carbazole units conformation, 

while the low energy band was ascribed to triplet excimers of PVK [117, 118]. At low 

concentration of G3 dendrimer the pyrene monomer peak and the acceptor emission band are 

superimposed on the EL spectrum of PVK. At higher concentrations the main emission 

originates from the acceptor and it shifts from 610 nm for the 10% concentration of G3 to 

630 nm for the concentration equal to 50%. 
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Figure 8.1.6. EL spectra of PVK:G3 single layer diodes for different G3 dendron concentrations 

 In electroluminescence, emission from dopant molecules is often stronger than that in 

PL in comparison to a polymer matrix emission, due to efficient trapping of charge at dopant 

sites before exciton generation on the polymer [119, 120]. In our case, comparing the PL and 

EL spectra of PVK:G3 blends at different concentrations, we notice that the relative intensities of 
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the polymer and dendron are similar for the both types of emission. This means that excitons 

are predominantly created at the carbazole polymer sites and then the energy is transferred to 

G3 molecules. Consequently, the red emission from the dendron molecules in the polymer 

matrix is quite stable and is not quenched like in the case of the D:G blends. The low stability of 

molecular blends might be related to charge transfer reactions induced by electron trapping at 

acceptor sites which can lead to emission quenching [121, 122]. 

 In order to insert the green component to EL spectrum it was decided to add donor 

molecules Dn at high concentration (60%w) into OLEDs [123]. Moreover, to obtain a better 

charge balance in the diode, PVK was mixed with PBD (50% : 50%w), an electron transporting 

material typically used with PVK matrix [120]. In figure 8.1.7 the EL spectrum of PVK:PBD:D1 

device is shown. The most intense green excimer emission, centred at 500 nm, comes from the 

pre-associated pyrene units. Additionally, a shoulder at 690 nm can be noticed, present also in 

the spectra of molecular films (figure 8.1.4). After inserting the 4%w of G3 molecules into the 

PVK:PBD:D1 blend, a band of the acceptor part of G3 emerged in the electroluminescence 

together with the simultaneous emission of pyrene excimer. Therefore, in the PVK based 

matrices due to suitable position of PVK energy levels and those of pyrene units the collective 

EL emission from the polymer, the donor excimer and the acceptor unit of the dendron can be 

attained creating together white light. 

 The white light-emitting device achieved the maximal extη of 0.05%, CCT = 4260K and 

CIE chromaticity coordinates (0.36, 0.34) corresponding closely to the equal energy white point. 
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Figure 8.1.7. EL spectra of the devices consisting of D1 dendron and D1 : G3 blend, both in PVK : PBD 
matrix 
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8.2. White organic light-emitting diodes with the lanthanide complexes 

 Absorption spectra of tetrakis β-diketonate terbium complex Tb(hfa)4P(Ph)4 and tetrakis 

β-diketonate europium complex Eu(tta)4P(Ph)4 in dichloromethane are shown in figure 8.2.1. 

Shapes of the spectra correspond very well to the absorption of (hfa) and (tta) ligands, therefore 

we can conclude that the ligand centre states are responsible for absorption in the complexes 

[124, 125]. 

250 300 350 400 450
0,00

0,05

0,10

0,15

0,20

0,25

0,30

A
b

s

wavelength [nm]

250 300 350 400 450
0,00

0,05

0,10

0,15

0,20

0,25

A
b

s

wavelength [nm]
 

Figure 8.2.1. Absorption spectra of Tb(hfa)4P(Ph)4 (left) and Eu(tta)4P(Ph)4 (right) in dichloromethane 

 In figure 8.2.2 the photoluminescence spectra of the complexes are presented together 

with labels corresponding to the proper radiative transitions in the lanthanide ions. The emission 

peaks positions of Tb3+ are localized at 489 nm, 545 nm, 585 nm, 622 nm and 655 nm, while 

the peaks of Eu3+ are at 593 nm, 613 nm, 654 nm and 702 nm. The most intense line of the 

terbium complex is at 545 nm and the one of the europium complex at 613 nm, suggesting 

employment of these compounds as green and red emitters in OLEDs. 

 

Figure 8.2.2. Photoluminescence spectra of Tb(hfa)4P(Ph)4 (left) and Eu(tta)4P(Ph)4 (right) in 
dichloromethane 

 In order to evaluate a possible application of the complexes in devices their PL quantum 

yields were measured in solution and in solid state. Results for Tb(hfa)4P(Ph)4, Eu(tta)4P(Ph)4 
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and also other europium complexes, included as a comparison, are presented in table 8.2.1. 

The terbium complex revealed low PL quantum yields in the solution and as a cast film, while it 

was an efficient emitter when in form of powder. Generally, the europium complexes showed 

quite high quantum yields, but with two interesting features. The europium complex with (hfa) 

ligand, Eu(hfa)4P(Ph)4, in the form of both spin-coated film and powder exhibits the quantum 

yield lower than of complexes with (tta) ligand. This shows that it is not sufficient to have a 

ligand with singlet and triplet energy levels higher than the relevant level of a lanthanide ion to 

create an efficient emitter, but also the difference between the levels must be optimized [126]. 

The second property of the presented complexes is a lack of the influence of different 

counterions (P(Ph)4, N(et)4, As(Ph)4) on the PL quantum yields of the complexes. 

Table 8.2.1. The PL quantum yields of terbium and europium complexes in dichloromethane, dispersed in 
policarbonate (PC) polymer matrix and as a powder 

 Quantum Yield 

Compound In CH2Cl2 
10% complex : 

90% PC film 

Solid state 
(powder) 

Tb(hfa)4P(Ph)4 1,5% 
5%    

(dropcasting) 
55% 

Eu(hfa)4P(Ph)4 44% 6% 43% 

Eu(tta)4P(Ph)4 47% 33% 71% 

Eu(tta)4N(Et)4 48% 34% 64% 

Eu(tta)4As(Ph)4 47% 24% 64% 

 Encouraged by good quantum yields of Tb(hfa)4P(Ph)4 and Eu(tta)4P(Ph)4 complexes 

we tested them in OLEDs. The EL spectrum of a device having composition of 66% PVK : 30% 

PBD : 4% Tb(hfa)4P(Ph)4 and its CIE coordinates are presented in figure 8.2.3. The peaks 

originating from the Tb3+ ion are well visible together with a small contribution from PVK and 

PBD singlet exciton emissions, possibly mixed with PBD: PVK exciplex and PVK excimer 

fluorescence [120, 127, 128]. Figure 8.2.4 shows measured electrical characteristics of the 

device and generally low levels of the efficiency values can be noticed. The external quantum 

efficiency reached 0.0007%, the luminous efficacy arrived at 0.0016 cd/A and the maximal 

luminous power efficacy is as high as 0.0006 lm/W. Searching for possible explanations of 

disappointing results we measured photoluminescence of the diode. The device PL spectrum 

together with PL of PVK are reported in figure 8.2.5. While in the EL the major emission was 

from the terbium complex, in the PL the main contribution originates from PVK and only a 

moderate intensity of the 545 nm peak is observed. This suggests an inefficient energy transfer 
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from the matrix to the complex. The above hypothesis is confirmed by plots in figure 8.2.6, 

where spectra of the complexes ligands absorption and PL of  PBD  and  PVK  are  shown.  In  

the   figure   we   notice   that   overlap  of  the  (hfa)  absorption  and  emission  spectra  of  the 
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Figure 8.2.3. EL spectrum of 66% PVK : 30% PBD : 4% Tb(hfa)4P(Ph)4 diode and its CIE coordinates 

 

compounds creating the matrix is negligible and, as a consequence, the requirement for energy 

transfer is not fulfilled. Therefore, in the green emitting diode the most important mechanism 

seems to be that of charge trapping. However, looking at figure 8.2.10 where the HOMO and 

the LUMO levels of used materials are shown we can see that either electrons or holes are not 

trapped easily on Tb(hfa)4P(Ph)4 molecules. As a result, the injected charge carriers pass rather 

through the device instead of being trapped on the emitting centres, which explains low 

efficiency of the green emitting OLED. 

 Passing to the red emitting device, it is clear that its operation mechanism is different 

from that for the green one. In figure 8.2.7 a comparison of EL and PL spectra of 66% PVK : 

30% PBD : 4% Eu(tta)4P(Ph)4 diode is shown. Contrary to the case of OLED with the terbium 

complex, a very good agreement of the two spectra is observed which suggests an efficient 

energy transfer. Indeed, the overlap of proper spectra (figure 8.2.6) confirms the presence of 

this phenomenon. More detailed analysis of energy transfer from the materials forming the 

matrix to the europium complex will be presented later. Figure 8.2.8 reports the performance 

characteristics of the red emitting OLED. Though it is more efficient than the one with 

Tb(hfa)4P(Ph)4, the efficiency is still below expectations. The maximal values of the external 

quantum efficiency, luminous efficacy and luminous power efficacy are 0.0135%, 0.024 cd/A 

and 0.0094 lm/W, respectively. The diode turn-on voltage is 6V, two volts less in comparison to 

the green emitting device with the terbium complex. 
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Figure 8.2.4. (a) The current density-voltage-luminance (J-V-L) curves, (b) the external quantum 
efficiency, (c) the luminous efficacy and (d) the luminous power efficacy of 66% PVK : 30% PBD : 4% 

Tb(hfa)4P(Ph)4 device. The red lines are for eye guidance only 
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Figure 8.2.5. PL spectra of 66% PVK : 30% PBD : 4% Tb(hfa)4P(Ph)4 OLED and 100% PVK film 
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Figure 8.2.6. The overlap of absorption spectra of (hfa) and (tta) ligands and PL spectra of PBD and PVK 

 Finally, all the compounds were mixed in the ratio of 65% PVK : 30% PBD : 4.5% 

Tb(hfa)4P(Ph)4 : 0.5% Eu(tta)4P(Ph)4 in order to create white light. PVK and PBD play a 

quadruple role in the device, being a matrix for the small-molecule compounds, blue emitters, 

energy donors for Eu(tta)4P(Ph)4 and charge transporting materials. PVK mainly transports 

holes and PBD is an electron transporter introduced here in order to improve a balance 

between charge carriers. The EL spectrum of the WOLED is presented in figure 8.2.9 where 

contributions of the green and red emitting OLEDs can be easily distinguished. The CIE 

coordinates at 14V (x = 0.33, y = 0.38) correspond to white light with green hue which is 

confirmed by the photograph of emitting diode in the inset of figure 8.2.9.  
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Figure 8.2.7. EL and PL spectra of 66% PVK : 30% PBD : 4% Eu(tta)4P(Ph)4 diode and the CIE 
coordinates of the EL spectrum 
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Figure 8.2.8. (a) The J-V-L curves, (b) the external quantum efficiency, (c) the luminous efficacy and (d) 
the luminous power efficacy of 66% PVK : 30% PBD : 4% Eu(tta)4P(Ph)4 device 

400 500 600 700
0,0

0,2

0,4

0,6

0,8

1,0

CIE
x 0.33
y 0.38

N
o
rm

a
liz

e
d
 E

L
 in

te
n
si

ty
 [
a
.u

.]

wavelength [nm]

 EL 14V

    

Figure 8.2.9. EL spectrum of 65% PVK : 30% PBD : 4.5% Tb(hfa)4P(Ph)4 : 0.5% Eu(tta)4P(Ph)4 device 
and its CIE coordinates. In the central part a photograph of the emitting WOLED is presented 

The calculated correlated colour temperature and colour rendering index are 5460K and 81, 

respectively, providing a natural daylight for good colour reproduction. 

 In figure 8.2.10 energy levels of the materials used in the devices are shown. A rather 

high energy barrier for hole injection between PEDOT:PSS and PVK, being the main hole 

transporting material in the matrix, together with a barrier for electrons at the PBD/cathode 

interface and a lack of efficient charge trapping at the lanthanide complexes are the essential 

reasons for small efficiency of the WOLED. The relevant graphs illustrating the performance of 
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the WOLED are presented in figure 8.2.11. A very rapid decrease of all the efficiencies at the 

beginning of operation of the device can be noticed with subsequent stabilization of all the 

parameters. The external quantum efficiency diminished from 0.011% to 0.0015%, the luminous 

efficacy decreased from 0.025 cd/A to 0.003 cd/A and the luminous power efficacy was reduced 

ten times from 0.01 lm/W to 0.001 lm/W. 
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Figure 8.2.10. Energy levels of the materials used in the devices 
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Figure 8.2.11. (a) The J-V-L curves; (b) the external quantum efficiency, (c) the luminous efficacy and (d) 
the luminous power efficacy of 65% PVK : 30% PBD : 4.5% Tb(hfa)4P(Ph)4 : 0.5% Eu(tta)4P(Ph)4 device  
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 At this point we will analyze in more detail energy transfer processes that take place in 

the host-guest mixtures present in OLEDs. We concentrate ourselves on the arrangements 

containing Eu(tta)4P(Ph)4 since, as was pointed out above, the energy transfer between 

materials forming the matrix of the devices and the terbium complex is inefficient. Two types of 

samples were analyzed with different concentrations c of the dopant. The first set had 

composition c% Eu(tta)4P(Ph)4 : (100% - c%) PVK while the second one consisted of c% 

Eu(tta)4P(Ph)4 : 80% PBD : (20% - c%) PC. In the second type of samples bisphenol-A-

polycarbonate (PC) was used as an optically and electrically neutral matrix polymer for the 

small molecules. 

 We start with determination of Förster radii for the europium complex embodied in PVK 

and PBD. Assuming an isotropic distribution of acceptors and taking PVK

PLη = 0.16, PBD

PLη = 0.34 

(measured for 80% PBD : 20% PC film), and refractive index n = 1.5 one obtains R0 = 

(2.2±0.2) nm and R0 = (2.9±0.2) nm for doped PVK and PBD:PC films, respectively. 

Subsequently, a theoretical model based on the steady state PL kinetics was derived for a 

donor - acceptor system presented in figure 8.2.12. The model assumes that only the donor is 

excited directly. This statement is justified by the fact that the absorption of Eu(tta)4P(Ph)4 at 

excitation wavelength (295 nm) has a minimum and concentration of the acceptor is low as 

compared to the concentrations of hosts. It is also assumed that back transfer from the acceptor 

to the donor is not operative. 

 

Figure 8.2.12. The possible transitions in a donor - acceptor system used in the model 

Equation 8.2.1 describes behaviour of the excited donors at D concentration in a steady state 

   ( ) DkIDkkI
dt

dD
DeffDAD −=+−== 000 αα .     (8.2.1) 

The absorption coefficient α multiplied by the excitation light intensity I0 describes the 

generation term, while kD and kDA are the decay rate constant and the transfer rate constant, 

respectively, joined into the one effective rate constant kDeff. Note that kD includes the radiative 

and nonradiative processes. The acceptor excited states of A concentration do behave 

according to equation 8.2.2 
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        AkDk
dt

dA
ADA −==0 ,      (8.2.2) 

from which we find that 

        
DA

A

k

k

A

D
= .       (8.2.3) 

In order to find the dependence of the energy transfer efficiency on the acceptor concentration c 

we introduce a function φ(c) defined as the ratio of the acceptor luminescence intensity to the 

total acceptor and donor emission intensity 

       ( )

A

DDA

A

I

III

I
c

+
=

+
=

1

1
ϕ .      (8.2.4) 

The intensities of the acceptor and donor emissions are described by formulas 8.2.5 

    AkI A

A

PLA η= , DkI D

D

PLD η= ,      (8.2.5) 

where A

PLη  and D

PLη  are the PL quantum yields of the acceptor and donor, respectively. Using 

formula 8.2.3 we calculate the ratio of the two intensities 
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D
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DA

D
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I

I

η
η

= .       (8.2.6) 

From equation 8.2.1 we find that, DDeffDA kkk −= , and making the substitution of DAk  into 

formula 8.2.6 we obtain 
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−= .      (8.2.7) 

 At this point we have to define the effective rate constant kDeff, which contains intrinsic 

decay of donors without acceptors and also includes donor exciton diffusion and resonant 

energy transfer to uniformly distributed acceptors. The first who investigated those phenomena 

were Yokota and Tanimoto in work [129]. Formula for the donor luminance decay derived by 

them is presented below 
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Here Dτ is the lifetime of the donor, c denotes the concentration of the acceptor in cm-3, R0 is the 

Förster radius and DS stands for the diffusion coefficient of the donor singlet exciton. 

 For diffusion and energy transfer mechanisms occuring in the system the rate constants 

can be rewritten as 

    

( )

( )∫

∫
∞

∞

=

0

0

,

,

dttct

dttc

kDeff

ξ

ξ
, 

D

Dk
τ
1

= .     (8.2.9) 

Using the result of 8.2.7 and making substitution in 8.2.4 we obtain a formula for φ(c) as 

depending on the acceptor concentration. For given concentration of the acceptor the only fitting 

parameter is the diffusion coefficient DS, 
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 Figure 8.2.13 presents function φ(c) measured for different concentrations of the 

acceptor in Eu(tta)4P(Ph)4 : PBD : PC system together with theoretical curves calculated with 

formula 8.2.10 for different values of the diffusion coefficient. In the model PBD

PLη = 0.34, R0 = 

2.9 nm and Dτ = 770ps (measured for 80% PBD : 20% PC film) were used. The curve 

calculated under the assumption of DS = 0 lies below the experimental points which indicates 

that diffusion is operative in our system. The best fit was obtained for DS = 6·10-5 cm2/s. This 

value is comparable with diffusion coefficient DS = (6±2)·10-5 cm2/s measured in vacuum 

evaporated amorphous films of tris(8-hydroxyquinoline)aluminium (Alq3) [130] and results 

obtained for other amorphous materials being in the range of (7·10-5 - 4·10-3) cm2/s [131]. After 

we have determined the diffusion coefficient, the diffusion path length of singlet excitons in the 

studied blend can be found. For the case of three dimensional isotropic exciton migration the 

diffusion path length is described by 
DSd Dl τ6= . For DS = 6·10-5 cm2/s and Dτ = 770ps one 

obtains ld = 17 nm. 

 Results obtained for Eu(tta)4P(Ph)4 : PVK blend are presented in figure 8.2.14 together 

with theoretical curves calculated for PVK

PLη = 0.16, R0 = 2.2 nm and Dτ = 350ps. From the plot 

we can conclude that in PVK the diffusion plays a more significant role in energy transfer 

processes than in the PBD:PC matrix. The best fit was achieved for DS = 4·10-4 cm2/s. Using 

this value for calculation of the diffusion path length we obtain ld = 9 nm. Found by Yang and co-

workers, the diffusion coefficient and the diffusion length for PVK are equal 2.5·10-4 cm2/s and 
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14 nm, respectively (in 3D model), which confirms the validity of our results [132]. For 

comparison, the diffusion coefficients and diffusion path lengths found for PPV derivatives are in 

the range (3·10-4 - 20·10-4) cm2/s and 15-17 nm, respectively [133].  
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Figure 8.2.13. The dependence of energy transfer efficiency on the acceptor concentration (in wt%) for  
c% Eu(tta)4P(Ph)4 : 80% PBD : (20% - c%) PC system 

 Table 8.2.2 summarizes the values of parameters found in this work and also provides 

their comparison with those of DS and ld measured for other organic materials.  
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Figure 8.2.14. The dependence of energy transfer efficiency on the acceptor concentration (in wt%) for  
c% Eu(tta)4P(Ph)4 : (100% - c%) PVK 

Table 8.2.2 The diffusion coefficients and diffusion path lengths of singlet excitons for the systems 
investigated in this work and for other organic materials 
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Material DS [cm2/s] ld [nm] 

Eu(tta)4P(Ph)4 : PBD : PC 6·10-5 17 

Alq3 (6 ± 2)·10-5 23 [130] 

NPD 7·10-5 5.1 [131] 

CBP 4·10-3 16.8 [131] 

SubPc ≥ 6.4·10-4 8.0 [131] 

Eu(tta)4P(Ph)4 : PVK 4·10-4 9 

PVK 2.5·10-4 14 [132] 

NRS-PPV 3·10-4 15 [133] 

MEH-PPV 1.1·10-3 17 [133] 

BEH-PPV 2·10-3 16 [133] 

Naphtalene crystal (2 ± 1)·10-4 [40] 50 [134] 

Anthracene crystal (3 ± 2)·10-3 [40] 46 [134] 

Tetracene crystal  4·10-2 [40] 12 [134] 
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8.3. White electrophosphorescent diodes with organic platinum complex 

 Absorption and PL spectra of three organic platinum complexes dissolved in 

dichloromethane are presented in figure 8.3.1. Absorption bands below 300 nm were assigned 

to the 1π-π* transitions localized on the ligands while those between 320-450 nm were 

attributed to the transitions with mixed character of charge transfer and ligand-centred nature 

[105, 135, 136]. Very weak absorption bands around 490 nm correspond to the S0 → T1 

transitions, partially allowed due to the presence of heavy platinum atom [105, 137]. 
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Figure 8.3.1. Normalized absorbance (black) and PL (green) spectra of MePtCl (a), MePtNCS (b) and 
FPtCl (c) dissolved in dichloromethane 

 Emission spectra, with well resolved vibrational structure, are essentially the same for 

all three complexes. Positions of their maxima together with absorption peaks can be found in 

table 8.3.1. Similarity of the PL spectra seems to be unexpected since it is well known that 

introduction of electron-withdrawing fluorine atom into a complex causes a blue shift of spectra, 

as it was observed for m-F2PtCl possessing two fluorine atoms in meta positions [138] as well 

as other types of organometallic complexes [139-142]. These contrasting effects of the F atoms 

can be understood in terms of frontier orbitals in such complexes. Calculations applying time 

dependent density functional theory (TDDFT) performed for HPtCl complex, a precursor of the 

molecules under discussion, showed that the first triplet excited state has predominantly a 

HOMO-LUMO character [143]. The LUMO is based primarily on the pyridyl rings while the 

HOMO is predominantly localised on the chloride co-ligand, the platinum ion and on the aryl 
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ring. The fluorine atom attached in para position to the metal in FPtCl has a small impact on the 

HOMO of the complex due to attenuation of the inductive effect by the mesomeric electron-

donating effect of F through π orbitals [60]. The F atom has also a small influence on the LUMO 

as in para position there is a small overlap of the electron cloud with this point [144]. Therefore, 

a substitution of the methyl group by fluorine in para position to Pt ion in this family of 

complexes does not change their emission spectra. 

 On the other hand, the change of co-ligand from chloride in MePtCl to isothiocyanate in 

MePtNCS has no significant effect on the emission spectra due to similar positions of the Cl and 

NCS ligands in the spectrochemical series resulting in no distinctive change in frontier orbitals 

of such complexes [143]. 

Table 8.3.1. Photophysical and electrochemical properties of MePtCl, MePtNCS and FPtCl at 298K in 
dichloromethane 

 

Absorption 

λmax / nm 

(ε / L mol-1 
cm-1) 

Emission 

λmax / nm 

 

PLη a 

τ0
b / µs 

degassed 

(aerated) 

kQ
SQ / 

109 

M-1 s-1 b 

kQ
O2 / 

108 

M-1 s-1 c 

kr 
(Σknr) / 

104 s-1 d 

HOMOe 
/ 

eV 

LUMOe 
/ 

eV 

MePtCl 

335 (5710) 
381 (6900) 
412 (6780) 
460 (190) 
495 (130) 

505  
539  
578 

0.68 7.8 (0.3) 3.3 16 
8.7 

(4.1) 
-5.16 -2.53 

MePtNCS 

333 (4760) 
357 (2800) 
382 (3890) 
406 (3820) 
499 (188) 

501  
533  
580 

0.60 8.6 (0.7) 8.9 6.2 
7.0 

(4.6) 
-5.04 -2.59 

FPtCl 

322sh 
(6170)    

377 (7740) 
422 (8270) 
486 (312) 

504  
542  
580 

0.47 6.3 (0.6) 5.6 7.4 
7.4 

(8.5) 
-5.36 -2.61 

a The luminescence quantum yield in degassed solution. b The τ0 is the lifetime at infinite dilution and kQ
SQ 

- the self-quenching rate constant determined from the intercept and slope, respectively, of measured 
emission decay rate constant plotted against solution concentration. c The bimolecular rate constant for 
quenching by molecular oxygen as estimated using the lifetimes in degassed and air-equilibrated 
solutions, and taking [O2] = 2.2 x 10-3 M in CH2Cl2 at 1 atm pressure of air. d Estimates of the radiative kr 

and non-radiative (Σknr, in parenthesis) decay constants are made as follows: kr = PLη /τ0. Σknr = (1/ τ0) - 

kr. 
e Calculated from the redox potentials 

 As can be seen in table 8.3.1, the PL quantum yields of the complexes in degassed 

dichloromethane are relatively high being in the range of 50 - 70%, and are comparable to the 

values obtained for other complexes of the same family [135]. Such high quantum yields are 

obtained despite the long lifetimes of radiative decays which suggests that the non-radiative 

processes in those complexes are strongly suppressed, probably due to high rigidity of the 

molecular skeleton and high ligand-field strength associated with N^C^N-coordinated ligand. 
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Lifetimes in the range of microseconds together with the quenching effect of oxygen confirm 

that we deal with phosphorescence as the emission mechanism. Based on the measured PL 

quantum yields and lifetimes, radiative and non-radiative rate constants were estimated for the 

three Pt complexes (it was assumed that the emitting state is created with 100% efficiency). The 

calculated radiative rate constants are similar to other ones obtained for complexes of the same 

family [135]. On the other hand, the values of kr are about one order of magnitude smaller in 

comparison to those of Ir(ppy)3, probably the most widely studied green phosphorescent 

complex [145]. However, the non-radiative rate constants for the Pt complexes are 4-5 times 

smaller than those for Ir(ppy)3. 

In table 8.3.1 the HOMO and LUMO energy values for the complexes can be also 

found. As expected for higher electron withdrawing effect of F atom in comparison to a methyl 

group, FPtCl is more difficult to oxidize and more easily to reduce with respect to MePtCl. This 

caused a shift of the HOMO and LUMO energies of FPtCl toward higher values compared to 

MePtCl. 
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Figure 8.3.2. Absorption and PL spectra of MePtCl (a), MePtNCS (b) and FPtCl (c) in dichloromethane as 
a function of concentration 

 As can be seen in figure 8.3.2, the absorption spectra of the complexes under study are 

insensitive to increasing concentration while the PL ones show appearance of a broad 

structureless band at longer wavelengths. This new emitting state was ascribed to excimer 

emission of the complexes as was already observed for other members of this family of 

molecules [105, 135]. 

 In order to test the performance of the complexes in electroluminescent diodes, devices 

with simple structure, ITO / PEDOT:PSS / 65% PVK : 30% PBD : 5% Pt complex / Ca / Al, were  
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Figure 8.3.3. EL spectrum of the diode having 65% PVK : 30% PBD : 5% FPtCl weight ratio as emitting 
layer (left), a photograph of the emitting device (centre) and its chromaticity coordinates (right) 

 

 

built. Results obtained for the OLED containing FPtCl as an emitter are presented as an 

example. As can be seen from figure 8.3.3, the EL spectrum resembles the photoluminescence 

spectrum of the complex while the UV-blue emission of PBD or PVK is not detected. Despite 

high quantum yield of the applied emitter the performance of the diode is quite poor as can be 

observed in figure 8.3.4. Note that from the current density-voltage-luminance (J-V-L) curves an 

unstable current behaviour between 3 and 6 volts can be seen. This is often observed property 

of devices containing PVK as a host matrix. Moreover, as seen from the results from the inset in 

figure 8.3.4, the device luminance does not depend linearly on the current density in almost the 

whole operating current range. Instead of it one can see the luminance points lying below the 

best-fit straight line plotted for current intensities of maximal external quantum efficiency. Such a 

behaviour at higher current densities is typical for OLEDs, however, a similar behaviour 

observed for small values of current is a symptom of unbalanced current in the device at the 

beginning of its operation. As a consequence, the maximal EL efficiencies do not reach high 

values and achieve only the ηext of 0.05%, the luminous efficacy of 0.16 cd/A of and the 

luminous power efficacy of 0.045 lm/W.  

 In order to improve the performance of the devices the multilayer structure was 

employed. In comparison to a single layer architecture (we consider PEDOT:PSS as a part of 

an ITO covered substrate) a multilayer diode exhibits numerous advantages (see chapter 5). 

Additionally, it was possible to build an organic stack structure by applying solely the spin-

coating technique which is much cheaper than the commonly used thermal evaporation and 

paves the way to large-area OLEDs. 
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Figure 8.3.4. The current density-voltage-luminance (J-V-L) curves (a) as well as the external quantum 
efficiency (b), the luminous efficacy (c) and the luminous power efficacy (d) as a function of current density 

for 65% PVK : 30% PBD : 5% FPtCl diode. In the inset the dependence of the luminance on current 
density is shown. The red straight line is a fit to the data for the current range of the maximal external 

quantum efficiency 

 As a hole transporting layer (deposited on PEDOT:PSS) polyvinylcarbazole (PVK-h) of 

high molecular weight was chosen. This polymer is well-known as a hole transporting material 

[146], also preventing excitons from quenching by PEDOT:PSS by separating the emissive 

layer from the PEDOT:PSS film [147]. Another advantage when using PVK-h is an increase in 

the distance between the anode and the emissive layer which in turn decreases creation of 

plasmons in the electrode [83, 148]. High molecular weight of PVK-h (106 g/mol) together with 

its thermal treatment allows to build a hole transporting layer of diminished solubility and makes 

it possible to deposit an emissive layer from solution onto it. The top (emissive) layer, as in our 

previous device, was composed of 65% PVK : 30% PBD : 5% Pt complex. As a cathode barium 

was used instead of calcium which should remove the injection barrier for electrons. Note that 

the barium work function is as high as 2.4 eV while the LUMO level of PBD is placed 2.5 eV 

below the vacuum level. 

 The EL spectra of the devices prepared in the above-described way are presented in 

figure 8.3.5, together with energy levels of used materials. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 80 

c
2.4 eV

Ba

5.16 eV

2.53 eV2.61 eV

5.36 eV

5.4 eV

2.59 eV

5.04 eV

2.5 eV

5.4 eV

1.8 eV

5.0 eV

PVK  1.8 eV

PVK-h

PBD  6.0 eV

MePtCl
FPtCl

MePtNCS

PEDOT:
PSS

400 500 600 700 800 900
0,0

0,2

0,4

0,6

0,8

1,0 ba
N

o
rm

a
liz

e
d
 E

L
 in

te
n
si

ty
 [
a
.u

.]

wavelength [nm]

 MePtCl
 MePtNCS
 FPtCl

   

Figure 8.3.5. (a) EL spectra of PVK-h / 65% PVK : 30% PBD : 5% Pt complex devices: MePtCl (black), 
MePtNCS (red), FPtCl (green); (b) a photograph of the OLED with FPtCl as an emitter; (c) the HOMO and 

LUMO energy levels of the materials used in a double layer configuration 

 The EL spectra of the double layer diodes are in principle similar to the PL spectra of 

diluted solutions and the single layer devices. The difference is visible around 600 nm where a 

new long-wavelength component is superimposed on the emission of the complexes (this 

feature will be examined in more detail later on). 
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Figure 8.3.6. The current density-voltage-luminance (J-V-L) curves (a) as well as the external quantum 
efficiency (b), the luminous efficacy (c) and the luminous power efficacy (d) as a function of current density 

for PVK-h / 65% PVK : 30% PBD : 5% FPtCl diode. In the inset the dependence of the luminance on 
current density is shown and the black straight line is a fit to the data for the current range of the maximal 

external quantum efficiency 
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 The performance of the double layer architecture devices improved significantly in 

comparison to the single layer ones, an example for the OLED with FPtCl as an emitter is 

presented in figure 8.3.6. The luminous efficacy and the luminous power efficacy achieved 0.94 

cd/A and 0.18 lm/W, respectively, which is almost six times better than the luminous efficacy 

and four times better than the luminous power efficacy of the single layer device. A summary of 

the results obtained for all three diodes is presented in table 8.3.2. 

 The dependence of luminance on current density for the double layer device is different 

than that for the single layer OLED. In the latter case (cf. the inset of fig. 8.3.4) we observed that 

the luminance points were mostly below a straight line, while now the linear dependence starts 

from the lowest values of the current (figure 8.3.6 inset). Thus, the external quantum efficiency 

boosts from 0.05% for the single layer device to 0.28% for the double layer one. The luminous 

efficacy achieved 0.94 cd/A and 0.18 lm/W of the luminous power efficacy. Reproducibility of 

measurements was good, confirming the stability of the device. The turn-on voltage increased 

from 7V to 12V due to higher thickness of the double layer diode in comparison to the single 

layer device. 

 

Table 8.3.2. Performance of the devices based on MePtCl, MePtNCS and FPtCl, with layer structure in the 
form of PVK-h / 65% PVK : 30% PBD : 5% Pt complex 

 MePtCl MePtNCS FPtCl 

Von / V 18 15 12 

ηext
a / % 0.23 0.21 0.28 

Lb / cd m-2 21 17 91 

ηlc
b / cd A-1 0.68 0.62 0.94 

ηp
b / lm W-1 0.097 0.11 0.18 

Lmax / cd m-2 195 161 755 

CIE (x, y) (0.37, 0.58) (0.39, 0.55) (0.32, 0.61) 

a The maximal external quantum efficiency. b At the maximum of external quantum efficiency 

  

 At this point we will discuss in more detail behaviour of the external quantum efficiency 

by applying theoretical models that explain a decrease of ηext. In figure 8.3.7 the external 

quantum efficiency is shown as a function of current density in double logarithmic scale.  The 

experimental data were explained by the triplet-triplet annihilation model (TTA), as proposed by 

Baldo and co-workers [149] and Kalinowski and co-workers [150]. 
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Figure 8.3.7. The external quantum efficiency as a function of current density. The red line shows the best 
fit to formula 8.3.2 

 The model is derived from the comparison between two kinetic formulas, without and 

with TTA operating mechanism:  

   Tk
ed

j

dt

dT
r−= , 2

2

1
TTk

ed

j

dt

dT
TTr γ−−= ,     (8.3.1) 

where T is the concentration of triplet excitons, j denotes the current density, e stands for the 

elementary charge, d is the thickness of recombination zone, kr denotes the radiative decay rate 

constant and γTT is the bimolecular rate constant describing annihilation of triplets. From steady 

state solutions we obtain [149] 

       









−+= 1
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0

0 j
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j

j

ext

ext

η
η

, 
TT

redk
j

γ

2

0

4
= ,     (8.3.2) 

where extη /
0

extη  is the ratio of the external quantum efficiencies with and without triplet 

annihilation, respectively, and j0 is the onset current density at which 2
0

extext ηη = . Taking the kr 

value of FPtCl from table 8.3.1 and assuming the recombination zone in the top layer of the 

device (d = 165 nm - 50 nm (PEDOT:PSS) - 20 nm (PVK-h) = 95 nm) we obtain γTT = 8.4·10-14 

cm3/s from the best fit to the data in figure 8.3.7.  

 Calculation of the triplet annihilation constant on the base of the second method 

requires application of formula 

        

2

02

−









=

τη
η

γ
ext

PLout

crit

TT

R

j

ed
,         (8.3.3) 

where jcrit corresponds to the current density at which horizontal line representing the maximal 

low-current level of ηext intersects with a line fitted to the data with operating TTA (see figure 
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8.3.7), Rout is the outcoupling factor (=0.2), PLη  denotes the PL quantum yield and τ0 denotes 

the intrinsic lifetime. For the recombination zone width of 95 nm and the values of PLη  and τ0 

taken from table 8.3.1 we get γTT = 3.5·10-14 cm3/s. 

 It is worth to compare the obtained results with values of γTT for phosphorescent 

materials calculated by other authors. In table 8.3.3 the annihilation constants for molecules 

PtOEP, Ir(ppy)3 and our FPtCl are gathered. 

Table 8.3.3. Triplet-triplet annihilation constants for the selected phosphorescent emitters 

 γTT [cm3/s] 

PtOEP 3·10-14 [149] 

Ir(ppy)3 3·10-12 [121] 

Ir(ppy)3 1·10-14 ≤ γTT ≤ 2.5·10-13 [150] 

FPtCl 
8.4·10-14 (eq. 8.3.2) 

3.5·10-14 (eq. 8.3.3) 

From the table it is seen that our values are in reasonable agreement with those obtained 

previously and that the γTT values calculated for FPtCl with the use of the two methods are 

consistent with each other. 

 Finally, we should consider possible origins of uncertainty of our γTT estimation. These 

are the assumed values of recombination zone thickness and the lifetime of emitting states. The 

exact thickness of the recombination zone is difficult to determine and we assumed that it 

spreads over the whole emissive layer. The influence of the recombination zone thickness on 

the values of γTT for Ir(ppy)3 was examined in reference [150] where d was assumed to change 

from 2 nm (recombination at the interface) to 50 nm (homogenous recombination in the whole 

emissive layer). As a result, the annihilation constant changes more than one order of 

magnitude (see table 8.3.3). The lifetime of triplets can have even greater impact on the final 

result since this quantity appears in the second power in the employed formulae. Applied by us 

the radiative rate constant kr was measured for a solution and with optical excitation but, 

optimally, it should be derived for a solid state under electrical excitation. 

 Another possible explanation of a decrease (roll-off) in ηext of organic LEDs is an 

interaction of triplet excitons with polarons (the Tq annihilation) which is described by equation 

8.3.4, where nt is the density of trapped charge carriers and γTq denotes the second-order 

triplet-polaron interaction rate constant. 

      ( )Tnk
ed

j

dt

dT
tTqr γ+−=       (8.3.4) 
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Based on equations 8.3.1 and 8.3.4 we calculate the ratio of the external quantum efficiencies 

with and without Tq annihilation. The resulting formula is 

     

t

r

Tqext

ext

n
k

γη
η

+
=

1

1
0

.      (8.3.5) 

Based on the assumption that the maximal total charge Q injected into a device under space 

charge limited current (SCLC) conditions can be expressed as Q ≈ CU, where C is the electrical 

capacitance of the sample and U is the applied voltage, the density of filled traps should be 

proportional to the applied voltage U [40] 

          aUnt = ,       (8.3.6) 

with a being a constant. From the SCLC theory we know also the relation between the current 

density j passing through a device and the applied voltage 

        1+= lAUj ,       (8.3.7) 

where l is the dimensionless parameter describing the assumed exponential distribution in 

energy of traps. After substitutions we obtain a formula for external quantum efficiency with 

operating Tq annihilation mechanism, dependent on the current density, [149] 
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Figure 8.3.8. (a) The current density as a function of external electric field. The solid line shows the best fit 
to the experimental data, using formula 8.3.7, with parameter l, as indicated in the figure. (b) The external 

quantum efficiency as a function of the current density and the best fit using formula 8.3.8 

 Figure 8.3.8a shows in a double logarithmic scale the dependence of the current density 

j on the applied external electric field F, while figure 8.3.8b presents the external quantum 

efficiency ηext as a function of the current density. In the figure with the current density two 

regions can be identified. Each one could be fit with a straight line, according to formula 8.3.7, 

however in the low-field range the current is most probably controlled by barrier potential at the 

electrodes. For the high-field regime in turn the current is volume-controlled and linear fit gives l 
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= 10.5. Subsequently, the ηext roll-off was fit with formula 8.3.8 assuming l = 10.5. Poor 

agreement of the model and the experimental data can be noticed suggesting that the Tq 

annihilation is not dominant mechanism responsible for the ηext roll-off. 

 From the parameter l we are able to calculate the energy of trap levels present in our 

system, according to formula El=lkT, where El describes the exponential distribution in energy 

of trap states, k stands for Boltzman's constant and T is temperature expressed in kelvins. For l 

= 10.5 we obtain El = 0.26 eV corresponding to rather deep energy traps.  

 Using another approach to the Tq-based ηext roll-off we can calculate the γTq rate 

constant from the best fit to formula [150] 

           
( )

Fd

wetRP e

Tqr

PLoutT
ext

11

3

2

00
τγεε
ηη

η
−

= ,     (8.3.9) 

where PT is the probability of triplet excited state formation under electrical excitation (for Pt 

complexes PT ≈ 1), η denotes the probability of charge pair dissociation (we assume η = η0 Ω ≈ 

Ω = 0.1 for this range of electric field), t stands for the device thickness, ε0 is the permittivity of  

vacuum, εr (=3) denotes the dielectric constant of an organic film, we stands for the emission 

zone thickness, d denotes the recombination zone width and F is the external electric field 

strength and all other symbols have previously defined meanings. In figure 8.3.9 the external 

quantum efficiency as a function of the inverse external electric field and the best fit to formula 

8.3.9 are presented. 
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Figure 8.3.9. The external quantum efficiency as a function of 1/F. The red line is the best fit to the 
experimental data on the base of formula 8.3.9 

Again a poor agreement between the model and the experimental data is visible. The obtained 

value of γTq = 2·10-15 cm3/s is two, three orders of magnitude lower than those calculated for 

other phosphorescent complexes [150, 151]. Concluding this part we can summarize that the 
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triplet-polaron annihilation process is not adequate to describe the external quantum efficiency 

roll-off. 

 The last case we will analyse is a decrease of external quantum efficiency due to an 

electric field induced dissociation of (e-h) pairs formed during bimolecular recombination of 

injected carriers. For this purpose we calculate the probability of exciton formation R in the 

presence of dissociation process dependent on external electric field Ω(F), described by formula 

4.29 in chapter 4.13, 

     ( )FR Ω−= 1 .     (8.3.10) 

We assume here that the most significant influence of the field is on the separation process of a 

charge pair. The obtained curves were normalized to the maximum of the external quantum 

efficiency. The results of calculations for different ratios of r0/rc (the distance between 

coulombically correlated charge pair divided by Onsager radius) are presented in figure 8.3.10 

together with the measured external quantum efficiency ηext. 

 

 

Figure 8.3.10. The external quantum efficiency (points) as a function of external electric field. The 
theoretical curves (solid lines) were calculated according to the Onsager model for various values of r0/rc 

as indicated in the figure 

As can be seen in the figure, the decrease of the external quantum efficiency does not follow 

the theoretical curves, therefore, the field assisted charge pair dissociation is rather not the 

main reason for lowering of the ηext. 

 Another property of the external quantum efficiency shown in figure 8.3.10 is its well 

pronounced initial growth with applied external electric field. This behaviour can be explained by 

the injection controlled EL (ICEL) of the device which takes place when the transition time of 
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charge carriers through the recombination zone, tτ ,is shorter than the recombination time of 

charge carriers of the opposite signs, recτ  [41]. As a consequence, the probability of charge 

carrier passage through the recombination zone without recombination is higher than that of 

recombination within it (see formula 5.1). Therefore, EL is here only a side effect of current flow 

and ηext is proportional to the product of the hole and electron injection currents. With increasing 

density of current the probability that the charges of opposite signs meet within the 

recombination zone becomes higher and at the same time the probability of charge carrier 

passage through the device diminishes. At some point tτ  becomes higher than recτ  and the 

device achieves the volume controlled EL (VCEL) regime. The evidence proving the transition 

from the ICEL to VCEL mechanism and associated with that transition change in device 

efficiency can be found by comparing the current density in figure 8.3.8a and ηext in figure 

8.3.10. We notice that for the current density in the low-field range the external quantum 

efficiency grows while for l=10.5 the ηext reaches its maximum. The non-perfect agreement 

between the electric field value at which the current density switches from ICEL to VCEL mode 

(F ≈ 7.5*105 V/cm) and the position of the ηext  maximum (F ≈ 106 V/cm) is due to the fact that in 

this simple analysis we neglect other effects influencing external quantum efficiency. Those are 

the change in hole and electron current densities with increasing applied field and resulting 

change in the recombination zone thickness. 

 Among all devices the best performance in terms of parameters presented in table 8.3.2 

was shown by the diode with FPtCl complex as an emitter. It has the lowest turn-on voltage 

(despite similar thickness of the diodes) and a four times higher luminance (also the maximal 

one) from the presented OLEDs. It is worth to note that though the efficiencies obtained here 

are lower than those of diodes with similar complex but built by thermal evaporation [152], they 

are still one order of magnitude higher than those of OLEDs built by the spin-coating technique 

and based on the substituted 4,4'-stilbenoid N^C^N platinum(II) [153]. 

 In the last row of table 8.3.2 the chromaticity coordinates of the three spectra from figure 

8.3.5 are presented. The purest green colour is obtained for the OLED with FPtCl (compare the 

values of y coordinate). The worse colour purity of two other emitters is due to the presence of 

the spectral component centred around 600 nm which now we will discuss in more detail. 

 In figure 8.3.11 the spectra of two double-layer diodes are presented as recorded for the 

fresh devices and devices after some operation time. The presence of a long-wave component 

of the spectra is observed, denoted by red lines in the figure. This component we associate not 

with the platinum complexes, but rather with the PVK luminescence. A proof for this is shown in 

figure 8.3.12, where the EL spectra of a diode containing solely PVK as an emitting layer 

recorded at different operating voltages are presented. Here, with increasing voltage the 

intensity of the band centred around 600 nm becomes higher. This emission was assigned by 

different authors to polymer phosphorescence [41], triplet excimers [117] and electromers [127, 

154] of PVK. 
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Figure 8.3.11. EL spectra of fresh and used up double layer devices with FPtCl (a) and MePtCl (b) as 
emitters. The red spectra were obtained by subtraction from the spectrum of the used up device the 

spectrum of the fresh one 

 We can also give a qualitative explanation of different influence of the PVK red emitting 

state on the EL spectra of the OLEDs with three platinum complexes. In figure 8.3.5 we notice 

that the strongest change in the spectrum is observed for the diode with MePtNCS, the 

moderate one is recorded for the device with MePtCl, while the spectrum of the OLED with 

FPtCl is the least affected. The same order is also perceived in the energies of the HOMO 

levels of the complexes with that of MePtNCS being the shallowest and with the level of FPtCl 

being the deepest (figure 8.3.5). We can suspect that those two features are somehow related 

to each other, because the LUMO levels of the complexes as well as other properties of 

discussed devices are similar. Therefore, an explanation of the observed behaviour may be as 

follows. 
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Figure 8.3.12. EL spectra of a single layer OLED with neat PVK as emitting layer 
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 After injection from the cathode electrons travel easily towards the centre of a diode due 

to high concentration (of 30%) of an electron transporting material (PBD) and LUMO energy 

levels of the phosphorescent molecules being comparable to those of PBD, which prevents 

creation of electron traps. From the other side the holes move in PVK-h layer (HTL) and arrive 

at the interface with the emitting layer (EML). In the case of the diode with FPtCl the holes get 

easily into the emissive layer because the HOMO level of the complex does not create any 

traps for this kind of charge carriers. Therefore, the excitons are formed predominantly within a 

bulk of the emitting layer and the observed emission is either due to energy transfer from the 

matrix to the dopant or direct trapping in emitting centres. In the case of complexes with 

shallower HOMO levels the situation is, however, different since the holes are trapped close to 

the HTL/ETL interface which implies various consequences. The highly concentrated holes 

attract electrons to the interface zone and excitons predominantly there will be formed. They 

can diffuse in both directions, however, their movement towards the cathode is somehow 

impeded due to the presence of traps. We note here that even if the platinum complexes had 

high hole mobilities in solid state it could not help in their transport because of too low 

concentration of the dopants [155]. Therefore, excitons may enter from the interface zone into 

the HTL layer and recombine there. Nonetheless, the blue emission of PVK-h is not observed 

because the high LUMO level of PVK-h does not allow creation of singlet excitons in HTL. 

However, even if PVK-h singlet excited states were created, the long range energy transfer to 

the platinum complex would hinder the blue emission of PVK-h. Only possible emission from the 

HTL layer is therefore from the PVK-h triplet excimers. Since this is a parasitic red emission of 

low quantum yield it should limit the efficiency of the green Pt complex component of a diode 

spectrum. Consequently, the trend observed in the external quantum efficiencies (table 8.3.2) is 

consistent with the energy positions of the HOMO levels in those three Pt complexes. 

 Because FPtCl complex revealed the best performance as an emitter, it was decided to 

employ this one in a WOLED. However, first it was necessary to check its ability to emit red light 

from excimers under electrical excitation. Such a possibility was suggested by results of PL 

measurements carried out on the solutions at different concentrations and by results obtained 

by other authors on similar complexes [59]. To test this hypothesis single layer OLEDs were 

built, containing different concentrations of FPtCl in PVK:PBD matrix, their spectra and 

corresponding chromaticity coordinates are presented in figure 8.3.13. By changing the dopant 

concentration from 10% to 50% it was possible to tune the emission colour from green to red. 

For a diode containing 40% FPtCl the balanced green and red emission was observed and the 

same composition was employed for the construction of a double layer WOLED, as described 

below. D
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Figure 8.3.13. (a) EL spectra of single layer OLEDs with different concentrations of FPtCl dispersed in 
PVK:PBD matrix; (b) a photograph of emitting device containing 50% FPtCl. The chromaticity coordinates 

of the spectra from (a) are also indicated 

 In the following we present results obtained for a double layer WOLED prepared by 

spin-coating technique. Initially, the WOLEDs with bottom layers containing either PVK-h or 

PVK-h:PBD were tested but no blue emission was observed. Therefore, it was decided to 

introduce polyfluorene (PFO) as an efficient blue emitter [156]. The final device had the 

following structure, ITO/ PEDOT:PSS / 52% PVK-h : 48% PFO / 40% PVK : 20% PBD : 40% 

FPtCl / Ca / Al. The energy levels of the employed compounds are presented in figure 8.3.14. 
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Figure 8.3.14. HOMO and LUMO levels of materials used in the double layer WOLED 

The bottom layer consists here of PVK-h and PFO mixture and serves as the blue-emitting and 

hole-transporting layer. PVK-h has the HOMO below the energy level of PEDOT:PSS which 

facilitates injection of holes to PFO while the latter material ensures the relatively high hole 

mobility [157]. The top layer consists of highly concentrated FPtCl dispersed in a PVK:PBD 

matrix. A rather good fit of the HOMO and LUMO levels of the complex and the compounds 

which form the matrix provides a decent charge transport. 

 The EL spectrum of the WOLED and its chromaticity coordinates are presented in figure 

8.3.15. The shoulder around 415 nm most likely takes origin from the residual PFO α phase 
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[158, 159] and becomes almost eliminated after a thermal treatment of the bottom layer (for 

more details of the device building procedure see chapter 7.2). The sharp peaks at 438 nm and 

465 nm correspond to vibronic 0 → 0 and 0 → 1 transitions of a newly formed, after thermal 

treatment, β phase of PFO. 
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Figure 8.3.15. Comparison between the EL at 7V and PL (λexc= 325 nm) spectra of the WOLED (a); CIE 
coordinates of the EL spectrum (b) 

 Due to the high concentration of FPtCl complex a two-colour emission was observed 

from the top layer. The peaks located at 509 nm and 544 nm together with the shoulder at 

590 nm originate from the emission of single FPtCl molecules while the tail seen for longer 

wavelengths results from the phosphorescence of the complex excimer. The lower intensity of 

the excimer band in the WOLED in comparison to the single layer OLED, both with 40% FPtCl 

concentration, is most likely caused by partial dissolution of the bottom layer during deposition 

of the second film, as confirmed by AFM thickness measurements (figure 8.3.16). In this 

process the FPtCl molecules penetrate the bottom layer increasing a dispersion of the complex 

at the interface which affects the balance between the accessible monomer and excimer states.  

  

Figure 8.3.16. AFM thickness profiles of 52% PVK-h : 48% PFO film, (90±9) nm (a); 40% PVK : 20% PBD 
: 40% FPtCl film, (15±2) nm (b); 52% PVK-h : 48% PFO / 40% PVK : 20% PBD ; 40% FPtCl film, 

(63±6) nm (c) 

 In our diode the emitted blue light can leave the device directly or after reflection from 

the cathode. In the second case, however, the light being partially absorbed can excite the Pt(II) 

complex due to the overlap of the FPtCl absorption spectrum and the emission spectra of the 

compounds of the bottom layer (figure 8.3.17). 
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Figure 8.3.17. Normalized absorption spectrum of FPtCl in dichloromethane (black line) and PL spectra of 
films of PFO (cyan line) and PVK:PBD (blue line). Excitation wavelengths were 325 nm and 320 nm for 

PFO and PVK:PBD, respectively 

 The fluorescent blue emission of PFO from the bottom layer combined with the green 

and red phosphorescence (originating from monomers and excimers of the complex, 

respectively) generate white light, since the emission of the top layer is not absorbed by the 

polymers of the bottom one and, thus, exits the device freely. The Commission Internationale de 

l’Eclairage (CIE) coordinates of the EL spectrum are x = 0.28, y = 0.35 and the CCT is equal to 

8145 K, whereas the CRI equals to 74 and the ηext remains as high as about 4·10-4 %. The low 

efficiency of the device is caused by rather high concentration of the dopant being a source of 

concentration quenching. Additionally, the excimer states are generally known as those of low 

emission efficiency in comparison to the monomers. 

 In figure 8.3.15a the photoluminescence spectrum of the WOLED is confronted with the 

electroluminescent one. The spectra, being normalized at the PFO maximum, reveal a 

difference in the green-red region with reversed intensities of the monomer and excimer 

emission. A probable explanation of this phenomenon originates from the different mechanisms 

responsible for exciton and excimer generation in these two types of luminescence. In PL the 

sample was excited through ITO/PEDOT:PSS layer, therefore the blue emission should be the 

most intense one. Additionally, it is expected that partial dissolution of the PVK-h:PFO bottom 

layer during spin-coating of the second layer allows penetration of the complex and increased 

dispersion of FPtCl molecules. As a consequence, in PL excitation the main emission is 

observed from the bottom layer containing PVK-h:PFO and the monomers of FPtCl. In the case 

of EL, excitation of emitting states is more uniform within the device because charge carriers 

must travel through the OLED in order to create emitting states. Therefore, somehow more 

balanced emission from blue and green emitting monomers, and red emitting excimers is 

observed, together creating white light. 
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9. SUMMARY AND CONCLUSIONS 

 This thesis deals with three different concepts of obtaining white light from the OLEDs. 

They are based on the fluorescence or phosphorescence of single molecules as well as mixed 

fluorescence or phosphorescence of single emitters and excimers. 

 The first approach of white colour creation comprises different generations of dendronic 

molecules with pyrene antennae acting as energy donors, and styrylpiridinium derivative 

molecule as energy acceptor. It is shown that in solution the blue emission of pyrene monomer, 

green emission of pyrene excimer and red emission of acceptor moiety can be achieved 

contemporarily from a single dendronic molecule founding the corner stone for a white light-

emitting OLED with single dye. The proper mixture of dendronic and donor molecules placed in 

a bipolar matrix achieves the maximal external quantum efficiency of 0.05%, the CCT of 4260 K 

and the CIE chromaticity coordinates being (0.36, 0.34) which correspond closely to the equal 

energy white. 

 The second approach employs the tetrakis β-diketonate complexes of terbium and 

europium as green and red emitter, respectively. The complexes were characterized 

photophysicaly and were tested in single colour emitting devices. Then they were mixed and 

placed in a bipolar matrix creating the white light emitting OLEDs with blue-emission component 

from the matrix. The WOLED exhibits the maximal external quantum efficiency equal to 0.01%, 

the CIE chromaticity coordinates at 14 V of (0.33, 0.38), the CCT = 5460 K and CRI = 81 

providing natural daylight with good colour reproduction. 

 In the thesis the kinetics of energy transfer from the materials creating the matrix of the 

WOLED to the europium complex is also described. The relevant model includes the exciton 

diffusion in the matrix as preceding the energy transfer to the acceptor. Based on this 

assumption the diffusion coefficients of singlet excitons in the matrix and their diffusion path 

lengths are determined. 

 The third approach involves an application of organic platinum complexes emitting from 

monomers and excimers. Photophysical properties of the complexes were measured and 

subsequently the emitters were tested in single and double-layer green-emitting OLEDs. For the 

most efficient device, mechanisms responsible for the decrease in external quantum efficiency 

are discussed and the experimental results are compared with theoretical models (the triplet-

triplet annihilation, triplet-polaron annihilation, dissociation of charge pairs caused by external 

electric field). On this basis the annihilation bimolecular kinetic constant is determined for the 

triplet-triplet annihilation process which was identified as the main reason for the external 

quantum efficiency reduction with current density increase. Finally, a double-layer white light-

emitting diode was built and characterized, employing emissions of monomer and excimer of 

the platinum complex from the top layer and blue emission from the bottom one. The EL 

spectrum possesses the CIE coordinates, x = 0.28, y = 0.35 and the CCT equal to 8145 K, the 

CRI equal to 74 and ηext ≈ 4·10-4%. 
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 In appendix A the calculation of colour rendering index is explained while in appendix B 

the formulae for the parameters describing performance of a device are derived. 

 It is highly probable that large-area sources of light manufactured from solutions and 

deposited on flexible substrates will determine the future of the illumination industry. Indeed, 

industrial application of such a technology would take a full advantage of many beneficial 

properties of organic materials which, together with its low production costs, should boost a 

rapid development of the branch. Nevertheless, any improvement of contemporary WOLEDs 

requires the possession of more suitable materials as well as profound understanding of 

phenomena occurring in these devices. The present thesis shall contribute to these goals by 

investigating the excitonic effects in electroluminescent WOLEDs based on three types of new 

emitters prepared by spin-coating technique. In the author's opinion the obtained results should 

bring the organic LEDs closer to the brilliant future they deserve so much. 
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11. APPENDIX A 

Now we present in detail how to calculate the colour rendering index using as an 

example the spectrum presented below. The relevant data of the spectrum can be found at the 

end of the appendix. 
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Figure A1. The spectrum used for CRI calculation 

We start with determination of the CIE coordinates, xs and ys, of the spectrum, the 

procedure has already been described in chapter 6. For the above spectrum we obtain 

xs=0.3438, ys=0.3520. Now we transform the result into the CIE 1960 chromaticity coordinates 

(formulae 6.3, chapter 6), getting us=0.2104 and vs=0.3231. Then we calculate the CCT of the 

spectrum. Using [65] we obtain 5053K, while applying [66] gives 5059K. We will take an 

average of both and so we set CCTs=5056K. From Planck's law we generate the black body 

spectrum having the same temperature as our source and we find its chromaticity coordinates 

uP and vP. We obtain uP=0.2114, vp=0.3230 and from formula 6.4 the DC is equal to 1·10-3, 

fulfilling condition < 5.4·10-3 which is required for an accurate CRI result. Now we have to 

determine the reference spectrum. In the case that temperature of our source is below 5000K 

as a reference illuminant a black body radiator having temperature of the tested source serves. 

If CCT is equal to or higher than 5000K (as in our case) a reference spectrum S(λ) will be the 

one of the standard illuminant D, consisting of the linear combination of three spectra [69, 70] 

)()()()( 22110 λλλλ SMSMSS ++= , 

where 

M

yx
M

M

yx
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3

9

2

63
10

607.4
10

9678.2
10

09911.0244063.0
TTT

xD −++=      for  4,000K ≤ T ≤ 7,000K 

or 

3

9

2

63
10

0064.2
10

9018.1
10

24748.023704.0
TTT

xD −++=    for  7,000K ≤ T ≤ 25,000K. 

For T = 5056 K we get: 

xD = 0.3441, yD = 0.3574, 

M = -0.1501, M1 = -1.0118, M2 = 0.2882. 

 

 The day light components data S0(λ), S1(λ) and S2(λ) are listed in table A3 at the end of 

the appendix and are displayed in figure A2 together with the reference illuminant spectrum 

S(λ). 
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Figure A2. The reference illuminant spectrum S(λ), having temperature 5056K, and its components S0(λ), 
S1(λ) and S2(λ) 

 Having determined the reference illuminant spectrum we have to calculate its 

coordinates in the CIE 1960 chromaticity diagram and we obtain ur=0.2086 and vr=0.3249. It is 

also necessary to calculate the Y tristimulus value of the tested and the reference source. We 

get Ys = 15.5706 and Yr = 2100.2549 from formula 6.1 in chapter 6 (the latter value depends on 

units we choose for the reference spectrum). Now we are ready to simulate illumination of eight 

test colour samples (TCSs) by the reference source and by the one of which the CRI we are 

searching. Tabulated TCSs reflectance spectra can be found at the end of the appendix (table 

A2). 

 First we multiply the tested spectrum from figure A1 by TCS1 reflectance spectrum and 

calculate chromaticity coordinates us1, vs1, and also the Ỹs1 tristimulus value. We get 

us1=0.2584, vs1=0.3316, Ỹs1 = 4.7462. In calculations it is required to normalize the Ys (Yr) value 

to 100 and properly all subsequent Ysi (Yri) (i=1,..,8 for each TCS). We apply formula 
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s

si
si

Y

Y
Y

~
100

= , 

obtaining for the first TCS Ys1=30.4819. Now similarly we repeat the procedure for the reference 

spectrum. The values we obtained are ur1=0.2524, vr1=0.3336 and Yr1=30.3879. 

 Subsequently, we apply von Kries chromatic transformation according to the following 

formulas [69, 70]  
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sir

s

sir
si

d

dd

c

cc
v

−+
=

481.1518.16

52.5
' , i=1,..,8, 

where 

r

rr
r

v

vu
c

104 −−
= , 

r

rr
r

v

uv
d

481.1404.0708.1 −+
= , 

s

ss
s

v

vu
c

104 −−
= , 

s

ss
s

v

uv
d

481.1404.0708.1 −+
= , 

si

sisi
si

v

vu
c

104 −−
= , 

si

sisi
si

v

uv
d

481.1404.0708.1 −+
= , i=1,..,8. 

Now it is necessary to perform calculations in the CIE 1964 colour space. To do this we use 

formulas 

17253* −= riri YW ,  17253* −= sisi YW , 

( )rririri uuWU −= **
13 ,  ( )rsisisi uuWU −= '13

**
, 

( )rririri vvWV −= **
13 ,     ( )rsisisi vvWV −= '13

**
, i=1,..,8. 

From the obtained values we are able to calculate the colour difference between the 

chromatically adapted samples and those illuminated by the reference source. We apply 

formula 

( ) ( ) ( )2**2**2**

sirisirisirii VVUUWWE −+−+−=∆ , i=1,..,8. 

Finally, we find the special CRI from formula  

ii ER ∆−= 6.4100 , i=1,..,8. 
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Now we repeat the procedure for TCS2, TCS3,...,TCS8. Having eight special Ri we take an 

average of them to determine the general colour rendering index 

∑
=

=
8

18

1

i

ia RR . 

For our spectrum we obtain Ra = 87, which is a very good result for illumination light sources. In 

the table below the chromaticity coordinates, the Y tristimulus values and the special CRIs 

obtained for eight TCSs illuminated by the tested and the reference source are gathered. 

Table A1. Chromaticity parameters for the spectrum from figure A1 

  TCS1 TCS2 TCS3 TCS4 TCS5 TCS6 TCS7 TCS8 

u 0.2584 0.2335 0.1982 0.1595 0.1689 0.1808 0.2262 0.2553 

v 0.3316 0.3479 0.3605 0.3439 0.3168 0.2922 0.2941 0.3061 Tested 

Y 30.4819 29.0887 29.9432 29.1203 30.4270 29.6977 29.7731 32.4265 

u 0.2524 0.2297 0.1972 0.1631 0.1712 0.1815 0.2226 0.2493 

v 0.3336 0.3494 0.3619 0.3440 0.3175 0.2929 0.2964 0.3082 Reference 

Y 30.3879 29.2807 30.5593 29.0160 30.2700 29.1560 29.3777 31.7862 

Ri 83.03 92.04 95.38 78.24 82.50 87.04 92.48 81.44 

 

Table A2. The test spectrum as a function of wavelength together with reflectance spectra of TCSi (i =1,..., 
8) 

wavelength 
Test 

spectrum 
 TCS1 TCS2 TCS3 TCS4 TCS5 TCS6 TCS7 TCS8 

[nm] [a.u.]          

380 0,01681  0,219 0,07 0,065 0,074 0,295 0,151 0,378 0,104 

385 0,01797  0,239 0,079 0,068 0,083 0,306 0,203 0,459 0,129 

390 0,02036  0,252 0,089 0,07 0,093 0,31 0,265 0,524 0,17 

395 0,04673  0,256 0,101 0,072 0,105 0,312 0,339 0,546 0,24 

400 0,10803  0,256 0,111 0,073 0,116 0,313 0,41 0,551 0,319 

405 0,23612  0,254 0,116 0,073 0,121 0,315 0,464 0,555 0,416 

410 0,48702  0,252 0,118 0,074 0,124 0,319 0,492 0,559 0,462 
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415 0,7194  0,248 0,12 0,074 0,126 0,322 0,508 0,56 0,482 

420 0,80509  0,244 0,121 0,074 0,128 0,326 0,517 0,561 0,49 

425 0,72242  0,24 0,122 0,073 0,131 0,33 0,524 0,558 0,488 

430 0,61048  0,237 0,122 0,073 0,135 0,334 0,531 0,556 0,482 

435 0,57933  0,232 0,122 0,073 0,139 0,339 0,538 0,551 0,473 

440 0,66339  0,23 0,123 0,073 0,144 0,346 0,544 0,544 0,462 

445 0,73019  0,226 0,124 0,073 0,151 0,352 0,551 0,535 0,45 

450 0,67157  0,225 0,127 0,074 0,161 0,36 0,556 0,522 0,439 

455 0,58386  0,222 0,128 0,075 0,172 0,369 0,556 0,506 0,426 

460 0,5136  0,22 0,131 0,077 0,186 0,381 0,554 0,488 0,413 

465 0,47569  0,218 0,134 0,08 0,205 0,394 0,549 0,469 0,397 

470 0,48879  0,216 0,138 0,085 0,229 0,403 0,541 0,448 0,382 

475 0,54281  0,214 0,143 0,094 0,254 0,41 0,531 0,429 0,366 

480 0,6234  0,214 0,15 0,109 0,281 0,415 0,519 0,408 0,352 

485 0,70899  0,214 0,159 0,126 0,308 0,418 0,504 0,385 0,337 

490 0,78994  0,216 0,174 0,148 0,332 0,419 0,488 0,363 0,325 

495 0,87782  0,218 0,19 0,172 0,352 0,417 0,469 0,341 0,31 

500 0,95456  0,223 0,207 0,198 0,37 0,413 0,45 0,324 0,299 

505 0,99054  0,225 0,225 0,221 0,383 0,409 0,431 0,311 0,289 

510 0,96989  0,226 0,242 0,241 0,39 0,403 0,414 0,301 0,283 

515 0,89754  0,226 0,253 0,26 0,394 0,396 0,395 0,291 0,276 

520 0,81132  0,225 0,26 0,278 0,395 0,389 0,377 0,283 0,27 

525 0,78647  0,225 0,264 0,302 0,392 0,381 0,358 0,273 0,262 

530 0,76077  0,227 0,267 0,339 0,385 0,372 0,341 0,265 0,256 

535 0,76572  0,23 0,269 0,37 0,377 0,363 0,325 0,26 0,251 

540 0,7691  0,236 0,272 0,392 0,367 0,353 0,309 0,257 0,25 
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545 0,75128  0,245 0,276 0,399 0,354 0,342 0,293 0,257 0,251 

550 0,71723  0,253 0,282 0,4 0,341 0,331 0,279 0,259 0,254 

555 0,66707  0,262 0,289 0,393 0,327 0,32 0,265 0,26 0,258 

560 0,6005  0,272 0,299 0,38 0,312 0,308 0,253 0,26 0,264 

565 0,56266  0,283 0,309 0,365 0,296 0,296 0,241 0,258 0,269 

570 0,54706  0,298 0,322 0,349 0,28 0,284 0,234 0,256 0,272 

575 0,55498  0,318 0,329 0,332 0,263 0,271 0,227 0,254 0,274 

580 0,58909  0,341 0,335 0,315 0,247 0,26 0,225 0,254 0,278 

585 0,6338  0,367 0,339 0,299 0,229 0,247 0,222 0,259 0,284 

590 0,68315  0,39 0,341 0,285 0,214 0,232 0,221 0,27 0,295 

595 0,73536  0,409 0,341 0,272 0,198 0,22 0,22 0,284 0,316 

600 0,77575  0,424 0,342 0,264 0,185 0,21 0,22 0,302 0,348 

605 0,79802  0,435 0,342 0,257 0,175 0,2 0,22 0,324 0,384 

610 0,81575  0,442 0,342 0,252 0,169 0,194 0,22 0,344 0,434 

615 0,83471  0,448 0,341 0,247 0,164 0,189 0,22 0,362 0,482 

620 0,85036  0,45 0,341 0,241 0,16 0,185 0,223 0,377 0,528 

625 0,85442  0,451 0,339 0,235 0,156 0,183 0,227 0,389 0,568 

630 0,86001  0,451 0,339 0,229 0,154 0,18 0,233 0,4 0,604 

635 0,85655  0,451 0,338 0,224 0,152 0,177 0,239 0,41 0,629 

640 0,84671  0,451 0,338 0,22 0,151 0,176 0,244 0,42 0,648 

645 0,83458  0,451 0,337 0,217 0,149 0,175 0,251 0,429 0,663 

650 0,81239  0,45 0,336 0,216 0,148 0,175 0,258 0,438 0,676 

655 0,78822  0,45 0,335 0,216 0,148 0,175 0,263 0,445 0,685 

660 0,76195  0,451 0,334 0,219 0,148 0,175 0,268 0,452 0,693 

665 0,74125  0,451 0,332 0,224 0,149 0,177 0,273 0,457 0,7 

670 0,71286  0,453 0,332 0,23 0,151 0,18 0,278 0,462 0,705 
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675 0,67306  0,454 0,331 0,238 0,154 0,183 0,281 0,466 0,709 

680 0,63951  0,455 0,331 0,251 0,158 0,186 0,283 0,468 0,712 

685 0,60736  0,457 0,33 0,269 0,162 0,189 0,286 0,47 0,715 

690 0,5725  0,458 0,329 0,288 0,165 0,192 0,291 0,473 0,717 

695 0,53703  0,46 0,328 0,312 0,168 0,195 0,296 0,477 0,719 

700 0,50459  0,462 0,328 0,34 0,17 0,199 0,302 0,483 0,721 

705 0,46978  0,463 0,327 0,366 0,171 0,2 0,313 0,489 0,72 

710 0,43774  0,464 0,326 0,39 0,17 0,199 0,325 0,496 0,719 

715 0,40804  0,465 0,325 0,412 0,168 0,198 0,338 0,503 0,722 

720 0,38278  0,466 0,324 0,431 0,166 0,196 0,351 0,511 0,725 

725 0,35521  0,466 0,324 0,447 0,164 0,195 0,364 0,518 0,727 

730 0,32801  0,466 0,324 0,46 0,164 0,195 0,376 0,525 0,729 

735 0,30236  0,466 0,323 0,472 0,165 0,196 0,389 0,532 0,73 

740 0,28065  0,467 0,322 0,481 0,168 0,197 0,401 0,539 0,73 

745 0,26315  0,467 0,321 0,488 0,172 0,2 0,413 0,546 0,73 

750 0,24352  0,467 0,32 0,493 0,177 0,203 0,425 0,553 0,73 

755 0,22194  0,467 0,318 0,497 0,181 0,205 0,436 0,559 0,73 

760 0,20352  0,467 0,316 0,5 0,185 0,208 0,447 0,565 0,73 

765 0,18339  0,467 0,315 0,502 0,189 0,212 0,458 0,57 0,73 

770 0,16599  0,467 0,315 0,502 0,192 0,215 0,469 0,575 0,73 

775 0,15343  0,467 0,314 0,51 0,194 0,217 0,477 0,578 0,73 

780 0,14084  0,467 0,314 0,516 0,197 0,219 0,485 0,581 0,73 
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Table A3. The day light components' spectra S0(λ), S1(λ) and S2(λ) 

λ [nm] S0(λ) S1(λ) S2(λ) 

300 0,04 0,02 0,00 

305 3,02 2,26 1,00 

310 6,00 4,50 2,00 

315 17,80 13,45 3,00 

320 29,60 22,40 4,00 

325 42,45 32,20 6,25 

330 55,30 42,00 8,50 

335 56,30 41,30 8,15 

340 57,30 40,60 7,80 

345 59,55 41,10 7,25 

350 61,80 41,60 6,70 

355 61,65 39,80 6,00 

360 61,50 38,00 5,30 

365 65,15 40,20 5,70 

370 68,80 42,40 6,10 

375 66,10 40,45 4,55 

380 63,40 38,50 3,00 

385 64,60 36,75 2,10 

390 65,80 35,00 1,20 

395 80,30 39,20 0,05 

400 94,80 43,40 -1,10 

405 99,80 44,85 -0,80 

410 104,80 46,30 -0,50 

415 105,35 45,10 -0,60 
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420 105,90 43,90 -0,70 

425 101,35 40,50 -0,95 

430 96,80 37,10 -1,20 

435 105,35 36,90 -1,90 

440 113,90 36,70 -2,60 

445 119,75 36,30 -2,75 

450 125,60 35,90 -2,90 

455 125,55 34,25 -2,85 

460 125,50 32,60 -2,80 

465 123,40 30,25 -2,70 

470 121,30 27,90 -2,60 

475 121,30 26,10 -2,60 

480 121,30 24,30 -2,60 

485 117,40 22,20 -2,20 

490 113,50 20,10 -1,80 

495 113,30 18,15 -1,65 

500 113,10 16,20 -1,50 

505 111,95 14,70 -1,40 

510 110,80 13,20 -1,30 

515 108,65 10,90 -1,25 

520 106,50 8,60 -1,20 

525 107,65 7,35 -1,10 

530 108,80 6,10 -1,00 

535 107,05 5,15 -0,75 

540 105,30 4,20 -0,50 

545 104,85 3,05 -0,40 
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550 104,40 1,90 -0,30 

555 102,20 0,95 -0,15 

560 100,00 0,00 0,00 

565 98,00 -0,80 0,10 

570 96,00 -1,60 0,20 

575 95,55 -2,55 0,35 

580 95,10 -3,50 0,50 

585 92,10 -3,50 1,30 

590 89,10 -3,50 2,10 

595 89,80 -4,65 2,65 

600 90,50 -5,80 3,20 

605 90,40 -6,50 3,65 

610 90,30 -7,20 4,10 

615 89,35 -7,90 4,40 

620 88,40 -8,60 4,70 

625 86,20 -9,05 4,90 

630 84,00 -9,50 5,10 

635 84,55 -10,20 5,90 

640 85,10 -10,90 6,70 

645 83,50 -10,80 7,00 

650 81,90 -10,70 7,30 

655 82,25 -11,35 7,95 

660 82,60 -12,00 8,60 

665 83,75 -13,00 9,20 

670 84,90 -14,00 9,80 

675 83,10 -13,80 10,00 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 106 

680 81,30 -13,60 10,20 

685 76,60 -12,80 9,25 

690 71,90 -12,00 8,30 

695 73,10 -12,65 8,95 

700 74,30 -13,30 9,60 

705 75,35 -13,10 9,05 

710 76,40 -12,90 8,50 

715 69,85 -11,75 7,75 

720 63,30 -10,60 7,00 

725 67,50 -11,10 7,30 

730 71,70 -11,60 7,60 

735 74,35 -11,90 7,80 

740 77,00 -12,20 8,00 

745 71,10 -11,20 7,35 

750 65,20 -10,20 6,70 

755 56,45 -9,00 5,95 

760 47,70 -7,80 5,20 

765 58,15 -9,50 6,30 

770 68,60 -11,20 7,40 

775 66,80 -10,80 7,10 

780 65,00 -10,40 6,80 

785 65,50 -10,50 6,90 

790 66,00 -10,60 7,00 

795 63,50 -10,15 6,70 

800 61,00 -9,70 6,40 

805 57,15 -9,00 5,95 
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810 53,30 -8,30 5,50 

815 56,10 -8,80 5,80 

820 58,90 -9,30 6,10 

825 60,40 -9,55 6,30 

830 61,90 -9,80 6,50 
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12. APPENDIX B 

 In this chapter we derive basic formulae for the parameters describing performance 

quality of OLEDs. First we give some general remarks about radiation emission. In figure B1 a 

source of light is presented having the area S and emitting into the solid angle determined by 

the detection area A at the distance r. We assume here that S<<A. In general, intensity of 

radiation depends on angles θ and φ, however, we assume that the intensity is axially 

symmetric, i.e. does not depend on the azimuthal coordinate φ. 

 

Figure B1. Geometrical parameters used to describe radiation of a flat light source 

Moreover, OLEDs belong to a group of Lambert-type sources which means their EL intensity 

depends on the cosine of angle θ. Therefore, we can write formula for the intensity as 

θϕθ cos),( 0II = . 

Subsequently, we calculate the radiant flux Φ of a source. Since a device emits in a forward 

direction we will integrate the intensity over the whole half-sphere 

[ ] ∫ ∫∫ ∫ 




 ⋅===Φ
π

π
π

π

πϕθθθϕθθϕθ
2

0

2

0

00

2

0

2

0

cossinsin),(
sr

W
srIddIddIW . 

 Now we can calculate the external quantum efficiency defined as the ratio of number of 

photons emitted from a device to the number of injected charge carriers 

e

ph

ext
N

N
=η . 

The number of photons we find from formula 

hch
N av

ph

Φ
=

Φ
=

λ
ν

, 

while the number of electrons is equal to the current passing through a device, I, divided by the 

elementary charge 
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e

I
Ne = . 

 In our experimental setup for detection the calibrated photodiode was used which 

means that the radiant flux was automatically integrated over all wavelengths. Therefore, in the 

formula for photons number we put the wavelength corresponding to the average energy of 

emitted photons. 

 In order to find the wavelength of the average energy of emitted photons we use a 

photodiode response plot presented below (figure B2). We will take an advantage of almost 

linear shape of the curve in the visible range and we assume that the response depends linearly 

on wavelength in the interesting for us spectral range. 

 

Figure B2. Spectral response of the photodiode used to measure light intensity 

To find the average energy wavelength we divide intensity values of an EL spectrum by hc/λ for 

each wavelength and then we integrate the whole spectrum. Subsequently, we start integration 

of the division from the smallest value of wavelength until the integral value is equal to 1/2 of 

that for the whole spectrum. The wavelength for which it happens is the average energy 

wavelength of the spectrum. We assume here that a shape of an EL spectrum does not change 

with driving current which is usually the case for stable OLEDs. 

 The intensity of radiation is equal to the power registered by the photodiode Pdet divided 

by the solid angle Ω (the photodiode is placed in the centre of the azimuthal axis and 

perpendicular to the emission direction of a device) 

Ω
= det

0

P
I . 

The power of radiation we can derive from the response function of the photodiode at the 

average energy of emission, Rph, and the value of current generated in a detector Iph  
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ph

ph

R

I
P =det . 

After substitutions we obtain formula for ηext 

ph

phav

ext
hcAIR

Ier 2πλ
η = , 

where we used for solid angle 

2r

A
=Ω . 

In a special case when a detector is placed directly on the surface of a flat light source (r = 0), 

the power received by a photodiode is equal to the radiant flux of an OLED, i.e. Φ=detP . In this 

case the formula for the external quantum efficiency simplifies to 

ph

phav

ext
hcIR

eIλ
η = . 

 At this point we give formulae employing photometric units describing radiation. We 

start from determination of the luminous flux Φv for a half-sphere of a lambertian source 

expressed as 

[ ] [ ]cdsrIlm vv ⋅=Φ π , 

where Iv is the luminous intensity expressed in general as 

[ ] ( ) ( ) λλλ dIycdI v 0

780

380

002.683 ∫= , 

with ( )λy  being photopic response of the standard observer function. Using the average 

photon energy we can rewrite the formula as 

( ) ( )
AR

rI
yIyI

ph

ph

avavv

2

0 002.683002.683 λλ == . 

For r = 0 the formula is as follows 

( )
ph

ph

avv
R

I
yI

π
λ002.683= . 

 Now we are ready to define the luminance L of a source from a distance r to a detector 
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( )
SAR

rIy

S

I

m

cd
L

ph

phavv

2

2

002.683 λ
==




  

or 

( )
SR

Iy

S

I

m

cd
L

ph

phavv

π

λ002.683
2

==




  

for a photodiode placed on the surface of a flat OLED source. 

From the above we find the luminous efficacy ηl 

I

LS

A

cd
l =




η  

and the luminous power efficacy ηp, defined as the ratio of the luminous flux to the electrical 

power driving a device 

UIU

LS

W

lm lc
p

πηπ
η ==





, 

where U is the voltage applied to a diode. 
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