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ABSTRACT 

 

EMISSION CHARACTERISTICS OF A SOLUTION PROCESSED, 

SINGLE LAYER WHITE ORGANIC LIGHT EMITTING DIODE 

 

White organic light emitting diodes (WOLEDs) are getting more attention day by 

day because of their some superior properties like viewing angle, refresh rate, flexibility, 

easy production process and consequently relatively cost-effective natures. Within the 

scope of this thesis, WOLED has been prepared and characterized by using the single 

emitter layer prepared by solution process method. In the emission layer, the host material 

is used for both obtaining the blue region of the visible spectrum and for efficient energy 

transfer to the green and orange-red guest material. Poly(N-vinylcarbazole) (PVK): 2-(4-

Biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD) or 1,3-bis[(4-tert-butylphenyl)-1,3,4-

oxadiazolyl] phenylene (OXD-7) matrices are used as host for   orange-red emitting 

material of N,N’-bis(2-ethylhexyl)perylene-3,4,9,10-dicarboxylic diimide (PDI) and 

green emitting material of  perylene-3,4,9,10-tetracarboxy tetrabutylester (PTE). 

Electron and hole mobility, L-V-J characteristics and morphologies of two 

different host matrix of PVK:PBD and PVK:OXD-7 were examined. As a result of these 

evaluations, the appropriate host was determined as PVK:PBD. Host:PTE and Host:PDI 

emission characteristics were examined and exciplex, electroplex formations were 

detected. After, Host:PTE:PDI configuration were discussed and high white light 

properties of optimized WOLED  are displayed CIE 1931 coordinates (x, y) of (0.34, 

0.36), correlated colour temperature of 4916 K and CRI of 96. Finally, lethal time 70 of 

the latest devices was examined.  
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ÖZET 

 

 ÇÖZELTİ SÜREÇLİ, TEK TABAKA BİR BEYAZ IŞIK YAYAN 

ORGANİK DİYOTUN EMİSYON ÖZELLİKLERİ  

 

Beyaz ışık yayan Organik Diyotlar (WOLED’ler) geniş görüş açısı, yüksek 

yenileme hızı, esneklik, kolay üretimi ve uygun maliyetleri gibi üstün özellikleri 

nedeniyle gün geçtikçe daha çok ilgi çekmektedirler. Bu tez kapsamında çözelti süreçli, 

tek ışıma tabakası kullanılarak WOLED hazırlanmış ve ışıma katmanında bulunan konak 

malzemesi hem mavi ışıma hem de konuk malzemesine enerji transferini için 

kullanılmıştır. Poly(N-vinylcarbazole)(PVK): 2-(4-Biphenylyl)-5-phenyl-1,3,4 

oxadiazole (PBD) veya 1,3-bis[(4-tert-butylphenyl)-1,3,4-oxadiazolyl] phenylene (OXD-

7) matrisleri, turuncu-kırmızı ışıma yapan N,N’-bis(2-ethylhexyl)perylene-3,4,9,10-

dicarboxylic diimide (PDI) ve yeşil ışıma yapan perylene-3,4,9,10-tetracarboxy 

tetrabutylester (PTE) perilen türevleri için konak olarak kullanılmıştır. 

İki farklı konak matrisi olan PVK:PBD ve PVK:OXD-7’ye ait elektron ve boşluk 

hareketliliği, akım yoğunluğu-gerilim-ışıma karakterleri ve morfolojik incelemeleri 

yapıldı. Bu incelemeler sonucunda PVK:PBD uygun konak olarak tespit edildi ve  

devamında PTE ve PDI:PTE katkılama oranları belirlendi. Konak olan PVK:PBD 

matrisine PTE katkınlaması durumunda eksipleks, PDI katkınlaması durumunda ise 

elektropleks oluşumları tespit edildi. Daha sonra, konak:PTE:PDI konfigürasyonu 

incelendi ve optimize edilen WOLED, (0.34, 0.36) CIE 1931(x, y) koordinatları,  4916 K 

renk sıcaklığı ve 96 renksel geriverim indeksi (CRI) elde edildi. Son olarak optimize 

edilen aygıtların yaşam ömürleri incelendi. 
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1. CHAPTER 1. 

 

INTRODUCTION 

 

Being able to perceive light is the most effective way to recognize and react to 

environment. Scientists who have understood the importance of light throughout history 

have started to think and research about the fundamentals of light. One of the earliest 

known examples of the behaviour of light discovered in history belongs to the Chinese 

philosopher Mo-ti. He discovered camera obscura after named pinhole camera claiming 

that light moves linearly and reflected backwards on the screen after passing through a 

small hole 1. Many scientists have worked to understand nature of light like Aristotle, Ibn 

al-Haytham, Newton, Christiaan Huyghens, Albert Einstein and many more. Each tried 

to understand the nature of light and explained it with known laws. As an example, the 

most famous of these has been whether the light is a particle or a wave. At this point, 

according to experimental setup, it was seen that light behaved like particles and 

sometimes waves. This showed that particle and wave properties of light coexist in the 

form of duality which can only reveal one depends on experiment 2. 
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Figure 1.1   Comparison of efficiency, lifetime, environment, CRI, driving and production 

const, which are important parameters for lighting devices (adapted from 3               

and updated from 4). 
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Understanding the nature of light that is vital for life has increased methods of 

obtaining it and its usage areas. While in the earlier times, light requirement obtained by 

sun and fire, different methods have been developed later. Edison invented a useful 

incandescent lamp for the first-time using electricity with the help of a tungsten filament.  

However, instead of these inefficient methods, later fluorescent lamps and nowadays 

solid-state lighting devices have been developed. Advantages and disadvantages of these 

lighting methods compared to each other are summarized in figure 1.1. In general, 

incandescent and OLEDs are advantageous in terms of easy production, usability, light 

quality and environmental friendliness, while inorganic LED is advantageous in terms of 

efficiency and lifetime. 

Organic light emitting diodes (OLEDs) have rapid increase as one of the 

technologies for display screens and solid-state lightning technology due to their 

outstanding features. Compared to LCD technology, LCD still dominates current market 

but has some limitations such as resolution, refresh rate and colour quality. Furthermore, 

OLED displays do not need backlighting, so they are not heavy and have a wide viewing 

angle. 

 

Figure 1.2 LG WX 65 inch Class Wallpaper 4K Smart OLED TV w/ AI ThinQ 5 

Although efficiency and life span are still challenge, it has started to be used 

commercially in lighting and display technologies (Phillips, LG, Samsung etc.) 

overcoming this problem by inventive methods. OLEDs are pioneers in titles such as 

design, innovation, flexibility and slimness. An OLED with a thickness of 0.3 mm was 

produced in a study by Brian W. D’Andrade et al. According to the result of this study, 
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which was developed as a prototype, such OLEDs can be easily transported and mounted 

directly on the wall 6. Figure 1.2 shows a commercially produced OLED TV by LG and 

only has 3.81 mm thin display. The success of obtained white light depends on energy 

levels of the visible wavelength range of the solar spectrum simulated by the use of 

appropriate semiconductors. The minimum requirement for white light is the combination 

of red-orange and blue colours. However, in order to obtain high quality white light, at 

least blue, green and red emission need be combining.  

 

1.1. White Light Quality Parameters 

Some definitions have been created in order to quantify the quality of white light. 

Color rendering index (CRI) color correlated temperature (CCT) and CIE 1931 

(Commission Internationale d’Eclairage) is the important parameter in the classification 

of light, especially white light. 

CIE coordinates were developed in 1931 by International Commission on 

Illumination (Commission Internationale d’Eclairage ,CIE) to characterize the colour of 

light emitted from any source 7. The X, Y and Z tristimulus values formulated as follows, 

are basically based on three types of color sensitive cones found in the human eye, which 

enable the perception of colors. 

                                𝑋 = ∫ 𝑥̅
𝜆

 (𝜆)𝑃(𝜆)𝑑𝜆    1.1 

                                   𝑌 = ∫ 𝑦̅
𝜆

 (𝜆)𝑃(𝜆)𝑑𝜆       1.2  

                                𝑍 = ∫ 𝑧̅
𝜆

 (𝜆)𝑃(𝜆)𝑑𝜆    1.3 

Where λ is wavelength in the range of 380 to 780 unit of nanometer. 𝑥̅(𝜆), 𝑦̅(𝜆) 

and 𝑧̅(𝜆) values are the human eye colour sensitivity and 𝑃(𝜆) is the spectral radiance of 

source. Chromaticity coordinates can be found as fallows; 

                         𝑥 =
𝑋

𝑋+𝑌+𝑍
                            1.4 

                                             𝑦 =
𝑌

𝑋+𝑌+𝑍
              1.5 

                                             𝑧 =
𝑍

𝑋+𝑌+𝑍
              1.6 

Since z= 1-x-y, colour coordinates can only be represented in terms of x and y. 

For ideal white light, the x and y coordinates are defined as 0.33, 0.33. However, it also 

exhibits white light characteristics in a large area around this region. 
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The colour rendering index (CRI) is a quantitative measure, which compares the 

colour of an object illuminated by a source with the colour of an object illuminated by 

natural or ideal sources. The CRI value of a light source is determined by comparing 

reflections from 8 different colour standard samples illuminated by both the light source 

and the black body with the same colour temperature. The CRI value varies between 0 

and 100. It is desirable to have a high CRI value. High CRI value means that objects 

reflect their true colours. Another method used to characterize light is colour correlated 

temperature (CCT) value. CCT value is determined by comparing the light coming from 

a source with the black body radiator. There is a fundamental difference between CCT 

and CRI values. Although two light sources with the same CIE coordinates and same 

CCT value, the colours of an object illuminated by these sources may be perceived 

differently. This difference is understood with the definition of CRI 8. 

 

1.2. Background of White Organic Light Emitting Diodes 

With the understanding of semiconductor physics, the first light emitting diodes 

(LEDs) were reported by O.V. Lossev in 1927 9. Although an efficient LED could not be 

obtained in this first study, it attracted the attention of many researchers. LED studies 

continue today, but the search for light sources is not limited to LEDs. After the artificial 

lights started to be obtained efficiently, the light quality started to be emphasized. Light 

emitting diodes made with organic materials are important in this regard. First study on 

organic light emitting diodes (OLEDs) made by Pope et al in 1963 by the use of 

anthracene film between electrodes. This study is important for being the first, but it can 

operate under very high potential about 100V 10. In 1987, Tang and his colleagues 

obtained the first efficient OLED in Eastman Kodak Company by using materials that 

transmit electrons and holes separately electrodes resulted low voltage operation. This 

study, recognized as the first OLED for many, was created using bilayer method coating 

tris(8-hydroxyquinoline)aluminum (Alq3) and diamine materials in the form of thin layer 

between the electrodes 11. Later, many researchers in the field of OLED used different 

methods and materials that provided development of this technology.  

First white light emitting OLED, shortly white organic light emitting diode 

(WOLED), was obtained in 1994 by Kido et al 12. After this invention, significant 

progress has been made in both academic and industrial areas in terms of efficient OLED 

lighting. In this study, orange, green and blue fluorescent materials were added to poly 
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(N-vinylcarbazole) material, which is a hole transfer material. This WOLED with an 

efficiency factor of 1 lm/W is very successful in terms of being the first example. 

WOLED studies by Adamovich et al, the power efficiency(Lm/W) reached the level of 

tungsten filament lamps of 10 lm/W for the first time 13. High refractive indexes of 

organic materials, optical confinement, total internal reflection causes low efficiency in 

organic light emitting diodes. In a study by Sun et al., about 70 lm/W was reached by 

making using low index grid and optical optimizations 14. Another WOLED studies by 

Sebastian Reineke et al, in 2009 15, are important in terms of reaching above 90 lm/W, 

which is the power efficiency of standard fluorescent lamps. Some of the light generated 

in the active layer cannot go out due to light out coupling. The work is also an important 

factor for light out coupling enhancement. The refractive index of glass is 1.5, while 

organic materials are around 1.8. Different refractive index cause total internal reflection 

determined by Snell law. By keeping the refractive index of the substrate and organic 

materials close to each other, total internal reflection is prevented Another method to 

reduce the total internal reflection rate is to keep the angle of incidence of the light 

perpendicular to the substrate surface. Making the substrate hemispherical made it 

possible to keep the angle close to perpendicular in all directions. They achieved a 

maximum power efficiency of 124 lm /W and they compromised the quality of white light 

and stated that high CRI can be achieved in case of light out coupling enhancement.  

OSRAM company took the first step in the commercialization of WOLEDs and 

in 2008. They introduced a hybrid lamp (PirOLED) in which WOLED and LEDs are used 

together. Output of the OLLA project was a breakthrough in obtaining white light from 

devices made using organic materials 16. In the following years, developments in the field 

of WOLED continued and both efficiency and light quality were improved. White light 

emitting organic diodes (WOLED) are defined as new generation energy efficient lighting 

devices. For this reason, in recent years, many projects have been carried out on WOLEDs 

supported by the EU and many countries For example, important projects such as OLLA, 

a European Union project that ended in 2008, and OLED100.eu, a follow-up study, have 

been carried out The OLED100.eu project, which cost 30 million dollars (20 million 

dollars by EU) was supported by companies such as Philips, OSRAM, Siemens, Novaled, 

Franhofer IPMS. Another EU project named CombOLED lead by OSRAM was created 

to develop low-cost and innovative device architectures using less complex materials 1718. 

The SOLEDLIGHT project has been supported in 2015 by EU to obtain at least 100 lm/W 

cost efficient light by roll-to roll (R2R) solution processed method 19. The first output of 
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this project was published in 2016 by Aghazada et al. In this work 20, HIL, HTL and EML 

coated by spin coating method then ETL and cathode coated with PVD reached 6.3 lm/W. 

 

 

Figure 1.3 WOLED development over the years 

 

1.3. Device Architectures and Coating Techniques Employed 

Organic light emitting diodes (OLEDs), as the simplest definition, are devices 

with a sandwich structure obtained by coating organic materials as thin films between 

two electrodes. OLEDs structures formed by combining electrons and holes transferred 

from the cathode and anode in the emissive layer (EML). Extra layers can be used for 

efficient transfer of charges. Working principle of an OLED in energy dimension is given 

in figure 1.4. There are different approaches such as the number of layers, the coating 

method, the outflow direction of the light, electrical feeding. White light obtained in the 

vertically stacked structure (figure 1.5a) WOLED approach originates from feeding each 

emission layer separately. In vertically stacked structures, white light is produced by 

OLEDs connected in series. In this structure there is charge generation layer between each 

them. In this way, the voltage needed for each structure can be applied and this allows it 

to operate at low voltage. The most important disadvantage is the difficulty of fabricating 

these structures. However, it is very difficult to produce WOLED with this method. Since 

each layer is fed separately, electrical supply and optimization is easier. On the other 
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hand, optical cavity still remains a problem. The light created in the active layer has to 

pass through other layers in order to get out Especially considering that white light 

consists of different colours and that each colour must face with different refractive index, 

it is understood that optimizing will remain a problem 21–23. 

 

Figure 1.4 Fundamental working principle of OLED 

 

Since white light is basically a combination of three primary colours, a balance of 

these colours must be achieved in order to obtain high quality white light. The desired 

balance of colours can only be possible with charge and exciton manipulation. Multi-

EML (figure 1.5b) method provides a great advantage in this respect. Deficit of this 

method is that it is relatively difficult to manufacture and inconvenient for wet coating 

methods. Morphological disturbances between layers in wet coating methods make 

optimization in the device difficult. PVD technique has to be used widely, which is a 

factor that increases the cost 24–26. 

Devices prepared by obtaining single-EML (figure 1.5c) were the most effective 

due to low production cost and simple device structure. To obtain white light in a single 

layer, molecules with different emission regions must coexist in the active layer. At least 

complementary (blue and orange-red) or primary (blue, green and red) colours must be 

use together for white light generation. WOLED made by Alam et al. by using two 

different polymers, which is poli(9,9-dioktilfluoren) (PFO) and poli[2-metoksi-5-(2'-etil-
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hekzilokzi)-1,4-fenilenvinilen] (MEH-PPV). As a result of incomplete energy transfer 

from PFO to MEH-PPV, white light was obtained from mixture of two polymers 27. 

Single emitter device structure is cost effective method also allows to enlarge the area 

because of easy to apply but have back draw in manipulating exciton formation. 

 

 

Figure 1.5 Fundamental OLED fabrication structure a) vertically stacked b) multi-EML 

c) single-EML28 

To summarize, soluble materials are generally coated by wet coating, and 

insoluble materials by thermal evaporation. Polymeric structures are generally soluble 

and small molecules are generally insoluble. However, there are also polymers and small 

molecules that do not conform to this generalization.  

There is more than one method in preparation of thin films, which should 

generally be thinner than 100nm. Each coating method has some advantages and 

disadvantages. Basically, the coating method is divided into two: the first is the solution 

process (or wet process) and the second is the physical vapor deposition. In solution 

process, material to be coated is dissolved or dispersed in a solvent then this solution 

phase is applied on substrate and solvent is evaporated. There are several methods to 

apply the solution phase as a thin film, these are spin coating, doctor blade, dip coating, 

inkjet printing, spray. In all of these, the film thickness can be partially controlled. The 

thickness of the film formed in the solution phase mostly depends on the concentration. 

There are other parameters that affect the film thickness thanks to the coating method. 

For example, rotation speed (angular velocity) affects the film thickness in the spin 

coating method, while the drawing speed (linear velocity) from the solvent affects in the 

dip coating method. Wet coating methods have the potential to reduce costs by preventing 

material waste, faster. However, there are some problems with the wet coating method to 

solve. The biggest problem is encountered in multilayer coating. Film coated in solution 
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process may damage the underlying film can causes uncontrollable optical and electrical 

problems.  

In the physical vapor deposition (PVD) method, organic materials are evaporated under 

high pressure (10-6 mbar) and coated on the substrate. Thickness of film can be controlled 

sensitively considering the evaporation temperature of the material. Although it allows 

the fabrication of multilayer structures, materials with low degradation temperatures are 

not suitable for this type of coating technique. 

 

1.4. Organic Semiconductors 

 

Alan J. Hegeer, Alan G. MacDiarmid and Hideki Shirakawa, who discovered 

conductive polymers by doping halogen and received  Nobel prize in 2000 for chemistry. 

Thus, polymers have begun to be used and researched more widely in the field of 

electronics, their being synthesizable and easy to use in solution phase have been the 

biggest advantages. Organic materials began to be used in the field of OLEDs, OFETs, 

sensors, organic photovoltaics after the discovery of these properties. The materials used 

in the field of organic electronics are generally conjugated molecules. Carbons conjugated 

with strong covalent bonds generates sp2 hybrid orbital with σ bond and pz orbital. When 

organic molecules are very close to each other, pz orbitals overlaps thus π bonds are 

formed. These π bonds formed are delocalized on the molecule, which provides 

conductivity 29,30. 

 

Figure 1.6 Schematic illustration of orbitals 
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Structures similar to valance and conduction bands in inorganic materials are also 

seen in organic materials. The combination of pi orbitals can form degenerate stats. In 

such a case, energy levels may (filled or unfilled bonds) occur at the same level or very 

close to each other, or in places where energy levels are not exist. Unlike inorganic 

materials, these levels are called molecular orbitals. For radiative transition there must be 

a transition between the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) (Figure 1.4). 

 

The Jablonski Diagram, named after physicist Aleksander Jabloński, best 

summarizes the energy levels in organic molecules and the possible transitions between 

these levels. Provides information on absorption fluorescence phosphorescence and 

delayed fluorescence transitions and other non-radiative transitions. If light with higher 

energy than the band gap of the semiconductor is sent onto the semiconductor, this light 

can be absorbed. Transfer process of the electron in the excited state and the type of 

radiation can be defined by this diagram.  

 

 

Figure 1.7 Energy and electron transfer processes illustrated by the Jablonski diagram 

For fundamentals of spin-statistic fluorescent is less efficient then phosphorescent 

and TADF materials. The reason is that the quantum mechanically formed singlet triplet 

energy levels have different rates of exciton. electrically injected singlets and triplets are 

formed in a ratio of 1:3 so the singlet emitting material can only use 25 percent of the 

injected charges as radiative recombination 31,32. Phosphorescent and TADF emitter 

materials use rare heavy metals such as platinum or iridium to enable a quantum-
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mechanical phenomenon called spin-orbit coupling, which increases the radiative rate of 

triplet excitons. It is not only expensive due to the heavy metals it contains, but also causes 

environmental pollution and toxicity. In the preparation of WOLED, the use of materials 

showing phosphorescent properties is quite common. However, the use of phosphorescent 

materials in OLEDs brings new problems. Triplet exciton-polaron (TPQ) and triplet-

triplet annihilation  (TTA) are likely to occur due to the high life time (10-6-10-3s) of triplet 

excitons 33. Additionally, the high triplet exciton diffusion length (<100 nm) makes the 

device architecture difficult to control and increases the probability of energy losses. The 

long-life time of excitons increases the exciton density in the active layer and increases 

the possibility of excitons to interaction. These negativities cause a decrease in efficiency 

and therefore a decrease in strength with the increase of brightness. Since the life time 

(10-9s) and diffusion length (<20nm) of singlet excitons are lower than the triplet exciton, 

such an effect is not encountered. The main problem is encountered in white light 

generation. While TTA and TPQ occurs in the active layer, the wavelength does not 

remain constant and shifts occur. In such a situation, the increase in voltage will 

exacerbate this shift. As a result, they create problems in CRI, CCT and CIE issues in 

white light production 34–38. Another fact is that OLEDs using blue phosphorescent 

materials have a very low lifespan and it is very difficult to obtain WOLEDs with high 

CRI values due to the fact that the radiation of blue phosphorescent materials is closer to 

the green region 39. 

Actually, not only the efficiency but also the pace of radiative recombination zone 

highly dependent on the electron and hole balance. In order to achieve this balance, it is 

very important to know the electron and hole mobility, and to design the materials and 

device accordingly. Mobility define how fast an electron drifts under an electric field. 

There are many ways to find the mobility of a semiconductor such as hall effect, field 

effect transistor, and space charge limited current 40,41. SCLC method well established 

and easy. Current density can be examined in four sections. These can be listed as ohmic 

zone (JOHM), space charge limited zone (JSCL), trap charge limited zone (JTCL), trap charge 

filled zone (JTFL). Current density at low voltage is determined by the ohm’s law as 

follows; 

𝐽𝑂𝐻𝑀 = 𝑒𝑁0𝜇
𝑉

𝑑
                                  1.7 

where V is voltage, N0 is free electron per unit surface, e is electron charge, μ is mobility 

and d indicates the thickness between electrodes. When the voltage starts to increase, the 
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charges begin to accumulate in the active area and after a certain voltage, these charges 

begin to flow in proportion to the square of the applied voltage. This regime called as 

SCLC. When voltage is applied to the electrodes, the charged particle between the 

electrodes moves as follows; 

𝑣 = 𝜇 𝐸             1.8 

where v is speed of charges E is electric field. Similarly, the representation of current 

density depending on conductivity (σ) is as follows;  

𝐽 = 𝜎𝐸                                              1.9 

The equation connecting the electron (n) and hole (p) density as a function of one 

direction to the conductivity is as follows; 

𝜎 = 𝑒𝑛(𝑥)𝜇𝑒 + 𝑒𝑝(𝑥)𝜇𝑝                            1.10 

where μe and μp is electron and hole mobility, respectively. If we combine this equation 

with equation 1.3; 

𝐽 = 𝑒𝑛(𝑥)𝜇𝑒𝐸 + 𝑒𝑝(𝑥)𝜇𝑝𝐸                      1.11 

If we rearrange all these with the electric field in the insulator with the Poisson equation, 

we have; 

                                    
𝑑𝐸

𝑑𝑥
=

𝑒𝑛(𝑥)

𝜀
       ,

𝑑𝐸

𝑑𝑥
=

𝑒𝑝(𝑥)

𝜀
                        1.12 

 

Solving these equations under V (0) = V and V (L) = 0 boundary condition, will result;  

𝐽𝑆𝐶𝐿𝐶 =
9

8
𝜀𝜀0 𝜇

𝑉2

𝑑3
                                     1.13 

where ε and ε0 is the permittivity of material and free space, respectively. Mobility can 

be found by making electron only and hole only devices. To find the permittivity of the 

material between electrodes, which are parallel plates, it is necessary to measure its 

capacitance. 

 

1.5. WOLEDs Based on Perylene Derivatives 

 

Perylene diimides (PDIs) attract attention due to their superior properties such as 

high thermal, optical and chemical stability, very high molar absorption coefficients (104 

M-1cm-1) in the visible region, fluorescence quantum yields of 90% in the solution phase 

high electron affinities, electron mobility and relatively easy to chemical modifications 

42–44. Excited-state electrons do not transition from singlet to triplet and absorbed energy 
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transforms from singlet to fluorescence with little loss and absorbed energy transforms 

into fluorescent emission with minor loss 45. However, besides all these positive 

properties, it tends to aggregate in the film phase as a result of strong π-π interactions in 

the perylene core. Micrometer sized crystallites formed as a result of aggregation cause 

aggregation damping and decrease in fluorescence quantum yields. Also, as a result of π-

π interactions, their tendency to form an excited state dimer (excimer) increases. These 

disadvantages can be overcome by doping into the host material or synthetic 

modifications. There are many studies in the literature using one or both methods. 

 

Table 1.1 Perylene based OLED literature 

Ref Molecule 

HOMO - 

LUMO 

Level (eV) 

OLED 

Device architecture 

EQE 

(%) 

Vturn-on 

(V) 
CIE (x, y) 

46 

PDI1 -6.06, −4.08 ITO/PEDOT:PSS/PDI1/Al - - - 

PDI2 -5.84, -4.11 ITO/PEDOT:PSS/PDI2/Al - -  - 

PDI3 -5.69, -4.13 ITO/PEDOT:PSS/PDI3/Al - - - 

47 

STPH -5.68, -3.77 ITO/P:P/CBP:STPH/TmPyPB /Liq/Al 3.97 8.3 * (0.56, 0.37) 

DTPH -5.75, -3.75 ITO/P:P/CBP:DTPH /TmPyPB /Liq /Al 4.30 7.6* (0.57, 0.32) 

STRPH -5.85, -3.76 ITO/ P:P /CBP:STPH/TmPyPB /Liq /Al 4.93 7.5* (0.56, 0.34) 

DTRPH -5.77, -3.77 ITO/P:P/CBP:DTRPH/TmPyPB/Liq/Al 3.52 8.2* (0.57, 0.31) 

STTPE -5.72, -3.75 ITO/ P:P/CBP:STTPE/TmPyPB/Liq/Al 0.50 4.5* (0.50, 0.32) 

DTTPE -5.80, -3.80 ITO/P:P/CBP:DTTPE/TmPyPB/Liq/Al 0.49 8.8* (0.51, 0.24) 

48 

PEIs-1 -5.66, -3.38 

ITO/P:P/PVK:1/2/3(15:1)/BPhen/LiF/Al 

- 5.30 (0.48, 0.42) 

PEIs-2 -5.84, -3.42 - 6.08 (0.50, 0.43) 

PEIs-3 -5.86, -3.42 - 6.97 (0.47, 0.40) 

PEIs-1 -5.66, -3.38 

ITO/ P:P /PVK:1/2/3(15:1)/TPBi/LiF/Al 

- 3.68 (0.56, 0.42) 

PEIs-2 -5.84, -3.42 - 3.94 (0.36, 0.33) 

PEIs-3 -5.86, -3.42 - 4.29 (0.37, 0.31) 

49 Molecule 1 -5.59, -3.25 

ITO/ P:P /1/BCP/Alq3/LiF /Al 1.76 6.16 (0.32, 0.56) 

ITO/ P:P /PVK: 1(10 wt.%)/BCP/Alq3 

/LiF /Al 
2.57 4.97 (0.33, 0.54) 

50 
Molecule 1 -5.72, -3.28 ITO/ P:P /Molecule(1–3) /BPhen /LiF/Al 

 

- 3.52 - 

Molecule 2 -6.08, -3.07 - 3.96 - 
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Ref Molecule 

HOMO - 

LUMO 

Level (eV) 

OLED 

Device architecture 

EQE 

(%) 

Vturn-on 

(V) 
CIE (x, y) 

Molecule 3 -6.04, -3.10 - 4.03 - 

Molecule 1 -5.72, -3.28 

ITO/ P:P /PVK:Molecule(1–3)( 90:10 ) 

/BPhen /LiF/Al 

- 4.8 - 

Molecule 2 -6.08, -3.07 - 5.9 - 

Molecule 3 -6.04, -3.10 - 6.7 - 

51 
PDI-1 -5.8, -3.7 ITO/ P:P /PVKc/PDI-1/PF-PEG/Ba/Al 0.24 6.5 (0.66, 0.33) 

PDI-2 -5.5, -3.6 ITO/ P:P /PVKc/PDI-2/PF-PEG/Ba/Al 0.64 4 (0.69, 0.29) 

52 PDI-1BN −4.8, −3.63 
ITO/MoO3 /TCTA /CBP: X wt % PDI-

1BN /TPBi /LiF/Al 
1.57 3.5 - 

53 
N-

DODEPER 
-5.9, -3.7 

ITO/ P:P /PVK:N-DODEPER(% 0.2, 0.4 

and 0.8 N-DODEPPER )/Alq3/LiF /Al 
0.78 4,5 (0.28, 0.54) 

54 
PDI-1 -6.0, -3,8 ITO/ P:P /PVK-PBD-PDI-1/Ba/Ag 0.09 12* - 

PDI-2 -5.4, -3.5 ITO/ P:P /PVK-TPBI-PDI-2/Ba/Ag 0.62 12* 0.65, 0.35 

55 

[PDI-

iridium]PF6 

dyad 1 

-5.5, -3.18 ITO/ P:P /1:IL(2:1)/Al 3.27 3* (0.65, 0.34) 

56 BNPTCD -6.1, -4.0 
ITO/m-MTDATA/-

NPD/Alq3:BNPTCD(61:39)mol%/LiF/Al 
0.002 6.4 - 

* Operation Voltage, - Not reported. P:P= PEDOT:PSS,  BCP =2,9-Dimethyl-4,7-diphenyl-1,10-

phenanthroline, Alq3= Aluminum 8-hydroxyquinolinate, PVK= Poly(9-vinylcarbazole), BPhen= 4,7-

Diphenyl-1,10-phenanthroline, TCTA= Tris(4-carbazoyl-9-ylphenyl)amine, CBP= 4,4′-Bis(9-carbazolyl)-

1,1′-biphenyl, TPBi= 2,2′,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole), m-MTDATA= 4,4',4''-

Tris[(3-methylphenyl)phenylamino]triphenylamine, LiF= Lithium fluoride,  

 

To give an example from the literature, in a study, 3 new acetylene bridges 

perylenediimide derivative were functionalized with fluorene, carbazolyl-fluorene, and 

anthracyl-fluorene derivatives and their optical and electrochemical properties were 

investigated. Among the added groups, the fluorene-containing PDI derivative prevented 

aggregation. Device performance data are not reported. In addition, they reported an EL 

device containing PDI in a plasmonic-enhanced device with the addition of nanowires 46. 

In another study, different PDI derivatives with stiff bulky structures were synthesized by 

functionalization from the bay position and red shifted PL observed. After their optical 

electrical characterization, OLED was produced with the use of PDIs in the active layer. 

OLED devices fabricated by adding 1% and 5% PDI to the CBP host, the highest EQE 

(4.93%) was obtained by adding 1% STRPH coded PDI derivative to obtain a deep red 
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EL 47. In another study, PVK and bay annulated PTE derivatives were used together in a 

host-guest system, the effects of the device with the use of (ethyl) amine, sulphur and 

selenium derivative fused in the PTE core in the active layer were investigated. While the 

(ethyl) amine fused-PTE derivative exhibited maximum brightness of 265.82 cd/m2 by 

the use of BPhen as an electron transfer material, sulphur and selenium derived exhibited 

82.8 and 19.31 cd/m2, respectively. Subsequently, using TPBi instead of Bphen as ETL 

in Device architecture, the Turn-On voltage for (ethyl) amine fused-PTE decreased from 

5.30 to 3.68 and brightness increased from 265.82 to 628. In addition, blue EL from PVK 

was mostly realized by the (ethyl) amine derivatized material using due to förster 

resonance energy transfer (FRET). The CIE coordination (x, y) of the produced device 

performances (where ETL: TPBi) are (at 14V) ((ethyl) amine, sulfur and selenium 

derived-PTE) (0.50, 0.42), (0 .39, 0.38), (0.32, 0.28), respectively48. In another study they 

used a new TADF-derived perylene derivative material, functionalized with the triazine 

molecule, which is electron-weak in the center, and the N-ring PTE derivative from the 

electron-rich bay position utilized in 2 different device structures. In the first, OLED 

fabricated with ITO (120 nm) / PEDOT: PSS (50 nm) / Perylene derivative (80 nm) / BCP 

(6 nm) / Alq3 (35 nm) / LiF (1 nm) / Al (150 nm) structure and Vturn-on (V) 6.16, 

maximum brightness 4334cd /m2, 2.04 lmW-1 power efficiency and 1.76% EQE were 

obtained. ITO (120 nm) / PEDOT: PSS (50 nm) / PVK: 1 (80 nm) / BCP (6 nm) / Alq3 

(35 nm) / LiF (1 nm) / Al (120 nm) device architecture was fabricated and Von 4.97, 

5561cd / m2 brightness, 3.34 lm / W and 2.57% EQE were achieved49. In a study 

comparing the OLED device performances of PTE derivatives functionalized with 

heteroatom (NH, S, Se) showed liquid crystal properties, all PTE derivatives exhibited a 

200-300 degree columnar phase at room temperature. OLED device fabricated PTEs 

alone in the active layer performed lower than when they were added to PVK. N-ring 

PTE derivative added 10% into the PVK host exhibited 211cd/m2 brightness in green 

region and 0.27cd/A current efficiency 50. In the study conducted by Enrika et al. in 2016, 

two different perylene diimide derivatives were synthesized and solution phase OLED 

was fabricated. Naphthalene or acenaphthene bond to the bay position of perylene diimide 

prevents aggregation by limiting π-π interactions. In this study with ITO/ 

PEDOT:PPS/PVKc/PDI/PF-PEG/Ba/Al device architecture, 0.638 and 0.238 EQE were 

obtained 51. BN-Fused Perylene diimide was synthesized and characterized in the study 

by Li et al. Made with ITO/MoO3/TCTA/CBP: X wt % PDI-1BN/TPBi/LiF/Al device 
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architecture reached 1.57 EQE value. Many other studies based on perylene diimide are 

available and are summarized in table 1.1. 

In most of the studies summarized in Table 1.1, perylene diimide was added to a 

host. Strong π-π interactions of perylene diimides cause film phase aggregation. 

Therefore, it is difficult to get high efficiency by coating them individually. They are 

doped into a host for efficient energy end charge transfer. As host materials generally 

have high band gap, they are generally used for blue emission, energy and charge transfer. 

These materials generally exhibit p-type or n-type character with exceptions. Due to these 

uniform characters, it may be difficult to balance the charge in the active layer. This 

problem can be overcome by using p-type and n-type materials together. PVK, is a p-type 

host and widely used due to its excellent film-forming properties in studies with wet 

coating methods. Kumar et al. mixed PVK with n-type material of OXD-7 and achieved 

high efficiency in their study 57. Similarly, PVK: PBD 58–60, PVK:mCP 61,62, PO:TCTA 

63, TCTA:DBFTrz, CBP:TPBI, CBP:DBFTrz 64 blends are also utilized literature. 

  

1.6. Aim of The Thesis 

The aim of this thesis is to obtain high quality white light with a CRI value higher 

than 90 by utilizing perylene derivatives as singlet emitters in a solution processed single 

layer WOLED. For this purpose, different host materials were blended with the 

previously synthesized orange-red and green emitting perylene derivatives and 

photophysics and physics of the devices were investigated.  

 

 

  



17 

2. CHAPTER 2.  

 

EXPERIMENTAL 

 

2.1. Materials  

Orange-red emitting material of N,N’-bis(2-ethylhexyl)perylene-3,4,9,10-

dicarboxylic diimide (PDI) and green emitting material of  perylene-3,4,9,10-

tetracarboxy tetrabutylester (PTE) were sensitized and characterized by Dr. Erkan 

AKSOY in his PhD thesis65,66. Indium tin oxide (ITO) coated glass substrates with a sheet 

resistance of 4-10 Ω/sq are utilized as transparent anode and were purchased from 

Lumtec. Hydrochloric acid (%30-32) [HCl(aq)] was purchased from Tekkim, poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS, Al4083) was from 

Heraeus Clevios, poly (N-vinylcarbazole) (PVK) (Mw 1.100.000), 2-(4-Biphenylyl)-5-

phenyl-1,3,4-oxadiazole (PBD), 1,3-bis[(4-tert-butylphenyl)-1,3,4-

oxadiazolyl]phenylene (OXD-7), aluminium (Al), chlorobenzene, isopropanol and 

acetone were from Sigma Aldrich. Lithium fluoride (LiF) was provided from Acros 

Organics. 

 

2.2. Instruments 

Ultraviolet-visible (UV-Vis) absorption and photoluminescence (PL) 

measurements were performed by using Edinburgh Instruments FS5 spectrophotometer. 

ITO substrate cleaning was processed by ISOLAB ultrasonic bath and CUTE FC-10046 

O2 plasma system. All solutions were coated via Laurell WS-400B-6NPP LITE spin 

coater under atmospheric conditions. Film thickness values were determined by 

KlaTencor MicroXM-100 optical profilometer. Surface morphology investigations were 

carried out with Bruker-MMSPM Nanoscope 8 atomic force microscopy (AFM). Cathode 

and electron injection layer (EIL) evaporations were performed by the use of a physical 

vapor deposition (PVD) instrument attached to a LC Technology Solution Inc. glove box 

system. Coating thickness and rate were monitored by INFICON SCQ-310C deposition 

controller by using a 6 MHz crystal sensor and frequency meter together with quartz 

oscillator which allowed controlling rate by 0.1 Å/s. EL spectra and luminance–voltage–
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current density (L–V–J) curves were obtained using a Keithley 2400 programmable 

source measurement unit and calibrated Hamamatsu C9920-12 measurement system 

combined with an integrated sphere (inside diameter of 3.3 inch). The detector and the 

sphere were connected with 1.5 m fiber cable.  

 

2.3. Device Preparation 

Before coating organic materials, ITO coated glasses were appropriately etched 

with HCl(aq) and cleaned with detergent, water, deionize water, acetone and isopropyl 

alcohol, respectively for half an hour each, by using ultrasonic bath.  After ultrasonication, 

ITO coated glass substrates were dried with a nitrogen gun then O2 plasma (70W) 

treatment applied for 8 minutes to remove residual contamination and make surface 

hydrophilic. PEDOT:PSS was  filtered through a RC 0.45µm filter then coated by using 

spin coater (3000 rpm, 1 minute) and annealed at 100°C for 30 minutes. Active layer 

(Emitting Material Layer: EML) was also spin coated on top of PEDOT:PSS at 3000 rpm 

for 1 minute and annealed at 125°C for 30 minutes. Finally, LiF (1 nm) and Al (100 nm) 

cathodes were deposited through a shadow mask and by the use of vacuum evaporator at 

10-6 torr and deposition rates of LiF and Al were 0.2 Å /s and 2.5 Å/s, respectively.  

 

Figure 2.1 Coating techniques used in this work 

All of OLED devices presented in this thesis has basic device structure of 

ITO/PEDOT:PSS/EML/LiF/Al with active areas of 7 mm2. Light emitting layer solutions 

of x wt.% PDI,  x wt.% PTE or x wt.% PDI:PTE   (for PDI x= 0.03, 0.06, 0.1, 0.2, 0.4, 
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0.6, 0.8, 1.0 for PTE x= 0.03, 0.06, 0.1, 0.20 and for PDI:PTE x= 0.1:0.03, 0.1:0.06, 

0.1:0.1, 0.06:0.03) in host matrices of PVK:PBD or PVK:OXD-7 (60:40 wt.%) were 

prepared in chlorobenzene and stirred overnight. Total solution density was kept as 30 

mg/mL for each of them.  Six parallel devices were fabricated for each EML and mean 

efficiency values are presented in the thesis.  
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3. CHAPTER 3.  

 

RESULTS AND DISCUSSIONS  

 

Device characteristics of orange-red (OR) emitting OLEDs prepared in two 

different host matrices and with varied PDI content are presented, in sections 3.1 and 3.2, 

respectively. Section 3.3 presents the device characteristics and related discussions of 

bare PTE and PTE introduced OR-OLEDs where PDI wt% was kept constant. Finally, in 

section 3.4 optimization of WOLED characteristics through PTE and PDI wt% in the 

emissive layer is presented together with the stability experiments.  

 

3.1. Characterization and Determination of Host  

In organic light emitting diodes, electrons and holes are transmitted from opposite 

electrodes must be reach at emitter material at the same time with balanced ratio in order 

to work efficiently. If a single material is used, that must be ambipolar. Only in this case, 

capacity to carry electrons and holes must be equal, which is rare. Another way of 

transmitting electrons and holes to the emission material is to blend two host at an 

appropriate rate. Among the host materials that can carry holes, PVK is the first material 

that comes to mind with its good film forming properties and compatible energy levels 

67, 61. However, because of  low-lying HOMO level of PDI and having low electron 

mobility of PVK , bare PVK cannot be considered as an ideal host 54. Therefore, in order 

to enhance electronic level alignment and also increase the electron density in the 

emissive layer, two dopants with different electron mobility values were also introduced 

in the PVK layer. Oxadiazoles has been used frequently as electron transfer material since 

the early 1990s and has been well-studied so far such as PBD 68 and OXD-7 69 . OXD-7 

and PBD with electron mobility values of 1–4 × 10−5 and 8×10−7 cm2 V−1 s−1, respectively 

70. Energy levels of the materials are depicted in figure 3.1 together with the open 

structures of PDI and PTE. Film morphology plays an important role for OLED, 

especially in terms of charge transfer process, thus knowing the surface morphology is 

crucial. Surface roughness is monitored by the RMS value considering the peaks and 

valleys on the thin film. The AFM micrographs of PVK:PBD (RMS of 0.31) and 
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PVK:OXD-7 (RMS of 0.44) films presented homogenous and quite smooth 

surfaces(figure 3.2). 

 

    

 

Figure 3.1. Energy band diagram of the devices, chemical structure of PTE and PDI and 

device architecture [energy levels of PVK 50, OXD-7 71, PBD 72, are taken from 

literature and PTE and PDI are calculated by using the first reduction potentials by the 

use of cyclic voltammetry and optical band gaps 66. 

 

Figure 3.2. AFM images of PVK:PBD(left) and PVK:OXD-7(right) films. 

 

For bare PDI containing devices, PVK:OXD-7 host presented lower current 

density and luminance values, and higher turn-on voltages (Vturn-on) (figure 3.3 a and b) 
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than those of PVK:PBD host. Lower current density and luminance values are attributed 

to the lower HOMO and LUMO energy levels of OXD-7 (figure 3.1). Lower HOMO 

level may act as a trap center for the injected holes, whereas the latter may have caused 

an unnecessarily high electron injection in to the emissive layer. In order to confirm this 

suggestion current density-voltage characteristics of hole and electron only devices are 

compared.  

 

 

Figure 3.3. a) Current density (J)- Voltage (V) and b) Luminance (L)-Voltage (V) 

characteristic of bare PDI devices in host matrices of PVK:PBD and PVK:OXD-7. 

 

Mobility is defined as the speed of charge carriers under applied electric field. 

According to carrier mechanism, recombination zone will be closer to low mobility side. 

Therefore, detecting the electron and hole mobility gives information about the 
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Layer/Au and Al/Active Layer/LiF/Al devices are prepared to detect hole and for electron 

mobility values, respectively. Working principle is summarized in figure 3.4 and the 

current density-voltage curves are presented at appendix A.  

 

 

Figure 3.4 Hole only (left) and electron only (right) device working principle 

Electron and hole mobility were calculated using drift regime (Mott-Gurney law) 

as discussed before. Frequency-varying capacitance values were determined up to 106 Hz. 

Permittivity and mobility were found according to following equation 73. 

 

                          𝐶 =
𝜀𝐴

𝑑
 ,      μ =

𝐽𝑆𝐶𝐿𝐶

𝑉2 𝑑3 8

9𝜀
                   (3.1) 

 

Since the film thickness (d) and area (A) are known and capacitance (C) is measured, the 

electrical permittivity (ε) of solid can be calculated. Hole mobility values of of PVK:PBD 

and PVK:OXD-7 are calculated to be 2×10-6 and 8×10-7 cm2V-1s-1, respectively. Whereas, 

electron mobility of PVK:PBD is 8.7×10-7 and PVK:OXD-7 is 1.1×10-5 cm2V-1s-1. These 

values confirms the above made suggestion on the effect of lower LUMO energy level of 

OXD-7. High electron mobility of OXD-7 and low hole mobility of PVK results charge 

imbalance in active area caused low luminescence.  

In literature high working and driving potentials  have been explained by the 

thicker emitting layers and the high void barrier at the PEDOT: PSS / PVK:OXD-7 

interface 74. Active layer thickness should be taken into account in OLEDs, the thickness 

of the layers is of great importance, which influence optical and electrical 

characterizations such as brightness and charge carrier transport 74–76 and consequently 

efficiency.  
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Figure 3.5 Hole only and electron only mechanism and charge carrier mobilities of 

PVK:PBD and PVK:OXD-7 hosts. 

It has been shown that depending on the coating conditions and material properties 

efficiency values may increase with the increasing emissive layer thickness first and then 

dramatic decays can be monitored in case of further increment of the thickness 75. 

Although the coating conditions and total concentration were the same, a dramatic 

difference in thickness was observed between the hosts (Appendix B). While PVK: PBD 

host matrix has an active layer thickness of 84±2.0 nm, PVK:OXD-7 active layer 

thickness determined to have an of 126±4.3nm. Higher thickness of PVK:OXD-7 layer 

may have caused charge accumulation on both sides of the active layer and resulted in an 

increased Vturn-on for the PVK:OXD-7 based OLED 76. 

Additionally, although the Vturn-on values are increased with the increase in PDI 

doping wt% for both of the host media, this increment is more notable with PVK:OXD-

7 host (figure 3.3). Above given explanation is also pertinent for the devices those of 

which PDI doping wt.% is increased. Presence of 0.1 wt.% PDI in PVK:OXD-7 caused  

approximately 10 nm of thickness increment whereas for PVK:PBD:PDI (0.1 wt.%) this 

increment is only 5 nm compared to their un-doped films. The thicknesses of PVK:OXD-

7: PDI (0.1 wt.%) and PVK:PBD:PDI (0.1 wt.%) films are 135±4.9 nm and 89±3.4 nm, 

respectively (Appendix B). The huge thickness differences of the host media are 

attributed to the different molecular volumes and orientation  of OXD-7 (378 Å3) and 

PBD (270 Å3) (molecules were drawn in the chemsketch software and their volumes were 

calculated by using an online tool 77). Since electrons are located in certain regions of the 

molecules, the arrangement of the molecules can affect their electronic and optical 

properties. In cases of random orientation, electron density is randomly distributed and 

usability decreases, in case of organized orientation, the electron density will be high in 
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a local area and electronic properties improve. The horizontal orientation of the molecules 

both facilitates charge transfer and has a positive effect on light out coupling. OXD-7 has 

higher volume and less linearity compared to PBD. It can be said that this situation affects 

the coating thickness and electronic properties 78. The Vturn-on value increments obtained 

can also be explained by the high dipole moments and dipole moment differences of the 

hosts and PDI molecule which may create energy disorder and consequently reduce the 

carrier mobility and conductivity of the emitting layer 79. Due to the comparatively better 

luminance and lower Vturn-on values obtained, PVK:PBD was chosen as the host matrix. 

 

3.2. Device Characteristic of Orange-Red Emitting OLEDs 

The white light properties of the device structure of ITO/ PEDOT:PSS/ 

PVK:PBD:PDI (x wt%)/ LiF/ Al are summarized in table 3.1. The CIE coordinates of 

(0.36, 0.29), CTT of 4170 K and CRI of 90 could be reached with 0.1wt%PDI doping.  

 

Table 3.1. PDI  doping wt% dependent CRI, CCT and CIE values of ITO/ PEDOT:PSS/ 

PVK:PBD:PDI (x wt%)/ LiF/ Al devices. 

 PVK:PBD:PDI (wt%) 

0.06 0.1 0.2 0.4 0.6 0.8 1.0 

CRI 86 90 82 80 76 74 69 

CCT 7901 4170 3711 2558 2431 2276 2333 

CIE 
0.32, 

0.26 

0.36, 

0.29 

0.41, 

0.34 

0.43, 

0.35 

0.44, 

0.35 

0.45, 

0.35 

0.45, 

0.35 

 

The EL maximum of PVK:PBD host presented 15 nm of red shift compared to its 

PL as a result of exciplex emission 60. The orange-red region of the EL was mainly 

dominated by a peak at 610nm (figure 3.6a). Generally, this peak has been observed in 

PL spectrum of bare PDI films and attributed to aggregation of the PDI core due to π-π 

stacking  47. However, 0.1 wt% of PDI content corresponds approximately 5x10-5 M of 

PDI concentration and aggregation induced PL behavior might not be expected. 

Therefore, PL measurements are carried on in order to further understand the mechanism 

and origin of this peak.  PL spectra of PVK:PBD:(0.1 wt%)PDI film presented the same 

emission wavelength maxima (λ1
ems=551 nm, λ2

ems=598 nm and λ3
ems=650 nm) of PDI 

(figure 3.6a) with the excitation wavelengths of 510 nm and 310 nm which were used for 
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the excitation of the PDI and host, respectively. Although they preserved characteristic 

three peak decreasing intensity structure of PDI, λems maxima and PL offset were red 

shifted approximately 20 nm and 90 nm, respectively, compared to the solution phase 

([10-6] in chloroform) and polystyrene (PS): 0.1 wt% PDI film (figure 3.6b). These shifts 

are evaluated as possible formation of another excited state. 
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Figure 3.6. a) EL vs wavelength spectra of PVK:PBD:x wt%PDI devices (inset: EL 

intensity change at orange-red region for the x values between 0.03 and 0.4) and b) PL 

curves of polystyren (PS):PDI , PS:PVK:PBD:PDI, films and PDI solution in CHCl3. 

Interestingly, in the EL spectrum, λ1
ems of PDI was the same while λ2

ems of it has 

also presented approximately 15 nm of red shift and gave a peak at 610 nm. It is deduced 

that the EL obtained at 610 nm was a result of an excited/ground state energy or charge 

transfer interaction between the host and PDI. In applied voltage dependent EL 

measurements 80–82 arising of a new peak at 630 nm is observed and intensities of both 
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the blue and the orange-red regions are affected equally from the voltage increments 

(figure 3.7b). Therefore, it is suggested that the EL at 610 nm was actually the 

combination of λ2
ems of PDI and exciplex (electron-hole hetoropairs) emission with a peak 

point at 630 nm. This suggestion is supported by the EL intensity increments observed at 

630 nm with the increase in PDI doping wt% in PVK:PBD host system (figure 3.7a, 

inset).  
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Figure 3.7. a) Normalized PL and EL spectra of PVK:PBD:PDI (0.1 wt%) (Vappl=15 

V) and its corresponding WOLED, respectively and b) applied voltage dependent EL 

spectra of the device with PVK:PBD:PDI (0.1 wt%) emitting layer together with the EL 

spectrum of bare PVK:PBD device. 
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3.3. Device Characteristic of Green Emitting OLEDs 

In order to increase the visible light region coverage and consequently, CRI value 

of bare orange-red emitting PDI containing devices, green light emitting PTE is thought 

to be introduced in the emission layer. A forehand, the behavior of ITO/ PEDOT:PSS/ 

PVK:PBD:PTE(x wt%)/ LiF/ Al device is monitored. In a similar manner with the bare 

PDI devices, the Vturn-on values increased with the increasing doping ratio of PTE (figure 

3.8) but the maximum luminance value produced by the bare PTE containing device was 

slightly higher than that of the bare PDI containing one (figure 3.8 vs 3.3 b and c). This 

is attributed to more efficient energy transfer from the host to PTE due to bigger integral 

area (overlap) between the absorption of it and emission of PVK:PBD compared to that 

of PDI. Absorption and emission spectra of PVK:PBD, PDI and PTE are provided in 

Figure 3.9b.. It is well known that in host:guest systems the emission is usually controlled 

by energy transfer (Förster or Dexter mechanism) between them 83.   

 

5 10 15 20
1

10

100 PTE (x wt.%)

     0.03

     0.06

     0.10

     0.20

L
u

m
in

a
n

c
e

 (
c

d
/m

2
)

Voltage (V)

a)

 

Figure 3.8. L-V characteristic of active layer of PVK:PBD:PTE 

 

The measure of energy transfer is supported by steady state quenching 

experiments. PDI and PTE were used as quenchers for the emission of PVK:PBD host 

and quenching rate constants of 9x1010 s-1 and 3.6x1011 s-1, respectively were extracted 

from the corresponding Stern-Volmer plots (Figure 3.9a). This method provides 

information on degree of the intermolecular kinetic interaction. It explains the effect of 

another species in the molecule and situation in which the kinetic photophysical 

interaction will be deactivate. It was determined by following equation; 

                                             
𝐼0

𝐼
= 1 + 𝑘𝑞𝜏0𝑄                  (3.2) 
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where I0 is initial PL intensity, I is after adding quencher, kq is rate constant, τ0 is life time 

of host and Q is concentration of quencher. The rate constants were calculated to be higher 

than the diffusion control limit of 1010 and suggested a possible charge transfer process 

between the carbazole based host and perylene derivatives 51. 
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Figure 3.9 a) Stern Volmer plot of PVK:PBD quenching with the addition of PDI and 

PTE by wt.% and M in film phase b) Absorption emission spectrum of PDI and PTE 

and emission spectrum of PVK:PBD c) average radiative life of PVK:PBD (measured 

as 65 ns). 

 As a result of better energy transfer from the host to PTE, the ratio needed to 

obtain white light was much lower than that of the PDI. The devices that contain 0.03, 

0.06 and 0.1 wt% PTE presented greenish white light and the CIE values remained above 

the Planckian locus (black body locus) while for the bare PDI devices these values were 

below it (Figure 3.10). Further increment of PTE wt% did not cause a significant change 

in the EL intensities of blue and green regions (figure 3.11a). 
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Table 3.2. PTE doping wt% dependent CRI, CCT and CIE values of ITO/ PEDOT:PSS/ 

PVK:PBD:PTE (x wt%)/ LiF/ Al devices 

 PVK:PBD:PTE (wt%) 

0.03 0.06 0.1 0.2 

CRI 77 74 71 65 

CCT 7094 5402 5154 4860 

CIE 0.29, 0.37 0.34, 0.42 0.35, 0.45 0.37, 0.49 

 

The green region of the EL was dominated by a peak at 535 nm which corresponds 

to a wavelength of 15nm red shifted second PL peak of PTE in solution phase (λ2
ems=520 

nm figure 3.8c). The intensity of 535 nm peak is increased with PTE doping wt%. Both 

the red shifted peak and increasing EL intensity behaviors were similar to the situation in 

PDI. However, unlike the case in PVK:PBD:PDI devices, the applied voltage dependent 

EL spectra presented significant intensity differences between the blue and green regions; 

the intensity of 535 nm peak increased more than two folds of the 445 nm peak (Figure 

3.11 c and d). There are differences between PL and EL spectrum of PTE. Considering 

PTE concentration, there are two possible causes for this exciplex or electroplex. When 

the voltage-dependent EL spectrum is examined, it is seen that there is a voltage-

dependent behaviour. This is proof of electroplex formation. Therefore, it is suggested 

that the EL peak of 535 nm was a result of electroplex formation between the host and 

PTE 80–82.  
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Figure 3.10. Chromaticity diagram of the devices containing PVK:PBD:PDI and 

  PVK:PBD:PTE emission layers. 
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Figure 3.11. a) EL spectra of PVK:PBD:x wt%PTE devices and applied voltage 

dependent EL spectra of the device with PVK:PBD:PTE (x wt%) b) x=0.03, c) x=0.06, 

d) x=0.1 emitting layer. 

Although the CRI values were only around 75 because of the lack of orange-red 

region, within the PTE containing devices CIE and CCT values of PTE wt %<0.1 devices 

presented the closest values to white light (Table 3.2). 

 

3.4. Device Characteristic of WOLEDs 

Until this section, host, PDI and PTE ratios have been optimized. Here, PDI and 

PTE were used together to enhance the quality of white light. In the study with PTE, it 

was seen that the CRI value was less than the study with PDI. The CRI value reached the 

highest value when 0.1 wt.% PDI. Therefore, doping ratios of PTE were considered to be 

introduced in the 0.1wt.%PDI containing device. Device configuration of 

ITO/PEDOT:PSS/PVK:PBD:PDI (0.1wt%): PTE (x wt)/LiF/Al (x= 0.03 Device 1, 

x=0.06 Device 2 and x=0.1 Device 3) was employed. As expected, an increment and a 
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decrement at the green and blue regions, respectively of the EL spectra are detected as 

the wt % of PTE is increased (figure 3.12a). Fading of 630 nm emission of bare PDI 

device and disappearance of the electroplex peak at 535 nm in bare PTE devices are also 

monitored. The Vturn-on values of Device 1-3 were in the range of bare PDI and bare PTE 

containing devices. Although the current density at the same applied voltage is in the 

order of Device 1>Device 2 = Device 3 (figure 3.12b), the EL intensity decrement at 630 

nm is continued in Device 2 and Device 3. This situation is evaluated as another evidence 

of electric field independent formation of 630 nm peak and the fading is ascribed to the 

reduction of host concentration ready to form exciplex with PDI as the PTE wt% is 

increased. Absence of 535 nm peak is attributed to the wide overlap between the emission 

of PTE and absorption of PDI (figure 3.9c).  
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Figure 3.12. a) Normalized EL curves of Device 1-3 in comparison with normalized EL 

curve of bare PDI device and b) luminance-V-current density characteristics of 

Device1-3. 

Table 3.3. CRI, CCT and CIE values Device 1-4 @ maximum brightness 

Device # CRI CCT CIE 

1 92 3790 0.37, 0.35 

2 90 3773 0.37, 0.36 

3 84 4634 0.36, 0.36 

4 96 4916 0.34, 0.36 

 

The white light properties of Device 1-3 are given in Table 2. Combination of 

blue, green and orange-red emitter resulted in a CRI value higher than 90. However, white 

light characteristic is reduced from Device 1 to Device 3. By considering the discussions 

provided above, in order to regain the green photons absorbed by PDI and increase the 
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host concentration in emitting layer, reducing the PDI wt% is employed. Device 4 with 

an emitting layer of PVK:PBD: 0.06 wt% PDI: 0.03 wt% PTE is prepared. Its EL 

spectrum presented a full visible range coverage (Figure 3.13) with the combination of 

dominated peaks at 445, 535, 620 nm. These peak points are attributed to the EL of 

PVK:PBD, addition of emitted photons of host:PTE electroplex, PTE and PDI EL, and 

host:PDI exciplex and PDI, respectively. White light properties of 96 CRI, 4916 K CCT 

and (0.34, 0.36) CIE coordinates are achieved.  
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Figure 3.13. Normalized EL spectrum of Device 4 (dev.4, black) in comparison with the 

normalized EL spectra of PVK:PBD (blue), PVK:PBD:(0.03%)PTE (green) 

and PVK:PBD:(0.06%)PDI (red) emitting devices (EQE, current efficiency 

and Power efficiency in Appendix C). 

In voltage-dependent EL measurements, it is seen that the green region becomes 

dominant with increasing voltage (figure 3.14). There was a reduction in both the blue 

emission from the host and the red emission from the PDI.  96 CRI value was obtained at 

19V in device 4 with triple colour study (R, G, B) performed to achieve perfect color 

harmony. Lethal time measurements result of devices 1-4 are given figure 3.14 and 

device4 exhibited the longest lethal time (for LT70) compared to device 1-3. Blue, green 

and red colour intensities have been optimized at 19 V, resulted CRI value of 96.  

There is only one WOLED study using perylene derivative 48. Instead of coating 

ETL with vacuum thermal evaporation, in this study a simpler device structure has been 

achieved by blending electron transfer materials and hole transfer material as a host. In 

addition, this study is the first WOLED study using three primary colours. The highest 

CRI value obtained in the perylene WOLED literature was achieved due to the use of 
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three primary colours were also taken for the first time for perylene diimide derivatives-

based OLED. 
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Figure 3.14. EL spectrum of Device 4 under different potential (at 18, 19 and 20V) 
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Figure 3.15. Lethal time(LT70) of device 1-4 (with error bar see Appendix D) 

Finally, the lethal times of the optimized devices were examined. In devices 1-3, 

the green zone dominated the radiation observed and these devices have degraded more 

quickly compared to device 4. In Device 1-3 emission is dominated from PTE (green 

zone) the fact that all radiation is on a single molecule may have negatively affected the 

life time of device. When the radiation is obtained from all materials homogeneously, it 

has been observed that it has both high CRI value and long-life time. 
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4. CONCLUSION 

 

In summary, starting from the host choice and optimization of the dopant ratios, 

a perylene based solution processed single layer WOLED with white light properties of 

96 CRI, 4916 K CCT and (0.34, 0.36) CIE coordinates are introduced. To the best of our 

knowledge, these values represent the best of current solution processed perylene based 

WOLED literature. Comparison of PL and EL spectra of the films and devices, 

respectively addressed that the orange-red emission was dominated by the exciplex 

formation whereas green emission was mainly generated from the electroplex emission. 

Energy transfer from the host to the green emitting PTE is more efficient than that of to 

the orange-red emitting PDI, but the lack of the red region resulted in CRI values of only 

around 75 in bare PTE devices. The highest CRI value obtained with bare PDI devices 

was 90. 
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6. APPENDIX A 

 

Current density-Voltage characteristic of electron and hole only device of PVK:PBD and 
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7. APPENDIX B 

 

Thickness measurements of layers 
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layer 
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Avg. 
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nm 
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nm 
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nm 
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Active 

layer 
2D 3D 

Avg. 

Thick. 

PVK: 

PBD: 

PDI 

 (0.1 

wt%) 

 

 

89±3.4 

nm 

PVK: 

PBD: 

PTE  

(0.1 wt%) 

 

 

87±2.8 

nm 

PVK: 

PBD: 

PDI  

(0.1  

wt%): 

PTE (0.1  

wt%) 
 

 

87±2.1 

nm 
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8. APPENDIX C 

a) EQE, b) Current efficiency and c) Power efficiency of Device1-4 
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9. APPENDIX D 

Lethal time of a) Device 1 b) Device 2 c) Device 3 d) Device 4 
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