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Synopsis

Artificial lighting plays a vital role in our day to day life extending our usable time
beyond sunrise and sunset. Almost 20% of the total electricity used for indoor applications
globally is consumed by the artificial lighting. Till date, the most common lighting sources
are incandescent bulb and the compact fluorescent lamps. An incandescent bulb is still
unmatched in terms of its color quality as it possesses a CRI value of 95-100 and its
production cost. However, approximately 95% of the consumed energy is not converted
into light but into heat and it is hard to think of any other technology still in use today which
exhibits such a poor efficiency. The efficiency of fluorescent tubes is very high compared
to incandescent light. But they suffer from the disadvantage of poor color quality and since
it contains mercury, they are not eco-friendly. A highly energy efficient, large area and eco-
friendly lighting solution is therefore the demand of the hour. In the past decades, a new
research field has emerged referred to as solid-state lighting (SSL). In SSL, semiconductors
are used as active element to fabricate light emitting diode and light is produced by the
principle of electroluminescence. The first LED emitting visible light was demonstrated in
1962 and since then the technology has evolved rapidly. Only in 1993 the first practical
blue emitting LED was demonstrated by Shuji Nakamura, paving the way for the
development of white emitting LEDs. Thanks to its high efficiency and long lifespans
inorganic LEDs is dominating the current lighting market is presently reached cost parity
with traditional lighting elements.

Recently, a relatively new lighting technology has evolved and has the potential to
rule the lighting market and add new dimension to it. Invented in 1987, it is termed as
organic light-emitting diodes (OLEDS) as the key functional materials that these diodes are
based on, are primarily composed of organic (carbon-based) materials. They offer similar
energy-saving potential to that of their inorganic counterpart but offer numerous
advantages. Unlike LEDs, which are concentrated point sources of bright light, OLEDs are
mainly thin film devices and are therefore a more diffuse light source. Since organic
semiconductors have a disordered structure, OLEDs are therefore relatively easy to
fabricate and can be made in almost any shape. They can be fabricated on flexible
substrates, can be transparent and even can be designed to emit light in both ways. OLEDs

therefore offer enormous design possibilities and pave a way to create artistic applications
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with light. Furthermore, since organic materials are broadband emitters, OLEDs hold the
promise to exhibit a very good color rendering index (CRI) and can produce white light
close to daylight, which is not the case for cheap inorganic LEDs.

Despite all these possibilities, OLED technology is less mature than LED
technology; however rapid advancement in this field has been made in the past few decades
and with a few key breakthroughs it is expected to reach its ultimate potential. OLED is
therefore a prime focus of the researchers in the field of organic electronics.

Therefore, considering the demand of recent day’s technology, in this thesis,
different approaches towards design and development of high performance polymer light

emitting diodes have been explored. The thesis content was divided in five chapters.

Chapter 1: Introduction

This chapter starts with the motivation behind the present thesis and gives a brief
overview of organic electronics and its application in the field of semiconductor devices.
The importance of OLED, its working principle, device characterization parameter that are
used to evaluate an OLED, different approaches towards generation of white light in OLED
have also been discussed herein along with a brief overview of the current OLED research.
This chapter also includes the details of the fabrication procedure of an OLED and the

characterization techniques that are used to evaluate the performance of an OLED.

Chapter 2: Efficient Blue and White Polymer Light Emitting Diodes
Based on a Well Charge Balanced, Core Modified Polyfluorene

Derivative

Conjugated polyfluorene (PF) has been widely studied both as the emitting material
in blue PLEDs as well as the host material in blended systems for realizing white light.
Polyfluorenes are well-known emissive materials for blue PLEDs and serve well for light
emission and charge transfer due to their high luminescence efficiency, thermal stability,
good processability and excellent film forming properties. Unfortunately, they suffer from
poor electron transport as compared to hole transport due to the presence of high density
electron traps within the polymer. In order to achieve high efficiency, it is, however,
necessary to obtain a balanced charge transport behavior and confinement of electrons and
holes inside the active layer. Herein, fabrication of efficient blue and white polymer light-

Vi
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emitting diodes (PLEDs) using a well charge balanced, core modified polyfluorene
derivative,  poly[2,7-(9,90-dioctylfluorene)-co-N-phenyl-1,8-naphthalimide  (99:01)]
(PFONPNO1), is presented. The excellent film forming properties as observed from the
morphological study and the enhanced electron transport properties due to the inclusion of
the NPN unit in the PFO main chain resulted in improved device properties. Bright blue
light was observed from single layer PLEDs with PFONPNOL as an emissive layer (EML)
as well as from double layer PLEDs using tris-(8-hydroxyquinoline) aluminum (Alqgz) as
an electron transporting layer (ETL) and LiF/Al as a cathode. The effect of ETL thickness
on the device performance was studied by varying the Algs thickness (5 nm, 10 nm and 20
nm) and the device with an ETL thickness of 20 nm was found to exhibit the maximum
brightness value of 11 662 cd m? with a maximum luminous efficiency of 4.87 cd A™.
Further, by using this highly electroluminescent blue PFONPNO1 as a host and a narrow
band gap, yellow emitting small molecule, dithiophene benzothiadiazole (DBT), as a guest
at three different concentrations (0.2%, 0.4% and 0.6%), WPLEDs with the
ITO/PEDOT:PSS/emissive layer/Algs(20 nm)/LiF/Al configuration were fabricated and
maximum brightness values of 8025 cd m, 9565 cd m and 10 180 cd m were achieved
respectively. 0.4% DBT in PFONPNO1 was found to give white light with Commission
International de I’Echairage (CIE) coordinates of (0.31, 0.38), a maximum luminous

efficiency of 6.54 cd A and a color rendering index (CRI) value of 70.

Chapter 3: White polymer light emitting diodes based on PVK: the effect
of the electron injection barrier on transport properties,

electroluminescence and controlling the electroplex formation

PVK is a widely used polymer, that has an excellent film forming property and
emits in the blue region. It has been widely used as an emissive layer in blue emitting
PLEDs and to generate white light by using the electroplex emission. Yet, the effect of
electron injection barrier and the electron transport property of PVK on the charge
transport, brightness and electroplex formation in PVK based PLEDs have not been widely
studied. In this chapter, the effects of the electron injection barrier on the charge transport,
brightness and the electroluminescence (EL) properties of polymer light emitting diodes
(PLEDSs) with poly(9-vinylcarbazole) (PVK) as an emissive layer have been presented. By
using Al and LiF/Al as the cathode in single layer PLEDs and diverse electron transporting

vii
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layers (ETLs) such as 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), 4,7-
diphenyl-1,10-phenanthroline (BPhen) and 2,20,200-(1,3,5-benzinetriyl)-tris(1-phenyl-1-
H-benzimidazole) (TPBI) in the case of multilayer PLEDs, the charge transport, brightness,
color tuning and the EL properties of the devices were drastically modified. The energy
barrier for electrons affects the electron current flowing through the device, thereby
affecting the operating voltage and the brightness of the PLEDs. The PLEDs with TPBI as
the ETL possess the lowest injection barrier and give the maximum brightness of 426.24
cd m2. The electron injection barrier is also found to play a major role in defining the EL
spectra of the PLEDs. A larger injection barrier gives rise to electroplex formation in the
EML-ETL interface of the PLEDs and an additional peak at 605 nm was observed in the
EL spectrum. As a result, a near white emission with CIE coordinates of (0.30, 0.30) and
(0.25, 0.23) at 20 V was obtained from devices with BCP and BPhen as ETLs. Furthermore,
PVK doped with 2-phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD) at 10, 20 and 30 wt%
ratios modified the electron transport nature of PVK and had a remarkable influence on the

aforesaid properties, especially on the electroplex formation.

Chapter 4: Highly efficient green phosphorescent organic light emitting
diode based on Ir(mppy)s : effect of annealing temperature and mixed
host

Due to its ability to harvest both triplet and singlet excitons, phosphorescent OLEDs
(phOLEDS) generally superior device performance. To date, the most efficient phOLEDs
are fabricated using thermal deposition method in a finite vacuum chamber, making cost-
effective manufacture and large area electronics impossible. To make this novel terminal
electronics available for general applications the cost needed to be decreased, and thus new
processing techniques were demanded. In this regard, solution processes, such as ink-jet
printing and spin coating, can offer the advantage of cost-effective manufacturing of large
area devices and solution processed phOLEDs can have the potential to be printed in
different designs and shapes thereby allowing enormous design possibilities and pave a
way to create artistic applications with light. But the performances of the phOLEDs
fabricated by the solution processing techniques are still relatively low compared to their
thermally deposited counterparts. The efficiency of phOLEDs mainly depends on the
efficient charge injection from the electrodes at a low drive voltage, good charge balance

viii
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and high solid-state quantum yield of the emissive layer along with the confinement of the
injected charge carriers within the emitting layers. It is therefore of utmost importance to
carefully study the effect of processing conditions such as thermal treatment of the emissive
layer as they greatly influence the morphology of the films and their interfaces with the
adjacent layers thereby influencing the electrical properties such as charge injection and
charge transport in the device. Herein, highly efficient, solution processed green
phosphorescent organic light emitting diode (phOLED) based on Ir(mppy)s with single and
mixed host namely PVK (Poly(9-vinylcarbazole)), PVK: PBD (2-(4-Biphenylyl)-5-(4-tert-
butylphenyl)-1,3,4-oxadiazole), PVK: PBD: TPD (N, N'-Bis(3-methylphenyl)-N, N'-
diphenylbenzidine) have been reported. Addition of electron and hole transporting layer in
appropriate ratio is found to improve the charge balance at the EML that results in improved
device performance. The different host combinations have further been annealed at 80 °C,
100 °C, 120 °C and 140 °C and the effect of annealing temperature on the morphological,
optical and electrical properties of the phOLEDs have been elucidated. At higher annealing
temperature EML is found to form a compact structure with higher RMS roughness that
leads to a strong interfacial adhesion and better charge injection. As a result, the device
performance is found to increase with increasing annealing temperature and best result was
observed for the devices annealed at 140 °C. Among all, PVK: PBD: TPD host based
devices annealed at 140 °C is found to give best result with the maximum brightness of

17273 c¢d m and a maximum luminous efficiency of 61.21 cd AL,

Chapter 5: Solution processed WPLEDs with good color stability and

high color rendering index via a phosphor-sensitized system

In this chapter, efficient, solution processed white polymer light emitting diodes
(WPLEDs) with good color stability and high color rendering index (CRI) via a phosphor-
sensitized system using blue phosphorescent dye Bis[2-(4,6-difluorophenyl)pyridinato-
C2,N](picolinato)iridium(lll) (Flrpic) as emitter and sensitizer, and the fluorescent dye
Rubrene and 4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-
pyran (DCJTB) as yellow and orange/red emitter respectively have been presented. Two
different fluorophores, Rubrene and DCJTB, were chosen due to their different emission
zone and different charge trapping ability. WPLEDSs, in which Flrpic with Rubrene or
DCJTB is doped at different feed ratios into poly (N-vinylcarbazole) (PVK) host, were

TH-1732_126153002
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fabricated and the effect of their concentration on the current density v/s voltage (JV)
characteristics and the electroluminescence (EL) spectra were studied. WPLEDs made with
Flrpic : Rubrene (10:1) and Firpic : DCJTB (80:1) were found to give CIE coordinates of
(0.30, 0.42) and (0.34, 0.40) with CRI value of 58 and 76 at luminous efficiencies of 4.91
cd At and 2.79 cd A respectively. Finally, Flrpic, Rubrene and DCJTB were doped into
PVK to get high quality white light and CIE coordinates of (0.41, 0.43) with a CRI value
of 78 at luminous efficiency of 4.73 cd A was achieved for FIrpic : Rubrene : DCJTB feed
ratio of (100:8:1).
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Introduction

1.1 Motivation

In 1880, the discovery of incandescent bulb by Thomas A. Edison began a new era
of artificial lighting that brought new light and comfort into people’s everyday lives and
has freed mankind from the constraints of nature extending our usable time beyond sunrise
and sunset. Edison’ bulb is based on the principle of thermal radiation where a thin filament
is heated till the point of incandescence by passing an electric current through it. An
incandescent bulb is still unmatched in terms of its color quality as it possesses a CRI value
of 95-100 and its production cost. However, although relatively cheap to fabricate, the
incandescent light bulb has a rather poor efficiency. Approximately 95% of the consumed
energy is not converted into light® but into heat and it is hard to think of any other

technology still in use today which exhibits such a poor efficiency.

New generation lighting element

Fig. 1.1 Conventional and new generation lighting element (picture source: Internet).

In 1937 General Electric came with an alternate lighting element and demonstrated

the first fluorescent tube. The operation mechanism of a fluorescent tube is actually similar
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to that of the incandescent bulb. In a fluorescent tube, an electric current is passed through
an inert gas containing a small amount of mercury. The electric current excites the mercury
which consequently emits ultraviolet light. This is then converted to light in the visible
spectrum by phosphors that are coated on the surface of the fluorescent tube. The emission
from the phosphors is typically very narrow and accordingly the mixture of phosphors has
to be selected with care so that the output spectrum appears as white. The efficiency of
fluorescent tubes is very high compared to incandescent light and they are therefore widely
adopted in the work place, but due to their size restraints, and the typical low CRI, they are
rarely used in residential settings. Also, fluorescent lamps have a very important
environmental drawback; the mercury contained in the lamps is very toxic which is released
in the environment if it is not properly disposed of.

Considering the low efficiency of incandescent light bulbs, and the poor color
quality of the fluorescent lamp, it is evident that there is the potential for a substantial
energy saving by switching to a highly energy efficient, large area and eco-friendly lighting
solutions. In the past decades, a new research field has emerged referred to as solid-state
lighting (SSL). Unlike the conventional incandescent bulb and CFL, in SSL uses a
semiconductor light emitting diode, where light is produced directly by the principle of
electroluminescence. The first LED emitting visible light was demonstrated in 19622, and
since then the technology has evolved rapidly. Only in 1993 the first practical blue emitting
LED was demonstrated by Shuji Nakamura®, paving the way for the development of white
emitting LEDs. Nowadays, lighting is an extremely large business that consumes about one
quarter of the electricity produced annually. Efficient semiconductor LEDs has the
potential to replace both fluorescent and incandescent lights as the primary lighting source.
They are potentially more efficient and more environmentally benign (no Hg) than these
conventional lighting sources. In addition, semiconductor LEDs have unique properties that
make them attractive for lighting applications, it is possible to electrically control the
spectral properties of the light emitted, and they can be arranged over large areas in various
shapes for aesthetic purposes . Thanks to its high efficacy and long lifespans inorganic
LEDs is dominating the current lighting market is presently reached cost parity with
traditional lighting elements.

Recently, a relatively new lighting technology has evolved and has the potential to
rule the lighting market and add new dimension to it. Invented in 1987, it is termed as

organic light-emitting diodes (OLEDS) as the key functional materials that these diodes are
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based on, are primarily composed of organic (carbon-based) materials®®. They offer similar
energy-saving potential to that of their inorganic counterpart but offer numerous
advantages. Unlike LEDs, which are concentrated point sources of bright light, OLEDs are
mainly thin film devices and are therefore a more diffuse light source. Since organic
semiconductors have a disordered structure, OLEDs are therefore relatively easy to
fabricate and can be made in almost any shape. They can be fabricated on flexible
substrates, can be transparent and even can be designed to emit light in both ways. OLEDs
therefore offer enormous design possibilities and pave a way to create artistic applications
with light. Furthermore, since organic materials are broadband emitters, OLEDs hold the
promise to exhibit a very good color rendering index (CRI) and can produce white light

close to daylight, which is not the case for cheap inorganic LEDs.

Fig. 1.2 OLEDs Fabricated at Organic Electronics Laboratory, IIT Guwahati.

Despite all these possibilities, OLED technology is less mature than LED
technology; however rapid advancement in this field has been made in the past few decades
and with a few key breakthroughs it is expected to reach its ultimate potential. OLED is

therefore a prime focus of the researchers in the field of organic electronics.

1.2 History of organic electronics

The history of organic electronics is generally assumed to begin in 1977, when Alan
J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa of University of Pennsylvania
informed “the discovery and development of conductive polymers” by reporting high

conductivity in oxidized and iodine-doped polyacetylene® for which they received the
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Nobel prize in Chemistry in the year 2000%°. However, a careful evaluation of the scientific
literature suggests that research towards the development of so called "conductive
polymers™ had started way back in 1862, when Henry Letheby of the College of London
Hospital obtained a partly conductive material by anodic oxidation of aniline in sulfuric
acid. The outcomes of Letheby’s experiments were ground breaking as prior to these
experiments, all polymers were considered to be intrinsically insulating. Surprisingly, no
further or in-depth analysis were carried out based on these important achievements
probably due to the limitations associated with the analytical techniques of that era2.
Almost a century later, in 1950s, it was revealed that polycyclic aromatic compounds can
exhibit semi-conducting nature by forming charge-transfer complex salts with halogens.
Particularly, a conductivity of 0.12 S/cm was obtained in perylene-iodine complex in the
year 19541,

It was first discovered by Kallmann and Pope'**® that organic materials that are in
insulators in general can become semiconducting when charge carriers are injected into
them from electrode(s). Based on the simulation work carried out by Akamatu et al.*8, they
observed a current flow through an anthracene crystal when holes are injected from a
positively biased electrolyte containing iodine. Soon it was realized that the work-function
of the electrode is the fundamental parameter that controls injection and the electrolyte used
to inject charge carrier was replaced by solid metallic or semiconducting contact of suitable
work function. In 1965, Sano et al.}” observed electroluminescence in organic crystals when
they inject electrons and holes from two different electrodes due to their radiative
recombination.

Another important breakthrough in the field of organic electronics came when Yu
et al. 18 described the linear, polymeric structure of the chemical products along with a
possible mechanism to explain the conductivity of the polymer. Soon after this publication,
it became routine for the scientists to characterize polymers and other organic materials
from an electrical point of view, performing resistance and conductivity measurements®2.
Research in the field of conductive polymers continued and in 1974 Mc Ginness and co-
workers of University of Texas realized a dynamic switch based on chemically synthesized
melanin doped with iodine®. This switch prototype is now displayed at the "Smithsonian
Chips" collection of the American Museum of History and is usually considered the first

example of organic electronic device?®?!,
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It was eventually in 1977, the fundamental discovery by Shirakawa and co- workers
of the relatively high electrical conductivity in doped thin films of polyacetylene paved the
way for the development of a wide range of organic polyconjugate materials as
semiconductors for several technological applications.

Organic semiconductors are now studied widely as active elements in various
optoelectronic devices such as organic light emitting diodes (OLEDs), organic solar cells
(OSCs), organic thin film transistors (OTFT), electrochemical transistors (ECTs) and

recently in biosensing applications.

1.3 Organic semiconductors

Organic materials are the basis of organic electronics and in general are primarily
composed of carbon. They exhibit semiconducting properties when there is alternating
double- and single-bonds in the material and are termed as conjugated hydrocarbons. When
the molecular weight of such hydrocarbons is less they are known as small molecule and
when they are made up of a repeated base unit or monomer and possess large molecular
weight, they are known as polymers.

The carbon atom with an atomic number of six has four valence electrons and an
electronic configuration of 1S22S%2P2?. Therefore, when a carbon atom involves in
molecular bond formation, depending on the bond, its atomic orbitals are combined either
through SP? or SP? hybridization. While non-conductive polymers have saturated (SP3
hybridized) carbon atoms along the backbone of their molecular chains, the backbones of
organic conjugated polymers mainly consist of SP? hybridized atoms. In these materials
2S, 2P« and 2Py orbitals of carbon are combined through SP? hybridization and lie on a
single plane with the 2P, orbital perpendicular to this plane.

The overlap of SP? orbitals of adjacent, carbon atoms creates very strong Sigma (o)
bond. These bonds are highly localized between the atomic nuclei and may form the
backbone of a polymer chain. The energy differences between the low energy (o) state and
the excited (o *) state is quite large and well beyond the visible spectral range. Thus, the
electronic properties related with this bond are that of an insulating material.

The fourth orbital (2P;) that does not take part in this hybridization and is
perpendicular to the ¢ bond, however, are symmetric between adjacent atoms and their
coupling creates n-bond. Electrons in this bond can create a system of delocalized n-

electrons, which can result in interesting and useful optical and electronic properties. Based
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on the interference pattern (constructive or destructive) the coupling of two degenerate 2P,
orbitals of adjacent carbon atoms generates two new energetically different orbitals called
bonding (m) which is lower in energy compare to original 2P orbital and anti-bonding (*)
which is higher in energy compared to the isolated 2P, orbital. Because of the lower energy
of the bonding () orbital both of the 2P; electrons will occupy this orbital, leaving the anti-

bonding (n*) orbital empty of electrons.

Expanding this scenario into a ring or long chain of carbon atoms, the MOs become
two semi-continuous bands of bonding and antibonding orbitals, forming the analog to an
inorganic semiconductor’s valance and conduction bands, respectively. According to the
Pauli Exclusion Principle, each energy state can be occupied by two electrons (spin up and
spin down). Therefore, in the ground state, only the bottom half of the energy levels are

filled, as shown in Fig. 1.3.
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Fig. 1.3 Energy level splitting and band formation in conjugated molecules.

The filled energy levels are capped with the highest occupied molecular orbital

(HOMO) and the empty levels begin at the lowest unoccupied molecular orbital (LUMO).
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The gap of unavailable energy states, called the energy gap or the band gap, has energy of
Eg 1.5-3.5 eV in most organic materials, covering the entire visible range. Due to this
relatively small energy gap, m-conjugated systems can behave as semiconductor and display
all the essential optoelectronic properties including light emission, absorption, charge
generation and transport etc. Organic semiconductors do not have free electrons as we
understand in the conduction in metals but instead have electrons that are shared in a
conjugated system. The charge transport is dominated by hopping between electron

orbitals.

1.4 Charge transport in organic semiconductors

The basic understanding of charge transport phenomena is of vital importance as
the performance of most of the modern day optoelectronic devices such as field effect
transistors, solar cells and light emitting diodes depends strongly on the motion of charges
through the active layer of the device. The charge transport through a solid is mainly
defined by its electronic structures. Therefore, to understand the charge transport in organic
semiconductor we need to first consider the electronic structure of the organic
semiconductors. As discussed earlier, organic semiconductors are primarily composed of
carbon atoms. The backbone of the OSCs is formed by the very strong sigma bonds that
arise due to the SP? hybridization of carbon atoms yielding a bonding (o) and an
antibonding (c*) molecular orbitals. The remaining P, orbital of adjacent carbon atoms
forms the n-bond and generates two new energetically different orbitals () and (7*).
The bonding orbitals are of less energy as compared to that of antibonding molecular
orbitals. Therefore, in ground state, all bonding orbitals up to the highest occupied
molecular orbital, the HOMO, are filled and the antibonding orbitals from the lowest
unoccupied molecular orbital (LUMO) onwards are empty. Neutral excited states in an
organic molecule is formed when an electron absorbs energy, mainly in the form of light
and is promoted from HOMO to LUMO resulting in an additional electron in the
antibonding orbital or a hole in the bonding orbital. In organic semiconductors, the binding
energy due to the columbic attraction between the above fore said electron and hole is quite
large (0.5 eV to 1.0 eV) due to its low dielectric constant. In order to charge transfer to take
place in organic semiconductors, there must be a charge on the molecule which can be
achieved either by adding an electron into the LUMO of the molecule or by extracting an

electron, or in other words creating a hole in its HOMO. The molecule in such case is said

.
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to be in charge excited state. These neutral excited states or charge excited states (or
electronic excitations) are responsible for the luminescent and charge transport properties
of the organic semiconductors. The excess charge in molecule can be generated either by
injection or removal of an electron at a metal-organic interface, through oxidation or
reduction or by means of dissociation of a neutral excited state of a molecule by transferring
an electron to a nearby molecule. However, the addition or removal of an electron from a
molecule alters the relative positions of the molecular orbitals with respect to the vacuum
level and also the spatial distribution of the electrons in the molecule thereby changing its
molecular geometry. The charge along with the geometric distortion of the molecule is
termed as polaron and is a characteristic of organic molecule due to its low dielectric
constant. Polarons create intermediate energy states between HOMO and LUMO and can
be either positive or negative depending on the charge carrier.

Irrespective of the charge on the molecule, upon absorbing light or photon energy,
an electron gets promoted from a lower energy molecular orbital to a higher energy
molecular orbital. The different possible optical transitions of the differently charged

molecule are shown in Fig. 1.4.
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Fig. 1.4 The different possible optical transitions (red arrow) of the differently charged

molecule.
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Thus, like in the case of neutral molecule, absorption may cause a transition into
different vibrational levels even in case of charged molecule and results in a vibrational
structure in the polaron absorption spectra. In solid state, the shift in the energy level with
respect to the vacuum level of a molecule is correlated with the change in the polarization
in their surroundings. However, in amorphous form (in case of thin film), the polarization
in their surroundings varies spatially in Gaussian distribution of excited state energies?
with a variance o that is characteristic for the energetic disorder. Such disorder is absent in
a molecular crystal.

In case of inorganic semiconductor, strong covalent bonding between the atomic
orbitals results in a strong electronic interaction between them and wide bands are formed
(bandwidth= few eV). Therefore, charge carrier can travel at high mobilities through these
bands. However, since in case of organic semiconductor, there are only the weak van der
Waals bonds between adjacent molecules, electronic interaction between them is
significantly less resulting in a much narrow band with bandwidth below 500 meVZ, So,
band transport in organic semiconductor can only be observed in case of very pure
molecular crystals at low temperature®*?’. At higher temperatures, coherence between
adjacent sites is destroyed by the intra- and intermolecular vibrations. In such cases, the
charge carrier is scattered with a mean free path that approaches the distance between
adjacent sites. As a result, band transport is no longer possible and charge carriers move by

hopping?®.

1.5 Luminescence in organic semiconductors

The world of luminescence is a world of beautiful colors. Luminescence is the
emission of electromagnetic radiation in the form of ultraviolet, visible or infrared photons
from an electronically excited species by the relaxation of an electron from an excited state
to the ground state. In Eilhardt Wiedemann’s words “luminescence refers to all those
phenomena of light which are not solely conditioned by the rise in temperature”. It therefore
occurs at room temperature and also termed as cold light as opposed to incandescence
where light is emitted when an object is heated to a high temperature. It is well established
that when an electron of any atom or molecule absorbs energy from any external excitation
source, it becomes excited and jumps from ground state to the higher energy excited state.

However, as the excited state electron is not stable, it returns to the ground state and in the
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process release energy. When the additional energy released by the excited state electron is
released in the form of light, it is termed as luminescence. Materials that can generate
luminescence are in general termed as phosphors. A phosphor can emit light in the different
region of the wavelength range, viz. ultraviolet, visible or infrared region, depending upon
the difference between the energy levels of its excited state and the ground state energy
levels or in other words its band gap. The luminescence efficiency of a phosphor depends
solely on its ability to transform the released excitation energy into light. Luminescent
materials can be of different kinds. It can be a small molecule, polymer, organometallic
compound, organic or inorganic crystal or any other amorphous material. However, organic
luminescent materials are usually of strong interest owing to their application in organic
light emitting devices and offer several distinguishing features as compared to their
inorganic counterparts:

1. The energy band gap of an organic semiconductor is mainly defined by the
conjugation length of the molecule. Molecules with larger conjugation length have
small bend gap whereas molecules with small conjugation length have larger band
gap. Thus, depending on the conjugation length, organic molecule can produce blue
or red light. It also offers the unique feature of color tenability unlike its inorganic
analogue.

2. The luminescence of an organic molecule is solely associated with the excited state
of the molecule and not with the defects or impurities of the host lattice as in the
case of inorganic materials.

3. Due to the low dielectric constant, the coulombic attraction between the oppositely
charged electron and hole is more in case of the organic molecules. Therefore, the

exciton radius of the organic molecule is less facilitating the emission of photons.

Depending on the source used to excite the ground state electron of a molecule,
luminescence can be classified into several categories?® as shown in the Table 1.1.

Among  different  luminescence  processes, photoluminescence  and
electroluminescence are of particular importance owing to their prominence in the field of

organic light emitting devices.
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Table 1.1 Various types of luminescence processes and their mode of excitation.

Type of Luminescence Mode of excitation
Photoluminescence Absorption of Photons or light
Radioluminescence Bombardment with radioactive particles and photons like a,

[ or y rays/ ionizing radiation

Cathodoluminescence Irradiation of high energy electron beam or cathode rays
Electroluminescence Passage of electric current or by electric field
Thermoluminescence Heating

Chemiluminescence Chemical or electrochemical reaction concerning an

oxidation-reduction process

Bioluminescence Biochemical process

Mechanoluminescence | Mechanical energy such as frictional or electrostatic forces,

pressure etc.

Sonoluminescene Ultrasound waves

1.6 Mechanism of luminescence

In order for luminescence to occur, the first and foremost thing is that the molecule
should be in excited state which is obtained by the promotion of an electron from the ground
state to an excited state. The excited electron leaves a vacancy in the ground state which is
termed as hole. As oppositely charged, the electron and hole undergoes coulombic
attraction between them and forms a quasi-particle termed as exciton and the energy that
binds the electron-hole pair together is termed as binding energy. The exciton binding
energy varies depending on whether the material is organic or inorganic. Unlike their
inorganic counterpart, excitons formed in an organic semiconductor is usually are located
on one molecule due to the weak intermolecular van-der-Waals interaction. As a result,
organic molecule possesses large binding energy in the order of >500 meV as compare to
that of inorganic material (<0.1 eV). Since the excitons formed in organic semiconductor
are highly localized in the molecule or the polymer unit, it is also called Frenkel exciton to
differentiate it from weakly bound excitons in inorganic semiconductors (Mott-Wannier

excitons) which are highly delocalized throughout the lattice.
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Fig. 1.5 Mott-Wannier excitons (a) and Frenkel exciton (b).

These exciton states are further divided into two different types based on the
qguantum mechanical selection rule into singlet and triplet states. Depending on the spin
orientation of the excited electron, a singlet or a triplet can form when one electron is
excited to a higher energy level. In an excited singlet state, the electron is promoted in the
same spin orientation as it was in the ground state (paired). In a triplet excited stated, the
electron that is promoted has the same spin orientation (parallel) to the other unpaired
electron.

Fig.1.6 shows the Jablonski diagram. A Jablonski diagram is the typical
representation of the probable electronic states of a molecule and possible processes
through which molecules enter and leave the excited state: photon absorption, internal
conversion, fluorescence, intersystem crossing, phosphorescence, delayed fluorescence
and triplet—triplet transitions. The singlet electronic states are denoted So, S1, S2, . . . and
the triplet states are denoted as Ti, T2, and are represented by bold horizontal lines. Each
electronic energy states are associated with multiple vibrational levels and are represented
by thin horizontal lines. However, due to the large number of possible vibrational energy
levels only a portion of them are shown in the diagram.

The first transition in most Jablonski diagrams is the absorption of a photon of
certain wavelength that brings a molecule from one of the vibrational level of So to one of
the vibrational level of S1, S».... Since at room temperature the majority of molecules laid
in the O-vibrational level of So, the absorption process is shown to excite a molecule from
this level in the diagram. Absorbance is a very fast process and usually occurs within 10
seconds. Once the molecule is excited by the process of absorption, there are number of
possible de-excitation process that can take place.

12
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Fig. 1.6 Jablonski diagram.

The first de-excitation process is vibrational relaxation and internal conversion. It
is a non-radiative process. This process is also very fast and occurs immediately following
absorbance between 104 and 10! seconds. When a molecule is excited to an energy level
higher than the lowest vibrational level of the first electronic state, vibrational relaxation
(and internal conversion if the singlet excited state is higher than Si) leads the excited
molecule towards the 0-vibrational level of the S singlet state. From Sy, internal conversion
to So is possible but is less efficient than conversion from S; to Si, because of the much
larger energy gap between S; and So).

The second possible de-excitation process by which an excited molecule can come
back to ground state is by means of emitting a photon. This is called as fluorescence.
Fluorescence emission generally occurs due to the transition between the first excited state
S1 to the ground state So. Fluorescence is a slow process on the order of 10 to 10 seconds
A third possible de-excitation process from S; is intersystem crossing where an electron
changes its spin multiplicity and moves from excited singlet state S; towards the excited

triplet state T1. It is a non-radiative process and occurs within a time scale of 10® to 107

13
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seconds. The crossing of an electron from singlet to triplet state is forbidden in principle
due to their different spin multiplicity. However, it can be possible if the spin orbit coupling
between the orbital magnetic moment and the spin magnetic moment is large enough.

The fourth possible de-excitation pathway is the transition between the excited triplet state
T to the ground state So. This is termed as phosphorescence. Usually this is a forbidden
process and can only be observed with materials with heavy atoms that possess high spin
orbit coupling. In most of the cases the non-radiative de-excitation from the triplet state Ty,
is predominant over radiative de-excitation called phosphorescence. Phosphorescence is
thus very low with a time scale of 10 to 10 seconds.

Delayed Fluorescence is another possible de-excitation processes through which a
molecule can come back to ground state. This can be either thermally activated or due to
the triplet-triplet annihilation. In case of thermally activated delayed fluorescence reverse
intersystem crossing can happen from T1 to Si if there is a very small energy difference
between them provided that the lifetime of the molecule in the triplet excited state is long
enough. This process is thermally activated and therefore the fluorescence increases with
the increase in temperature. On the other hand, if the concentration of molecule at the triplet
excited state is more, there can be a collision between two molecules in the Ty state. As a
result, one of the molecules can gain enough energy to go to the higher triplet excited state

and then return to the S state, thus leading to a delayed fluorescence emission.

1.7 Organic luminescent materials

Organic luminescent materials form the active layer of an OLED and plays an
important role in defining the efficiency, emission color and the stability of the device. The
luminescent material used as the active layer in OLED should possess good thin film
forming property, good luminescence quantum yield, good charge transport property and
excellent thermal stability. The design and the characterization of these materials are
therefore of utmost importance for fabricating an efficient OLED. The first practical OLED
was demonstrated by C. W Tang et al® in the year 1987 using Alqs as the emissive layer.
After three years, in 1990, J. H. Burroughes et al®* demonstrated that poly(p-Phenylene
vinylene), prepared by the way of a solution processable precursor, can be used as the active
element in a large-area light emitting diode and combination of good structural properties
of this polymer, its ease of fabrication, and light emission in the green yellow part of the

spectrum with reasonably high efficiency, suggest that the polymer can be used for the

14
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development of large-area light emitting displays. Since then the OLED research
community has been divided into two groups, each favouring a specific fabrication method
and class of materials resulting from that choice. The highest efficiencies of OLEDs so far
have been achieved with small molecule based OLEDs are fabricated via evaporation under
high vacuum. On the other hand, in polymer light-emitting diodes (PLEDs, the active layer
consists of a semiconducting polymer. These materials cannot be evaporated, but instead
they can be tuned to be soluble, which enables solution processing techniques.
1.7.1 Small organic materials

In general, small organic materials are organic molecules that possess low
molecular weight. They include organometallic chelates, fluorescent and phosphorescent

dyes.

i) Organometallic chelates

Alq3 (Green) Bepp, (Green)

f@ £ %

ng2 (Yellow) anz (Yellow)

Fig. 1.7 Some of the commonly used organometallic chelates.

In metal chelates, light is obtained due to the ligand centred n-n* transitions. The
d-d* transition can however interfere with the luminescence of such ligands. Therefore, the
choice of the metal ions for these class of organic materials are limited to those metals that

either do not contain d- electrons or have filled d- shell. Li**, Be®*, Mg?*, Zn?*, AI** and

15
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B% are some of the most common metal ions used for this purpose. Tris(8-
hydroxyquinoline) aluminium (ALqg) is by far the most commonly used metal chelate in
OLED applications and is one of the most efficient luminescent material. Some of the

commonly used organometallic chelates are shown in Fig. 1.7.

il) Fluorescent dyes

Fluorescent dyes are the most commonly used emissive materials in small molecule
based OLEDs and emit light by the radiative decay of the singlet excited states. The large
availability of the fluorescent dyes makes them an interesting choice for OLED application
and till date numerous dyes have been utilized as emissive materials. Some of the widely
used fluorescent dyes are shown in Fig. 1.8. Since no emission is obtained from the triplet

excited states, the efficiency of devices with these dyes are limited to 25%.
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Fig. 1.8 Some of the commonly used fluorescent dyes.
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iii) Phosphorescent dyes

Phosphorescent dyes are generally triplet light emitter and utilizes both singlet and
triplet excited states to produce light. The presence of heavy metal ions such as iridium,
platinum etc in these emitters induces strong spin orbit coupling that eliminates the spin
forbidden nature of the triplet states and allows them to decay radiatively. Due to the
utilization of singlet as well triplet excited states, these materials possess very high
efficiency and the efficiency of devices with these dyes can be 100%. However, confining
of the triplet excitons in the emissive layer is a major challenge in this type of devices.
Some of the commonly used phosphorescent dyes are shown in Fig. 1.9.

AN
g DIENEE
N 0 % N-N_ N-N )
\ 0 ., B Ir
AN =N
i . j N-N NN NN
F TN !
N Ly R P
N F L Jg
F S | Ir(ppy); (Green)

FIr6 (Blue)

Ir(ppy),(acac) (Green) Ir(piq); (Red) Ir(pig),(acac) (Red)

Fig. 1.9 Some of the commonly used phosphorescent dyes.

1.7.2 Polymers

Polymers are also used as emissive materials in OLEDs and possess several
advantages over small molecules. They have higher glass transition temperature, better
thermal stability, excellent film forming property and due to their longer conjugation
length, they can be processed by low cost techniques such as spin coating, inkjet printing
etc. The most commonly used polymers in OLED application are the m conjugated

polymers. Another significant advantage of polymer emissive material is that their color
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tunability and also their charge transport property can be modified by incorporating suitable
electron donating or accepting moieties in either side chain or main chain. Some of the

widely used polymer emissive materials are shown in Fig. 1.10.
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O~ OO

PFO-BT-DBT (White)

Fig. 1.10 Some of the commonly used polymers.

1.8 Organic light emitting diodes (OLEDs)

An organic light emitting diode (OLED) consists of either one or more
semiconducting organic layers sandwiched between two electrodes. The light is generated
in the emissive layer by the principle of electroluminescence and in order to light escape
from the device, at least one of the electrode should be transparent. A simplified device

structure of an OLED is shown in Fig. 1.11.

A 20

®
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Substrage

Fig. 1.11 Simplified device structure of an OLED.
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When a voltage is applied across the OLED such that the anode is positive with
respect to the cathode a current of electrons starts to flow through the device from cathode
to anode. Thus, the cathode gives electrons to the emissive layer and the anode withdraw
electrons from the emissive layer; in other words, the anode gives electron holes to the
emissive layer. Electrostatic forces bring the electrons and the holes towards each other and
they recombine. The recombination causes a drop in the energy levels of electrons,

accompanied by an emission of radiation whose frequency is in the visible region. The

I

process is shown in the Fig.1.12.

[ ]
Cathode

® Electrons

O Holes
Anode

@ o
s

Emissive Layer

Fig. 1.12 The process of light generation in OLED.

Depending on the number of organic layer used, OLEDS can be termed as Mono
layered, or multilayered devices.
1.8.1 Mono layered OLEDs

As the name suggests, a mono layer or single layer OLED consists of the emissive

layer sandwiched between the anode and cathode layer.

Cathoge
Emissive Layer 7\ @
Anode

Substrate

Fig. 1.13 The basic schematic of a mono layered OLED.
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Fig.1.13 shows the basic schematic of a mono layered OLED. Monolayered OLEDs have
the simplest structure and offers the advantage of low fabrication cost. However, the
mobility offset between the hole and electrons in the organic semiconductor causes exciton
quenching either at the anode of cathode and is a major factor that reduces the efficiency
of such OLED:s.

1.8.2 Multilayered OLEDs

The efficiency of an OLED usually depends on the number of electron hole pairs
that is formed in the emissive layer of an OLED and decay radiatively. Therefore, the
confinement of electrons and holes injected from the cathode and the anode of the devices
into its emissive layer has been the main driving force while designing the structure of an
OLED. This has led to the multilayer device structure of OLEDS where apart from the
emissive layer, several other layers are incorporated into the device to confine the injected
electrons and holes into the emissive layer. Fig.1.14 shows the basic schematic of a
multilayered OLED.

Fig. 1.14 The basic schematic of a multilayered OLED.

The role of the different layers of a multilayered OLED are described in the following

section.
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1) Substrate: The main role of the substrate is to provide mechanical support to the device.
Usually it is a rigid glass substrate or flexible plastic substrate and most likely made upm
of transparent materials.

i) Anode: In its most common form, the anode of an OLED should be transparent so that
the light generated inside the device due to the exciton decay can escape the device. The
primary function of the anode is to inject holes to the organic layers. Usually the material
used as anode in OLED should have high work function, good transparency and low
electrical resistivity. Indium tin oxide (ITO) is the most commonly used anode in OLED.
iii) Hole injection layer (HIL): HIL is inserted between anode and the hole transporting
layer (HTL) in order to enhance hole injection from the anode. Strong electron acceptors
or p type doped organic molecules are the most common choices for HIL. Some of the
commonly used HIL are Copper phthalocyanine (CuPc), m-MTDATA, PEDOT:PSS etc.
iv) Hole transport layer (HTL): HTL is used to facilitate hole transport into the emissive
layer and the materials used as HTL have high hole mobility and low electron mobility.
Sometimes this layer also acts as electron blocker and helps confining the electrons in the
emissive layer. Some of the commonly used HTL are PVK, PPV, TPD, a-NPD, TCTA etc.
v) Emissive layer (EML): EML is also termed as the active layer of the OLED and defines
the color emitted from the device. The materials used as emissive layer should possess high
quantum yield and good charge balance.

vi) Hole blocking layer (HBL): Hole blocking layer is used to block the hole from flowing
towards the cathode and to confine them inside the emissive layer thereby enhancing the
recombination and the efficiency. BCP, BPhen, TPBi are some of the widely used hole
blocking layer.

vii) Electron transport layer (ETL): ETL is used to facilitate electron transport into the
emissive layer and the materials used as ETL have high electron mobility and high electron
mobility. Usually n-type-doped materials are used in this layer. Alg3 is the most commonly
used ETL.

viii) Electron injection layer (EIL): EIL is inserted between cathode and the ETL in order
to enhance electron injection from the cathode.

ix) Cathode: The primary function of the cathode is to inject electrons to the organic layers.
Usually the material used as anode in OLED should have low work function and high
reflectivity. Some of the widely used cathodes are lithium (Li, 2.90 eV), cesium (Cs, 2.14
eV), calcium (Ca, 2.87 eV), magnesium (Mg, 3.66 eV), aluminum (Al 4.3 eV) etc.
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1.9 Approaches to white light generation
White is generally the color produced by the combination of all the colors of the
visible spectrum. Usually white light is obtained either by combining blue, green and red

emitter together or by combining a blue emitter with an orange emitter (Fig.1.15)

Blue
(436 nm)
+ .

Green + £t Red + Green + Blue
(546 nm) oty Or

’ Blue +
+ \ | White
Red

(650 nm)

Fig. 1.15 Approaches to white light generation.

To become an ideal source of white light, OLEDs output spectrum should cover the
entire visible range (400-800 nm) and its spectral distribution should match that of the
natural sun light. To achieve this, the dominating approach is to combine the
electroluminescence obtained from different materials, typically two or three. In evaporated
OLED:s, this can be achieved by the fabrication of multilayer devices where each layer
emits a specific color. However, in case of WPLEDSs, white light is basically generated by
single layer of a white-emitting copolymer where the emission of several colors takes place
in a single layer. WPLEDs can also be fabricated using multilayer device structure,
however, the preparation of multilayer polymer devices is more complicated as multilayer
devices are difficult to process from solution and there is always a possibility that the
solvent used in wet-processing may harm the underlying layer.

1.10 Polymer based white light emitting diode

There are basically four main approach that has been used to date for the generation

of white light from a polymer light emitting diode.

1.10.1 Doping of Small molecule in polymer films
In this approach, small molecular dyes are dispersed in the polymer and the mixture

is used as the active layer of the device as shown in Fig. 1.16.

22
TH-1732_126153002



Chapter 1

°
Red, Green and Blue
° emitting small molecule
. LY}
® 9 ® .
e O T, Cathode
e : . Emls
@ o P SIve Layey @
Y L) e
. * An(]de
Substryge

Polymer host

Fig. 1.16 WPLED using small molecule doped polymer films.

The polymeric materials are used to function solely as the host material and in part
as a charge transport material. The emission is however obtained from the small molecular
dyes doped into the polymer host.

Using this approach, Kido et al®?, for the first time, succeeded to obtain bright white
emission which covers wide range of the visible region. TPB, coumarin 6, and DCM 1 were
doped in PVK as emissive layer in their work and TAZ and Algs are used to confine the
emission center in the emissive layer by blocking the holes from reaching cathode and
transporting electrons respectively. White emission was observed from EL cells when
operated in a continuous dc mode with ITO at positive polarity.

Following the work reported by Kido et al, significant amount of research was
carried out in the following years to develop highly efficient WPLED®**°. In 2006, Jinsong
Huang et al*® reported a device structure with improved luminous efficiency by doping a
blue polyfluorene host polymer by orange emitting rubrene dye.

In order to improve the device efficiency further, a significant amount of research
effort has been spent to develop all-phosphorescent WOLEDs with other polymer hosts,
which can fully harvest excitons for emission through the phosphorescent®-%°. For all-
phosphor phosphor doped, solution-processed WOLEDs, PVK is widely used as the host
polymer, owing to its high triplet level (ca. 2.5 or 2.9 eV). To date, PVK-based WPLEDs
are essentially based on sky-blue Flrpic as the blue component.®®4° But due to the poor
color purity of Flrpic, these types of devices were unable to provide the required CRI value
ideal for solid state lighting. To pursue high CRI WOLEDs, a commercial deep-blue
phosphor IrIlI bis(4’,6’-difluorophenylpyridinato) tetrakis(1-pyrazolyl) borate (FIr6) with
CIE coordinates of (0.16,0.26) is expected to replace Flrpic as the blue dopant in these
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WOLEDs®*"*!, However, due to the relatively low triplet levels of PVK as compared to Fir6
it seems to be impossible to realize efficient PVK-based WPLEDs with FIr6.

Very recently, Zhang et al*? changed this perspective by reporting an efficient deep-
blue and white PhOLEDs with Flres as the blue emitter with PVK as the host material.
Although PVK possesses a lower triplet level than that of Flirs, it is found that the deep-
blue emission of Flrg is strongly dependent on the triplet exciton confinement in the PVK:
Flrs emissive layer. By incorporating an interfacial layer with a ultra-high triplet level (3.07
eV), such as 3,6-bis(diphenylphosphoryl)-9-[4°-(diphenylphosphoryl) phenyl] carbazole
(TPCz), it could effectively cut off the potential loss pathways of the triplet excitons within
the PVK/FIre EML. The resultant PVK/FIrs-based deep-blue and white solution-processed
WOLEDs achieved an unprecedented forward-viewing EQE of 16.1% and a total EQE of
28.0% (38.4 ImW1) at a practical luminance of 1000 cdm,

1.10.2 Polymer blending

This is the most simplified approach as it offers simpler device fabrication than all
other approaches. By tailoring the effective conjugation length or chemically anchoring a
variety of light-emitting chromophores, light-emitting polymers covering the whole region
of visible light were synthesized.*® White electroluminescent device can thus be prepared
by simply blending these efficient single-color polymers into a single active layer as shown
in Fig. 1.17. However, the film morphology of the blended polymers should be manipulated
properly to control the optoelectronic process of the blended films.

,:.:: Red, Green and Blue

acte

emitting polymer

:. ”._.‘:.".- _‘- ....... Cathode
i : —
L ap?? By e Emissjye Layer W@
'o. ":““
““‘,“‘,o Anoge
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Fig. 1.17 White light from polymer blending.

The first white polymer OLEDs based on polymer blends were discussed by Tasch

et al.** By highly diluting a red-emitting polymer poly (perylene-co-diethynyl benzene)
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into a blue ladder-type polymer polyparaphenylene with a concentration of 0.05%, white
emission is realized. Here the red emitter is excited via exciton energy transfer and charge
transfer and trapping. With an addition of 10 wt% PMMA to the mixed layer, CIE
coordinates of (0.31, 0.33) were reached with a maximum external quantum efficiency of
1.2%.

Huang, Li et al.*® reported on a simple two-polymer blend white device with a
greatly improved device efficiency. They introduced a Cs2COs interfacial layer between
the LEP layer and cathode to enhance the injection of the minority charge carriers.
Furthermore, the dopant’s (MEH-PPV) energy levels are within the band gap of the host
material (PFO), so that the excitation of the dopant can occur via energy transfer and charge
trapping, the latter leading to a charge confinement effect.

In 2013, Yu et al*® synthesized a series of blue (B), green (G), and red (R) 9,9-bis
[4-(2 ethylhexyloxy)phenyl] fluorene (PPF)-based polymers containing a
dibenzothiophene- S,S dioxide (SO) unit (PPF-SO polymer), with an additional
benzothiadiazole (BT) unit (PPF-SO-BT polymer) or a 4,7-di(4-hexylthien-2-
yl)benzothiadiazole (DHTBT) unit (PPF-SO-DHTBT polymer). These polymers exhibit
high fluorescence yields and good thermal stability. PLEDs using PPF-SO25, PPF-SO15-
BT1, and PPF-SO15-DHTBT1 as emissive polymers have maximum efficiencies of 7.0,
17.6, and 6.1 cdA* with CIE coordinates of (0.15, 0.17), (0.37, 0.56), and (0.62, 0.36),
respectively. Blending different ratios of these polymers realized highly efficient WPLEDs.
With incorporating an alcohol-soluble poly ({9,9-bis[3’-(N,N dimethylamino)- propyl]-
2,7-fluorene}-alt-2,7-(9,9-dioctylfluorene)) (PFN) EIL and a B/G/R blend ratio 100 : 8 :7
by weight, a maximum LE of 9.8 cdA™* and PE of 8.9 ImW-! were reached. The optimized
devices have a CCT of 4700 K and an excellent CRI of 90, owing to the wide spectral

regions covered with these polymers.

1.10.3 Polymer heterolayers

A multilayered device structure, comprising of a hole injection/ transport layer
(HIL/HTL), a single or multilayered EML, and an electron injection/transport layer
(EIL/ETL) is promising for pursuing high device efficiencies because of the convenient
manipulation of the charge balance and exciton formation region as well as the confinement
of charges/excitons within the EML for emission. The schematic of a multilayer device is

shown below.
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Fig. 1.18 WPLED using of a multilayer device structure.

On the basis of a multilayered device structure, thermally evaporated
OLEDs/WOLEDs have already achieved extremely high device efficiencies.
Unfortunately, the multilayered solution- processed OLEDs/WOLEDs generally cannot be
prepared owing to intermixing issues between layers during fabrication, which originate
from similar solubility in common solvents for commonly used optoelectronic materials.
As aresult, solution-processed OLEDs/ WOLED:s are typically based on single active layer
structures, in which all materials, including host, dopant, and charge-transport moieties, are
blended together, as introduced in Approach 2. Excitingly, some efforts have been made to
breakthrough such limits.*”*® To solve the intermixing problems during sequential coating,
“orthogonal” solvents or cross-linking methodology have been developed, and high-
performance multilayered solution-processed WOLEDSs have been obtained.

Gong et al. *° showed that high performance, multilayer, white light emitting PLED
can be fabricated by using a blend of luminescent semiconducting polymers and
organometallic complexes as the emission layer, and water soluble (or ethanol soluble)
polymers and/or small molecules as the hole injection/transport layer (HIL/HTL) and the
electron injection/transport layer (EIL/ETL).

Kohnen et al.> reported on a fully wet-processed bilayer polymer system consisting
of two fluorescent emitters with complementary emission colors (a PPV derivative for
yellow and a polyfluorene for blue). In their work, the yellow-emitting PPV derivative (SY)

was thermally cross-linked. An optimized device emits white light with CIE coordinates
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-
(0.323, 0.345) very close to standard white light (0.33, 0.33). The maximum efficiency of
the device is 6.1cdA™.

1.10.4 Single polymer system

An alternative but very promising concept for generation of while light is by using
a white single polymer (WSP). The key idea here is to realize a single copolymer, in which
the polymer host is chemically linked with red, green, and red chromophores for three-

color white emission or linked with blue and orange chromophores for two-color white

emission.
.M
L Single polymer systems
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Fig. 1.19 Single polymer based WPLED.

In this approach, white light is generated by intra- and intermolecular energy
transfer from host moieties to chromophores. The WSP route is unigue, since it simplifies
the fabrication procedures and also enhances the reproducibility of the device. Furthermore,
unlike common WOLEDs, the intrinsic phase separation risk of multi components of the
blends, and thus, device and spectral instability under long-term operation, are removed for
WSP-based WOLED:s.

WSP can be designed by two processes. In the first process, the main polymer (host)
and all chromophores form the copolymer main chain in a stoichiometric manner, where
conjugation occurs. In second approach, the chromophores are attached to the polymer
main chain as side groups, where the conjugation is lost. In the latter approach, the
chromophores can be seen as isolated molecules dispersed in a host polymer.

Tu et al.®® reported on an efficient white light emitting polymer by admixing
moieties of an orange fluorophore (1,8-naphthalimide) into the blue PFO main polymer.
Used as a single EML device, a chromphore concentration of 0.05% in the PFO main chain
yields a device efficiency of 5.3 cdA™ and 2.8 ImW at 6 V [CIE (0.26, 0.36)]
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Later, Luo et al®? proposes a novel strategy to realize white electroluminescence
simultaneously with three primary color emissions from a single conjugated copolymer
with a backbone consisting of poly(9,9-dioctylfluorene) (PFO), 2,1,3- benzothiadiazole
(BT), and 4,7-bis(2-thienyl)-2,1,3-benzothiadiazole (DBT) as the blue-, green-, and red-
light-emitting units, respectively. A maximum efficiency of 3.43 cdA™? with a CIE
coordinate of (0.34,0.33) was obtained by using the PFO-R010-G018 polymer as the
emissive layer.

Recently, Zhang et al®® reported on a highly efficient single-component polymer
system containing three chromophores that are covalently attached to the polymer
backbone. With a correlated color temperature of approximately 4500 K [CIE coordinates
(0.37, 0.42)], the best device reaches 6.2% EQE and a luminous efficacy of 10.4 Imw*
measured at 500Cdm™.

1.11 Techniques used to fabricate OLEDs
OLED is a thin film device that consists of thin films of metals and organic
semiconductors. Some of the most common techniques used to deposit organic or metal

thin film in an OLED are described in this section.

1.11.1 Thermal evaporation

Thermal evaporation is widely used to deposit thin films of small organic molecules
and the metals. It is one of the simplest of the Physical VVapor Deposition (PVD) techniques.
In this technique material to be deposited is first placed on a suitable source and then the
source is heated in a vacuum chamber until its surface atoms of the material to be deposited
have sufficient energy to leave the surface. Once they have sufficient energy, they traverse
through the chamber and deposited on the substrate placed on the top as shown in Fig. In
order to avoid collision between the atoms and air molecules, the chamber is usually
maintained at high vacuum. In this technique, resistive boat or coil is used as source for
metal deposition and alumina crucible or Knudsen cells are used as source for organic

molecule deposition.
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Fig. 1.20 Thermal evaporation technique.

1.11.2 Inkjet printing

Inkjet printing is used to form thin films of polymeric material. In this technique,
solution of polymeric material to be coated is used as ink and is dispensed on the substrate
to be coated through inkjet nozzles. The film thus formed in then dried to remove the

residual solvents. This technique is useful for large area coating.

Inkjet Nozzles
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Red Emitter .
[ ] Green Emitter ‘
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Fig. 1.21 Inkjet printing technique.
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1.11.3 Dip coating

Dip coating is another method used to deposit thin films of organic semiconductor.
In this method, the substrate on which the film is to be deposited is dipped into the material
solution and allowed for coating. After the formation of the film the substrate is withdrawn
and dried for the removal of solvent. It is a very simple and easy of film deposition.
However, it is hard to obtain a uniformly thick film over the whole substrate using this

technique.

Substrate is dipped into
the coating material

ST solution for coating

Substrate coated
with thin film

_— —

Coating material
Solution

Fig. 1.22 Dip coating technique.

1.11.4 Spin coating
Spin coating is one of the most common techniques used to deposit organic thin
films. It is an easy and quick process and produces uniform and smooth films within a

thickness range of a few nanometer to a few micrometers.

Spin Coated
Thin Flim

< Solution
° to be coated

o
Fig. 1.23 Spin coating technique.

In this process, the material to be coated is first made soluble in a solvent. A small
puddle of that solution is then dropped onto the center of the substrate on which the thin
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film is to be deposited and the substrate is spun at a high speed. As a result, under the
influence of centripetal acceleration, the solution spread over the whole surface and
eventually off the edge of the substrate leaving a thin film on the surface. The solution
concentration, its viscosity, surface tension between the solution and the substrate, rotating
speed plays vital role in defining the thickness and the properties of the as deposited thin

films.

1.12 OLED fabrication process

ITO coated glass substrate were used as anode material in all the OLEDs. The ITO
coated glass substrates with sheet resistance 25 ohm/cm were patterned using scotch tape
to give the desired device area. After masking, to remove the ITO coating from the
unmasked glass substrates, zinc dust was spread over the unmasked area into which a
mixture of conc. HCI and H20 (1:1 ratio) was added dropwise and removed immediately.
After patterning, the substrates were cleaned in sequential ultrasonic baths of 2% soap
solution, acetone and isopropanol, each for ten minutes at room temperature and then dried
under argon gas. The ITO substrate was then treated using UV-0zone treatment for 30 min.
After cleaning, different organic layers were deposited either by using thermal evaporation
process or by spin coating technique depending on the type of the materials used in the
device. Finally, the different interfacial layers along with the cathode materials were
deposited by using thermal evaporation technique at a pressure of 10 bar.

1.13 Characterization parameters for WPLEDs
The performance of any white light source is determined by the following
parameters

(a) Efficiency: The efficiency of WOLED:s is characterized by its luminous efficiency
(LE), quantum efficiency (QE), and power efficiency (PE). Of which, LE and QE
are important for material evaluation while PE is important for device evaluation

and engineering design.
Luminous efficiency (LE): LE is measured in candela per ampere (cd Al) and
obtained on the basis of measurement of luminous intensity (in candela, cd), or
luminance (L, in candela per meter square cd m2) at a given current density (J). i.e.
Luminous intensity

-1

EQE =

Current density
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Quantum efficiency (QE): QE of a device is defined as the ratio between generated
photons and the injected electron-hole pairs in the device. Of which, photons
emitted outside the device are correlated to external quantum efficiency (EQE)
while all the photons generated in the device contribute to its internal quantum
efficiency (IQE),

EQE = No.of photons emitted outside the device

No.of e — h pair injected into the device

_ No.of photons generated inside the device

IQE =

No.of e — h pair injected into the device

Power efficiency (PE): This is the most important parameter describing the
performance of any light source and is typically measured in lumen per watt.
Acrtificial white light sources are usually evaluated in terms of PE, which is defined
as the luminous flux output (in lumen) per input power of the device. It is also

termed as luminous efficacy.

luminous flux output (in lumen) _
Imw 1

" input power to the device (in watt)

(b) Commission internationale de I’Eclairage or International commission on
illumination (CIE): The CIE coordinates describes how the human eye perceives
the emission color of any light using a pair of two numbers (x,y). For pure white
light, the CIE coordinates are (0.33, 0.33).

(c) Correlated color temperature (CCT): The correlated color temperature of a light
source is defined as the temperature [usually measured in Kelvin (K)] at which the
heated black-body radiator matches the color of the light source. Higher Kelvin
temperatures (5,000 K or more) are said to be “cool” (green—blue) colors whereas
lower color temperatures (2,700-3,000 K) are called “warm” (yellow—red) colors.
Cool-colored light is considered better for visual tasks and warm-colored light is
preferred for living spaces because it is considered more flattering to skin tones and
clothing.

(d) Color rendering index (CRI): The color rendering index (CRI) is a quantitative
measure of the ability of a light source to reveal the colors of various objects
faithfully in comparison with an ideal or natural light source. It is represented by a
number between 0 and 100. Natural sunlight is assumed to have a CRI value of 100.
To be used for indoor lighting, a light source should have a minimum CRI value

greater than or equal to 80.

32
TH-1732_126153002



Chapter 1

1.14 Current progress and future development of OLED

Due to its versatility, low cost of production, and ease of large area fabrication, the
past few decades have witnessed organic light-emitting devices (OLEDs) being widely
pursued as a potential replacement for their inorganic counterparts (commonly known as
LEDs) in flat-panel-display and light-emitting elements. Now-a-days, OLED technology is
used in different commercial applications such as displays for mobile phones, portable
digital media players, etc. Similarly, OLED based televisions have begun entering the
commercial market area. In the field of lighting, OLEDs are one of the most promising new
lighting technologies to emerge over the years and has the potential to become a highly
energy-efficient, large area and eco-friendly lighting solution and alternative to existing
technology.

The efficiency of the WOLEDs designed for solid state lighting has already
surpassed that of the traditional incandescent lamp and compact fluorescent lamp and is at
par with their inorganic counterparts. Recently, WOLEDs with efficiency as high as 156
Im W has been claimed by NEC lighting which was co-developed with Yamagata
University’s research group led by Kido.>* Although OLEDs have many advantages, the
cost of the OLED-based products is still on the expensive side, and as the organic materials
in general have a limited lifetime, the long-term stability of those devices is yet to be tested.
However, considering the wide versatility of the organic semiconducting materials
available, there is still huge scope for chemists, material scientists, and engineers for further

improvement in the performance of organic light-emitting devices.
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Efficient blue and white polymer light emitting diodes
based on a well charge balanced, core modified

polyfluorene derivative

Abstract

“Fabrication of efficient blue and white polymer light-emitting diodes (PLEDs) using a
well charge balanced, core modified polyfluorene derivative, poly[2,7-(9,90-
dioctylfluorene)-co-N-phenyl-1,8-naphthalimide (99:01)] (PFONPNOI), is presented. The
excellent film forming properties as observed from the morphological study and the
enhanced electron transport properties due to the inclusion of the NPN unit in the PFO
main chain resulted in improved device properties. Bright blue light was observed from
single layer PLEDs with PFONPNOI as an emissive layer (EML) as well as from double
layer PLEDs using tris-(8-hydroxyquinoline) aluminum (Algs) as an electron transporting
layer (ETL) and LiF/Al as a cathode. The effect of ETL thickness on the device performance
was studied by varying the Alqs thickness (5 nm, 10 nm and 20 nm) and the device with an
ETL thickness of 20 nm was found to exhibit the maximum brightness value of 11662 cd m
2 with a maximum luminous efficiency of 4.87 cd A”. Further, by using this highly
electroluminescent blue PFONPNOI as a host and a narrow band gap, yellow emitting
small molecule, dithiophene benzothiadiazole (DBT), as a guest at three different
concentrations (0.2%, 0.4% and 0.6%), WPLEDs with the ITO/PEDOT:PSS/emissive
layer/Alq3(20 nm)/LiF/Al configuration were fabricated and maximum brightness values of
8025 c¢d m?, 9565 cd m? and 10180 cd m™? were achieved respectively. 0.4% DBT in
PFONPNOI was found to give white light with Commission International de I’Echairage
(CIE) coordinates of (0.31, 0.38), a maximum luminous efficiency of 6.54 cd A and a color
rendering index (CRI) value of 70.”
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2.1 Introduction

White organic light-emitting diodes (WOLEDs) are one of the most
promising new lighting technologies emerging over the past few decades due to their
versatility, low cost of production and ease of large area fabrication, and have
potential applications in the field of full color displays and new generation lighting
sources, providing a viable alternative to the existing technology.!® To become an
ideal source of white light, the output spectrum of OLEDs should cover the entire
visible range (400—-800 nm) and its spectral distribution should match that of the
natural sunlight. To achieve this, the dominating approach is to combine the
electroluminescence obtained from different materials, typically two or three.
Significant improvement in the field of small molecule based WOLEDs has been
made and their efficiencies have already surpassed those of the conventional
incandescent and fluorescent lamps. However, small molecules are generally
deposited using a vacuum deposition method, thus making them expensive for large
area fabrication. On the contrary, due to the advantage of solution processability,
polymer thin films can be easily made using less expensive methods such as spin
coating and inkjet printing. Recently, several approaches to achieve WPLEDs have
been reported, including solution-processed WPLEDs by doping small molecules in
polymers,”® polymer—polymer blending,”!° multilayer structure by incorporating
orthogonal solvent!! or by using cross linking polymers,'>? WOLEDs or WPLEDs
based on the broad emission of exciplexes or excimers,'? single emissive polymers
with red, green and blue chromophores attached to their main backbone'# or side
chain!> and so on. However, to realize bright white light, efficient blue light emitting
materials are of utmost importance. Inspiringly, a significant amount of research has
been carried out on the design and development of efficient blue PLEDs that are
essential for high-quality displays and lighting sources. In this regard, conjugated
polyfluorene (PF) was widely studied both as the emitting material in blue PLEDs
as well as the host material in blended systems for realizing white light.”:8:16
Polyfluorenes are well-known emissive materials for blue PLEDs and serve well for
light emission and charge transfer due to their high luminescence efficiency, thermal
stability, good processability and excellent film forming properties.!” Unfortunately,
they suffer from poor electron transport as compared to hole transport due to the

presence of high density electron traps within thepolymer.'® In order to achieve high
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efficiency, it is, however, necessary to obtain a balanced charge transport behavior
and confinement of electrons and holes inside the active layer. Several attempts have
been made to improve the electron-transporting properties of polyfluorenes by
incorporating electron-withdrawing moieties into the main or side chains of the

19-27

polymers. Recently, highly electroluminescent, well charge balanced

polyfluorene copolymers were developed by incorporating the 1,8-naphthalimide

2829 Herein, the fabrication of

(NPN) moiety into the polyfluorene main chain.
efficient blue polymer light emitting devices (PLEDs) using PFONPNO1 as the
active material is discussed. The excellent film forming properties along with the
enhanced electron transport properties of PFONPNO1 resulted in improved device
properties. The device performance of PFONPNO1 was then further improved by
fabricating multilayer devices using Alqs as an electron transporting layer (ETL)
with various thicknesses (0, 5, 10 and 20 nm) and using LiF/Al as a cathode. A
maximum brightness value of 11662 ¢d m? and a maximum current efficiency of
4.87 cdA-! were achieved. The high brightness and wide electroluminescence spectra
in the blue-green region (400—550 nm) make PFONPNO1 a suitable host material for
realizing white light and therefore it was further utilized for fabrication of WPLEDs
by doping it with a narrow band gap yellow dopant DBT.3? In order to achieve white
light, three different DBT concentrations (0.2%,0.4%and 0.6%) were added into a
solution of PFONPNOI1 in chloroform and stirred for 30 minutes to ensure efficient
doping. White light was obtained due to the blue emission from the PFONPNO1 host
polymer and simultaneous yellow emission originating from the suppressed singlet
Forster energy transfer induced by low concentration DBT doping. The solution
processed WPLEDs with a highest maximum luminous efficiency of 6.54 ¢d A*! and
Commission International de 1I’Echairage (CIE) coordinates of (0.31, 0.38) were
achieved for 0.4% DBT doped PFONPNO1 with a color rendering index (CRI) value
of 70.

2.2 Experimental
2.2.1 Materials and measurements

The m-conjugated poly[2,7-(9,90-dioctylfluorene)-co-N-phenyl-1,8naphthalimide
(99:01)] (PFONPNO1) and small molecule DBT used as emissive materials and Alqs used

as the electron transport material were synthesized using previously reported methods?3-31-32
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and their structures are given in Fig. 2.1 (a). The other materials such as poly (3,4-
ethylendioxythiophene): poly (styrene sulfonate) (PEDOT:PSS), LiF and aluminum (Al)
were purchased from Sigma Aldrich. Atomic force microscopy images were taken using
an Agilent5500-STM instrument. The UV-visible absorption spectra of DBT and the
emission spectra of PFONPNO1 were recorded on a Perkin-Elmer Lambda 35

spectrophotometer and on a Varian-Cary Eclipse spectrophotometer respectively.

(a)
ot
O IIHO O
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|
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Fig. 2.1 (a) The chemical structures of the materials used and (b) schematic of the device

structure for blue PLEDs (c) schematic of the device structure for WPLEDs.

2.2.2 PLED fabrication and characterization

Fig. 2.1 (b) and (c) shows the schematic of the device structures used in this
study. The PLED device configuration is composed of a pre-cleaned and pre-
patterned indium tin oxide (ITO) as the transparent anode. Prior to device

fabrication, the ITO surface was thoroughly cleaned in sequential ultrasonic baths of
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2% soap solution, acetone and isopropanol, each for ten minutes at room temperature
and then dried under argon gas. The ITO substrate was then treated using UV-ozone
treatment for 30 min. After cleaning, a 40 nm thin layer of PEDOT:PSS as a hole
injecting layer was spin-coated at 3000 rpm for 60 seconds followed by baking for 15
minute in an argon environment at 130 °C. The emissive layer was then spin-coated above
the PEDOT:PSS layer from chloroform solution to form a ~ 80 nm thick film. Five different
types of emissive layers: pure PFO, PFONPNO1, 0.2% DBT doped PFONPNO1, 0.4% DBT
doped PFONPNOI and 0.6% DBT doped PFONPNOI were studied. The emissive layer
was annealed under an ambient atmosphere at 80 °C for 30minutes to remove the residual
solvent. After annealing, Alqs was thermally deposited over the emissive layer at a rate of
2 A s7! for better electron injection. Finally, LiF and aluminium were thermally evaporated
at a rate of 0.1A s and 10 A s7!, respectively, at a base pressure of 10® mbar to form the
cathode electrode. The active area of the diodes was 12 mm. The thicknesses of dil Jerent
layers of the PLEDs were measured using a Dektak 150 profilometer. The current density—
voltage (J-V) characteristics of the fabricated PLEDs were measured using a Keithley 2400
source meter, whereas the luminance and the electroluminescence spectra were recorded
using an LCS-100 integrated sphere. All the devices were fabricated and characterized

under an argon atmosphere inside a glove box.

2.3 Results and discussion
2.3.1 Morphological studies

The performance and lifetime of a PLED are critically dependent on the properties
of active materials and quality of their interfaces, and therefore the surface morphology of
PFONPNOI1 polymer thin films was explored using atomic force microscopy (AFM)
images. Fig. 2.2 shows the AFM images of the PFONPNOI thin films heated at various
temperatures for 30 mins, ranging from 60 °C to 100 °C (Fig. 2.2 (a)—(c)) and DBT doped
PFONPNOI1 thin films heated at 80 °C (Fig. 2.2 (d)), deposited using a spin coating method.
The thin films had very smooth and amorphous surfaces, with a root mean square (RMS)
roughness of 1.573 nm, 0.550 nm and 0.774 nm for the 60 °C, 80 °C and 100 °C heated
films respectively. PFONPNO1 was then doped with the DBT molecule and the AFM
images of the thin film (heated at 80 °C) show no aggregation, which means that DBT is
dispersed homogenously in PFONPNO1. The DBT doped PFONPNO1 thin film shows a

41
TH-1732_126153002



Chapter 2

root mean square (RMS) roughness of 0.447 nm. 80 °C annealing was selected for device
fabrication because at this annealing temperature, the emissive layer film morphology was

found to be the best.

2.8 nm

0.0 nm

d4nm - (q) DBT: PFONPNo1 1.7nm
80" C

Fig. 2.2 AFM images of the PFONPNOI thin films heated at various temperatures, (a) 60
°C, (b) 80 °C, (b) 100 °C and (d) DBT doped PFONPNO1 thin films heated at 80 °C.

2.3.2 Blue PLEDs

The blue emitting host plays a significant role in determining the properties of a
host—guest system emitting white light. The efficiency of such a system is highly affected
by the electron and hole transporting properties of the polymer host as well as the efficiency
of charge injection from the cathode side. Here, single layer PLEDs were fabricated using
pure PFO and PFONPNO1 as the emissive layer (EML) in the ITO/PEDOT:PSS (40 nm)/
PFONPNO1(80 nm)/LiF(1.0 nm)/Al(100 nm) (device B1) configuration. Fig. 2.3 (a) and
Fig. 2.3 (b) shows the current density vs. voltage (J-V) and brightness vs. current density
(B-J) curves of the single layer devices respectively. From these curves, it was observed
that the maximum brightness value of device B1 improves significantly to 5636 c¢d m™ as
compared to 2328 c¢d m? of PFO (more than 2 times).
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Fig. 2.3 Current density vs. voltage (J-V) (a) brightness vs. current density (B-J) and (b)
curves of the single layer Blue PLEDs.
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Fig. 2.4 Current density vs. voltage (J-V) curves of PFO and PFONPNO1 based hole only

and electron only devices, film thickness = 80 nm.

To understand this improvement in the device properties, an electron dominated
device using structure ITO/Al (40 nm)/polymer (80 nm)/LiF(1.0 nm)/Al(100 nm) and an
hole dominated device using structure ITO/PEDOT:PSS(40 nm)/ polymer(80
nm)/MoO3(15 nm)/Al(100 nm) for both PFO and PFONPNO1 were fabricated and the
curves are shown in Fig. 2.4. The hole current in the case of PFONPNO1 is found to be
little less as compared to that of PFO, however, there has been more than two-fold
improvement in electron current in the case of PFONPNO1 as compared to that of PFO.

Therefore, the high device performance of PFONPNO1 as compared to that of PFO can be
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attributed to the enhanced electron transport properties of the PFONPNO1 copolymer due
to the high electron affinity of the NPN moiety.

To further improve the device performance, multilayer PLEDs using Alqs as the
electron transporting layer were fabricated. The thickness of the Alqs layer was varied for
optimum device performance (5 nm, 10 nm and 20 nm for devices B2, B3 and B4
respectively). Fig. 2.5 (a) and Fig. 2.5 (b) shows the current density vs. voltage (J-V) and
brightness vs. current density (B-J) curves of the multilayer devices respectively. The
luminous efficiency vs. current density (LE—J) curves of all the single as well as multilayer
devices are shown in Fig. 2.6 and the key device properties are summarized in Table 2.1.
The maximum brightness value and LE of multilayer devices B2, B3 and B4 are found to
be 9649 cd m? and 4.27 cd A™!, 11479 cd m™ and 4.63 ¢d A™! and 11662 ¢d m™ and 4.87
cd A respectively.

250 12.0k
‘\’«'E\ 1 —mDevice B2 _ Sk Pevice B2
6 2001 —o—Device B3 NE 9.0k =0—Device B3
E =/ Device B4 3 S —/\=Device B4
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Fig. 2.5 Current density vs. voltage (J-V) (a) brightness vs. current density (B-J) and (b)
curves of the multilayer Blue PLEDs.

—~ 5.0
=~
3
= 4.0-
o ] -3~PFO
% 3.04 == Device B1
E =/A=Device BZ,(
» 2.0- =p=Device B3
3 1 == Device B4
c
= 1.0-
£
: <
-l
0.0

0 50 100 150 200 250
Current Density (mAIcm2)

Fig. 2.6 The luminous efficiency vs. current density (LE-J) curves of blue PLEDs.
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Table 2.1 Key device properties of the fabricated blue PLEDs.

Chapter 2

Device Onset Maximum Luminous Power CIE
Voltage Brightness Efficiency Efficiency® | coordinates
V) B (cd/mz) LE? (cd/A) PE (Im/W) (x,y)
PFO 6.4 2328 1.13 0.25 0.15,0.14
(6.48,0.13) | (2284, 51.87) (1.10, 0.03) (0.22, 0.03)
B1 7.2 5636 4.21 0.94 0.15,0.22
(7.26,0.05) | (5599, 29.95) (4.16, 0.06) (0.86, 0.05)
B2 7.3 9649 4.27 0.96 0.16, 0.22
(7.42,0.11) | (9488, 132.8) (4.17, 0.09) (0.89, 0.04)
B3 6.8 11479 4.63 1.04 0.15,0.23
(6.98,0.18) | (10951, 513.3) (4.47,0.13) (1.00, 0.03)
B4 7.1 11662 4.87 1.10 0.16, 0.23
(7.18,0.08) | (11286, 308.8) (4.78, 0.06) (1.05, 0.03)

“Maximum value. Values in the bracket are average value of 10 devices and standard deviation.

From these results, it was observed that the maximum brightness value of devices B2, B3
and B4 is almost two times that of device B1. The increase in this device brightness can be
attributed to the addition of Algs as the ETL as well as the better electron injection from
the Alqgs/LiF/Al cathode. The difference in hole mobility between PFONPNO1 and Algs
results in hole accumulation at the EML-ETL interface. As a result, shifting of the
recombination zone away from the cathode occurs. Also, the thin layer of LiF, deposited
between Alqgs and Al reacts with Al and forming Li atoms and AlF; compounds. The Li
atoms then donate electrons to Algs molecules resulting in the formation of Alqs anions
that effectively increase electron injection by forming good contact with Al cathodes, 3>
thereby increasing the device brightness. The ETL thickness is also found to affect the
device performance by controlling the relative distribution of electrons and holes in the
active layer. The brightness value is found to increase with increasing ETL thickness from
5 to 20 nm. Device B4 with an ETL thickness of 20 nm is found to exhibit better properties
among all the devices and hence an ETL thickness of 20 nm is used for making WPLEDs.
2.3.3 White PLEDs

Fig. 2.7 (a) shows the solid-state photoluminescence (PL) spectra of PFONPNO1
and the DBT chromophore used for realizing white light. The emission from PFONPNO1
covers the range of 400—550 nm whereas the emission from the DBT molecule covers the
range of 500—-650 nm of the visible region, thus making them a suitable combination for

realizing white light. However, in order to confirm energy transfer from PFONPNO1 to the
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DBT chromophore, the solid-state UV-visible absorption spectrum of the DBT molecule
was also recorded and is shown in Fig. 2.7 (b) along with the PL spectra of PFONPNO1.
As shown in Fig. 2.7 (b), the absorption spectrum of DBT shows two peaks centred at
around 306 nm and 446 nm, whereas the emission spectrum of PFONPNO1 shows two
peaks centred at around 415 nm and 441 nm. The excellent overlap between the PL
spectrum of the PFONPNOI1 solid film and the absorption spectrum of DBT suggests
efficient Forster energy transfer from the PFONPNOI host to the DBT guest. All these
spectra were measured by spin casting DBT and PFONPNO1 over a glass substrate. The

film thickness used was ~ 80 nm.
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Fig. 2.7 (a) The solid-state PL spectra of PFONPNOI and DBT and (b) the solid-state UV-
visible absorption spectra of DBT and the solid-state PL spectra of PFONPNO1 polymer.

In order to achieve white light, PFONPNOI was doped with dilJerent DBT
concentrations in device W1 (0.2%), in device W2(0.4%) and in device W3(0.6%). Fig. 2.8
(a) and Fig. 2.8 (b) shows the current density vs. voltage (J-V) and brightness vs. current
density (B—J) and curves of the fabricated devices. The key properties of all these WPLEDs
are listed in Table 2.2. All the devices start emitting light at a voltage of approximately 5
V and are found to be highly bright. Device W3 exhibits a maximum brightness value of
10180 c¢d m2, whereas devices W1 and W2 possess a maximum brightness value of 8025
cd m? and 9565 cd m? respectively. The increase in the respective brightness of the
WPLEDs as compared to that of the host material is due to the doping of narrow band gap

DBT molecules. The addition of DBT introduces trap energy states inside the emissive
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layers that act as a hole trap, resulting in a decrease in the hole mobility and current density.
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Fig. 2.9 The luminous efficiency vs. current density (LE-J) curves of WPLEDs.

Table 2.2 Key device properties of the fabricated white PLEDs.

Device Onset Maximum | Luminous Power CIE CRI
Voltage | Brightness B | Efficiency?® | Efficiency® | Coordinate
) (cd/mz) LE (cd/A) | PE (Im/W) | (x,y) at 10V
W1 8.16 8025 6.07 1.73 0.26, 0.32 59
(8.27,0.09) | (7814,176.2) | (5.78,0.36) | (1.66, 0.06)
W2 8.56 9565 6.54 1.87 0.31,0.38 70
(8.64, 0.06) | (9205, 237.1) | (6.31,0.21) | (1.80, 0.05)
W3 8.90 10180 6.37 1.81 0.30, 0.40 64
(8.99,0.07) | (9910, 213.3) | (6.13,0.20) | (1.73, 0.06)

“Maximum value. Values in the bracket are average value of 10 devices and standard deviation.
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The luminous efficiency vs. current density (LE-J) curves of all the devices are
shown in Fig. 2.9. Device W2 is found to be the most efficient with a maximum luminous
efficiency of 6.54 cd A-!, whereas devices W1 and W3 have a maximum luminous
efficiency 0of 6.07 cd A"'and 6.37 cd A-! respectively. It was found that the device efficiency
remains as high as ~ 3.25 c¢d A'! with a luminance of over ~8025 cd m™ for device W1, ~
4.07 cd A with a luminance of over ~ 9565 c¢d m™ for device W2 and ~ 3.85 ¢d A*! with a

luminance of over ~ 10167 cd m™ for device W3 at a current density of 250 mA cm™2.
2.3.4 Electroluminescence properties

Fig. 2.10 (a) shows the electroluminescence spectra of PFO, devices B4, W1, W2
and W3 taken at 10 V, whereas Fig. 2.10 (b) shows the chromaticity diagram representing
the CIE coordinates of the fabricated PLEDs.
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Fig. 2.10 The electroluminescence spectra of PFO, devices B4, W1, W2 and W3 taken at
10 V (a) and the chromaticity diagram representing the CIE coordinates of the fabricated
PLEDs (b).

In EL spectra, we observed three peaks in the case of PFO centered at 436 nm, 463
nm and 493 nm. Another low intensity peak at around 530 nm is also observed which can
be due to the excimers, interface species (exciplexes etc.) or keto defects.’*3° However, in
the case of the PFONPNO1 copolymer (device B4), the peak intensity at 464 nm gets
reduced and the peak at 493 nm gets completely quenched. Instead, we get a peak at 486
nm. Hence, we assume that this peak is the result of the partial energy transfer from the

PFO to the NPN unit. The EL spectra of devices W1, W2 and W3 show an additional peak
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centered at around 550 nm with CIE coordinates of (0.26, 0.32), (0.31, 0.38) and (0.30,
0.40) respectively. The peak at around 550 nm can be attributed to the emission originating
from the DBT molecule due to the Forster type energy transfer from the host matrix
PFONPNOI to the dopants. The intensity of this peak is found to be altered with the DBT
doping concentration. Device W2 with a 0.4% DBT doped PFONPNOI1 emissive layer is
found to emit white light closest to the pure (0.33, 0.33) with a CIE coordinate of
(0.31,0.38).

2.4 Conclusions

In summary, efficient blue PLEDs based on a well charge balanced, core modified
copolymer of  polyfluorene, poly[2,7-(9,90-dioctylfluorene)-co-N-phenyl-1,8-
naphthalimide (99:01)] (PFONPNO1) were fabricated. Bright blue light was observed from
single layer PLED devices with PFONPNO1 as an emissive layer (EML) and the maximum
brightness value and luminous efficiency were found to increase almost 2 times and 4 times,
respectively, as compared to that of pure polyfluorene which can be attributed to the
enhanced electron transport resulting from the high electron affinity of the NPN unit. To
improve the brightness value, double layer PLED devices were also fabricated using tris-
(8-hydroxyquinoline) aluminum (Algqs) as an electron transporting layer (ETL) and LiF/Al
as a cathode and the effect of ETL thickness on device performance was optimized by
varying the Alqs thickness (5 nm, 10 nm and 20 nm). PLEDs with an ETL thickness of 20
nm were found to exhibit the highest maximum brightness value of 11662 ¢d m? with a
maximum luminous effciency of 4.87 cd A-!. PFONPNOI was then used as a host and
WPLEDs were fabricated using a narrow band gap, yellow emitting small molecule
dithiophene benzothiadiazole (DBT) as a guest. White light was obtained due to the blue
emission from the PFONPNO1 host polymer and simultaneous yellow emission originating
from the suppressed singlet Forster energy transfer induced by the low-concentration DBT
doping. PFONPNO1 was doped with three different concentrations (0.2%, 0.4% and 0.6%)
of DBT and maximum brightness values of 8025 ¢d m?2, 9565 ¢d m™? and 10180 c¢d m?
were achieved respectively. 0.4% DBT in PFONPNO1 was found to give white light closest
to the pure with Commission International de 1’Echairage (CIE) coordinates of (0.31,0.38),
a highest maximum luminous efficiency of 6.54 cd A-! and a color rendering index (CRI)

value of 70.
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CHAPTER-3

White polymer light emitting diodes based on PVK:
effect of electron injection barrier on transport
property, electroluminescence and controlling the
electroplex formation
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White polymer light emitting diodes based on PVK:
effect of electron injection barrier on transport property,
electroluminescence and controlling the electroplex

formation

Abstract

“The effects of the electron injection barrier on the charge transport, brightness and the
electroluminescence (EL) properties of polymer light emitting diodes (PLEDs) with poly(9-
vinylcarbazole) (PVK) as an emissive layer have been studied. By using Al and LiF/Al as
the cathode in single layer PLEDs and diverse electron transporting layers (ETLSs) such as
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), 4,7-diphenyl-1,10phenanthroline
(BPhen) and 2,20,200-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBI) in the
case of multilayer PLEDs, the charge transport, brightness, color tuning and the EL
properties of the devices were drastically modified. The energy barrier for electrons affects
the electron current flowing through the device, thereby affecting the operating voltage and
the brightness of the PLEDs. The PLEDs with TPBi as the ETL possess the lowest injection
barrier and give the maximum brightness of 426.24 cd m™. The electron injection barrier
is also found to play a major role in defining the EL spectra of the PLEDs. A larger
injection barrier gives rise to electroplex formation in the EML-ETL interface of the
PLEDs and an additional peak at ~ 605 nm was observed in the EL spectrum. As a result,
a near white emission with CIE coordinates of (0.30, 0.30) and (0.25, 0.23) at 20 V was
obtained from devices with BCP and BPhen as ETLs. Furthermore, PVK doped with 2-
phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD) at 10, 20 and 30 wt% ratios modified the
electron transport nature of PVK and had a remarkable influence on the aforesaid

>

properties, especially on the electroplex formation.’
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3.1 Introduction

The discovery of organic light emitting diode (OLED) using Tris(8-
hydroxyquinolinato) aluminum (Algs) as emissive layer by Tang in 1987!
established a new era of research in the field of organic electronics. Three years later,
it was demonstrated by Burroughs et al. that not only small molecules but polymers
can also be used as emissive materials in organic light emitting diode.? Since then,
polymer light emitting diodes (PLEDs) have been in prime focus. They seize the
advantages of having high mechanical flexibility, low production cost and ease of
large area fabrication, for which they can have potential applications in the field of
display technology and solid state lighting.>'° Considerable amount of research has
been dedicated in developing new conjugated polymers (CPs) and till date a variety
of CPs have been reported as emissive layers in PLEDs to exhibit efficient
electroluminescence (EL).}*'* Numerous studies on organic light-emitting diodes
(OLEDSs) have been reported that showed very different ELs in contrast to the
characteristics emission of the emissive materials.'>?% Long-wavelength emission
bands have often been observed in the EL spectra of OLEDs, which are mainly due
to the emission from the recombination of the holes and electrons residing in two
adjacent molecules. If the two molecules are same, it may lead to the formation of
excimers or electromers.?* On the other hand, when the two molecules are different,
the recombination may result in the formation of exciplexes or electroplexes.??24
Electroplex is generally used to define the excited species that can be seen only in
the EL spectra of a material but is absent in its photoluminescence (PL) spectra. It
plays an important role in tuning the emission color of PLEDs and is used to generate
white light.?>2°

PVK is a widely used polymer,3°33 that has an excellent film forming
property and emits in the blue region. It has been widely used as an emissive layer
in blue emitting PLEDs***® and to generate white light by using the electroplex
emission.?>% Yet, the effect of electron injection barrier and the electron transport
property of PVK on the charge transport, brightness and electroplex formation in
PVK based PLEDs have not been widely studied.?>3-3° In this chapter, we have
fabricated single as well as multilayer PLEDs using different ETLsS possessing
different electron injection barrier and carefully studied and discussed its effect on

the charge transport, brightness and the EL properties, especially on the electroplex
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formation. PVK has a good hole transport ability but a poor electron transport
property which is considered as one of its disadvantages. Thus, an electron transport
material such as PBD has been doped with PVK in order to enhance its electron
transport property. The effect of doping PBD on the overall modification in the
charge transport, brightness and EL properties of PVK based PLEDs have also been
investigated herein. The intensity of the electroplex emission was found to be
controlled by the electron injection barrier and the electron transporting property of

PVK as a significant observation in this study.

3.2 Experimental

Fig. 3.1 shows the chemical structures of the materials used in this study. All
the materials were purchased from Sigma Aldrich and used as received.

TPBI BPhen
Fig. 3.1 Chemical structures of PVK, PBD, BCP, TPBi and BPhen.

ITO substrates with a sheet resistance of 20 ohm/cm (Sigma Aldrich) were
used as transparent anodes after patterning, using chemical etching technique. The
patterned ITO substrates were cleaned thoroughly in sequential ultrasonic baths of

soap solution, Millipore water, acetone and isopropanol, each for ten minutes at
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room temperature followed by 30 min of UV-Ozone treatment. Both undoped and
doped PVK thin films were deposited onto the ITO substrates by spin coating
technique from a chlorobenzene solution. In case of doped PVK thin films, separate
solution of PVK and PBD were made in chlorobenzene solution and then PBD
solution was mixed to the PVK solution to get three different doping concentrations
(10%, 20% and 30%). The mixed solutions were then stirred for 30 min to ensure
efficient doping. The as prepared thin films were then annealed at 80°C for 30 min
to remove the residual solvents. The three different ETL viz. BCP, BPhen and TPBI,
interfacial layer LiF and Cathode material Al were thermally evaporated at a base
pressure of 10 mbar. The active area of the PLEDs was 24 mm?. The current
density—voltage (J-V) characteristics of the PLEDs were measured using a Keithley
2400 source meter, whereas the brightness—voltage (B—V) characteristics and the EL
spectra were recorded using Konica Minolta CS 2000 Spectroradiometer. All

characterizations were done inside glove box under argon atmosphere.

3.3 Results and discussion
3.3.1 Morphological studies

The surface morphology of PVK and PBD doped PVK thin films was
explored using atomic force microscopy (AFM) images. Fig. 3.2 shows the AFM
images of the PVK thin films spin coated from a solution of chloroform (a),
chlorobenzene (b), dichlorobenzene (c) and p-xylene (d) respectively and heated at
80 °C for 30 minutes. The PVK thin films spin coated from chloroform solution was
found to be not so good with a root mean square (RMS) roughness of 2.059 nm.
Also, the films were found to suffer from the pinhole problem. The PVK thin films
spin coated from chlorobenzene, dichlorobenzene and p-xylene solution were found
to have smooth surfaces with a RMS roughness of 0.569 nm, 0.789 nm and 0.991
nm respectively. Since PVK thin films spin coated from chlorobenzene was found
to possess minimum RMS roughness, chlorobenzene was used as the solvents for
the deposition of the PVK and PBD doped PVK emissive layer in this study. Fig.
3.3 shows the AFM images of PVK (a), 10% PBD doped PVK (b), 20% PBD doped
PVK (c) and 30% PBD doped PVK (d) thin films spin coated from chlorobenzene

solution respectively and heated at 80 °C for 30 minutes.
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Fig. 3.2 AFM images of the PVK thin films spin coated from a solution of chloroform (a),
chlorobenzene (b), dichlorobenzene (c) and p-xylene (d), heated at 80 °C.
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Fig. 3.3 AFM images of PVK (a), 10% PBD doped PVK (b), 20% PBD doped PVK (c)
and 30% PBD doped PVK (d) thin films spin coated from chlorobenzene solution.
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It was observed that the doping of PBD further smoothens the surface of the thin
films and the RMS roughness of the PVK, 10% PBD doped PVK, 20% PBD doped PVK
and 30% PBD doped PVK thin films was found to be 0.569 nm, 0.551 nm, 0.547 nm and
0.531 nm respectively.

3.3.2 Device studies

A series of single as well as multilayer PLEDs with pristine Poly(9-
vinylcarbazole) (PVK) and PVK doped with an electron transporting material 2-
Phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD), as emissive layer has been
fabricated. Different electron transporting layers (ETL) such as 2,9-Dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP), 4,7-Diphenyl-1,10-phenanthroline (BPhen)
and 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBI) are used

in case of multilayer configuration and the key device properties are listed in Table

3.1.
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Fig. 3.4 The current density vs. voltage characteristics of the fabricated PLEDs in
logarithmic (a) and linear scales (b), and brightness vs. voltage characteristics of the
fabricated PLEDs (c).
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Fig. 3.4 (a) and (b) shows the current density v/s voltage characteristics of the
fabricated PLEDs in logarithmic and linear scale respectively whereas Fig. 3.4 (c)
shows its brightness v/s voltage characteristics. Fig. 3.4 (a) and (b) clearly suggests
that the current flowing through all the devices is injection limited (ILC) at lower
voltages and space charge limited (SCLC) at higher voltages. Also, the energy
barrier for electrons in the cathode side is found to play a crucial role in defining the
charge transport and brightness property of the devices. The energy band diagrams

of the different devices with varying configurations are shown in Fig. 3.5.
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Fig. 3.5 Energy band diagram of the devices with the different structures.

In case of Device A, since the hole barrier is less as compared to electron
barrier, injection of hole starts at a lower voltage than the corresponding electrons.
Further, as the hole mobility of PVK is high as compared to its electron mobility, the
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electron-hole recombination takes place in the vicinity of the cathode material and

the emission from the device is quenched.

Table 3.1 Key device properties of the fabricated PLEDs (ITO is used as anode in
all the devices).

Device EML ETL | Cathode | Turnon | Brightness | CIE @20V
Name Voltage, | (cd/m?)
Von (V)
DEV A PVK - Al - - -
DEV B PVK - LiF/Al 22.64 1.13 0.36, 0.25
DEV C PVK BCP LiF/Al 14.80 29.60 0.30, 0.30
DEV C10 | PVK:PBD | BCP LiF/Al 15.75 39.45 0.28,0.27
(90:10)
DEV C20 | PVK:PBD BCP LiF/Al 14.54 64.65 0.28, 0.26
(90:20)
DEV C30 | PVK:PBD | BCP LiF/Al 14.10 107.53 0.26, 0.26
(90:30)
DEV D PVK BPhen | LiF/Al 12.94 68.87 0.25, 0.23
DEV D10 | PVK:PBD | BPhen | LIiF/Al 9.13 103.95 0.23,0.19
(90:10)
DEV D20 | PVK:PBD | BPhen | LiF/Al 8.88 147.79 0.22,0.19
(90:20)
DEV D30 | PVK:PBD | BPhen | LiF/Al 8.75 190.16 0.19,0.16
(90:30)
DEV E PVK TPBI LiF/Al 9.55 426.24 0.20,0.13
DEV E10 | PVK:PBD TPBI LiF/Al 8.65 251.06 0.18,0.13
(90:10)
DEV E20 | PVK:PBD | TPBi LiF/Al 8.41 195.64 0.18,0.12
(90:20)
DEV E30 | PVK:PBD TPBI LiF/Al 8.25 122.87 0.18,0.11
(90:30)
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The high operating voltage in this device is distinctly due to the large injection
barrier in the cathode side. The introduction of LiF interfacial layer in Device B
significantly reduces the electron energy barrier of the device by modifying the fermi
level of Al from -4.3 eV to -3.0 eV resulting in a reduction in the operating voltage.
The light emitted from the device is however very less (1.13 cd/m?), which can be
attributed to the imbalanced charge transport property of PVK that results in the
formation of recombination zone near the cathode. In Device C, the addition of BCP
as electron transport layer creates an energy barrier for the holes, causing them to
accumulate at the EML-ETL interface and thus shifting the recombination zone
away from the cathode. As a result of this consequence, Device C shows a much-
improved device brightness of 29.60 cd/m? as compared to Device B (1.13 cd/m?).
However, the deeper LUMO level of BCP (-3.5 eV) creates a large energy barrier at
the EML-ETL interface for the electrons. In this event, the operating voltage of
Device C is found to be higher than that of Device B. The energy barrier for electron
at the ETL-EML interface is however reduced in Device D and Device E on using
BPhen and TPBi with a LUMO level of -3.0 eV and -2.7 eV respectively, as ETL.
This facilitates more electron injection into the EML and reduces the operating
voltage of Device D and Device E. As more electrons are injected, the brightness
value of the devices increased further to 68.87 cd/m?and 426.24 cd/m? in Device D
and Device E respectively.

Fig. 3.6 (a-c) and Fig. 3.6 (d-f) depicts the current density v/s voltage (J-V)
characteristics and the brightness v/s voltage (B-V) characteristics of undoped and
PBD doped PVK based PLEDs. In all the device configurations, it has been observed
that the current density in the device increases with the increase in the PBD doping
ratio. This implies that with the increase in doping ratio of PBD, the electron
transport property of PVK also increases. Suitably, the electrons flowing through the
device increases and hence the total current increases. An interesting result is
however observed in the case of brightness of these devices. As shown in Fig. 3.6
(d-f), the brightness of the PLEDs in device structures ITO/ doped PVK/BCP/LiF/Al
and ITO/doped PVK/BPhen/LiF/Al have been found to increase with the increase in
the PBD doping ratio. However, the brightness of the PLEDs in device structures
ITO/doped PVK/TPBI/LiF/Al has found to increase with the increase in the PBD
doping ratio till 12 V, however, it reduces as the doping ratio is increased further.
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Fig. 3.6 Current density vs. voltage (J-V) and brightness vs. voltage (B—V)
characteristics of PLEDs using device structures 1TO/undoped and doped
PVK/BCP/LiF/Al (a and d); ITO/undoped and doped PVK/BPhen/LiF/Al (b and e)
and ITO/undoped and doped PVK/TPBI/LiF/Al (c and f).

To understand the effect of PBD doping on the brightness, the energy band
diagram of the devices (Fig. 3.5) were studied which conferred that with the addition
of PBD in PVK, an additional energy levels for holes at -6.2 eV was created. Further,
since the HOMO level of BCP and BPhen are deeper as compared to that of PBD
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(-6.7 eV and -6.4 eV respectively); the holes have to overcome an energy barrier to
jump from the HOMO level of PBD to the HOMO level of either BCP or BPhen.
Consequently, the holes accumulate at the EML-ETL interface. However, as there is
no such energy barrier in the case of TPBIi (as both have same HOMO level), holes
can easily move from the HOMO level of PBD to the HOMO level of TPBi at higher
voltages. Thus, it could be established that, the recombination is less in case of PBD
doped device in ITO/doped PVK/TPBI/LiF/Al based structure because of negligible
amount of hole accumulation which results in a decrease in brightness at higher
voltages.

Fig. 3.7 (a) and (b) shows the EL spectra and the CIE coordinates of the undoped
PVK based PLEDs without or with different ETL (Device B, Device C, Device D and
Device E). The EL spectra of the Devices B, C and D shows two peaks centred around 430
nm and 605 nm and emission approaching near white with CIE coordinates of (0.36, 0.27),
(0.30, 0.30) and (0.25, 0.23), obtained from Devices B, C and D respectively. The EL
spectra of Device E shows only a single peak centred around 430 nm and a deep blue
emission with CIE coordinate of (0.18, 0.12). From the above-mentioned observations, it
is evident that the peak at 430 nm in case of all the devices originated from PVK which has
a characteristic emission peak at 420 nm. But the peak at 605 nm added to the curiosity as
it was different from the emission characteristics of any of the materials used in this study
and therefore can be assumed to be due to the formation of some new excited species/charge
transfer complexes such as exciplex or electroplex. In order to analyze the origin of this
emission peak, normalized photoluminescence (PL) spectra of PVK, BCP, BPhen, TPBi
and PVK blended with BCP, BPhen and TPBi in 1:1 weight ratio was measured in thin film
mode and shown in Fig. 3.7 (c). Since no such peak around 605 nm was observed in the PL
spectra of the thin films, it can be assumed that the emission around 605 nm is not due to
the exciplex formation but due to the electroplex formation. It was also observed that
irrespective of the device structure, the emission was red shifted which is consistent with
the mechanism of electroplex formation and arises due to the modification of the energy
band gap at the EML-ETL interface due to the strong interfacial dipole.?

The effect of different applied voltages on the EL spectra of the fabricated
PLEDs were further studied. Fig. 3.8 (a-d) shows the EL spectra, whereas, Fig. 3.8
(e-h) shows the normalized EL spectra of Devices B, C, D and E respectively at
different applied voltages. The intensity of the both the peaks in Devices B, C and
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D and the blue peak in Device E was found to increase with an increase in the applied
voltage. From the normalized EL spectra, it was observed that with increasing
voltage, the increase in the intensity of the 605 nm peak is more as compared to that
of 430 nm peak suggesting more electroplex emission at higher voltages. However,
since no electroplex emission was observed from Device E even at higher voltages,
we predict that the formation of electroplex in PVK based PLEDs are ascribed to the
poor electron injection in the PVK LUMO level from the cathode side and also the

poor electron transport property of PVK.
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Fig. 3.7 The EL spectra (a) and the CIE coordinates (b) of the undoped PVK based PLEDs

400

without or with different ETLs and normalized photoluminescence (PL) spectra (c) of thin
films of PVK, BCP, BPhen, TPBi and PVK blended with BCP, Bphen and TPBi in 1:1

weight ratio.
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As mentioned previously, the hole mobility of PVK is quite high as compared
to its electron mobility, hence, holes can be transported easily in PVK. Therefore, in
case of Device B, where no ETL is used, the recombination takes place near the
cathode and electrons from cathode can directly recombine with the holes in the
HOMO of PVK giving a strong electroplex emission. The use of BCP as ETL in
Device C shifts the recombination zone away from cathode and facilitates more
electron injection to the LUMO of PVK. However, with the addition of BCP layer a
barrier of 0.9 eV for holes is created at the PVK—-BCP interface making it difficult
for holes to get injected into this layer. Similarly, it also creates a barrier of 1.3 eV
for electrons at the BCP-PVK interface making it difficult for electrons to get
injected into PVK. This results in an electroplex formation at the PVK-BCP interface
due to the recombination of electrons at the LUMO of BCP with the holes at HOMO

of the PVK. Again, BCP being an electron transport material, injects more electrons

66
TH-1732_126153002



Chapter 3

into PVK as compared to that of Device B, as in Device C and therefore the
electroplex emission is comparatively less. The energy barrier for holes and
electrons at the EML-ETL interface is further reduced to 0.6 eV and 0.8 eV in Device
D by using BPhen as ETL and to 0.4 eV and 0.5 eV in Device E by using TPBi as
ETL respectively. This shows that the electroplex emission is significantly less in
Device D with none forming in case of Device E.

To study the effect of electron transport property of PVK on electroplex
formation the EL spectra of the PBD doped PVK based devices was also analyzed.
Fig. 3.9 (a-c) shows the normalized EL spectra of the PBD doped PVK devices.
From Fig. 3.9 (a-c), it was observed that the electroplex emission was reduced with
increasing PBD doping. The doping of PBD enhanced the electron transport property
of PVK. Therefore, less number of electrons accumulated at the ETL-EML interface
in case of PBD doped PVK based PLEDs resulting in a reduction in the electroplex

emission.

3.4 Conclusions

In summary, the key effects of electron injection barrier and the electron
transport property of PVK on the charge transport, brightness and electroplex
formation in PVK based PLEDs has been demonstrated. Single as well as multilayer
PLEDs were fabricated using PVK and PBD doped PVK as emissive layers. In
multilayer devices, three different ETLs viz. BCP, BPhen and TPBI that possess
different electron injection barrier were examined. The energy barrier for electrons
in the cathode side is found to play a crucial role in defining the charge transport,
brightness and the electroluminescence property of the devices. Lowering the
electron injection barrier improves the electrons flowing through the devices and
thereby increases the current flowing through the devices and the recombination.
Devices with TPBI that possess the lowest energy barrier for electrons (0.5 eV) were
found to give the maximum brightness of 426.24 cd/m?. To study the effect of
electron transport property of PVK on the as-mentioned parameters, PVK was doped
with PBD at varying doping ratios. The doping of PBD with PVK enhances the
electron transport property of PVK and an improved current density and brightness
of the devices were achieved with increased PBD doping. In EL studies, a near white
emission with CIE coordinates of (0.30, 0.30) and (0.25, 0.23) at 20 V was obtained
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from devices with BCP and BPhen as ETL respectively, due to an additional peak in
the EL spectrum at ~605 nm, attributed to the electroplex formation in the EML-
ETL interface, whereas the deep blue emission with a CIE coordinates of (0.18, 0.12)
was obtained in case of devices using TPBi as ETL. The electroplex emission
intensity was found to be voltage dependent and more electroplex emission was
obtained at higher voltage. The electroplex formation was found to be controlled by
the energy barrier for electrons at the ETL-EML interface and the electron transport
property of PVK. Electroplex formation was found to reduce on reducing the
electron injection barrier and almost no such emission was observed in case of
devices with TPBI that possesses the lowest energy barrier for electrons (0.5 eV).
The poor electron transport property of PVK was also found to be one of the main
causes of electroplex formation in PVK based PLEDs. The doping of PBD in PVK
improves the electron transport property of PVK whereas the electroplex formation
is found to reduce with increasing PBD doping ratio. This metal free approach to
generate WPLED presents a promising alternate and a cost-effective tuning of the

devices using solution processed technique.
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CHAPTER-4

Highly efficient green phosphorescent organic light
emitting diode based on Ir(mppy)s : effect of annealing
temperature and mixed host

-2.2eV
' 226V H 2z P - -
1 em-mEaa | ., I
H [ e I 1 -23eV I
H | S 1 Ho N H | 24V -24eV 1 3pey  -30eV!
i D24V § anoy ey e LU T i =0
i i i i LF/A |1 Vir(mppy), TPD LA
i i LF/AL 11 . ' [T0  PEDOT: mppy)s
| e} e oM firon B H—rpss B '
I PSS — Vi-hTeV oo b
I 1 1 1 S4eV
N =i i1 478V 1548V ! -50eV ! TI3EY 5gey BPhi
i 4TeV 50eV E S4eV | popen 1 a0ev E = BPhen H ] 2 en
H i i
: - H
1 P -5.8 eV "
: n
1 1
\ yAS B

TH-1732_126153002



Chapter 4

Highly efficient green phosphorescent organic light
emitting diode based on Ir(mppy); : effect of annealing

temperature and mixed host

Abstract

“Better charge balance and efficient charge injection in the emissive layer (EML) plays a
vital role in defining the device performance of an organic light emitting diode (OLED)
which in turn depends on the materials used and the processing condition such as solvent,
thermal treatment etc. Herein, highly efficient, solution processed green phosphorescent
organic light emitting diode (phOLED) based on Ir(mppy)s with single and mixed host
namely PVK  (Poly(9-vinylcarbazole)), PVK: PBD (2-(4-Biphenylyl)-5-(4-tert-
butylphenyl)-1,3,4-oxadiazole), PVK: PBD: TPD (N, N'-Bis(3-methylphenyl)-N, N'-
diphenylbenzidine) have been reported. Addition of electron and hole transporting material
in appropriate ratio is found to improve the charge balance at the EML that results in
improved device performance. The different host combinations have further been annealed
at 80°C, 100°C, 120°C, 140 °C and 160 °C and the effect of annealing temperature on the
morphological, optical and electrical properties of the phOLEDs have been elucidated. At
higher annealing temperature EML is found to form a compact structure with higher RMS
roughness that leads to a strong interfacial adhesion and better charge injection. As a
result, the device performance is found to increase with increasing annealing temperature
and best result was observed for the devices annealed at 140 °C. Among all, PVK: PBD:
TPD host based devices annealed at 140 °C is found to give best result with the maximum

brightness of 17273 c¢d m™ and a maximum luminous efficiency of 61.21 cd A™.”
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4.1 Introduction

Organic light emitting diodes (OLEDs) have aroused significant research interest
worldwide in the past few decades due to its numerous advantages such as light weight,
lower cost, easy processing for large area fabrication and also the flexibility.'-> In OLEDs,
the organic molecules of the emissive layer are excited electrically in order to get light from
the device. However, for an electrically excited organic molecule, the energy may be
released radiatively through a fluorescence or phosphorescence process. According to
quantum mechanics, the electronic state density ratio of singlet to triplet is 1:3. In
fluorescent molecule, the triplet states are non-emissive, so only a quarter of the excitons
generated (maximum) may contribute to light emission.®’ In phosphorescent molecule, the
molecule is attached to a heavy metal atom such as Ir, Eu, Pt etc. which can induce spin
orbit coupling effect, leading to a rapid exciton energy transfer from singlet to triplet states,
as well as allowing for a spin flip that allows a triplet state to relax to ground state
radiatively. Therefore, the major advantage of electro phosphorescent OLEDs (phOLEDs)
is the high quantum and luminous efficiency (LE) because the heavy metal complex can
harvest both singlet and triplet excitons, leading to nearly 100% internal quantum
efficiency.®® To achieve high efficiency electroluminescence (EL), phosphors are
commonly doped into a host matrix to avoid concentration quenching and triplet—triplet
annihilation.!®!! To date, the most efficient phOLEDs !> are fabricated using thermal
deposition method in a finite vacuum chamber, making cost-effective manufacture and
large area electronics impossible. To make this novel terminal electronics available for
general applications the cost needed to be decreased, and thus new processing techniques
were demanded. In this regard, solution processes, such as ink-jet printing and spin coating,
can offer the advantage of cost-effective manufacturing of large area devices and solution
processed OLEDs can have the potential to be printed in different designs and shapes
thereby allowing enormous design possibilities and pave a way to create artistic
applications with light. 21> But the performances of the OLEDs fabricated by the solution
processing techniques are still relatively low compared to their thermally deposited
counterparts. The efficiency of phOLEDs mainly depends on the efficient charge injection
from the electrodes at a low drive voltage, good charge balance and high solid-state
quantum yield of the emissive layer along with the confinement of the injected charge
carriers within the emitting layers. 2% 24 It is therefore of utmost importance to carefully

study the effect of processing conditions such as thermal treatment of the emissive layer as
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they greatly influence the morphology of the films and their interfaces with the adjacent
layers thereby influencing the electrical properties such as charge injection and charge
transport in the device. 2> In solution processed phOLEDs, polymers have always been
preferred as the host material due to their solution processing ability and among them,
poly(N vinylcarbazole) (PVK) is a commonly used host material for phOLEDs because of
its excellent film forming ability and high triplet energy level. 28! Yet, the offset between
the hole and electron mobility of PVK is a major factor that limits the efficiency of such
phOLEDs due to the lack of good charge balance. PVK is therefore doped with different
electron transporting material (ETM) such as PBD (2-(4-Biphenylyl)-5-(4-tert-
butylphenyl)-1,3,4-oxadiazole), OXD-7 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-
yl]benzene etc. at a suitable ratio depending on the phosphorescent dopant used to achieve
superior device performance. 2% It has also been reported that addition of a hole transport
material (HTM) such as NPD (N,N'-Di-[(1-naphthyl)-N,N’-diphenyl]-1,1'-biphenyl)-4,4'-
diamine), TPD(N,N'-Bis(3-methylphenyl)-N,N'-diphenylbenzidine) etc. into the host of
PVK: ETM in small quantity can further improve the device performance of an phOLED.
36-38

Considering the aforesaid factors, highly efficient, solution processed green
phosphorescent organic light emitting diode (phOLED) based on Ir(mppy)s with single and
mixed host namely PVK, PVK: PBD, PVK: PBD: TPD have been fabricated. Addition of
electron and hole transporting layer in appropriate ratio is found to improve the charge
balance of the emissive layer that results in improved device performance. The reported
processing parameters of the PVK based phOLEDs varies widely. Therefore, apart from
the charge balance in the emissive layer, in order to study the effect of processing
conditions, different host combinations were annealed at 80 °C, 100 °C, 120 °C, 140 °C and
160 °C and the effect of annealing temperature on the morphological, optical and electrical
properties of the phOLEDs have been elucidated. The device performance is found to
increase with increasing annealing temperature and best result was observed for the devices
annealed at 140 °C. Among all, PVK: PBD: TPD host based devices annealed at 140 °C is
found to give the maximum brightness of 17273 ¢d m? and a maximum luminous
efficiency of 61.21 cd A’l. The results obtained in this study reported herein provide
important information about the processing of emissive layer of an OLED and of significant
importance to the researchers working in the field of OLED and other organic based

electronic devices.
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4.2 Experimental

Fig. 4.1 shows the chemical structures of the materials used in this study and
the energy level diagram of the phOLEDs with different configuration. The materials
were  commercially  purchased from  Sigma  Aldrich and  Poly
(ethylendioxythiophene): poly (styrene sulfonic acid) (PEDOT: PSS) was purchased
from Clevios. All the materials were used as received. Atomic force microscopy
(AFM) images were taken using an Agilent5500-STM instrument and the

photoluminescence (PL) emission spectra were recorded on a Varian-Cary Eclipse

w?z@
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spectrophotometer.
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Fig. 4.1 Chemical structures of the materials along with their energy level diagram as used

in the phOLED fabrication.

In phOLEDs, ITO coated glass substrates were patterned and used as
transparent anodes. The patterned ITO substrates were cleaned thoroughly by
ultrasonication in soap solution, Millipore water, acetone and isopropanol, each for
ten minutes at room temperature and dried by blowing Argon gas. The dried

substrates were then treated under UV- Ozone for 30 mins. A 40-nm thick film of
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PEDOT: PSS used as the hole injection/ transport layer in all the phOLEDs was spin
coated onto the ITO substrates immediately after UV-Ozone treatment at 3000 rpm
for 60 sec and annealed at 120 °C for 1 hour. Three different types of host namely
PVK, PVK: PBD and PVK: PBD: TPD were used for the emissive layer and
Ir(mppy)s was used as the dopant. The solutions of PVK:Ir(mppy)3 (94:6),
PVK:PBD:Ir(mppy)s (70:24:6) and PVK:PBD:TPD:Ir(mppy); (61:24:9:6) were
made in chlorobenzene solution and were stirred for 30 min to ensure efficient doping.
The solutions were then filtered using 0.45um filter and coated above PEDOT: PSS layer.
The EML with different host were then baked at different annealing temperature (80 °C,
100 °C, 120 °C, 140 °C and 160 °C) to analyse the effect of annealing temperature on the
device performance. For all the phOLEDs, BPhen was used as electron transport and hole
blocking layer. BPhen, LiF and Al were thermally evaporated at a rate 2 A/s.0.1 A/s and
10 A/s at a base pressure of 10 mbar to complete the phOLED fabrication. The active
area of the phOLEDs was 24 mm?. The current density vs. voltage (J-V) characteristics of
the WPLEDs were measured using a Keithley 2400 source meter, whereas the brightness
vs. voltage (B-V) characteristics and the EL spectra were recorded using Konica Minolta
CS 2000 Spectroradiometer. All characterizations were done inside glove box under argon

atmosphere.

4.3 Results and discussion

To investigate the effect of annealing temperature on the performance of phOLEDs,
first and foremost four different set of phOLEDs with PVK: Ir(mppy); as emissive layer
were fabricated where the emissive layers were annealed at 80 °C, 100 °C, 120 °C, 140 °C
and 160 °C respectively. The current density vs. voltage (J-V), brightness vs. voltage (B-
V) and the luminous efficiency vs. Brightness curve of the as fabricated phOLEDs are
shown in Fig 4.2 (a), (b) and (c) respectively and their normalized EL spectra are shown in
Fig. 4.2 (d). The key device properties of these devices are summarized in Table 4.1.

As it can be seen from Fig 4.2 (a) and (b), the annealing temperature of the emissive
layer effects the current density and brightness of the phOLEDs significantly. It was
observed that the current density of the phOLEDs increases with increasing the annealing
temperature, which may be due to an increase in the bulk conductivity of the emissive layer
that may arise due to the increased film density of the emissive layer probably due to the
increased interchain interaction at higher annealing temperature.?>-2
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Fig. 4.2 The current density vs. voltage (J-V) characteristics (a), brightness vs. voltage (B-
V) characteristics (b), luminous efficiency vs. brightness characteristics (LE-B) (c¢) and the
normalized EL spectra (d) of the PVK: Ir(mppy)s based phOLEDs with emissive layers

annealed at different temperature.

Table 4.1 Key device parameters of PVK: Ir(mppy)s; based PLEDs.

Annealing Turn on Maximum Power Luminous
Temperature | voltage (V) brightness Efficiency? Efficiency?
(cd /mz) (Im/W) LE (cd/A)

80 7.60 5423 3.24 20.65
(7.67,0.10) (5275, 178) (3.10,0.12) (19.77, 1.78)

100 7.01 6394 3.96 23.95
(7.05, 0.05) (6201, 157) (3.52,0.23) (21.98, 1.44)

120 6.32 7407 4.65 26.61
(6.37, 0.06) (7225, 227) (4.32,0.17) (25.34,1.23)

140 491 9225 6.77 32.33
(4.99,0.11) (8978, 294) (6.47,0.21) (31.03, 1.29)

160 4.68 11306 6.61 27.37
(4.75, 0.08) (10732, 247) (6.41, 0.18) (27.68,1.17)

“Maximum value. Values in the bracket are average value of 10 devices and standard deviation.
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The brightness of the phOLEDs were also found to follow a similar trend as that of
current density and the maximum brightness value is found to improve from 5423 ¢d m™
to 11306 cd m™ as the annealing temperature was varied from 80 °C to 160 °C. Most
importantly, the turn on voltages of the phOLEDs were found to reduce with increase in
the annealing temperature and changes from 7.60V to 4.68V as the annealing temperature
was varied from 80 °C to 160 °C. The improvement in brightness and the reduction in the
turn on voltages of the phOLEDs with increased annealing temperature is in agreement
with the fact that the interchain interaction increases with increasing the annealing

temperature.

=380 °C

=0=100 °C
=/=120 °C
=p=140 °C

PL Intensity

450

Wavelength (nm)
Fig. 4.3 The PL spectra of the PVK: Ir(mppy)s thin film at different annealing spectra.

The photoluminescence (PL) spectra of the PVK: Ir(mppy)3 thin film at different
annealing spectra is shown in Fig. 4.3. No shift in the PL spectra was observed with
temperature. However, it was observed that an increased interchain interaction at higher
annealing temperature leads to a decreased photoluminescence efficiency (Fig 4.3). It is
therefore expected that the devices with EML annealed at higher annealing temperature
should show lower LE. Interestingly, the opposite results were observed in this case. From
Fig. 4.2 (¢), it can be seen that the LE of the phOLEDs increase from 20.65 ¢d A™! to 32.33
cd A™! with increasing the annealing temperature from 80 °C to 140 °C. However the LE of
the phOLEDs decrease to 27.37 ¢d A!' for the annealing temperature from 160 °C.
Therefore, it is evident that apart from interchain interaction, annealing temperature may
also effect the morphology and the interface with the electrode. To observe the effect of
annealing temperature on the morphology of the EML, AFM images of the EML were
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taken after annealing them at different temperature. The AFM images of the EML annealed

at different temperature is shown in Fig. 4.4.
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Fig. 4.4 The AFM images of the PVK: Ir(mppy)s EML annealed at 80 °C (a), 100 °C (b),
120°C (c), 140°C (d) and 160 °C (e).

The RMS roughness value of the EML was found to be 0.328nm, 0. 408 nm, 0.489
nm, 0.532 nm and 0.549 nm for annealing temperature of 80 °C, 100°C, 120°C, 140°C and
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160 °C respectively. It was observed that the RMS roughness of the EML increases with
increasing annealing temperature due to the formation of a compact structure that results
from the surface shrinking of the polymer host. This compact structure and the rough
surface of the EML annealed at higher temperature makes its interfacial adhesion with
adjacent layers stronger and lead to the formation of a better interfacial contact with ETL
and the cathode. Due to the strong interfacial adhesion, the effective area for electron
injection becomes larger that facilitate more electron injection into the EML, thereby
improving the charge balance in the EML, which is reflected by an increase in the LE upto
140 °C 34! However, at annealing temperature 160 °C, the drop in the PL quantum yield
is significantly less which may be the reason for the decrease in LE. Annealing temperature,
however, was not found to affect the electroluminescence of the phOLEDs as no visible
influence was observed in the normalized EL spectra of the devices (Fig. 4.2 (d)).

PVK usually have higher hole mobility as compared to its electron mobility. It is
therefore often doped with an electron transporting material to improve charge balance.
Considering the HOMO and LUMO position of Ir(mppy); used as dopant in this study,
PVK was replaced with binary host of PVK doped with PBD and ternary host of PVK
doped with PBD and TPD to further improve the efficiency of the phOLEDs. Like the
previous study, four different set of phOLEDs with PVK:PBD:Ir(mppy); as emissive layer
were fabricated and the emissive layers were annealed at 80 °C, 100 °C, 120 °C, 140°C and
160 °C respectively and the effect of annealing temperature in case of mixed host was
investigated. The current density vs. voltage (J-V), brightness vs. voltage (B-V) and the
luminous efficiency vs. Brightness curve of the as fabricated phOLEDs with binary and
ternary host are shown in Fig. 4.5 (a), (b) and (c) and Fig 4.6 (a), (b) and (c) respectively
and their normalized EL spectra are shown in Fig. 4.5 (d) and Fig. 4.6 (d) respectively. The
key device properties of these devices are summarized in Table 4.2 and Table 4.3

respectively.
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Fig. 4.5 The current density vs. voltage (J-V) characteristics (a), brightness vs. voltage (B-
V) characteristics (b), luminous efficiency vs. brightness characteristics (LE-B) (c¢) and the

normalized EL spectra (d) of the PVK: PBD: Ir(mppy); based phOLEDs with emissive

layers annealed at different temperature.

Table 4.2 Key device parameters of PVK: PBD: Ir(mppy)s based PLEDs.

Annealing Turn on Maximum Power Luminous
Temperature | voltage (V) brightness (cd /mz) Efficiency? Efficiency?
(Im/W) LE (cd/A)

80 5.81 8677 6.49 30.20
(5.92,0.12) (8344, 149) (6.24, 0.18) (28.45,0.97)

100 4.89 10148 7.85 34.98
(5.01, 0.09) (9636, 173) (7.23,0.21) (31.63,1.22)

120 4.61 12285 10.23 42.01
(4.74,0.14) (11390, 274) (9.78, 0.19) (38.82, 1.38)

140 4.16 14873 12.49 48.12
(4.24, 0.06) (14127, 288) (11.83,0.17) (44.12, 1.56)

160 3.97 20432 12.47 42.16
(4.09, 0.09) (19788, 148) (11.48, 0.19) (40.73, 1.27)

“Maximum value. Values in the bracket are average value of 10 devices and standard deviation.
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Fig. 4.6 The current density vs. voltage (J-V) characteristics (a), brightness vs. voltage (B-
V) characteristics (b), luminous efficiency vs. brightness characteristics (LE-B) (c¢) and the
normalized EL spectra (d) of the PVK: PBD: TPD: Ir(mppy); based phOLEDs with

emissive layers annealed at different temperature.

Table 4.3 Key device parameters of PVK: PBD: TPD: Ir(mppy)s based PLEDs.

Annealing Turn on Maximum PE (Im/W) LE (cd/A)
Temperature | voltage (V) brightness (cd /mz)

80 4.94 12618 8.62 35.15
(5.09, 0.13) (11668, 234) (8.01, 0.35) (33.30, 1.62)

100 4.77 13768 11.40 44.95
(4.87, 0.08) (12456, 188) (10.27,0.42) (42.05, 1.77)

120 4.59 14891 14.78 52.69
(4.68, 0.10) (13980, 341) (13.41, 0.29) (49.92, 1.84)

140 4.41 17273 18.14 61.21
(4.49, 0.05) (16238, 248) (17.67,0.23) (58.85, 2.24)

160 3.78 28621 16.47 46.14
(3.83, 0.03) (27643, 287) (15.84,0.21) (44.58,1.42)

“Maximum value. Values in the bracket are average value of 10 devices and standard deviation.
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Fig. 4.7 shows the AFM images of PVK: PBD: Ir(mppy)s and PVK: PBD: TPD:
Ir(mppy)s thin films annealed at 80 °C. No significant difference in the RMS roughness
value of the thin films were observed on addition of PBD and TPD into the host and the
films are found to show a RMS roughness value of 0.306 nm and 0.322 nm respectively
which is similar to the rms roughness value of 0.328 nm for the PVK: Ir(mppy); thin film
annealed at 80 °C. Therefore, the improvement in device performance in mixed host based
devices is expected to be due to the better charge balance of the emissive layer that

facilitates improved recombination.
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Fig. 4.7 The AFM images of PVK: PBD: Ir(mppy)s (a) and PVK: PBD: TPD: Ir(mppy)3
(b) thin films annealed at 80 °C.

In case of the devices with sole PVK as host material, the significantly low electron
mobility of electron as compared to that of hole can lead to the formation of space charge
in the EML thereby reducing the device efficiency. Due to its high electron mobility, the
addition of PBD improves the electron transport ability of PVK and therefore the build-up
of space charge in such devices is less. It is therefore observed from that the current density,
brightness and the LE of the phOLEDs for a particular voltage at a constant annealing
temperature is more in case of the devices with PVK: PBD host as compared to that of PVK
host. For example, the maximum brightness and the maximum luminous efficiency of the
devices with PVK: PBD host was found to improve to 8677 c¢d m and 30.20 c¢d A™! from
5423 cd m? and 20.65 c¢d A" with PVK as host for an annealing temperature of 80 °C. Also,
similar to the case of PVK based devices, all the key device parameters of the phOLEDs
were found to improve with an increase in the annealing temperature. The maximum
brightness and the maximum luminous efficiency of the device with PVK: PBD host was
found to improve from 8677 c¢d m? and 30.20 cd A to 14873 c¢d m™ and 48.12 cd A’

respectively with increasing the annealing temperature from 80 °C to 140 °C. However,
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although the maximum brightness value has improved from 14873 c¢d m™ to 20432 cd m™
for the annealing temperature from 160 °C, the LE of the phOLEDs was found to decrease
to decrease to 42.16 cd A'! as compared to that of 48.12 c¢cd A! at 140 °C. Annealing
temperature, however, was not found to affect the electroluminescence of the phOLEDs as
no visible influence was observed in the normalized EL spectra of the devices (Fig.4.5 (d)).

The use of ternary host of PVK: PBD: TPD was found to further improve the device
performance. Although PVK is considered as a hole transporting material, still the hole
mobility of the PVK is of the order of 10°. PBD however has an electron mobility of the
order of 107. Therefore, addition of TPD in small quantity is expected to improve the hole
mobility of PVK and the charge balance of the emissive layer. As a result the maximum
brightness and the maximum luminous efficiency of the devices with PVK: PBD: TPD host
was found to improve to 12618 cd m™ and 35.15 ¢d A-!' as compared to that of 8677 c¢d m-
2 and 30.20 c¢d A™! for PVK:PBD host and 5423 c¢d m? and 20.65 c¢d A"! for PVK host for
an annealing temperature of 80 °C. Also in case of PVK: PBD: TPD host based devices,
the maximum brightness and the maximum luminous efficiency of the device was found to
improve from 12618 cd m? and 35.15 ¢d A to 17273 cd m? and 61.21 cd A respectively
with increasing the annealing temperature from 80 °C to 140 °C. However, although the
maximum brightness value has improved from 17273 c¢d m? to 28621 cd m™ for the
annealing temperature from 160 °C, the LE of the phOLEDs was found to decrease to
decrease to 46.14 c¢d A'! as compared to that of 61.21 c¢d A! at 140 °C. Annealing
temperature, however, was not found to affect the electroluminescence of the phOLEDs as

no visible influence was observed in the normalized EL spectra of the devices (Fig.4.6 (d))

4.4 Conclusions

In summary, Highly efficient, solution processed green phosphorescent organic
light emitting diode (phOLED) based on Ir(mppy); with single and mixed host namely
PVK (Poly(9-vinylcarbazole)), PVK: PBD (2-(4-Biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-
oxadiazole), PVK: PBD: TPD (N,N’-Bis(3-methylphenyl)-N,N'-diphenylbenzidine) have
been reported. The annealing temperature of the emissive layer is found to play a significant
role in defining the device performance of an phOLED. The different host combinations
were annealed at 80 °C, 100 °C, 120 °C, 140 °C and 160 °C and the effect of annealing
temperature on the morphological, optical and electrical properties of the phOLEDs have

been elucidated. Higher annealing temperature is found to increase the interchain
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interaction in the emissive layer that leads to increased conductivity and higher current
density in the device. It was also observed that the RMS roughness of the EML increases
with increasing annealing temperature due to the formation of a compact structure that leads
to strong interfacial adhesion with adjacent layers and facilitate more electron injection into
the EML, thereby improving the charge balance in the EML. The device performance is
found to increase with increasing annealing temperature and best result was observed for
the devices annealed at 140 °C. However, the EL spectra of the phOLEDs was not
influenced by the different annealing temperature of the EML. Further, addition of electron
and hole transporting material in appropriate ratio is found to improve the charge balance
of the emissive layer that results in improved device performance. Among all, PVK: PBD:
TPD host based devices annealed at 140 °C is found to give the maximum brightness of

17273 ¢d m? and a maximum luminous efficiency of 61.21 c¢d A"
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Chapter 5

Solution processed WPLEDs with good color stability
and high color rendering index via a phosphor-sensitized

system

Abstract

“In this chapter, we present efficient, solution processed white polymer light emitting
diodes (WPLEDs) with good color stability and high color rendering index (CRI) via a
phosphor-sensitized  system  using  blue  phosphorescent  dye  Bis[2-(4,6-
difluorophenyl)pyridinato-C2,N](picolinato)iridium(Ill) (Flrpic) as emitter and sensitizer,
and the fluorescent dye Rubrene and 4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-
tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) as yellow and orange/red emitter
respectively. Two different fluorophores, Rubrene and DCJTB, were chosen due to their
different emission zone and different charge trapping ability. WPLEDs, in which Flrpic
with Rubrene or DCJTB is doped at different feed ratios into poly (N-vinylcarbazole) (PVK)
host, were fabricated and the effect of their concentration on the current density vs. voltage
(J-V) characteristics and the electroluminescence (EL) spectra were studied. WPLEDs
made with Flrpic:Rubrene (10:1) and Flrpic:DCJTB (80:1) were found to give CIE
coordinates of (0.30, 0.42) and (0.34, 0.40) with CRI value of 58 and 76 at luminous
efficiencies of 4.91 cd A and 2.79 cd A respectively. Finally, Flrpic, Rubrene and DCJTB
were doped into PVK to get high quality white light and CIE coordinates of (0.41, 0.43)
with a CRI value of 78 at luminous efficiency of 4.73 cd A was achieved for Flrpic :
Rubrene : DCJTB feed ratio of (100:8:1).”
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5.1 Introduction

White organic light emitting diodes (WOLEDs) are one of the most vital
developments in the arena of optoelectronic devices due to their potential
applications in the field of flat panel displays and new generation solid-state lighting
sources'”. Among them, white polymer light emitting diodes (WPLEDs) have
attracted great attention as they can be solution processed leading to a low-cost
manufacturing process to fabricate large area and flexible devices !4, Usually white
light is obtained by simultaneous emission from two complementary colors or the
three primary colors. To achieve this, the most common and easy way is doping
small molecule of different emission region in appropriate ratio in a polymer matrix.
The polymer is either used as host material if there is complete energy transfer or
both as blue emitter and host material in case of partial energy transfer. This
generally gives rise to all fluorescent, all phosphorescent, fluorescent-
phosphorescent and phosphorescent-fluorescent systems for realizing white light.
The large availability of room temperature fluorescent materials makes the all
fluorescent system attractive but due to its inability to harvest triplet excitons, the
internal quantum efficiency of such WPLEDs is limited to 25% !3!6. An all
phosphorescent system is of particular interest in this regard due to their ability to
harvest both singlet and triplet excitons and therefore such a system can achieve
higher quantum efficiency of approximately 100% !7-!8, However, they suffer from
the disadvantage of efficiency roll off at high current density owing to triplet-triplet
annihilation due to the high dopant concentration of the phosphorescent dyes '°-2!.
In case of fluorescent-phosphorescent system, a blue fluorescent emitter together
with either a yellow or a combination of green and red phosphor dopants is used 2*-
24 Ttis a well-known fact that any fluorescent material has lower triplet energy levels
compared to that of the phosphorescent materials. Therefore, the sole purpose of
achieving a high quantum efficiency is not satisfied in this system due to the
possibility of energy transfer from the phosphorescent emitters to the fluorescent
emitter resulting in a decrease in the luminous efficiency. A solution to this problem
is introduction of a phosphorescent dye as a sensitizer in fluorescence-based devices
2529 1n this approach, a blue phosphorescent material is used as blue emitter and
sensitizer in a fluorescence-contained host and energy from both the singlet and

triplet excitons of the blue phosphor transfers on the fluorophore via long range
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dipole-dipole Forster process finally leading to the internal efficiency of
fluorescence as high as 100% 2°. It solves the efficiency role off problem of the all
phosphorescence system by reducing the triplet density at high current density. Yet,
the charge trapping ability and the concentration quenching effect of the fluorescent
dopant molecule plays an important role in controlling the efficiency of above fore
said system and is considered as the main cause for energy loss 3°. Therefore, to
realize efficient phosphor-sensitized WPLEDs, one should consider the charge
trapping ability of the fluorescent dopant molecule and its concentration should be
kept as low as possible. Here, we present efficient, solution processed WPLEDs with
good color stability and high CRI via a phosphor-sensitized system using blue
phosphorescent dye Flrpic as emitter and sensitizer, and the fluorescent dye Rubrene
and DCJTB as yellow and orange/red emitter respectively. Two different
fluorophores, Rubrene and DCJTB, were chosen due to their different emission zone
and different charge trapping ability. WPLEDs, in which Flrpic with Rubrene or
DCIJTB is doped at different feed ratios into PVK host, were fabricated and the effect
of their concentration on the current density vs. voltage (J-V) characteristics and the
EL spectra were studied. WPLEDs made with Flrpic : Rubrene (10:1) and Flrpic :
DCIJTB (80:1) were found to give CIE coordinates of (0.30, 0.42) and (0.34, 0.40)
with CRI value of 58 and 76 at luminous efficiency of 4.91 c¢d A™! and 2.79 cd A™!
respectively. Finally, Flrpic, Rubrene and DCJTB were doped into PVK to get high
quality white light and CIE coordinates of (0.41, 0.43) with a CRI value of 78 at
luminous efficiency of 4.73 cd A-! was achieved for FlIrpic: Rubrene: DCJTB feed
ratio of (100:8:1).

5.2 Experimental

Fig. 5.1 shows the chemical structures of the materials along with their energy
level diagram as used in the WPLED fabrication. Poly (ethylendioxythiophene):
poly (styrene sulfonic acid) (PEDOT: PSS) was purchased from Clevios and all other
materials were purchased from Sigma Aldrich and used as received.

ITO substrates after patterning were used as transparent anodes and cleaned
thoroughly by ultrasonication in soap solution, Millipore water, acetone and
isopropanol, each for ten minutes at room temperature followed by 30 min of UV-

Ozone treatment. PEDOT: PSS was spin coated immediately after UV-Ozone
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treatment at 3000 rpm for 60 sec and annealed at 120 °C for 1 hr to give a film

thickness of 40 nm.

5‘2\5*

FIrpic Rubrene

O OH
PEDOT:PSS
-2.2eV
o . _ . |-2.7eV
o -3.1eV 376V “3.1eV -3.0eV
PEDOT: . Rubrene DCJTB
-4.7eV  pss | Flrpic TPBi
-5.3eV |
-5.1 eV -5.4eV an o am s m
-5.8eV
PVK -5.8eV
€ -63eV

Energy level Diagram

Fig. 5.1 Chemical structures of the materials along with their energy level diagram as used

in the WPLED fabrication.
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Separate solutions were made containing PVK: Flrpic: Rubrene, PVK: Firpic:
DCIJTB and PVK: Flrpic: Rubrene: DCJTB in chlorobenzene solution and were then spin
coated above PEDOT: PSS layer to give the EML and were baked at 140 °C for 1 hour to
remove the residual solvent. Prior to spin coating the solutions were stirred for 30 min to
ensure efficient doping and filtered using 0.45um filter. The substrates were then
transferred to the evaporation chamber and TPBi, interfacial layer LiF and Cathode material
Al were thermally evaporated at a base pressure of 10°° mbar at a rate of 2 A/s, 0.1 A/s and
10 A/s respectively. The active area of the PLEDs was 24 mm?. The current density vs.
voltage (J-V) characteristics of the WPLEDs were measured using a Keithley 2400 source
meter, whereas the brightness vs. voltage (B-V) characteristics and the EL spectra were
recorded using Konica Minolta CS 2000 Spectroradiometer. All characterizations were

done inside glove box under argon atmosphere.

5.3 Results and discussion
5.3.1 Photophysical studies

Fig. 5.2 (a) shows the photoluminescence (PL) spectrum of PVK and the PL and
UV-Vis absorption (UV) spectra of Flrpic, Rubrene, and DCJTB. The PL spectrum of
Flrpic shows a peak at 467 nm with a shoulder peak at 495 nm whereas the emission peak
of Rubrene and DCJTB are at 570 nm and 630 nm respectively, making them suitable for
realizing white light while combining at the right proportions.

The small spectral overlap between the UV spectra of Rubrene and DCJTB and the
PL spectrum of PVK suggests that the energy transfer should not occur efficiently from
PVK to Rubrene or DCJTB. However, due to the excellent overlap between the PL
spectrum of Flrpic and the absorption of Rubrene and DCJTB, Flrpic can be used as an
energy transfer bridge between PVK and Rubrene or DCJTB so that energy can transfer
easily from PVK to Rubrene or DCJTB.

Fig. 5.2 (b) shows the probable energy transfer mechanism. Under applied voltage,
excitons are generated in PVK which then moves from singlet state of PVK to singlet state
of Flrpic due to energy transfer and then to the triplet state of Flrpic through ISC. As a
result we get the blue emission from Flrpic. Due to the overlap of the UV spectra of DCJITB
and Rubrene with the emission spectra of Flrpic, some of the excitons moves from the
triplet state of the Flrpic to the singlet state of the DCJTB or Rubrene and gives yellow or

red emission.
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Fig. 5.2 PL spectrum of PVK and the PL and absorption spectra of Flrpic, Rubrene, and
DCITB.
5.3.2 FIrpic: Rubrene based WPLEDs

WPLEDs using Flrpic as blue emitter and sensitizer with Rubrene as yellow dopant
have been fabricated in ITO/PEDOT: PSS (40 nm)/emissive layer (EML) (110 nm)/TPBi
(30 nm)/LiF (1 nm)/Al (100 nm) structure. PVK was used as the host material in the EML
and the EML composition is thus PVK: Flrpic: Rubrene. The doping concentration of
Flrpic was fixed at 10 wt% of the blend, whereas, Flrpic: Rubrene weight ratio was varied
to tune the electroluminescent properties of the devices. The devices with Flrpic is referred
to as Device B (10 wt % FIrpic) whereas devices with different Flrpic: Rubrene weight
ratio are referred to as Device R1 (5: 1), Device R2 (8: 1), Device R3 (10: 1) and Device
R4 (15: 1). The key device parameters of the as fabricated WPLEDs are listed in Table 5.1.
Fig. 5.3 (a) shows the normalized EL spectra of Devices R1-R4 at 12.0 V. The EL spectra
of all the devices cover almost the wavelength range of 450-650 nm and exhibit three clear
peaks at 475 nm, 500 nm and 540 nm. The first two peaks of the EL spectra centered at 475
nm and 500 nm is clearly due to the emission from Flrpic whereas the peak at 540 nm is

due to the emission from Rubrene. The slight blue shift of the Rubrene peak can be due to

96
TH-1732_126153002



Chapter 5

the low concentration of the Rubrene molecule in the EML. Although the EML contains
PVK as host material no emission was observed in the wavelength range of 400-450
suggesting complete energy transfer from the host material to the dopant dyes. From the
EL spectra, it was also observed that the emission intensity is altered with the Flrpic:
Rubrene weight ratio. The intensity of the yellow emission is found to increase as the
Flrpic: Rubrene weight ratio is decreased from (15:1) in device R4 to (5:1) in device R1.
As a result, the CIE coordinates (at 12.0 V) of the devices R1-R4 also varied from (0.33,
0.45) to (0.29, 0.42), emitting almost in the white range. Device R3 with a CIE coordinate
of (0.30, 0.42) is found to be the closest to white light and the EL spectra of device R3 at
different applied voltage is shown in Fig. 5.3 (b). From Fig. 5.3 (b), it was found that the
emission color of device R3 is almost insensitive to the applied voltage. However, it can be
seen that the relative intensity of the blue component of the emission increases slightly with
the applied voltage which may be due to the different roles of Rubrene and Flrpic molecules

in the trapping and transport of electrons in EL processes.

— ’5 .
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Fig. 5.3 The EL spectra of device R1-R4 (a), EL spectrum of device R3 at different applied
voltage (b), current density vs. voltage (J-V) characteristics (c) of device B and R1-R4 and
brightness vs. voltage (B-V) characteristics of device B and R1-R4 (d).
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Table 5.1 Key device parameters of Flrpic: Rubrene based WPLEDs.
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Device Turn on Maximum CIE at CRI Power Luminous
Name | voltage (V) | brightness 120V Efficiency® | Efficiency?
(cd /mz) (Im/W) LE (cd/A)

B 4.06 7823 - - 6.11 2.59
(4.17,0.11) | (7585, 179) (5.97,0.10) | (2.41,0.15)

R1 6.29 5129 0.33,0.45 57 3.88 1.19
(6.39,0.09) | (4942, 156) (3.65,0.19) [ (1.01,0.11)

R2 5.50 5490 0.30,0.43 57 4.72 1.34
(5.62,0.13) | (5285, 185) (4.66,0.07) | (1.08,0.14)

R3 5.23 6398 0.30,0.42 58 491 1.37
(5.39,0.20) | (6186, 199) (4.82,0.11) | (1.11,0.13)

R4 4.84 7443 0.29,0.43 58 5.29 1.42
(4.94,0.09) | (7168, 322) (5.13,0.02) | (1.23,0.09)

“Maximum value. Values in the bracket are average value of 10 devices and standard deviation.

Owing to the excitons formation due to the charge trapping on Rubrene molecules,
more yellow emission is mainly observed at lower voltage. However, at high bias more
excitons are formed on both Firpic and Rubrene due to large injection of electrons and holes
and as a result emission from Flrpic molecule appears. The variation of EL spectra with
voltage is less owing to the energy level alignment between Flrpic and Rubrene molecule.
Fig. 5.3 (c) shows the current density vs. voltage curves of the as fabricated WPLEDs.
From Fig. 5.3 (¢) it can be seen that on increasing the Rubrene concentration, the current
density at the same applied voltage decreases. This can be due to the charge trapping at the
Rubrene molecule. The LUMO and HOMO energy levels of the Rubrene molecule acts as
traps for both electrons and holes resulting in a direct recombination of holes and electrons.
This lowers the electron and hole transport in the emissive layer thereby increasing the
driving voltage with increased Rubrene concentration. The Brightness vs. voltage curve of
the Flrpic: Rubrene based WPLEDs are shown in Fig. 5.3 (d). The brightness of the devices
is found to reduce with increasing Rubrene concentration in the EML.

5.3.3 Flrpic: DCJTB based WPLEDs

WPLEDs using Flrpic as blue emitter and sensitizer with DCJTB as orange/red
dopant have been fabricated in ITO/PEDOT: PSS (40 nm)/emissive layer (EML) (110
nm)/TPBi (30 nm)/LiF (1 nm)/ Al (100 nm) structure. Since Rubrene emits in the 540 nm
range in Flrpic: Rubrene based devices, they cover only the 450-650 nm range of the visible
spectrum thereby reducing its color quality (CRI< 60). DCJTB was used mainly for two
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reasons: 1) It emits in the range of 450-750 nm, thus covering more region of the visible
range. 2) Its different charge trapping ability allows us to study the effect of charge trapping
on various device parameters. Similar to the Flrpic system, in this case also PVK was used
as the host material in the EML and the EML composition is thus PVK: Flrpic: DCJTB.
The doping concentration of Flrpic was fixed at 10 wt% of the blend whereas Flrpic:
DCIJTB weight ratio was varied and devices with different Flrpic: DCJTB weight ratio are
referred as Device D1 (40: 1), Device D2 (60: 1), Device D3 (80: 1) and Device D4 (100:
1). The key device parameters of the as fabricated WPLEDs are listed in Table 5.2. Fig. 5.4
(a) shows the normalized EL spectra of Devices D1-D4 at 12.0 V. Due to DCJTB the EL
spectra of all the devices cover a much broader wavelength range of 450-750 nm and
exhibit two peaks at 475 nm and 500 nm due to the emission from Flrpic and a third peak
at 600 nm due to the emission from DCJTB.
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Fig. 5.4 The EL spectra of device D1-D4 (a), EL Spectrum of device D3 at different applied
voltage (b), current density vs. voltage (J-V) characteristics of device B and D1-D4 (¢) and
brightness vs. voltage (B-V) characteristics of device B and D1-D4 (d).
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Table 5.2 Key device parameters of Flrpic: DCJTB based WPLEDs.

Chapter 5

Device Turn on Maximum CIE at CRI Power Luminous
Name | voltage (V) | brightness 120V Efficiency® | Efficiency?
(cd /mz) (Im/W) LE (cd/A)

B 4.06 7823 - - 6.11 2.59
(4.17,0.11) | (7585, 179) (5.97,0.10) | (2.41,0.15)

D1 6.89 4129 0.40, 0.41 74 2.41 0.56
(6.98,0.12) | (4004, 159) (2.28,0.17) | (0.48,0.09)

D2 6.03 5189 0.37,0.40 | 75 2.57 0.60
(6.14,0.08) | (5044, 114) (2.48,0.06) [ (0.55,0.08)

D3 5.86 5198 0.34,0.40 | 76 2.79 0.65
(5.93,0.06) | (5093, 88) (2.67,0.14) | (0.61, 0.06)

D4 5.77 5786 0.27,0.37 | 67 3.23 0.75
(5.85,0.06) | (5609, 144) (3.11, 0.11) | (0.67,0.10)

“Maximum value. Values in the bracket are average value of 10 devices and standard deviation.

The intensity of the orange emission is found to increase as the Flrpic: DCJTB
weight ratio is increased from (100:1) in device D4 to (40:1) in device D1. All the devices
are found to emit in the white range with CIE coordinates (at 12.0 V) of the devices D1—
D4 varying from (0.40, 0.41) to (0.27, 0.37). Devices D3 with a CIE coordinate of (0.34,
0.40) is found to be the closest to white light and the EL spectra of device D3 at different
applied voltage is shown in Fig. 5.4 (b). From Fig. 5.4 (b), it was found that the emission
spectra of device D3 is almost stable at different applied voltage. However, there is a slight
increase in blue emission at higher applied voltage which may be due to the strong charge
trapping nature of the DCJTB molecule. The variation of the EL spectra with respect to
voltage in case of Flrpic: DCJTB system is slightly more as compared to that of Flrpic:
Rubrene system due to the strong charge trapping nature of the DCJTB molecule as
compared to that of Rubrene molecule. This becomes evident once we study the current
density vs. voltage curves (J-V) of the Flrpic: DCJTB based WPLEDs as shown in 5.4 (¢).
From 5.4 (¢), it can be seen that on increasing the DCJTB concentration, the current density
at the same applied voltage decreases. In other words, the device operating voltage
increases with increasing DCJTB concentration. Similar type of results was also obtained
in Flrpic: Rubrene based WPLEDs. However, the shift in device operating voltage is more
in Flrpic: DCJTB based WPLEDs as compared to that of Flrpic: Rubrene based WPLEDs
which supports the earlier assumption that DCJTB molecule has a strong charge trapping

nature as compared to that of Rubrene. The Brightness vs. voltage curve of the Flrpic:
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DCJTB based WPLEDs are shown in 5.4 (d). The brightness of the devices is found to
reduce with increasing DCJTB concentration in the EML.
5.3.4 Flrpic: Rubrene: DCJTB based WPLEDs

To further improve the color quality, PVK was doped with Flrpic, Rubrene and
DCIJTB together, and WPLEDs were fabricated in the ITO/PEDOT: PSS (40 nm)/emissive
layer (EML) (110 nm)/TPBi1 (30 nm)/LiF (1 nm)/ Al (100 nm) architecture. From the earlier
results, the weight ratio of Rubrene:DCJTB was fixed at (8:1) and the Flrpic: Rubrene:
DCIJTB weight ratio was varied and devices with different Flrpic: Rubrene: DCJTB weight
ratio are referred as Device W1 (40: 8: 1), Device W2 (60: 8: 1), Device W3 (80: 8: 1) and
Device W4 (100: 8: 1). The key device parameters of the as fabricated WPLEDs are listed
in Table 5.3. Fig. 5.5 (a) shows the normalized EL spectra of Devices W1-W4 at 12.0 V.
The EL spectra of all the devices are found to cover the wavelength range of 450-750 nm
and exhibit four clear peaks at 475 nm, 500 nm, 540 nm and 580 nm. The peaks at 475 nm
and 500 nm are clearly due to the emission from Flrpic and the peaks at 540 nm and 580

nm are due to the emission from Rubrene and DCJTB molecule respectively.
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Fig. 5.5 The EL spectra of device W1-W4 (a), EL Spectrum of device W4 at different
applied voltage (b), current density vs. voltage (J-V) characteristics of device W1-W4 (c)
and brightness vs. voltage (B-V) characteristics of device W1-W4 (d).
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Table 5.3. Key device parameters of Flrpic: Rubrene: DCJTB based WPLEDs.

Device Turn on Maximum CIE at CRI Power Luminous
Name | voltage (V) | brightness 120V Efficiency® | Efficiency?
(cd /mz) (Im/W) LE (cd/A)

W1 6.58 6746 0.44,0.43 75 3.94 0.80
(6.63,0.04) | (6645, 108) (3.86,0.07) | (0.72,0.11)

W2 6.45 7024 0.43,0.44 75 4.24 0.86
(6.54,0.06) | (6847, 129) (4.11,0.10) | (0.77,0.13)

W3 6.31 7103 0.42,0.44 76 4.40 0.90
(6.44,0.09) | (7023, 56) (4.32,0.06) | (0.84,0.11)

W4 5.90 7395 0.41,0.43 78 4.73 1.06
(6.06,0.07) | (7195, 142) (4.64, 0.08) | (0.98, 0.09)

“Maximum value. Values in the bracket are average value of 10 devices and standard deviation.

The intensity of the blue emission is found to increase as the Flrpic content was
increased from (40:8:1) in device W1 to (100:8:1) in device W4. All the devices are found
to emit in the yellowish-white range with CIE coordinates (at 12.0 V) of the devices W1—
W4 varying from (0.44, 0.43) to (0.41, 0.43). Devices W4 with a CIE coordinate of (0.41,
0.43) is found to be the closest to white light among the Flrpic: Rubrene: DCJTB based
WPLEDs and the EL spectra of device W4 at different applied voltage is shown in Fig. 5.5
(b). The EL spectra of device W4 is found to be highly stable at different applied voltages.
The device is also found to exhibit a very good CRI value of 76. The current density vs.
voltage (J-V) and brightness vs. voltage curve (B-V) of the WPLEDs are shown in Fig. 5.5
(c) and Fig. 5.5 (d) respectively. The presence of Rubrene and DCJTB shifts the operating

voltage of the devices to a higher value which is due to the charge trapping phenomenon.

5.4 Conclusions

In conclusion, we have fabricated solution-processed WPLEDs which are highly
efficient, good color stability and high color rendering index via a phosphor-sensitized
system using blue phosphorescent dye Flrpic as emitter and sensitizer, and the fluorescent
dye Rubrene and DCJTB as yellow and orange/red emitter respectively. Two different
fluorophores, Rubrene and DCJTB, were chosen due to their different emission zone and
different charge trapping ability. WPLEDs with only Rubrene or DCJTB as fluorescent
dopant in which Flrpic and Rubrene or DCJTB are doped into PVK were fabricated and

the effect of their concentration on the current density vs. voltage (J-V) characteristics and
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the EL spectra were studied. It was observed that the stability of the EL spectra as well as
the operating voltage of the devices is related to the charge trapping ability of the
fluorophore used in a phosphor sensitized system. The brightness of the devices is also
found to reduce on increasing the fluorophore dopant concentration in the EML. WPLEDs
made with Flrpic : Rubrene (10:1) and Flrpic : DCJTB (80:1) were found to give CIE
coordinates of (0.30, 0.42) and (0.34, 0.40) with CRI value of 58 and 76 at luminous
efficiency 0f 4.91 cd A! and 2.79 c¢d A™! respectively. Finally, Flrpic, Rubrene and DCJTB
were doped into PVK to get high quality white light and CIE coordinates of (0.41, 0.43)
with a CRI value of 78 at luminous efficiency of 4.73 c¢d A™! was achieved for Flrpic :
Rubrene : DCJTB feed ratio of (100:8:1).
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Summary and conclusions

White organic light emitting diodes (WOLEDs) are one of the prominent
research topic in the field of optoelectronic devices and has potential applications in
the field of flat panel displays and new generation solid state lighting sources.
Especially, WOLEDs that are fabricated using solution process technique solution
processes, such as inkjet printing and spin coating, can offer the advantage of cost
effective manufacturing of large area devices and solution processed OLEDs can
have the potential to be printed in different designs and shapes thereby allowing
enormous design possibilities and pave a way to create artistic applications with
light. Therefore, the fabrication of highly efficient polymer based light emitting
diode that can emit light has been the prime motive of the work carried out in this
thesis.

Firstly, fabrication of efficient blue and white light emitting diodes based on
a core modified polyfluorene derivative has been discussed in this thesis.
Polyfluorenes are well known emissive materials for blue PLEDs and serve well for
light emission and charge transfer due to their high luminescence efficiency, thermal
stability, good processability and excellent film forming properties. Unfortunately,
they suffer from poor electron transport as compared to hole transport due to the
presence of high density electron traps within the polymer. However, the addition of
a strong electron accepting moiety can significantly enhance the electron transport
property of polyfluorene. Using a well charge balanced, core modified copolymer of
polyfluorene, poly[2,7-(9,90-dioctylfluorene)-co-N-phenyl-1,8-naphthalimide (99:01)]
(PFONPNO1), efficient blue PLEDs were successfully fabricated. In this study, Alqs was
used as electron transport layer (ETL) and the ellect of ETL thickness on the device
performance was studied by varying the Alqs thickness. The high brightness and wide
electroluminescence spectra of PFONPNOI1 in the blue-green region (400—550 nm)
make a suitable host material for realizing white light. Therefore, it was further
utilized for fabrication of WPLEDs by doping it with a narrow band gap yellow
dopant DBT.

Secondly, white polymer light emitting diodes based on another widely used

polymer poly(9-vinylcarbazole) (PVK) were fabricated using the concept of
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electroplax formation and discussed herein. The effect of the electron injection
barrier on charge transport properties, electroluminescence and controlling the
electroplex formation has also been elucidated in this chapter. Further, the electron
transport of PVK was modified by doping it with an electron transporting material
2-phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD) and it was found to had
remarkable influence on the aforesaid properties, especially on the electroplex
formation.

Thirdly, highly efficient, solution processed green phosphorescent organic
light emitting diode based on Ir(mppy); has been discussed. Better charge balance
and efficient charge injection in the emissive layer (EML) plays a vital role in
defining the device performance of an organic light emitting diode (OLED) which
in turn depends on the materials used and the processing condition such as solvent,
thermal treatment etc.The effect of annealing temperature and mixed host on the
device performance has been carefully studied in this chapter. The device
performance is found to increase with increasing annealing temperature and best
result was observed for the devices annealed at 140 °C. However, the EL spectra of
the phOLEDs was not influenced by the different annealing temperature of the EML.
Further, addition of electron and hole transporting layer in appropriate ratio is found
to improve the charge balance of the emissive layer that results in improved device
performance.

Finally, solution processed WPLEDs with good color stability and high color
rendering index via a phosphor-sensitized system has been discussed in this thesis.
In this work, blue phosphorescent dye Bis[2-(4,6-difluorophenyl)pyridinato-
C2,N](picolinato)iridium(IIl) (FIrpic) was used as emitter and sensitizer, and the
fluorescent dye Rubrene and 4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-
tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) as yellow and orange/red emitter
respectively. Two different fluorophores, Rubrene and DCJTB, were chosen due to
their different emission zone and different charge trapping ability. It was observed
that the stability of the EL spectra as well as the operating voltage of the devices is
related to the charge trapping ability of the fluorophore used in a phosphor sensitized
system. The brightness of the devices is also found to reduce on increasing the

fluorophore dopant concentration in the EML.
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Overall, design and development of efficient, solution processed polymer
based light emitting diodes has been the main topic of this thesis. To be an efficient
lighting source, OLEDs should produce high quality white light with higher
efficiency and better stability. This mainly depends on the efficient charge injection
from the electrodes at a low drive voltage, good charge balance and high solid-state
quantum yield of the emissive layer along with the confinement of the injected
charge carriers within the emitting layers. Utilization of the triplet states of excitons
in the emission also plays an important role in defining the efficiency of an OLED.
Traditional fluorescent emitters can harvest only singlet excitons and have limited
ellciency. Metal-based organometallic phosphors however can harvest both singlet
and triplet excitons by heavy atom enhanced intersystem crossing (ISC). They show
higher efficiency but are rare and costly. Another type of molecules that have gained
attention in recent years is the thermally activated delayed fluorescence (TADF)
molecules. TADF emitters could utilize all singlet and triplet excitons and realize
high elIciency without assistance of noble metal, there is high potentiality to
fabricate much lower cost but more promising OLED devices. My future research
goal is to fabricate and characterize high performance blue, green and red OLEDs
utilizing fluorescent, phosphorescent as well as TADF molecules as emitter;
optimize different layers of the OLED to gain higher efficiency and finally to
develop high quality white light emitting OLEDs with higher efficiency and better
stability. Significant effort will also be given to fabricate these devices on flexible

substrates.

Future Challenges, Opportunities and Perspectives

White organic light emitting devices (WOLEDs) are receiving much research
attention because of their promise for applications in solid state lighting sources, back
lighting for liquid crystal displays as well as full color flat panel displays due to their unique
advantages of light weight, high solid state quantum efficiency as well as great potential
for the mass production of large area flexible devices. According to the standard
colorimetric system set up by Commission Internationale de L’Eclairage (CIE) in 1931, all
colors are correlated to two coordinates in the system, and ideal white light emission is
situated at the equal energy point with CIE coordinates of (0.33, 0.33). Generally, to realize

the white light emission, one can mix the three primary colors (red, green and blue, RGB)
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in a certain proportion or two complementary lights (orange or yellow and blue) as long as
the connection line of their coordinates lies across the white light region. To address this
point, various systems including inorganic phosphors, nanocrystals, organic small
molecules, polymers and inorganic/organic hybrids are utilized to generate white light
emission. In comparison to the white light emitting device systems which relied on
inorganic phosphors or nanocrystals, white polymer light emitting devices (WPLEDs) can
offer more versatile and advanced properties in terms of broadened electroluminescent (EL)
spectra, unlimited choices of chemical modifications as well as the employment of low cost
solution processing techniques. In addition, the efficiencies of WPLEDs can potentially be
enhanced by tailoring spectral radiation with a high luminous efficacy, which is associated
with the spectral power distribution of a white light source. It should also be noted that for
solid state lighting, all the photons should be taken into account for illumination since they
can be redirected to the forward viewing direction by engineering the lighting fixtures. The
champion power efficiency (PE), which is defined as the output light power from a device
per electrical power input, has been reported up to 100 Im W™! by using organometallic
phosphorescent materials, which is much higher than that achieved with typical
incandescent light bulb of ca. 15 Im W~!, indicating a bright future of organic
semiconductors for solid state lighting.

Additionally, color quality comprising appropriate color temperature (CT) and high
color rendering index (CRI) is also needed to be considered for solid state lighting based
on WPLEDs. The CT is preferred to range within 2500—-6000 K for solid state lighting,
which can be determined by comparing the chromaticity of the light source with that of the
ideal black body radiator. By considering that organic materials normally present relatively
broad EL spectra, the light of WPLEDs generally exhibits high CRI of over 80 and can be
perceived as natural white light by the human eye. One of the key issues of applying
WPLED:s for solid state lighting is on the stability, which embraces both color stability and
long term operation stability. The color stability in terms of the bias dependent color shift
for WPLEDs is essentially more challenging than their monochromatic counterparts, as the
individual color emitters are spatially distributed within the emissive layer. The proposed
explanations include the shift of the recombination zones, saturation of the long wavelength
emitters, the competition between charge trapping and unperturbed charge transport, or the
different voltage dependencies of trap assisted and bimolecular recombination. On the other

hand, the long term operation stability is always associated with the organic
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semiconductors. However, this can be circumvented through developing more efficient
polymeric emitters, reducing device resistance by rationally matching the energy levels of
emitters with the host materials and electrodes, controlling the fi Im morphology of each
individual layer, or incorporating advanced encapsulating techniques to avoid ambient
corrosion by moisture and oxygen.

Efforts devoted to develop novel highly efficient polymer systems and their device
engineering have led to enormous progress in white polymer light emitting devices, which
have significantly narrowed the gap with their inorganic and vacuum processed small
molecule counterparts. From materials point of view, developing novel polymers with
appropriate energy levels that can match with the electrodes and maintain charge balance
at high current density while simultaneously avoid the negative concentration quenching
effects, are highly desirable. In contrast, the device engineering aspects including tandem
and inverted structures that can lead to more rational device geometry so that all electrically
generated excitons can be well controlled and utilized are also of pivotal importance.
Specific attention should also be paid on the collection of all generated photons since they
can be redirected to the forward viewing direction by engineering the lighting fixtures. In
addition, by considering that the majority of the light generated in the organic materials is
confined due to the factors including the total internal reflection, surface plasmon coupling,
as well as metal absorption, out coupling efficiency (n out) of only approximately 20% was
obtained according to the Snell’s law. Consequently, future attention should be focused on
developing advanced out coupling technologies toward highly efficient WPLEDs by
reducing wastage of the generated light. Of particular challenge for the commercialization
of WPLEDs in the solid state lighting market is the useful lifetime, which is typically
defined as the working time of the device efficiency to be decayed to 95%, 90% or 50%
with respect to its initial value under a continuous operation period. However, the lifetime
tests at normal operation conditions is really time consuming, while accelerating testing
conditions such as enhanced driving voltages or elevated operational temperatures may
suffer from spectral stability issue which may lead to less reliable results. Principally,
developing highly efficient and stable monochromatic polymeric blue, green and red
emitters with high glass transition temperatures is highly favored, since the device
degradation starts from the components with shortest lifetime and any changes of
monochromatic color may have great influence on the white emission. In addition,

optimizing device architectures to reduce resistance such as introducing multi layered
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devices to align the energy levels of each layer may effectively reduce the driving voltage,
which can in turn lead to extension of the device lifetime. More to these issues, as reported
by Gather et al., the underlying process determining the relation between thermal annealing
during fabrication and device lifetime, and hence the rational choice of device fabrication
process, would potentially pave a way to attain long lived devices exploiting commercially
available polymeric light emitting materials. In addition to the pursuit of high efficiency
and long term operational stability, the environmental issue should also be evaluated during
the polymer synthesis, device manufacturing, operation and disposal. To address this point,
more efforts should also be put on reducing the amount of organic solvents and developing

novel polymers using environment friendly solvents.
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