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1 Introduction

Due to their low power efficiency, incandescent lamps are gradually banned in the Eu-
ropean Union. Thus, there is a strong need for alternative highly efficient light sources
for illumination and general lighting purposes. For indoor and workplace illumination,
the requirements on colour and colour rendition are particularly high and the emis-
sion of a light source should be as close to black-body radiation/ sunlight as possi-
ble. Beside inorganic light emitting diodes (LEDs), fluorescent lamps are currently
the strongest competitor to meet these requirements. However, organic light emitting
diodes (OLEDs) are developing into a serious alternative in terms of efficiency, colour
quality, and lifetime.

OLEDs have some general benefits compared with other light sources. They are area
emitters and produce diffuse light. Hence, they do not glare a customer or produce
sharp shadows. From a designers point of view OLEDs can be produced in almost any
shape. Additionally, the thickness of an OLED product is only limited by the thickness
of the substrate and the encapsulation. This allows for thin flexible devices with an
overall thickness below 0.5 mm [1-3]. Due to their mercury content, fluorescent tubes
need to be disposed separately from normal domestic waste after they have reached
the end of their life cycle. OLEDs are free of mercury and therefore, provide a more
ecological light source.

OLEDs can be distinguished between those based on small molecules and those based
on polymers. Polymer OLEDs are processed by spin coating or wet printing tech-
nics [4]. Small molecule OLEDs are produced by the sublimation of the dye and sub-
sequent condensation on a substrate under high vacuum conditions. This work focuses
exclusively on the OLEDs consisting of small molecules.

Electroluminescence in organic material was first observed by Bernanose et al. in the
1950s, when a high-voltage alternating current field was applied to thin films of crys-
talline acridine orange and quinacrine [5, 6]. By improved carrier injection and the use
of a two layer structure, Tang and Van Slyke were able to significantly decrease driv-
ing voltage and increase the efficiency of OLEDs in 1987 [7]. Further improvements
concerning the charge carrier injection and transport were possible by electrically dop-
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ing of the organic materials [8]. By systematically adding of impurities charge carrier
density and mobility can be increased by several orders of magnitude [9, 10]. The
improved mobility in the electrically doped transport layers allowed for optical opti-
misation of the microcavity of an OLED and increased external quantum efficiencies
without an increase of the driving voltage [11]. A significant efficiency increase was
possible by the introduction of heavy metal atoms into the organic molecules. In the
presence of these metals, the spin conservation law is weakened and radiative transition
of triplet excitons to the ground state is allowed. Hence, internal quantum efficiencies
up to 100 % are possible [12]. Due to the radiative recombination of triplet excitons,
these molecules are called phosphorescent emitters.

Stable and efficient phosphorescent emitters covering the spectral range from green to
red are already well known and investigated [13, 14]. However, the available phos-
phorescent blue emitters do neither reach deep blue colour coordinates nor extended
lifetimes [15, 16]. Consequently, fully phosphorescent OLEDs are currently limited
in the achievable colour coordinates and the colour rendering index (CRI) [17, 18].
The more stable fluorescent emitters offer a rich variety of deep blue emission spec-
tra [19-21]. The low efficiencies implied by quantum statistics can be overcome by the
concept of triplet harvesting. By transferring otherwise unused triplet excitons from a
fluorescent to a phosphorescent emitter, internal quantum efficiencies up to 100 % are
possible [22, 23]. In this work the separation of singlet and triplet excitons is optimised
and the simultaneous transfer of triplets to more than one phosphorescent emitter is
investigated.

The stability of the spectrum against varying brightness is specifically of interest for
lighting applications, because it provides the possibility to dim the light source to a
brightness according to a given situation. A shift of the position of the charge carrier
recombination zone can be the cause for a strong brightness dependence of the spectral
shape if the OLED is composed of several emission layers with each comprising a sin-
gle emitter [23]. The combination of several emitters in a single mixed layer bears the
potential for good colour stability and, additionally, this approach simplifies the OLED
architecture by the reduction of the number of layers. Here, different combinations of
two phosphorescent emitters in a common matrix are investigated. The questions are
addressed, in which way well balanced emission from both emitters can be achieved
and in which way the second emitter can positively influence the quantum efficiency of
the OLED.

Due to the low triplet gap of most fluorescent blue emitters, triplet transfer to a green
phosphorescent emitter is not possible. OLEDs combining triplet harvesting and the
emission of a phosphorescent green emitter are suffering from a loss of singlets to the
green emitter [24]. A reduction of singlet-triplet splitting may result in fluorescent
emitters, which allow for triplet harvesting to green phosphorescent emitters. However,
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reducing the energetic difference between first excited singlet and triplet state, will
increase the inter system crossing rate. Consequently, the already low blue emission
is further reduced. A possibility to extend the spectrum of a red/blue triplet harvesting
OLED in the green spectral region is the stacking of a second OLED on top of this
device. In the last chapter, the optimised red/blue triplet harvesting OLED is combined
with a full phosphorescent OLED which comprises the emission of a green and a yellow
phosphorescent emitter. The resulting four colour white OLED features warm white
colour coordinates, good colour rendition and high luminous efficacies.






2 lllumination and Colour
Perception

This chapter gives an overview on the aspects of the anatomy of the human
eye relevant to colour and intensity perception. The evaluation of a light
source with respect to its application as illuminant is based on a handful
of quantities, which correspond directly to the perception of human eye.
The definition of those quantities and their relation to the anatomy of the
human eye is elaborated in detail. Also, an overview on conventional light
sources and their typical advantages and disadvantages is given.

2.1 Anatomy of the Human Eye

In the following section definitions for colour coordinates, white light, and colour ren-
dering index will be presented. In order to understand the specification of these quan-
tities, it is useful to summarise the light perception of the human eye. A cross-section
of the human eye is shown in Figure 2.1. The eye is protected by an outer layer formed
by the transparent cornea and the opaque sclera. The cornea, the anterior chamber, the
lens, and the vitreous fluid form a lens system, which refracts light in a manner that it
is focused on the retina. The shape of the lens can be adjusted to a specific focus by
attached muscles.

The retina is the photosensitive part of the eye and consists of four different types of
electrochemical receptors. The first one is the rod, which covers the largest part of
the retina. Rods are very sensitive and are able to detect single photons. The rods are
most sensitive to light at a wavelength of 510 nm and are used for monochrome vision
under dark conditions, which is called scotopic vision. The rods are supplemented by
three types of cones (named p, 7, and 3 for red, green, and blue) which enable colour
vision. They are less sensitive than the rods and dominate the perception under bright
light (photopic vision).The maximum of the sensitivity for the p-, y-, and B-cones is at
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590 nm, 540 nm, and 440 nm. The sensitivity curves are illustrated in Figure 2.2 [25].

The three types of cones are not represented equally. It was shown that the distribution
can strongly vary between different individuals. For example, two test persons had the
same share of f3-cones of roughly 4 %, but totally different ratios between p- and -
cones of p/y=3.79 and p/y = 1.15 [26]. The quantitative lack of cones sensitive in
the blue region is balanced by an increased sensitivity and a further amplification of the
emitted signals with respect to the other p and ¥ type.

The cones are concentrated in the macula lutea. Macula lutea is the Latin word for
yellow spot and describes the colour of this small area on the retina which has a di-
ameter of roughly 5 mm. The highest concentration is near the centre of the macula
lutea at the so called fovea. The average peak density is around 200000 mm~2 and
falls rapidly to the half maximum at a distance of roughly 150 um. Within 1 mm the
density decreases further to 20000 mm~2 [27]. The yellow colour of the macula lutea
is the result of a strong absorption in the ultraviolet and deep blue wavelength region
which acts like natural sun glasses for the receptors. On an average, a human eye has
4.6 million cones and 92 million rods. The fovea and an area of 0.35 mm around fovea
contains cones and is free of rods. The rods are not evenly distributed on the rest of the
retina. The highest density of rods constitutes an oval ring with a radius of approximate
5 mm around the fovea [27].

Posterior Sclera
Chamber
Anterior Retina
Chamber

Optic Nerve/
Blind Spot

Figure 2.1: The anatomy of the human eye. The transparent cornea and the
opaque sclera form the outer protection layer of the human eye. The part
of the retina with the highest receptor concentration is called the macula lutea
(vellow spot). Most precise vision and sensitivity is given near the centre of the
macula lutea in the fovea [28].
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Figure 2.2: Normalised spectral sensitivity of the three types of cones in the hu-
man eye [25].

2.2 Quantification of Colour Perception

Caused by the difference in the sensitivity of rods and cones, light is differently per-
ceived with regard to its intensity. Under dark conditions, the perception is dominated
by the rods (scotopic vision) and under bright light it is dominated by the cones (pho-
topic vision). If one intends to define quantities to describe colour, colour rendition,
and intensity of a light source with respect to the human eye, these should relate to
certain intensity range. The purpose of these quantities is to evaluate light sources as
potential indoor illuminants. Therefore, they are related to the range of photopic vi-
sion. The Commission Internationale de I’Eclairage (CIE) gave recommendations as to
which definitions should be used.

2.2.1 Colour Coordinates/Standard Observer

Colour perception is carried out exclusively by the cones. Every cone on its own is
a monochrome receptor. Hence, colour perception occurs by means of three parame-
ters termed as tristimulus values. Depending on their definition different colour spaces
are spanned by the tristimulus values. The most often used model is the CIE 1931
2° Standard Observer (in the following referred to as Standard Observer). This model
represents the colour perception within an angle of 2° around the centre of the field
of vision. The Standard Observer is characterised by three colour matching functions
(Figure 2.3) which were published by the CIE in 1931 [29] and are based on measure-
ments by Guild [30] and Wright [31]. The tristimulus values (colour coordinates) result
from a convolution of the spectrum of the light source with these functions.
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An alternative way to describe the colour is a combination of a two dimensional chro-
maticity and a brightness parameter. An often used representation is the xy Y-coordinate
system. The chromaticity (x,y) is a projection of the X, Y and Z coordinate of the Stan-
dard Observer in a two dimensional space (Figure 2.4) and is given by:

X Y
“TXiv+z ) T X1v+z

2.1)

The Y coordinate is used as an additional brightness variable (This will be justified in
section 2.2.4.). A model which is less often used, but closer to the actual perception
of the human eye is the CIE 1964 10° Standard Observer. This model represents the
colour perception within an angle of 10° around the centre of the field of vision. The
CIE 1960 Uniform Colour Space and the CIE 1964 Colour Space are otherwise obso-
lete colour spaces, but are still used to evaluate the colour rendition of a light source.

2.0 e
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Figure 2.3: Colour matching functions of the CIE 1931 2° Standard Ob-
server [29].

2.2.2 White Light

For the purpose of this work, it is important to clarify what can be understood by the
term white light. The CIE defines white as the spectrum of a black body. Furthermore,
light is considered as white if the Euclidean distance (in the CIE 1960 Uniform Colour
Space) between its colour coordinates and the Planckian locus is below 5.4 - 1073,

AE =/ A2+ A2 <5.4-1073 (2.2)

This definition implies that a black body with a low temperature is a white light source,
although its colour would appear as red. Therefore, light sources are compared to
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Figure 2.4: The colour space which is defined by the x and y coordinates of the
xyY-coordinate system. Monochromatic light sources form the outer border of
the horse shoe. Black body emission at different temperatures is represented
by the Planckian locus (plotted as black line, corresponding temperatures are
stated in K). The chromaticity coordinates of important reference illuminants
are highlighted.

certain reference points on or close to the Planckian locus which bear a special meaning
(Figure 2.4). These reference points are given by the CIE standard illuminants. They
are referred to by a single letter or a combination of a letter and a number. The CIE
standard illuminant A (x,y) = (0.448,0.407) is a black body with the temperature of
2856 K and represents the light of an incandescent lamp. The CIE standard illuminant
E (x,y) = (0.333,0.333) is not a black body radiator. It is characterised by a constant
spectral power distribution also known as the equal-energy radiator. The CIE standard
illuminants D are a series of illuminants representing natural daylight at different times
of a day. The most often used illuminant of the D series is D65 (x,y) = (0.313,0.329),
which describes the sun light in Western or Northern Europe at midday.
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2.2.3 Colour Rendering Index

Since entirely different spectra can be described by the same colour coordinates, an ad-
ditional quantity is needed to evaluate the colour rendition properties of a light source.
The colour rendition can only be described by comparison to another light source. In
order to ensure comparability between different laboratories an independent reference
is needed. A feasible reference is given by the black body. The temperature of the black
body is chosen in a way that the Euclidean distance in the CIE 1960 Uniform Colour
Space to the light source to be evaluated is minimised. This temperature is called the
correlated colour temperature (CCT) of the light source. The black body is chosen as
reference up to a CCT of 5000 K. Above that point, a CIE Standard [lluminant of the
D series is preferred.

The comparison of the colour rendition of a light source and its reference is based on
eight test colour samples. The test colour samples are illuminated each at a time with
the light source and the corresponding black body. The special colour rendering index
(CRI) for each test colour sample is proportional to the Euclidean distance of the colour
coordinates of the reflected light in the CIE 1964 Colour Space. The general CRI (R;)
is the arithmetic mean of the eight special CRIs.

For the estimation of the CRI, no actual test colour samples are illuminated. This is
rather done by convolution of defined reflectivity curves with the spectra of the light
source and its reference. The precise calculation was published by the CIE [32].

This definition of the CRI has some major drawbacks. The use of three different colour
spaces makes the calculation very complicated. Furthermore, it is only defined for
white light sources. Light sources which are not close enough to the Planckian locus
do not deliver conclusive values. White light sources with different correlated colour
temperatures render colours in a different way, but may result in the same CRI. For
these and other reasons the CIE is currently working on an improved method to describe
colour rendition properties [33].

2.2.4 Radiometric vs. Photometric Quantities

The human eye can perceive light in a small wavelength range and the sensitivity shows
a strong dependence on the wavelength. Therefore, radiometric quantities can not de-
scribe the brightness of a light source as it is perceived. The luminous efficiency func-
tion V, (often only called V; function) reflects the spectral response of the human
eye. It is important to distinguish between the rod dominated scotopic and the cone
dominated photopic vision. The scotopic (V) and photopic (V) luminous efficiency
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functions are plotted in Figure 2.5. The photopic luminous efficiency function was mea-
sured by Gibson [34] and standardised by the CIE in 1926 [35]. Furthermore, it is used
as the colour matching function of the Y coordinate of the CIE 1931 2° Standard Ob-
server. Therefore, the Y coordinate is used as brightness variable in the xyY-coordinate
system(Section 2.2.1). Although more precise measurements are published [36], this is
still the common standard for brightness measurements. All radiometric quantities can
be transfered into photometric quantities by the use of the photopic luminous efficiency
function. This is done by convolution of the spectral radiometric quantity with the V,
function and multiplication with a constant K,,,. For instance the luminous flux &, can
be derived from the radiant flux &, by:

780nm
®, = K, / ®,(A)V, dA, 2.3)
380nm
with K, = 683 Im/W for photopic and K,, = 1699 Im/W for scotopic vision. Ta-

ble 2.1 summarises the four fundamental radiometric and their corresponding photo-
metric quantities.

S 10} | scotopic vision:
0 o i CIE 1951
N —
52 08 ] .
20 - 1 photopic vision:
© 5 06f - CIE 1924
25 4l ] L. Sharpe 2005
T
° 2
== 02t -
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00 o il 1 1
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Figure 2.5: The scotopic luminous efficiency as published by the CIE in 1951[37,
38], the photopic luminous efficiency as published by the CIE in 1926 [35] and
the more precise measurement of the same done by Sharpe et al. in 2005 [36].

2.3 Conventional Light Sources

The characteristics of different light sources are discussed in detail in this chapter. The
properties of each light source make it more appropriate for a specific application and
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radiometric photometric

quantity symbol unit quantity symbol unit
radiant flux D, \W luminous flux D, Im
radiant intensity I, W/sr  luminous intensity I, cd =1m/sr
irradiance E. W/m?  illuminance E, Ix = Im/m?
radiance L, W/m?sr  luminance L, cd/m?

Table 2.1: Radiometric and their corresponding photometric quantities. The pho-
tometric SI units are lumen (Im), candela (cd), and lux (Ix).

some of these light sources are direct competitors to OLEDs, while others target on
different markets.

The Incandescent Lamp

Incandescent lamps are consisting of a glowing tungsten wire in an evacuated glass
bulb. The luminous efficacy is as low as 14.8 Im/W and the typical device lifetime does
not exceed 1000 h. By filling the glass bulb with a halogen gas, the lifetime is extended
to 2000 h and the efficacy increases up to 19 Im/W [39]. These very low values imply
that almost 95 % of all energy is lost as heat. However, incandescent lamps have
the highest achieveable colour rendering index (CRI = 100), because an incandescent
lamp can be considered as Planckian radiator (Section 2.2.3). These lamps are widely
used for indoor and outdoor illumination as well as for design purposes. Due to their
successive ban in the European Union and a generally increased ecological awareness,
the incandescent lamp will vanish in the near future and will be replaced by alternative
light sources.

The Fluorescent Lamp

The fluorescent lamp is based on the electrical excitation of mercury vapour at a low
pressure (0.5 Pa [40]). The mercury vapour is emitting ultraviolet light. A fluorescent
coating at the inner surface absorbs the ultraviolet radiation and emits light in the visual
spectral region. Because the mercury vapour has to be ionised before operation, the flu-
orescent lamp needs additional electronics for starting. Furthermore, fluorescent lamps
have a negative differential resistivity. Hence, they will fast be destroyed by too high
currents, if they are connected to a constant power supply. Accordingly, a ballast is
needed to limit the current flowing through the lamp. The benefit of fluorescent lamps
are their high light output of up to 2800 Im and their high efficacy of up to 87.5 Im/W.
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Taking additionally their warming time into account, they are especially suited for per-
manent illumination of large rooms. For smaller rooms the compact fluorescent lamps
with a screw base have been developed. These have a lower light output of around
900 Im and luminous efficacies of 60 Im/W and are often used to replace the incandes-
cent lamp [39]. Therefore compact fluorescent lamps are direct competitors to OLEDs,
because this is the market, which is also targeted by the white OLED.

The Sodium Vapour lamp

The working principle of the sodium vapour lamp is similar to that of the fluorescent
lamp. The use of sodium instead of mercury makes the fluorescent coating obsolete,
because sodium is emitting in the visible region. These lamps are characterised by
efficacies of up to 130 Im/W [40] and a narrow emission line at 589 nm. Due to their
high efficacy and long lifetime (up to 20000 h), sodium vapour lamps are often used as
street lights. However, their poor colour rendition of CRI = —44 does allow only for a
few other applications, such as greenhouse illumination [40].

The Light Emitting Diode

The light emitting diode (LED) was invented in 1962 by N. Holonyak Jr. [41]. The
applications of this highly efficient, strongly directed point light source range from in-
dicator lamps to illumination. Commercially available LEDs reach luminous efficacies
around 70 Im/W and lifetimes of 50000 h [39]. Cree Inc. announced in a recent press
release (03.02.2010) a record luminous efficacy of 208 Im/W for a white LED with a
CCT of 4579 K at room temperature. Although the angular dependence of the emitted
light varies with the package type, LEDs have a strongly directed emission in common.
Hence, a costumer is easily glared at lighting relevant brightnesses.

Similar to fluorescent lamps, white light is produced by light conversion. The light of
a blue LED is partly absorbed by a photoluminescent dye and emitted in the yellow
wavelength region. The resulting two colour white light features colour coordinates
close to the Planckian locus, but the colour rendition properties suffer from a gap in
the green region. Therefore, LEDs are not suitable for indoor illumination, despite the
fact that they are sold for this purpose. As in case of sodium vapour lamps the strength
of white LEDs is in applications where good colour rendition is not the main requisite,
e.g., car headlights or street lights.
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2.4 White Light from OLEDs

OLEDs are area emitters. Hence, regarding illumination applications, their main benefit
against other light sources is diffuse light emission. Due to diffuse emission with low
luminance from a large area, they do not glare a customer or produce sharp shadows.
White light emission can be achieved by different approaches with different advantages
and disadvantages. They can be distinguished by the employed type of emitter materials
(fluorescent or phosphorescent emitters) or specific physical concepts like the concept
of triplet harvesting or the stacking. In the following paragraphs, the prevalently used
approaches are summarised.

The first approach is the exclusive application of fluorescent emitters. The available flu-
orescent blue emitters reach deep blue colour coordinates and offer prolonged lifetimes
in comparison with their phosphorescent counterparts [19-21]. Therefore, cold white
colour coordinates as (x,y) = (0.285,0.406) and lifetimes up to #; , = 40000 h at an
initial luminance of Ly = 300 cd/m? can be achieved with this approach [42]. However,
since the yield of fluorescent emitters is strongly limited by spin statistics, the luminous
efficacy of such devices does not exceed 10 Im/W.

By restricting the OLED design to phosphorescent emitters, luminous efficacies up to
Ny = 124 Im/W at L = 1000 cd/m?, which already exceed the efficacies of fluores-
cent tubes, can be achieved [17]. However, lifetime and colour quality are limited
by the available phosphorescent blue emitters. Due to their typical sky blue colour
coordinates, the spectra of full phosphorescent white OLEDs exhibit increased green
emission, which results in greenish colour coordinates as (x,y) = (0.41,0.49) [17, 18].
Recently, a phosphorescent blue emitter with deep blue colour coordinates was pre-
sented. With this emitter it was possible to reach the CIE standard illuminant E (x,y) =
(0.33,0.33), but the luminous efficacy did not exceed 1, = 20 Im/W [43].

The concept of triplet harvesting combines the benefits of both approaches, by the si-
multaneous application of fluorescent and phosphorescent emitters. Here, the otherwise
lost triplets of a fluorescent blue emitter are transferred to a phosphorescent emitter and
internal quantum efficiencies up to 100 % are possible. In case of commercially avail-
able fluorescent blue emitters, the transfer of triplets is limited to phosphorescent yel-
low and red emitters, due to the low first excited triplet state of the blue emitter. Green
emission can be achieved in a white triplet harvesting OLED by direct recombination of
charge carriers in a green emission layer. Consequently, also singlets recombine on the
green emitter and the fluorescent blue emission is reduced. However, it is still possible
to reach warm white colour coordinates with a CRI above 80 and luminous efficacies
up to 1, = 25.4 Im/W at L = 1000 cd/m? [23, 44]. Recently, the development of a new
fluorescent blue emitter allowed for triplet transfer to phosphorescent green emitters,
but the corresponding luminous efficacies was limited to 1, = 21.4 Im/W [45].
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Another possibility to combine the emission of different emitters in an OLED is given
by the concept of stacked OLEDs. Two or more individual devices are subsequently
processed and connected by a charge generation layer, where pairs of electrons and
holes are separated [46, 47]. The resulting device is electrically equivalent to a mono-
lithic series connection of independent OLEDs. Because external quantum efficiency
and driving voltage of the individual units add up, the luminous efficacy of a stacked
OLED is comparable to the single OLEDs. The advantage is that each unit can be
electrically optimised to the corresponding emitter material. Therefore, it is possible to
increase the efficiency in comparison with OLEDs where all emitters are combined in
a single unit. It was shown that by combining three units, which comprise the emission
of a fluorescent blue, a phosphorescent green, and a phosphorescent red emitter, a lumi-
nous efficacy of 1, = 35 Im/W (with attached light extraction foil) at 1 000 cd/m? is pos-
sible. The same device exhibited warm white light emission at (x,y) = (0.426,0.435),
good colour rendition CRI = 89.7, and a device lifetime of 1 , = 100000 h at an initial
luminance of 1000 cd/m? [48]. The prolonged lifetime is possible by the application of
the fluorescent blue emitter, which is a tradeoff regarding the efficiency, because a part
of the excitons is recombining radiationless.






3 Organic Semiconductors and
Light Emitters

In this chapter, the basic working principle of OLED:s is discussed. At first,
the focus is on the electronic structure of organic semiconductors, charge
carrier transport and excitation exchange between molecules. In the second
part of the chapter, the general composition of a pin-OLED is explained in
detail and an overview is given concerning the materials which are used in
the OLED:s.

3.1 Organic Dyes

OLED:s are based on vapour-deposited, amorphous thin films of organic molecules. The
electronic structure of such films is entirely different from that of classical semicon-
ductors. This directly results from a lack of a periodic lattice and weak intermolecular
bonds. This section attempts to summarise and explain their properties.

3.1.1 From Atomic to Molecular Orbitals

The intermolecular bonds in amorphous, organic thin films are limited to the weak van
der Waals force. Therefore, energy states E" are primarily determined by the structure
of single molecules. The time independent Schrodinger equation for this problem:

Hy"(F) = E"y"(7), (.1

with the molecule described by the eigenfunctions y" of the Hamiltonian H, can not
be solved analytically. Some approximations are necessary. A first step is the Born-
Oppenheimer approximation, which is the separation of the movement of electrons and
nuclei. This approach is reasonable, since the movement of the nuclei can be neglected
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due to their high mass in comparison to the electrons. Hence, the Hamiltonian H can
be separated into a Hamiltonian describing the electrons H, and another one describing
the nuclei H,,. The total wave function is a product of the corresponding eigenfunctions

W, and y,:

H=H, +H, (3.2)

Y=V, Y. (3.3)

The Hartree product assumes non-interacting electrons. Therefore, the total wave func-
tion can be written as a product of the wave functions of the single electrons y;:

ve=[Tw- (3.4)

Considering the spin and the fermionic character of electrons, this product must be
antisymmetric with regard to exchange of two electrons. The antisymmetry is ensured
by means of the Slater determinant:

vi(l) vi(2) - wi(N)
1 |w) w(2) - wm(N) 35)
Ve = VNI| : : ’ '

w(1) (@) - ()

It was found that the electron wavefunctions of hydrocarbons can be described by a
series expansion with the atomic orbitals ®; as a set of basis functions [49]. This
method is called linear combination of atomic orbitals (LCAO) [50]:

vi(7) = Y cix®i(7). (3.6)
k

The band gap for light emission in the visible wavelength region is in the range of
2...4 eV, which is typical for aromatic compounds as benzene. The alternating ar-
rangement of single and double bonds in these molecules results in remarkable electri-
cal and optical properties. The sp” hybrid orbitals provide a good set of basis functions
for applying the LCAO method on benzene. These orbitals are a superposition of the
s-, px-, and py-orbital of the carbon atom. The bonding angles of the sp? orbitals equal
the angle of 120° between the carbon atoms of the benzene (Figure 3.1) and form the
so called o bonds in the xy plane. Due to their strong overlap, the ¢ bonds are the
strongest type of covalent bonds and mainly determine the chemical properties of a
compound [51].

The p,-orbitals overlap weakly and form a delocalised electron cloud. Furthermore, the
lower overlap leads to a lower splitting of the resulting binding 7 and anti-binding 7*
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states in comparison to the o and o™ states. As a consequence, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are
formed by the @ and 7* orbitals, respectively. Therefore, the electronic and optical
properties of a molecule are determined by its & electron system. The relative sharp
states of a single molecule are broadened by intermolecular polarisation effects in a
Gaussian way in a neat layer [52, 53].

7 N\

()=

Figure 3.1: The molecular orbitals of benzene are calculated by applying the sp*
hybrid orbitals as basis for the LCAO method. The bonding angles of the
sp? orbitals equal 120°, which is the angle between the carbon atoms of the
benzene. The p, orbitals are perpendicularly oriented to the sp* orbitals and
form a delocalised electron cloud, which is illustrated by the grey circle.

3.1.2 Fluorescence and Phosphorescence

Luminescence takes place as a molecule in an excited state, an exciton, relaxes to the
ground state. An exciton can also be understood as a bound pair of an electron and a
hole. Due to the weak intermolecular van der Waals forces and strong Coulomb cou-
pling, these excitons show a strong localisation to a single molecule and are called
Frenkel excitons. This is contrary to the Mott-Wannier excitons in inorganic semi-
conductors which can have radii of up to 10 nm (Figure 3.2). Furthermore, binding
energies are higher in case of Frenkel Excitons. Due to strong Coulomb interaction be-
tween electrons and holes, binding energies are in the range of 0.1...1.5 eV [54, 55],
while they reach only a few meV in case of Mott-Wannier excitons.

Excitons are created either by optically exciting an electron from the HOMO to the
LUMO or electrically by recombination of an electron and a hole. Both electron and
hole bear the spin s = 1/2. Therefore, the total spin of an exciton can be § = 0 or
S =1 (Figure 3.3). Since there is only a single realisation for the composition of the
individual spins to a total spin of S = 0 and three realisations for S = 1, these excitons
are called singlets and triplets, respectively. The factor of the wave function represent-
ing the spin can be written for singlet states as follows (with 1 and | representing the
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Mott-Wannier Exciton Frenkel Exciton

&

Figure 3.2: Charges are delocalised and move freely in the lattice of classical
semiconductors. The Mott-Wannier excitons which are typical for these sys-
tems can reach radii of 10 nm. Due to the weak intermolecular van der Waals
forces and strong Coulomb coupling, excitons in amorphous organic semicon-
ductors show a strong localisation to single molecules and are called Frenkel
excitons.

possible spin orientations):

0 _L a — a
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and for the three realisations of triplet states:

Yr =1 (a) 1 (b), (3.8)

xr=—=[1(a) L (b)+ | (a) T (b)], (3.9)

G-

Sxr =1 (a) | (b). (3.10)

The ground state of a molecule with an even number of 7 electrons is a singlet state,
because every orbital up to the HOMO is filled and every electron has a complement
with opposed spin orientation due to the Pauli principle. The conservation of angular
momentum prohibits the transition between singlet and triplet states. Because triplets
are not allowed to relax into the ground state, they have a longer lifetime and recom-
bine radiationless in most molecules. These emitters, which emit exclusively from the
singlet state, are called fluorescent emitters. However, by utilising heavy metal atoms
in the molecular structure, it is possible to soften the rule of the conservation of angular
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momentum. In these so called phosphorescent emitters, transitions between singlet and
triplets states are possible by metal to ligand charge transfer.

PR

Figure 3.3: The total spin of an exciton can be S =0 or S = 1. Since there is only
a single realisation for the composition of the individual spins to a total spin
of S = 0 and three realisations for S = 1, these excitons are called singlets and
triplets.

Phosphorescent emitters play a major role if a molecule is excited electrically as it is
the case in OLEDs. The spins of the injected electrons and holes are stochastically
distributed. If electrons and holes recombine, they will form 25 % singlet excitons
and 75 % triplet excitons. Singlet excitons will relax to the triplet state by intersystem
crossing in case of phosphorescent emitters. Hence, the electroluminescent yield of
such emitters is four times higher than for fluorescent emitters.

Nevertheless, the yield of fluorescent emitters can exceed the limit of 25 %, which is
given by spin statistics. On the one hand, it was shown that the singlet-triplet ratio can
be influenced by electric or magnetic fields [56, 57]. On the other hand, the formation
of singlet excitons by the mutual annihilation of triplet excitons can increase the yield at
high exciton densities. The theoretical limit for the internal quantum efficiency which
may be achieved with this approach was calculated to be 1 in ~ 40 % [58, 59], which
is still significantly below the efficiencies achieved with phosphorescent emitters.

It is important to understand that the lowest excitation energy does not result from
the difference between HOMO and LUMO as given by the approach in the previous
section:

AE # Eyumo — Enomo = & — & (3.11)

with: & electron affinity
€, lonisation potential .

The previously presented approach is based on single electron wave functions and
electron-electron interactions are not taken into account. A more precise quantitative
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description considers the interaction between the excited electron y, in the 7* orbital
and the remaining electrons Y, in the 7 orbital [60]. The Coulomb integral J, , repre-
sents the energy of the electrostatic repulsive interactions between those electrons:

&> 1

- 3 3
3 . A2
e gy e 31

Jur= [[ i(m)vi (r2)
The Exchange integral K, , is a consequence of the quantum mechanical exchange in-
teraction between identical particles and is equivalent to the energy of the electrostatic
repulsive interaction between the charge distributions ey (r1)y,(r1) and ey; (r2) Wa(r2):

o2 1

Ka,rZ/ Vo () (r2) Yo (r)Wa(r2)d*rid*rs. (3.13)

4me, |r| — r‘z‘

Because of spin integration K, , vanishes if ¥, and y;, do not have the same spin fac-
tor. Pauli’s principle delivers an explanation: Electrons with equally orientated spins
can not come arbitrarily close. Consequently, the repulsive Coulombic interactions are
smaller in case of triplet exciton. The corrected energies of the first excited singlet AE
and triplet AET states are given by:

AEgs=¢ —&;—Jur+2K,, (3.14)
AET =& — &, —Jur. (3.15)

Given that, the energetic position of the first excited triplet state is always somewhat
below the first excited singlet state [60].

3.1.3 Exciton Transfer and Diffusion

Energy transfer between organic molecules can be classified into radiative and non-
radiative energy transfer. Radiative energy transfer is a two step process which can be
divided into the emission of a photon by one molecule and subsequent absorption by
another. Because of the strong Stokes shift between absorption and emission in organic
dyes, this loss process is negligible [61].

For the single-step non-radiative energy transfer, Dexter and Forster transfer can be
distinguished. The Forster transfer is based on the Coulomb interaction and induced by
resonant dipole interaction [62]. The Forster transfer rate constant kg is proportional to
the quotient between the overlap J between donor emission Ip and acceptor absorption
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€4 and the distance between both molecules R to the power of six:

J
kg o< R (3.16)
The overlap integral J is given by:
J= / Ip(vV)Ea(v)dv. (3.17)
0

Despite its dependence on the distance with an exponent of —6, Forster transfer is
relevant up to a distance of 2...10 nm and the dominant process in matrix emitter
systems. An important characteristic of the Forster transfer is the preservation of the
spin of both participants. This is a consequence of the pure dipole-dipole interaction
character of this transfer type. Allowed transitions between donor D and acceptor A
are:

D +1'A = D+ 1A (3.18)
'D*+3A = 'D+3A", (3.19)
Here, the number marks the spin and the asterisk the excitation state.

The Dexter transfer is based on the quantum mechanical exchange interaction between
two charge distributions [63]. The Dexter transfer is a short range energy transfer,
since the exchange interaction decreases exponentially with the overlap of the orbitals
of donor and acceptor:

kp o Je2Roa/L (3.20)

with L as the effective average orbital radius of donor and acceptor [64]. Since only the
total spin has to be conserved in this case, the following transitions are permitted:

'D*+14 - 1D+ 1A% (3.21)
3k 1 1 3 4%
D'+'A—='D+3A (3.22)

The Dexter type singlet-singlet transfer is of small relevance in comparison to the
Forster transfer. On the other hand, the Dexter type triplet-triplet transfer is, despite
its short range of ~ 1 nm, crucial for transfer processes at interfaces between different
layers and the diffusion of triplet excitons. The exciton diffusion process is a series
of incoherent jumps by means of Forster and Dexter transfer [65]. Fick’s second law
describes the time dependent diffusion of particles in continuous media caused by a
concentration gradient. This is analog to the random walk problem of excitons[66].
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The problem can easily be formulated in one dimension:

on n 2%n

5, G(x7t) _;_Q(’Lx,t)—i_Dﬁ

5 (3.23)

with: exciton density

exciton generation
exciton quenching
diffusion coefficient
effective exciton lifetime

(radiative and non-radiative decay) .

a Qs

Neglecting all possible exciton quenching effects and assuming a sharp exciton recom-
bination zone at the interface between emission layer and one of the blocking layers,
the solution of this equation yields the exciton distribution in the emission layer for the
steady state [67]:

n=ng-e /. (3.24)

The exciton diffusion length Lp is given as:
Lp=+VDr. (3.25)

While quenching effects are neglected above for the sake of simplicity, they show strong
influence on device performance. Here, two important annihilation processes are dis-
cussed. A process occurring at high exciton densities is the triplet-triplet-annihilation
(TTA). This process is responsible for the strong decrease of external quantum effi-
ciency at high brightnesses [68, 69]. A molecule in an excited triplet state transfers its
energy to another excited molecule. While the first one relaxes to the ground state, the
later is excited to a higher state:

3p*+34* 5 D+ 1A (3.26)
3D +34% 5 D434 (3.27)

Sharp recombination zones are often correlated with large charge accumulations. These
accumulations give rise to another quenching process called triplet-polaron annihila-
tion (TPA) [70]. During this process the energy of a triplet exciton is transferred to a
positively or negatively charged molecule, a polaron, which subsequently relaxes non-
radiatively:

3D +1AT S Ip 1At B Ip pIa*, (3.28)

Both annihilation processes can be avoided by a broad charge carrier recombination
zone, which is only achieved in ambipolar emission layers. This ambipolarity may
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be achieved by a combination of materials with different transport properties in the
emission layer.

3.1.4 Charge Carrier Transport
Transport in Amorphous Layers

Ohm’s law describes the charge transport in a arbitrary medium in the most general
way. The current density jis given as the product of the tensor of the conductivity &
and the electrical field E:

j=6E. (3.29)

In an isotropic medium the conductivity can be described by a scalar o and is the
product of the elementary charge e, the charge carrier density n, and the mobility u:

o =enl. (3.30)

Thermally deposited organic layers are often amorphous and represent disordered sys-
tems. Band transport as it is observed in inorganic semiconductors and the associ-
ated high mobility (i > 1 cm?/Vs) are only present in crystalline organics, where
the molecular lattice forms a periodic potential for the electrons. Similar to inorganic
semiconductors the electrons can be described by Bloch wave functions and the bond-
ing and antibonding energy levels split into valence and conduction band [71, 72].
However, in the disordered system of an amorphous layer the Bloch theory cannot
be applied. Here, charge transport happens almost exclusively by hopping, which is
a stochastic charge transfer between the localised HOMOs and LUMOs of neighbour-
ing molecules [53, 73]. Therefore, the mobilities which can be reached by hopping
transport are limited to y < 1 cm?/Vs [50].

Because of the low mobility, the layers will charge at the interfaces, if an ohmic contact
is given. These charges are additionally hindering the transport. This effect is known as
space charge limited current [74]. The Mott-Gurney law describes the current-voltage
characteristics for unipolar transport under these conditions:

U2

.9
j=geEh—s (3.31)

~ 3 permittivity of the material
d thickness of the layer

U applied voltage

u mobility .



34 3 Organic Semiconductors and Light Emitters

The transport is further restricted by charge trapping by impurities. These impurities
can be impurities from the synthesis or reaction products with air and water. A high
quality cleaning procedure and good encapsulation are crucial for successful OLED
production.

Electrically Doped Layers

In analogy to classical semiconductors, systematical adding of impurities can enhance
charge carrier density and conductivity by several orders of magnitude. The conduc-
tivities of electrically doped transport layers reach values of 107> S/cm [9]. First ex-
periments concerning the electrical doping of organic semiconductors have been done
by Maitrot et al. in 1986 [8]. They have demonstrated the electrically doping of nickel
phthalocyanine by molecular dopants as dichlorodicyanoquinone and tetracyanoquin-
odimethan. For p-type doping a dopant is coevaporated with the matrix which has
a LUMO energetically below the HOMO of the matrix material. Electrons from the
HOMO of the matrix fill the unoccupied states of the dopant (Figure 3.4). Thereby, the
concentration and the conductivity of holes in the matrix material are increased. For
n-type doping a dopant is used, which has a HOMO above the LUMO of the matrix, in
which case electrons are transferred from the dopant to the matrix. While many molec-
ular p-type dopants are commercially available, there are less organic n-type dopants
available. The reason is that the LUMO of a potential n-type dopant is very close to
the vacuum level. Therefore, these molecules are very sensitive to oxidation. An alter-
native to molecular dopants is the use of alkali metals [75]. Cs-atoms are exclusively
used for n-type doping for all OLEDs in this work.

p-type doping n-type doping

LUMO ——— —1Q“"H' -

Matrix Matrix

HOMO TNl

Figure 3.4: The electrical doping of organic semiconductors is comparable to in-
organic semiconductors. Charge carrier density and mobility of a layer are
enhanced by systematical inclusion of impurities. A donor may transfer elec-
trons to the electron conducting or a acceptor may accept electrons from the
hole conducting matrix.
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The advantages of electrically doped layers are manifold. On the one hand, high charge
carrier mobility reduces the voltage drop over the transport layers significantly. Hence,
transport layer thicknesses can be varied to fit the optical cavity to the emission of
the emitters. On the other hand, injection from cathode and anode is increased due to
strong level bending at the interface between metal and organic. The thickness of the
depletion layer scales with the dopant concentration Np 4 according to:

NG
d o< < ) (3.32)
Np/a

and with decreased barrier width tunnel injection becomes more probable (Figure 3.5).
One drawback is that many available dopants have a comparable small bandgap and
absorb the light emitted by the emission layer. This effect has to be taken into account
for large layer thicknesses.

A p-type doping n-type doping
LUMO
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Figure 3.5: Doping induced level bending increases the probability of tunnel in-
Jjection at the interfaces to anode and cathode.

3.2 Organic Light Emitting Diodes

3.2.1 The General Principle of Operation

A primitive approach to an organic electroluminescent device would be a single organic
layer sandwiched between a cathode and an anode. Such a device would emit light on
the basis of equal transport properties and injection efficiency for both kinds of charge
carriers. Otherwise, recombination of holes and electrons would not take place inside
the organic layer.

A more sophisticated approach was presented by Tang and Van Slyke [7]. Their OLED
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consisted of two organic layers, one was formed by a primarily hole and the other by an
electron conducting material. Charge Carriers accumulate and recombine at the inter-
face between both layers. Because of the different band gaps of the utilised materials
barriers are different for the injection of electrons into the hole conducting and the
injection of holes into the electron conducting material. Hence, electroluminescence
takes place on only one of the materials according to the barrier heights (compare Fig-

ure 3.6.).
_Evac
A /

Anode Organic Cathode

Energy

Figure 3.6: Operation principle of a simple two layer OLED as presented by Tang
and Van Slyke [7]. Holes and electrons are injected on two different materials
with according transport properties. Charge carriers are accumulated at the
interface between both organic layers, where excitons are formed and light is
emitted. Due to the different barrier heights for the two charge carrier types at
this interface, recombination only takes place on one of the materials.

3.2.2 Electrically Doped Transport Layers

The high driving voltages of the above device need to be reduced. As discussed in
section 3.1.4, injection and transport could be improved by electrical doping of organic
materials. For hole transport the frequently used and well examined matrix dopant sys-
tem of MeO-TPD and F4-TCNQ [10] is applied. In some experiments these materials
are replaced by NHT-5 doped with NDP-2 which is a commercially available hole con-
ducting system and can be obtained from Novaled AG. Both systems reach comparable
conductivities and the properties of OLEDs based on NDP-2 and F4-TCNQ are identi-
cal. An advantage of the NDP-2 is that it yields better device stability and F4-TCNQ
tends to contaminate sources which are located in the same vacuum chamber. Thus, it
is not used in any single chamber systems and is replaced in those tools by NDP-2.

Another dopant which is used for doping of materials with a deeper HOMO than MeO-
TPD is the fluorinated fullerene derivative C60F36. It is known for its doping effect on
the conjugated polymer poly-3-hexylthiophene [76]. Further investigations have shown
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that it is also applicable for small molecules [77]. As mentioned above, for electron
transport only Cs doped BPhen is used. In order to avoid reabsorption, electron as
well as hole transport materials have a huge bandgap. The HOMO and LUMO values
of the transport materials are summarised in Table 3.1. The corresponding molecular
structures are shown in Figure 3.7.

Material HOMO [eV] LUMO [eV]

MeO-TPD —5.1 —-1.9
F4-TCNQ —8.34 —5.24
C60F36 —8.38 —5.40
BPhen —6.38 —2.34

Table 3.1: Values of the HOMOs and LUMOs of the materials used for charge
transport. [77-79]

(a) BPhen (b) MeO-TPD (c) F4-TCNQ

Figure 3.7: Important transport materials and dopants: (a) 4,7-diphenyl-
1,10-phenanthroline; (b) N,N,N’,N’-tetrakis(4-methoxyphenyl)-benzidine; (c)
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane; (d) fluorinated fulle-
rene derivative.
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3.2.3 Charge and Exciton Blocking Layers

Blocking layers are crucial for the device performance of an OLED with doped trans-
port layers. They are used to confine charge carriers to the emission layer and to
increase the quantum efficiency by improved charge carrier ballance. This task can
be satisfied by appropriate energy barriers between the emission layer and the charge
blocking layer or decreased mobility for the according charge carrier type in the charge
blocking layer. On the other hand, excitons have to be separated from the high charge
carrier densities in the transport layers to avoid charge exciton quenching mechanisms.
In order to fulfil this task the excited states of the blocker material must be higher than
the excited states of the emitter material. Working with phosphorescent emitters, also
the triplet states of the blocker materials have to be considered. Important character-
istics like energy levels and first excited states are summarised for the most important
blocker materials (Figure 3.9) in Table 3.2. If the transport of one charge carrier type is
favoured by the emission layer, these demands may be less important for the other type.
Recombination will happen at one interface of the emission layer and excitons as well
as the other kind of charge carriers most likely will not reach the other blocking layer.
The operation principle of the resulting five layer OLED consisting of charge transport,
charge blocking, and emission layers is explained in Figure 3.8.

Material HOMO [eV] LUMO [eV] S;[eV] T [eV]

a-NPD —5.4[79] —2.6 [79] 2.81 2.29 [15]
Spiro-TAD —5.4 [80] —2.3[80] 3.06 ?

TCTA —5.9 [81] —2.7 [81] 3.20 2.82[15]
TAPC —5.8 [82] —2.4[82] 3.35 2.87[15]
Alqgs —5.8 [83] —3.1[83] 2.30 2.03 [84]
BAlq —6.1 3.2 2.51 2.18 [84]
BPhen —6.4[79] —2.3[79] 3.20 2.58 [15]
TPBi —6.2 [85] —2.7[85] 3.20 2.64 [15]

Table 3.2: Values for HOMO, LUMO, singlet gap, and triplet gap for three pri-
marily hole conducting and four electron conducting materials. S is calculated
from the fluorescence peak. The energy levels of BAlq are determined by Selina
Olthof by optical gap and UPS-measurements at the IAPP.

3.2.4 The Emission Layer

Up to now the emission layer was assumed to consist only of a single emitter material,
but many materials can only be used when diluted in a matrix material. Such materials
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Figure 3.8: Operation principle of a pin-OLED. Charges are injected by electron
(ETL) and hole (HTL) transport layer. The blocking layers for electrons (EBL)
and holes (HBL) confine charge carriers to the emission layer (EML), where
they form excitons and recombine under light emission.

would otherwise form aggregates and a red shift of the emission spectrum would be
accompanied by a drop of quantum yield [86—88]. All triplet and several singlet emit-
ters suffer from these effects and need an appropriate matrix material. In some of these
matrix/emitter systems, excitons are formed on the matrix and are transferred by means
of Forster transfer to the emitter molecules. In others, charge carriers are trapped by
the emitter molecules and excitons are formed directly on the molecules where they
emit light. Recent studies showed that the efficiency of a device can be improved by
a mixed matrix, e.g. a mixture of a hole and an electron conducting material [89, 90].
A combination of different matrix materials can lead to a broader recombination zone
and would yield higher efficiencies and stability due to reduced quenching effects. The
benefits of combining several emitters in a common matrix are shown in section 5.3.
The chemical structure of the emitter molecules used in this work are shown in Fig-
ure 3.10. HOMO and LUMO values as well as emission maxima are summarised in
Table 3.3. Due to their importance for the later introduced concept of triplet harvesting
a separate section is dedicated to the fluorescent blue emitters (Section 5.1).
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Figure 3.9: Important charge and exciton blocking materials: (a) 2,2°,7,7 -tetra-
kis(N,N-diphenylamino)-9,9’-spirobifluorene; (b) 4,4°,4”tris(N-carbazolyl)-
triphenylamine; (c) N,N’-di(naphthalen-1-yl)-N,N’-diphenyl-benzidine; (d) di-
[4-(N,N-ditolyl-amino)-phenyl]cyclohexane; (e) 2,2°2”-(1,3,5-benzenetriyl)-
tris[ 1-phenyl-1H-benzimidazole]; (f) aluminium tris(8-hydroxyquinoline); (g)
bis(2-methyl-8-quinolinolato-N1,08)-(1,1’-Biphenyl-4-olato )aluminium.
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Figure 3.10: Important phosphorescent emitter materials: (a) fac-tris(2-phenyl-
pyridine) iridium(IIl); (b) bis(2-(9,9-dihexylfluorenyl)-1-pyridine)(acetylace-
tonate) iridium(Ill); (c) bis(2-methyldibenzo-[f,h]quinoxaline)(acetylaceto-
nate) iridium(I1I).

Material HOMO [eV] LUMO [eV] Amax [nm]/[eV]
Ir(ppy)3 —5.6 [91] —3.0[91] 510/2.43
Ir(dhfpy),acac  —5.1 —2.4 557/2.23
Ir”MDQ),acac —5.4 -2.8 603/2.06

Table 3.3: The phosphorescent emitters utilised in this work are characterised by
the above values for HOMO, LUMO and photoluminescence peak. The energy
levels of Ir(dhfpy),acac and Ir(MDQ )acac are determined by Selina Olthof by
the use of optical gap and UPS-measurement at the IAPP.






4 Experimental Setup

This chapter gives an introduction into the experimental methods applied,
including sample preparation as well as the characterisation of OLEDs and
organic molecules in terms of their optical properties. The design of ex-
periments by utilising optical simulations is explained and also a way to
estimate the maximum external quantum efficiency of OLEDs with several
emitters is elucidated.

4.1 Sample Preparation

In this work only bottom emitting OLEDs are investigated, where light is emitted
through the substrate. Here, 90 nm indium tin oxide (ITO) pre-coated glass (Corning
Inc.: Eagle XG ny = 1.51) 1s used as transparent substrate. Our substrates are delivered
by Thin Film Devices Inc. and are prestructured according to the layout shown in Fig-
ure 4.1. In order to improve light extraction, a special glass with high refractive index
(SCHOTT AG: N-SF11 n; = 1.78) was employed. Those substrates were coated with
ITO at the LFB in Stuttgart and structured by the Fraunhofer IPMS.

ITO
2.5

25

|

Figure 4.1: Layout of the prestructured ITO on a 25 mm x 25 mm glass substrate.

The glass is coated by thermal evaporation of the different organic molecules and the
cathode material under high vacuum conditions (base pressure 10~8 mbar) after clean-
ing. Structuring is carried out by the use of shadow masks while calibrated crystal
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quartz monitors allow to precisely control the thicknesses and doping ratios. In case of
mixed layers the depositions of all materials are measured independently with separate
crystal quartz monitors. Crosstalk between the thickness monitors is avoided by the
geometrical arrangement. The deposition of the Cs doped BPhen layer is an exception,
since the Cs rate cannot be measured by crystal quartz monitors. Adequate control is
given by in situ measurement of the conductivity of the mixed layer.

For material deposition the following tools are available. The UFO-2 is a cluster tool
acquired from BESTEC GmbH. Each chamber of the UFO-2 contains up to eight or-
ganic sources. An additional chamber contains metal evaporators for aluminium, silver,
gold and other optional metals. Because all chambers can be switched off and vented
independently, this tool is very well suited for tests of new materials. This tool is
primarily used for testing new approaches concerning device architecture or material
combination.

In addition to the cluster tool, two vacuum systems were purchased from Kurt J. Lesker
Company®. These are single chamber tools with all organic and inorganic sources
located in one chamber. It is possible to process four times four samples on these
machines in the same time. The construction of these tools allows the separate coating
of single rows and columns. Therefore, sixteen different samples can be processed in a
single run. The advantage of these tools is that among the sixteen devices besides the
varied layers all other layers are identical. Therefore, the optimisation of a device with
respect to a selected parameter is simplified in comparison to the UFO-2.

4.2 Optical Measurements

For an optical simulation of the investigated OLED stacks some material properties
have to be supplied. These properties are in particular the photoluminescence spectrum
and the complex refractive index, which is often referred to as n&k values. This section
is about the measurement of these properties.

4.2.1 Photoluminescence

For the measurement of photoluminescence spectra the following spectrometers are
used: the Fluoromax from SPEX® and the FS 920 from Edinburgh Instruments Ltd.,
which is more precise in the deep red wavelength region. All measurements are carried
out on thin films on glass substrates. If the deep blue or the ultra violet wavelength
region is of interest, quartz glass will be chosen instead of standard glass. To avoid
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aggregation effects (Section 3.2.4), the photoluminescence spectra of emitter molecules
are either measured in mixed layers or solutions.

4.2.2 Determination of n&k Values

An in-house collection of n&k values is used to describe the optical properties of
OLEDs. A part of these values is based on ellipsometry (measurement of reflection
with respect to the angle and the polarisation of incident and reflected beam) on thin
films on glass substrates, which were carried out at the Fraunhofer IPMS. The remain-
ing values as well as the values obtained for this work are based on a simplified mea-
surement procedure. Considering transmission and reflection at normal light incidence,
the Fresnel equations, which allow for the calculation of the n&k values, simplify in
a manner that transmission and reflection are independent of the polarisation of the
incident light. Therefore, polarisers are obsolete for measurements at normal light
incidence [92]. While the measurement of transmission at normal light incidence is
possible, such conditions can only be reached approximatively for the measurement of
reflectivity. This is due to a restriction of our measurement system (SHIMADZU UV-
3101PC) to a minimal angle of 5°. The calculation of the n&k values is done according
to the algorithm published by Fritz et al. [93]. This is an adequate way of determining
n&k values as is demonstrated by the good agreement of experimental data and optical
simulations presented later in this work.

4.3 OLED Characterisation

4.3.1 IVL-Robot

Two similar measurement systems are available for automatically recording current-
voltage-luminance curves. One system was designed and sold by Novaled AG and
the other one by Contronix GmbH. Both are based on the same measurement equip-
ment which consists of a silicon photodiode, a source measurement unit SMU2400
from Keithley and a spectrometer CAS140CT-153 from Instrument Systems GmbH cal-
ibrated in terms of absolute intensity. Spectrum and luminance are measured in ac-
cordance with the terms of the CIE 1931 2° Standard Observer. The 2° aperture is
secured by means of a special measuring adapter. The luminance is measured by the
photodiode. Photocurrent is amplified and transformed to a voltage value. This value
is calibrated to a luminance value given in cd/m? by a spectrometer measurement at
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roughly 1000 cd/m?. From these values the current efficiency 1. can be calculated:

nc:@ L (2)dA (4.1)
A
L2A  [cd
ne=—" [ﬂ. 4.2)

The current efficiency describes the luminous intensity emitted in forward direction for
a given current.

4.3.2 Goniometer and Ulbricht sphere

For illumination purposes it is reasonable to state efficiencies which specify the total
emitted light. A goniometer is used to measure the angular dependence of light emis-
sion. Spectral characterisation is done with the mini spectrometer USB4000 (Ocean
Optics, Inc.), which is calibrated in terms of the spectral shape and relative intensity.
The intensity calibration is given by comparison to the measurement done with one of
the CAS140CT-153 spectrometers (see above). A step motor is rotating the OLED. A
laser diode and a xyz-translation stage are used to adjust the active area to the rotation
centre. Angle dependent spectral measurements allow the calculation of the integral
quantities external quantum efficiency and luminous efficacy. The external quantum
efficiency and luminous efficacy describe the efficiency of an OLED in terms of radio-
metric and photometric units, respectively. The external quantum efficiency is defined
as the ratio between per unit of time emitted photons 72y and injected electrons 7,:
n

Ng==—"" (4.3)

ne
7, can be calculated directly from the current at which the device is driven:

1

e =~ . (4.4)
e
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and 1y can be derived as:
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Consequently, the external quantum efficiency is given by:
2
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The quotient of luminous flux and electrical power defines the luminous flux 7,,
P
m=— (4.9)
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In some cases a goniometer measurement is not possible due to geometrical reasons.
For instance, this will be the case if an outcoupling enhancement structure has to be
applied to the OLED. In this work an Ulbricht sphere connected to a CAS140CT-153
spectrometer (Instrument Systems GmbH) is employed. If both goniometer and Ul-
bricht sphere measurement are not possible, Lambertian emission may be assumed:

L(9,4) =1%(1)cos ¥ . (4.11)

The calculations of the efficiencies are reduced to the integrals over wavelength,

— E Yo
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This is often a good approximation. However, the relative error of the determined
efficiencies can be as high as 15 % in some cases. Therefore, it is not recommended
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to rely on the assumption of Lambertian emission for OLEDs. A goniometer was not
available at the beginning of this work. Nevertheless, the samples of the individual
sections have allways a similar architecture in common. Since the microcavity of these
devices is not modified, they have a common angular emission dependence. Therefore,
it is possible to compare the efficiencies of these devices among each other. In order to
avoid confusion, goniometer and Ubricht sphere corrected measurements are allways
identified as such.

4.3.3 Lifetime Measurement Setup

Lifetime measurements are carried out with a measurement system developed and sold
by Novaled AG. The lifetime is defined as the time after which an OLED emits the
half of its initial luminance when it is driven at a constant current. Hence, luminance
is measured by three photodiodes in regular intervals. For luminance measurements a
single photodiode would be enough, but the photodiodes are coated with colour filters
in a way that the colour shift of the devices can be measured during degradation. Long
living OLEDs are measured with an accelerated method. One takes advantage of the
fact that initial luminance and lifetime show an exponential dependence:

C
= — 4.14
1/2 L (4.14)
with C and n as free parameters [94]. By applying this law, the lifetime at any initial
luminance can be extrapolated. An initial luminance of 1000 cd/m? is commonly used
as reference. An initial luminance of 500 cd/m? is often used instead, assuming a
possible enhancement of light extraction by a factor of two for OLEDs on standard
glass substrates.

4.4 Calculations and Simulations

4.4.1 OLED Design by Optical Simulations

The thickness of an OLED results in an optical path length in the order of the wave-
length of the emitted light. Thus, the cavity formed by substrate and cathode has a
significant influence on the performance of an OLED. Even the internal quantum yield
of an emitter can be enhanced by microcavity effects [11].

Due to the high mobility of charge carriers in electrically doped layers, the electrical
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characteristics of an OLED are independent of the layer thickness of the transport lay-
ers, which can be adjusted in a manner that the microcavity of the OLED is optimised
for the emission of the utilised emitters. An extensive optimisation by experimental
variations would be tedious and expensive. By applying an optical model, the exper-
imental optimisation process can be accelerated considerably. Sim-OLED (sim4tec
GmbH) is a numerical tool which is able to simulate the optical behaviour of an OLED.
The simulations shown in this thesis are done with the software version 1.1.1.

Sim-OLED is based on a model as published by Benisty et al. [95]. The model of dipole
emission is used for the emitting molecules. The electric field is decomposed into plane
waves. The transfer matrix formalism and the intensity matrix formalism are used for
the physical description of the organic layers and the thick incoherent substrate, re-
spectively [96, 97]. The simulation gives values in arbitrary units for emission affinity,
spectral radiant intensity (CIE-coordinates are included), luminous efficacy, and exter-
nal quantum efficiency. The emission affinity is an abstract quantity equivalent to the
spectral radiant intensity of an OLED comprising an emitter which emits an unitary
intensity in the whole visible wavelength range. In other words, the emission affinity
describes the ratio between extracted and emitted photons at a specific wavelength.

Sim-OLED allows device optimisation with regard to the mentioned quantities by sys-
tematic layer thickness variation. An experiment which is based on the results of this
optimisation can be used to calibrate the simulated quantities. This allows the estima-
tion of the potential for improvement by thickness variations. Such an approach is well
suited for the optimisation of white OLEDs with several emitters in terms of luminous
efficacy, colour coordinates, and colour rendition properties. Furthermore, it is possible
to determine the excitation distribution among the emitters by the use of the emission
affinity. This information yields the possibility of determining the maximum external
quantum efficiency as shown in the following section.

4.4.2 Estimation of the Maximum External Quantum Efficiency

The maximum external quantum efficiency of a monochrome OLED is predicted by the
work of Greenham et al. [98]. They have proven that assuming Lambertian emission
and following Snell’s law, the outcoupling efficiency of an OLED on a flat standard
glass substrate is 22 %. Since the microcavity of an OLED can never be optimised for
all emitters at the same time, this does not hold for white devices as can be illustrated by
the emission affinity. For the example given in Figure 4.2, a material emitting blue light
at 440 nm would only result in half the efficiency of a green emitter which fits to the
maximum of the emission affinity at 515 nm. Here, a way is presented to evaluate the
photon distribution inside an OLED. Subsequently, the maximum quantum efficiency,
which can be achieved with a given spectrum and OLED architecture, can be calculated
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directly from the photon distribution.
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Figure 4.2: An example for the emission affinity of a typical OLED. The external
quantum efficiency of a white OLED is strongly limited in comparison to a
monochrome device, since the microcavity can never be optimised for all emit-
ters at the same time. A material emitting blue light at 440 nm would only
result in half the efficiency of a green emitter which fits to the maximum of the
emission affinity at 515 nm.

Prerequisites

Besides the precise OLED stack and n&k-values for all layers, the following data have
to be collected prior to the calculation:

* the spectral radiance L; [W/sr m? nm] of the OLED normalised to [L; dA = 1,

* the photoluminescence spectra PL; of all emitters normalised to [PL;dA = 1,
and

* the internal efficiency of each emitter 1;. Due to spin statistics the maximum
values are 1; = 1 for phosphorescent and 1; = 0.25 for fluorescent emitters.

Calculation

The calculation of the internal photon distribution starts with the simulation of the
relative emission affinity A,; in forward direction. In this work the software Sim-OLED
(Version 1.1.1) is used for this purpose. Due to the dependence of the emission affinity
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on the position of the emission zone relative to the cavity, this calculation has to be
done separately for every emitter. In order to calculate the external quantum efficiency,
a calibration of the emission affinity by a factor k is crucial

Aa,i = K'Ar,i~ (415)

This calibration is valid, if Lambertian emission is assumed. The estimation of the
calibration factor x will be discussed later. The spectrum of the OLED can be fitted by:

Y o-PLi(A)-Ai(A)
L _ i=r,g,b(«»~)
A calc y f(xl- -PL,‘()L) 'Ar,i()t)d)“ .
i=rgb(,...)

(4.16)

The coefficients ¢; are identical to the internal photon distribution and the emission
of each emitter PL; is coupled out according to the corresponding emission affinity
A,;. The integral in the denominator normalises the Spectrum to [Lj o,cdA = 1. It is
important for the following calculations to normalise the coefficients to

Y o=l (4.17)

i:r7g7b<7"' >

The internal quantum efficiency equals the ratio of generated photons to injected elec-
trons. Assuming that the whole spectrum is emitted by an averaged photon, the internal
quantum efficiency can also be expressed as the inverse of the number of electrons
needed to emit a single white photon:

1 white photon

1
Ng,int = -100 % = N 100 % . (4.18)

number of needed electrons e

Assuming perfect charge balance and neglecting all exciton quenching mechanisms,
the number of injected electrons is equal to the number of excitons. The number of per
photon injected electrons can be calculated directly from the coefficients o, but two
cases have to be differentiated:

1. With triplet-harvesting:
The principle of triplet harvesting and its implementation are explained in detail
in Section 5.2. Here, otherwise unused triplet excitons on fluorescent emitters
are transferred to phosphorescent emitters, where they can emit light. Therefore,
N, equals one if the share of singlet emission o, is below one quarter and is
otherwise four times this value.

I 1/4
O (4.19)
4-(Xfl, OCf1>1/4
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2. Without triplet-harvesting:
Every exciton recombines on the molecule on which it was created and triplet
excitons created on fluorescent emitters recombine radiationless. Every emitter
is emitting according to its share on the average photon o; with its own internal
efficiency n;:
N= Y & (4.20)
i=rgb(,..) i

For calculation of the external quantum efficiency, the outcoupling of the light out of
the device has to be taken into account, which is achieved by the use of the calculated
emission affinities:

Z fOC,' . PLi(;L) . Aayi(;l,) dA
i=ng,b(,...
Ny = —= G-) N 4.21)
K Z fOCi . PL,’(A) . A,-J'()L) dA
i=rg.b(,...)

(4.22)

Ng = N,

Estimation of the Calibration Factor

The calculation of the emission affinity with Sim-OLED does not result in absolute
values. As mentioned above, a calibration factor x has to be applied for determination
of the external quantum efficiency. It was shown that the maximum outcoupling effi-
ciency is 22 % for a monochrome OLED on a flat glass substrate [98], if the refractive
index of the glass was n = 1.51 and Lambertian emission was assumed. Hence, k can
be calculated as follows. At first, the maximum of the emission affinity has to be esti-
mated. Afterwards, a virtual emitter PLy;q,41 1S designed as Gaussian function with the
maximum at this wavelength and a width of 1 nm. Assuming perfect outcoupling for
the emission of this virtual emitter, K is given by the following equation:

0
fAr - PLyirtual A~

K (4.23)
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Results

This chapter summarises the results of the experimental work. At first
different fluorescent blue emitters are presented and there properties are
discussed with respect to their application in white OLEDs.

Afterwards the concept of triplet harvesting is introduced. From the exam-
ined blue emitters a suitable candidate is chosen, which allows for triplet
transfer to yellow and red phosphorescent emitters. The influence of the
most important parameters is investigated and an optimised triplet harvest-
ing OLED comprising a fluorescent blue and phosphorescent red emitter is
presented. Furthermore, the simultaneous triplet transfer to two different
phosphorescent emitters is shown.

The focus of the third section is on the combination of different phospho-
rescent emitters in a single emission layer. This approach leads to increased
colour stability and simplifies the architecture of a white OLED. It is shown
in detail, how to achieve well balanced emission from both emitters at the
same time and increase overall efficiency by adjusting the doping concen-
trations.

To achieve three-colour white light emission from a single emission layer,
a stack is examined, which is based on the experiments in the previous
section. By mixing a fluorescent emitter with two phosphorescent emitters
white emission with exceptional colour stability is achieved.

In the last section the concept of stacked OLED:s is utilised to circum-
vent the limitations of triplet harvesting regarding the triplet transfer to
phosphorescent green emitters. A fully phosphorescent unit comprising
the emission of a yellow and a green emitter in a single emission layer
is stacked on top of the optimised triplet harvesting OLED, which com-
bines a fluorescent blue and a phosphorescent red emitter. An independent
optimisation of the connecting charge generation layer, results in a strong
decrease of the driving voltages. The efficiencies are further improved by
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the use of a substrate with enhanced refractive index and outcoupling en-
hancement by a macro extractor and a pyramid pattern.

5.1 Blue Dyes

Several fluorescent blue emitting dyes are examined with regard to their
application in white OLEDs. These investigations are summarised by a
comparison of the most important properties of each emitter at the end of
this section.

For application in white OLEDs stable deep blue dyes with colour coordinates around
(x,y) = (0.15,0.15), long lifetimes, and high efficiency are needed. Despite their high
yield, currently available phosphorescent blue emitters have the drawbacks of sky-blue
colour coordinates and a short lifetime of a few hours only [17, 18]. However, deep
blue fluorescent dyes are stable and offer a rich variety of emission spectra [19-21].
Therefore, this work focusses on white OLEDs which utilise fluorescent blue emitters.
Besides the colour coordinates, the positions of the HOMO and LUMO levels play an
important role, because a disadvantageous position will hinder charge injection. One
way to classify blue emitters is to distinguish between host-guest emitter systems and
bulk emitters. Two representatives of each class are discussed in the following para-
graphs and the chemical structures are shown in Figure 5.1. A comparison concerning
their advantages and drawbacks will be presented at the end of the chapter.

5.1.1 Host-Guest Systems

In this section the properties of the two blue fluorescent host-guest systems MADN:
TBPe and Spiro-Pye: DBzA are discussed (Figure 5.1). The influence of emitter con-
centration and the choice of blocker materials are investigated in detail.

MADN:TBPe

The matrix material MADN (Figure 5.1) doped with the emitter TBPe is a highly
efficient deep blue emitter system [99]. As for most anthracene derivatives MADN
is also ambipolar. The mobility of electrons and holes is identical, but varies with
respect to field (U, =2...3- 10~7 ¢cm?/Vs [100]). The energy levels of MADN
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(@) MADN (b) TBPe
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(c) Spiro-Pye (d) DBzA

Figure 5.1: Chemical structures of the fluorescent blue emitters of interest: (a)
2-methyl-9, 10-bis(naphthalen-2-yl)anthracene; (b) 2,5,8,11-Tetra-tert-butyl-
perylene; (c) 2,7-Di-pyrenyl-9,9-spirobifluorene; (d) 6-Methyl-2-(4-(9-(4-(6-
methylbenzo[d]thiazol-2-yl)phenyl)anthracen-10-yl)phenyl)benzo[d|thiazole;
(e) N,N’-di-1-naphthalenyl-N,N’-diphenyl-[1,1°:4°,1”:4”,1” -Quaterphenyl |-
4,47 -diamine;  (f) 2-tert-butyl-9,10-bis[4-(1,2,2-triphenylvinyl)phenyl]an-
thracene.

(HOMO= —5.6 ¢V, LUMO= —2.6 ¢V [100]) and TBPe (HOMO= —5.3 ¢V, LUMO=
—2.3 eV [19]) are appropriate for hole injection, but may hinder electron injection.

A good spectral overlap between matrix emission and emitter absorption is crucial for
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Material d [nm]

Glass substrate

ITO 90
MeO-TPD: F4-TCNQ 20: (4 mol%)
a-NPD 10

MADN: TBPe 10: (X wt%)
HBL 10

BPhen:Cs 35

Al 100

Table 5.1: Common structure of the blue OLEDs investigated in this section. The
emitter concentration is varied to verify its influence on efficiency and lifetime.
TPBi, BPhen, BAlq or Algs are applied consecutively as hole blocking layer
(HBL) in order to reduce the electron injection barrier towards the emission
layer and by this means to enhance the lifetime.
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Figure 5.2: Absorbance and photoluminescence of TBPe as well as the photolu-
minescence of MADN. In each case a thin film of 20 nm on quartz glass was
investigated. MADN and TBPe have a good spectral overlap between matrix
emission and emitter absorption, which is crucial for efficient energy trans-
fer. The Stokes shift of TBPe is rather small and may limit the efficiencies by
allowing reabsorption, but can be neglected for low emitter concentrations.

efficient energy transfer between host and guest, which is illustrated for MADN and
TBPe in Figure 5.2. The Stokes shift of TBPe is small, which may limit the efficiencies
by allowing for reabsorption. However, this effect can be neglected for lower emitter
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Figure 5.3: Efficiencies, lifetimes, and spectra of OLEDs based on the stack pre-
sented in Table 5.1 with varying emitter concentration and TPBi as hole
blocking layer. Highest efficiencies are reached for a TBPe concentration of
1.4 wt%. Due to incomplete energy transfer MADN emission occurs for lower
concentration values, which effects the lifetime negatively.

concentrations.

Beside the cavity length, two other parameters are expected to have a strong influence
on the device lifetime and efficiency. The first one is the concentration of the emitter.
Because the HOMO of TBPe is 0.3 eV above the HOMO of MADN, TBPe may trap
holes at lower and contribute to the hole transport at higher concentrations. Hence,
the concentration of TBPe has a significant influence on the charge carrier balance in-
side the emission layer. Furthermore, aggregation effects may reduce the efficiency
for higher emitter concentration (Section 3.2.4). Due to difficulties with the electron
injection which is correlated to the high lying LUMO level, the second is the choice
of the hole blocking material. The device performance as a function of the TBPe con-
centration will be shown first. Later, the influence of the hole blocking material will
be discussed. The following OLEDs are based on the stack presented in Table 5.1 with
TPBi as hole blocking layer. The cavity is optimised for emission at 460 nm. The
emitter concentration is varied from 0.8 wt% to 10 wt%. The efficiencies, spectra, and
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Figure 5.4: Most important characteristics of OLEDs based on the stack pre-
sented in Table 5.1 with varying hole blocking material and a constant emitter
concentration of 1.4 wt%. Highest efficiencies are achieved with TPBi. Despite
its low external quantum efficiency, the Algy OLED is second best in terms of
luminous efficacy. This is due to a weak green shift of the spectrum.

lifetimes of these OLEDs are summarised in Figure 5.3. The external quantum effi-
ciency as well as the luminous efficacy decrease at higher concentrations of TBPe. No
additional emission peaks appear in the spectrum for higher concentrations. Hence, ag-
gregation effects can be excluded. A charge carrier imbalance induced by an increased
contribution of the TBPe to the hole transport explains this behaviour. The highest
efficiencies are reached at a TBPe concentration of 1.4 wt%. An external quantum ef-
ficiency of 5 % is reached at 100 cd/m?, which drops to 4.2 % at 1000 cd/m?. For
white light emission at 1000 cd/m?, less than 100 cd/m? are contributed by the blue
emitter, which is due to the low sensitivity of the human eye in the blue region, and
the low contribution in terms of radiance that is needed to achieve white colour coordi-
nates. If the TBPe concentration is reduced to 0.8 wt%, not all excitons are transferred
to TBPe, which leads to MADN emission in the spectrum and a decrease of lifetime.
However, lifetime and spectrum are fairly independent of the TBPe concentration for
higher percentages.
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Figure 5.5: Lifetime of blue OLEDs based on the stack presented in Table 5.1.
1172 = 850 h can be reached at 1000 cd/m? by applying Algs as hole blocking
layer.

The position of the LUMO (—2.9 eV') of TPBi is too low in comparison with the
LUMO of other materials in the emission layer. A large barrier at the emission layer
for one kind of charge carriers usually leads to a very thin recombination zone close
to the interface between emission and blocking layer. The increased exciton density
will accelerate the aging process of the emission layer. To improve the injection of
electrons the hole blocking material TPBi is exchanged by BPhen, Alqs, and BAlq. For
better comparison with the above results, the concentration of TBPe is kept constant at
1.4 wt%. The LUMO levels of the hole blocking materials (BPhen: —2.9 eV, BAlq:
—3.2 eV2, Algs: —3.0 eV [101]) are similar to that of TPBi, but because of Fermi
level alignment instead of alignment of the vacuum levels, the corresponding injection
barriers do not equal the differences of the LUMO values. To further complicate the
situation, also the barrier between the electron transport and the hole blocking layer
is effected by the choice of the hole blocking material. Figure 5.4 shows the most
important characteristics and Figure 5.5 the lifetimes of these OLEDs.

In the current voltage dependence, one can observe improved electron injection in case
of BPhen and BAlq. In case of Alqs this effect is present, but is not that pronounced. All
three blockers have in common that the improved electron injection is accompanied by
a reduction of the external quantum efficiencies compared to the device which contains
TPBi. In terms of luminous efficacy this loss is smaller, because operating voltages are
decreased as well.

OLEDs with Alqs achieve the longest lifetimes and reach 850 h at 1000 cd/m?. Further-

!Optical gap and UPS-measurement done by Selina Olthof at the IAPP.
2Optical gap and UPS-measurement for BPhen and BAlq done by Selina Olthof at the TAPP.
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more, the spectrum is slightly green shifted. This results in luminous efficacies, which
are comparable to the TPBi devices, despite the lower external quantum efficiencies.
A possible cause for the green shift is exciton transfer from the emission layer to the
Alqs. Itis very likely that a broader recombination zone is responsible for the enhanced
lifetime of the Alqz containing OLEDs.

Spiro-Pye:DBzA

When applied as bulk layer, DBzA shows good electron transport properties and can
be used as electron injection layer [102]. On the other hand, mixed into an appro-
priate matrix material, DBzA emits light with deep blue colour coordinates (x,y) =
(0.150,0.135) and reaches a lifetime of 1 100 h at an initial brightness of 500 cd/m? [20].
Its HOMO level is at —5.7 eV and its LUMO level is at —2.8 eV [103]. Here, Spiro-
Pye, a perylene derivative, is used as matrix material. The chemical structures of both
materials are presented in Figure 5.1. The LUMO of Spiro-Pye (—2.7 eV [104]) is
0.1 eV above the LUMO of DBzA. Therefore, the electron transport might be assisted
by the DBzA molecules. The HOMO level of Spiro-Pye (—5.6 eV [104]) is also above
the HOMO level of DBzA. Since DBZA is also used as hole blocking material, it can be
assumed that the hole transport is exclusively taking place via the Spiro-Pye. Motivated
by the fact that pure DBZzA is applicable as electron transport layer, the photolumines-
cence of a 40 nm thick layer on quartz glass is measured. Unfortunately, a second peak
at 536 nm appears additionally to the expected emission at 446 nm in the spectrum
(Figure 5.6). This can be attributed to aggregation effects, which are generally con-
nected with a loss of efficiency (Section 3.2.4). Hence, DBzA can not be applied as
bulk emission layer.

Material d [nm]

Glass substrate

ITO 90
MeO-TPD: F4-TCNQ 20: (4 mol%)
a-NPD 10
Spiro-Pye: DBzA 10: (X wt%)
TPBi 10

BPhen:Cs 35

Al 100

Table 5.2: Architecture of a blue OLED based on the emitter system Spiro-Pye
doped with DBzA. The concentration of the blue emitter is varied from 1 wt% to
10 wt%.

The concentration dependence of the electroluminescence is examined by OLEDs based
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Figure 5.6: Photoluminescence of a 40 nm thick DBzZA layer on quartz glass ex-
cited at a wavelength of 380 nm. Due to aggregation effects, a second emission
peaks arises at 536 nm. Therefore, DBzZA can not be applied as bulk emission
layer.

on the stack presented in Table 5.2. The concentration of DBZzA is varied from 1 wt% to
10 wt%. The most important properties of these OLEDs are summarised in Figure 5.7.

The spectrum of the OLED with a DBzA concentration of 10 wt% has a slight shoul-
der where the aggregate emission is observed in the photoluminescence measurement
of the bulk layer. A maximum external quantum efficiency of 5.1 % is reached, for a
concentration of 1 wt%. Although no aggregation effects are apparent in the spectrum
for 5 wt%, the efficiency is decreased by 1 %. This can be explained by the change
of the current voltage characteristics. As the current densities are slightly decreasing
with increasing DBzA concentration and DBzA shows good electron transport proper-
ties [102] one can conclude that DBZzA is hindering the hole transport in the emission
layer. Accordingly, DBzA concentrations above 1 wt% result in a charge carrier im-
balance and decreased efficiencies. The operational lifetime of the OLED with 1 wt%
DBZA is only 40 h at an initial luminance of 1000 cd/m?. This is less than half of the
lifetime of a device with the emitter system MADN:TBPe and the same blocker materi-
als, which is about 100 h at an initial luminance of 1000 cd/m? (Figure 5.5). Therefore,
the investigation of the lifetime dependence on the choice of the blocking materials is
omitted for this emitter system.
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Figure 5.7: Most important properties of the OLEDs introduced in Table 5.2. Ag-
gregation of DBZA is taking place for concentrations above 10 wt%. Well bal-
anced charge carrier injection results in external quantum efficiencies of up to
5.1 % for a concentration of 1 wt%.
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5.1.2 Bulk Emitters

Bulk emitters are emitters which are applicable as pure layer, because their yield is
not limitted by aggregate effects. In this section the two representatives 4P-NPD and
TPVAn (Figure 5.1) are investigated in detail.

4P-NPD

4P-NPD is a primarily hole conducting material. The hole mobility in 4P-NPD L, =
6.6-10~* cm?/Vs is four orders of magnitude higher than the electron mobility Lo, =
3.6-1078 cm?/Vs [23]. It is applicable as bulk emitter and provides fluorescent deep
blue emission with the maximum of the photoluminescence spectrum at 425 nm [105].
The energy of the first excited triplet gap is 2.3eV [105]. The HOMO and LUMO levels
of 4P-NPD are at —5.4 ¢V and —2.3 eV, respectively [106]. Hence, good hole injection
can be achieved, but electron injection is hindered. Taking its primarily hole conducting
character into account, it can be concluded that the charge carrier recombination zone
in an OLED with 4P-NPD as emission layer will be close to the hole blocking layer.

Material d [nm]

Glass substrate

ITO 90
MeO-TPD: NDP-2 20: (4 wt%)
EBL 10

4P-NPD 10

HBL 10
BPhen:Cs 35

Al 100

Table 5.3: Common structure of the 4P-NPD OLEDs investigated in this section.
In order to improve the charge carrier balance in the emission layer several
materials are consecutively applied as electron (EBL) or hole blocking layer
(HBL). As electron blocking layer TAPC, o.-NPD, and Spiro-TAD are used and
as hole blocking layer TPBi and BPhen are applied.

In order to estimate the influence of the blocker materials on quantum efficiency, lumi-
nous efficacy, and lifetime, some devices with an architecture according to Table 5.3
are produced and characterised. Whereas the thickness of each layer is kept constant,
TPBi and BPhen are consecutively applied as hole blocking and TAPC, ¢-NPD, and
Spiro-TAD as electron blocking layer. Due to the primarily hole conducting charac-
ter of 4P-NPD, the electron blocking layer will not have to block any electrons and is
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rather used as exciton blocking layer.
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Figure 5.8: Emission spectrum of the OLED with BPhen and Spiro-TAD as block-

ing materials measured at a luminance of 1000 cd/m*. The corresponding
colour coordinates are (x,y) = (0.152,0.071).

The spectra of the devices are almost identical. Therefore, only the spectrum of the
OLED with BPhen and Spiro-TAD as blocking materials is shown in Figure 5.8. The
electroluminescent spectrum features a maximum at 430 nm and a second peak at
450 nm. The corresponding colour coordinates are (x,y) = (0.152,0.071).

For both hole blocking layers, the lowest driving voltage is achieved with Spiro-TAD as
electron blocking layer (Figure 5.9). a-NPD is second best and the use of TAPC results
in the highest voltages. In order to achieve a current density of 10 mA/cm?, a voltage
of 3.1 V,3.4V, and 3.9 V is needed with TPBi as hole blocking layer and Spiro-TAD,
o-NPD, and TAPC as electron blocking layer, respectively. This can be interpreted as
improved hole injection with Spiro-TAD in comparison to -NPD and TAPC. Spiro-
TAD and o-NPD have the same HOMO level of —5.4 eV [79, 80]. The HOMO level
of TAPC is decreased by 0.4 eV (—5.8 eV [82]). This results in an increased barrier for
hole injection into this material, which explains the increased driving voltages in case
of TAPC. The hole mobility in o-NPD (t, 4 npp = 2.2 1073 cm?/Vs at a field of
2.5-10° V/cm) [82] is one order of magnitude higher than in Spiro-TAD (W spiro—TAD =
3.0-10~% cm?/Vs at a field of 2.0- 103 V/cm) [107], which is in contradiction to the
observed driving voltages. At the interface between the doped MeO-TPD and the o-
NPD no interface dipoles were observed [79]. Hence, the voltage increase in case of
0-NPD in comparison with Spiro-TAD may be induced by interface dipoles at the 4P-
NPD interface.

In case of TPBI, the highest external quantum efficiency is achieved with TAPC as elec-
tron blocking layer (1, = 5.4 %), in which case the hole injection is worst. Whereas,
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Figure 5.9: Most important properties of 4P-NPD OLEDs as described in Ta-
ble 5.3. The lowest driving voltage is achieved with Spiro-TAD as electron
blocking layer, followed by o.-NPD and TAPC. The highest external quantum
efficiency is achieved with TPBi and TAPC and the highest luminous efficacy
with BPhen and Spiro-TAD.

for BPhen the highest external quantum efficiency is achieved with Spiro-TAD (1, =
4.9 %), in which case the hole injection is best. By correlating enhanced quantum
efficiency with improved charge carrier balance, it can be concluded that the electron
injection with BPhen is better than with TPBi. Due to the driving voltage increase in
case of the TPBi/TAPC blocker combination in comparison to the BPhen/Spiro-TAD
combination (by AU = 0.8 V for j = 10 mA/cm?), the luminous efficacy is increased
for the combination BPhen/Spiro-TAD (1),,gphen/spiro—TAD = 2.7 Im/W, 1, 1pp; /TAPC =
2.2 Im/W at 1000 cd/m?). For illumination applications high luminous efficacies are
preferred against high external quantum efficiencies. From this point of view the com-
bination of BPhen as hole blocking and Spiro-TAD as electron blocking material is
best.

The device lifetime is measured for the four blocker combinations with the highest
luminous efficacy (Figure 5.10). The combination of TPBi and a-NPD reaches the
longest lifetime, which is 71, = 1 h at an initial luminance of 1000 cd/m?. If charge
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transport was not carried by 4P-NPD, the device lifetimes might be improveable. This
can be achieved by an appropriate matrix material. Experiments with TCTA, TPBi or
CBP (4,4’-N,N’-dicarbazole-biphenyl) as matrix material for 4P-NPD were not suc-
cessful and resulted in very low external quantum efficiencies around 1, = 1 %.

B S 1 TAPC; TPBi

1 alpha-NPD; TPBiI
alpha-NPD; BPhen
Spiro-TAD; BPhen

4 o n

t‘l/2 [h]

0.1

100 1000
initial luminance [cd/m’]

Figure 5.10: Device lifetime of the four OLEDs with the highest luminous efficacy.
None of the devices exceeds a lifetime of t|j, = 1 h at an initial luminance of

1000 cd/m?.

TPVAnNn

TPVAn is an anthracene derivative, which is applicable as bulk emitter (Figure 5.1).
It forms a smooth layer after thermal deposition and exhibits deep blue light emission
with a photoluminescence maximum at 450 nm (Figure 5.11) [21].

The HOMO and LUMO level are at —5.7 eV and —2.9 eV, respectively [21]. Due to
the low HOMO level, it is likely that hole injection into the emission layer is hindered.
Therefore, different combinations of hole transporting and electron blocking materials
are tested in order to optimise the hole injection (Table 5.4).

The HOMO level of TCTA is —5.9 eV, so that hole injection from TCTA to TPVAn
should not be hindered by high barriers. Hence, TCTA is used as electron blocking
layer. For improved injection of holes into the TCTA layer, either a-NPD (HOMO=
—5.4 eV) doped with 10 wt% of C60F36 or MeO-TPD (HOMO= —5.1 eV) doped
with 2 wt% of NDP-2 is used as hole transport layer. Because of the deeper HOMO
of a-NPD a reduced injection barrier to the TCTA is expected. Consequently, the
driving voltage for a current density of j = 10 mA/cm? reduces from 4.30 V to 3.55 V
when substituting the doped MeO-TPD for C60F36 doped a-NPD (Figure 5.12). The
improved charge balance results in external quantum efficiencies of up to 1, = 4 %.
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Figure 5.11: Photoluminescence spectrum of 1 mg/ml TPVAn in toluol excited at
Aexc. = 350 nm and the common electroluminescence spectrum of the devices
presented in Table 5.4.

Material d [nm]
Glass substrate

ITO 90
HTL 20
TCTA or a-NPD 10
TPVAn 10
TPBi 10
BPhen:Cs 35
Al 100

Table 5.4: Blue OLEDs based on the anthracene derivative TPVAn. In order
to improve the hole injection, two different hole transport layer systems are
applied. The first is MeO-TPD: (2 wt%) NDP-2 and the second is 0.-NPD:
(10 wt%) C60F 36.

The HOMO of TCTA is below the HOMO of TPVAn, which results in an unnecessary
high difference between the HOMO of the hole transport layer and this electron block-
ing layer. In order to further decrease the driving voltage, the TCTA layer is replaced by
a pure layer of o.-NPD. With a-NPD as electron blocking layer the voltage for a current
density of j = 10 mA/cm? reduces to 3.49 V. The achieved efficiencies are comparable
to the sample with TCTA as electron blocking layer.

The spectra of the investigated samples are identical. Therefore, only the spectrum
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Figure 5.12: Characteristics of the TPVAn based OLEDs as presented in Ta-
ble 5.4. By choosing C60F36 doped at-NPD as hole transport layer the driv-
ing voltage decreases significantly. The enhanced hole injection results in
improved charge carrier balance and increased external quantum efficien-

cies. Substitution of the electron blocking material TCTA with a-NPD does
not yield a strong improvements.

of the OLED with C60F36 doped a-NPD as hole transport layer and ¢-NPD as elec-
tron blocking layer is shown in Figure 5.11. The corresponding colour coordinates are
(x,y) =(0.151,0.131). This OLED reaches a lifetime of 7.5 h at an initial luminance of
1000 cd/m? (Figure 5.13), which is several orders of magnitude too low for application
in a product.
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Figure 5.13: Lifetime of the TPVAn based OLED as presented in Table 5.4 with
C60F36 doped a-NPD as hole transport layer and pure o.-NPD as electron

blocking layer. At an initial luminance of 1000 cd/m? this device reaches a
lifetime of 7.5 h.
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5.1.3 Comparison

The presented collection of fluorescent blue emitters shows that it is possible to achieve
high efficiencies with host-guest systems as well as bulk emitters. However, among the
four presented fluorescent blue emitters the host-guest systems yield longer lifetimes.
With the combination of MADN and TBPe lifetimes of up to 850 h at an initial lumi-
nance of 1000 cd/m? are reached. Concentrations of 1 wt% are typical for emitters
in fluorescent host-guest systems. Whereas it might be difficult to deposit layers with
these low emitter concentrations homogeneously, the neat layers of bulk emitters are
more easily processable. Table 5.5 summarises the most important properties of the
OLEDs which were examined in this section.

Material AgL [nm] X, y) Mg %l n[Im/W] t;); [h]
MADN: TBPe
a-NPD/ TPBi 463 (0.130,0.168) 4.2 4.3 100
a-NPD/ Alqgs 463 (0.140,0.199) 3.3 4.0 850
Spiro-Pye: DBzA 472 (0.168,0.230) 5.1 7.1 40
4P-NPD
TAPC/ TPBi 430 (0.152,0.071) 5.1 2.2 0.9
Spiro-TAD/ BPhen 430 (0.152,0.071) 4.4 2.7 0.4
TPVAn 455 (0.151,0.131) 3.5 34 7.5

Table 5.5: A collection of the properties of the examined fluorescent emitters in-
cluding the emission peak of the electroluminescence, colour coordinates, ex-
ternal quantum efficiency, luminous efficacy and device lifetime at 1000 cd/m?.
In case of MADN:TBPe and 4P-NPD, the results achieved with two differ-
ent blocker combinations are presented (electron blocking layer/ hole blocking
layer).
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5.2 Triplet Harvesting

In this section the concept of triplet harvesting is introduced. After dis-
cussing the basic principle and a possible implementation, three-colour de-
vices based on this principle will be demonstrated. The parameters which
have the strongest influence on the efficiency and the spectral shape of light
emission are investigated in detail by means of a simplified two colour de-
vice. For these experiments, the transfer of triplets is limitted to a single
phosphorescent emitter.

Stable phosphorescent blue emitters with deep blue colour coordinates are not yet avail-
able. Hence, the achievable colour coordinates and the colour rendering index (CRI) of
white OLEDs is limited [17, 18]. Fluorescent emitters achieve deep blue emission and
improve the colour quality of white OLEDs. However, due to spin statistics three out
of four excitons are triplet excitons (see Section 3.1.2) and recombine non-radiatively.
Thus, efficiencies of OLEDs based on fluorescent emitters are limited.

(a) the principle (b) a realisation
fluorescent + phosphorescent
blue emitter red emitter {3} triplets
X singlets
S1 S1 A -
; ; N o
T1 T S — T orimari I LUMO
5 5 N\ exciton red primarily hole
— blocking phos. hole conducting - blocking
layer  dopand blue singlet layer
. emitter
®
S0 S0 ~_ 2 —~—T7T  ——HOMO

Figure 5.14: (a) The principle of triplet harvesting: By transferring otherwise un-
used triplet excitons from the fluorescent to a phosphorescent emitter, internal
quantum efficiencies of up to 100 % are possible. (b) An implementation of
the concept of triplet harvesting: Applying a primarily hole conducting flu-
orescent blue emitter will result in an exciton generation zone close to the
hole blocking layer. Having a shorter lifetime, singlets will rapidly recom-
bine close to the place where they are generated, whereas triplets may diffuse
inside the emission layer towards a phosphorescent red emitter.

The idea behind the concept of triplet harvesting is to transfer these otherwise lost
triplets to a phosphorescent emitter, where they can emit light (Figure 5.14 (a)). By
implementing this principle in a white OLED, internal quantum efficiencies of up to
100 % are possible despite the use of a fluorescent blue emitter.
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In order to achieve efficient white light emission with a strong blue fraction, triplet
transfer has to be optimised and singlet transfer hindered simultaneously. The different
lifetimes of singlets, which are in the range of nanoseconds, and triplets, which exceed
microseconds, result in different diffusion lengths [108, 109]. This difference can be
utilised to separate singlets and triplets [23]. Figure 5.14 (b) illustrates the implementa-
tion of this approach. If a blue fluorescent bulk emitter is chosen which is favouring the
transport of one charge carrier type, the exciton generation zone will be located close
to the interface of the corresponding blocking layer. Singlets, having a shorter lifetime,
will rapidly recombine close to the place where they are generated, whereas triplets
may diffuse inside the emission layer. If a part of the emission layer close to the oppo-
site blocking layer is doped with a phosphorescent emitter, triplets will be transferred
to this emitter and emit light. It is apparent that the success of this approach depends
on the choice of the blue emitter. Therefore, the process of selecting an appropriate
candidate is discussed in the following section.

5.2.1 Choice of Blue Emitter

An efficient bulk emitter is important for separation of singlets and triplets. Along with
the bulk emitters TPVAn and 4P-NPD introduced in Section 5.1.2 the matrix material
MADN was considered as potential emitter. The main criteria for selecting the emitter
is its triplet gap, which should be above the triplet gap of the applied phosphorescent
emitter, to allow for triplet transfer. However, a direct measurement of the triplet gap by
delayed phosphorescence was not possible for MADN and TPVAn because of the ef-
fects of strong delayed fluorescence [110]. Therefore, an indirect approach was chosen
for the determination of the triplet gap. Both were tested as matrix material for differ-
ent phosphorescent emitters. In case of the MADN, light output was too low for device
evaluation, which implies that the transfer of singlets from the MADN to the phospho-
rescent emitters and the back transfer of triplets are very efficient. Therefore, MADN
is not suitable as matrix material for phosphorescent emitters in the visible wavelength
region.

TPVAn was tested as matrix material for two different phosphorescent emitters. The
samples have an architecture corresponding to Table 5.4 with C60F36 doped o-NPD as
hole transport material and pure o-NPD as electron blocking layer. In the first OLED,
10 wt% of Ir(dhfpy),acac and in the second, 10 wt% of Ir(MDQ),acac are mixed into
the TPVAn layer. Both emitters were introduced in Section 3.2.4. The contribution of
Ir(dhfpy),acac emission in the electroluminescent spectrum is very small (Figure 5.15).
In case of Ir(MDQ),acac, the phosphorescent emission is stronger, but still below the
fluorescent emission. The external quantum efficiencies of both devices are below
0.1 %. Hence, TPVAn is also not applicable as host for phosphorescent emitters in
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the visible wavelength region.
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Figure 5.15: Spectra and external quantum efficiencies of OLEDs using TPVAn
as matrix material for the phosphorescent emitters Ir(dhfpy),acac and
Ir(MDQ),acac. The low share of the phosphorescent emission and the low
efficiencies imply that TPVAn is not suitable as matrix for these phosphores-
cent emitters, because of a too low triplet energy of the fluorescent emitter.

A small triplet gap seems to be typical for anthracene derivatives as Singh et al. were
able to measure a triplet gap of 1.83 eV for anthracene crystals [111]. Instead of TPVAn
and MADN, 4P-NPD is chosen as blue emitter for the following experiments. For
triplet transfer to a phosphorescent green emitter, a blue emitter is needed, which fea-
tures a triplet above 2.45 eV. 4P-NPD does not meet this requirement. However, the
triplet gap of 4P-NPD (2.3 eV [23]) allows for triplet transfer to emitters emitting in the
yellow and red wavelength region (A > 540 nm). The highly efficient emission with
deep blue colour coordinates is advantageous for application in white OLEDs. Further-
more, the primarily hole transporting 4P-NPD fulfils the prerequisite of a sharp exciton
generation zone close to one of the blocking layers.

5.2.2 Harvesting by Two Phosphorescent Emitters

Combining two emitters is sufficient for achieving white colour coordinates. However,
the gap in the spectrum of a two-colour OLED will result in poor colour rendition
properties. In order to achieve high quality white light, the emission of at least three
emitters, covering the blue, green, and red wavelength range, has to be mixed.

The approach of triplet harvesting after diffusion is a possible way to realise an effi-
cient three-colour white OLED. Because 4P-NPD does not allow for triplet transfer to
a phosphorescent green emitter, triplet harvesting from a fluorescent emitter to two dif-
ferent phosphorescent emitters will be investigated by the use of a model. This model
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OLED will illustrate how to design a three-colour white triplet harvesting OLED. 4P-
NPD is used as blue emitter and matrix for the red emitter [r(MDQ),acac as well as the
yellow emitter Ir(dhfpy)sacac, which represents the green emitter in this model. Both
emitters were introduced in Section 3.2.4. The complete architecture of this OLED is
presented in Table 5.6. The excitons are generated at the interface to the hole block-
ing material BPhen and diffuse towards the anode. Exciton transfer to BPhen can be
excluded, because the singlet (S; = 3.2 eV) and the triplet energy (T; = 2.58 eV) of
BPhen are higher than those of 4P-NPD (S; =2.85 eV, T = 2.3 eV) [15]. Two sec-
tions of the 4P-NPD close to the Spiro-TAD are doped with the phosphorescent emit-
ters. While diffusing towards the anode, triplets will first arrive at the emitter with
the larger triplet energy (Ir(dhfpy),acac) and afterwards at the emitter with the lower
triplet energy (Ir(MDQ),acac). Direct excitation of the phosphorescent emitters can be
neglected, because of the low electron mobility in 4P-NPD (Section 5.1.2).

Material d [nm]

Glass substrate

ITO 90
MeO-TPD: NDP-2 20: (2 wt%)
Spiro-TAD 10
4P-NPD: Ir(MDQ),acac 10: (8 wt%)
4P-NPD: Ir(dhfpy),acac  0/5/10: (10 wt%)
4P-NPD 10

BPhen 10
BPhen:Cs 35

Al 100

Table 5.6: Stack of the three-colour triplet harvesting OLED investigated in this
section. Excitons are generated at the interface between 4P-NPD and BPhen.
The excitation distribution between the two triplet emitters Ir(MDQ),acac and
Ir(dhfpy)acac is controlled by the thickness of the layer doped with the latter.

The spectra in Figure 5.16 show that Ir(MDQ),acac (the peak at 605 nm) as well as
Ir(dhfpy),acac (the peak at 557 nm) are excited and that the excitation distribution
between them can be controlled by the thickness of the Ir(dhfpy),acac doped layer.
Applying the optical simulation which is introduced in Section 4.4, the internal excita-
tion distribution can be calculated. It is presented in Figure 5.17 for varying thickness
of the layer doped with the yellow emitter. For a layer thickness of 10 nm, 36 % of the
harvested triplets reach the red emitter. Figure 5.18 illustrates how the shift of excita-
tion from the red to the yellow emitter affects the colour coordinates of the OLED. The
colour coordinates of the OLED without the yellow emitter are (x,y) = (0.403,0.252).
For a thickness of Ir(dhfpy),acac doped 4P-NPD of 5 nm and 10 nm the colour coor-
dinates shift to (x,y) = (0.382,0.287) and (x,y) = (0.363,0.323), respectively. With
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Figure 5.16: Spectra of three-colour triplet harvesting OLEDs at a constant cur-
rent density of j = 1.48 mA/cm?. The corresponding architecture is presented
in Table 5.6. Both triplet emitters are excited. The excitation distribution can
be controlled by the thickness of the Ir(dhfpy),acac doped layer.
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Figure 5.17: Internal excitation distributions corresponding to the spectra pre-
sented in Figure 5.16 and calculated according to the algorithm which was
presented in Section 4.4.2. The stacks of these devices are introduced in Ta-
ble 5.6. For a layer thickness of 10 nm, 36 % of the harvested triplets reach
the red emitter.

this emitter combination, the Planckian locus can only be reached, if the Ir(MDQ),acac
is completely suppressed. Precise colour point control can be accomplished by layer
thickness variation within the order of magnitude of a typical layer thickness in an
OLED. Hence, no special requirements concerning the precision have to be met by the
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deposition tools. Presuming that a blue emitter can be found which allows for triplet
transfer to a green phosphorescent emitter, this approach is well suited for the develop-
ment of a white OLED stack for large-scale production.
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Figure 5.18: Colour coordinates of the discussed three-colour triplet harvesting
OLEDs. The variation of the Ir(dhfpy),acac layer thickness allows for precise
colour point control. Because this variation is in the order of magnitude of a
typical layer thickness in an OLED, no special requirements concerning the
precision have to be met by the deposition tools.

The external quantum efficiency and the luminous efficacy of the three OLEDs are
summarised in Figure 5.19. For Ir(dhfpy),acac a decreased quantum efficiency was
observed in comparison with [r(MDQ),acac [105]. Consequently, the external quantum
efficiency at 1000 cd/m? decreases with an increasing amount of triplets recombining
on the yellow emitter from 1, = 11 % for the device without Ir(dhfpy)acac to 1, =
9 % for the device with a 10 nm interlayer of Ir(dhfpy),acac doped 4P-NPD. This is
a problem connected to this particular emitter and not to the stack design. Despite
a decreasing external quantum efficiency, the luminous efficacy increases from 7, =
13.4 1Im/W (dyy(gnfpy)sacac = 0 nm) to 1, = 15.4 Im/W (dyy(anfpy),acac = 10 nm), because
of the beneficial position of the yellow emitter with regard to the maximum of the V),
function. Although the achieved efficiencies are comparable low, one should keep in
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mind that this approach bears the potential for higher efficiencies, because the optical
cavities of these OLEDs are not adjusted to the emission of the emitters. Furthermore,
the thickness of the pure and the doped 4P-NPD layer as well as the concentration of
the emitters are not optimised for the triplet harvesting process. The large potential of
this approach will be demonstrated in the next section.
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Figure 5.19: External quantum efficiency and luminous efficacy of the devices in-
troduced in Table 5.6. The corresponding electroluminescence spectra are
presented in Figure 5.16.

5.2.3 Detailed Investigation of the 4P-NPD/Ir(MDQ),acac System

For illumination purposes the above achieved efficiencies need to be improved. For
reasons of simplicity, the optimisation is done for an OLED with only a single phos-
phorescent emitter. Due to its higher efficiency, the red emitter [r((MDQ),acac is chosen
for these experiments. Although triplet harvesting to a phosphorescent green emitter
is not possible, the optimised 4P-NPD/Ir(MDQ),acac system can be used to design
a white OLED. An approach to achieve highly efficient white light emission is pre-
sented in Section 5.5, where the spectral gap in the green range of the optimised 4P-
NPD/Ir(MDQ);acac system is filled by stacking of a second full phosphorescent unit
on top of this device.

The parameters besides the right choice of blocking materials, which influence the ef-
ficiency and the spectral shape of the emission, are the concentration of the red emitter
and the thickness of the red doped emission layer. These parameters have to be chosen
such that all triplets, which diffuse to this layer, are transferred to the red emitter and
contribute to the emission of light. The thickness of the pure 4P-NPD layer is equiv-
alent to the diffusion length. A reduction of this thickness will enhance the amount of
triplets which are available for harvesting at the cost of additional transfer of singlets
to the red emitter. The optimisation of the stack with respect to these parameters will
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be presented in the following paragraphs. The charge and exciton blocking materials
BPhen and Spiro-TAD are chosen according to Section 5.1.2, where the highest lumi-
nous efficacy for blue 4P-NPD OLEDs was achieved with this blocker combination.
The cavity of the test devices is optimised for red emission, because three out of four
excitons are triplets and in the ideal case all triplets are transferred to the phosphores-
cent red emitter. Table 5.7 illustrates the common stack of the OLEDs presented in
the following paragraphs. The thickness variations of the two sections of the emission
layer are compensated by the transport layers, in order to keep both the cavity length
and the position of the red emission inside the cavity constant.

Material d [nm]

Glass substrate

ITO 90
MeO-TPD: NDP-2 70—X: (2 wt%)
Spiro-TAD 10

4P-NPD: Ir(MDQ)»acac X: (C wt%)
4P-NPD Y

BPhen 10
BPhen:Cs 60—Y

Al 100

Table 5.7: Common stack of the triplet harvesting OLEDs discussed in this sec-
tion. The thickness variations of the two sections of the emission layer are com-
pensated by the transport layers, in order to keep the cavity length constant and
the red emission at a constant position inside the cavity.

Influence of the Ir(MDQ),acac Concentration

To study the influence of the Ir(MDQ),acac concentration, the thickness of each layer
is kept constant. The thickness of the mixed layer is 20 nm and the thickness of the
pure 4P-NPD layer is 5 nm. The concentration of Ir(MDQ)»acac is varied in the range
of 2...15 wt%. The spectra in Figure 5.21 exhibit a dependence of the blue peak on
the red emitter concentration. Additionally, the rising Ir(MDQ);acac concentration is
accompanied by a decrease of the external quantum efficiency for values above 5 wt%.
This can be explained by Ir(MDQ),acac participating in charge transport and thereby
influencing the charge balance. The situation is illustrated in Figure 5.20. Because
the HOMO of Ir(MDQ),acac (—5.4 eV?) is 0.3 eV higher than the HOMO of 4P-
NPD (—5.7 eV [106]), hole transport may be hindered by trapping on the red emitter
molecules for low concentrations. The decreased hole concentration at the interface

3UPS-measurement done by Selina Olthof at the IAPP
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to the hole blocking layer results in an improved charge carrier balance, which is in-
dicated by an increased external quantum efficiency and blue emission. For higher
concentrations hopping transport on the red emitter becomes more likely because of
an alignment of the HOMO levels of Spiro-TAD (—5.4 eV [80]) and Ir(MDQ),acac.
Due to this alignment, the barrier for hole injection into Ir(MDQ),acac is lower than
for injection into 4P-NPD. Due to the increased hole injection, the quantum efficiency
decreases for higher Ir(MDQ);acac concentration.

Vacuum level

Spiro-TAD 4P-NPD:
Ir(MDQ),acac
-5.4¢eV 5.4 eV
HOMO C_\; T —
-5.7 eV

Figure 5.20: Illustration of the charge injection at the interface between the emis-
sion layer and Spiro-TAD assuming vacuum level alignment. Due to good
alignment of the HOMO levels of Spiro-TAD and Ir(MDQ ),acac, hopping
transport via the dopant is getting more likely for higher concentrations of

Ir(MDQ),acac.
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Figure 5.21: External quantum efficiencies and spectra for OLEDs with varying
Ir(MDQ)>acac concentration. The external quantum efficiencies are deter-
mined by a goniometer measurement. All spectra are measured at a constant
current density of j = 0.77 mA/em?*. Highest efficiencies and strongest red
emission are achieved for a concentration of 5 wt%.

For concentrations below 5 wt% the red emission decreases. The ratio between the
peak heights of Ir(MDQ),acac and 4P-NPD decreases from red/blue = 6.50 at 5 wt%
to red /blue = 4.94 at 2 wt%, which means that for a concentration of 2 wt% less triplets
are harvested. Highest efficiencies and strongest red emission are achieved with an
concentration of 5 wt% for Ir(MDQ),acac.
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Influence of the Thickness of the Ir(MDQ),acac layer

By reducing the thickness of the Ir(MDQ),acac layer, it is possible to reduce driv-
ing voltages, which results in increased luminous efficacies. However, a thin layer
can at the same time result in a loss of triplet excitons. Here, the thickness of the
Ir(MDQ),acac doped part of the 4P-NPD is varied in the range of 5...20 nm. The red
emitter concentration is 5 wt% and the thickness of the pure 4P-NPD layer is 5 nm. The
corresponding spectra are plotted in Figure 5.22. The spectral shape is independent of
the thickness of the Ir(MDQ)acac layer. The conclusion is that already at a thickness
of 5 nm all triplets which reach the mixed layer are transferred to the red emitter. As ex-
pected, luminous efficacies are slightly increasing for decreasing thickness. Due to the
high hole mobility in 4P-NPD, this effect is rather weak. Further reduction of the layer
thickness will not result in closed layers. Therefore, 5 nm is the minimum required
layer thickness.
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Figure 5.22: Current-voltage and luminance-voltage characteristic, luminous
and emission spectrum depending on the thickness of the
Ir(MDQ),acac doped layer. The luminous efficacies are determined by go-
niometer measurements. The shape of the spectrum does not change, but the
driving voltage decreases with the thickness of the emission layer. Therefore,
the highest luminous efficacy is achieved with a thickness of 5 nm.

efficacy,



5.2 Triplet Harvesting 81

Influence of the Thickness of the 4P-NPD layer

Adjusting the thickness of the pure 4P-NPD layer is related with a trade off between
efficient triplet transfer and low singlet transfer to the red emitter. The dependence
of the excitation distribution on this layer thickness is investigated in steps of 3 nm
starting from 5 nm. The other parameters are chosen according to the results of the
previous paragraphs. The thickness of the [r(MDQ),acac layer is 5 nm and the emitter
concentration is 5 wt%. As mentioned above, the total cavity length is constant and red
emission is at a constant position inside the cavity. Because singlets recombine close
to the interface between BPhen and 4P-NPD, the position of blue emission will change
inside the cavity. Therefore, it is impossible to derive a statement about the exciton
distribution directly from the shape of the external spectra (Figure 5.23), but it has to
be deduced from optical simulations.
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Figure 5.23: Spectra of triplet harvesting OLEDs with different diffusion path
length. Measurement is done at a constant current density of j = 7.7 mA/cm?.
With decreasing diffusion path length, red emission increases. The internal
excitation distribution can be derived according to Section 4.4.2 and is pre-

sented in Table 5.8.

By applying the method which was introduced in Section 4.4.2, internal excitation dis-
tribution and maximum quantum efficiencies can be calculated. The results of these cal-
culations are summarised in Table 5.8. For a layer thickness of 5 nm, the ratio between
emitting singlets and triplets is close to the ideal value of 3 : 1. If triplet-harvesting
is taking place, the internal quantum efficiency can reach 100 %. The maximum of
the external quantum efficiency of this device according to the calculation presented in
Section 4.4.2 can roughly be estimated to be 1, ~ 18 %. Figure 5.24 demonstrates that
this value is almost reached for low brightness. Hence, only an insignificant part of the
singlets is transferred to the red emitter and the decreasing blue peak is induced by the
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above mentioned change of optics for blue emission (Figure 5.23). Due to a small roll-
off, the external quantum efficiency decreases to a value of 1, = 16 % at 1000 cd/m?.
These values are determined by a goniometer measurement.

d4p_NpD red blue
[nm]  [%] [%]

Nint,noTH  Tint, TH

14 509 49.1
11 574 42.6
8 65.6 344
5 78.0 22.0

[%] [%]

404 509
439 587
492 726
60.3  100.0

Table 5.8: Internal excitation distribution corresponding to the spectra presented
in Figure 5.23. The maximum internal quantum efficiency with and without the
effects of triplet harvesting is calculated by the use of the method introduced
in Section 4.4.2. For a layer thickness of the pure 4P-NPD of 5 nm, the ratio
between emitting triplets and singlets is close to the triplet harvesting optimum
of 3 : 1 and an internal quantum efficiency of 100 % is possible.
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Figure 5.24: External quantum efficiency against luminance for the best triplet-
harvesting OLED. The external quantum efficiencies are determined by
a goniometer measurement. The stack is presented in Table 5.7. The
Ir(MDQ),acac concentration is 5 wt%. The thickness of the Ir(MDQ)acac
and the thickness of the pure 4P-NPD layer are both 5 nm.

This OLED is the final result of the optimisation process. Besides highly efficient triplet
harvesting, this device comprises good colour stability with respect to different driving
conditions. This can be explained by a strong pinning of the exciton generation zone
to the interface between emission and hole blocking layer, caused by the difference
between hole and electron mobility (Section 5.1.2). This pinning of the exciton gen-
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eration to the interface results in a constant diffusion path length for different driving
voltages and high colour stability is achieved (Figure 5.25).
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Figure 5.25: Spectrum of the optimised triplet-harvesting OLED at different
brightness values. The spectra are divided by the driving current and describe
a spectral efficacy. The stack is presented in Table 5.7. The Ir(MDQ)acac
concentration is 5 wt%. The thickness of the I(MDQ ),acac and the thickness
of the pure 4P-NPD layer are both 5 nm.
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5.3 Electroluminescence of Different Phosphorescent
Materials in a Single Layer

In this section the combination of different phosphorescent emitters in a
common matrix material is investigated. It will be shown in detail, how to
achieve well balanced emission from both emitters at the same time and
increase the overall efficiency by adjusting the doping concentrations.

Minimising the number of layers can highly contribute to reduce the production costs
of a future product. Regarding three-colour hybrid white OLEDs, it should be possible
to simplify the OLED architecture by combining both phosphorescent emitters in a
single layer. The production costs of stacked OLEDs would be reduced as well, if it
were possible to combine more than one emitter in a single unit in a colour stable and
reproducible way. In Section 5.5 it will be shown, that a combination of the triplet
harvesting OLED from Section 5.2.3 and the OLEDs from the present section in a
stacked OLED will result in highly efficient white light-emitting OLEDs.

Several points have to be addressed concerning the combination of two different phos-
phorescent emitters in a single layer. How does the excitation of two different emitters
in triple blend layers happen? Is it possible to distinguish between direct charge carrier
recombination on the emitter molecules and recombination on the matrix with subse-
quent exciton transfer to the dopants? Which are the proper parameters for adjusting
the emission to desired colour coordinates? Is it possible to reach desired colour coor-
dinates without compromising on efficiencies?

optical excitation

electrical excitation
S1———=\° S1—7= \°¢

_é—é . é é_n

Figure 5.26: The sketch illustrates the difference between photo- and electrolumi-
nescence concerning the generation of singlet and triplet excitons. By optical
excitation, only singlets are generated and triplet states are excited by in-
tersystem crossing. In case of electrical excitation only one quarter of the
generated excitons are singlets.

100%
25%
75%

These questions have to be addressed by experiments with electroluminescent devices
rather than photoluminescence measurements on thin films. This is due to several rea-
sons. The main difference between photoluminescence and electroluminescence is the
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ratio between generated singlets and triplets (Figure 5.26). Due to spin statistics this
ratio is fixed to one to three in electroluminescent devices. This is in contrast to optical
excited thin films, where only singlets are generated. Another point is the increased
generation of excitons directly on the emitter molecules at high doping concentrations.
This leads to an excitation distribution among the involved materials which strongly
differs from the one achieved by optical excitation. In the latter case, the materials are
excited according to their absorbance at the excitation wavelength.

5.3.1 Combination of Highly Efficient Emitters

In the following, the energy transfer from the green emitter Ir(ppy);3 to the red emitter
Ir(MDQ),acac will be investigated. Both materials are well known phosphorescent
emitters with a photoluminescence yield close to unity [14, 112]. If this transfer is
lossless, this material combination has the potential of emitting any spectrum being a
combination of the emission of both emitters with an internal quantum efficiency of
100 %.

All devices discussed in this section have the common stack presented in Table 5.9.
The choice of matrix and blocker materials is based on a standard green single emis-
sion layer OLED. The emission layer is doped with an additional amount of the red
emitter Ir((MDQ),acac. The influence of both emitter concentrations is discussed in the
following paragraphs. The thickness of the transport layers is optimised for emission
in the yellow wavelength region. Hence, it is ensured that the light of both emitters is
almost equally coupled out of the OLED. For this purpose the emission affinity of the
stack was calculated beforehand (see Figure 5.27). This quantity describes the amount
of light which is coupled out of the device depending on the wavelength.

Material d [nm]

Glass substrate

ITO 90

NHTS5: NDP-2 25: (4 wt%)
Spiro-TAD 10

TCTA: Ir(ppy)s: 20: (X wt%): (Y wt%)
TPBi 10

BPhen:Cs 55

Al 100

Table 5.9: Common structure of the devices investigated in this section. The emit-
ter concentrations are varied, in order to clarify their influence on the device
characteristics, especially on the excitation distribution between both emitters.
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Figure 5.27: Simulated emission affinity for OLEDs as presented in Table 5.9,
with the light generation at the interface between emission and hole blocking
layer.

Variation of the Ir(ppy); Concentration

In this paragraph the influence of the Ir(ppy)s concentration on the device performance
is discussed. While the Ir(ppy)3; concentration is varied, the Ir(MDQ),acac concentra-
tion is kept constant at a low value of 0.5 wt%, to reduce the effects of Ir(MDQ)acac
on the electrical device properties.

The emission of Ir(MDQ),acac decreases with decreasing Ir(ppy)3; concentration (Fig-
ure 5.28). Due to the low concentration of the red emitter, direct recombination of
charge carriers on the Ir(MDQ),acac is unlikely. In the presence of higher concen-
trations of Ir(ppy)s, a part of the charge transport takes place on the green emitter
molecules. This assumption is backed by higher current densities for higher values of
Ir(ppy)3 concentration (Figure 5.30). Considering the position of the HOMO levels of
the electron blocking layer Spiro-TAD (—5.4 eV 4), the matrix TCTA (—5.9 eV [81])
and the emitter Ir(ppy)s (—5.1 eV [113]), one can conclude that direct hole injection to
the Ir(ppy)s is energetically favourable. This was confirmed by measuring the concen-
tration dependence of the current density in hole only devices [105]. Thus the excitons
are formed on the Ir(ppy)s and transferred to the red emitter. As illustrated in Fig-
ure 5.29, this excitation path is lost for low Ir(ppy)s concentrations and red emission
decreases.

In conclusion, efficiencies benefit from higher Ir(ppy)3; concentrations. Best results are
achieved with the established value of 8 wt% [13, 17, 114]. The efficiencies (up to 1, =

4UPS-measurement done by Selina Olthof at the TAPP in 2009
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Figure 5.28: Spectra of OLEDs with a stack according to Table 5.9. The Ir(ppy);
concentration is varied between 1 and 8 wt%, while the Ir(MDQ ),acac con-
centration is kept constant at 0.5 wt%. At this time, the measurement system
was not able to measure different spectra at the same current. Therefore, all
spectra are scaled to the measured radiant intensity at j = 1 mA/cm? after-
wards. The excitons are formed on the Ir(ppy)s and transferred to the red
emitter. This excitation path is lost for low Ir(ppy)s concentrations and red
emission decreases (Figure 5.29).
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Figure 5.29: Schematic representation of the excitation of Ir(MDQ )>acac doped
into an emission layer consisting of a mixture of TCTA and Ir(ppy)3. Due to its
low concentration, direct recombination on Ir(MDQ )acac is less likely. With
decreasing Ir(ppy)s concentration the important excitation path via these
molecules breaks down.
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Figure 5.30: Most important characteristics of the OLEDs discussed in this para-
graph. The stack is the same as presented in Table 5.9. While the Ir(ppy)3
concentration is varied, the Ir(MDQ),acac concentration is kept constant
at 0.5 wt%. The current dependence reveals the strong contribution of the
Ir(ppy)3 molecules to the charge transport. Efficiencies decrease with the
Ir(ppy)3 concentration, because fewer excitons are formed directly on the
emitter and the transfer of excitons to the emitter becomes less likely.

16.5 % and 1, = 43 Im/W at 1000 cd/m?; see Figure 5.30), reached with this OLED
design, exceed the efficiencies of normal single emission layer green OLEDs and are
comparable to those of the more sophisticated double emission layer OLEDs [13]. This
is a hint for Ir(MDQ),acac having a positive influence on the charge carrier balance,
despite its low concentration.

Variation of the Ir(MDQ),acac Concentration

Another parameter influencing the shape of the emitted spectrum is the concentration
of the red emitter. Its influence will be investigated in this paragraph. For the following
experiments, the Ir(ppy)s concentration is kept constant at 8 wt%, which is the opti-
mum value derived in the previous paragraph. Figure 5.31 demonstrates the influence
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of the Ir(MMDQ),acac concentration on the emitted spectrum. As one would expect,
red emission increases with increasing Ir(MDQ),acac concentration. While the spec-
tral shape strongly changes, the external quantum efficiencies stay almost constant at
16.5 % (Figure 5.32). It is evident that the energy transfer between both emitters is very
efficient and not attached to significant loss mechanisms.

1.4x10°F I(MDQ),acac:  —— 0.5 wt%;
o 1.2x10° F — 0.8 wt%|
O — i o/
cE 6 — 1.0 wt%]
3 € 1'0X1O_7 - —— 8.0 wt%
¢ & 8.0x10 i ]
g 5 6o0x107f -
g 2 4.0x107| 1
® 2.0x107} .

0.0 L

400 500 600 700 800

wavelength [nm]

Figure 5.31: Spectra of OLEDs with a stack according to Table 5.9. The
Ir(MDQ),acac concentration is varied between 0.5 and 8 wt%, while the
Ir(ppy)3 concentration is kept constant at 8 wt%. At this time, the mea-
surement system was not able to measure different spectra at the same cur-

rent. Therefore, all spectra are scaled to the measured radiant intensity at
j=1mA/cm? afterwards.

The influence of the Ir(MDQ),acac concentration on the current-voltage dependence is
not very strong, but the presence of the red emitter has some positive influence on the
device performance. As already mentioned above, the devices perform better due to
enhanced charge carrier balance, compared with standard green single emission layer
OLEDs. Another striking feature is the weak roll off of the external quantum efficiency,
which is attributed to suppressed triplet-triplet annihilation as a result of a broadened
charge carrier recombination zone.

Because both emitters are homogeneously distributed in the emission layer, the spectral
shape is independent of the spatial position of the recombination of the charge carriers.
Therefore, high colour stability against changes in driving conditions is typical for all
OLED:s in this section. This is shown by an example device with an Ir(MDQ)acac
concentration of 1 wt% in Figure 5.33, which presents the normalised spectra of this
OLED at different luminance. The slight spectral changes result in a very low shift of
the corresponding CIE-coordinates from (0.484,0.491) at 100 cd/m? to (0.489,0.487)
at 1000 cd/m?.
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Figure 5.32: Most important characteristics of the OLEDs discussed in this para-
graph. The stack is the same as presented in Table 5.9 with a constant Ir(ppy)3
concentration of 8 wt%. The external quantum efficiency is almost indepen-
dent of the red emitter concentration and features a very low roll off.

For OLEDs comprising two different phosphorescent emitters in a single emission layer
one can summarise as follows: In order to optimise an OLED for emission at a specific
colour point, in a first step one should fix the concentration of the emitter with the larger
triplet gap to a value, which ensures good energy transfer to the emitter, but which is
low enough to avoid quenching effects between the single emitter molecules. In the
discussed system this is a concentration of 8 wt% for Ir(ppy)s. In the next step the
concentration of the emitter with the lower triplet gap can be varied until the desired
spectrum is achieved, because no loss in the quantum efficiency is expected. In case
of Ir(MDQ),acac, a concentration of 8 wt% is sufficient to transfer almost all excitons
to the red emitter, whereas balanced emission of both emitters can be achieved with an
Ir(MDQ),acac concentration of 0.5 wt%.
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Figure 5.33: Spectra measured at different brightness values. The Ir(ppy)s and
the Ir(MDQ)acac concentration are 8 wt% and 1 wt%, respectively. The
spectral shape is almost independent of the driving conditions.
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5.3.2 Combination of a Highly with a Less Efficient Emitter

Ir(dhfpy),acac is a yellow phosphorescent emitter, which features a photoluminescence
spectrum with the maximum at 557 nm (Section 3.2.4). Hence, it is not suitable as green
emitter in three-colour white OLEDs. However, its emission fills the gap between
Ir(ppy)s and Ir(MDQ),acac. It is obvious that combining a three-colour device with
Ir(dhfpy),acac will lead to an increased CRI. Because the spectrum of this emitter fits
very well to the maximum of the V function, this will lead additionally to an increase
of the luminous efficacy. However, a decreased quantum efficiency in comparison with
Ir(MDQ),acac was observed [105]. Given that only a small contribution of this emitter
is required in a four-colour white OLED, a small loss of quantum efficiency might be
acceptable. Whether Ir(dhfpy),acac is still suitable for application in white OLEDs will
be discussed in the following paragraphs.

Influence of the Ir(dhfpy),acac Concentration

The experiments in this section are based on a stack similar to that examined in sec-
tion 5.3.1 (For details see Table 5.10). The concentration of Ir(ppy)s is fixed to 8 wt%
and the cavity length is adjusted to enhance the outcoupling of Ir(dhfpy).acac emission.
Due to the lower yield of Ir(dhfpy);acac, a decrease of external quantum efficiency
is expected in comparison with a device with only Ir(ppy)s doped into the emission
layer. However, the external quantum efficiencies strongly increase instead, because of
a positive influence of the Ir(dhfpy),acac molecules on the charge carrier balance. As
shown in Figure 5.34, the external quantum efficiencies increase from 12 % to 16 %
(at 1000 cd/m?) by mixing a low concentration of 0.1 wt% Ir(dhfpy),acac into the
emission layer. The external quantum efficiency rises further to 16.5 %, when the con-
centration is increased to 0.5 wt%, and drops again for higher values.

Figure 5.35 illustrates that this efficiency increase is not due to a higher yield of the
yellow emission, but rather an increase of the green Ir(ppy); emission. As mentioned
above, the primarily hole conduction of a TCTA layer is even more pronounced in
the presence of Ir(ppy)s;. Hence, an improvement of the charge carrier balance could
be achieved by enhanced electron injection. However, the low concentrations do not
allow an additional electron transport channel on the Ir(dhfpy),acac molecules. This
is supported by the fact that the current voltage dependence does not increase with
the concentration of the yellow emitter (Figure 5.34). One can conclude that the
improved charge carrier balance is based on an interference of the hole transport by
Ir(dhfpy),acac.
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Material d [nm]

Glass substrate

ITO 90

MeO-TPD: NDP-2 50: (2 wt%)
Spiro-TAD 10

TCTA: Ir(ppy)3: 10: (8 wt%): (X wt%)
TPBIi 10

BPhen:Cs 50

Al 100

Table 5.10: Common structure of the devices investigated in this section. The yield
of Ir(dhfpy),acac is considerably lower than that of Ir(MDQ)acac. The con-
centration of Ir(dhfpy),acac is varied, in order to estimate the strength of loss
mechanisms induced thereby in such a mixed layer.

5 102 ' ' £ HZO [ ' ' ' Ir(dhfpy),acac:
D~ £ X151 { —=—0.0wWt%
ko cE>10 53 { —o—-0.1wt%
2 <102 = 510- 1 —42—-0.5wt%
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Figure 5.34: Influence of the Ir(dhfpy),acac concentration on the device charac-
teristics. The external quantum efficiencies are determined by goniometer
measurement. The corresponding stack is presented in Table 5.10. Although
the influence on the current voltage dependence is very weak, the effect on the
charge carrier balance is not neglectable as indicated by the strong increase
of the external quantum efficiencies in the presence of Ir(dhfpy),acac.

Comparison to Ir(MDQ),acac Containing Devices

A comparison to the Ir(MDQ),acac containing samples of section 5.3.1 will provide
a deeper inside into the strength of the loss mechanisms induced by Ir(dhfpy),acac.
Here, three OLEDs with an Ir(ppy)s concentration of 8 wt% are compared. The focus
is on a pure Ir(ppy)s and an Ir(dhfpy)sacac (1 wt%) doped OLED. Additionally, an
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Figure 5.35: Electroluminescence spectra of OLEDs based on the stack presented
in Table 5.10. All spectra are measured at the same current density of
j=0.77 mA/em?. At first, Ir(ppy)3 emission increases with Ir(dhfpy)racac
concentration due to improved charge carrier balance and than decreases as
more excitons are transferred to the yellow emitter.

Ir(MDQ),acac OLED based on the stack presented in Table 5.9 is taken into account.
Ir(dhfpy),acac as well as Ir(MDQ),acac positively affect the charge carrier balance. In
case of Ir(MDQ),acac, the external quantum efficiency at 1000 cd/m? is increased from
12 % to 17 % in comparison with the pure Ir(ppy); device (Figure 5.36). Due to the
lower yield of Ir(dhfpy),acac this gain is less pronounced for the corresponding device
and results in an external quantum efficiency of 16 %. Despite the decreased external
quantum efficiency, the Ir(dhfpy),acac OLED is characterised by a luminous efficacy
at 1000 cd/m? of 58 Im/W, which is a strong gain compared with the 42 Im/W of the
Ir(MDQ),acac device. The slightly higher driving voltage in case of the Ir(MDQ),acac
OLED is caused by the thicker emission layer of this device. However, this is not the
reason for the strong difference in the luminous efficacy. Assuming the same current
voltage characteristics for the Ir(MDQ),acac as for the Ir(dhfpy),acac OLED, the lu-
minous efficacy would only increase to 45 Im/W>.

By plotting the spectra of these OLEDs together with the V, function (as done in
Figure 5.37), it becomes clear that the increase of the luminous efficacy in case of the
Ir(dhfpy),acac is due to its better position with respect to the sensitivity of the human
eye. The results in this section strongly endorse the application of Ir(dhfpy),acac in
white OLEDs, because an increase of the luminous efficacy is possible without shifting

SWhich is shown by the following calculation: The Ir(MDQ),acac device reaches a luminance of
1000 cd/m? at a current density of 2.27 mA/cm?. For this current density a voltage of 3.31 V needs to be
applied. The Ir(dhfpy),acac device reaches the same current density at a voltage of 3.08 V. The corrected
luminous efficacy follows as: M, corrected = Mv * Umeasured / Uassumed = 42 Im/W -3.31 V/3.08 V ~ 45 Im/W.
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the colour point into the green region.
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Figure 5.36: Comparison of Ir(ppy)s OLEDs with and without additional phos-
phorescent emitters mixed into the emission layer. Ir(dhfpy)racac as well
as Ir(MDQ ),acac affect the charge carrier balance positively. Although,
the quantum efficiency of the Ir(dhfpy)racac device is lower than that of
Ir(MDQ)»acac device, the luminous efficacy is strongly increased.
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Figure 5.37: Plot of the electroluminescence spectra of Ir(ppy)s OLEDs with and
without additional phosphorescent emitters mixed into the emission layer to-

gether with the V), function.
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5.4 Single Emission Layer White OLED

In this section a white OLED is presented, which combines the emission of
a fluorescent and two phosphorescent emitters in a single emission layer.

White OLEDs are typically composed of two or three emission layers, with different
molecules in each layer contributing to emission in a broad wavelength region [24, 44].
In order to accelerate the production process of a white OLED, it is convenient to re-
duce the number of its layers. This can be achieved by combining all emitters in a
single layer. For this purpose a stack is examined which is based on the experiments
in the previous section, where the phosphorescent emitters Ir(ppy)s and Ir(MDQ),acac
were combined in a mixed emission layer. Here, the spectrum of this emission layer
is extended by the emission of the fluorescent blue dopant TBPe (Table 5.11). In Sec-
tion 5.3.1 an optimum value of 8 wt% was derived for the Ir(ppy)3; concentration. At
this concentration all excitons are transferred to the phosphorescent emitters and singlet
emission is suppressed. With the intention to reduce the quenching of singlet emission,
the concentration of the phosphorescent emitters is reduced to ~ 1 wt%.

Material d [nm]

Glass substrate

ITO 90

MeO-TPD: F4-TCNQ 25: (4 mol%)

Spiro-TAD 10

TCTA: TBPe: Ir(ppy)s: Ir(MDQ),acac 20: (2.0 wt%): (1.2 wt%): (1.0 wt%)
TPBIi 10

BPhen:Cs 55

Al 100

Table 5.11: Architecture of a single emission layer white OLED. The combination
of all emitter molecules in a single emission layer results in a very high colour
stability against varying brightness.

As for the OLEDs in the previous section, the homogeneous distribution of the different
emitter molecules in the emission layer results in a high colour stability against vary-
ing brightness. The spectrum of this white OLED is almost independent of the lumi-
nance, which is emphasised by a very low shift of the corresponding colour coordinates
from (x,y) = (0.478,0.463) at 357 cd/m? to (x,y) = (0.477,0.455) at 2858 cd/m? (Fig-
ure 5.38). The correlated colour temperature is CCT = 2800 K and the colour rendering
index is CRI = 69.

A major drawback of this device is its low external quantum efficiency of 1, = 8 %
at 1000 cd/m?. Although the exact value of the triplet gap of TBPe is unknown, it
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can be concluded from the low efficiency that triplet harvesting is not taking place.
A fluorescent blue emitter with an energetically higher triplet gap has to be chosen.
The triplet gap of 4P-NPD allows for triplet transfer to Irf(MDQ),acac (Section 5.2.1).
Hence, green triplets which are transferred to this emitter would be transferred to the
red emitter afterwards. However, it was not possible to find an appropriate matrix
material for 4P-NPD. Another problem of this approach is that it is hard to control the
individual deposition rates of 4 different materials at the same time. The concentration
of one emitter is equally influencing the emission of all other emitters. Therefore, the
reproducibility of this stack is very low and an optimisation with regard to efficiency
and a certain colour point is hardly possible.
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Figure 5.38: Most important properties of a white OLED comprising three emit-
ter materials in a single emission layer. The device is characterised by a
very low colour shift from (x,y) = (0.478,0.463) at 357 cd/m* to (x,y) =
(0.477,0.455) at 2858 cd/m>. However, low efficiencies and poor repro-
ducibility are the major drawbacks of this device.
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5.5 Stacked OLEDs

The concept of stacked OLED:s is utilised to circumvent the limitations
of triplet harvesting regarding the triplet transfer to phosphorescent green
emitters. A fully phosphorescent unit comprising the emission of a yellow
and a green emitter is stacked on top of a triplet harvesting OLED, which
combines a fluorescent blue and a phosphorescent red emitter. An inde-
pendent optimisation of the connecting charge generation layer, results in
a strong decrease of the driving voltages. The efficiencies are further im-
proved by the use of a substrate with enhanced refractive index and out-
coupling enhancement by a macro extractor and a pyramid pattern.

In Section 5.2 the concept of triplet harvesting was introduced. By efficiently trans-
ferring otherwise lost triplets from the fluorescent to a phosphorescent emitter, internal
quantum efficiencies up to 100 % are possible. For this purpose, the triplet state of the
fluorescent emitter must be energetically higher than the triplet state of the correspond-
ing phosphorescent emitter. Most fluorescent blue emitters do not satisfy this require-
ment for triplet transfer to phosphorescent green emitters. Therefore, white emission
is usually achieved by direct recombination of a part of the excitons on the green emit-
ter [23]. The disadvantage of this method is the loss of singlets which are needed for
blue emission.

Another approach is the reduction of singlet-triplet splitting. This may result in fluores-
cent emitters allowing for triplet harvesting to green phosphorescent emitters, which,
however, introduces another problem. By reducing the energetic difference between
first excited singlet and triplet state, the inter system crossing rate is increased [64].
Although, the total efficiency in a triplet harvesting OLED may remain high, the blue
emission is reduced.

A possibility to extend the spectrum of the blue/red triplet harvesting OLED in the
green spectral region is the stacking of a second OLED on top of this device. The de-
vices are sandwiched between anode and cathode and are connected by a charge gener-
ation layer, where pairs of electrons and holes are separated [46, 47]. It has been shown
that this charge generation layer can be realised by a pn-junction formed by electrically
doped layers [46]. Because of the strong band-bending, charges are separated at the
interface between the hole and the electron conducting layer, when an electric field is
applied. The resulting stack is electrically equivalent to a monolithic series connection
of two independent OLEDs. Because external quantum efficiency and driving voltage
of the individual units add up, the luminous efficacy of a stacked OLED is comparable
to the single OLEDs.

The general advantages of stacked OLEDs are as follows. In the ideal case an additional
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electron is generated at every charge generation layer for every injected one. Hence,
the current density applied to reach a certain luminance is decreased proportional to the
number of units stacked on top of each other. This reduction of the current density is an
important feature for lighting applications, where devices with an large active area are
needed. The usual current densities for luminances around 1000 cd/m? would lead to
currents of several Amperes. It is obvious, that the stacking of OLEDs does not com-
pletely solve this problem, but it helps to reduce the current densities. Because each unit
is driven at reduced current density and reduced brightness, stacked OLEDs are char-
acterised by prolonged lifetimes [115]. Another benefit is the gain of colour stability
at varying brightness. In a conventional white OLED, a spatial shift of the recombi-
nation zone is often connected to a strong spectral change [116]. It is comprehensible
that the electrical behaviour and the position of the recombination zone of each unit do
not change, when they are combined to a stacked OLED. Therefore, a composition of
several colour stable units will again result in a colour stable OLED. Hence, three or
more emitters can be combined in a single OLED without putting much effort into the
design of the OLED regarding a stable position of the exciton recombination zone.

5.5.1 Three Colour Stacked Devices

In a first experiment the blue/red triplet harvesting OLED from Section 5.2.3 is ex-
tended by an OLED comprising the phosphorescent green emitter Ir(ppy);. A pn-
junction formed by a NDP-2 doped MeO-TPD layer and a Cs doped BPhen layer is
used as charge generation layer. The complete architecture of this device is presented
in Table 5.12.

The features of 4P-NPD (435 nm) and Ir(MDQ),acac (620 nm) as well as of Ir(ppy)s
(510 nm) are present in the electroluminescence spectrum of this device (Figure 5.39).
One can conclude that the materials applied in the pn-junction form a working charge
generation layer. However, the green emission of this OLED is too strong. By sim-
ply surpressing the green emission, the overall efficiency of this device would strongly
decrease. A possible way to reduce the green emission without a loss of efficiency is
to transfer a part of the excitons to another emitter. As demonstrated in Section 5.3
efficient exciton transfer between different phosphorescent emitters can be achieved by
coevaporation of two emitters in a common matrix material. The colour point of such
devices can be chosen freely between both emitters. Here, 1 wt% of Ir(MDQ),acac is
added to the phosphorescent unit. Hence, green emission is decreased and red emis-
sion increased. The thickness of each transport layer is adjusted to the new spectral
shape (Table 5.12). However, this OLED is characterised by too intense red emis-
sion (Figure 5.39) and white colour coordinates might only be achieved for very low
Ir(MDQ),acac concentrations. Because already a concentration of 1 wt% is very low,
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Material d [nm]

Glass substrate

ITO 90

MeO-TPD: NDP-2 55/50: (2 wt%)
Spiro-TAD 10

4P-NPD: I[r(MDQ)»acac 5: (5 wt%)

4P-NPD 5

BPhen 10

BPhen:Cs 90

MeO-TPD: NDP-2 80/75: (2 wt%)
Spiro-TAD 10

TCTA: Ir(ppy)3: Ir(MDQ)acac 10: (8 wt%): (1 wt%)
TPBi: Ir(ppy)3: Ir(MDQ)acac 10: (8 wt%): (1 wt%)
TPBi 10

BPhen:Cs 50/100

Al 100

Table 5.12: Architectures of stacked OLEDs with an electrically doped pn-
junction serving as charge generation layer. A first device was produced by
stacking of a blue/red triplet harvesting and a green phosphorescent unit. By
mixing an amount of 1 wt% of the red emitter into the emission layer of the
phosphorescent unit (changes are highlighted with blue), a second device with
enhanced red emission was produced.

these devices will not be processable in a reproducible manner.

5.5.2 Four-Colour Stacked Devices

With the intention to reduce the green emission without enhancing the red emission, the
red emitter is replaced by the yellow emitter Ir(dhfpy),acac in the phosphorescent unit
(Table 5.13). The emitter system of Ir(ppy)3 and Ir(dhfpy).acac was already introduced
and examined in Section 5.3.2. In this section it was found that the luminous efficacy in
case of Ir(dhfpy)sacac is strongly enhanced in comparison with Ir(MDQ)2acac, which
was attributed to its beneficial position regarding the maximum of the V; function.

The spectral shape of the OLED with an Ir(dhfpy),acac concentration of 1 wt% fits
very well to the emission of the triplet harvesting OLED (Figure 5.40). The emission
of the four different emitters aligns in a way that white colour coordinates (x,y) =
(0.489,0.419) are achieved. The contribution of the Ir(dhfpy),acac fills the spectral
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Figure 5.39: Spectra of the stacked OLEDs as introduced in Table 5.12 measured
at a constant current density of j = 1.54 mA/cm*>. An amount of 1 wt%
Ir(MDQ)>acac is mixed into the emission layer of the phosphorescent unit
in order to decrease green emission and increase red emission. White colour
coordinates may only be achieved for lower Ir(MDQ ),acac concentrations.

Material d [nm]

Glass substrate

ITO 90
MeO-TPD: NDP-2 35: (2 wt%)
Spiro-TAD 10
4P-NPD: Ir(MDQ),acac 5: (5 wt%)
4P-NPD 5

BPhen 10
BPhen:Cs 90
MeO-TPD: NDP-2 70: (2 wt%)
Spiro-TAD 10

TCTA: Ir(ppy)3: Ir(dhfpy),acac 10: (8 wt%): (1 wt%)
TPBIi 10
BPhen:Cs 60

Al 100

Table 5.13: Architecture of a four-colour white stacked OLED. In comparison to
the previous devices, the red emitter in the phosphorescent unit is replaced by
the yellow emitter Ir(dhfpy),acac.
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gap between Ir(ppy)3 and Ir(MDQ),acac.

Although only a CRI of 75.6 is reached by this device, a further optimisation of this
stack may lead to an enhanced CRI in comparison with three-colour white OLEDs.
A goniometer measurement reveals that the luminous efficacy 1, = 27.6 Im/W (at
1000 cd/m?) of this OLED is too low, which can be explained by the poor current
voltage characteristics. In Figure 5.41 current density is plotted against voltage for the
single units (as presented in Section 5.2.3 and Section 5.3.2) and the stacked OLED.
The dotted line represents the calculated characteristics of a connection in series of the
single OLEDs. At a current density of 1 mA/cm?, the voltage of the stacked OLED
U(1 mA/cm?) = 6.6 V is increased by 0.7 V in comparison with the sum of the sin-
gle units U (1 mA /em?) = 5.9 V. This voltage increase can be attributed to the charge
generation layer. A way to improve the pn-junction is discussed in the next paragraph.
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Figure 5.40: Spectra of the single units and the stacked device. The emission of
the four different emitters aligns very well to a spectrum with warm white

colour coordinates (x,y) = (0.489,0.419) and a colour rendering index of
75.6.
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Figure 5.41: Current-voltage characteristics of the stacked OLED and the indi-
vidual units. At a current density of 1 mA/em? the voltage of the stacked
OLED is increased by 0.7 V in comparison with the sum of the single units
(dotted line). This voltage increase can be attributed to a malfunction of the
charge generation layer.

Improvement of the pn-Junction

It is known from tandem organic solar cells that the contact between p- and n-type
doped layer will become quasi-ohmic if a very thin metal layer is sandwiched between
those [117]. At a thickness of only a few Angstrom, the metal rather forms cluster-like
shapes than continuous layers [118, 119]. These clusters affect the pn-junction in two
ways. They hinder dopant diffusion and thereby the formation of a compensated region.
On the other hand, gap states are introduced which assist the charge separation [117].
Here, aluminium is chosen, in order to keep the impact on the emitted spectrum as
small as possible. Aluminium very likely hinders the Cs diffusion by the formation of
[BPhen + Al]™ and [2BPhen + Al]" complexes [120].

A series of simple test devices will exhibit the effect of aluminium on the characteristics
of the above discussed pn-junction. The stack as well as a plot of current density
against voltage is presented in Figure 5.42. The thickness variation starts at 0.5 nm,
because lower values are not reproducible. The measurement reveals that already at
this low thickness the current-voltage characteristics of the pn-junction are significantly
improved. The voltage which is needed to reach a current density of j = 1 mA/cm?
decreases by 1.1 V from 7.4 V to 6.3 V in the presence of aluminium.

The improved pn-junction is now employed in a stacked OLED (Table 5.14). The most
important properties of this OLED are summarised in Figure 5.43. For better compar-
ison, the measurement of the OLED from the previous section without the aluminium
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Figure 5.42: Improvement of the current-voltage characteristics of the pn-
Jjunction. With the intention to improve the current voltage characteristics,
a thin aluminium layer is inserted. Already at a thickness of 0.5 nm the volt-
age which is needed to reach a current density of j = 1 mA/cm? is decreased
by 1.1V

interlayer is presented too. For the device with the aluminium clusters, the voltage for a
current density of 1 mA/cm? decreases by 0.6 V from 6.6 V to 6.0V. This is almost the
same voltage as calculated from the single OLEDs above, which is one cause for the
improvement of the luminous efficacy from 27.6 Im/W to 33.0 Im/W at 1000 cd/m?.
On the other hand, the OLED with the aluminium interlayer benefits from improved
charge balance. Hence, the external quantum efficiency increases from 24 % to 26 %
at 1000 cd/m?.

For a stacked OLED a value around 40 % would have been expected. To understand
this discrepancy, thin film optics have to be taken into account. Here, four emitters are
combined in a common cavity. Although there is some freedom concerning the choice
of the position of the emission zones inside the cavity, the total cavity length is the
same for all emitters. Hence, it is not possible to optimise the optics of this OLED to
all emitters at the same time. A more detailed explanation is given in Section 4.4.2.
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Material d [nm]
Glass substrate

ITO 90
MeO-TPD: NDP-2 45
Spiro-TAD 10
4P-NPD: Ir(MDQ),acac 5
4P-NPD 5
BPhen 10
BPhen:Cs 90
Al 0.5
MeO-TPD: NDP-2 85
Spiro-TAD 10
TCTA: Ir(ppy)3: Ir(dhfpy),acac 10
TPBi 10
BPhen:Cs 60
Al 100

: (2 wt%)

1 (5 wt%)

1 (2 wt%)

1 (8 wt%): (1 wt%)

Table 5.14: Application of the improved pn-junction in the four-colour white

stacked OLED. Because the aluminium in the pn-junction does not form a
closed layer, it should have weak influence on the optics of the OLED.
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Figure 5.43: Properties of white OLEDs with and without additional aluminium
interlayer. Spectra are measured in forward direction and efficiencies are
determined by goniometer measurement. Driving voltage as well as lumi-
nous efficacy and external quantum efficiency are significantly improved by
the aluminium layer.
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Transfer to High-Refractive-Index Substrates

By replacing the standard glass substrate with a substrate with enhanced refractive in-
dex, the mismatch between the refractive indices of ITO and glass is decreased (Fig-
ure 5.44). Thus, more light is coupled into the substrate. By optimising the cavity
for glass modes and an intelligent choice of an outcoupling structure, the light extrac-
tion can be notably improved. This can be visualised by means of the critical angles
of total reflection at the boundary between ITO and glass. For instance, the critical
angle of total reflection of green light with a wavelength of 510 nm (corresponds to
Ir(ppy)s emission) changes according to Snell’s law from ¥ = 50.0 ° to ¥ = 64.6 ° if
the refractive index of the substrate changes from ny = 1.51 to ny = 1.78 (Figure 5.44).

) h=0.25 mm
air I A=510
2.0 n=1.00 | nm
3 . 1 glass | b=0.5 mm
c18F % T~ n=1.51 ! n=1.78
I : 30.5°
1.6 ITO
- | n=t197 |0.5 mm
P TN T T 50.0°¥" 64.6°

14L
400 500 600 70
wavelength [nm]

22!

Figure 5.44: Left: Refractive index of ITO, standard glass (Corning Inc.: Ea-
gle XG), and high-refractive index glass (SCHOTT AG: N-SF11). By the use
of high-refractive index glass the mismatch between the refractive index of
ITO and glass can be reduced. Middle: The critical angles for the coupling
of green light from ITO to glass and to air. In case of high-refractive-index
glass significantly more light can be coupled into the substrate. Right: A scal-
able pattern of square pyramids which is applied to enhance the extraction of
light trapped inside the glass.

The influence of the substrate on the emission of an OLED is illustrated by a simulation
(Section 4.4) of a green OLED on standard glass and high-refractive-index glass. The
following stack is used for the calculation: 1 mm Substrate/ 90 nm ITO/ 25 nm MeO-
TPD: F4-TCNQ (2 wt%)/ 10 nm S-TAD/ 20 nm TCTA:Ir(ppy)3/ 10 nm TPBi/ 40 nm
n-BPhen/ 100 nm Ag. The emission is assumed to take place with an internal efficiency
of 100 % at the interface between TCTA and TPBi.

The influence of the cavity is reduced if the refractive index of the substrate is increased
from ny = 1.51 to ny = 1.78. This reduction is revealed by a change in the emission
affinity in forward direction (Figure 5.45). In case of the high-refractive-index glass,
the emission affinity is less selective with regard to the wavelength of the emitted light.
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This is very convenient, if the light extraction of three or more emitters is necessary as
it is in white OLEDs.

0..15 et
0.10 }

0.05]

emission affinity [a.u.]

0.00

400 500 600 700
wavelength [nm]
Figure 5.45: Emission affinity of green OLEDs on standard and high-refractive-
index glass. In case of high-refractive-index glass, the influence of the cavity

is reduced and the emission affinity is less selective with regard to the wave-
length of the emitted light.

Furthermore, the change of the cavity results in a decrease of the number of extracted
photons to 91 %. However, by outcoupling the whole light which is trapped in the
glass, the photon flux of the OLED on standard glass is increased by a factor of 1.62,
whereas it is increased by a factor of 1.81 in case of the OLED on high-refractive-index
glass. The extraction of almost all glass modes is possible by attaching a hemisphere to
the substrate. Here, a hemisphere with a diameter of 14.8 mm, a height of 6.4 mm and
a refractive index of n; = 1.78 as well as an index matched immersion oil (Cargille-
Sacher Laboratories Inc.) are applied. However, the mass of a glass hemisphere for an
OLED with an lighting relevant active area of 1 m?> would exceed 1000 kg. Therefore,
it is reasonable to investigate high-refractive-index substrates in combination with flat
scalable outcoupling structures. A structure which meets this requirement is the pyra-
mid pattern which is presented in Figure 5.44. This structure is made of N-LAF21 glass
(SCHOTT AG). The pyramids have a quadratic base with an edge length of 0.5 mm and
a height of 0.25 mm. Because of geometrical reasons, a goniometer measurement is
not possible for OLEDs with attached outcoupling structure. Therefore, the integrated
efficiencies are measured in an Ulbricht sphere.

As mentioned above, it is beneficial to optimise the cavity of an OLED on high-
refractive-index glass for enhanced substrate modes. The adapted stack is presented
in Table 5.15. The colour coordinates of the spectrum emitted in forward direction
are (x,y) = (0.462,0.429) at 1000 cd/m? and the corresponding colour rendering in-
dex is CRI = 80.1. Figure 5.46 emphasises the high stability of the spectral shape
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against varying brightness. The colour coordinates exhibit only a slight shift from
(x,y) = (0.466,0.438) at 418 cd/m? to (x,y) = (0.447,0.411) at 6665 cd/m>. The
integrated efficiencies and the spectra measured in the Ulbricht sphere are plotted in
Figure 5.47. Because the stack is optimised for a maximum fraction of glass modes,
the efficiency of the flat device is reduced in comparison with the OLED on standard
glass. The measurement with the hemisphere demonstrates how much light can be
extracted from the device. A luminous efficacy of 90.5 Im/W and an external quan-
tum efficiency of 75.8 % is achieved at 1000 cd/m?, which is an increase of extracted
photons by a factor of 2.9 compared with the flat OLED on standard glass. In case
of the pyramid pattern, this factor is reduced to 1.6 and the efficiencies of the OLED
are 1, = 47.5 Im/W and 1, = 41.6 %. Hence, a large amount of the substrate modes
are lost. The critical angle for the total reflection of green light (A = 510 nm) at the
boundary between glass (ngy = 1.78) and air is U glass = 34.2 °. Therefore, the rect-
angular shape of the pyramids should secure light outcoupling up to a critical angle
of U¢ pyramids = 79.2 °. Hence, it can be assumed that a gross of the light is coupled
into the substrate with an angle above % = 80 °and a further optimisation of the OLED
especially for the pyramid pattern is possible.

Material d [nm]

Glass substrate ng=1.78

ITO 90
MeO-TPD: NDP-2 40: (2 wt%)
Spiro-TAD 10
4P-NPD: Ir(MDQ)acac 5: (5 wt%)
4P-NPD 5

BPhen 10
BPhen:Cs 90

Al 0.5
MeO-TPD: NDP-2 65: (2 wt%)
Spiro-TAD 10

TCTA: Ir(ppy)3: Ir(dhfpy),acac 10: (8 wt%): (1 wt%)
TPBi 10
BPhen:Cs 75

Al 100

Table 5.15: Architecture of the four colour white OLED on high-refractive-index
glass. In order to improve the light-outcoupling with hemisphere and pyramid
pattern, the stack is optimised for glass modes.
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Figure 5.46: Spectra of a four-colour white OLED on high-refractive-index glass
(Table 5.15). The spectra are divided by the driving current and describe
a spectral efficacy. The colour coordinates exhibit only a slight shift from
(x,y) = (0.466,0.438) at 418 cd/m? to (x,y) = (0.447,0.411) at 6665 cd/m>.
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Figure 5.47: Ulbricht sphere measurements of the device introduced in Ta-
ble 5.15. By the use of a hemisphere a luminous efficacy of 90 lm/W at
1000 cd/m? is achieved.
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6.1 Conclusion

Three approaches were taken in order to achieve reproducible and highly efficient white
OLEDs with excellent colour quality.

The first approach is based on the triplet harvesting concept. Otherwise unused triplet
excitons are transferred from a fluorescent to a phosphorescent emitter with a smaller
triplet energy. Because a blue emitter allowing for triplet transfer to a phosphorescent
green emitter was not available, a model system for a three-colour white OLED was
developed and investigated. This model device consists of the fluorescent blue emitter
4P-NPD and the phosphorescent emitters Ir(dhfpy),acac and Irf(MDQ),acac emitting
in the yellow and red region, respectively. Here, it was shown that both phosphorescent
emitters are excited by triplet diffusion and not by direct charge carrier recombination.
A special feature of this OLED is that precise colour point control can be accomplished
by layer thickness variation in the order of magnitude of a typical layer thickness in an
OLED. Hence, no special requirements concerning the precision have to be met by the
deposition tools. If a blue emitter was developed, which allows for triplet transfer to
a phosphorescent green emitter, a highly efficient white OLED can be designed on the
basis of this device.

The second approach is based on a hybrid white OLED with a single emission layer.
This layer is a combination of a fluorescent blue and two phosphorescent emitters in
a common matrix material. Because of the above mentioned lack of a blue emitter,
which allows for triplet transfer to a green phosphorescent emitter, the concentrations
of all emitters were chosen in a way that exciton transfer between the emitters was
suppressed. The result is a non-radiative recombination of triplet excitons on the fluo-
rescent blue emitter and an accordingly low quantum efficiency. However, a remarkable
colour stability against varying brightness was achieved with this OLED.

The most successful approach is based on a stacked OLED. Here, the concept of triplet
harvesting is limited to triplet transfer between a fluorescent blue and a phosphorescent
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red emitter. The resulting spectral gap is filled by a full phosphorescent unit comprising
the emission of a green and a yellow emitter, which is stacked on top of the triplet har-
vesting OLED. By individually optimising both units, it was possible to reach lighting
relevant luminous efficacies up to 1, = 33 Im/W at 1000 cd/m? from flat device with-
out outcoupling enhancement and 1, = 90 Im/W, if the OLED is transferred to high
refractive index glass and a macro extractor is attached. Despite the use of a fluorescent
blue emitter, these values are comparable to the efficiencies reached with the full phos-
phorescent approach [17, 18]. A partial result of this optimisation process is that the
combination of two phosphorescent emitters in a common matrix results in improved
charge carrier balance and increased quantum efficiency in comparison to an OLED
with an emission layer with only a single emitter. Since the individual units are already
designed for high colour stability against varying brightness, the stacked device repre-
sents a colour stable combination of the emission of four different emitters. The fourth
emitter emits in the yellow region at 557 nm and fills the spectral gap between the red
and green emission maximum. Since the emission peak of the yellow emitter fits very
well to the maximum of the V, function, an additional increase of the luminous ef-
ficacy is accomplished. Furthermore, the well balanced emission of the four emitters
results in a high CRI of 80. The stacking of two OLED:s is electrically equivalent to a
monolithic series connection of two OLEDs. Hence, the current density needed for a
luminance of 1000 cd/m? is reduced. This reduction of the current density is an impor-
tant feature for lighting applications, where devices with a large active area are needed.
The usual current density for a luminance around 1000 cd/m? would lead to currents of
several Amperes, which would result in the melting of the thin electrodes.

Small variations in the peak heights of the emitters have a strong influence on the CRI
of an OLED. Therefore, a high reproducibility is very important for the development
of a future product. Hence, too low concentrations or layer thicknesses have been
consciously avoided throughout this work.
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6.2 Outlook

The approach of simultaneous triplet harvesting to two different phosphorescent emit-
ters and the approach of a blend layer of all three emitters would benefit from a fluo-
rescent blue emitter with reduced singlet/triplet-splitting. In a cooperation with the In-
stitut fiir Physikalische Chemie und Elektrochemie at the Technische Universitit Dres-
den, quantum chemical calculations were used to predict the influence of the molec-
ular structure on the position of the first excited states. The simulation shows that
it is possible to tune the singlet/triplet-splitting by the degree of the methylisation of
4P-NPD. This can be explained by the Equations 3.14 and 3.15, which show that the
singlet/triplet-splitting is proportional to the exchange integral between the wave func-
tions of HOMO and LUMO (Equation 3.13). With increasing methylisation, the 4P-
NPD is twisted and the overlap between HOMO and LUMO decreases. However, the
synthesis of a promising candidate (Figure 6.1) could not be completed during this
work. It is important to continue the identification of suitable blue emitters, because
the blue emitter is still the limiting factor with regard to efficiency and lifetime in white

@ 2

000

Figure 6.1: (a) 4P-NPD and (b) a heavily methylised version of 4P-NPD being
a promising candidate for having reduced singlet/triplet-splitting. The methyl
groups force the molecule to twist, which leads to a decreased overlap between
the wave functions of HOMO and LUMO.

(a) 4P-NPD

(b) methylised 4P-NPD

Because the triplet harvesting is limited to the transfer of excitons to the red emitter,
it is not necessary to further decrease the singlet/triplet-splitting in case of the third
approach. However, the stacked OLED would benefit in terms of luminous efficacy of
a slightly green shifted blue emission. With a comparable singlet/triplet-splitting it is
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possible to shift the maximum of the fluorescent emission to 450...460 nm without
loosing the chance for triplet transfer to a red phosphorescent emitter.

The aluminium clusters in the charge generation layer of the stacked OLED lead to
losses by absorption. These clusters would be obsolete if commercially available molec-
ular n-dopants are used [48]. However, the molecule structures are not yet disclosed.
Thus, these dopants are not used in this work.

The comparison between the hemisphere and the pyramid pattern show the large po-
tential of improvement for the outcoupling structure. Although the values of the hemi-
sphere are unlikely to be reached, an improved pattern may be able to increase the
efficiency significantly. For better stack design an optical simulation tool is needed,
which includes the outcoupling structure into the calculation.

The choice of materials was strongly limited by the low number of appropriate materials
with known chemical structure. In some cases combinations of emitter and blocker
materials were used, which are known for their irreversible reactions [121]. It is not
possible to reach market relevant lifetimes with these materials. More suitable, longer
living blocker materials as the Merck material TMM-004 are existing, but were not
used due to the proprietary molecule structures [47]. However, the presented OLEDs
are discussed in detail and allow for an easy transfer to more stable blocker and matrix
materials.
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Kurzfassung

Die vorliegende Arbeit beschiftigt sich mit drei Ansdtzen der hocheffizienten Erzeu-
gung von weillem Licht mit organischen Leuchtdioden (OLEDs) auf der Basis kleiner
Molekiile.

Ein Ansatz kombiniert die Emission eines fluoreszenten und zweier phosphoreszenter
Emitter in einer einzelnen Emissionsschicht. Da das Triplettniveau des verwendeten
Blauemitters niedriger ist als die Triplettniveaus der phosphoreszenten Emitter, werden
die Konzentrationen der Emitter so gewéhlt, dass ein Exzitoneniibertrag zwischen ihnen
unterbunden wird. Die strahlungslose Rekombination von Tripletts auf dem fluoreszen-
ten Blauemitter begrenzt die Effizienz dieses Ansatzes, jedoch besticht die resultierende
weille OLED durch eine bemerkenswerte Farbstabilitit.

Der zweite Ansatz basiert auf dem “Triplet Harvesting” Konzept. Ansonsten ungenutzte
Triplett Exzitonen werden von einem fluoreszenten Blauemitter auf phosphoreszente
Emitter libertragen, wodurch interne Quanteneffizienzen bis zu 100 % moglich sind.
Der zur Verfiigung stehende Blauemitter 4P-NPD erlaubt aufgrund seines niedrigen
Triplettniveaus nicht den Triplettiibertrag auf einen griinen Emitter. Daher wird das
“Triplet Harvesting” auf zwei unterschiedliche phosphoreszente Emitter, anhand des
gelben Emitters Ir(dhfpy),acac und des roten Emitters Ir(MDQ),acac untersucht. Es
wird gezeigt, dass beide phosphoreszente Emitter indirekt durch Exzitonendiffusion
angeregt werden und nicht durch direkte Rekombination von Ladungstrigern auf den
Emittermolekiilen. Eine genaue Justage der Anregungsverteilung zwischen den phos-
phoreszenten Emittern ist durch Schichtdickenvariation in der GréBenordnung iiblicher
Schichtdicken moglich. Spitere Produktionsanlagen brauchen daher keinen speziellen
Genauigkeitsanforderungen gerecht zu werden.

Der dritte und zugleich erfolgreichste Ansatz beruht auf einer Weiterentwicklung des
zweiten Ansatzes. Er besteht zunichst darin den Tripletttransfer auf den Ubertrag von
einem fluoreszenten blauen auf einen phosphoreszenten roten Emitter zu beschrianken.
Die sich ergebende spektrale Liicke wird durch direktes Prozessieren einer unabhiingig-
en voll phosphoreszenten OLED auf diese erste OLED gefiillt. Verbunden sind beide
OLEDs durch eine ladungstriagererzeugende Schicht, in welcher durch das angelegte
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Feld Elektron/Loch-Paare getrennt werden. Dieser Aufbau entspricht elektrisch der
Reihenschaltung zweier OLEDs, welche im Rahmen dieser Arbeit individuell unter-
sucht und optimiert werden. Dabei ergibt sich, dass die Kombination von zwei ver-
schiedenen phosphoreszenten Emittern in einer gemeinsamen Matrix die Ladungstrig-
erbalance in der Emissionszone sowie die Quanteneffizienz der vollphosphoreszenten
OLED stark verbessert. Als Ergebnis steht eine hocheffiziente weile OLED, welche
durch die ausgewogene Emission von vier verschiedenen Emittern farbstabiles Licht
mit warm weiBen Farbkoordinaten (x,y) = (0.462,0.429) und ausgezeichneten Farb-
wiedergabeeigenschaften (CRI = 80.1) erzeugt. Dabei sind die mit diesem Ansatz
erreichten Lichtausbeuten (1, = 90.5 Im/W) mit denen von voll phosphoreszenten
OLEDs vergleichbar.



