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Abstract

This work comprises different approaches for the efficiency enhancement of white
organic light-emitting diodes (OLEDs). In particular, diffusion and transfer processes
of excited singlet and triplet states are investigated.

Generation of white light is realized by using the so-called triplet harvesting
method where the otherwise nonradiatively decaying triplets of a blue fluorescent
emitter are transferred to a highly efficient phosphorescent emitter and result in
additional emission at lower energies. Triplet harvesting significantly increases the
internal quantum efficiency in OLEDs.

First, the well-known blue emitter 4P-NPD is investigated as model case. Using
time-resolved spectroscopy, triplet harvesting by a yellow and red phosphorescent
emitter, respectively is directly proven. However, triplet harvesting by a green emitter
is not possible due to the low triplet energy of 4P-NPD. Using quantum chemical
calculations, two new emitter molecules, SM-4P-NPD and 8M-4P-FPD, are synthesized
with the aim to rise the triplet energy. Their properties and their ability to facilitate
triplet harvesting by a green emitter are studied. For the first time, a white triplet
harvesting OLED is demonstrated where triplet harvesting occurs directly from a
blue emitter to a green and a red emitter.

Furthermore, an additional singlet transfer is observed in the triplet harvesting
OLEDs under investigation. Using the phosphorescent emitter as singlet sensor, this
effect allows the determination of the singlet diffusion length in 4P-NPD. By varying
the distance between singlet generation zone and singlet sensor, a singlet diffusion
length of 4.6 nm is found.

One further approach to increase the efficiency is the optimization of a tandem
OLED which comprises two single OLED units stacked on top of each other. At
a luminance of 1,000 cd/m?2, the white tandem OLED shows an external quantum
efficiency of 25%, a luminous efficacy of 33 Im/W, a color rendering index (CRI) of 62,
and Commission Internationale de I’Eclairage (CIE) color coordinates of (0.53/0.43).
These efficiencies are comparable to state-of-the-art efficiencies of white OLEDs.

Finally, the highly efficient white tandem structure is applied on an alternative
electrode consisting of flattened silver nanowires. In comparison to the conventional
OLED with indium-tin oxide (ITO) electrode, this OLED shows similarly high
efficiencies as well as a superior color stability in terms of viewing angles. The color
stability can be assigned to the light scattering properties of the nanowires. The OLED
with silver nanowire electrode shows efficiencies of 24% and 30 Im/W at 1,000 cd/m?
with a CRI of 69 and CIE coordinates of (0.49/0.47).



Kurzfassung

In dieser Arbeit werden verschiedene Ansétze zur Effizienzsteigerung in weiflen
organischen lichtemittierenden Dioden (OLEDs) erforscht. Hierfir werden im Besonde-
ren Diffusions- und Transferprozesse von angeregten Singulett- und Triplettzustanden
untersucht.

Zur Erzeugung von weiflem Licht wird die sogenannte “triplet harvesting” Methode
verwendet, bei der die sonst nicht zur Emission beitragenden Triplettzustande eines
fluoreszenten blauen Emitters auf einen hocheffizienten phosphoreszenten Emitter
iibertragen werden. Dieser liefert dann zusétzliche Emission im niederenergetischen
Spektralbereich. Durch triplet harvesting kann die interne Quantenausbeute in OLEDs
betrachtlich gesteigert werden.

Zunéchst wird der bekannte blaue Emitter 4P-NPD als Modellbeispiel untersucht.
Mittels zeitlich aufgeloster Spektroskopie kann triplet harvesting auf einen gelben bzw.
roten Emitter direkt nachgewiesen werden. Allerdings ist auf Grund der niedrigen
Triplettenergie triplet harvesting auf einen grilnen Emitter nicht méglich. In Anbetracht
dieser Tatsache werden unter Zuhilfenahme quantenchemischer Betrachtungen zwei
neue Emittermolekiile, 8M-4P-NPD und 8M-4P-FPD, synthetisiert und auf ihre
Eigenschaften und ihre Eignung fiir triplet harvesting untersucht. Dabei wird zum
ersten Mal eine weile OLED realisiert, in der triplet harvesting von einem blauen
Emitter direkt auf einen griinen und einen roten Emitter erfolgt.

Des Weiteren wird bei den untersuchten triplet harvesting OLEDs ein zusatzlicher
Singulettiibertrag auf den phosphoreszenten Emitter beobachtet. Dieser Effekt wird
zur Bestimmung der Singulettdiffusionslange in 4P-NPD genutzt. Der phosphoreszente
Emitter dient dabei als Singulettsensor. Uber eine Variation des Abstands zwischen
Singulettgenerationszone und Sensor wird eine Singulettdiffusionslange von 4,6 nm
bestimmt.

Ein weiterer Ansatz zur Effizienzsteigerung besteht in der Optimierung einer
aus zwei OLEDs zusammengesetzten Tandem OLED. Bei einer Leuchtdichte von
1000 cd/m? erzielt diese weifle Tandem OLED eine externe Quanteneffizienz von 25%
und eine Leistungseffizienz von 33 lm/W mit einem Farbwiedergabeindex (CRI) von 62
und Commission Internationale de I'Eclairage (CIE) Farbkoordinaten von (0,53/0,43).
Diese Effizienzen sind vergleichbar mit dem aktuellen Forschungsstand weifler OLEDs.

SchlieBllich wird diese hocheffiziente weifle Tandemstruktur auf eine alternative
Elektrode bestehend aus flachgedriickten Silbernanodrédhten aufgebracht. Im Vergleich
zur konventionellen OLED mit Indiumzinnoxid (ITO) Elektrode erreicht diese dhnlich
hohe Effizienzen sowie eine verbesserte Farbstabilitat beztiglich des Betrachtungswin-
kels, was auf die Streueigenschaften der Nanodrahte zurtickgefithrt werden kann. Bei
einer Leuchtdichte von 1000 cd/m? zeigt die OLED mit Silbernanodrahtelektrode
Effizienzen von 24% und 30 lm/W bei einem CRI von 69 und CIE Koordinaten von
(0,49/0,47).
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1 Introduction

Since June 2012, Tokyo airport features
a 9.6 x 1.9 m sized, concave-shaped or-
ganic light-emitting diode (OLED) dis-
play (Fig. fabricated by Mitsubishi
Electric.[I] It is the first 160° panorama
display made of OLEDs worldwide. Ba-
sically, OLEDs consist of thin layers
(~100 nm) of organic (carbon based)
semiconducting materials sandwiched be-
tween two electrodes. With the size of a
soccer goal, the panorama display demon-
strates the huge potential of OLEDs for
future applications. This is even more

Figure 1.1: Photograph of the
world’s first 160° OLED panorama

. . T display (9.6 x1.9 m) at Tokyo airport
impressive when taking into account that fabricated by Mitsubishi Electric and
the demonstration of the first lab-made installed in June 2012.

OLED was only 25 years ago.[2]

Nowadays, TVs (Sony, LG) and smart-phones with OLED displays (Samsung,
Motorola, Nokia, HT'C) are already commercially available.[3]

Furthermore, OLEDs are promising candidates for lighting applications. In com-
parison to common light sources, such as incandescent bulbs, fluorescent tubes, or
inorganic LEDs, OLEDs have several advantages: they are flat area emitters offering
a pleasant diffuse light perception, wide viewing angles, vivid colors, and new design
alternatives. OLEDs as well as other organic electronic devices such as organic solar
cells (OSC), transistors, etc. offer the possibility to be made transparent or to be
processed on flexible substrates by a low cost roll-to-roll production. Some examples
of white OLEDs are shown in Fig. [1.2, First white OLED tiles and lamps (Osram,
Philips, Benwirth, and others) are commercially available, too.

Figure 1.2: Photographs of white OLEDs from Philips, Osram, and Holst centre
(left to right), demonstrating the freedom of the technology in terms of shape,
transparency, and flexibility. [4-6]
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However, the efficient generation of white light in OLEDs remains challenging,
since this requires an adequate understanding of electric, excitonic, and optical
processes: Electrical improvements regarding charge injection from the contacts and
charge carrier transport can be achieved by adding blocking layers and (molecularly)
doped transport layers. This topic has been intensively studied in the past years.|[7HIT]

Excitons are excited states that are responsible for light emission. They are
generated by the recombination of holes and electrons, either forming a singlet or
a triplet. Due to spin statistics, about 25% singlets and 75% triplets are generated
inside the OLED. Their distribution on the different emitter molecules is crucial for
the design of efficient white OLEDs.

In most cases, white light is obtained by the combination of several (blue, green,
and red) emitter molecules. Two forms of emitter systems are known: First, there
are fluorescent emitters, where light emission occurs from the radiative decay of the
singlet state. Here, the triplet state decays non-radiatively and therefore does not
contribute to light emission. Second, there are phosphorescent emitters which have a
high singlet to triplet transfer rate and a radiative triplet state.

The internal quantum yield, i.e. the conversion efficiency of charge carriers into
photons, in OLEDs comprising only phosphorescent emitters (PH OLEDs) can be very
high, in the range of 70 to 100%.[12] 13] White PH OLEDs reaching fluorescent tube
efficiencies have already been demonstrated.|[14] However, finding blue phosphorescent
emitters with saturated blue emission color and long lifetimes has turned out to be
challenging. [15]

A method to overcome these problems is known as triplet harvesting (TH).[16-18]
TH is based on triplet diffusion and allows the use of a blue fluorescent emitter while
providing similarly high internal quantum yields as PH OLEDs.[19, 20] The usually
lost triplets diffuse towards an appropriately inserted phosphorescent emitter, where
they are harvested, and subsequently lead to additional light emission. The challenge
is to assure that singlet transfer and direct recombination of charge carriers on the
phosphorescent emitter are avoided at the same time. This requires a sophisticated
device design which is furthermore impeded by the fact that the triplet energy of most
blue emitters is not sufficient to facilitate TH by a green phosphorescent emitter.[21]

Due to internal losses (total internal reflection, absorption, surface plasmon polari-
tons), about 70 to 80% of the generated photons are trapped inside the OLED thin
film structure and the substrate.[I3] Hence, optical properties and light outcoupling
enhancement methods have to be considered to achieve highly efficient white OLEDs.
These days, much effort is spent on the development of light outcoupling enhancement
techniques for OLEDs.[22] In particular, this includes research on the emitter dipole
orientation, scattering techniques, and alternative electrodes to replace the commonly
used indium-tin oxide (ITO).[23| 24]
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This work focuses on the device design and efficiency enhancement of white TH
OLEDs. Especially excitonic processes, like diffusion and transfer of singlets and
triplets, but also the development of new blue fluorescent emitters, are of interest.
Furthermore, light outcoupling is addressed by using an electrode with light scattering
properties.

This introduction is followed by a quantitative description of light perception, the
definition of white light, and a comparison of conventional light sources to OLEDs
(Chapter 2). The physical fundamentals of organic semiconductors and OLEDs
are described in Chapters 3 and 4, respectively. Materials, sample preparation,
characterization of OLEDs, and used methods are given in Chapter 5.

Chapter 6 describes the investigation of TH OLEDs using the commercially
available blue fluorescent emitter molecule 4P-NPD. Based on quantum chemical
calculations, two new emitters “8M-4P-NPD” and “8M-4P-FPD” are synthesized with
the aim to facilitate TH by a green phosphorescent emitter. Their performance and
ability for efficient white TH will be described in the second part of Chapter 6.

Chapter 7 addresses the determination of the singlet diffusion length in 4P-NPD
using spatial emission quenching and two excitation mechanisms: On the one side,
singlets are generated by electrical excitation inside the OLED structure and on the
other side, singlets are generated in a pure layer via optical excitation.

Based on the work of Rosenow et al.[19], the development of an efficient white
tandem OLED, where a green/yellow PH OLED is stacked on a blue/red TH OLED
is continued. In Chapter 8, the achieved improvements of the single OLED units as
well as of the tandem OLED are presented.

Finally, Chapter 9 describes the use of silver nanowire (NW) electrodes as replace-
ment for ITO. The influence of the scattering properties of these NWs is studied.
Using the tandem OLED structure developed in Chapter 8, highly efficient white
OLEDs on NW electrodes will be demonstrated.



2 White Light and Color

Colors and their perception by humans is one of natures most remarkable
phenomena, since the human eye can distinguish between millions of
different colors. In this chapter, an introduction into radiometry and
photometry is presented, which gives the background for the quantification
of colors in a two dimensional color space. As this work is concerned with
the generation of white light, important quality criteria for light sources
like color coordinates, color correlated temperature, and color rendering
index are described.

2.1 Radiometry and Photometry
Radiometry

In optics, radiometry is the mathematical description of electromagnetic waves and
radiation including effects like refraction, reflection, absorption, and transmission. In
contrast, all quantities connected to the perception of the human eye are described by
photometry. In 1931, the International Commission on Illumination (Commission
Internationale de I’Eclairage, CIE) defined the radiometric and photometric
quantities as following.

Electromagnetic radiation is the propagation of, in phase and perpendicular to
each other, oscillating electrical and magnetic field components. Both components
are perpendicular to the propagation direction.[25] Radiation, in particular light, is
emitted in form of quantified energy packages, each with an energy E:

E=hy=— (2.1)

where h = 6.626 - 1073% Js is the Planck constant, v the frequency, ¢ = 299, 792 km/s
the speed of light, and A the wavelength. As shown in Fig. 2.1 the wavelength of
electromagnetic radiation found in nature covers several orders of magnitudes, from
femtometer cosmic rays to several meters for radio waves. The human eye is able to
identify only a very small wavelength range from 380 to 780 nm (1.59 to 3.26 e¢V), the
visible wavelength regime. Adjacent to the visible wavelength regime is the ultraviolet
radiation (UV, 10 to 380 nm, 3.26 to 124 ¢V) and the infrared radiation (IR, 0.78 to
300 pm, 0.004 to 1.59 eV).

The radiant flux @, (also called radiant power) is the radiant energy per unit
time. The unit is watt [W]. Radiometric quantities are denoted with the index “e”
(for energetic). The radiant intensity /. is defined as radiant flux per solid angle Q:

d®,

[ =
¢ dQ

. (2.2)
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The unit is watt per steradian [W/sr]. In Fig. [2.2| (a), the geometry of the solid angle
is shown, which determines the emission direction and the radiation cone. The solid
angle is given by:

A

b

with A as the area of the segment of a sphere, r as sphere radius, and €2y the unit
solid angle. The unit is steradian [sr] and the full solid angle is 4msr.

frequency  energy  wavelength visible spectrum
Hz eV m
10 —_ 100 11— 1015 — cosmic 380 nm
1020 —__ 106 —t— 1012 —] 9amma rays
10 — 408 _}— 100 — XS
15—l ultra-violet
10° —_ 100 —f— 108 —F
12— infra-red
102 —_ 400 _|— 105 —|
9 ]
10 — 108 —— 10° = radio waves
108 __ 10° —— 103 1
10° —1_ 1072 _— 108 — 780 nm
100 — 1015 —f— 100 —

Figure 2.1: The electromagnetic radiation spectrum ranges from femtometer waves
to radio waves of several meters. The human eye can perceive only the visible
spectrum, a very small part from 380 to 780 nm.

projected area 10°

Asource COS &

AN 5 % Asource
(b)

Figure 2.2: Geometry of the solid angle 2 (a) determined by radius r and area A
as a segment of a sphere and the projected area of a source (b). For different viewing
angles 1, the projected area is given by the area of the source Agource corrected with
the cosine of the viewing angle.

A light source which holds the Lambert cosine law I, = I - cos? is called a
Lambertian surface or Lambertian emitter [26]. It states that the radiant
intensity observed from a Lambertian surface is directly proportional to the cosine
of the angle ¥ between the emission direction and the surface normal. As shown in
Fig. (b), ¥ = 0° will be referred to as emission perpendicular to the surface or
emission in forward direction. Typical examples for non-Lambertian light sources
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are the incandescent bulb (I.(¢) = const.) or the LED, which emits preferentially in
the forward direction. Since OLEDs are area emitters they are generally considered
to be Lambertian emitters. However, due to the complicated thin film structure of
the OLED (see Chapter [4)) this statement does not have to be true in every case.
The radiance L. is the radiant flux per unit solid angle per unit projected area (cf.
Fig. [2.2 (b)) of the radiator Asource:

4’ @, B I
dAsource - AQ - cos¥  Agouree - COSTY-

with the unit [W/m?sr]. The projected area (Fig. is the area of the emitting
surface multiplied by the cosine of the viewing angle 9. In case of a Lambertian

L= (2.4)

emitter the radiance is given by:

I? - cos v

LLamb. —
e
Asource - COS 19

= const. (2.5)

The radiant intensity and the radiance are defined as properties of a radiating source.
The energy received by a detector is given as irradiance F, and depends on the area
of the optical receiver Aeceiver:

do, A2 Le Aragiator c0s ¥ d€2

Ee p— p—
dAreceiver dAreceiver dAreceiver

If the distance r between source and receiver is larger than ten times the diagonal of

(2.6)

sender or receiver, the area A (Fig.[2.2(a)) can be assumed to be planar (Ten Times
Law) and Eq. (2.3) reads:

Areceiver

r2
Using Eq. (2.6]), the relation between irradiance F, and the radiant intensity I, is
thus given by the Inverse Square Law [27]:

o

Radiometric quantities can be expressed either spectrally resolved or integrated over
a certain wavelength range:

&:/x@mx (2.9)

where X can be either radiant flux ®., radiant intensity I, radiance L., or irradi-
ance F,.
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Human eye

It is important to mention that the light perceived by humans is not the same as the
light emitted from a source. The reason is the anatomy of the human eye (Fig. [2.3)
and the processing of the information inside the brain. Light penetrates into the
vitreous humor through the cornea, iris, and the lens reaching finally the retina.
Inside the retina there are two major types of irregularly distributed light-sensitive
photoreceptor cells, namely rods (approx. 1.3 - 108) and cones (approx. 7 - 10%). Rods
are sensitive to low light intensity and cannot distinguish colors (scotopic vision). On
the other hand, the three types of cones (long-wavelength, medium-wavelength, and
short-wavelength) are responsible for color perception at high light intensity (photopic

vision).
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cornea ot | e
» \blue cone p-a-fm—
rod ee-
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Figure 2.3: The anatomy of the human eye (a) and the detailed structure of
the retina (b). Light propagates through the cornea, iris, and the lens to the
retina. The light sensitive photoreceptor cells (rods for scotopic vision and cones
for photopic vision) are responsible for vision. These two photoreceptor cells lead
to two luminosity function curves (c) describing the sensitivity of the eye to light of
different wavelengths.
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The perception of brightness and colors arises in the brain by impulses of the optic
nerve, which are a result of the absorbed radiant flux in the rods and cones. Another
type of photoreceptor cell, the ganglion cell, is responsible for contrast perception.[28§]

The automatic brightness adaption of the human eye is realized very fast by the
change of the pupil diameter via the iris. Due to the two different photo reception
cells, there are two luminosity functions describing the sensitivity of the eye to light of
different wavelength, namely the photopic function (V' (\)) and the scotopic function
(V'(N\)) (Fig. 2.3 (¢)). Both functions are provided by the CIE [29].

Photometry

In an analogous way to the radiometric quantities, the photometric equivalents can
be defined, namely luminous flux ®,, luminous intensity I,, luminance L., and
illuminance E,. The index “v” indicates that these are visual quantities weighted by
the human eye sensitivity curve V(). Egs. (2.2)) to from radiometry can be
applied in the same manner in photometry. Similarly, the term Lambertian emitter
is used for a light source which exhibits the same luminance L, in every viewing
direction. The relation connecting radiometry and photometry reads:

A2
X, = Km/Xe V() dA, (2.10)
A1

where K,,, = 683 lm/W is a constant resulting from historical considerations. A
summary of the radiometric quantities, their photometric equivalents, and their units

is given in Tab.

Table 2.1: Summary of radiometric quantities and photometric equivalents as well
as their corresponding units.

RADIOMETRY PHOTOMETRY
symbol unit symbol unit
radiant flux d, W luminous flux D, Im
radiant intensity I, W /sr luminous intensity I, cd
radiance L. W/m?r | luminance L, cd/m?
irradiance E, W/m? illuminance E, Ix

Since the luminance describes the brightness of a light source, it is a very important
quantity for the lighting industry and technology. Table gives typical luminance
values for lighting applications and natural light sources. At 1 cd/m? the photopic
vision sets in and the human being is able to distinguish colors. The brightness
requirements for light sources depending on the application are in the range of 100 to
10,000 cd/m?. The dazzle limit for the human eye is at around 10,000 cd/m?.
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Table 2.2: A selection of typical luminance values required for application or given
by a natural light source.

luminance [cd/m?]

displays 100 - 500
indoor lighting 200 - 5,000 [30]
signage 40 - 1,000 [31]
outdoor lighting 1,000 - 10,000

cloudy sky at noon 1,000 [32]
average clear sky 8,000 [32]

2.2 Color Stimulus Specification

As discussed in the previous section, light perceived by the eye and evaluated by
the brain underlies a spectral change. This process depends on the ambient light
and the human himself making it necessary to define a table of colors. Therefore,
the CIE introduced a two-dimensional color space in 1931.[29, B3] For a spectral
distribution s(\), the tristimulus values of X, Y, and Z are given by:

X:/s(/\)x()\)d)\, Y:/s()\)y()\)d)\, Z:/s(/\)z(/\)d/\, (2.11)

where Z(\), 7(A), and Z(\) are the so-called color matching functions derived from a
series of methodical experiments [34] (Fig. (a)). The coordinates in the CIE1931
color diagram (Fig. [2.4] (b)) are given by:

X Y B 7z
"TXiv+z YTXiv+z T X+4v+z

with  + y + z = 1 for standardization. The gamut of colors for an average person is

(2.12)

given by the horseshoe-shaped color diagram, where the coordinates x and y determine
one color. The z value is redundant due to the normalization. By selecting two (three)
color points, all colors which are on the connecting line (inside the triangle) can be
reached by mixing the two (three) colors.

The closer the color point is positioned to the edge of the diagram, the purer the
color is perceived. The spectrum sP88k()\ T') depending on the wavelength A and the
temperature 7' of a Planckian radiator (black body) can be derived by:

2he

SPlanck()\’ T) — — 7
A3 (eMBT — 1)

(2.13)
where kg = 8.617-107° eV /K is the Boltzmann constant. The Planck curve represents
the colors of a hypothetical black body at different temperatures 7'. In Fig. (b),
the point A (0.448/0.407) represents the spectral distribution of a Planckian radiator



2.3 White Light 22

with a temperature of 2856 K and is often referred to as warm white color point, while
E (0.333/0.333) is the point of equal energy which is often referred to as cold white
color point. In Appendix [A 1] the spectral emission intensities and the resultant color
coordinates measured for conventional light sources are summarized.

intensity / a.u.

0.0-
400 450 500 550 600 650 700
wavelength / nm

(a)

Figure 2.4: Color matching functions (a) representing the light sensitivity of the
different cones. Two dimensional CIE1931 color diagram (b). Every color can be
described by two coordinates x and y. The warm white point A (0.447/0.407) and
the point E (0.333/0.333) of equal energy are plotted. The black line represents the
Planckian radiator and the gray lines the lines of equal correlated temperature.

2.3 White Light

Color correlated temperature

The color correlated temperature (CCT) of a light source is the temperature of the
Planck curve whose perceived color most closely resembles that of the light source. In
Fig. [2.4] (b), the lines of equal correlated temperature are shown. The CCT can be
calculated for every light source, however, it is only meaningful for a small distance of
the color coordinates Auv from the Planck curve:

A’LLU = \/(usource - uPlanck)2 + (Usource - UPlaan)2a (214)

with u and v being the CIE1960 uniform color coordinates of the light source and the
Planckian curve, respectively. The CIE1960 color coordinates have been introduced
to achieve a perceptual uniformity. The uniform color coordinates can be calculated
from the CIE1931 color coordinates using:

dx d 6y
U= and v = :
—2z 4+ 12y + 3 —2z 4+ 12y + 3

The CCT allows to distinguish between warm (CCT: 2,500 to 3,300 K), neutral (CCT:
3,300 to 5,000 K), and cold/daylight (CCT: 5,000 to 7,500 K) white light sources.

(2.15)
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For example, the light during the sunset/sunrise corresponds to a CCT of 3,200 K,
while a sunny day around noon corresponds to a CCT of 5,800 K. Table gives an
overview of CCTs of different light sources. While incandescent and halogen lamps
are restricted to warm white, fluorescent tubes, compact fluorescent lamps, LEDs,
and OLEDs cover a CCT range from warm white to cold white.[35] [36]

Color rendering index

In most cases, the impression caused by the reflected light from the illuminated
surface is more important than the direct light of a light source. The quality of the
reflected light can be quantified by the color rendering index (CRI). The CRI of
a light source can be measured by comparing the reflected light of eight test color
samples to the reflected light of a Planckian radiator at the same CCT. However,
due to the complexity of this measurement, the CRI is nowadays calculated by a
convolution of defined reflectivity curves with the spectrum of the light source. The
exact calculation can be found in Ref. [37]. In a strict sense, the CRI is only valid if
the color coordinates are close to the Planck curve, i.e. a distance Auv < 0.0054.
The values of the CRI range from 0 to 100, where higher values indicate better
color rendering. An incandescent lamp has a CRI of 100 by definition, a CRI above
90 is still very good, between 80 and 90 is good, and a CRI between 60 and 80 is
sufficient for most applications. For indoor solid state lighting a minimum CRI of 75
is required. An overview of CRI values for different lights sources are given in Tab.
For fluorescent tubes, compact fluorescent lamps, LEDs, and OLEDs the CRI can
be adjusted by tuning the emission spectrum and very good CRIs are possible (cf.

Appx. [A1). [35, B8]

Table 2.3: Summary of color correlated temperatures and color rendering index val-
ues for different light sources. While incandescent and halogen lamps are restricted
to warm white and have maximum CRI, fluorescent tubes, compact fluorescent
lamps, LEDs and OLEDs range from warm white to cold white. The CRI of the
four latter ones can be adjusted by tuning the emission spectrum leading to very
good CRIs.

light source CCT [K] CRI
incandescent [39] ~2,700 ~100
halogen [40] ~2,900 ~100
fluorescent tube [35] 39 2,700-8,000  50-95
compact fluorescent [35] 39 2,700-8,000  80-90
LED [39, [40] 2,650-6,500  70-90

OLED [4I] 2,500-6,500  75-90
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Energy Star requirements

As indicated in the previous section, a light source is perceived as white if the color
coordinates are close to the Planckian curve and a CRI is defined (Auv < 0.0054 in
the CIE1960 color space). However, this definition is arguable, since two lamps can
have the same CRI and CCT, but still show differences in appearance. A definition
which further includes the tolerance of the human eye to perceive different whites is
more useful. [42-44]

Since 2008, there is an ANSI standard based on studies with fluorescent tubes,
which is also used by the Energy Star program of the US Environmental Protection
Agency and the US Department of Energy to define requirements for solid state
lighting.[38] For white light, it is required that the color coordinates fall into one of
the eight chromaticity quadrangles in the CIE1931 color diagram (Fig. [2.5)), while
every quadrangle is assigned to a CCT wvalue. This standard is based on 7-step
MacAdam ellipses. That means that the original (1-step) MacAdam ellipses are scaled
up by a factor of 7. Here, one ellipse is the region where colors are perceived to be
the same.[45] However, it is strongly discussed if this is sufficient since in industry
manufacturers already use a much finer binning for white LEDs, e.g. based on 2-step
or 4-step MacAdam ellipses. [44]
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Figure 2.5: CIE1931 diagram including the eight chromaticity quadrangles which
define a white light source and their CCT. Each ellipse of the 7-step MacAdam
ellipses defines a region, where the colors are perceived to be the same. The Planck
curve, and the color points A and E are included for better visualization.
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2.4 Light Sources

Another important quantity for the characterization of human-made light sources
is the ratio of light power output, corrected to human reception (in lumen), to the
electrical power input (in watt). This ratio is called luminous efficacy (LE). The
maximum LE of an ideal white light source (having a color point A and a CRI of 100)
is 240 Im/W. For a warm-white LED (at 3,000K, CRI: 90), a theoretical maximum of
408 Im/W can be estimated.[39] Based on a real device performance and reasonable
estimated device improvements, a possible efficacy of 155 lm/W (at 5,000 cd/m?) is
calculated for an all-phosphorescent single stack white OLED.[46] A theoretical limit
of 250 Im/W for such a white OLED is stated by Tyan[47], assuming that the driving
voltage is reduced to a minimum of 2.9 V and no loss mechanisms are present in
the device. A second important quantity for light sources is the external quantum
efficiency (EQE). The EQE is given by the number of photons emitted into air
divided by the number of injected electrons.

Incandescent lamp

The incandescent light bulb has been a major light source since the 19th century, in
particular for home lighting. A filament wire is heated to a high temperature until it
glows. The wire is protected against air by a gas filled or evacuated glass enclosure.
Although incandescent lamps emit warm white light and have a high CRI of 100, they
are very inefficient. Only 5% of the power is converted to visible light, the rest is
emitted as heat. The typical lifetime is below 1,000 h. Filling the glass bulb with
halogen gas, the lifetime can be extended to 2,000 h and the efficacy can be increased
to 20 lm/W.

Since 2009, the European Union is step-wise forbidding the production and sales
of incandescent lamps. Hence, in future the incandescent lamp will be replaced by
alternative light sources.[39, 48]

Fluorescent lamp

In the late 1930s, first fluorescent tubes were processed by General Electrics in the
USA and are now dominating the lighting in offices and public buildings. Here, UV
light is generated between the electrodes at the end of the tube and excites a phosphor
which is coated on the inner side of the tube. The phosphor absorbs the UV light and
emits light in the visible wavelength regime (down-conversion). Fluorescent tubes
have a better efficiency (about 25%) and a longer lifetime than incandescent bulbs
(up to 30,000 h), however, most of them contain small amounts of toxic mercury.
About 50 years later the compact fluorescent lamp (CFL) entered the market,
which consists of two, four or six small fluorescent tubes and fits into the socket
of incandescent bulbs. The main advantage of CFLs is the high efficiency (35-
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80 Im/W, 20%), and hence the energy saving. As a result, the environmental pollution
(carbon dioxide, nitrogen oxide, and sulfur dioxide) is strongly reduced compared to
incandescent bulbs. On the other hand, the amount of mercury in these lamps lowers
the advantage of the energy saving issue.

LEDs

Inorganic LEDs providing a nontoxic alternative to fluorescent lamps were first
demonstrated in the 1960s.[49] The light emission is based on recombination of
electrons and holes at a pn junction of semiconducting materials. Using down-
conversion from a blue emitting gallium nitride diode, highly efficient white LEDs are
possible (~100 Im/W, 30%). In April 2012, Cree Inc. (Durham, USA) claimed a record
efficacy of 254 Im/W.[50] One major difference of the LED to other conventional
light sources is the strong forward directed emission, which makes LEDs especially
useful for applications where spotlight with high luminance is necessary. The lifetime
can be over 25,000 h. Nowadays, LED lighting for the household is still expensive.
Nevertheless, LEDs are very promising candidates to replace the incandescent bulb.

OLEDs

In the past years OLEDs became a light source competitive to their inorganic coun-
terparts, despite the fact that intensive research on OLEDs started about 30 years
later. In OLEDs, light emission is realized by recombination of charge carriers on
organic semiconducting molecules. OLEDs exhibit a large variety of advantages and
new features like area emission, processing possibility on flexible substrates, small
thickness, and wide viewing angle. On the lab scale, efficacies exceeding that of
fluorescent tubes have been already demonstrated (124 Im/W at 1,000 cd/m?).[14]
First white OLED tiles and lamps are commercially available, however, the prices are
still very high.

One of the first commercial availabe white OLED tile has been sold by OSRAM
(ORBEOS, 23 Im/W at 1,000 c¢d/m?) which cost about 100 € (lifetime ~5,000 h, size
~90 mm diameter, 1.9 mm thickness). Konica Minolta sells OLED panels (45 lm/W at
1,000 c¢d/m?) for about 1,000 € (lifetime ~8,000 h, size ~74 x 74 x 1.9 mm). A hybrid
LED/OLED lamp (Benwirth Licht GmbH) costs between 2,000 and 5,000 €.[51H53]



3 Organic Semiconductors

The variety of organic materials offers the possibility to build light-emitting
diodes, solar cells, field effect transistors, and other devices. In this chap-
ter, the physical and chemical properties of organic semiconductors are
discussed. Firstly, the formation of molecular orbitals is deduced from the
Schrodinger equation. Then, the important radiative transitions of fluo-
rescence and phosphorescence are explained. Furthermore, the respective
enerqgy transfer between electrons and between molecules is discussed. This
includes diffusion and annihilation processes, which are essential for this
work.

3.1 Molecular Orbitals

Comparable to a single atom, molecules composed of n atoms can be generally
described by the time independent nonrelativistic Schrodinger equation:

HU"(F) = E» U*(7), (3.1)

where H denotes the Hamilton operator and U™ are the eigenfunctions depending on
the spatial vector 7, leading to the allowed energy eigenstates E". In organic films,
intermolecular bonds are realized by weak van der Waals forces. Thus, the organic
film can be described as an oriented gas and the energy eigenstates are primarily
determined by the structure of a single molecule. [54H50]

Several approximations have to be made, since the Schrodinger equation cannot be
solved analytically for the many-particle problem. One is the Born-Oppenheimer
approximation which assumes that motion of electrons (e) is much faster than that
of the nuclei (N). Due to the low mass of the electron compared to nuclei, the electrons
respond instantaneously to any change of the nuclei formation. The Hamilton operator
H and the wave function ¥ can therefore be separated into:

H=H+ HY (3.2)
W7 R) = 0°(7) - oN(R), (33)
where 1¢ describes the electronic part and N the vibrational part, depending on the

electron coordinates 7~ and the nuclei coordinates é, respectively. The energy E of a
certain molecular state can therefore be written as:

E=FE"+ B, (3.4)

Disregarding the numerous interactions between single electrons (Hartree approxi-
mation), allows the total electron wave function to be written as a product of the
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wave functions of a single electron ;:

Y = Hwi. (3.5)

Since electrons are fermions, the wave function has to be antisymmetric under the
exchange of two electrons (Pauli principle). This is ensured by the Slater determi-
nant:

i
1| ¥2(1) a(2) -+ aha(n
TVl SRR

where 11(1) describes the wave function of electron 1 at the position 1, 15(1) the

~—

v (3.6)

wave function of electron 2 at the position 1, and so on.
In quantum chemistry the electron wave functions ; describing the molecu-

lar orbitals are calculated using the Linear Combination of Atomic Orbitals
(LCAO) 9

Y= cix Pr. (3.7)
k

By minimizing the energy of the system, the coefficients ¢;x can be determined
numerically.

Organic semiconducting molecules consist of hydrocarbons with alternating single
and double bonds (conjugated system). In benzene (Fig. (a)), for example, the
molecular orbitals can be assumed to be a superposition of the sp? and p, orbitals of
single carbon atoms (Fig. (b)). The sp? orbitals form the o bonds in the xy plane
(Fig. (¢)), while the p, orbitals form a delocalized electron cloud, the so-called 7
bonds (Fig.[3.1/(d)). The overlap of the p. orbitals is lower than that of the sp? orbitals,
which results in a lower energy splitting of the binding 7 and anti-binding 7* states
compared to the o and ¢* states. Thus, the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) are given by
7 and 7*, respectively (Fig. (e)). Furthermore, the o bonds are the strongest type
of covalent bonds and determine mainly the chemical properties, while the delocalized
7 system is mainly responsible for the electrical and optical properties. [57]

The energy gap AE = Egomo — ELumo can be adjusted by the number of aromatic
rings as well as by incorporation of various atoms such as nitride, oxygen, sulfur, and
others. This allows the design of molecules with band gaps in the range between
infrared and UV light, i.e. of molecules that are suitable as emitters or absorbers in
OLEDs or OSCs, respectively.

It is common practice to consider these organic solids as “organic semiconductors”,
although they are rather insulators than semiconductors. The associated semicon-
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ducting properties like light absorption, emission, and conduction of charges can be
observed. While absorption and emission are indeed intrinsic properties, charges are
usually created extrinsically, e.g. via injection by electrodes or dissociation of optically
generated electron-hole pairs.
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Figure 3.1: The chemical structure of benzene (a), sp? hybridization of a single
carbon atom (b), the o orbital/electrons (c), and the delocalized 7 orbital/electrons
(d) of benzene resulting from the linear combination of atomic orbitals of the carbon
atoms. A schematic energy level diagram (e). The electrons in the 7 system form the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). These orbitals are responsible for the electronic and optical properties of
organic semiconductors.[57]
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Density-functional theory

The technique of constructing the molecular wave function from the electron wave
functions is known as Hartree-Fock (HF) method, where every electron has to
be described by three coordinates. However, in modern quantum chemistry, an
alternative approach named density-functional theory (DFT) is well established.
The advantage of DFT is that it calculates the molecular properties from the electron
density, which depends itself only on three coordinates, thus decreasing computation
time. Various methods based on HF or DFT have been developed to calculate
properties of molecules. However, there is not one ultimate method that works best.
Even nowadays, it is common to compare the data found experimentally to the values
predicted by the different theoretical approaches, and use the best fitting method for
further optimization.[58-62]

To demonstrate this approach, an example calculation for the simple benzene
molecule can be found in Appendix together with the calculated electron wave
functions.

3.2 Fluorescence and Phosphorescence

By excitation of the organic molecule, either optically or electrically, a Coulomb-bound
pair of an electron and hole, an (electrically neutral) exciton, is formed. In organic
semiconductors these excitons are called Frenkel excitons and are strongly localized
and bound to the molecule with a binding energy of 0.1 eV to 1 eV. This is in sharp
contrast to inorganic semiconductors, where Wannier-Mott excitons have a typical
size in the order of tens of lattice constants and binding energies in the range of a few
meV [63].

Electrons and holes have a spin of s = 1/2, respectively, which leads to a total
exciton spin of S = 0 (singlet) or S = 1 (triplet). In a two particle system the spin
wave function of the particles o and 3 can be written as:

exciton  spin wave function S = M

singlet
% {a1Bs — Bras} 0 1
triplet
Q10 1 1
% {a1Bs + Bran} 1
B152 -1

where Mg is the eigenvalue of the z-component of the spin. The index 1 and 2 refer to
particle 1 and 2.[64], 65] Excitons have the possibility to end up in either the singlet
state or in one of three triplet states. For electrical excitation, taking a random
distribution of spins into account, the singlet to triplet ratio is 1:3.
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In contrast, optical excitation is a transition from the ground state Sy, which is
a singlet state, to an excited state. This transition requires spin conservation, i.e.
transitions to the triplet state are forbidden and excitons end up in a singlet state.
“Forbidden” is used here in the typical quantum mechanical sense, meaning that the
probability of this process is orders of magnitudes lower than of those which are not
spin-forbidden. The ratio of optically excited singlets/triplets in organic materials is
the range of 10° — 10'° to 1.[57]

By definition, the energy of the ground state Sy is 0 eV. The radiative transition
from a singlet state to the ground state is called fluorescence and from a triplet
state to the ground state is called phosphorescence. The transition probability P
from an initial state ¢ into the final state f depends on the matrix dipole moment M
and holds:

Pogoc| M. (3.8)

The matrix dipole moment M can be calculated using perturbation theory and
Fermi’s Golden Rule. For details, the reader is referred to Ref. [66]. The energy E.,
of the emitted photon is than simply given by:

E,=hv=FE;—E,. (3.9)

Fluorescence

In order to explain the absorption and emission spectra of organic materials, vibronic
states (indicated by the index v) have to be taken into account. The energy difference
between vibronic levels is about a factor of ten lower than between electronic states.

Figure [3.2] schematically illustrates the origin of the symmetric behavior between
absorption and emission spectra of a molecule (Frank-Condon diagram). Absorp-
tion is the transition of an electron from the ground state (S, v = 0) to a vibrational
state of an energetically higher electronic state (S, v = 0...k). The transitions between
vibrational states are very fast (typically 107'? s). Hence, excitons relax first into
the deepest vibronic state (S,, v = 0) before they are radiatively back transferred to
a vibronic level of the electronic ground state (S, v = 0...k). The typical lifetime
of a singlet exciton in a fluorescent system is in the range of 107 — 107° s (triplets:
1073 — 10° s [67]). During this relaxation the electron dissipates a small amount of
energy resulting in an emission at longer wavelength (Stokes shift). The Stokes shift
is usually in the range of 1 eV.[68]

The absorption coefficient « in an organic material is given by the Lambert-Beer
law:

I =1,10", (3.10)

where [ is the layer thickness. The ratio between the incident light intensity /o and
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transmitted light intensity I is given by the transmission 7' = I /I,. Typical absorption
coefficients for organic thin films and crystals are in the range of 10° cm™!.[57]
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Figure 3.2: Frank-Condon diagram, absorption, and emission spectra of a fluores-
cent molecule. The transitions between electronic and vibronic states quantitatively
describe the symmetric behavior of absorption and emission. The Stokes shift is a
result of the energy loss during the stay in an excited state.[69]

Phosphorescence

Transitions between singlet and triplet state are usually spin-forbidden. However,
incorporating heavy metals (e.g. platinum, europium, or iridium) into the molecule
weakens the spin-orbit coupling and leads to an increased intersystem crossing
(ISC) rate between the singlet and triplet state. In organo-transition metal triplet
emitters, the ISC rate can be very high in the order of 10'? — 10'® s7!. The molecule
emits, therefore, efficiently from the triplet state (phosphorescence). The lifetime of
the triplet state in phosphorescent materials is about 1075 s. [70]

Figure (Jablonski diagram) summarizes the most important radiative and
nonradiative transitions within an excited molecule. Additionally to absorption,
fluorescence, and phosphorescence, nonradiative internal conversion (energy transfer
to phonons) can take place.
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Figure 3.3: Jablonski diagram illustrating the most important radiative and
nonradiative transitions in a molecule: absorption, fluorescence, phosphorescence,
intersystem crossing, and internal conversion. Spin-forbidden transitions are marked
by dotted arrows. However, using materials with a high intersystem crossing rate
can lead to efficient phosphorescence from the triplet state.[69)

3.3 Singlet-Triplet Splitting

As stated in the previous section, the optical energy gap between the singlet level S}
and ground state Sy is not equal to the energy difference between HOMO and LUMO.
It can be calculated using the Coulomb integral K:

K = [ i) 05 o 5 () a7 7 07, (3.11)
Tey T
and the electron exchange interaction integral C"
C =[] ¥y(7) ¥p(2) yr— = Yp(71) Ya(2) A7 772, (3.12)
TeEQ T

which is the first-order quantum mechanical correction of the electron-electron repul-
sion due to the Pauli principle. Both integrals are defined as positive mathematical
quantities, i.e. are energy-raising. Here, ¢ = 1.602 - 107 C denotes the electron
charge, g = 8.854 - 10712 As V"' m™! is the permittivity in free space, and | r |
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the distance between electron a and electron b. The asterisk on the electronic wave
function 1) marks an excited state. [71]
The resulting equations for the singlet and triplet energies are:

Es=K+C (3.13)

Er=K—C. (3.14)

Equations and clearly show that the singlet energy FEg is higher than the
triplet energy Et. The energy difference between both, the singlet-triplet splitting Fsr,
is given by:

Esr=FEs— FEr=2C > 0. (3.15)

The singlet-triplet splitting depends only on the exchange interaction integral C' and
scales, therefore, with the overlap of the electron wave functions, i.e. HOMO and
LUMO of the molecule. Typical values for the singlet-triplet splitting Fst of organic
materials are in the range of hundreds of meV.[70]

3.4 Energy Transfer Mechanisms

Additionally to the energy transfer between different states of a molecule, energy
transfer between molecules can take place in an organic semiconductor. In this section,
a molecule providing energy is referred to as donor (D) and a molecule harvesting
energy is referred to as acceptor (A). An excited molecule is marked with an asterisk,
and the subscripts S and T denote a singlet and triplet state, respectively.

Reabsorption

The process where one molecule emits a photon (due to radiative transition of an
electron from an excited state to the ground state) and another molecule subsequently
absorbs this photon (resulting in a transition from the ground state to an excited
state) is called reabsorption. This photon exchange can be written as a two step

process:
D*— D+ hv

A+ hy — A*, (3.16)

where hv is the photon energy. The interaction radius of the reabsorption process
is in the range of more than 10 nm. However, due to the Stokes shift in organic
semiconductors, this process is mostly negligible.[69]
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Forster transfer

The energy transfer from a donor to an acceptor via nonradiative dipole-dipole coupling
is known as (long-range) Forster transfer.[72] The transfer energy Epgsier is given by:

1
EFérster = s (317)

6
1+ (%)
where r is the distance between donor and acceptor and R, is the Forster radius
(determined by the distance when the energy transfer efficiency is reduced to 50%):

RS _ 9000 ¢* In 10 5% Q
0 128 w5 nt Ny

Here, ¢ is the speed of light in vacuum, « is the dipole orientation factor (which is

J. (3.18)

often assumed to be 2/3 for isotropic orientation), () denotes the quantum yield of the
donor in absence of the acceptor, n is the refractive index, and Ny = 6.022-10%3*mol !
the Avogadro constant. Furthermore, the Forster radius depends on the overlap
between normalized donor emission spectrum fp (7) and the acceptor molar extinction
coefficient €4 (), (i.e. the absorption spectrum) with v = A™! as wave number. The
overlap integral J is given by:

J = /fD (D) e (D) ;dﬁ with 1 = /fD (o) do. (3.19)

The Forster transfer can overcome distances of more than 10 nm and plays an
important role for matrix-emitter systems. [67]

As a consequence of the pure dipole-dipole interaction, the total spin of each
molecule has to be conserved during the energy transfer. This means that a triplet
transfer from donor to acceptor is strictly forbidden in Forster theory. The allowed

transfers are:

D§ + As — Dg + Aj
. 3.20
D§+AT—>DS—|—A;} ( )

Dexter transfer

The process based on electron exchange between two neighboring molecules is named
(short-range) Dexter transfer and requires an overlap of the molecular orbitals. Thus,
the transfer distance is typically shorter than 1 nm.[67, [73]

Here, the total spin of both molecules needs to be conserved, resulting in the
allowed Dexter mechanisms:

Di + As — Dg + A}

. 3.21
D;kf + As — Ds + Ai} ( )

Figure illustrates Forster and Dexter type transfers schematically. Forster transfer
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requires that the electrons remain confined to the same molecule, in contrast to
Dexter transfer, where electrons between the two molecules are exchanged. While for
triplet-triplet transfer only Dexter transfer is possible, singlet-singlet energy transfer
can occur via both, Forster and Dexter energy transfers. For low concentrations of
the acceptor in matrix-emitter systems, Forster energy transfer is dominant since it is
faster at longer distances.
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Figure 3.4: Schematic diagram of Forster (a) and Dexter (b) energy transfer
between donor and acceptor molecules. The electron transition is indicated by
dotted arrows. For Forster transfer the electrons remain at the same molecule,
while for Dexter transfer electrons of two molecules are exchanged.

3.5 Exciton Diffusion and Quenching

Exciton diffusion

Exciton diffusion processes can be considered as a series of uncorrelated Forster and
Dexter type transfers between molecules as discussed in the previous section. The
exciton concentration gradient provides the driving force for exciton migration within
the organic semiconductor.

Neglecting quenching processes, the time dependent, one dimensional diffusion
equation for the exciton density n(z,t) is given by Fick’s second law:

2

dng’t) =G (x,t) + Dagg;,t) - ; (3.22)
The first term G (z,t) describes the generation of excitons. The second term stands for
diffusion with D as diffusion constant. Finally, the third term covers the monomolecular
decay where 7 is the excited state lifetime. In many cases, the exciton generation
zone is assumed to be a delta-shaped profile G(z,t) = Go - 6(z = 0,t).[74-76] Under
this condition, the steady-state solution dn/dt = 0 to Eq. reads:

n(z) =ng-e L, (3.23)
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where ng is the exciton density at the generation interface and L is the exciton diffusion
length according to:

L=+Dr. (3.24)

A wide range of values is reported for the diffusion length in organic semiconductors,
mostly strongly dependent on the material and the excitation method (optically or
electrically). For singlet excitons, the diffusion length ranges from a few nm to several
tens of nm. For triplets, which are assumed to have a longer diffusion length due to
their longer lifetime, even values in the um regime have been reported.[77, [78] Precise
knowledge of the exciton diffusion length is important, especially for the design of
white triplet-harvesting OLEDs where the triplet diffusion is appreciated and singlet
diffusion needs to be avoided.[I7-19]

Quenching

The annihilation of an exciton due to the interaction with other excitons, charge
carriers, surfaces, impurities, or defects is called quenching. Quenching caused by
impurities and defects is of minor importance, since nowadays organic materials can
be sufficiently purified, for example by vacuum sublimation. |79

The quenching by electrical charges is called exciton-polaron quenching and is
important in OLEDs where charges are injected via the contacts (singlet-polaron
annihilation (SPA), triplet-polaron annihilation (TPA)). Typical current den-
sities in OLEDs are in the range of 107! to 10> mA/cm? corresponding to polaron
densities of about 10'° to 103 cm~3. At high current densities the polaron density
can exceed 10'7 cm™3.[80]

Two singlet excitons can annihilate according to:

S1+ S1 — Sp + 51, (325)

meaning that two excited singlets end up in one excited singlet and one singlet in
the ground state (singlet-singlet annihilation, SSA). However, due to the small
lifetime of singlets the quenching by triplet excitons (singlet-triplet annihilation,
STA) is more likely:

S1+ Ty — S+ 17. (326)

The interaction of two triplet excitons can lead to the following important mechanisms,
known as triplet-triplet annihilation (TTA) :

T1+T1—>50+T1

) 3.27
T +1 — So + Sl ( )
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In the first case two excited triplets form an excited triplet state and a singlet in the
ground state and in the second case the triplets form a singlet in the ground state
and an excited singlet state which is able to decay radiatively (delayed fluorescence).
According to quantum statistics, the first process is more likely than the second. The
triplet density in the emissive layer of an OLED device under electrical excitation is
in the range of 10'® to 10%** cm~3. From photoluminescence, it can be deduced that
the concentration where TTA sets in is about 10'® cm™3. The number of TTA events
scales quadratically with the triplet density.[81], 82]

A combination of several annihilation processes can be observed in OLEDs when
driven at high current densities. The result is a decrease in efficiency, known as
roll-off.[70] This is, of course, an undesired effect, hence the reduction of the roll-off
has been a mayor focus of OLED research over the last years. [81], 83-R6]

3.6 Charge Carrier Transport

In the previous section, the physics of electrically neutral excitons were discussed.
Molecules can, of course, also be charged. An additional electron in the LUMO
provides a negative charge, while a HOMO occupied by only one electron provides
a positive charge, a hole. When applying an electric field F , the charge carriers
can move. In a first approximation (according to the Drude model of inorganic
semiconductors) the drift velocity ¢ is given by:

7= pF, (3.28)

where [1 is the (field-independent) mobility tensor. In amorphous organic layers the
mobility can be assumed to be isotropic and thus a scalar quantity.

Usually, organic devices can be regarded to have infinite extension in two directions,
which reduces the transport to a one-dimensional problem. The most common
experiments used to determine the mobilities for electrons and holes are the time-
of-flight method [87], field-effect mobility measurements [88] 89], and the analysis of
space-charge limited currents (SCLC)[69,90]. It is worth noting that the mobility is not
an intrinsic material property, but does strongly depend on the sample preparation
conditions, the morphology of the substrate, the material purity, and the used
experimental method.[91]

Hopping transport

In amorphous organic semiconductors, the electrons and holes are strongly localized
and a coupling of 7-orbitals is not present. Hence, a band transport like in inorganic
semiconductors is not possible. The current flow is instead determined by a series
of hopping events of charge carriers between neighboring molecules. The Gaussian
disorder model, introduced by Bassler describes the hopping transport between
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Gaussian distributed density of states.[92] The mobilities reached by hopping transport
(107% to 1072 em?/Vs [69]) are much lower than for inorganic semiconductors.

If an ohmic contact is given, the layer will then charge at the interface and further
hinder the transport. This effect is known as space-charge limited current.[93] The one-
dimensional unipolar transport for ohmic injection is described by the Mott-Gurney
law:

MG = geoeugg, (3.29)
where j is the current density, €9 = 8.854 - 107'% As/Vm the permittivity constant,
¢ the permittivity of the material, U the applied voltage, and L the length/thickness of
the layer. The assumption of € = 3 holds for most organic compounds.[57] The Mott-
Gurney law does not consider trap states or the dependence of the mobility on the
temperature and the electric field. Additional trap states, mainly caused by impurities,
can be described within the trap filled limited current (TFLC) theory.[56], 94] Here,
the traps are filled gradually with increasing voltage until the trap filled limit is
reached. For an exponential or Gaussian distribution of trap states above this limit,
the relationship between current density and voltage is j ~ U'*!, while | = E; /kgT
with E7 the energy depth of the trap states and 7' the temperature.

At high current densities, the dependence of the mobility on the electric field
cannot be neglected anymore.[95] This can be described by the Poole-Frenkel type
mobility u(F,T):

p(F,T) = p(0,T) & DVE, (3.30)
where 1 (0,7T) is the zero-field mobility and « (T") the so-called field enhancement

factor. The field enhancement factor describes the lowering of the barrier for hopping
in the direction of the field. The SCL current density can be approximated to [96]:

: 9 T U?
Jer = gecopt (0,7) VT 5 (3.31)

Using Eq. (3.31)), the zero-field mobility can be evaluated straightforward from the
[V-curve, if unipolar transport and ohmic injection are given.



4 Organic Light-Emitting Diodes

Since OLEDs are the focus of this work, their operation principle will
be described in detail. Beginning with electroluminescence in a two-layer
OLED, the development of a multi-layer pin-OLEDs and the role of phos-
phorescent emitters are explained. The principle and verification of the
triplet harvesting process are described. Furthermore, it will be shown
that light outcoupling is an important issue to increase device efficiency.
Finally, a brief summary of state-of-the-art white OLEDs is given.

4.1 Electroluminescence

Depending on the used organic material, OLEDs are distinguished into polymer and
small-molecule OLEDs. Furthermore, OLEDs are divided into top-emitting (emission
away from the substrate) and bottom-emitting (emission through the substrate). In
the following, the main focus will be on bottom-emitting small-molecule OLEDs.

Electroluminescence of organic materials has been first published by Pope et al.[97],
and later by Helfrich and Schneider[98] in the 1960s. They observed luminescence
when applying a high voltage (50 to 2,000 V) to anthracene crystals. However, the
first so-called “OLED” was demonstrated by Tang and VanSlyke in 1987.[2] They
embedded two small-molecule organic materials between a transparent anode and a
highly reflective cathode by vapor deposition and observed luminescence already at a
driving voltage of less than 5 V. The anode material is indium-doped tin oxide (ITO)
which is transparent and conductive at the same time. ITO is still the most common
anode material for OLEDs, while the cathode is usually a metal.
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Figure 4.1: General working principle of a two-layer OLED introduced by Tang
and VanSlyke.[2, [IT] Holes and electrons are injected via the anode and cathode,
respectively. At the organic-organic interface charge carriers form excitons which
can emit light. The recombination is only taking place in one material. The light is
further outcoupled through the semitransparent anode.
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The basic working principle of a two-layer OLED is shown in Fig. £.1] When
applying a voltage U to the electrodes, electrons and holes are injected into the two
different materials with appropriate transport properties. Additionally to their optical
properties, the electrode materials need to be chosen according to their work functions
®, and P to provide sufficient charge injection into the HOMO and LUMO of the
organic materials, respectively. The charge carriers accumulate at the interface of
the organic layers, where the exciton generation is taking place. The excitons can
radiatively decay and generate photons. The transparent anode allows outcoupling of
these photons.

The efficiencies reached with this first green OLED were quite low (EQE < 1%,
LE ~1.5 Im/W). This is due to the following reasons: (i) the efficient injection and
transport of charge carriers is hindered by the SCLC, (ii) the used emitter system is a
fluorescent emitter, i.e. all electrically excited triplets are a lost, and (iii) the light
outcoupling is not optimized for this thin film structure, i.e. light is trapped inside
the OLED. How each of these factors can be mitigated and will be addressed in the
following sections.

4.2 The pin Concept
Doping

In analogy to inorganic semiconductors, doping can increase the density of free charge
carriers and thus the conductivity in organic materials by several orders of magnitude.
Doping of organic materials was first shown by Shirakawa et al.[99, [100] for polymers
in 1977, and later by Maitrot et al.[L0I] by the use of co-evaporation of small-molecules
in 1986. The principle of electrical p- and n-type doping for a matrix:dopant system

is shown in Fig. 4.2

p-type doping n-type doping
“dopant
LUMO ———— —TL‘ 8
matrix matrix
L —— i
dopant

Figure 4.2: Principle of p- and n-type doping of organic materials.[9, [102] The
charge transfer between matrix and dopant leads to a strong increase in charge
carrier density and thus conductivity of the layer.
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For p-type doping, the HOMO of the matrix donates an electron to the unoccupied
LUMO of the dopant. This leads to a higher hole density and thus higher conductivity
of the layer. This process works similar for n-type doping. Here, the matrix acts as
acceptor. By transfer of an electron from the HOMO of the dopant to the LUMO of
the matrix, the electron density increases. In OLEDs, the high charge carrier density
reduces the voltage drop over the organic layer significantly. Therefore, their thickness
can be increased to several hundreds of nanometers without any significant drop in
voltage. Hence, the doped layers can be used as charge transport layers to adjust the
position of the emission zone inside the OLED cavity to the location that is most
favorable from an optical perspective. However, for thick layers it has to be considered
that most dopants have a small band gap and thus absorb light from the emitting
molecules.

It is far more difficult to find suitable n-dopants rather than p-dopants: The
n-dopants need to have a higher HOMO energy than the LUMO energy of the matrix.
This requires at the same time that the LUMO energy of the dopant is close to
the vacuum energy. Usually these molecules are very sensitive to oxidation, which
is the reason why alkali metals are often used for n-type doping instead of organic
molecules.[T03] The doping concentration ¢ in weight percent [wt%] is given by:

c=—"2 00, (4.1)
mp + my
with mp and my; as mass of the dopant and matrix, respectively.

Another important advantage of electrically doped layers becomes relevant, when
regarding the charge injection from a metal contact. As indicated in Fig. [4.3] doping
leads to an energy level bending towards the Fermi energy Er and thus a formation
of a depletion zone, typically within the first 5 nm of the organic material.[7] This
increases the tunneling probability of charge carriers into the organic layer. The
tunneling of charge carriers results in an ohmic injection and thus reduces the voltage
drop at the metal-organic interface.
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LUMO
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Figure 4.3: Effect of p- and n-doping at a metal interface.[9, [[02] Doping leads
to band bending towards the Fermi energy. The formation of a depletion zone
increases the tunneling probability of charge carriers into the organic layer.
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The pin-OLED

The doping of transport layers in OLEDs has been intensively investigated since the
late 1990s and is still an important research aspect.[7, [8, [[03HI06] In 1998, Bharathan
and Yang[I07] demonstrated a reduced driving voltage for a polymer OLED with
p-doped hole and n-doped electron transport layer. However, here the excitons had
been quenched at the dopants, which resulted in a low light intensity.

The intrinsic layer, sandwiched between the p- and n-doped transport layer leads
to the name pin-OLED. Exciton blocking layers can help to overcome the quenching
of excitons and can additionally be used to confine charge carriers. A five layer small
molecule pin-OLED with undoped blocking layers at both sides of the emission layer
has been first shown by Huang et al.[10] in 2002. The green fluorescent pin-OLED
reached a luminance of 1,000 cd/m? at a driving voltage of 2.9 V.

In Fig. [£.4] the working principle of such a multilayer pin-OLED is shown. The
different organic layers are named according to their function: the electron transport
layer (ETL), the hole blocking layer (HBL), the emission layer (EML), the electron
blocking layer (EBL), and the hole transport layer (HTL).
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Figure 4.4: Working principle of a pin-OLED. Charge carriers are injected via the
contacts into the respective doped transport layers. The charges pass the blocking
layers and generate excitons inside the EML. These excitons can underlie diffusion
processes before they generate photons. The photons can then be outcoupled
through the semitransparent anode. In addition to the charge carrier confinement,
the EBL and HBL also hinder the excitons from diffusing into the ETL or HTL.

The mechanisms are the following: (i) electrons and holes are efficiently injected
into the respective transport layers, (ii) the electrons/holes are transported through
the ETL/HTL and HBL/EBL to the EML, (iii) the blocking layers prevent the charge
carriers from traveling through the whole device, (iv) holes and electrons form excitons

ABJaus
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in the EML, (v) the excitons can diffuse and generate photons, (vi) the blocking layers
ensure that the excitons are maintained within the EML and are thus not quenched
at the dopants, and finally, (vii) the photons can be outcoupled.

4.3 Phosphorescent Emitters

In the previous section, it has been explained how the efficiency of an OLED can be
enhanced by incorporating blocking and doped transport layers. However, due to the
use of fluorescent emitters, the reported EQEs had been rather low (< 5%).[108 [109]
The reason is that the electrical excitation leads to a singlet:triplet ratio of 1:3
(cf. Sec. . Since on a fluorescent emitter, only the singlet excitons recombine
radiatively, about 75% of the injected charge carriers are lost (Fig. .

This problem can be overcome by using phosphorescent emitters, which efficiently
emit from the triplet state. In 1998, Baldo et al.[110}, [IT1] showed that the incor-
poration of the heavy metal platinum into an organic compound leads to efficient
phosphorescence (yield ~50%). The spin-orbit coupling strongly increases due to the
high atomic number of the metal. Furthermore, the ISC rate is increased and leads to
an efficient transfer of singlets to the triplet state (Fig. [.5). This makes it possible to
reach phosphorescence yields closed to unity, like reported by Adachi et al.[12] using
iridium as heavy metal.

fluorescent OLED phosphorescent OLED

S

SO,
250/:,/ Ys% 25%/ 75%
ISC
s, _® S, /=~
T

968 250

NV

Figure 4.5: Distribution and emission from singlet and triplet state in OLEDs
comprising either a fluorescent or a phosphorescent emitter. While in the first case
only 25% of the injected charge carriers contribute to the emission, a phosphorescent
OLED benefits from the high ISC rate and the efficient emission from the triplet
state.

Sy : -

In the following years, the reported EQE values for phosphorescent pin-OLEDs
could reach up to 20%.[15], 112] This is consistent with the picture that now both
exciton species, singlets and triplets, contribute to the emission, thus leading to a four
fold increase in efficiency from the original 5%. However, new problems arise when
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using phosphorescent emitters in OLEDs: (i) phosphorescent emitters need to be
doped into a suitable matrix material, mostly to avoid concentration quenching, and
(ii) due to the long lifetime, the triplet density inside the EML can become very high
in comparison to the singlet density in fluorescent OLEDs. Therefore, annihilation
processes are more relevant and a stronger roll-off is observed in phosphorescent
OLEDs. [46]

In particular, blue phosphorescent emitters have two additional drawbacks: While
for red and green phosphorescent emitters, long OLED lifetimes have been reported
(> 100,000 h at 1,000 cd/m? [I13| [114]), the lifetime of OLEDs with blue phosphores-
cent emitters is usually very low (< 2 h [14]). Secondly, most phosphorescent blue
emitters have a sky-blue emission color and only little emission at the short wavelength
end of the visible spectrum which complicates the achievement of high CRIs in white
OLEDs.[14] The accomplishment of highly efficient long-living phosphorescent blue
OLEDs is challenging since they require a matrix material with a large energy band
gap, which usually go side by side with insufficient carrier injection, imperfect exciton
confinement, and chemical instability. [15]

Therefore, in the next section, a harvesting concept for triplet excitons will be
introduced, which on the one hand allows to benefit from the good properties of blue
fluorescent emitters and on the other hand ensures high internal quantum yields.

4.4 'Triplet Harvesting

Since this work is focused on triplet harvesting (TH) OLEDs, the basic working
principle and different possibility to investigate the TH processes will be explained in
detail in the following.

Principle

The term triplet harvesting relates primarily to the fact that triplet excitons are
usually lost in a fluorescent emitter system. As shown in Fig. [4.0], the basic idea of
this concept is the transfer of these triplets to a phosphorescent emitter, where they
can decay radiatively. At the same time, the singlet transfer needs to be hindered.
Considering the longer lifetime of triplets, and hence the longer diffusion length, this
can be achieved by a spatial separation of the emitters. Of course, for an efficient
transfer, the triplet energy level of the phosphorescent emitter needs to be lower than
that of the fluorescent emitter.

In the ideal case, all singlet excitons from the fluorescent emitter and all harvested
triplet excitons will generate photons. This means that if ideally all triplets are
harvested, the internal quantum yield in TH OLEDs can be close to unity.
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Figure 4.6: Principle of TH. The triplets of the fluorescent emitter can be trans-
ferred to the deeper lying triplet level of a phosphorescent emitter and are therefore
“harvested”. At the same time singlet transfer needs to be hindered. This can be
achieved by a spatial separation of the emitters.

In 2006, Sun et al.[I7] and Schwartz et al.[16] first realized TH in OLEDs. Sun
and coworkers used the ambipolar large band gap host material CBP[] (Fig. (a))
as matrix material in the EML (Fig. 4.7 (a)). The blue fluorescent emitter BCzVB{]
is doped at a concentration of 5 wt% into two parts of host material next to the
outside of the EML. The singlets generated at CBP are transferred by Forster transfer
to BCzVBIi. Due to the low concentration, triplets cannot be efficiently transferred
to this emitter. However, these triplets have a long lifetime and can diffuse to the
green phosphorescent emitter Ir(ppy)s (cf. Sec. [5.1), which is doped into the middle
of the EML. The singlet transfer to the phosphorescent emitter is hindered by a thin
intrinsic layer of the host material between the two doped regions.

In 2010, Kondakova et al.[21] reported TH by doping the deep-blue emitter
MQAB| (T, = 2.55 eV) into the host CBP (T; = 2.61 eV) at only one side of the
EML (Fig. 4.7/ (b)). Similarly, they observed TH by the green phosphorescent emitter
Ir(ppy)s (T1 = 2.49 eV) using the matrix Ga(pyimd){(T; = 2.71 eV).

Schwartz et al.[I8] introduced a slightly different approach. Here, excitons are
generated directly on the fluorescent bulk emitter 4P-NPD (T = 2.31 eV) (cf. Sec.
(Fig. 4.7/ (c)). A direct generation on the blue emitter is beneficial for OLEDs, since
losses occurring from the matrix-emitter transfer, like in the previous case, are avoided.

Furthermore 4P-NPD has a much higher hole mobility than electron mobility
(un = 6.6 -107* cm?/Vs, p. = 3.6 - 107® ¢m?/Vs) which leads to a narrow exciton
generation zone close to the HBL. The red phosphorescent emitter Ir(MDQ)»(acac)
(T, = 2.02 eV) (cf. Sec. is doped into the hole-transporting host material NPB

14 4-bis(N-carbazolyl)biphenyl

24 4’-bis(9-ethyl-3-carbazovenylene)-1,1’-biphenyl
3difluoro[6-mesityl-N-(2-(1H)-quinolinylidene-xN)-(6-mesityl-2-quinolinaminato-«N1)]boron
4tris[2-(2-pyridyl)imidazole]gallium (I1I)
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(cf. Sec. at the opposite side of the EML. Like in the structures discussed before,
the triplets can diffuse towards the phosphorescent emitter and get harvested. Since
the singlet diffusion length is shorter than the diffusion length of triplets, singlets will
not reach the phosphorescent emitter. In this manner, the singlet transfer is hindered.

Using a blue fluorescent bulk emitter, two further configurations can be realized
to obtain TH. First, the phosphorescent emitter can be doped into the whole EML
(Fig. (d)).[115], 116] However, very low concentrations (~ 0.2 wt%) are necessary
to ensure that singlet transfer is not taking place at any significant rate. The second
configuration is similar to Fig. (c). Here, the host material is replaced by the blue

emitter (Fig. (e)).[19]
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Figure 4.7: Realization of TH in OLEDs using a fluorescent emitter in a matrix
material (a,b) or a blue fluorescent bulk emitter (c-e). In the latter case, the
phosphorescent emitter can be doped into a different matrix (c), at low concentration
into the complete EML (d), or only into a part of the fluorescent emitter (e). The
exciton generation zone and the diffusion of triplets are indicated.

Verification of TH

TH can be investigated by the comparison of the spectral emission as well as the
EQE of a TH OLED and a reference device without the phosphorescent emitter.
In Fig. (a) the spectral emission of these OLEDs is shown at constant current
density as published by Sun and coworkers.[I7] A constant current density ensures
the same injection rate of holes and electrons into the OLED and it can be assumed
that therefore the exciton generation rate is the same in both devices. The blue
emission spectra remains constant, while for the TH device additional green emission
is observed. This means that no singlet transfer to the green phosphor is present,
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because this would lower the blue emission. Therefore, the generation of triplets is
realized either by direct recombination of holes and electrons on the phosphorescent
emitter or by TH after diffusion. A direct recombination would reduce the number of
holes and electrons available for the recombination on the blue emitter, and thus lower
the blue emission in comparison to the reference devices. Since this is not observed, it
is concluded that the additional green emission occurs from TH.

When applying TH, the EQE of the considered OLEDs increases from 1.4 to
2.6%. This is a rather small improvement (factor of 1.9), regarding the fact that three
times more excitons should be contributing to the emission. The reason is that due
to the trapping of triplets on the blue fluorescent emitter, not all triplets reach the
phosphorescent emitter, which, of course, reduces the EQE.[117]
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Figure 4.8: Proof of TH using a reference device without the phosphorescent emit-
ter (a) by Sun et al.[I7] and using a distance variation between exciton generation
and TH zone (b) by Rosenow et al.[19]. In the TH OLED additional emission of the
phosphorescent emitter can be observed, which strongly indicates diffusion based
TH as discussed in the text. The reduction of the emission from the phosphorescent
emitter with increasing layer thickness in (b) is in agreement with the assumption
of a decreasing number of diffusing triplets. In both cases the blue emission remains
constant, which proves that the singlet transfer is efficiently hindered. Reprinted
by permission from Macmillan Publishers Ltd: Nature [I7], copyright 2006, and
reprinted with permission from [19]. Copyright 2010, American Institute of Physics.

Another possibility to investigate triplet harvesting in OLEDs is the variation of
the distance between the exciton generation and the TH zone. For example, Rosenow
et al.[19] studied this effect using the highly hole transporting blue emitter 4P-NPD,
which ensures the generation zone to be close to the HBL. The phosphorescent red
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emitter Ir(MDQ)s(acac) is doped into 4P-NPD only at the EBL side (cf. Fig[t.7] (e)).
A thickness variation of the intrinsic 4P-NPD layer is performed (Fig. (b)), which
changes the distance between exciton generation and TH zone. With increasing
thickness of intrinsic 4P-NPD, the spectral emission at a constant current density
remains the same for the blue part and decreases steadily for the red part. This is
in good agreement with the fact that the diffusion mechanisms of triplets determine
the number of harvested triplets. At larger distances, fewer triplets can reach the
phosphorescent emitter and thus the red emission decreases. This statement is
furthermore supported by the EQE which decreases from 11.0% at a thickness of
10 nm to 4.9% at 30 nm (at 1,000 cd/m?).

The TH principle can be therefore used to investigate the triplet diffusion length
in operating OLEDs as demonstrated by Wiinsche et al.[I18], who examined the same
emitter system. Interestingly, they found that additionally to the triplet harvesting
process, a non-negligible amount of direct recombination events of holes and electrons
is taking place on the red emitter. It is noteworthy that the direct recombination does
not necessarily lower the internal quantum yield, but reduces the number of available
holes and electrons for the recombination on the blue emitter.

The variation of the distance between exciton generation and the TH zone can
be also achieved by decreasing the doping concentration of the phosphorescent
emitter.[I15, 1T6] In this case the whole EML layer can be doped. However, the
required low doping concentrations (< 0.2 wt%) are experimentally challenging.

In addition, qualitative evidence of TH in OLEDs can be found by regarding the
time resolved electroluminescence and the emission when applying an electromagnetic
field. Kondakova et al.[21] investigated both methods using MQAB (doped into the
matrix CBP) and Ir(ppy)Qch] (in Ga(pyimd)s) as blue and yellow emitter, respectively
(cf. Fig. [4.7) (d)). In Fig.[4.9| (a) the emission of the TH OLED is shown as function of
time. For this experiment, the OLED is excited by 2 ps long voltage pulses (+5.4 V
on state, -10 V off state), and the yellow and blue emission are separated using
appropriate filters. While the blue emission rises and decays rapidly, the yellow
emission increases and decays slowly. The delay between both emission peaks is about
1 ps, and is independent of the on state and off state driving voltage.

These results indicate that triplets diffuse from a recombination zone to the
phosphorescent emitter, which causes a delayed emission. This delay depends on the
distance between blue and yellow emitter (spacer thickness) and used materials. The
observed linearity between delayed signal and spacer thickness (inset in Fig. (a))
suggests a constant diffusion velocity of the triplets.

In Fig. (b), yellow and blue emission are shown as function of the strength
of an externally applied magnetic field. Interestingly, no change in driving voltage
is observed. The yellow emission increases with increasing magnetic field strength,

Sfac-bis(2-phenylpyridyl)(2-pyridylcoumarin )iridium (I1I)
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meaning that more triplets reach the phosphorescent emitter. This can be explained
by the fact that the annihilation of triplets by polarons is spin controlled and the
annihilation rate can be reduced by applying a magnetic field.[81]

The saturation of the blue emission with increasing magnetic field strength is not
fully understood yet. It is interesting that in a conventional OLED containing only
the yellow phosphorescent emitter, the magnetic field effect is not present. Kondakova
et al. stated that this effect seems to be unique for TH OLEDs.[21]
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Figure 4.9: Proof of TH using time-resolved electroluminescence (a) and the
magnetic field effect (b) by Kondakova et al.[21]. The diffusion of triplets leads to a
delayed signal of the phosphorescent yellow emitter compared to the blue emitter.
The inset shows that the delay time increases with increasing (spacer) distance
between the two emitters. The increase of the yellow emission with increasing
magnetic field strength results from the reduced triplet-polaron annihilation rate.
This increases the number of triplets which are able to reach the phosphorescent
emitter and hence increases the emission intensity. Reprinted with permission from
[21]. Copyright 2010, American Institute of Physics.

Finally, it is important to mention that TH from a matrix material or a doped
blue emitter to a green emitter has been shown several times.[17, 2], T17] However,
TH from a blue fluorescent bulk emitter to a green phosphorescent emitter has not
been demonstrated up to now. From a luminous efficacy point of view, TH from a
bulk emitter is preferred, since the use of a matrix material usually results in higher
driving voltages.

The challenge is to find an efficient blue fluorescent bulk emitter with a high
triplet energy (T; > 2.4 V) and a singlet energy in the range of 2.7 to 2.9 eV. The
required reduction of the singlet-triplet splitting can be achieved by localizing the
HOMO and LUMO wave functions on different regions of the molecule. Unfortunately,
a smaller overlap of the wave functions goes hand in hand with a decrease of the
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fluorescence quantum yield. Using up-conversion of triplets into singlets, e.g. by two
triplets forming a singlet or by thermally activated delayed fluorescence (TADF),
which converts a triplet into an excited singlet state, this issue might be overcome.
The research of efficient emitters with small singlet-triplet splitting is in the very
beginning.[IT9] Promising results have been achieved by Endo et al.[120] in 2011 using
TADF. They demonstrated a fluorescence quantum yield of 39% for the compound
PIC-TRZ] which exhibits a singlet energy of S; = 2.66 eV and a triplet energy of
T, = 2.55 eV. Recently the same group obtained even 62% for the triazine derivative
having bicarbazole substituents (CC2TAED with S; = 2.52 ¢V and Ty = 2.46 e¢V. The
OLED comprising CC2TA as emitting material exhibits a remarkable high EQE of
11% at 0.1 mA /cm?.[121]

4.5 Light Outcoupling
Light modes inside the OLED

It is a very strong simplification to describe light propagation in a thin film structure
with ray optics. However, it helps to understand how light is lost inside the OLED
and how most outcoupling approaches are working. Figure shows a scheme
of the OLED cavity including the glass substrate. Since organic materials have a
similar refractive index of about 1.7 to 2.1 (depending on the wavelength), the single
functional layers do not need to be distinguished. The refractive index of ITO ranges
from 1.8 to 2.0. Glass has a refractive index of 1.5.

metal
P surface plasmon modes
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___________ emission zone

\\// waveguided modes
substrate substrate modes

(glass n=1.5)

air (n=1.0) outcoupled modes

Figure 4.10: Light loss mechanisms inside the OLED resulting from total internal
reflection. The light modes can be distinguished into outcoupled, waveguided, and
surface plasmon polariton modes. Absorption losses in the ITO and the doped
transport layers can be expected to play a minor role. Refraction at the interfaces
has been omitted for simplification.

62-biphenyl-4,6-bis(12-phenylindolo[2,3-a] carbazole-11-yl)-1,3,5-triazine,
72,4-bis{3-(9H-carbazol-9-y1)-9H-carbazol-9-y1}-6-phenyl-1,3,5-triazine
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Light is generated by the emitting molecules which can be assumed to form a thin
emission zone close to the center of the organic layer. Due to total internal reflection
at the interfaces organic/ITO, ITO/glass, and glass/air, only a certain amount of
light is outcoupled into air (refractive index of 1), while the rest is trapped inside
the device. Light modes trapped in the organic material and ITO are referred to as
waveguided or organic modes. Light modes which cannot escape the substrate are
so-called substrate modes.

A further loss mechanism are the surface plasmon polariton (SPP) modes, which
are a result of the coupling of the emitting molecules to the metal surface. Absorption
may also occur in the ITO and the doped transport layers. However, due to the
high transparency of these layers, it can be expected that this forms a minor loss
mechanism.

Quantification of light loss mechanisms

Regarding the electrical, excitonic, radiative, and optical processes, the external
quantum efficiency neqr can be split into four terms|[12] [122] 123]:

NEQE = Y 1S/ T Tlout Tlrad,eff (42)

where 7 is the electrical efficiency (also known as charge balance factor). It describes
the ratio of generated excitons to the number of injected electrons. The ratio of
singlets/triplets is considered by 7g,r, with ng/r = 1 for phosphorescent emitters, and
ns;t = 0.25 for fluorescent emitters. The third term is the outcoupling efficiency 7oys.
It accounts for the ratio of outcoupled photons to generated photons. Using ray optics,
Nout can be estimated using the refractive index of the glass substrate ngass [124] 125]:

1
owt = 53— = 0.22. (4.3)

glass

Eq. implies that about 80% of the generated light cannot escape the device
structure. This is a rather rough estimation, but in good agreement with the fact that
the maximum measured EQEs for OLEDs (without using outcoupling enhancement
methods) are in the range of 20% and indicates that there is a huge potential for
efficiency improvement, if it is possible to outcouple the trapped modes. |15, 112]
The effective radiative efficiency naq.s describes the number of generated photons to
the number of generated excitons and is given by[L3]:

Fnrad
1— Trad + Fnrad’
with F' as Purcell factor and n.,q as intrinsic emitter radiative quantum efficiency

Thad,eff = (44)

(or internal quantum efficiency of the emitter). The Purcell factor accounts for the
quantum mechanical effect that the radiative efficiency of an emitter depends on the
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surrounding. In OLEDs, F ranges values below and above 1. In free space F' = 1, and
the effective radiative efficiency equals the intrinsic emitter efficiency 7.,q which is
given by[126H128)]:

Ira
Thrad = T d (45)

rad + Tnonrad
where I'.q and I'onaq are the radiative and nonradiative decay rates of the emitter.
To calculate the EQE, the wavelength dependency of the respective efficiencies needs to
be considered. Furthermore, the formula has to include the intrinsic emission spectrum
of the emitter s()\) (i.e. the photoluminescence spectrum) with 1 = [ s(\) d\. Finally,
the EQE reads[13]:

NMEQE = Y 1s/T / 5 (A) Nout (A) Mrad,efr (A) dA

F(A) Mrad
1 - TNrad + F()‘> Tlrad

—syr [ 500 mou() (A (46)

In 2012, Furno et al.[13] showed that Eq. can be used to calculate the intrinsic
emitter efficiency 7,.q and the electrical efficiency ~ for pin-OLEDs with one emitter,
when the EQE for different ETL thicknesses is known from the experiment. Here, the
Purcell factor F(\) and the outcoupling efficiency 7, (A) are modeled by treating the
emitting molecules as ensemble of emitting dipole antennas. The obtained values for
Mrad are in the range of 73 to 84% with an error of £10%, while v lies between 0.90 to
0.94. The investigated emitters were the red phosphorescent emitter Ir(MDQ)z(acac),
the green phosphorescent emitter Ir(ppy)s, and the blue fluorescent emitter TBPe (cf.
Sec. p.1]).

These validations are done at low exciton densities of the OLEDs, before the
roll-off sets in, so that annihilation effects can be excluded. The distribution of the
emitting dipoles within the EML is considered as delta-shaped. This is reasonable,
since the EML thickness is small compared to the whole device thickness. However, for
a complete description, the incorporation of the emission profile might be interesting.

As discussed in the previous section, the emission profile inside the OLED is a
result of the recombination profile of electrons and holes, and the diffusion profile of
excitons within the device. The study of emission profiles in OLEDs is an important
research topic. While for polymer OLEDs several methods are known to obtain the
emission profile[129, [130], this topic is hardly investigated for small molecule OLEDs.
One reason is that they usually have smaller EML thicknesses.

Nevertheless, it is possible to quantify the loss mechanisms inside the OLED cavity.
In the following, a red phosphorescent (Ir(MDQ)s(acac)) pin-OLED as described in
Ref. [131] is considered as an example. The loss mechanisms depending on the ETL
thickness are shown in Fig. [4.11]
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The outcoupled emission exhibits a strong dependence on EML thickness. This
can be understood by regarding the resonance condition inside the OLED cavity
for 0°:

2L =m, (4.7)

with L = nd the optical thickness of the cavity (i.e. the cavity length d multiplied by
the refractive index n) and m the resonance order. The cavity condition is a result of
constructive and destructive interference of the light modes. The calculation of the
electromagnetic field confirms this condition.
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Figure 4.11: Quantified loss mechanisms in a red phosphorescent pin-OLED for
different ETL thicknesses by Meerheim et al.[I31]. The simulated quantum efficiency
agrees nicely with experimental results (at low current density of 1.51 mA /cm?,
configuration as shown on the right side). Reprint with permission from [I31].
Copyright 2010, American Institute of Physics.

For the red OLEDs, the calculated field intensity for different cavity lengths and
emitter positions is shown in Fig. [4.12] Here, the field is obtained using classical
electrodynamics and the transfer matrix method.[13] If the emitting molecules are
placed in the maximum of the electromagnetic field, a large number of radiation
modes is available, and therefore a strong coupling to the outcoupled modes can be
expected. Placing the emitters into the node of the field, in contrast, leads to low
outcoupling efficiencies. The influence of the emitter coupling to the field and the
Purcell effect on the outcoupling efficiency are often referred to as cavity effects. As
indicated in Fig. [£.12] so-called optical maxima of higher order occur when increasing
cavity thickness. Hence, in Fig. the OLED at 70 nm ETL thickness is called
first order device, and the OLED at 250 nm second order device. Interestingly, in
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the considered case, the EQE in the second maximum is slightly higher than for the
first order device. It can be shown that this effect strongly depends on the intrinsic
radiative emitter efficiency. [127, [131]

Regarding the substrate modes in Fig. their dependence on the ETL thickness
is similar but not as strong as for the outcoupling efficiency. Furthermore, the mode
redistribution from SPP to waveguided modes with increasing ETL thickness can be
seen in Fig. £.T1} Together, the SPP, waveguided, and substrate modes account for
about 60 to 70% of the light loss inside these OLEDs. Since the increase of the doped
transport layer thickness does not result in a voltage drop, the electrical efficiency
can be assumed to be constant for all layer thicknesses. The electrical, nonradiative,
and absorption losses are together in the range of 20 to 30%, which in the end limit
the device EQE to about 20%. This is in good agreement with the calculations of
Nowy et al.[127] and Setz et al.[132], who obtained similar results for green OLEDs.
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Figure 4.12: Electromagnetic field intensities for the devices shown in Fig. at
the peak wavelength of the emitter (610 nm, 0°) by Furno et al.[I3]. Increasing the
ETL thickness and thus the cavity thickness shifts the emitting molecules through a
first maximum, a minimum, and a second maximum. The coupling of the emitting
molecules to the electromagnetic field influences the outcoupling efficiency strongly
and explains qualitatively the dependence of the outcoupling efficiency in Fig.
on the ETL thickness. Reprinted with permission from [I3]. Copyright 2012 by the
American Physical Society.

Orientation of the emitting dipoles

The outcoupling efficiency 7,,; depends on the orientation of the transition dipoles.
This issue has to be considered when modeling 7,,;. Often, the dipole orientation of
the emitting molecules is unknown and therefore assumed to be isotropic, i.e. 1/3
vertical (z-direction) and 2/3 horizontal dipoles (xy-plane) (cf. Fig. [1.13] (a)). As
shown in Fig. 4.13| (b), a vertical dipole emits only transversal magnetic (TM) light,
while horizontal dipoles emit TM and transversal electric (TE) light modes. Only
TM modes can couple to surface plasmon modes, meaning that TE modes will more
strongly contribute to the outcoupled modes. Hence, a horizontal orientation of
emitting dipoles is desired.
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The anisotropy factor © accounts for the number of vertically orientated dipoles
to the number of total dipoles, so that © = 1/3 for isotropic orientation, © = 1 for
completely vertical orientation, and © = 0 for completely horizontal orientation.

Recently, it was found that certain emitters provide a preferentially horizontal
dipole orientation in small-molecule OLEDs.[I33-139] A correlation between molecule
length and horizontal orientation (the more planar the molecule, the more horizontal
emitters) has been observed|[I39]. However, there are as well non-planar emitters
which show preferential horizontal orientation[I38] 140]. Up to now, the reason for
this effect is not clear. It might be possible that the orientation depends on the
processing conditions, matrix materials, the surface/material below, and so on.

Schmidt et al.[I38] obtained an anisotropy factor of © = 0.24 for the red phospho-
rescent emitter Ir(MDQ)s(acac). They further estimated a maximum EQE of 38%
(70%, if substrate modes can be outcoupled), assuming © = 0, v = 1, and 7aq = 1.
Controlling the emitter orientation offers the possibility to achieve highly efficient
OLEDs. Unfortunately, a method to achieve complete horizontal orientation is not
known up to now.

vertical horizontal

/ 5 I/’y ™ TM .
[ EML /
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Figure 4.13: Geometry of dipole distribution inside the EML (a) and emission
pattern of horizontal and vertical oriented dipoles (b). A vertical dipole emits TM
modes, while horizontal dipoles emit TM and TE modes.

Outcoupling enhancement methods

A simple approach to get access to the substrate modes is the attachment of a glass
half-sphere (Fig. (a) and (b)). Index matching oil is then used to obtain an optical
contact between the substrate and the sphere. Modes which would undergo total
internal reflection at the glass/air interface are directly coupled into the half-sphere.
Due to the shape of the half-sphere, the angle of light incidence becomes now 90° and
the former glass modes are converted to outcoupled modes (Fig. (b)).

The outcoupling of organic modes can be achieved by the use of a high refractive
index (high-n) substrate (Fig. (¢)). The organic modes can now be transferred
into the substrate. Similarly to the low-n case, a half-sphere made of high-n glass is
necessary to couple these modes into air.
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Figure 4.14: Light outcoupling of substrate modes from conventional configura-
tion (a) via an attached glass half-sphere (b). The substrate modes are now coupled
into the glass half-sphere and contribute to the outcoupled modes. Using high-n
glass, the organic modes can be extracted (c). By increasing the distance between
emitting molecules and the metal cathode (d), the SPP modes are strongly reduced
and more waveguided modes are generated, which will be outcoupled by the high-n
glass. Refraction at the interfaces has been omitted for simplification.

The strength of excited SPP modes depends strongly on the distance of emitter
molecules to the metal electrode. Thus, an increase in distance will lower the SPP
coupling (Fig. (d)). However, it can be observed that the modes which are no
longer lost to SPP modes now strongly contribute to waveguided modes. Therefore, a
high-n substrate and half-sphere are required to make full use of this approach. Using
this simple picture, it is expected that almost all light modes can be outcoupled and
high EQEs in the range of 80 to 100% should be possible.

Applying a configuration like the one illustrated in Fig. (d), high efficiencies
have indeed been demonstrated. In 2009, Mladenovski et al.[I41] measured an EQE
of 42%, corresponding to 183 Im/W (at 1,000 cd/m?) for a green phosphorescent
pin-OLED. Meerheim et al.[131] achieved even 54% (104 Im/W at 500 c¢d/m?) with a
red phosphorescent pin-OLED. This demonstrates that the index matching approach
works well to efficiently enhance outcoupling. However, the experimentally achieved
EQEs of about 50% are still significantly lower than the expected 80 to 100%. Despite
the fact that perfect index matching cannot be achieved experimentally, this already
indicates that ray optics are not sufficient to describe OLEDs quantitatively.

Furthermore, high index glass is very expensive and a half-sphere which needs
to have at least the size of the OLED is not very handy. Various other outcou-
pling methods are therefore in the focus of current OLED research, like the use of
micro-lens arrays[142, [143], alternative electrodes (e.g. polymers[144 [145], metal-
lic nanowires[I46HI48|, graphene films[I49]), scattering layers[I50, [I51], gratings
structures[17), 152], 153], and others.
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The possibilities to obtain white emission in OLEDs are manifold.[I54, [155] An
overview on the existing white OLED layouts is given in Fig [£.15 Depending on
the number of emitter materials, the OLEDs can be distinguished into single-color,
two-color, three-color, etc. white OLEDs. Single-color white OLEDs (Fig. 4.15| (a))
comprise one emitter with a broad emission spectrum.|[156] However, achieving the
desired color coordinates might be difficult with this approach. In multi-color OLEDs
this can be done more easily by adjusting the emitter contributions. For two-color
OLEDs the down-conversion principle is one possible approach (Fig. [4.15( (b)).[157]
Here, a part of the blue light is converted into red/yellow light. Since the down-
conversion layer is electrically inert, this layer can be placed on the outside of the
substrate.

The layouts (c-f) in Fig. are shown for three-color white OLEDs, but they are
not restricted to three emitters. Nevertheless, white OLEDs based on three emitters
are most common.

a5 BN =

[ |
| | | |
() (d) () (f)
Figure 4.15: Common layouts for white OLEDs: single-color (a), down-conversion
(b), stacked (c), subpixel (d), sublayer EML(e), and multiple doped EML OLEDs

(f). Furthermore, white OLEDs can be distinguished by the number of emitters:
single-color, two-color, three-color, etc. white OLEDs.
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In the last years, tandem (stacked) OLEDs, where two or more OLEDs are
built on top of each other came into the focus of interest (Fig. (c)).[158] These
structures are very efficient, since additional charge carriers are generated at the
interfaces between the single OLEDs. In a tandem OLED consisting of two subunits,
ideally an internal quantum efficiency of 200% is possible. However, the large cavity
complicates light outcoupling, since all emitters need to be placed in their respective
field maximum. Since these tandem OLEDs are series connected, the driving voltage
is strongly increased in comparison to single-unit OLEDs.[19] 20]

Another possibility to obtain white light is the use of monochrome OLEDs in a
subpixel design (Fig. (d)).[I54] Here, the advantage is that each pixel can be
individually optimized. The disadvantage, on the other hand, is that these subpixel
OLEDs require a very sophisticated and complicated structuring processes. The last
two OLED layouts are either based on a sublayer EML design (Fig. (e)) or a
multiple-doped EML (Fig. (f)).[159, [160]

The most promising methods to achieve highly efficient white OLEDs are the full
phosphorescent (PH) and the TH OLED, since both concepts allow very high internal
quantum yields (see previous sections). The layouts used for these devices are mostly
multi-color sublayer EML (Fig. (e)) or stacked OLEDs (Fig. (c)).

The advantage of the TH OLED in comparison to PH OLEDs is that due to the
use of a blue fluorescent emitter, the common problems with phosphorescent blue
emitters (sky-blue color coordinates and low lifetime) can be overcome. Table
gives an overview of the performance of state-of-the art white OLEDs.

Without outcoupling enhancement, luminous efficacies of more than 30 Im/W
(EQE of 10 to 20%) with almost warm white color coordinates and good CRI values
are possible with both concepts. Using light outcoupling techniques, the LE and
EQE can be strongly enhanced (about 120 lm/W and 45% at 1,000 cd/m?). It is
important to mention that when comparing EQEs of tandem units with non-tandem
OLEDs, the EQE value should be divided by the number of OLED units to obtain a
fair comparison.

It can be also seen from Tab. that, as expected, more emitters usually lead
to higher CRI values and that more greenish or reddish color coordinates lead to
higher efficiencies. Of course, the more emitters are used, the more complicated is
the design of OLEDs. Regarding lighting application, further issues, including color
stability with current and viewing angle, lifetime, and costs, have to be considered.
Nevertheless, these achievements show great promise for white OLEDs to become a
general light source (cf. Sec. [2).
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5 Experimental and Methods

In this chapter, the materials used for OLEDs investigated in this work
are introduced. This includes the substrate, electrodes, transport materials,
blocker materials, and fluorescent and phosphorescent emitters. The device
fabrication in the ultrahigh vacuum chamber is explained. Furthermore,
important measurement setups and characterization methods of OLED:s,
such as current-voltage-luminance, spectral emission, angular dependence,
efficiencies, and lifetime are described. The time-resolved measurement of
the spectral emission of OLEDs using a streak camera is introduced, as
well as the photoluminescence setup. At the end, the theoretical methods
of optical simulation of OLEDs and the quantum chemistry calculations
are briefly discussed.

5.1 Materials

All used materials are commercially purchased from various suppliers as stated below.
The organic materials consist of small molecules, having a mass between approximately
300 and 1500 g/mol. All organic materials are available in powder form and are
purified by vacuum gradient sublimation before evaporation.[9) [164]

Transport Materials

The transport layers in this work are realized by doping a guest molecule into a matrix
material, thus increasing conductivity (cf. Sec. . As hole transport layer the
wide gap matrix material N,N N’ N’-tetrakis(4-methoxyphenyl)-benzidine (MeO-TPD,
Sensient) doped with 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalono-nitrile (F6-
TCNNQ, Novaled AG) is used. The doping concentration is typically in the range
between 2 and 4 wt%.[165], [166]

MeO-TPD F6-TCNNQ BPhen

Figure 5.1: Molecular structures of materials used as transport layers. The matrix
MeO-TPD and the dopant F6-TCNNQ serve as hole transport layer, and BPhen as
matrix for the electron transport layer.
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The electron transport layer consists of the wide gap bathophenanthroline; 4,7-
diphenyl-1,10-phenanthroline (BPhen, aber GmbH & Co. KG) doped with the metal
cesium (Cs) which has a work function of -2.1 eV.[I03] The chemical structures of MeO-
TPD, F6-TCNNQ, and BPhen are shown in Fig. [5.1] The doping concentration of Cs
is adjusted while performing a conductivity measurement during evaporation with a
test sample. Therefore, BPhen and Cs are co-evaporated and the current/conductivity
change between two side by side ITO contacts is measured. The temperature of Cs
is then set to fulfill a current change of 0.01 nA/(s nm). This leads to a ratio of
about one Cs atom per BPhen molecule [167]. Both doped transport layers exhibit a
conductivity in the range of 10° S/cm [167]. A summary of HOMO, LUMO, singlet,
and triplet energies for all materials used in this study is given in Tab.

Blocker Materials

For efficient electron (hole) blocking, the respective materials need to have a sufficiently
high LUMO energy (low HOMO energy). For efficient exciton confinement, the singlet
energy has to be higher than that of the emitter material. In case of phosphorescent
emitters, the triplet energy of the blocker needs to be sufficiently higher.

NPD Spiro-TAD
TCTA TAPC

"OK;‘; sIe
clostn

9 N

ag

Figure 5.2: Molecular structures of important materials used as electron blocking
layers: NPD, Spiro-TAD, TCTA, and TAPC.
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The molecular structures of the electron blocking materials used in this study are
shown in Fig.[5.2} N,N"-Di(naphthalene-1-y1)-N,N’-diphenyl-benzidine (NPD, Sensient)
[111], 2,2’,7,7-tetrakis-(N,N-diphenylamino)-9,9’-spirobifluorene (Spiro-TAD, Lumtec)
[168], 4,4’,47-tris(carbazol-9-yl)-triphenylamine (TCTA, Sensient) [169], and di-[4-
(N,N-ditolyl-amino)-phenyl] cyclohexane (TAPC, Sensient) [I70]. The LUMO energies
are in the range of -2.3 to -2.7 eV (cf. Tab. [5.1)).

The hole blocking materials are shown in Fig. [5.3} aluminum (III) bis(2-methyl-8-
quinolinato)-4-phenylphenolate (BAlq2, Sensient) [I71,[172], 2,2’,2”-(1,3,5-phenylene)tris(1-
phenyl-1H-benzimidazole) (TPBI, Sensient) [173], N,N’-Di(naphthalene-1-y1)-N,N’-
diphenyl-benzi-dine2- (diphenyl-phosphoryl)spirofluorene (SPPO1, Lumtec) [174],
1,4-phenylene bis(tri-phenyl-silane) (UGH2, Sigma-Aldrich Co. LLC.) [I75], and
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, abcr GmbH & Co. KG) [I11].
The HOMO energies of all hole blocking materials are below -6.1 eV (cf. Tab. .
Since BPhen has a low HOMO energy of -6.5 €V, it is also used as HBL.

BAIg2 TPBI

P Qry P

Figure 5.3: Molecular structures of important materials used as hole blocking
layers: BAlq2, TPBI, SPPO1, UGH2, and BCP.
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Emitter Materials

As blue fluorescent emitter, the bulk emitter N,N’-di-1-naphthalenyl-N ,N’-diphenyl-
[1,1:4°,17:4” 17’-quaterphenyl]-4,4”’-diamine (4P-NPD, Lumtec) is used. This emitter
chemically differs from NPD by two additional phenyl rings. 4P-NPD has a deep blue
emission (cf. Fig. and emits efficiently from the singlet state.[18§]

The second blue fluorescent emitter used in this work is 2,5,8,11-tetra-tert-
butylperylene (TBPe, Lumtec). In contrast to 4P-NPD, this emitter is embedded into
a matrix to avoid concentration quenching. As matrix, the ambipolar wide band gap
material 2-methyl-9,10-bis(naphthalen-2-yl)anthracene (MADN, Lumtec) is used.|[102]

The chemical structures of fluorescent emitter materials are shown in Fig. 5.4

4P-NPD

Figure 5.4: Molecular structure of the deep blue fluorescent bulk emitter 4P-NPD
and the matrix:emitter system MADN:TBPe.

The phosphorescent emitters used in this work have an iridium atom as heavy
metal in their core. This increases the ISC rate dramatically and leads to an ef-
ficient emission from the triplet state (cf. Sec. £.3). Figure shows the molec-
ular structure of the phosphorescent emitters: tris(2-phenylpyridine) iridium(I1I)
(Ir(ppy)s, Covion GmbH) [81], bis(2-phenylpyridine)iridium(III) acetylacetonate
(Ir(ppy)2(acac), Lumtec) [12, [I76], bis(2-(9,9-dihexylfluorenyl)-1-pyridine) (acetylacet-
onate) iridium(III) (Ir(dhfpy)s(acac), Lumtec) [I15], and iridium(IIT)bis(2-methyldibenzo-
[f,h]chinoxaline) (acetylacetonate) (Ir(MDQ)a(acac), American Dye Source, Inc.) [177].
Due to the longer lifetime of triplets compared to singlets, the triplet density becomes
high in the EML, and the phosphorescent emitters underlie a strong concentration
quenching.[83, [178] Hence, for OLEDs they are doped at low concentration (typically
1 to 10 wt%) into a suitable matrix material (e.g. NPD, TPBI, or TCTA).
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Figure 5.5: Molecular structures of important materials used as phosphorescent
emitters Ir(ppy)s, Ir(ppy)z2(acac), Ir(dhfpy)s(acac), and Ir(MDQ)z(acac). Due to
the iridium core the ISC rate is dramatically increased which leads to an efficient
emission from the triplet state.

c:é 12 TBPe Ir(bpy)z(alcac) IrI(MDQ)IZ(acacl)‘
- I 0.8+
< 1.0_4P NPD  Ir(ppy), i Ir(ppy)o(acac)
2z Ir(ppy)3 0 345/0.615)
£ o8 0.6402050.616),  \Ir(dhfpy)a(acac
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400 450 500 550 600 650 700 0.0 0.2 0.4 0.6 0.8
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Figure 5.6: Photoluminescence spectra of important emitter materials 4P-NPD
(deep blue), TBPe (blue), Ir(ppy)s (green), Ir(ppy)z2(acac) (green), Ir(dhfpy)q(acac)
(orange) and Ir(MDQ)2(acac) (red) (a) and CIE color coordinates calculated from
the spectral emission (b).

In Fig. 5.6/ (a) the photoluminescence spectra [179] of the used emitters are shown.
The spectra exhibit a full width at half maximum of 60 to 80 nm and are perceived
as monochrome colors, since their color coordinates are close to the edge of the
CIE diagram (Fig. [5.6| (b)). The emission color of 4P-NPD is deep blue, blue for
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TBPe, green for Ir(ppy)s; and Ir(ppy)s(acac), yellow for Ir(dhfpy)s(acac), and red for
Ir(MDQ)s(acac).

Summary of Material Properties

The HOMO, LUMO, singlet, and triplet energy levels of all materials used in this study
are displayed in Tab. [5.1 HOMO and LUMO energy are deduced from photoelectron
spectroscopy of thin films.[I80] Singlet energies are derived from the fluorescence
emission peak of thin films.[I79] In case of phosphorescent emitters the emission peak
yields the triplet energy. The triplet energy of the remaining materials is measured
by delayed phosphorescence at 77 K.[46), [181]

Table 5.1: Summary of material properties (HOMO, LUMO, singlet energy Sy,
and triplet energy Tp) of different organic small molecule materials used in this

work.
material HOMO LUMO St T,
eV eV eV eV
TRANSPORT MATERIALS
MeO-TPD -5.1 [180] -1.9 [180] 2.53 [179] —
F6-TCNNQ -7.8 [166] -5.4 [166] — —
BPhen 6.5 [I80]  -2.9 [I80]  3.21 [I79]  2.50 [40]
ELECTRON BLOCKING MATERIALS
NPD 5.4 [I80)  -2.6 [I80]  2.81 [I79]  2.29 [46]
Spiro-TAD 5.4 [168]  -2.4 [168]  3.06 [I79] —
TCTA -5.3 [169] -2.7 [169] 3.20 [179] 2.83 [46]
TAPC -5.8 [170] -2.4 [170] 3.35 [179] 2.87 [170]
HOLE BLOCKING MATERIALS
BAlg2 -6.1 [180] -3.2 [180] 2.51 [179] 2.31 [21]
TPBI 6.3 [I80]  -2.8 [I180]  3.20 [I79]  2.64 [40]
SPPO1 6.5 [182]  -2.8 [182] 3.52 [I79]  2.80 [187]
UGH2 74 [I80)  -2.7 [I80]  4.40 [I75]  3.50 [175]
BCP -6.5 [180] -3.0 [180] — —
FLUORESCENT EMITTER
4P-NPD -5.7 [1§] -2.3 [1§] 2.91 [179] 2.31 [1§]
TBPe -5.3 [180] -2.3 [180] 2.70 [179] —
MATRIX FOR TBPE
MADN 55 [180]  -2.6 [I80]  2.74 [I79]  —
PHOSPHORESCENT EMITTER
Ir(ppy)s 5.1 [180)  -2.4 [I80]  2.60 [I83]  2.40 [179]
Ir(ppy )2 (acac) -5.4 [12] -2.8 [12] — 2.38 [179]
Ir(dhfpy)s(acac) -5.1 [180] -2.4 [180] — 2.23 [179]
Ir(MDQ)z(acac) -5.4 [180] -2.8 [180] — 2.02 [179]
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Substrates and electrodes

In this work, borofloat glass (Thin Film Devices Inc.) with a thickness of 1.1 mm is
used as substrate for OLEDs. The glass substrates are already coated with ITO as
bottom contact when received from the manufacturer. The substrates are cleaned by
ultrasonic treatment in n-methyl-2-pyrrolidon (NMP), distilled water, and ethanol
before device processing. A detailed description of the cleaning procedure can be
found in Ref. [184].

The inset in Fig. shows a photographical image of a 1 x 1 inch pre-structured
ITO glass substrate. The patterned structure consists of four ITO fingers, each serving
as anode for one OLED pixel, and an additional rectangular shaped enhancement
contact for the top contact. The ITO has a thickness of 90 nm and a sheet resistance
of approx. 26 Ohm/sq.[185] The transmission of the glass substrate and ITO is shown
in Fig. for the visible wavelength regime using air as reference.[I86] While the
transmission of the ITO-free glass substrate has an average value of 91.6%@ and is
almost wavelength independent (standard deviation of 0.5%), the average transmission
for ITO on glass decreases to 84.3% and shows a larger wavelength dependence with
a standard deviation of 2.1%. The average transmission of ITO (excluding the glass
substrate) over the visible wavelength regime is 92%.

The highly reflective top electrode of the OLED is a metal, either aluminum (Al)
or silver (Ag) exhibiting an average reflectivity of about 90 or 95%, respectively. The
work function of both metals is -4.3 eV.[187]

100 — : ‘ .
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Figure 5.7: Transmission of the substrate with and without ITO. Inset: pho-

tographical image of a pre-structured 1 x 1 inch glass substrate with four ITO
fingers.

8Losses mostly originate from Fresnel reflection.
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5.2 Device Preparation

All OLEDs are prepared by thermal evaporation of thin layers under ultra high vacuum
(UHV) conditions. For device preparation three tools at the IAPP are available,
namely UFO2, Lesker A, and Lesker B. The UFO2 can only process small substrates
(1 x 1 inch), whereas the Lesker tools can handle larger substrates (6 x 6 inch). This
allows the processing of several different OLEDs with equal processing conditions.
Since the Lesker tools provide a better comparability and reproducibility, all OLEDs
are processed there. The UFO2 is mainly used for single layers and testing, thus
avoiding waste of material.

UFO2 and layer deposition

The UFO2 (Fig. is a multichamber evaporation cluster system (Bestec), where
single chambers are connected via the handler to move the sample from chamber to
chamber without braking the vacuum. A load lock is connected to a nitrogen filled
glove box and further to a flow box to load in/out the samples. The UFO2 consists
of five chambers for organic material evaporation, one metal chamber, one sputter
chamber and one storage chamber. Each organic chamber consists of four to eight
heat sources for the crucibles, two to four quartz crystal microbalance (QCM), a mask
system and a shutter. Fig. shows a scheme of the detailed setup of an organic
evaporation chamber.

thickness
monitor -
A

evaporation. =
unit .

Figure 5.8: Photograph of the multichamber evaporation cluster tool UFO2. The
single chambers are connected via a handler system to move the sample from
chamber to chamber. A load lock is connected to a nitrogen filled glove box which
again is connected to a flow box to load in/out the samples.
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The substrate is mounted upside down into the sample holder. When heating
the crucible, the organic material starts evaporating and condensates on the sample
and at the same time on a QCM, which is mounted above the source. The distance
between the substrate and the crucible is about 25 cm. With the QCM, the rate and
thickness of the organic material can be obtained by measuring the frequency change
of the quartz crystal resonator. Using the QCM and the manual opening/closing of
the shutter between crucible and substrate, the thickness of the organic layer can
be well controlled. Layer thicknesses in the range of a few nanometer to hundreds
of nanometers can be processed. The pressure during evaporation is in the range
of 107 — 5- 1077 mbar. Doping can be achieved by co-evaporation of two or more
materials. A mask system allows to structure the layers and the top contact on the
substrate.

T chamber

sample holder with substrate
—
= mask
= shutter
quartz
S @ {4 thickness
crucible monitor
with
heating
water
| evaporation unit ” evaporation unit | cooling

Figure 5.9: Schematic illustration of an organic deposition chamber. The heating
of the crucible results in evaporation of organic material. If the shutter is opened,
organic vapor condensates on the upside down mounted substrate. Doping is
achieved by co-evaporation of two or more materials.

Lesker A, Lesker B, and device layout

The two Lesker tools A and B (Kurt J. Lesker Co.) are single evaporation chambers
with comparable performance. Hence, only the Lesker A is described (Fig. [5.10).
Lesker A consists of 11 organic sources and three thermal sources for metal evaporation.
It is possible to co-evaporate up to four organic materials. The evaporation process is
very similar compared to the UFO2. However, here the substrate (or wafer, 6 x 6 inch)
does not need to be transferred from chamber to chamber. The availability of a wedge
tool allows the processing of thickness/concentration/material variations from sample
to sample within one run.
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Figure 5.10: Photograph of the single evaporation chamber “Lesker A”. The

advantage compared to the UFO2 is the possibility to process 16 different OLEDs
within one run. This ensures a high comparability.
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Figure 5.11: Layout of a Lesker OLED wafer.

A single sample of a size of
1 x 1 inch is shown in the enlarged section on the right. Due to the pre-patterned

ITO electrode, there are four identical OLEDs on one single sample.
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Furthermore, the wafer rotates during evaporation leading to a more homogenous
layer thickness. The thickness deviation from the center to the corner ranges between
8% to 12%[187]. Hence, OLED processing is taking place only in the 4 x 4 inch inner
quadrangle to ensure a thickness gradient < 3%.[188]

Figure shows the layout of the samples when looking through the substrate
side. A total of 16 samples, each with four (identical) pixels can be obtained. In
Fig. a single sample is also illustrated. It consist of the four pre-structured
ITO-contacts, the organic material, and the metal evaporated on top. Similarly to the
UFO2, structuring of the deposited layers is achieved using shadow masks. Finally, the
overlap between the ITO area and the top contact defines the active area (6.49 mm?).

Sample encapsulation

To protect the devices against moisture and air, all OLEDs are encapsulated in the
glovebox under nitrogen atmosphere directly after processing. The encapsulation
glass consists of a small cavity which includes a getter material. The cavity prevents
a direct contact between the evaporated layers and the encapsulation glass. Hence,
scratching or damaging of the devices are avoided. The encapsulation glass is attached
to the substrate using an epoxy resin (XNR5516Z-L and XNR5590, Nagase Europa
GmbH).

5.3 OLED Characterization

After processing, the OLEDs were in most cases characterized within a time span
of < 24h. In the following, the most important measurement setups for OLED
characterization are explained.

5.3.1 IVL and Spectral Emission

The current-voltage-luminance characteristics (IVL) of OLEDs are recorded with a
measurement robot (Fig. (a)) from Novaled AG. The whole setup is computer
controlled and the measurement is done in an automated fashion. Therefore, the
sample/wafer is placed into a moveable tray. Using a SMU2400 (Keithley), the
current-voltage characteristic is measured. The luminance in forward direction L2
as a function of the current I is recorded with a fast Si-photodiode. A spectrometer
(CAS100A, Instrument Systems GmbH) measures the spectral radiance LY ()\) at a
defined luminance LY (typically at approx. 1,000 cd/m?).

Before the measurement of a sample, a positioning calibration is performed. Here,
the sample luminance is measured while scanning over one OLED pixel in x and y
direction. This ensures that the pixel is in the middle of the focus of the spectrometer.
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5.3.2 Angular Dependence

To obtain the viewing angle characteristics of OLEDs, a custom-made, computer
controlled spectro-goniometer setup is used (Fig. (b)).[189] A single sample is
therefore mounted on a rotary table (OWIS GmbH) and a positioning is performed to
ensure that the active area is placed in the center of rotation. The current and voltage
to drive the device are applied via a Keithley SMU2400. A USB4000 fiber optics
spectrometer (OCEAN OPTICS) is used to measure the spectral irradiance E, (X, 1).
The setup allows an automatic recording of the spectra for different viewing angles 1.
For all OLEDs, the angular dependence is measured in 5° steps from 0° to 90°. From
the spectral radiance L? (\) measurement at the IVL robot, the absolute spectral
radiant intensity I9(\) in forward direction can be calculated using Eq. . The
calibration factor between E? and I? is further used to calculate I,()\, ) by scaling
the goniometer measurement.

tact
photodiode COMiacts ‘
2" spectrometer OLED k
fiber and

spectrometer

Figure 5.12: Photograph of the IVL robot (a) and the goniometer (b). The
IVL characteristics and the spectral emission depending on viewing angle can be
recorded in an automated fashion.

5.3.3 Efficiencies

For OLEDs there are three important efficiency terms: current efficiency (CE), ex-
ternal quantum efficiency (EQE), and luminous efficacy (LE). While the first one
can be calculated from the forward emission of IVL robot measurements, the latter
two require the integrated emission from the whole forward hemisphere. The direct
method of determining the external quantum efficiency and luminous efficacy is the
measurement in an integrating sphere (EQES, LE®). This method is widely used
within the OLED community especially if absolute values are important. Alternatively,
the efficiencies can be calculated using (i) the forward emission intensity and the
Lambertian assumption (EQEY, LEY) or (ii) the angular dependent spectral radi-
ant intensity from goniometer measurement (EQE, LE). All three methods will be
described in the following.
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Integrating sphere

An ISP 500 Ulbricht sphere (Instrument Systems GmbH) at Novaled AG (Dresden) is
available for measuring device efficiencies. Here, the OLED is mounted in the center
of the sphere and the edges of the substrate are covered to avoid the recording of
edge emission. The current and voltage to drive the OLED are applied via a Keithley
SMU2400 and the spectral emission is recorded with a CAS140 CT (Instrument
Systems GmbH)) spectrometer. The Ulbricht sphere allows the determination of the
external quantum efficiency and luminous efficacy at a constant current density.

For outcoupling enhancement, a microlens array foil (Microsharp) with closed
packed hemi-spherical lenses or alternatively a glass half-sphere (Biomedical Optics,
n = 1.5, ¢ = 18 mm) can be attached on the glass surface using index matching oil
(Zeiss, Immersol 518F, n = 1.52). It is important that a background and absorption
correction is done whenever the integration time or the geometry of the setup has
been changed.

However, due to the large sphere diameter (50 cm) the OLED needs to be driven
at least at a forward luminance of 1,000 cd/m? and long integration times (> 30 s)
are required to ensure a sufficient signal to noise ratio.[I89] This makes the setup less
suitable for standard device evaluation.

Current efficiency

The current efficiency ncg is widely used in industry and is given by the forward
luminance LY divided by the applied current density j:

LO
NcE = 7V (5.1)

The unit is candela per ampere [cd/A] and the current density j is given by the
current I through the device divided by the area A:

= —. 5.2
i=73 (5.2)
Since only the emission in forward direction is considered, the CE is of minor impor-
tance in this work.

External quantum efficiency

The external quantum efficiency 7pqr is defined as ratio of the number of emitted
photons into air n., to the number of injected electrons n:
Ny
= —, 5.3
MeQE = (5.3)

(¢]
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with: 7 .
Ne =~ and n, = e //)\ I (2, A) dAdQ. (5.4)

In the following, the EQE will be deduced with respect to the OLED geometry.
Therefore, polar coordinates 1 and ¢ as shown in Fig. [5.13| are used. The solid angle

Q= // sin 9 dv de, (5.5)

with ¢ spanning from 0 to 7/2, and ¢

) can be written as:

from 0 to 27. Due to the symmetry of
the system, the integration over ¢ can be
executed and the spectral radiant inten-

)
sity [, reads:
Ie(Q, /\) =27 Ie (197 )\) sin ¢. (56) OLED
Finally, using Egs. (5.4) and (5.6), the
EQE reads: Figure 5.13: The geometry of the

OLED allows emission only into the

2 i
EqE = e // ML (9, ) sind A dd, forward half space. The polar coordi
The nates ¥ and ¢, and the symmetry of

(5.7) the system facilitate the calculation
while assuming a Lambertian emission of the external quantum efficiency.

(I, = I? - cos¥), Eq. (5.7) reduces to:

e

WEQE = Ihc/ug (M) dA. (5.8)

As it can be seen from Eq. , the calculation of the EQE® requires the spectral
radiant intensity I (). This is measured by the IVL robot for a constant luminance
of approx. 1,000 cd/m2. Hence, the EQE can only be calculated for a constant
current. Using the L2 — T curve which is recorded with a fast Si-photodiode, the EQE
can be derived as function of the current I. This is valid as long as the shape of
spectral emission intensity curve is independent of the applied current, i.e. I? # f (I).
Furthermore, the angular dependent emission characteristics need to be constant
with the applied current. While the latter requirement is met in most cases [189],
the first one does not need to be fulfilled for white OLEDs. For example, white
OLEDs consisting of multiple emitting layers mostly suffer a change of the spectral
intensity curve with increasing current. The reason is that the exciton distribution
changes with higher excitation energy (e.g. due to TTA), so emission intensities for
different emitters are varying. However, recording the spectral emission with the slow
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spectrometer would lead to a degradation of the device and cause a larger error than
the method described above.

Using the radiant intensity I, (¢, A) at a constant current from the goniometer
measurement, the EQE can be calculated using Eq. . The EQE-I curve is then
obtained by scaling the EQE"-I curve.

Luminous efficacy

The luminous efficacy 1 g describes the ratio between the emitted luminous flux &,
and the consumed electrical power P:

P 9
NLE = P UL
Strictly speaking, ng is more a light yield than an efficiency. This can be also seen
from the unit lumen per watt [lm/W]. Using Egs. and (5.9), the luminous efficacy
is given by:

(5.9)

oK
e = 7;”“‘ // V(N L (9,2 sin® d)\ do. (5.10)

Applying the Lambertian assumption leads to:

o wl)  wLIA

e =TT T ur

Equation does not contain a wavelength dependent quantity. Hence, the LEL-I

curve can be simply obtained by the use of measured forward luminance LY, voltage

U, and current I from the IVL robot. Similar to the EQE, the LE at a constant

current density can be calculated from the radiant intensity I, (¢, A) measured with

the goniometer and Eq. . The LE-I curve is then obtained by scaling the LEM-I
curve.

(5.11)

5.3.4 Lifetime

The lifetime t( 5 of an OLED is defined as the time after which the forward luminance L?
decreases to 50% of its initial value. Here, the decrease is caused by the degradation
of the emitters inside the electrically driven device. Besides the intensive research on
improving devices efficiency, processes which cause the degradation in OLEDs are in
the focus of investigation.[113] T90H193]

In this work, the lifetime is measured with the “Simple Lifetime” system (Novaled
AG). It consists of a power supply to drive the OLEDs at a constant current. A
photodiode is used to detect the forward luminance L after certain time intervals.
Due to the substrate layout, it is possible to apply a different current to each of the
four OLED pixels facilitating the measurement. Details about the lifetime setup can
be found in Ref. [194]
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5.4 Time-Resolved Spectroscopy
Streak camera

For time- and wavelength-resolved measurements, a HPD-TA C5680 (high performance
digital temporal analyzer) self-calibrated streak camera (Hamamatsu) is used. [195, [196]
The working principle of the streak camera is shown in Fig.[5.14] The incoming photons
strike a photocathode after crossing a slit and a lens system. Due to the photoelectric
effect, electrons are emitted, magnified by a multichannel plate, and accelerated
towards a phosphor screen. Hereby, the electrons pass through a quickly changing
electric field generated by two electrodes. This leads to a sweeping of electrons across
the phosphor screen and leads to a time resolved image. A monochromator in front
of the streak camera ensures the wavelength resolution. Hence, the time resolution
is seen on the vertical axis, while the wavelength is connected to the horizontal axis.
The CCD camera behind the phosphor screen is used to measure and visualize the
streak pattern. The streak camera offers a wide range of time windows, reaching from
ns to the ms regime.

trigger signal

sweep
electrode

sweep circuit

image on
CCD

—
/ ,\ wavelength
photo-  multichannel  phosphor
cathode plate screen

Figure 5.14: Schematic illustration of the working principle of the streak camera.
The incoming photons generate electrons when hitting the photocathode. The
changing electric field between the electrodes leads to a sweeping of the electrons
across the phosphor screen. The time resolution is seen on the vertical axis, while
the wavelength is connected to the horizontal axis.[196]

In order to record periodic events, the streak camera is triggered with C4792 trigger
unit (Hamamatsu). All streak camera images in this work are background corrected.
Furthermore, the response of the monochromator and the CCD are wavelength
dependent. This makes it necessary to apply an additional shading correction.[197]
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Setup for time-dependent measurements

In order to investigate the time-dependent spectral emission of OLEDs, a configuration
as shown in Fig. is realized. This setup will be used later to investigate the
triplet harvesting process in OLEDs (Chapter @ A 8114A pulse generator (Hewlett
Packard) is used to excite the OLED with a voltage pulse. At the same time this pulse
is used to trigger the streak camera. The emitted light from the OLED passes a slit
and is focused on the monochromator using a lens system. The time and spectrally
resolved intensity is recorded with the streak camera.

trigger unit pulse generator

slit lenses OQLED

Figure 5.15: Setup for time-dependent spectroscopy of OLEDs. A pulse generator
is used to excite the OLED electrically and to trigger the streak camera. With
a lens system, the light emitted from the OLED is focused on a monochromator
which is placed in front of the streak camera.

streak || mono-
camera [T chromator

5.5 Photoluminescence Setup

The PL setup is shown schematically in Fig. and will be used for quenching
experiments (Sec. to study the singlet diffusion length. The excitation source is
the 325 nm UV wavelength of a He-Cd continuous wave (cw) laser (KIMMON, IK
series). The substrate is mounted on a translation stage (Thorlabs) to be moved in
lateral direction to the laser. This is convenient for the measurement, since sample and
reference are on the same substrate. Optionally, neutral density (ND) filters (Thorlabs
NDO03A, NDO5A, and ND10A) can be inserted between the laser and the sample
to vary the excitation intensity. The PL emission of the sample is recorded with a
calibrated fiber optics USB4000 spectrometer (OceanOptics). A long wave pass filter
(laser filter) with a transmission edge at 395 nm (Melles Griot, CG-GG-395-25.QM-1)
is mounted between the substrate and the spectrometer to avoid damage to the CCD
camera of the spectrometer by the laser. A power meter (Newport, 1935-C) is used to
measure the absolute power of the laser at the substrate position.
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Figure 5.16: Setup for photoluminescence measurements. The sample is excited
with a UV cw-laser and its emission can be recorded via a spectrometer. A neutral
density filter can optionally be inserted to vary the excitation intensity. The laser
filter is important to avoid damage of the spectrometer. Using a translation stage
the sample can be moved in lateral direction to the laser.

5.6 Theoretical Calculations
5.6.1 Optical Simulation of OLEDs

In this work the simulation tool SimOLEDis used for optical simulations. It is based
on the Maxwell equations, thin film optics, and transfer matrix formalism to simulate
the optical effects inside an OLED cavity. The emitting molecules are treated as
randomly distributed dipoles in a one-dimensional multilayer structure.[198§]

As input parameters, the layer sequence, the layer thickness, the optical constants
of the used materials (refractive index n and extinction coefficient ) [199], the
photoluminescence spectrum of emitter molecules and the position of radiating dipoles
within the layer structure are required. SimOLED than calculates values in arbitrary
units for the emission affinity, the spectral radiant intensity, CIE color coordinates, as
well as for the photon flux PF and luminous flux LF"

PF = iﬁ//)\]e (¥, A) sind dX\ dd, and (5.12)
c

LF = 27K, // V(A I (9, ) sin® d) do. (5.13)

It has been shown several times that the software is able to simulate and to some
extent predict the angular dependent spectral emission for different types of real
pin-OLED devices. [13], 200-202]

Since SimOLED uses a classical description of the emitting dipoles, it is not suitable
to calculate absolute values for outcoupling efficiency and the internal quantum

9Mauro Furno has also developed the code for SimOLED and OLEDPower at the IAPP. He now
works at Novaled AG (Dresden).
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efficiency. These calculations are done by Mauro Furno using a quantum physical
model that is numerically implemented in the software OLEDPower.[13]

5.6.2 Calculation of Molecular Orbitals

All theoretical calculations of molecular properties are performed by Regina Luschtinetz
at the Institut fir Physikalische Chemie und Elektrochemie (TU Dresden). It would
be beyond the scope of this work to describe the different methods. For details, the
reader is referred to Refs. [58H62].

The abbreviations of the methods used in this thesis are summarized in Tab. (.2
Five possibilities to calculate the energy levels of molecular orbitals are applied: (i)
HF // B3LYP, (ii) B3LYP // B3LYP, (iii) HF // TD-SCC-DFTB, (iv) SCC-DFTB
// B3LYP, and (v) SCC-DFTB // TD-SCC-DFTB. Here, the first term denotes the
method used to optimize the geometry of the molecule and the second term is the
method used to calculate the energy levels.

The used software for geometry optimization are Gaussian03[203] (B3LYP,HF),
DFTB+[204] (SCC-DFTB), and NG-DFTBJ[205] (TD-DFTB). The geometry of the
molecule itself is constructed via the software MOLDEN[206], and the program
VMDI[207] is used to visualize the molecular orbitals resulting from the DFTB calcu-
lations.

Table 5.2: Abbreviations of the used theoretical models for calculating molecular

properties.
abbreviation method
HF Hartree-Fock
B3LYP hybrid-functional of Hartree-Fock and
density-functional theory
SCC-DFTB self-consistent-charge
density-functional based tight-binding method
TD-SCC-DFBT time dependent self-consistent-charge

density-functional based tight-binding method




6 Triplet Harvesting

The choice of the blue emitter material is crucial to realize effective triplet
harvesting in OLEDs. In this chapter, the fluorescent emitter 4P-NPD
is investigated in detail. First, the orientation of the transition dipoles is
determined using optical excitation of a single layer on the one hand, and

by electrical excitation in an OLED structure on the other hand. As a next

step, the triplet harvesting process using different phosphorescent emitters

is studied and two-color white OLEDs are obtained. Furthermore, two new
blue fluorescent emitters 8M-4P-NPD and 8M-4P-FPD are introduced and
investigated in terms of triplet harvesting. Using 8M-4P-NPD, three-color

white OLEDs are demonstrated where the green and red emission result

from triplet harvesting.

6.1 The Emitter 4P-NPD
6.1.1 Orientation
Determination by optical excitation

Due to the stretched shape of the 4P-
NPD (Fig. molecule, a preferentially
horizontal orientation of the emitting
dipoles is likely. In a collaboration with
the University of Augsburg (Germany),
this issue is investigated. Therefore, a
single layer of 10 nm 4P-NPD on glass
is excited with a 375 nm laser. A glass
half-sphere is mounted on the glass sub-
strate and the angular (from 0° to 90°)
and polarization dependent PL emission
is measured. Details about the measure-
ment method can be found in Ref. [136].

Figure 6.1: Molecular structure of
4P-NPD. Due to the elongated shape,
it is expected that the transition
dipoles show a preferred horizontal
orientation.

The analysis of the p-polarized light yields information about the number of vertical

and horizontal dipoles. The simulation of the PL spectra for completely horizontal

and completely isotropic orientation, as well as the experimentally obtained spectra

are shown in Fig.[6.2 Comparing the simulation results, a change in orientation is

preferentially seen at high viewing angles (45° to 80°). Since vertical dipoles emit

preferentially at large viewing angles, the emission at these angles is reduced for
completely horizontal orientation (Fig.|6.2[(a) and (b)). It can be clearly seen that the
experimental data (Fig. (c)) implies an orientation somewhere between random

and horizontal.
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Figure 6.2: Simulated emission spectra for completely isotropic (a) and completely
horizontal orientation (b) of the 4P-NPD molecules. Comparing the simulation
results, a change in orientation is preferentially observed at large viewing angles
(45° to 80°). Relating the measured p-polarized spectra (c) to the simulated spectra
indicates that the 4P-NPD transition dipole moments are primarily horizontally

oriented.
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Figure 6.3: Cross section of the p-polarized measured spectrum at 420 nm. The
differences between first and second measurement, as well as the forward (0° to 90°)
and backward measurements (90° to 0°) are due to intrinsic degradation of 4P-NPD
during the measurement. By fitting the second measurement, an anisotropy factor
of © = 0.245 is obtained.



6.1 The Emitter 4P-NPD 82

To estimate the anisotropy factor O, the cross section through the plots in Fig.
is taken for a constant wavelength and the simulation is fitted to the measured data
using © as free parameter (Fig. [6.3). By this means, © = 0.245 at 420 nm and
O = 0.222 at 430 nm are found indicating a preferentially horizontal orientation of the
4P-NPD transition dipoles. However, degradation of 4P-NPD during the measurement
was observed. This can be seen, not only by the repeated measurement, but also if
the spectra are measured in backward direction from 90° to 0°. The degradation of
4P-NPD means that the intensity at high viewing angles is reduced compared to the
case when no degradation would be present. This shifts the measured data towards
the simulated curve of horizontal orientation. Thus, degradation of a 4P-NPD during
the measurement leads to an overestimation of the number of horizontal dipoles.

It is worth noting that the extracted anisotropy factors have to be taken with care,
since these results were not reproducible. In repeated experiments, i.e. for different
4P-NPD films, the material showed a preferentially random orientation. The reason
might be different processing parameters (evaporation temperature, evaporation rate,
pressure, rotation of the substrate), since in the first experiment the sample has been
processed in the UFO2 and for the latter experiment the sample was processed at
Lesker A.

Determination by electrical excitation

It is further possible to determine the dipole orientation by using electrical excitation
of the material under investigation within an OLED structure. Since the growth of
material and hence the alignment of the emitting dipoles may depend on the underlying
materials, this method is seen as more meaningful compared to the previously described
measurement of the PL-spectra of a single layer. Details about the electrical excitation
method are described in Refs. [134) [I35] 140]. Again the analysis of the p-polarized
light yields information about the number of vertical and horizontal dipoles.

Using the goniometer setup (described in Sec. , the p-polarized angular
dependent emission of an OLED containing 4P-NPD as EML is measured (Fig. [6.4](d)).
Here, the transport layer thicknesses are chosen to place the emitter into the optical
minimum (Fig. (b)), where the relative contribution of the TM modes emitted
from vertical dipoles (and coupled into air) to the overall emission is relatively high,
thus enabling a precise determination of the number of vertically oriented dipoles.

The smallest deviation between the measured emission intensities and simulated
intensities is obtained for ® = 0.14[1°] However, comparing the emission patterns
the difference between experiment and simulation remains rather large (Fig. (d)
and (e)). Especially the emission in the range of 450 to 500 nm is not sufficiently well
reproduced by the simulated spectra. The main reason is most likely the degradation
of 4P-NPD during the measurement.

10Measurement and simulation are performed by Philipp Liehm at the IAPP.
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To obtain a sufficient signal to noise ratio, the driving current needs to be as high
as 46.2 mA /cm? in this experiment. The goniometer measurement from 0° to 90° in
1° steps takes 605 s. However, at 46.2 mA /cm? the lifetime of 4P-NPD OLEDs is only

437 s (Fig. [6.4] (c)).
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Layer architecture of the OLEDs used to determine the optical

minimum experimentally (a), EQE versus ETL thickness (b), lifetime versus current

density (c).

The measured p-polarized spectral emission (d) exhibits a strong

deviation from the simulated emission pattern (e) for which an anisotropy factor
of © = 0.14 reveals the best fit. The spectral deviation between experiment and
simulation is mainly attributed to the degradation of the 4P-NPD OLED during
the goniometer measurement. For better visualization, a logarithmic intensity scale
is used (d,e).
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As in the previous experiment using optical excitation, degradation of 4P-NPD
remains a major problem, when determining the orientation. A possibility to overcome
this issue is the correction of the angular dependent emission intensity using a time
dependent intensity curve. This will be presented in the next subsection.

Electrical excitation using lifetime correction

Since the luminance drop over time is not simultaneously recorded during the go-
niometer measurement, a simple exponential decrease of the luminance is assumed. To
take the degradation of 4P-NPD into account, the measured spectral radiant intensity
I.(9, \) (data shown in Fig. [6.4] (d)) is corrected using:

[ (9, \) = 1,89, )/ <1> (6.1)

e ? € ) 2 ? N
with ¢ = 605 s and t50 = 437 s. The result is presented in Fig.|6.5] (a). The lifetime
correction of the intensity leads to enhanced emission at higher viewing angles (later
times) (cf. Fig.[6.4] (d)).

An anisotropy factor of ® = 0.32 offers the best fit to the corrected data
(Fig. 6.5 (b)). This suggests an isotropic orientation for 4P-NPD. Like in the PL
experiment, degradation induces an overestimation of the number of horizontal dipoles.
However, a comparison to the simulated intensity pattern using © = 0.24 (as derived
from PL experiments) shows only very small differences (red marked in Fig. [6.5).
While region 1 fits better to © = 0.24 (Fig. [6.5] (c)), regions 2 and 3 are in good
agreement with © = 0.32 (Fig. 6.5 (b)). It is therefore important to analyze the whole
spectral region rather than a wavelength cross section.

Interestingly, the blue marked region 4 in Fig. [6.5] cannot be reproduced by any of
the simulations. In the experiment the emission in this region is higher than expected
from the simulation. This phenomenon is observed for several emitters and the origin
of this problem is not fully understood.[I40] It is believed that differences in emission
result from insufficient knowledge of simulation parameters, like the recombination
profile, which is generally assumed to be a delta-shaped profile. Also scattered light
due to insufficient coverage of the sample might cause differences.

The emission pattern of the extreme cases of completely horizontal (© = 0) and
vertical (© = 1) orientation are given in Fig. 6.5 (d) and (e), respectively. Comparing
these cases to the experimental data, it can be nicely seen that the horizontal dipoles
contribute mainly to the emission at small angles (0°-30°), while the vertical dipoles
contribute mainly to emission at large viewing angles (30°-80°). In the end, the
experimental data cannot be clearly assigned to one of two extreme cases, i.e. 4P-
NPD does not have a completely horizontal or completely vertical orientation.
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Figure 6.5: Lifetime corrected angular dependent emission pattern using Eq.

(a) for the 4P-NPD OLED with 100 nm ETL thickness (cf. Fig. (a)) and
simulated emission intensities for different dipole orientations (b-e). A logarithmic
intensity scale is used for better visualization. An anisotropy factor of © = 0.32 (b)
yields the best fit to the experimental data. However, the spectral differences to
© = 0.24 (c), as derived from PL experiments, are rather small. For comparison,
the simulated emission patterns of completely horizontal (d) and completely vertical
(e) aligned dipoles is given.
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Summary: Orientation of 4P-NPD

The orientation of 4P-NPD transition dipoles was studied by optical excitation of a
single layer and electrical excitation inside an OLED structure. By comparing the
experimentally obtained angular dependent emission intensities to simulation results,
anisotropy factors of Op;, = 0.24 and O, = 0.14 were obtained, respectively. These
results indicate a preferred horizontal orientation of 4P-NPD as expected due to the
linear shape of the molecule. However, in both experiments degradation of 4P-NPD
was observed, which did not only impede the determination of the orientation, but
also led to an overestimation of the number of horizontal dipoles.

Using the lifetime measurement of the intensity, the OLED emission pattern were
revised and O, corr. = 0.32 was obtained, i.e. 4P-NPD showed isotropic orientation.
Nevertheless, this value has to be taken with care, since the emission pattern has also
a spectral region which indicated a preferred horizontal orientation.

In 2011, Yokoyama et al.[I39] reported a random dipole orientation for NPD, a
material chemically differing from 4P-NPD only by two phenyl rings. Furthermore,
they claimed that planar or linear shaped molecules show a preferred horizontal
orientation. However, this could not be confirmed for 4P-NPD within this thesis.

6.1.2 Exciton Harvesting

As described in Sec. 1.6 TH is a suitable approach to design highly efficient white
OLEDs. Therefore, the blue fluorescent emitter has to fulfill certain requirements.
From previous studies it is known that 4P-NPD is a beneficial material for TH.[19]
102, 115], 163, 208] In Fig. , the principle of TH is shown, using 4P-NPD as bulk
emitter and simultaneously as matrix material for a phosphorescent emitter.

doped HBL
phos. 4P-NPD

emitter —
s, {)é— ®

T T*v
Sy pe—r
TH zone X exciton generation zone

Figure 6.6: Principle of TH using 4P-NPD. Since 4P-NPD is primarily hole
transporting, excitons are generated next to the HBL interface. Due to their long
lifetime, triplets can diffuse towards a phosphorescent dopant and decay radiatively.
The relatively short lifetime of singlets prevents a singlet transfer by applying a
sufficient distance x between exciton generation zone and TH zone.
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Due to the high hole mobility compared to the electron mobility (u, = 6.6 -
107* em?/Vs, pe = 3.6 - 1078 cm?/Vs)[I15], exciton generation is expected to take
place next to the hole blocking layer interface in OLEDs based on 4P-NPD emission
layers. At the other side of the EML, 4P-NPD is doped with a phosphorescent emitter.
Triplets formed at the HBL interface can then diffuse via Dexter transfer towards the
phosphorescent dopant. If the triplet energy of the phosphorescent dopant is lower
than that of 4P-NPD, triplets are harvested by the phosphorescent emitter. Singlets,
on the other hand, have a shorter diffusion length compared to triplets due to their
shorter lifetime. Thus, they do not reach the phosphorescent emitter and decay on
the 4P-NPD molecules, generating blue emission.

To verify this principle, a series of TH OLEDs with different phosphorescent
emitters (Ir(ppy)s, Ir(dhfpy)s(acac), and Ir(MDQ)q(acac)) is investigated (Fig.[6.7|(a)).
An OLED where the phosphorescent emitter is omitted is used as reference. A proposed
energy diagram is given in Fig. (b). As described previously, the exciton generation
zone is close to the BPhen hole blocking layer. Due to the higher singlet and triplet
energy of BPhen (S; = 3.2 eV, Ty = 2.5 e€V) compared to 4P-NPD (S; = 2.9 €V,
Ty = 2.3 V), BPhen provides a sufficient energy barrier for both exciton species.
Hence, excitons are not able to diffuse into the HTL. The triplet energies of Ir(ppy)s,
Ir(dhfpy)s(acac), and Ir(MDQ)s(acac) are 2.40, 2.23, and 2.02 eV, respectively.

Taking a triplet energy of 2.3 eV for 4P-NPD into account, TH should be possible
using Ir(MDQ)s(acac) or Ir(dhfpy)s(acac). For Ir(ppy)s, however, TH is not expected
since the triplet energy of Ir(ppy)s is higher than that of 4P-NPD.

The IV-curves of the four OLEDs under investigation do not show any significant
difference (Fig. (c)). This indicates that the phosphorescent emitter plays a minor
role concerning charge transport or direct recombination, i.e. the recombination of
holes and electrons on the phosphorescent emitter. However, the LV-curves differ
strongly: For Ir(ppy)s, the luminance is decreased compared to the reference device,
while for Ir(dhfpy)s(acac) and Ir(MDQ)s(acac) the luminance is strongly enhanced.
This can be understood when considering the emission spectra (Fig.|6.7|(d)). The blue
emission spectrum (400 to 525 nm) represents the emission from 4P-NPD (singlets).
4P-NPD emission is decreased for the OLEDs with a phosphorescent emitter compared
to the reference OLED. This indicates singlet transfer to the phosphorescent emitter,
resulting in reduced blue emission. Since singlet diffusion depends on the distance
between exciton generation zone and the TH zone, i.e. the layer thickness of the
intrinsic 4P-NPD, a variation of this distance/layer thickness can be used to verify
this statement. This will be investigated in the next subsection.

Furthermore, additional emission in the yellow and red wavelength regime is
observed for the Ir(dhfpy)s(acac) and Ir(MDQ)s(acac) OLEDs, respectively. Since
direct recombination is excluded, this additional emission is a result of harvested
excitons. This and the fact that the EQE is strongly enhanced for the Ir(dhfpy)s(acac)
and Ir(MDQ)s(acac) OLEDs are strong indications for TH (Fig. (f)).
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Figure 6.7: OLED layer structure (a), proposed energy level diagram (b) and
performance (c-f) of the TH OLED using different phosphorescent dopants. Due
to TH, OLEDs doped with Ir(dhfpy)s(acac) and Ir(MDQ)2(acac) show additional
yellow and red emission (c), respectively, and the EQE (f) is strongly enhanced
compared to the reference sample without the phosphorescent dopant. However, for
the green emitter, no TH is observed since the triplet energy of Ir(ppy)s is higher
than that of 4P-NPD (b).
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In case of Ir(dhfpy)s(acac), the EQE is more than doubled compared to the
reference and for Ir(MDQ)s(acac) the EQE shows a three fold enhancement at low
current density. This is in agreement with the singlet/triplet ratio of 1/3 which,
without taking wavelength dependent outcoupling efficiency into account, would lead
to a three fold enhancement of the EQE in an ideal TH OLED. The difference in
EQE between the two emitters can be assigned to different outcoupling efficiencies
and IQEs.

As expected, additional emission and enhancement in EQE is not observed in case
of the green emitter Ir(ppy)s, since TH is not possible due to the energetic situation.
The different emission spectra result in small changes of the radiance versus viewing
angle characteristics (Fig. (e)). Since the spectral emission is the same for the
reference OLED and the Ir(ppy)s; OLED, their curves are overlapping.

Thickness variation of the intrinsic 4P-NPD layer

As described previously, a distance variation between exciton generation zone and TH
zone is helpful to prove TH. This variation is realized by an increase of the intrinsic
4P-NPD layer thickness z (cf. Fig. . The OLED layer structure and the spectral
emission at a constant current density of 15.4 mA /cm? for different phosphorescent
emitters are shown in Fig. [6.8] The emission of the reference OLED without the
phosphorescent emitter is almost constant for all layer thicknesses. Only the x = 3 nm
sample exhibits a slight decrease of the spectrum compared to longer distances.

In contrast, for all OLEDs with phosphorescent dopants, the 4P-NPD emission
decreases steadily with decreasing distance. This can be explained by a singlet transfer
to the phosphorescent dopant which is based on singlet diffusion and a Forster transfer
from 4P-NPD to the phosphorescent emitter. It can be concluded that the singlet
level of all phosphorescent emitters is lower than that of 4P-NPD (S; = 2.9 ¢V). Due
to the high ISC rate of phosphorescent emitters, no emission from the singlet state
occurs. Hence, the singlet energy level is generally difficult to extract. For Ir(ppy)s a
singlet level of 2.6 eV[I83] is reported which is below that of 4P-NPD.

Like in the previous experiment, the Ir(ppy)s OLED shows only 4P-NPD emission,
but no emission of Ir(ppy)s. Clearly triplets are not harvested by the Ir(ppy)s emitter
due to its high triplet level. However, singlets transferred to Ir(ppy)s will be further
transferred to the triplet level of Ir(ppy)s and should end up in Ir(ppy)s; emission.
Since Ir(ppy)s emission is not observed, it can be concluded that the Ir(ppy)s triplets
resulting from diffusing 4P-NPD singlets are back-transferred to the triplet level of
4P-NPD. A scheme of the proposed exciton transfer processes is shown in Fig. (a).
The incorporation of Ir(ppy)s is beneficial to study the singlet diffusion length in
4P-NPD. The effects of these distance dependent quenching experiment are presented
in Sec. [.1l
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Figure 6.8: OLED layer structure (a) and emission spectra at 15.4 mA /cm? for
varying intrinsic 4P-NPD layer thickness x and different phosphorescent emitters
(b-e). While the sample with no phosphorescent dopant shows a constant 4P-NPD
emission spectrum (b), the 4P-NPD emission decreases steadily with decreasing
layer thickness if a phosphorescent emitter is incorporated (c-e). For the OLEDs
doped with Ir(dhfpy)a(acac) and Ir(MDQ)2(acac) the additional emission in the
yellow and red wavelength regime increases with decreasing 4P-NPD thickness (d,e),
which confirms TH.
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4P-NPD:Ir(ppy); 4P-NPD:Ir(MDQ),(acac) and
4P-NPD:

Figure 6.9: Exciton transfer processes in TH OLEDs incorporating the blue
fluorescent emitter 4P-NPD and the phosphorescent dopants Ir(ppy)s (a) and
Ir(dhfpy)s(acac) /Ir(MDQ)2(acac) (b). Due to the different positions of the energy
levels, singlets reaching Ir(ppy)s are transferred to the nonradiative triplet state of
4P-NPD (a), while singlets and triplets reaching Ir(dhfpy)s(acac)/Ir(MDQ)2(acac)
are transferred to the radiative triplet level of the phosphorescent emitter (b).

For Ir(dhfpy)s(acac) and Ir(MDQ)s(acac), the additional emission at higher wave-
length decreases with increasing 4P-NPD thickness. Emission from Ir(dhfpy)s(acac)
or Ir(MDQ)s(acac) resulting from a direct recombination was excluded in the previous
experiment. Therefore, a diffusion based process such as singlet and triplet diffusion
has to take place. Diffusive singlets which are converted into triplets when reaching
the phosphorescent emitter cannot be transferred back to 4P-NPD, because the triplet
level of the phosphorescent emitter Ir(dhfpy)s(acac) and Ir(MDQ)a(acac) is lower
than that of 4P-NPD (cf. Fig.|6.7| (b)). Thus, they will end up in the emissive triplet
state of the phosphorescent emitter (Fig. (b)).

Finally, the design of an efficient TH OLED is a trade-off between singlet loss
and triplet gain. Avoiding singlet losses due to diffusion would be possible if the
phosphorescent emitter has a higher singlet energy than 4P-NPD. However, at the
same time, the triplet energy has to be lower than that of 4P-NPD to realize TH.
This means a phosphorescent emitter with a singlet-triplet splitting of > 0.6 €V is
required. An emitter which fulfills these requirements is not known at present.

Also a singlet blocking layer between intrinsic 4P-NPD and the doped 4P-NPD
layer would avoid singlet diffusion, but again, the blocking material would need a
higher singlet-triplet splitting than 4P-NPD. Furthermore, it would be necessary to
ensure that the hole transport is not effected by this blocking layer.
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Time- and spectrally-resolved measurements

The changes in the emission spectrum of the previously described OLEDs comprising
4P-NPD and Ir(dhfpy)s(acac) in response to short electrical pulses are investigated
by time-resolved measurements using a streak camera. During electrical excitation,
singlet and triplet excitons are generated at the same time. Due to the short lifetime
of singlets, fluorescence of 4P-NPD is expected to decay relatively fast, and will be
followed by the delayed and extended Ir(dhfpy)s(acac) phosphorescence signal. The
delay of the second signal is related to the triplet diffusion to the phosphor, i.e. by the
distance x between the exciton generation zone and the TH zone. If TH is present,
an increase of the distance x should result in an increased delay time.

In Fig. |6.10| (a) the time- and spectrally resolved emission following a voltage
pulse (3.6 V for 2.5 ps) is shown for a device containing 4P-NPD and Ir(dhfpy)s(acac)
(OLED layer structure is given in Fig. (a)).
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Figure 6.10: Normalized time- and spectrally-resolved intensity (a) after ap-
plication of short electrical pulses (red arrow) of 2.5 ns and 3.6 V to the 4P-
NPD:Ir(dhfpy)s(acac) OLED shown in Fig. (a) with a 4P-NPD layer thickness
of z = 9 nm and normalized integrated intensity for both emitters (b), obtained
by integrating the 390 nm to 540 nm and 540 nm to 610 nm wavelength range,
respectively. The delay time 7 is defined as the time between the emission maxima.
Inset: delay time 7 versus 4P-NPD layer thickness . The delay time 7 increases
linearly with increasing distance x, which is further evidence for the presence of TH.
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Both emitters can be distinguished not only by wavelength, but also by their
different transient behavior after the pulse is switched off. Emission at small wave-
lengths shows a short decay and can be attributed to 4P-NPD; the signal at longer
wavelengths is characterized by a slow decay and is associated with Ir(dhfpy).(acac)
emission. Integrating the measured intensity of the two different wavelength regimes
(from 390 nm to 540 nm for 4P-NPD and 540 nm to 610 nm for Ir(dhfpy)s(acac)),
temporal profiles for each emitter (Fig. (b)) are obtained.

The delay time 7 is defined as the time between the maximum emission intensity of
the fluorescent and phosphorescent emitter. For x = 9 nm, a delay time of 7 = 1.5 ps
can be found. As expected, the delay between fluorescent and phosphorescent signal
increases with increasing distance z (inset in Fig. (a)), which is further evidence
for the presence of TH. This is also in good agreement with the results of Kondakova
et al.]21]. They obtained as well a linear behavior of the delay time for the emitters
MQAB and Ir(ppy)a(pc) (cf. Sec. and Fig. (a)).

Interestingly, the emission of Ir(dhfpy)s(acac) shows an intermediate maximum
at 1.4 ps (Fig. (b)). It is difficult to clearly assign this peak to one of the
emitters; on the one hand, emission from 4P-NPD is not zero at wavelengths larger
than 540 nm and on the other hand, singlet transfer may lead to prompt emission
from Ir(dhfpy)s(acac). Due to the short lifetime of singlets compared to triplets, the
singlet transfer can be expected to occur at much shorter timescales than the triplet
transfer. Further investigations would be necessary to quantify the amount of direct
recombination events, transferred singlets, and harvested triplets.

6.1.3 Two-color white TH OLED

Since the use of two complementary colors exhibits the possibility to achieve white
OLEDs, a detailed investigation of the TH system 4P-NPD:Ir(dhfpy)s(acac) is pre-
sented in this section. In Sec. [6.1.2] it has been shown that a thickness variation of
the intrinsic 4P-NPD layer can be used to vary the spectral contributions of each
emitter. Figure exhibits a closer look on the performance of these TH OLEDs.

For a constant voltage, increasing the intrinsic layer thickness of 4P-NPD leads to
a continuous decrease in current density and, even more dramatically, in luminance
(Fig. (b)). The reduced current is attributed to a reduction in electric field within
the thicker EML. The strong decrease in luminance can be explained by considering
the change in emission spectrum between devices of this series (Fig. (c)). The
luminance is calculated using the V-lambda luminosity curve. The maximum of this
curve is at 555 nm which almost matches the emission peak of Ir(dhfpy)s(acac) (557
nm). With increasing 4P-NPD layer thickness the emission of Ir(dhfpy)s(acac) and,
as a result, the luminance decreases significantly. At the same time, blue emission
from 4P-NPD increases but this affects the measured luminance to a lesser extent
due to the small overlap of the blue emission with the V-lambda curve.
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Figure 6.11: OLED layer structure (a) and performance (b-f) of the two-color
white TH OLEDs for different 4P-NPD layer thicknesses. With increasing layer

thickness the IV- and LV-curves become more flat (a). The different contribution
of the blue and yellow emitter to the spectrum (c) allows the adjustment of the

CIE color coordinates along the connection line between the color coordinates of

the PL-emission of 4P-NPD and Ir(dhfpy)s(acac) (d). At 1,000 cd/m?, the OLEDs

show EQEs and LEs in the range of 8% and 30 lm/W, respectively (e,f).
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The spectral behavior can be explained when considering the singlet and triplet
harvesting processes, which has been intensively discussed in Sec. Interestingly,
these spectral differences allow a shift of the CIE color coordinates among a line of
the PL-emission of 4P-NPD and Ir(dhfpy)s(acac) (Fig. (d)). This is beneficial
for the design of white OLEDs, since the color can be precisely adjusted. Emission
close to the warm white color point A can be obtained for a 4P-NPD layer thickness
of 3 nm and 5 nm.

The EQE and LE tend to decrease with increasing 4P-NPD thickness (Fig. (e)
and (f)). This behavior can again be understood by considering properties of TH:
At small thickness, a larger number of triplets (and singlets) can diffuse towards
Ir(dhfpy)a(acac) and lead to additional yellow emission. When increasing the distance,
triplets will undergo annihilation processes or decay non-radiatively before they reach
Ir(dhfpy)s(acac). Consequently, the efficiency will drop with increasing 4P-NPD
thickness. This is also reflected in the roll-off of the different devices: The roll-off
for the OLED with a 9 nm 4P-NPD layer is stronger than for the OLED with 3 nm,
which is attributed to the longer diffusion path and bigger interaction volume for
triplets. This is in contrast to the situation in phosphorescent monochrome OLEDs
where thicker EMLs tend to reduce the roll-off. It is worth noting that the simple two
color white OLED shows efficacies in the range of 30 Im/W at 1,000 cd/m? which is
comparable to other state-of-the-art white OLEDs.

Dependence of the CIE coordinates on the applied current density

From an application point of view, it is important that the color does not change
with the luminance, i.e. current density. As seen in Fig. (d), the OLEDs with
4P-NPD layer thickness of 3 nm and 5 nm exhibit color coordinates which are close to
the warm white color point A. For these OLEDs the CIE color coordinates are shown
as function of the applied current density in Fig. [6.12] The corresponding luminance
and CRI values are given in square brackets.

Increasing current density leads to a shift towards the blue region of the CIE
diagram. This can be explained by the spectral emission (inset in Fig. . For
comparison the spectra are divided by the applied current. While the blue emission
is almost independent of the current density, the contribution of the yellow emitter
decreases steadily. The reason is that, as typically for phosphorescent emitters, the
triplets on the matrix or on the yellow emitter underlie stronger annihilation processes
(TTA, TPA) than the singlets of fluorescent blue emitter. A reduction of the TTA
and TPA annihilation rates would increase the color stability with applied current
density. Nevertheless, for x = 5 nm the CIE coordinates remain almost within one
chromaticity quadrangle for a wide luminance range (417 to 2714 c¢d/m?). This means
that the color shift (ACIE4i7—2714cd/m> = (0.04/0.05)) cannot be perceived by the

human eye (cf. Sec. [2.3).
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A color rendering index in the range of 40 to 50 can be obtained by this simple
two-color white OLEDs. However, this is too low for indoor lighting applications
which require a CRI of > 75, but in good agreement with two-color white OLEDs
realized by other groups. For example, Ho et al.[209] obtained CRI values from 50 to
60 for two-color white TH OLEDs.
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Figure 6.12: CIE color coordinates for the two-color white TH OLEDs at different
applied current densities for 4P-NPD layer thicknesses of 3 and 5 nm, respectively.
Corresponding luminance and CRI values are given in square brackets. For a wide
luminance range (417 to 2714 c¢d/m?) the CIE coordinates of the OLED with z =
5 nm remain almost within one of the chromaticity quadrangles. Inset: spectral
radiance divided by applied current for the OLED with x = 5 nm. While the blue
emission is almost independent of the current density, the contribution of the yellow
emitter decreases steadily.

Angular dependent emission and internal quantum efficiency

The spectral radiant intensity of the OLED with the 5 nm 4P-NPD layer is shown
in Fig. |6.13| (a) for viewing angles between 0° and 80°. The spectra are taken at
15.4 mA /ecm?. With increasing viewing angle, blue and yellow emission decrease by
similar amounts. Using optical simulations the spectra can be fitted (open circles). The
agreement between simulation and experiment is remarkably good. The layer thick-
nesses used to fit the experimental data are the same as given in Fig. [6.11] (a), except
for the HTL and ETL where values of 75 nm and 50 nm are assumed, respectively.
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It is interesting to analyze the optical field profiles calculated at the peak emission
wavelength of the emitters (428 nm for 4P-NPD, 557 nm for Ir(dhfpy)s(acac)) at 0°
(Fig. 6.13] (b)). The emitters are in very close proximity to their respective field
maximum, indicating that at best a slight efficiency enhancement can be expected
when further optimizing the transport layer thicknesses.

Furthermore, the radiance versus viewing angle characteristics are shown in
Fig. (c) for the TH OLEDs differing in 4P-NPD thickness. All devices ex-
hibit nearly Lambertian emission characteristics with small differences at high viewing
angles (> 50°). This confirms that the OLED structure is close to the optical ef-
ficiency maximum. These OLEDs have a negligible color shift with viewing angle
(Fig. [6.13] (d)). For example, from 0° to 70°, the color shift of the CIE coordinates is
ACIEg 700 = (0.02/0.01) for a 4P-NPD layer thickness of 5 nm.
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Figure 6.13: Measured (lines) and simulated (dots) spectral radiant intensity
for viewing angles between 0° and 80° (a) and the corresponding simulated op-
tical field profiles inside the OLED with 5 nm 4P-NPD thickness (b). All 4P-
NPD:Ir(dhfpy)2(acac) TH OLEDs exhibit emission close to a Lambertian emitter
(c) and a small change of the CIE color coordinates with viewing angle (d).
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By a fit of the 0° spectra, the photon contributions wg and wy , and the outcoupling
efficiencies nout,3 and 7oy y for each emitter can be obtained for the OLEDs under
study. The subscripts B and Y indicate the blue and yellow emitter, respectively.
For both emitters an isotropic dipole orientation is assumed. The total outcoupling
efficiency 7oy is given by:

Tlout = WBTout,B + Wy Tout,Y - (62)

Furthermore, the internal quantum efficiency 7iqr can be calculated using:

mQe = nEQE, (6.3)

out

where npgp is the experimentally measured EQES at 1.54 mA /cm?2. The superscript S
indicates that the EQE® is measured in an integrating sphere. The low current density
is chosen since annihilation processes, which lead to a decrease in IQE, are negligible
here. Tab. summarizes the obtained efficiencies and simulation results for the
OLEDs under study. Since the optical cavity is only changed by a few nanometers,
the outcoupling efficiencies noyy,5 and 7ou,y are almost similar for all thicknesses x.
Also the total outcoupling efficiency 7, is only slightly decreased for thicker 4P-NPD
layer thicknesses. The ratio between the photon contributions wg and wy reflect the
singlet /(harvested) triplet ratio inside the OLED. It was previously believed that
a ratio of ~ 0.33 is necessary to realize a high IQE.[102] However, here an almost
constant IQE for different ratios between wp and wy is demonstrated. The reason
is that in previous studies, the effect of singlet harvesting, i.e. 4P-NPD singlets are
converted into emissive triplet state of the phosphorescent emitter, has been neglected.
Since the amount of diffusing excitons is exponentially reduced with the distance
between generation zone and TH zone, it is expected that the IQE will strongly
decrease with further increasing 4P-NPD thickness x.

Table 6.1: Summary of the photon contribution w and the outcoupling efficiency
Nout for the blue (B) and yellow (Y) emitter, respectively. The superscript S
indicates that the EQES (at 1.54 mA /cm?) is measured in an integrating sphere.
The internal quantum efficiency niqg is almost independent of the 4P-NPD layer
thickness x.

x wB wy Nout,B Tout,Y  Tlout EQES TQE
nm % % % % %
0.167 0.833 16.58 24.48 23.16 11.3 48.79
0.278 0.722 16.38 24.70 22.39 10.9 48.68
0.364 0.636 16.21 24.85 21.52 9.9 46.00
0.437 0.563 16.05 24.92 21.05 9.5 45.13

© ~J Ot W
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An IQE of about 50% for TH OLEDs with 4P-NPD:Ir(dhfpy)s(acac) is considerably
lower than 73%][19] when using 4P-NPD:Ir(MDQ)s(acac). It is believed that this
arises from fact that the radiative efficiency of Ir(dhfpy)s(acac) is lower than that
of Ir(MDQ)s(acac). Further investigations, e.g. the triplet transfer efficiency from
4P-NPD to the phosphorescent emitter, are necessary to confirm this. However, our
results suggest that the EQE could be doubled if internal losses, due to non-perfect
charge balance and non-unity radiative efficiency, could be overcome. This would also
increase the LE significantly.

Table summarizes the most important properties of the two-color white TH
OLEDs. For z = 3 nm an LE® (EQE®) of 32.6 Im/W (10.2%) is achieved at 1,000 c¢d/m?,
which can be strongly enhanced to 55.4 lm/W (14.9%) when using a glass half-sphere.
Furthermore, it can be seen that the design of white OLEDs is a trade-off between
white color coordinates, high color rendering index, and high efficiencies.

Table 6.2: Summary of highly efficient two-color white TH OLED properties at a
luminance of 1,000 cd/m?2. The superscript S indicates that the values are obtained
in an integrating sphere.

z Umw U CIE CRI CCT CE EQE® LE®
nm VoV 24 K cd/A % Im/W
3 26 29 35 (046/045) 38 3050 284 102  32.6
14.9*  55.4
5 26 3.0 43 (042/040) 46 3310 234 94 271
15.2*  46.1

# with half-sphere



6.1 The Emitter 4P-NPD 100

Summary: Triplet harvesting using 4P-NPD

Applying the phosphorescent emitters Ir(ppy)s (green), Ir(dhfpy)s(acac) (yellow),
and Ir(MDQ)s(acac) (red) as dopants, TH from the blue bulk emitter 4P-NPD was
investigated. By a careful analysis of the [VL-curves, the emission spectra, and the
efficiencies, TH by the emitters Ir(dhfpy)q(acac) and Ir(MDQ),(acac) was found. A
distance variation between exciton generation zone and TH zone showed that, at
small distances, singlet transfer could be identified as second transfer mechanism. For
Ir(dhfpy)s(acac), time- and spectrally-resolved measurements gave further evidence
that TH is taking place.

Using 4P-NPD and Ir(dhfpy)s(acac), two-color white TH OLEDs were realized.
Here, the emission color could be nicely tuned towards the warm white point A
by varying the distance between exciton generation zone and TH zone. Luminous
efficacies in the range of 30 Im/W at 1,000 cd/m? were achieved, which are comparable
to state-of-the-art white OLEDs. However, due to the absence of green and red
emission, the CRI of these OLEDs was very low. Furthermore, the devices showed a
good color stability with applied current density. Using optical simulation, an IQE of
about 50% was obtained for the OLEDs under investigation, suggesting that strong
improvement is possible if electrical, radiative, excitonic, and optical losses can be
overcome. Since radiative losses, in conjunction with optical losses, are seen as key
issue, materials with higher intrinsic quantum yield are necessary to enhance the
efficiency.

TH was not possible using 4P-NPD and Ir(ppy)s. The reason is that Ir(ppy)s has
a higher triplet energy than 4P-NPD, thus preventing a triplet transfer. An emitter
with similar singlet energy like 4P-NPD (S; = 2.9 €V), but a higher triplet energy
(Ty > 2.4 ¢V) would be beneficial for the design of white OLEDs. The development
of such emitters will be described in the next section.
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6.2 Development of Blue Emitters

As described in the previous section, there is a need for efficient blue emitter materials
with a high triplet energy to realize TH by a green phosphor. This will also be helpful
for the development of efficient white OLEDs. The requirements for a new blue
emitter are:

« a singlet energy S; between 2.5 and 3.1 eV (400 and 500 nm),
e a triplet energy T4 higher than 2.4 eV (515 nm) to ensure TH by Ir(ppy)s,

« and an efficient emission from the singlet state when used as a bulk emitter, i.e.
a high radiative efficiency.

Furthermore, preferential hole or electron transporting properties rather than bipolar
transport is helpful to ensure that the exciton generation zone is close to one of the
blocking layers. In addition, a horizontal alignment of the transition dipoles is desired.
These two issues as well as a long lifetime are desirable but not necessary conditions.

Since the emitter 4P-NPD is a convenient TH material for yellow and red emitters,
its structure is used as a starting point. Based on quantum chemical calculations of
the singlet/triplet splitting, two new emitters “8M-4P-NPD” and “8M-4P-FPD” were
synthesized and sublimated by Markus Hummert and Annette Petrich, respectively,
in the TAPP chemistry group. The properties and performance of these two new
emitters, especially with focus on TH by a green emitter, are presented here.

For the new emitters various properties had to be determined. The employed
measurement techniques are briefly described here: HOMO energies were measured
by Markus Hummert using cyclic voltammetry (CV). Since LUMO energies were not
measurable with CV for the investigated compounds, the LUMO energy is estimated
using the HOMO energy and the optical gap derived from transmission measurements
of thin films performed with a Perkin Elmer Lambda 900 spectrophotometer. Singlet
energies were calculated from the first PL-emission peak. PL-spectra of thin films were
obtained by an Edinburgh F900 fluorescence spectrometer. The same spectrometer
was used to measure the PL-QY in solution (THF] concentration ~1.9-2.9 mol/1) by
Sylke Furkert. Densities were calculated from thickness measurements of thin films
using a Veeco Dektak 150 profilometer. All these measurements were done at the
TAPP. In collaboration with the University of Durham (England), phosphorescence
spectra (at < 100 K) and the PL-QY of thin films were measured. Triplet energies
were calculated from the peak of the phosphorescence signal.

HTetrahydrofuran
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6.2.1 8M-4P-NPD
Preliminary theoretical considerations

One possibility to increase the triplet level of 4P-NPD is the reduction of the sin-
glet /triplet splitting Est. To decrease Egr, a stronger separation of the molecular
orbitals of HOMO and LUMO is desired (cf. Egs. and . It is expected that
this can be achieved by a twist of the inner phenyl rings of the 4P-NPD molecule,
since this interrupts the m-system of the material.[102]

Figure shows the calculated singlet and triplet energies for different rotation
angles ¢ between the planes of the phenyl rings P1 and P2. The same rotation angle
is found between the planes of P3 and P4. An angle of ¢ = 0° describes a planar
structure. When optimizing the molecular structure for 4P-NPD using SCC-DFTB //
TD-SCC-DFTB (cf. Sec. an angle of ¢ = 27° is obtained. In this calculation,
the inner phenyl rings P2 and P3 are fixed to a planar position for simplification.

2.70 1

2.65

2.60

2.55

2.50 1

calculated energy / eV

—
' a— SCC-DFTB // TD-SCC-DFTB{
m—
2.35 ‘F T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90

rotation angle ¢ / °

Figure 6.14: Calculated singlet and triplet energy levels of 4P-NPD depending
on the rotation angle ¢ between the plane of the phenyl rings P1 and P2 and
accordingly between P3 and P4. An angle of ¢ = 0° describes a planar structure.
For the calculations, P2 and P3 are fixed to a planar position. The molecular
structure of 4P-NPD as a result of HF calculations is shown. Energies are calculated
using SCC-DFTB // TD-SCC-DFTB for which 4P-NPD exhibits ¢ = 27°. An
increase of ¢ leads to a rise in singlet and triplet energy.
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As illustrated in Fig. [6.14], a stronger twist of the inner phenyl rings does not
reduce the singlet-triplet splitting Fgr significantly, but leads in fact to a rise in
singlet and triplet energy. This is an improvement since finally a rise in triplet energy
needs to be achieved. The additionally predicted increase of the singlet energy is not
desired but tolerable as long as the emission is still in the blue wavelength regime.

The simulation indicates an increase of the triplet energy by 0.07 eV from 2.40
to 2.47 eV, when ¢ increases from 27° to 90°. The triplet energy of 4P-NPD known
from literature is 2.3 eV[18], indicating that the absolute values predicted by the
simulation are not reliable. The same applies to the singlet energy which is known to
be 2.91 eV[18]. Here the simulation predicts a value of 2.46 eV.

In order to allow TH by Ir(ppy)s, the required increase in triplet energy is 0.1 eV.
This is only 0.03 eV more than predicted by the simulation and indicates that
developing a new material with a slightly different molecular structure than 4P-NDP
is a promising route.

By incorporation of repulsive methyl groups to the inner phenyl rings, a twist of
these rings close to ¢ = 90° is expected. Figure shows the molecular structure
and orbitals of 4P-NPD and the new material “8§M-4P-NPD” with eight additional
methyl groups.

It is interesting to analyze the calculated distribution of the HOMO and LUMO
of the molecules (Fig. [6.15]). While the HOMO of 4P-NPD is extended over the whole
molecule, the LUMO is more strongly localized on the naphthalene side groups. For
8M-4P-NPD, the HOMO shows less electron density on the inner phenyl rings (P2 and
P3) compared to 4P-NPD. Interestingly, the LUMO of 8M-4P-NPD is only located
on one naphthalene group.

The fact that the LUMO is not symmetric with respect to the 8M-4P-NPD molecule
structure results from the 90° rotation of the outer phenyl rings since this leads to a
splitting of the HOMO and LUMO, respectively (cf. Appendix . For SM-4P-NPD
the LUMO and the second lowest unoccupied molecular orbital (LUMO+1) have
the same energy. The same applies to the HOMO and the second highest occupied
molecular orbital (HOMO-1). Therefore, it is reasonable to consider the superposition
of LUMO and LUMO+1 (HOMO and HOMO-1) when investigating the overlap of
HOMO and LUMO in 8M-4P-NPD. In comparison to 4P-NPD, the HOMO and
LUMO of 8M-4P-NPD are distributed by similar amount on the naphthalene groups
but less on the four phenyl rings which indicates a reduction of HOMO-LUMO overlap
and thus the singlet-triplet splitting Fgr.

This is in contradiction to the results obtained by the considerations from Fig.
The reason is seen in the different calculation methods and the fact that the methyl
groups are considered in the calculation of the molecular orbitals, which was not the
case for the calculations of the singlet and triplet energy level in Fig. [6.14]

To study the significance of the reduction of Egr, further quantum chemical
calculations of the energy eigenvalues are carried out and will be presented in Sec.
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Figure 6.15: Molecular structure and orbitals of 4P-NPD and methylized 4P-NPD
(8M-4P-NPD) calculated with HF // SCC-DFTB. The eight repulsive methyl groups
(marked with red circles) are expected to twist the corresponding phenyl rings and
hence to an increase of the triplet energy (cf. Fig.|6.14]). The fact that the LUMO is
not symmetric with respect to the 8M-4P-NPD molecule structure results from the
90° rotation of the outer phenyl rings since this leads to a splitting of the HOMO
and LUMO, respectively.
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Thin film properties and energy levels

Excitation scans and PL spectra of 10 nm 4P-NPD and 8M-4P-NPD evaporated
on a glass substrate are shown in Fig. (a) and (b). The excitation scans are
taken at the peak emission wavelength of both emitters (420 nm for 8M-4P-NPD and
428 nm for 4P-NPD). The absorption maximum at 368 nm for 4P-NPD is maintained
in SM-4P-NPD as a side peak, but the main band shows a new absorption edge at
306 nm. The emission peaks of 4P-NPD and 8M-4P-NPD are at 428 nm and 420 nm,
respectively, yielding singlet energies of S1¥NPP =290 eV and S§M~4P"NPD — 9 95 eV,
For 8M-4P-NPD, the whole spectrum is shifted towards smaller wavelengths and
the 4P-NPD shoulder at 449 nm vanishes completely. This is the second vibronic
transition of the PL. In the twisted molecule, rotation modes are activated much more
due the disturbed molecular geometry. This leads to a widening of the PL vibronic
subbands and blurs the shape of the PL spectrum. The second vibronic transition is
still there but hidden in the broad peak. This leads to a deeper blue emission color
(Fig. (c)) for 8M-4P-NPD. Furthermore, the PL-QY of both materials is very
similar (41 + 13% for 4P-NPD, 42 £+ 13% for 8M-4P-NPD) making 8M-4P-NPD a
promising candidate as a blue OLED emitter.

In terms of TH, the position of the triplet level is important. The phosphorescence
spectra determined at < 100 K are shown in Fig. (d). Indeed, the phosphorescence
of 8M-4P-NPD sets in at smaller wavelengths than for 4P-NPD leading to triplet
energies of TP NP =219 eV and T¥MPNPD —9 97 eV Since the triplet energy
of 8M-4P-NPD is lower than that of Ir(ppy); (TY®P)* = 2.4 eV), TH by Ir(ppy)s is
unlikely.

The triplet energy of 4P-NPD of 2.19 eV obtained within this work is considerably
lower than 2.30 eV measured by Schwartz et al.[115]. Schwartz and coworker doped
4P-NPD into a polystyrene matrix, while in this work a neat film was used. The
peak of the phosphorescence spectrum obtained by these two methods might be
considerably different due to interactions with the polystyrene or different triplet
relaxation in the triplet density of states. Furthermore, the measurement temperature
and the delay time after which the phosphorescence was measured play an important
role. In literature, triplet energies for the same material vary by similar amount of
energy (~0.1 to 0.2 eV). For example, for the well-known material NPD, values in the
range between 2.2 eV and 2.4 eV are reported.[21], 8], 210]

Finally, singlet and triplet energy levels of 8M-4P-NPD are increased in com-
parison to 4P-NPD. Furthermore, Est remains the same (Eg’NPD = 0.71eV, and
E§¥_4P ~NPD — (0.70V). This is in good agreement with the trends predicted by the
quantum chemical calculations presented above. However, absolute energy values
between experiment and simulation are not comparable. Nevertheless, 8M-4P-NPD is
an interesting material for (TH) OLEDs, and its application as EML is investigated
in the following section.
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Figure 6.16: Excitation scan (a) and PL emission (b) of 4P-NPD and 8M-4P-NPD
single layers. Peak wavelengths are indicated with an arrow and the detection
wavelength and excitation wavelength are given, respectively. Due to the shift
of emission spectrum towards smaller wavelengths, 8M-4P-NPD exhibits a more
deep blue emission color (¢) than 4P-NPD. The phosphorescence spectra (d) of
8M-4P-NPD is also shifted towards smaller wavelengths, confirming a rise in triplet
energy.

Blue OLEDs - variation of blocker materials

In the next step, 8M-4P-NPD is investigated as EML in an OLED structure. Therefore,
different blocker materials are applied. TAPC, Spiro-TAD, and TCTA are used as
EBL, while TPBI and BPhen are used as HBL. The results are presented in Fig. [6.17
Also, BAlg2 was tested as HBL. These results are not shown, since only emission
from BAlq2 was observed, which results from the fact that the singlet level of BAlg2
(2.51 V) is lower than that of SM-4P-NPD (2.95 eV). This also indicates that the
exciton generation zone is close to the HBL interface.

Due to the high HOMO energy of 8M-4P-NPD (-5.1 eV), the injection of holes
through any of the EBLs should be easy. In contrast, the injection of electrons is
strongly hindered since the LUMO energy of -1.6 eV leads to a high injection barrier
of more than 1 eV with respect to the HBLs tested here (Fig.|6.17] (b)).
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Figure 6.17: OLED layer structure (a), proposed energy level diagram (b), and
performance (c-f) of the OLEDs using 8M-4P-NPD as emitter. Different blocking
materials are applied. The combination of Spiro-TAD/TPBI exhibits the best
IVL performance (c). For all OLEDs emission > 550 nm is observed (d), which
indicates the presence of exciplexes. Due to degradation of the BPhen OLEDs during
the goniometer measurement, the radiance (e) at high viewing angles is strongly
decreased compared to the TPBI OLEDs. This leads to an apparent reduction
in EQE (f) for the BPhen OLEDs. In terms of EQE, the blocker combinations
TAPC/TPBI and Spiro-TAD/TPBI are most beneficial.
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All OLEDs exhibit high leakage currents in the range of 1072 to 1 mA/cm?
(Fig. (¢)). The reason might be that with 20 and 35 nm, respectively, the
transport layers are thinner than in other studies. The choice of these thin transport
layer thicknesses is motivated because they enable a large outcoupling efficiency in
the blue wavelength region[13] (also cf. Fig.[6.4] (b)).

In forward direction, the IV-curves show a strong dependence on the applied EBL,
while the use of different HBLs does not have a significant influence. The second aspect
is expected since TPBI and BPhen only differ by 0.1 eV in their LUMO energy. Due
to the high LUMO energy of 8M-4P-NPD, none of the EBLs is able to block electrons
efficiently. It is expected that the forward IV-curve coincides with the HOMO energy
of the EBL materials. A high HOMO energy close to that of SM-4P-NPD should result
in best hole injection and steepest IV-curve. This is confirmed by the experiment:
The OLED with Spiro-TAD which has the highest HOMO energy of -5.4 eV (TAPC
(-5.8 eV), TCTA (-5.9 €V)) shows the steepest IV- and also LV-curve. Interestingly,
the difference between the IV-curves of the OLEDs with TAPC and TCTA is rather
large, although they have a similar HOMO energy.

The spectral emission at 15.4 mA /cm? is shown in Fig. (d) on a logarithmic
scale. All OLEDs exhibit 8M-4P-NPD emission. However, when using TAPC as EBL,
additional emission at 575 nm can be seen. Since this emission is independent of the
HBL material and cannot be observed for Spiro-TAD or TCTA, it is likely that this
emission arises from an exciplex formed by 8M-4P-NPD and TAPC. Furthermore, an
emission maximum at 700 nm is observed. Emission from the blockers is excluded
because their singlet levels are higher than that of 8M-4P-NPD (cf. Fig. (b)).
Therefore, this emission is also assigned to exciplexes.

The investigation of the angular dependent emission (Fig. (e)) shows that
for TPBI, the radiance is very close to a Lambertian emitter, while for BPhen, the
radiance apparently decreases strongly with increasing viewing angle. It is clear that
these differences cannot have an optical origin, since transport layer thicknesses are
constant for all devices and a shift in the recombination zone would not change the
radiance in such a dramatic way. Instead, the decrease in radiance for the BPhen
OLEDs is caused by degradation of the emitter 8M-4P-NPD during the goniometer
measurement.

The maximum EQE achieved with the blocker combination of TAPC and TPBI
is about 1.5% (Fig. (f)). This is rather low, compared to the performance of
4P-NPD, where EQEs > 4% were obtained (cf. Sec. and Sec. [6.1.2)). The reasons
for the differences in EQE between 4P-NPD and 8M-4P-NPD are discussed in the
following.

8M-4P-NPD and 4P-NPD are both fluorescent emitters. Since their PL-QYs are
similar, the same radiative efficiency can be assumed. Differences in the outcoupling
efficiency are unlikely: 4P-NPD and 8M-4P-NPD exhibit almost the same blue emission
spectra, for the OLEDs similar (transport) layer thicknesses are used, and a strong
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difference in the orientation of the transition dipoles is not expected because both
materials have a similar length. Thus, the only remaining parameter with an influence
on the EQE is the charge balance (cf. Eq. . It is very likely that the charge balance
is different for 4P-NPD and 8M-4P-NPD OLEDs since both materials differ strongly
in HOMO and LUMO energy values. While 4P-NPD has a HOMO (LUMO) energy of
-5.7 eV (-2.3 eV), 8M-4P-NPD exhibits -5.1 eV (-1.6 V). Especially the high LUMO of
8M-4P-NPD impedes an efficient injection of electrons. This leads to a charge carrier
accumulation at the EML/HBL interface and causes generation of exciplexes[211] 212]
which is indeed observed for 8M-4P-NPD OLEDs (cf. Fig.[6.17|(d)). Hence, the charge
balance and the effective radiative efficiency are reduced. Since HBL materials with
LUMO energies in the range of -1.6 eV are not available, an alternative possibility to
increase the EQE is doping 8M-4P-NPD into a suitable matrix material. If exciton
generation occurs on the matrix material and the singlets are efficiently transferred to
8M-4P-NPD, a better charge balance might be achieved, and formation of exciplexes
might be avoided. Due to their high singlet and triplet energy, TCTA and TPBI
might be good matrix materials, however, using SM-4P-NPD as dopant has not been
carried out within this thesis.

Finally, the lifetime of the OLEDs comprising TPBI is investigated and the results
are shown in Fig. [6.18 For unknown reasons, the OLED with TCTA shows an
untypical behavior: Usually, the lifetime-current density dependence shows a fixed
negative slope in a log-log plot.
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Figure 6.18: Lifetime of SM-4P-NPD OLEDs comprising TPBI as HBL. For Spiro-
TAD as EBL the best lifetime performance is reached. The lifetime is remarkably
high compared to 4P-NPD OLEDs. At 10 mA /cm? the lifetime is about 8 h. In
contrast, OLEDs comprising 4P-NPD as EML showed a lifetime of ~ 18 min (cf.
Fig. 6.4] (c)). At a luminance of about 100 to 150 c¢d/m? 8M-4P-NPD OLEDs
comprising Spiro-TAD or TCTA exhibit lifetimes of about 2 h (4P-NPD OLEDs:
< 30 min, 150 cd/m?).
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Comparing TAPC against Spiro-TAD, the highest lifetimes are achieved if Spiro-
TAD is used. At 10 mA /cm? the lifetime is about 8 h. In contrast, OLEDs comprising
4P-NPD as EML showed a lifetime of ~ 18 min (cf. Fig. (c)). At a luminance
of about 100 to 150 c¢d/m?, 8M-4P-NPD OLEDs comprising Spiro-TAD or TCTA
exhibit lifetimes of about 2 h (4P-NPD OLEDs: < 30 min, 150 cd/m?). The improved
lifetime of 8M-4P-NPD as EML in comparison to 4P-NPD is not investigated in
detail. As a compromise of IVL, spectral emission, EQE, and lifetime, the blocker
combination of Spiro-TAD/TPBI is used in further experiments.

TH OLEDs

The motivation for the development of a new blue emitter is the construction of
an OLED where triplets can be harvested by the green emitter Ir(ppy)s, allowing
the design of an efficient single stack white TH OLED. As discussed previously, it
appears that the triplet energy of 8M-4P-NPD (2.27 V) is too low to allow this
process. Here, a TH OLED is fabricated to verify this assumption. According to
the TH experiments with 4P-NPD (Sec. , the same OLED layout is chosen
for 8M-4P-NPD (Fig. (a) and (b)), except that TPBI is used as HBL instead
of BPhen as derived from the previous experiment. It is assumed that the exciton
generation zone, like in the case of 4P-NPD, is close to the HBL interface, so that
triplets can diffuse towards the phosphorescent emitter which is doped into 8M-4P-
NPD at the other side of the EML. In this experiment, the phosphorescent emitters
Ir(MDQ)2(acac) and Ir(ppy)s are used, respectively, and an OLED without a dopant
is taken as reference. Since a comparison to the emitter 4P-NPD is meaningful, the
data of the 4P-NPD OLED (from Sec. [6.1.2] no dopant) is also shown. As the same
transport layers thicknesses are used, this 4P-NPD OLED is an optical analogon to
the 8M-4P-NPD OLED without any phosphorescent dopant.

The I'V-characteristics of the OLEDs under study are shown in Fig. (c). In
comparison to the blocker variation experiment described previously, the leakage
currents are lower. Here, current densities are in the expected range of 107* mA /cm?,
while previously 1072 to 1 mA /cm? (cf. Fig. (c)) were obtained. In this experiment,
the thicker transport layers compensate the roughness of the ITO electrode, thus
preventing local shorts and reducing leakage currents significantly.

While for the Ir(MDQ)2(acac) OLED, the forward IV-curve is identical to the
reference, the IV-curve of the Ir(ppy)s OLED is slightly steeper, indicating that
Ir(ppy)s does have an impact on the charge transport. This is very likely as seen in
the proposed energy scheme (Fig. (b)). The HOMO energy of Ir(ppy)s is the same
as that of 8M-4P-NPD (-5.1 V) allowing hole transport, and increasing the probability
for direct recombination on Ir(ppy)s. In contrast the HOMO energy of Ir(MDQ)s(acac)
is 0.3 eV lower, thus inducing a preferred hole transport on 8M-4P-NPD rather than
on Ir(MDQ)a(acac).
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Regarding the spectral emission intensity (Fig. (c)), surprisingly Ir(ppy)s
emission (indicated with a black arrow) is found. This means that triplets can
decay radiatively on Ir(ppy)s. This is interesting since for 4P-NPD OLEDs no green
emission was observed as the low triplet level causes a transfer of triplets to 4P-NPD
(cf. Sec. . However, the intensity of the green peak is significantly lower (factor
of 10) compared to the red peak of the Ir(MDQ)s(acac) OLED. It is unlikely that is
results from differences in radiative efficiency or outcoupling efficiency. (The radiative
efficiency of Ir(ppy)s is 0.76 and 0.84 for Ir(MDQ)»(acac).[13]) Therefore, it is believed
that the main amount of Ir(ppy)s triplets is indeed transferred to 8M-4P-NPD, while
some triplets decay on Ir(ppy)s.

In comparison to the reference OLED, the blue peak is slightly reduced for the
Ir(MDQ)2(acac) OLED and Ir(ppy)s OLED (Fig. (c)). This effect has been
already observed for the 4P-NPD TH OLEDs (Sec. and can be assigned to
singlet diffusion and transfer. The fact that the blue emission is almost maintained in
comparison to the reference and additional emission at higher wavelength is observed,
indicates TH. Furthermore, the assumption that the exciton generation zone is close
to the TPBI (HBL) is confirmed, otherwise the blue emission would be strongly
quenched by the green or the red phosphorescent emitter.

The angle-dependent emission of the devices under study is very close to a Lam-
bertian emitter (Fig. (e)), except for the Ir(MDQ)s(acac) OLED which shows a
sub-Lambertian behavior due to wavelength dependent outcoupling. More interest-
ingly, the EQE at low current densities (107! - 1 mA /cm?) is enhanced in comparison
to the reference OLED by a factor of about 2 in case of Ir(ppy)s and > 5 in case
of Ir(MDQ@Q)a(acac). This strong enhancement for Ir(MDQ),(acac) is not surprising.
Although the singlet emission of the blue 8M-4P-NPD OLED yields only a low EQE
of max. 1.5%, triplets are still efficiently transferred to Ir(MDQ)s(acac).

In comparison to the 4P-NPD OLED (black dotted line in Fig. [6.19)), 8M-4P-NPD
shows a significant deterioration. The main reason is the high LUMO energy of
8M-4P-NPD which impedes electron injection into the EML, thus increasing driving
voltage, as well as reducing emission intensity and EQE.

Finally, the IV-curves indicate that emission resulting from direct recombination of
electrons and holes on Ir(ppy)s is very likely, while for Ir(MDQ)s(acac) direct recom-
bination can be neglected. The presence of TH from 8M-4P-NPD to Ir(MDQ)s(acac)
can be confirmed due to the significant contribution of red emission to the spectrum.
For Ir(ppy)s, this contribution is considerably lower. This does not exclude the
presence of TH, but indicates that in case of Ir(ppy)s direct recombination is the
primarily responsible process for light emission.
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Figure 6.19: OLED layer structure (a), proposed energy level diagram (b) and
performance (c-f) of the TH OLEDs using 8M-4P-NPD as emitter. Ir(ppy)s and
Ir(MDQ)2(acac) are applied as phosphorescent emitters, respectively. Furthermore,
a reference OLED without a dopant is shown. For comparison, the data of the
4P-NPD OLED from Sec. [6.1.2]is given by a black dotted line. 8M-4P-NPD as EML
cannot reach the performance of 4P-NPD OLEDs. Interestingly, green emission
from Ir(ppy)s can be observed (black arrow in (d)).
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Thickness variation of the intrinsic SM-4P-NPD layer

Similarly to the experiments with 4P-NPD, a thickness variation of the intrinsic 8M-4P-
NPD layer is meaningful to investigate TH (Fig. . According to the experiments
presented in Sec. [6.1.2] this thickness is correlated to the distance between exciton
generation zone and TH zone.

10— ; : ; ; ;
\ no phosphorescent dopant
[A 100 0m ] % 8
BPhen: 55 nm NE intrinsic 8M-4P-NPD
Cs S 6 ] layer thickness x
TBPI 10 nm =
8M-4P-NPD X nm =
E. 4- | =9 nm
8M-4P-NPD: 5 nm ) 7nm
phos. emitter 5 wt% e 5nm
Spiro-TAD 10 nm 8 29 3nm
MeO-TPD: 55 nm 3
F6-TCNNQ 2 wt% = o . . . " ; ; i
ITO 90 nm 400 450 500 550 600 650 700 750
[ glass 1.1 mm wavelength / nm
(a) (b)
10— : : : : : : : 10— : : :
Ir(ppy), | % I(MDQ),(acac)
5 8 5 8
o 0.4 o
S 6 g 6
= =
T 4 02| T 4
(] (]
2 ‘ ‘ 2
5 21 500 550 8 2
e] ©
s g
0 . : T — ; ; ; 0% ; ; d , ; ,
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750
wavelength / nm wavelength / nm
(c) (d)

Figure 6.20: OLED layer structure and emission spectra at 15.4 mA/cm? for
varying 8M-4P-NPD layer thickness = and different phosphorescent emitters (b-d).
For the Ir(ppy)s OLEDs, the green emission is enlarged for better visibility. Emission
from 8M-4P-NPD decreases steadily with decreasing layer thickness x (b-d). For the
OLEDs doped with Ir(ppy)s and Ir(MDQ)2(acac), the additional emission in the
green and red wavelength regime increases with decreasing 8M-4P-NPD thickness.

The reference OLEDs without the phosphorescent dopant show a steady increase of
the emission spectrum with increasing thickness x (Fig. 6.20| (b)). This is in contrast
to previous experiments using 4P-NPD (cf. Fig. (b)) where the blue emission
was rather constant. A change in charge carrier balance is seen as main reason for
this effect: While for 4P-NPD charge injection is quite balanced since the HOMO
and LUMO energy levels are in good alignment to that of the surrounding blocking
layers (cf. Fig. (b)), the electron injection into 8M-4P-NPD is strongly hindered,
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due to its high LUMO energy (cf. Fig. (b)). Furthermore, holes are efficiently
blocked by the TPBI blocking layer. Hence, there is a hole accumulation at the
8M-4P-NPD/HBL interface. Increasing the 8M-4P-NPD thickness slows down the
hole transport and leads to an improved charge carrier balance which enhances the
emission intensity.

With increasing thickness x, typical TH behavior is observed for both phospho-
rescent emitter systems: Blue emission increases and additional emission at longer
wavelength decreases (Fig. (c) and (d)). This confirms that TH is taking place
from 8M-4P-NPD to Ir(MDQ)s(acac). However, the decrease of Ir(ppy)s emission
with increasing x can be as well a result of direct recombination since a thinner
8M-4P-NPD layer enhances the probability for electrons to reach Ir(ppy)s.

Time- and spectrally resolved measurements

So far, it is open if Ir(ppy)s emission in the TH OLEDs occurs only due to direct
recombination and singlet transfer, or if TH is present to some extent. Therefore, a
streak camera measurement is performed. In Fig. (a) the time- and spectrally
resolved emission following a voltage pulse (4 V for 2.5 ps) is shown for a device
containing 8M-4P-NPD and Ir(ppy)s (OLED layer structure is given in Fig. (a)).

Similarly to the experiment using 4P-NPD and Ir(dhfpy)s.(acac) described in
Sec. [6.1.3], the prompt emission of the blue fluorescent emitter remains. In contrast,
the emission of the phosphorescent emitter in this experiment is much stronger in
the time range between 0 and 2.5 ps than at later times when the pulse is switched
off. This prompt emission of Ir(ppy)s is assigned to direct recombination and singlet
harvesting. The delayed component of Ir(ppy)s emission (3.2 to 5.5 ps) is allocated to
emission resulting from TH because it is rather constant and can be well distinguished
from the natural exponential decay of the phosphorescent emitter. The fraction of TH
emission is rather low compared to that of the direct recombination. Unfortunately, the
amount of TH emission is too low to determine a maximum and study the dependence
of the delay time on the intrinsic layer thickness = of SM-4P-NPD like in the case of
4P-NPD:Ir(dhfpy)s(acac).

In conclusion, the fact that delayed emission is observed within the streak-camera
measurements proves that TH by Ir(ppy)s is taking place. However, Ir(ppy)s emission
is essentially caused by direct recombination and singlet harvesting.

It is interesting that TH by Ir(ppy)s is present since this was not expected due to
the lower triplet level of 8M-4P-NPD (2.27 €¢V) in comparison to Ir(ppy)s (2.4 V).
This can be understood by regarding again the phosphorescence spectrum of 8M-4P-
NPD and the Ir(ppy)s PL emission spectrum (Fig. (d)). Here, the onset of the
phosphorescence spectrum coincides with the peak of the Ir(ppy)s emission spectrum.
This allows that a few 8M-4P-NPD triplets at the high energy end of the triplet
density of states can be harvested by Ir(ppy)s.
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Figure 6.21: Normalized time- and spectrally-resolved intensity (a) after appli-
cation of short electrical pulses (black arrow) of 2.5 ps and 4 V to the 8M-4P-
NPD:Ir(ppy)s OLED shown in Fig. [6.20] (a) with a 4P-NPD layer thickness of x =
5 nm and normalized integrated intensity (b), obtained by integrating from 500 nm
to 620 nm. Processes of direct recombination as well as singlet transfer and TH by
Ir(ppy)s are indicated by red boxes.

Two-color white TH OLED

According to the experiments in Sec. the yellow emitter Ir(dhfpy)s(acac) is
doped partially into the bulk emitter 8M-4P-NPD to design white TH OLEDs. The
intrinsic 8M-4P-NPD layer thickness x is varied to adjust the emission ratio between
blue and yellow emission (Fig.[6.22)). Basically the same trends are observed compared
to white TH OLEDs based on 4P-NPD (cf. Sec. [6.1.3): With increasing x, the I[VL-
curves become flatter (Fig. |6.22| (b)), the blue emission increases while the yellow
emission decreases (Fig. [6.22] (c)), and all devices exhibit a Lambertian type emission
behavior (Fig.[6.22[ (d)). The EQE and LE decrease consistently with increasing z
(Fig.[6.22 (e) and (f)).

The spectral emission characteristics confirm TH as discussed several times. One
difference between the 8M-4P-NPD OLEDs and the 4P-NPD OLEDs occurs when
regarding the EQE at low current density (0.1 mA/cm?). While for 4P-NPD the
EQE is rather constant (Fig.|6.11] (e)), it decreases with increasing x for 8M-4P-
NPD (Fig. [6.22| (e)). It is believed that changes in charge balance are causing these
differences.
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Figure 6.22: OLED layer structure (a) and performance (b-f) of the two-color
white TH OLEDs using 8M-4P-NPD and Ir(dhfpy)sz(acac) as emitters. The trends
for varying 8M-4P-NPD are comparable to the TH OLEDs presented in Fig.
where 4P-NPD is used as blue fluorescent emitter: With increasing x, the IVL-curves
become flatter (b), the blue emission increases while the yellow emission decreases
(c), and all devices exhibit Lambertian type emission behavior (d). The EQE and
LE decrease consistently with increasing z (e,f).
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More importantly, the OLEDs with layer thickness z = 5 and 6 nm show white
color coordinates (Fig. [6.23). The corresponding luminance and CRI values are given
in square brackets. It was expected that color coordinates closer to the warm white
point A can be obtained using 8M-4P-NPD instead of 4P-NPD, since 8M-4P-NPD
has a deeper blue emission (cf. Fig. (c)). However, the opposite trend is observed
owing to the emission spectrum of Ir(dhfpy)s(acac): In 8M-4P-NPD OLEDs the
second peak of the Ir(dhfpy)s(acac) spectrum at 600 nm is less pronounced than in
4P-NPD OLEDs. This is an unexpected behavior, since the 4P-NPD and 8M-4P-NPD
OLEDs comprise the same optics due to the use of same transport layer thicknesses
which lead to the same position of the recombination zone inside the device. It is
assumed that due to the higher triplet level of SM-4P-NPD compared to 4P-NPD,
the triplet transfer to the first vibronic of Ir(dhfpy)s(acac) is more favorable for
8M-4P-NPD. This enhances the intensity of the first emission peak of Ir(dhfpy)s(acac)
at 557 nm in comparison to the second peak at 600 nm.
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Figure 6.23: CIE color coordinates for the two-color white TH OLEDs at different
applied current densities for 8M-4P-NPD layer thicknesses of 5 and 6 nm, respectively.
Corresponding luminance and CRI values are given in square brackets. Inset:
spectral radiance divided by the applied current for the OLED with = 6 nm.
While the blue emission is almost independent of the current density, the contribution
of the yellow emitter decreases steadily.
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The color shift with applied current density towards blue color coordinates is a
result of quenched Ir(dhfpy),(acac) triplets which is more pronounced than for the
8M-4P-NPD singlets. This is shown by the radiance divided by the applied current
(inset in Fig. : While the 8M-4P-NPD emission is roughly constant, the fraction
of Ir(dhfpy)s(acac) emission decreases strongly with increasing current density. The
achieved CRIs are low, in the range between 37 and 46.

Three-color white TH OLED

Since the development of a new blue emitter is motivated by the fact that TH by
the green phosphorescent emitter Ir(ppy)s is not possible using 4P-NPD, a white
OLED is investigated where TH from 8M-4P-NPD to a green and red emitter is
present. Despite the fact that TH from 8M-4P-NPD to Ir(ppy)s is feasible, a strong
fraction of direct recombination processes on Ir(ppy)s was observed. The reason is
that the HOMO energies of 8M-4P-NPD and Ir(ppy); are nearly identical (-5.1 eV,
cf. Fig. (b)) which favors hole transfer on the Ir(ppy)s molecules.

To exclude this effect, the green phosphorescent emitter Ir(ppy)s(acac) is used
instead of Ir(ppy)s. Ir(ppy)z(acac) has a HOMO energy of -5.4 eV which should
efficiently prevent hole injection and transport on this emitter. The triplet energy of
Ir(ppy)a(acac) is 2.38 €V, very similar to Ir(ppy); (T = 2.40 eV). Hence, TH from
8M-4P-NPD to Ir(ppy)z(acac) is possible. Furthermore, Ir(ppy)a(acac) exhibits a
slightly higher EQE than Ir(ppy)s when used as emitter doped into a matrix material
inside an OLED structure. Due to a smaller molecular dipole moment, Ir(ppy)2(acac)
has a lower probability to form aggregates in mixed films, thus exhibiting a better
roll-off characteristic.[213] Recent findings indicate that one additional reason for
the higher EQE is based on the fact that the Ir(ppy)sz(acac) transition dipoles show
a preferred horizontal orientation © = 0.23, while Ir(ppy)s; has an almost isotropic
orientation © = 0.29.[140]

To simultaneously harvest by Ir(ppy)s(acac) and Ir(MDQ)z(acac), both emitters
are doped into 8M-4P-NPD. The layer structure of the investigated OLEDs is shown
in Fig. (a). For Ir(ppy)z(acac) a concentration of 10 wt% is used, while for
Ir(MDQ)a(acac) the concentration is 1 wt%. These concentrations are chosen to avoid
a triplet transfer from Ir(ppy)s(acac) to Ir(MDQ)s(acac), which otherwise would result
in a loss of green emission. Again, the layer thickness x of the intrinsic 8M-4P-NPD
is varied to adjust the singlet/harvested triplet ratio and thus the contributions of
the emitters to the spectrum. For the IVL-curves, the typical flattening is observed
with increasing z (Fig. (b)).

TH by both phosphorescent emitters is proven by the fact that additionally to the
blue emission, significant emission from the phosphorescent emitters is observed. As
typically for TH, the blue peak in the emission spectrum increases with increasing

thickness x, while the green and the red peaks decrease (Fig. (c)).
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Figure 6.24: OLED layer structure (a) and performance (c-f) of the three
color white TH OLEDs using 8M-4P-NPD as fluorescent, and Ir(ppy)2(acac) and
Ir(MDQ)2(acac) as phosphorescent emitters. As typical for TH OLEDs, the layer
thickness x of the intrinsic 8M-4P-NPD can be used to adjust the contributions of
the emitters to the spectrum (c¢). The efficiencies (e,f) exhibit a pronounced roll-off,
indicating strong quenching effects of the phosphorescent emitters.
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All OLEDs show a Lambertian like emission characteristic (Fig. 6.24] (d)). At low
current density (0.1 mA/cm?), the EQE is about 6% for all OLEDs (Fig. [6.24] (e))
which is in good agreement with the EQEs for the two-color white OLEDs using 8M-
4P-NPD and Ir(dhfpy)s(acac) (cf. Fig. |6.22| (e)) ranging from 5% to 6.5%. However,
the roll-off is much stronger for the three-color white OLEDs: While for the two-color
white OLEDs the EQE is reduced to 3% at 100 mA/cm?, the EQE for three-color
white OLEDs is already reduced to 3% at 10 mA /cm?. Knowing that the roll-off is
determined by the phosphorescent emitters rather than by the fluorescent emitter, the
roll-off characteristics might be improved by a decrease of the doping concentrations
of the phosphorescent emitters. However, the doping concentration needs to be
sufficiently high to ensure an adequate contribution of the emitters to the white
spectrum. The strong roll-off for the three-color white OLEDs is also reflected in the
LE-curves (Fig.|6.24] (f)).

The CIE color coordinates of the OLEDs with x = 3 and 4 nm are shown in
Fig. for different current densities. The corresponding luminance and CRI values
are given in square brackets.
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Figure 6.25: CIE color coordinates for the three-color white TH OLEDs at
different applied current densities for 8M-4P-NPD layer thicknesses of 3 and 4 nm,
respectively. Corresponding luminance and CRI values are given in square brackets.
Inset: spectral radiance divided by the applied current for the OLED with = =
3 nm. While the blue emission is almost independent of the current density, the
contribution of the green and red emitter decreases steadily.
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For x = 3 nm, the color coordinates are closest to the warm white color point A.
However, the color is slightly reddish. Enhancing the green emission would help to
shift the color coordinates even further towards A. This would also be beneficial for
the efficiency, since usually more greenish color coordinates go side by side with higher
luminous efficiencies. A stronger contribution of the green emitter could be realized
by further reducing = or increasing the concentration of Ir(ppy)2(acac).

The blue shift of the CIE coordinates with increasing current density results from
a reduced emission of the green and red peak in comparison to the constant blue
emission. This is indicated in the inset in Fig. where the radiance is divided
by the applied current. The reduction of the green and red emission at high current
densities is mainly caused by TTA. As expected, the CRI is strongly enhanced (up to
70) in comparison to the two-color white OLEDs which showed much lower CRIs in
the range between 37 and 46 (cf. Fig. [6.23).

Summary: White TH OLEDs using 8M-4P-NPD

Table summarizes the most important properties of the two-color and three-color
white TH OLEDs at a luminance of 1,000 cd/m?. The thickness x of the intrinsic
8M-4P-NPD determines the distance between exciton generation and TH zone and its
variation is useful to adjust the emission color towards warm white color coordinates.
In comparison to the experiments in Sec. where 4P-NPD is used as emitter, the
efficiencies for the two-color white OLEDs are much lower (about a factor of 2 to 3).
With 4P-NPD as EML, efficiencies close to 30 lm/W (8% EQE ) were obtained. It
is believed that the difference in EQE between 4P-NPD and 8M-4P-NPD OLEDs
is caused mainly by the poor charge balance in the 8M-4P-NPD OLEDs which also
limits the efficiency in TH OLEDs.

Using three emitters instead of a two-color system, the CRI can be enhanced.
However, the achieved efficiencies are again rather low (~7 lm/W, ~3%).

Table 6.3: Summary of two-color and three-color white TH OLED properties
comprising 8M-4P-NPD as blue emitter at a luminance of 1,000 cd/m?.

z Uy U ] CIE CRI CCT CE EQE LE
nm V.V 24 K /A % Im/W

TWO-COLOR WHITE

8M-4P-NPD:Ir(dhfpy)s(acac)

5 28 34 7.1 (0.41/040) 41 3580 14.0 4.0 11.9
6 28 35 87 (042/0.42) 38 3390 11.5 4.6 9.4
THREE-COLOR WHITE

8M-4P-NPD:Ir(ppy)2(acac):Ir(MDQ)2 (acac)

3 28 34 11.8 (0.47/0.40) 64 2500 8.5 3.4 7.0
4 28 35 132 (045/0.37) 66 2530 7.6 3.3 6.2
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6.2.2 8M-4P-FPD

In a next step, it is intended to increase the radiative efficiency of 8M-4P-NPD.
This would positively influence the EQE of blue and white OLEDs. To increase the
radiative efficiency, the fluorescence quantum yield needs to be enhanced. Intuitively,
it is believed that this could be achieved by adding fluorenyl groups at the side of the
8M-4P-NPD molecule because fluorene systems usually show strong fluorescence. A
scheme of the molecular structure and the HOMO, HOMO-1, LUMO and LUMO+1 of
the new material “SM-4P-FPD” is illustrated in Fig. As in case of 8M-4P-NPD,
it is reasonable to consider the superposition of LUMO and LUMO+1 (HOMO and
HOMO-1) when investigating the overlap of HOMO and LUMO (cf. Appendix |A.3).
In comparison to 8M-4P-NPD (cf. Fig. [6.15]), the overlap of HOMO and LUMO is
not strongly effected by the fluorenyl groups.

Quantum chemical calculations of the energy eigenvalues are carried out after

material testing and will be presented in more detail in Sec.

O 8M-4P-FPD Q
Y ()

Figure 6.26: Molecular structure of 8M-4P-FPD and distribution of HOMO,
HOMO-1, LUMO and LUMO+1 calculated using HF // SCC-DFTB. The additional
fluorenyl groups (red marked) are expected to increase the fluorescence quantum
yield and hence the radiative efficiency.
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Thin film properties and energy levels

A PL spectrum of 8M-4P-FPD is shown in Fig. [6.27] (a) in comparison to the materials
4P-NPD and 8M-4P-NPD. For 8M-4P-FPD, the measurement of the PL emission has
been performed at 360 nm which corresponds to the peak absorption of 8M-4P-FPD.
The peak emission of 8M-4P-FPD is at 390 nm which corresponds to a singlet energy
of S§MAP=IPD — 318 eV. This is about 0.2 eV higher than the singlet energy of
8M-4P-NPD. Furthermore, 8M-4P-FPD shows emission below 380 nm, which is not
in the visible wavelength regime and thus a loss mechanism for conventional OLED
applications. From the phosphorescence spectrum (Fig.|6.27|(b)) it can be seen that the
spectrum of 8M-4P-FPD is shifted to smaller wavelengths compared to 4P-NPD and
8M-4P-NPD. This leads to a triplet level of T{M PP =239 oV, The singlet /triplet
splitting of 8M-4P-FPD is E§¥_4P_FPD = 0.79eV and therefore slightly higher than
that of 8M-4P-NPD and 4P-NPD (ES, NP = 0.71eV, ESY~* NP = 0.70eV). The
PL-QY of 8M-4P-FPD is 14 4+ 4%. This is about a factor of 3 lower than that
of 8M-4P-NPD (42 £+ 13%). Due to the low PL-QY, a significant improvement in
EQE compared to 8M-4P-NPD is not expected when 8M-4P-FPD is used as EML
inside an OLED structure. However, due to increased triplet level in comparison to
8M-4P-NPD, 8M-4P-FPD is a promising candidate for TH by a green emitter.

12| --- 4P-NPD ——8M-4P-NPD |/ 1.2 - -« 4P-NPD —— 8M-4P-NPD
_ — - = 8M-4P-FPD — - —8M-4P-FPD
S 1.01 1 35 101

© Y ©

> 0.8{ | 3 08

2 =

5 061 g 06,

£ 0.4]; = 0.4

£ £ .

S 0.21 S 0.24

0.0+ : ; ; ; ;
400 450 500 550 600 650 700
wavelength / nm wavelength / nm

(a) (b)

Figure 6.27: PL spectrum (a) and phosphorescence spectra (b) of single layers
of 8M-4P-FPD in comparison to 4P-NPD and 8M-4P-NPD. The spectra of 8M-
4P-FPD are shifted to smaller wavelength, leading to increased singlet and triplet
energy levels compared to 4P-NPD and 8M-4P-NPD.

Blue OLEDs - variation of blocker materials

Despite the fact that 8M-4P-FPD is not a very promising material with regard to its
emission spectrum and PL-QY, it is worth to be tested as EML in an OLED structure
because of its potential for TH applications. The HOMO and LUMO energies of
8M-4P-FPD are -5.12 €V and -1.6 eV, respectively. These are exactly the same values
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as obtained for 8M-4P-NPD. It can be expected that like in case of SM-4P-NPD, the
electron injection into 8M-4P-FPD is hindered and that the exciton recombination
zone is close to the HBL interface. As HBL, the materials TPBI, BPhen, SPPO1, and
UGH2 are tested, while the EBL is varied among TAPC and TCTA. The choice of
blocker materials is motivated by the singlet energy level, which needs to be higher
than that of 8M-4P-FPD to ensure singlet confinement in the EML. The used OLED
structure and a proposed energy level diagram are shown in Fig. [6.28 (a) and (b).

246V Y
2.7 eV 2.8eV 29eV 28eV -2.7eV
l4.20 ev HBL
[A 0nm 1 [P*|sz0ev|lS, 320 ev|[3 21 ev| 35261 —TPBI
BPhen: 35 nm 3.18 eV
Cs - BPhen
[THBL 10 nm | | —— SPPO1
8M-4P-FPD 10 nm 5lev —— UGH2
8M-4P-FPD
LLEBL 10nm | |
MeO-TPD: 20 nm -5.8eV 5gev
F6-TCNNQ 2 wt% : T UGH?2
| 'ITO ?01’"" | TAPC TCTA TP 55EV-65eV |,
glass A mm BPhen sppo1C&
(a) (b)
0 0
1074 EBL = TCTA 10 EBL = TAPC
- 2 o 2
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Figure 6.28: OLED layer structure (a), proposed energy level diagram (b), and
spectral emission (c,d) of 8M-4P-FPD blue OLEDs using different HBLs and EBLs.
For TPBI and BPhen, emission from exciplexes is observed rather than from
8M-4P-FPD. Highest intensities are observed for the SPPO1 OLEDs.

It is interesting to analyze the spectral emission (Fig.[6.28| (¢c) and (d)): When
TPBI is used as HBL, the emission spectra show a peak emission at 430 nm, which
is independent of the EBL material. However, the singlet level of TPBI is 3.2 eV
which corresponds to a wavelength of 388 nm. Hence, this emission cannot result
from TPBI, but is rather expected to result from an exciplex formed by TPBI and
8M-4P-FPD. This confirms the assumption that the exciton generation zone is close
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to the HBL interface. A similar observation is obtained for the BPhen OLEDs. Here,
the emission peak is at 450 nm. Again this does not fit to the singlet level of BPhen
(3.21 eV) and indicates emission from an exciplex.

Using SPPO1, the highest emission intensity of all blocker variations is obtained.
The emission peak is at 390 nm, i.e. emission from 8M-4P-FPD is present. At about
600 nm, very weak emission can be observed, which is again assigned to emission from
an exciplex formed by SPPO1 and 8M-4P-FPD. For UHG2 which has the highest
LUMO energy of -2.9 eV and should lead to best electron injection with respect to the
here tested blocker materials, emission from 8M-4P-FPD can be observed for both
EBLs TCTA and TAPC. In case of TAPC a strong contribution of orange light at
590 nm is observed, while for TCTA this additional exciplex emission is very weak in
comparison to the 8M-4P-FPD emission. It is not clear, why exactly for the UGH2
OLEDs the exciplex emission is so strongly dependent on the choice of the EBL
material since for the HBLs BPhen and TPBI no influence on the emission intensity
of the exciplex on the EBL is observed.

In conclusion, only SPPO1 OLEDs showed reasonable emission spectra which
correspond to 8M-4P-FPD emission. Hence, it is only meaningful to investigate the
lifetime and efficiency of these devices as shown in Fig. for a constant current
density of 4 mA /cm? which corresponds to a luminance of about 15 cd/m?.

: N 1.2 T T
HBL = SPPO1 ~ Aa A-a TCTA
4 mAlem?, ~ 15 cd/im” 1.01 Y
| 0 /TAPC S
A I
-] AAA?H
AA‘%

HBL = SPPO1

10* 10° 100 10
current density / mA/cm

(b)

Figure 6.29: Normalized luminance versus time (a) and EQE" versus current
density for the 8M-4P-FPD OLEDs comprising SPPO1 as HBL and TCTA or
TAPC as EBL. The superscript L indicates that the efficiency is calculated using
the assumption of a Lambertian emission characteristic.

norm. initial luminance / a.u.

The luminance drop over time is not significantly influenced by the use of the
EBL. Both blockers, TCTA and TAPC provide a lifetime of 1.3 h. This is better than
OLEDs comprising 4P-NPD, which show a lifetime of less than 30 min at 4 mA /cm?
(cf. Fig. [6.4] (¢)). Nevertheless, degradation during the goniometer measurement is
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observed for the 8M-4P-FPD OLED{™] Therefore, the efficiencies (Fig. [6.29] (b)) are
calculated using the assumption of a Lambertian emission characteristic, which is
indicated by the superscript L. For low current densities (< 10 mA/cm?), the TCTA
OLED shows a slightly higher efficiency. But due to the stronger roll-off, the TAPC
OLED exhibits a higher EQE at high current densities. However, the maximum
absolute EQE" is in the range of 1% and therefore lower than the 1.5% achieved with
8M-4P-NPD (cf. Fig. |6.19 (f)).

TH by Ir(ppy)s

Since the aim of the development of new blue emitters is TH by a green phosphorescent
emitter, TH OLEDs comprising Ir(ppy)s with a thickness variation of the intrinsic
8M-4P-FPD layer are studied (Fig. |6.30]).

Regarding the spectral emission at 15.4 mA/cm? (Fig. [6.30] (b)), the typical TH
behavior of increasing green emission with decreasing layer thickness can be observed.
Thus, TH from 8M-4P-FPD to Ir(ppy)s is probable. Interestingly, the green emission
is very strong compared to the case of 8M-4P-NPD (cf. Fig.6.20| (c)). It is most likely
that this is due to a better triplet transfer from 8M-4P-FPD to Ir(ppy)s, since the
triplet level (2.39 eV) is resonant with that of Ir(ppy)s (2.40 ¢V), while for 8M-4P-NPD
the triplet level (2.27 eV) is significantly lower.

For x = 3 nm a max. EQE" of 10% is obtained. This is much higher than the
3% for the 8M-4P-NPD:Ir(ppy); OLED presented in Sec. [6.2.1] (Fig. [6.19| (f)), and
indicates a better TH efficiency.

14 : :

A 100 nm ] ’(%‘ intrinsic 8M-4P-FPD
BPhen- 55 nm NE 104 layer thickness x
Cs o
SPPO1 10 nm = 84 9 nm
8M-4P-FPD X nm = 5 7nm

g 1 —5nm
8M-4P-FPD: 5nm [0} 4. 3nm
Ir(ppY)s 5 wi% e
TAPC 10 nm 8 o]
MeO-TPD: 55 nm K
F6-TCNNQ 2 wt% = 0 . . : . . .
ITO 90 nm 350 400 450 500 550 600 650 700
glass 1.1 mm

wavelength / nm
(a) (b)

Figure 6.30: OLED layer structure (a) and spectral emission (b) of the TH 8M-
4P-FPD OLEDs with varying intrinsic 8M-4P-NPD layer thickness . The typical

TH behavior of decreasing phosphorescent (green) emission with increasing x proves
the presence of TH from 8M-4P-FPD to Ir(ppy)s.

12Dye to the lower luminance, SM-4P-FPD OLEDs need a higher driving current than the 4P-NPD
OLEDs to ensure a sufficient signal-to-noise ratio.
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Time- and spectrally-resolved measurements

To further investigate the TH process for SM-4P-FPD, a study of time- and spectrally-
resolved emission using the streak-camera and TH OLEDs with different phospho-

rescent emitters, similarly to the experiments presented in Sec. [6.1.2] (Fig. [6.10), is

performed. A voltage pulse of 2 ps and a voltage of 7.6 V (with a frequency of
30 kHz) is used in this experiment. Ir(ppy)s(acac), Ir(ppy)s, and Ir(MDQ)s(acac)
are applied as phosphorescent emitters, respectively. Simultaneously, the intrinsic
layer thickness z of 8M-4P-NPD is varied (3, 5, 7, and 9 nm). Figure[6.31] (a) shows
the layer structure of the OLEDs under investigation. The thickness x describes the
distance between exciton generation zone and TH zone.

The normalized time- and spectrally-resolved streak camera images are shown
in Fig. |6.31] (b-d) at = 5 nm for Ir(ppy)z2(acac), Ir(ppy)s, and Ir(MDQ)s(acac),
respectively. The duration of the voltage pulse is indicated with a red arrow. The
two different emitters emitter can be nicely distinguished by wavelength and transient
behavior. While the signal at small wavelengths (390 to 490 nm) and with the short
decay belongs to 8M-4P-FPD, the delayed and extended signal at longer wavelengths
(490 to 620 nm) is associated with the phosphorescent emitter. The strong emission of
the phosphorescent emitters after the voltage pulse is switched off results from TH from
8M-4P-FPD. This is not surprising, since TH from 8M-4P-FPD to Ir(ppy)s was shown
previously (cf. Fig. [6.30). Due to the fact that Ir(ppy)s(acac) and Ir(MDQ)s(acac)
have a lower triplet energy than Ir(ppy)s, TH was also expected.

It is interesting to analyze the delay time 7 between the fluorescent and the
phosphorescent signal (cf. Fig. . As an example, the integrated intensity profiles
for different applied voltages are given in Fig. [6.31] (e) for the Ir(MDQ)s(acac) OLED
with x = 9 nm. The used wavelength ranges for the integrated intensities are
indicated with white rectangles in Fig. [6.31] (d). Furthermore, the intensity profiles
of the two different emitters are normalized and vertically displaced for clarity. For
the blue emitter SM-4P-FPD, a relative increase in emission intensity is observed
with increasing voltage. The reason is that with higher driving voltage (field), the
charge carrier mobility increases and the electrons and holes meet and recombine at
earlier times in the EML.[214] For 6.4 V the intensity curve of 8M-4P-FPD shows a
constant offset after 1.5 ns compared to the intensity curves at other voltages. This is
an indication of a poor signal-to-noise, and has no physical relevance.

The intensity profile of the red emitter Ir(MDQ)s(acac) is shown in Fig. [6.31] (e).
Similarly to the blue emitter, a first maximum at about 1.5 ps can be found, which
results either from direct recombination on Ir(MDQ)s(acac) or from singlet transfer.
More importantly, the second maximum is at about 4.6 ps. As discussed in Sec. [6.1.2]
this delayed maximum results from emission of triplets after diffusion and can be cor-
related to TH. With higher voltage, this second maximum vanishes since annihilation
process become more relevant which are reducing the relative triplet emission.
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Figure 6.31: OLED layer structure (a) and time- and spectrally-resolved intensities
for different phosphorescent emitter (Ir(ppy)s(acac), Ir(ppy)s, and Ir(MDQ)2(acac))
at = 5 nm (b-d) using a voltage pulse of 2 ps and 7.6 V. The normalized integrated
intensity profiles (integration range indicated with a white rectangle in (d)) for
z = 9 nm and the OLEDs comprising Ir(MDQ)2(acac) indicate that the delay
time 7 (= time between the peak emission of the two emitters) is independent of the
applied voltage (e). The spectra of different emitters in (e) are vertically displaced
for clarity. The delay time 7 increases with increasing distance x, proving TH by
Ir(ppy)2(acac), Ir(ppy)s, and Ir(MDQ)2(acac), respectively (f).
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The position of the emission maxima and therefore the delay time 7 is independent
of the driving voltage, i.e. the diffusion of triplets is not influenced by charge carriers.

The dependence of the delay time 7 on the distance x for the different phosphores-
cent emitters is shown in Fig. (f). The typical linear increase of 7 with increasing
x is obtained. Taking errors of the determination of the position of the maximum into
account, the slope of the line is independent of the phosphorescent emitter system.
For the emitter 8M-4P-FPD the slope is steeper than for 4P-NPD (cf. Fig. ,
indicating a slower triplet transport than on 4P-NPD.

6.3 Comparison to Quantum Chemical Calculations

A summary of different simulated and experimentally found properties of the four
materials NPD, 4P-NPD, 8M-4P-NPD, and 8M-4P-FPD is given in Tab. [6.4 NPD is
included in this comparison, since the latter three emitters are all NPD derivatives.
The data which is within a 10% error in comparison to any of the experimentally found
values is red marked. For the theoretical calculations five methods are available to
calculate HOMO, LUMO, singlet, and triplet energy (cf.Sec. . For 8M-4P-FPD
the calculations using method 2 could not be completed within this work. Furthermore,
a comparison of the absolute values to the preliminary results obtained in Sec. [6.2.1]
should be taken with care, since there the influence of the methyl groups was neglected.
Although the experimental values are in some cases very close to the simulated ones,
none of the theoretical methods is able to describe the energies of all four emitters
simultaneously with sufficient accuracy. Especially the prediction of the LUMO energy
seems to be problematic.

Most important for this study is the prediction of the singlet and triplet energies:
For the singlet level, the methods 2, 3, and 4 show a good agreement with the
experimental data. Also the experimentally observed trend of increasing singlet
energy (from NPD, 4P-NPD, 8M-4P-NPD to 8M-4P-FPD) is more or less reproduced.
Only the triplet energies of method 4 are within the 10% error compared to the
experimental data for all materials under study. However, method 5 exclusively
predicts the experimentally observed increase in triplet energy from NPD, 4P-NPD,
8M-4P-NPD to 8M-4P-FPD.

The comparison between simulation and experimental values is further hindered
by the contradicting experimental data. For example, the triplet energy of 4P-NPD is
reported to be 2.3 eV[I15], but is found to be 2.19 €V in this study.

Table also lists properties like density, evaporation temperature, PL-QY in
solution and thin film, and the highest experimentally achieved EQE, when the
material is used as a bulk emitter inside an OLED structure. For unknown reasons,
the density of 8M-4P-FPD (1.3 g/cm?) is higher than that of the other materials
(1.0 to 1.1 g/cm?). The evaporation temperature increases with increasing molecular
size.
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The comparison of the PL-QYs and the EQE is interesting, since the radiative
efficiency should go hand in hand with the PL-QY. The EQE depends on the charge
balance, singlet/triplet ratio, outcoupling efficiency, and radiative efficiency. The
radiative efficiency and EQE are proportional and thus also the PL-QY and the EQE.

It can be expected that PL-QY determined from thin films leads to better com-
parison than a PL-QY determined from solution, since the emitters inside an OLED
structure exist also as thin film.

However, the trend of decreasing EQE from 4P-NPD, 8M-4P-NPD to 8M-4P-FPD
coincides only partly with the PL-QY: The PL-QY measured in solution of 4P-NPD
is 42% and reduced by a factor of 4 for 8M-4P-NPD (10%). This is more or less
in agreement with the EQE, which is reduced by a factor of 3. For 4P-NPD and
8M-4P-FPD the PL-QY of a thin film is 41% and 14%, respectively which fits nicely
to the EQEs of 4.5% and 1.0%. However, in case of 8M-4P-NPD (8M-4P-FPD) the
PL-QY for thin films (solution) does not show the same trend as the EQE which is
most likely an effect of poor charge balance as discussed in Sec. [6.2.1}

6.4 Summary and Outlook

In this chapter, the blue bulk emitter 4P-NPD was intensively studied concerning its
orientation of transition dipoles, the ability of harvesting triplets, and the potential
to build highly efficient white OLEDs. The determination of the orientation of the
transition dipoles was found to be isotropic. However, the error of the spectral
analysis of the emission of an OLED in the optical minimum was rather large which
impeded the exclusion of a preferred horizontal orientation. A reduction of the error is
expected, if the forward intensity would be recorded simultaneously with the angular
dependent spectra. This would offer a more sophisticated possibility to correct the
error introduced by the degradation of the OLED.

Since TH from 4P-NPD by the green emitter Ir(ppy)s had not been possible due to
the lower triplet level, two new emitters 8M-4P-NPD and 8M-4P-FPD were introduced.
Quantum chemical considerations showed that these are promising candidates to allow
TH by Ir(ppy)s. The investigation of the (time-resolved) spectral emission of TH
OLEDs verified these calculations. For the first time TH OLEDs (using 8M-4P-NPD
or 8M-4P-NPD as EML) were shown, where TH occurred from a blue bulk emitter
to a green phosphorescent emitter. Measurement of the triplet energies supported
these findings to some extent. Unfortunately, both new emitters had significant
disadvantages compared to 4P-NPD, which impeded the design of highly efficient
white OLEDs.

In monochrome OLEDs, 8M-4P-NPD as EML showed relatively low EQE values
of almost 1.5% compared to 4.5% of 4P-NPD OLEDs although both materials have a
similar PL-QY of about 41%. It is most likely that the reason for the low EQE is the
fact that the charge carrier balance in 8M-4P-NPD OLEDs was dramatically decreased
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due to the high LUMO energy barrier between the EML and HBL interface (> 1 eV).
White TH-OLEDs comprising 8M-4P-NPD as blue bulk emitter and efficiencies up
to 11.9 Im/W (4% EQE) at 1,000 cd/m? were demonstrated. Doping 8M-4P-NPD
into a suitable matrix material, which allows good injection of both charge carrier
species and a good singlet transfer to 8M-4P-NPD might be a possibility to increase
the EQE further to the level of 4P-NPD. As a result, this would also lead to higher
efficiencies for white TH OLEDs.

In addition to a low EQE of 1%, the OLEDs with the second new blue emitter
8M-4P-FPD exhibited low lifetimes. Together with fact that the emitter showed
emission below 380 nm, which is not detectable with the human eye, SM-4P-FPD is
seen as a less promising material for efficient white TH OLEDs.

It is suggested that the orientation of 8M-4P-NPD and 8M-4P-FPD transition
dipoles, as well as the singlet and triplet diffusion length should be determined in
future experiments.

Theoretical calculations are a helpful tool which can to some extent predict trends
or energy values, if experimental data of materials with a similar chemical structure
is available. However, no simulation method simultaneously predicted all relevant
energy values (HOMO, LUMO, S;, T;) in a satisfying manner for the materials used
in this work. Theoretical calculations, in conjunction with the synthesis and test of
new blue fluorescent (bulk) emitters, are seen as a promising route to achieve highly
efficient white TH OLEDs.

These emitters should be designed and investigated with respect to:

o a singlet energy S; between 2.5 and 3.1 eV (500 and 400 nm),

o a triplet energy T; higher than 2.4 €V (515 nm) to ensure TH by Ir(ppy)s or
higher than 2.38 €V (521 nm) to ensure TH by Ir(ppy)s(acac)

« an efficient emission from the singlet state when used as a bulk emitter, i.e. a
high PL-QY (> 40%) and a high radiative efficiency,

o suitable LUMO (-2.3 £ 0.2 ¢V) and HOMO (-5.3 £ 0.2 €V) energies providing
good charge injection for electrons and holes, and leading to a charge carrier
balance close to unity.

Again, preferentially hole or electron transporting properties to ensure that the exciton
generation zone is close to one of the blocking layers would be beneficial for the design
of TH OLEDs. Also, a horizontal alignment of the transition dipoles is desired.
These two latter issues as well as a long lifetime are preferred but are not conditional
requirements.



7 Singlet Diffusion Length

In this chapter, the singlet diffusion in 4P-NPD is studied based on
singlet quenching and spectral emission intensity of OLEDs. First, the
working principle of these OLEDs and quenching mechanisms are discussed.
To fit the experimentally obtained emission, a model is introduced to
solve the diffusion equation analytically. The influence of fit parameters,
including the exciton generation zone width and direct charge carrier
recombination, are discussed. Finally, the singlet exciton diffusion length
for a series of applied current densities is investigated. In the second part
of this chapter, an approach to determine the singlet diffusion length in a
pure layer is investigated. The emission of an optically excited 4P-NPD
layer containing one or two quenching layers is studied by a simulation of
different diffusion profiles.

In the previous chapter, the importance of understanding and controlling excitonic
processes in OLEDs to achieve high efficiencies has been discussed. Clearly, the triplet
diffusion length is important in TH OLEDs. However, avoiding singlet transfer from
the fluorescent emitter to the phosphorescent emitter is crucial for the design of
efficient TH OLEDs. Therefore, the knowledge of the singlet diffusion length is also
mandatory.

The common methods to determine the exciton diffusion length are based on
optical excitation, like photo-current measurements[215-219] and time- or spectrally-
resolved PL quenching[220-228]. However, these techniques have certain disadvantages
resulting in a wide spread of the reported values of the diffusion length, even for well
known materials. Additionally, optical excitation leads to a broad generation zone of
the excitons, the profile of which is usually an unknown parameter, complicating the
analysis. Also, when using an additional quenching layer, optical interference effects
and energy transfer to the quencher have to be taken into account.[229] Typically, the
singlet diffusion length is in the range of a few to some tens of nanometers. However,
values above 1 pm have also been reported.[230]

In contrast, electrical generation of excitons in an adequate OLED structure can
lead to a thin and well controllable generation zone adjacent to one of the blocking
layers.[118| 23TH233] Furthermore, the use of an OLED reflects the real-world situation
for excitons more closely than PL experiments, where e.g. polaron quenching is not
present.

In 2009, Julia Wiinsche investigated the triplet diffusion length in 4P-NPD using
TH OLEDs at TAPP.[T18, 234] The usually lost triplets of 4P-NPD diffuse through a
spacer layer towards a phosphorescent dopant (Ir(MDQ)s(acac)), are transferred to
the lower lying triplet level of the dopant, from which they subsequently emit light.
By varying the thickness of the spacer and measuring the emission of the dopant,
the triplet diffusion length is calculated and found to be 11 £+ 3 nm. Here, the weak
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micro-cavity effects were overcome by an appropriate adjustment of the transport
layer thickness, which kept the emission zone at a constant position inside the device.
However, one problem was that the phosphorescent emitter also shows direct charge
carrier recombination, resulting in additional emission, which has to be considered in
the analysis. Furthermore, it turned out to be important to take into account that
the generation zone has a non-negligible width.

For singlets, this technique has rarely been used so far and in addition the width
of the exciton generation zone was not considered in previous studies. [74] [75]

7.1 Electroluminescence Quenching
7.1.1 Working principle of the device

The experiments performed are motivated by the results of the TH OLEDs in Sec.
(Fig. . There, a reduction of 4P-NPD emission was observed, if a phosphorescent
emitter is placed in proximity to the exciton generation zone: the closer the distance,
the stronger the reduction of 4P-NPD emission. The reason is singlet diffusion and
transfer from 4P-NPD to the phosphorescent emitter. This transfer is observed
independently for all three phosphorescent emitters (Ir(ppy)s, Ir(dhfpy)s(acac), and
Ir(MDQ)z(acac)). In order to investigate the singlet diffusion length in 4P-NPD,
the incorporation of Ir(ppy)s as phosphorescent dopant is most beneficial since only
4P-NPD emission and no additional emission due to TH is observed.

A proposed energy level scheme of the devices under investigation is shown in
Fig. (a). Charge carriers are injected via ITO and Al into the doped transport
layers. Passing the thin blocking layers, the charges reach the EML. As 4P-NPD is a
primarily hole transporting material, the exciton generation zone can be assumed to
be close to the HBL. According to spin statistics, 25% singlets and 75% triplets are
generated. Both exciton species can diffuse before they recombine.

Triplets formed on 4P-NPD can diffuse towards Ir(ppy)s. Since the triplet energy
of Tr(ppy)s is higher than that of 4P-NPD, triplets will remain on 4P-NPD molecules.
Because 4P-NPD is a fluorescent emitter, they will decay nonradiatively. Singlets
have the possibility to decay radiatively before they reach Ir(ppy)s. The generated
photons might be coupled out and contribute to the emitted spectrum. A singlet
diffusion into the BPhen blocking layer is not possible, due to the 0.3 eV higher singlet
level. As indicated in Fig. (b), singlets reaching Ir(ppy)s are transferred to its
lower lying singlet level. Due to the strong spin orbit coupling, the singlet excitons
undergo intersystem crossing to the triplet state of Ir(ppy)s. Finally, these triplets
are then back-transferred to the 4P-NPD host, where they undergo a nonradiative
decay. In this manner, the 4P-NPD singlets are quenched by the phosphorescent
dopant. Hence, the 4P-NPD:Ir(ppy)s layer is referred to as quenching layer (QL).
A variation of the EML thickness d will lead to a different intensity of outcoupled
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emission from singlets and the emitted spectra can be used to determine the singlet
diffusion length. By using a reference device where the dopant Ir(ppy)s is omitted, the
number of quenched singlets can be obtained. In total, 16 OLEDs with eight different
thicknesses d are investigated. Subtracting the emission of the Ir(ppy); OLED from
the reference OLED leads to the number of quenched singlets. The use of reference
devices furthermore offers the advantage to overcome micro-cavity effects.
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Figure 7.1: Proposed energy level diagram (a) and singlet transfer processes (b) of
the blue fluorescent OLEDs. Due to the high hole mobility of 4P-NPD, the exciton
generation zone (dark gray box) is assumed to be located at the 4P-NPD/BPhen
interface. The singlets can diffuse in the direction of Ir(ppy)s, and can decay
anywhere in the 4P-NPD layer (light gray box). Singlets reaching Ir(ppy)s will be
transferred to the singlet level of Ir(ppy)s. The singlet exciton undergoes intersystem

crossing to the triplet state of Ir(ppy)s. Finally, the triplet is back-transferred to
the 4P-NPD host and decays nonradiatively.



7.1 Electroluminescence Quenching 136

7.1.2 Theoretical Considerations

In this section, an analytical model based on boundary conditions to calculate the
singlet diffusion length in 4P-NPD is presented using thickness dependent emission
measurements of the operating OLEDs. The model is adopted from Refs. [118] 231].
For singlet excitons, the one-dimensional steady state diffusion equation (cf. Eq. (3.22))
is given by
2

Dddr;(f) - ”f) 4 Goe = 0. (7.1)

The first term describes the diffusive transport, the second the monomolecular decay,

and the third the generation of excitons along the diffusion direction x. Here, n(zx) is
the singlet exciton density and D is the diffusion coefficient, which is assumed to be
isotropic and constant in the whole 4P-NPD layer. The diffusion length L and the
diffusion coefficient D are connected via the exciton lifetime 7:

L=+Dr. (7.2)

It is very likely that the generation zone in OLEDs is not a delta-shaped peak at the
interface where holes and electrons meet, but somewhat smeared out. The generation
rate at © = 0 is given by Gy, and ¢ is the distance from the interface when Gy is
decreased by a factor of 1/e. Annihilation mechanisms such as SSA, STA, or SPA are
neglected. Furthermore, the singlet exciton current density js(d) (or singlet flux) into
the QL is given by:

, dn(z)
Js(d) = =D P
Because the BPhen layer exhibits an efficient energy barrier for 4P-NPD singlets
(cf. Fig. (b)), it can be assumed that the singlet exciton current through BPhen is
negligible, which results in the first boundary condition:

(7.3)

dn(0)
dx

=0. (7.4)

This implies that there is no concentration gradient for the exciton current, so excitons
can still exist at the EML/HBL interface. The second boundary condition is obtained
by the assumption of perfect quenching of singlets on Ir(ppy)s molecules. The
quenching will be investigated experimentally and results are presented in Sec. [7.1.3
to confirm this assumption. At the interface to the quenching layer, the number of
singlets is therefore:

n(d) = 0. (7.5)
Using the two boundary conditions, Eq. (7.4) and Eq. (7.5]), the solution of the
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steady state equation (Eq. (7.1)) reads[118]:

n(r) =

_LQ—gQ

9GoT 2Le_d/L + ge~ U9
ed/L 4 o—d/L

cosh% — Le®/t — gex/g> : (7.6)

To derive the singlet diffusion length L, the calculated singlet exciton current density
Js(d) needs to be connected to the experimentally accessible radiance of the OLED
devices. From the measured radiance L.(\,0°) in forward direction, the photon
flux PF' (number of outcoupled photons) can be calculated using the assumption of
Lambertian emission characteristics:

PF =

A 780nm
T0LED / ALe(X, 0°)d, (7.7)
3

he

where Appep is the active area of the device, A denotes the wavelength, h the Planck

80nm

constant, and ¢ the speed of light in vacuum. The Lambertian assumption is chosen
to simplify the method. It will be shown in Sec. that the Lambertian emission is
an appropriate simplification. PF of the reference devices without Ir(ppy)s represents
the number of all singlets, whereas PF of the devices containing Ir(ppy)s represents
the number of singlets which do not reach the QL. Hence, the singlet flux into the QL
for a certain EML thickness d is proportional to the difference:

jS(d> X PFW/olr(ppy)g(d> - PFW/Ir(ppy)3 (d) (7~8)

The final equation used to fit the data resulting from the spatial derivative of the
exciton distribution in Eq. (7.6]) reads:

ju(d) = —A l(ei + 4 —i) tanhjfj et 1| 4B (7.9)

t~

The term A is a proportionality constant, including the first factor in Eq. (7.6) and
the diffusion coefficient. The additional term B is motivated by direct recombination
processes as shown in the work of Wiinsche et al.[I1§], who demonstrated a non-
negligible electron current through these kind of devices. Furthermore, term B
compensates possible changes in charge balance between the Ir(ppy)s OLEDs and the
reference OLEDs.
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7.1.3 Results
Influence of quenching layer thickness

In a preliminary experiment, the optimum thickness for the Ir(ppy)s doped QL is
investigated. Complete quenching of singlets at the QL/EML interface is required to
ensure that the second boundary condition (Eq. (7.5)) is fulfilled. In Fig. [7.2] (a), the
OLED structure under investigation is shown. Since it is expected that the singlet
diffusion length is in the few nanometer regime, an intrinsic 4P-NPD layer thickness
of d = 5 nm is chosen to ensure a sufficient singlet flux into the quenching layer.
The thickness ¢ of the QL is varied between 3, 5, 8, and 12 nm. To ensure equal
outcoupling efficiencies for all devices, the p-doped HTL layer thickness is reduced
accordingly.

At high voltages, a voltage drop over thicker quenching layers can be observed
(Fig.[7.2| (b)), which is expected since the thickness of an intrinsic layer is increased. For
a QL thickness of 3 nm, the EQE is slightly higher than for thicker layers (Fig. (c)).
Accounting for an experimental error of 5%, the EQE curves for 5, 8, and 12 nm
overlap and the EQE does not decrease any further. This means that 3 nm are not
sufficient to quench 4P-NPD singlets, mainly because there are not enough Ir(ppy)s
molecules. However, at thicknesses ¢ > 3 nm, the overlapping EQE curves indicate
that no additional quenching effects are present. Therefore, it is concluded that 5 nm
QL thickness are enough to sufficiently quench 4P-NPD singlets.
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Figure 7.2: OLED architecture (a), IV-characteristics (b), and EQE vs. current
density (c) for different QL thicknesses. The variation of the QL thickness c is
regarded in terms of quenching properties. For 5, 8, and 12 nm the EQE curves
overlap, indicating that a saturation of quenching effects is present, when increasing
the number of quenching molecules by using a thicker QL.
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IV and spectral emission

In the main experiment, the thickness d between the exciton generation zone and the
quenching layer is varied to determine the singlet diffusion length (cf. Fig. [7.1] (a)).
To overcome the influence of the optical cavity, a reference device (without Ir(ppy)s)
for each thickness d is designed. The IV-characteristics of these devices are shown
in Fig. [7.3| (a). The IV curves for one specific distance are in good agreement for
the Ir(ppy)s OLED and for the reference. For high current densities (> 60 mA /cm?),
the voltage is slightly higher for the devices containing Ir(ppy)s, which might be a
result of hole injection and transport on the Ir(ppy)s molecules since Spiro-TAD and
Ir(ppy)s have the same HOMO energy of -5.4 eV.

Figure (b) shows the radiance in forward direction for all 16 OLEDs when
driven at a current density of 15.4 mA /ecm?. It can be nicely seen that the radiance
decreases significantly with decreasing thickness for the devices containing Ir(ppy)s,
which results from the quenching of singlets. On the other hand, the devices without
Ir(ppy)s show a slight increase in emission intensity. This might be a result of a
possible change in charge balance and/or an optical effect of the larger cavity. Since
one can assume that the same effects are present in the devices with Ir(ppy)s and the
references, this is not a crucial issue. As discussed in Sec. emission from Ir(ppy)s
is not observed in the measured spectra. This simplifies the presented method, as the
photon flux can be directly quantified by the 4P-NPD emission spectrum without any

corrections.
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Figure 7.3: IV curves (a) and spectral radiance (b) of the OLEDs under inves-
tigation for different ETL thicknesses d. For the IV curves, reference devices (no
Ir(ppy)s) are presented by lines and the devices with Ir(ppy)s are presented by dots.
For one specific distance d, the IV curves of the devices with and without Ir(ppy)s
are almost overlapping. The increase in emission with EML thickness for devices
containing Ir(ppy)s results from the lower number of quenched singlets. In contrast,
the emission in devices without Ir(ppy)s is slightly enhanced.
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In Fig. [7.4] (a), the normalized emission is shown for different current densities
for the reference sample with d = 3 nm as an example. The normalized emitted
spectra in forward direction do not change significantly with applied current. The
angular emission characteristics are expected to be independent of the applied current,
since the emission zone is kept at a constant position inside the cavity. Indeed the
devices show very similar angular dependent emission intensities at a current density
of 15.4 mA /cm? (Fig. [7.4] (b)), further substantiating the fact that optical effects are
of minor importance. The angular emission is very close to that of a Lambertian
emitter and thus justifies the use of Eq. to calculate the photon flux.
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Figure 7.4: Normalized spectral radiance (a) for the device without Ir(ppy)s and
d = 3 nm in forward direction for different current densities and normalized radiant
intensity in dependence of the viewing angle (b) at a current density of 15.4 mA /cm?.
The emission spectra do not depend significantly on the applied current and all
devices exhibit a similar angular dependence close to a Lambertian emitter.

Width of the generation zone and other fit parameters

In order to investigate the influence of the generation zone width g, the photon flux and
the exciton current of non-quenched singlets for different thicknesses d are calculated
using Eq. and the spectral radiance measurements. The generation zone is
the region where holes and electrons meet and the exciton generation takes place.
One has to distinguish between generation zone and emission profile. The emission
profile results from the radiative decay of the excitons after possible Forster or Dexter
transfers, i.e. after diffusion. The generation zone cannot be directly deduced from
the emission profile.

Due to the high hole mobility of 4P-NPD, the generation zone is expected to
be very narrow in comparison to the whole EML layer thickness and close to the
4P-NPD/BPhen interface. As shown in Fig. , the photon flux decreases with
increasing distance d from the exciton generation zone.
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The decrease of PF confirms that the exciton generation takes place next to the
HBL. The lines are fits using Eq. . The width of the generation zone g is varied
between 0.1, 0.5, 1, 1.5, and 2 nm. It can be clearly seen that the peak of the fits
is shifted to larger distances with increasing g. The other three parameters, the
diffusion length L, A, and B are adjusted to fit the experimental data. Basically, A
defines the absolute magnitude of the fit, L is responsible for the slope, and B for
the non-mono-exponential tail. From ¢ = 0.1 to 1 nm, the parameters do not change
significantly, and a good fit to the experimental data can be obtained. The diffusion
length L varies between 4.2 and 4.3 nm. However, for ¢ = 1.5 and 2 nm, the fits
deviate more from the experimental data, especially for small distances (3 to 7 nm),
and the diffusion length decreases (inset of Fig. [7.5). Therefore, it is concluded that
the generation zone has to be smaller than 1.5 nm. In further calculations g = 0.5 nm
will be used. This corresponds to only one monolayer of 4P-NPD molecules at the
EML/HBL interface.
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Figure 7.5: Photon flux depending on the distance d at a current density of 15.4
mA /cm? (dots). The fits (lines) according to Eq. are describing different
broadness g of the generation zone. The fit parameters are given in the table. A
simple exponential decay (orange straight line) leads to an overestimation of the
diffusion length. Inset: Dependence of the diffusion length L on the width of the
generation zone g.
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This is lower than g = 3 nm obtained by Wiinsche et al.[118], but still in agreement
with the fact that values from 0 to 7 nm lead to reasonable fits for the triplet diffusion
length in 4P-NPD. As the generation of singlets and triplets is the result of gathering
holes and electrons, the generation zone width should not depend on the exciton
species. One reason for the reduced ¢ in this work might be the fact that the EML is
significantly thinner (3-18 nm) than in the work of Wiinsche et al. (10-65 nm).

Using a mono-exponential decay fit (Fig. , orange line), i.e. assuming a delta-
shaped generation zone and no direct recombination processes, a singlet diffusion
length L of 6.7 nm is obtained. Underestimating the width of the generation zone
and neglecting direct recombination leads to an overestimation of the singlet diffusion
length. A more detailed analysis of the width of the generation zone might be obtained
from additional experimental data in the small distance regime (d = 1 to 3 nm).
However, the closer the QL is placed towards the generation zone, the more singlets
are quenched and the detectable emission is dramatically lowered.

It is important to mention that this method can give access to the emission profile,
which is an important parameter for device modeling and usually hardly accessible in
OLEDs. For example, a method to investigate the emission profile claiming nanometer
spatial resolution was introduced by Mensfoort et al.[I30] in 2010, but requires the
experimental effort of measuring angle and polarization resolved emission spectra as
well as exact optical modeling.

Using the experimental data given in Fig. [7.5] an error of the singlet diffusion
length L can be estimated. In Fig. (a), the fits for three different values of L are
shown. Here, the generation zone width is fixed to ¢ = 0.5 nm, and the parameters
A and B are adjusted to obtain the best possible fit close to the experimental data.
It can be seen that L = 4.3 nm provides a good fit, while for 3.8 and 4.8 nm the
fits significantly deviate from the experimental values, especially in the range of
d = 5-13 nm. Therefore, an error of + 0.5 nm is a reasonable estimation for the
singlet diffusion length L.

It is furthermore interesting to investigate the influence of the fitting parameter B
which represents the direct recombination processes of holes and electrons on Ir(ppy)s
(Fig. (b)). Again, the same experimental data as in Fig. (a) is used and the
generation zone width is fixed to ¢ = 0.5 nm. First, the singlet diffusion length L is
kept constant to 4.3 nm and B is assumed to be 1.9-10'® and 0, respectively (green
and red curve in Fig. (b)). While the first fit is in good agreement with the
experimental data, the second shows a strong linear decrease leading to a significant
deviation for d > 5 nm. As a logical consequence, the diffusion length L needs to be
increased (which leads to a lower slope) to improve the fit. This is intended by the
choice of L = 4.8 nm (blue curve in Fig. (b)) and leads to a slightly improved fit
compared to L = 4.3 nm. However, the linear decrease at large distances (d > 7 nm)
remains, demonstrating the necessity of the parameter B.

Keeping the diffusion length L = 4.8 nm constant, a fit using B = 1.6-10'3 leads to
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reasonable curve close to the experimental data (gray curve in Fig. 7.6/ (b)). However,
this fit is not as close to the experiment as the first one (green curve) with L = 4.3 nm
and B = 1.9-10'3. This confirms that the previously estimated error of £ 0.5 nm for
the singlet diffusion length is a reasonable value.

1.6E14 R B 1.6E14 T e
1.4E141 g=05nm | A/au. ||B/au./{ 1.4E1l4 g=05nm | A/au. ||L/nm
1.2E141 1.60E14|[1.9E13] 1.2E14 1.60E14|| 4.3
© 1E141 1.70E14||2.1E13|] o 1E14 1.85E14|| 4.3
< 8E134| [/mm 1.60E14||1.6E13|{ < B8E13 1.77E14|| 4.8
S 43 . a1 s B/au. 1.50E14
a 3.8 a 0
uc4E13] [ 48 1 u® aE13] |0
a . o 1.6E13

dots = experiment

lines = fit

0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

d/nm d/nm
(a) (b)

Figure 7.6: Photon flux depending on the distance d at a current density of
15.4 mA /cm? (dots). The fits (lines) according to Eq. describe a variation of
the singlet diffusion length L (a) and the fit parameter B (b). An error of + 0.5 nm
is a reasonable estimate for the singlet diffusion length L.

Influence of excitation density

The photon flux fitted by Eq. is shown in Fig. (a) for different applied
current densities. As motivated previously, g = 0.5 nm is chosen as the width of the
generation zone. L, A, and B are adjusted to fit the experimental data. Good fits are
obtained for a wide range of current densities. The fitting parameters are summarized
in Tab. and plotted in Fig. (b). The diffusion length L slightly decreases from
4.6 to 4.0 nm for increasing current density, i.e. the exciton density.

In the presented model, the singlet diffusion length should be independent of the
applied current. However, at a higher current density, several annihilation processes
(STA, SPA, SSA) are present, which lower the exciton current into the quenching layer
and explain the decrease in singlet diffusion length. The small decrease with increasing
excitation density indicates that secondary effects like annihilation processes, as well
as a change in charge balance and a change in generation zone width, which were
neglected in the presented model, indeed play a minor role. As shown in the inset
of Fig. [7.7] (b), the parameter A increases linearly with current density, while the
parameter B (including effects of direct recombination and changes in charge balance)
differs slightly for high current densities from the slope of 1. At a low current density
of 0.15 mA /em?, a singlet diffusion length of 4.6 + 0.5 nm is found for 4P-NPD, which
is in good agreement with the value of 5.1 + 1.0 nm obtained by Lunt et al.[22§]
using spectrally-resolved PL measurements for NPD.
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Figure 7.7: Photon flux versus distance d for different current densities (symbols)
and fitted emission profiles (lines) using Eq. for different current densities (a).
A generation zone width of ¢ = 0.5 nm is applied. The extracted singlet diffusion
length (b) shows a slight dependency on the current density. The inset shows the
obtained values for the parameters A and B. The dotted lines represent lines with
a slope of 1.

Table 7.1: Fit parameter values from Fig. for different applied current densities,
according to Eq. . A describes the emission layer intensity and B the direct
charge carrier recombination. L is the singlet diffusion length. The width of the
generation zone g is fixed to 0.5 nm for all fits.

j [mA/cm?] 0.15 077 154 7.70 1540 30.81 77.04 154.08

L [nm] 16 46 46 44 43 42 40 40
A x10% [au] 009 060 1.3 75 16 33 80 140
B x 10" [aw] 003 014 027 13 19 35 80 16
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7.2 Photoluminescence Quenching
7.2.1 Preliminary Considerations

In order to compare the singlet diffusion length obtained by electrical excitation
inside an OLED structure (cf. Sec. to the diffusion length inside a pure layer, PL
experiments are of interest.

Recently, Mikhnenko et al.[76] showed a smart

method to measure the triplet diffusion length in NPD triplet tiplet

via optical excitation of a pure layer. The usual prob- ggggraﬂon 37”5‘” iﬁ;ttzrate
lem of the broad exciton generation zone is overcome . \ ;

by using a thin layer (0.4 nm) of the phosphorescent ~ .

emitter FIrPid™| as triplet generation zone on top of sample <

NPD (Fig. . FIrPic has a higher triplet energy " iionce O """""""""" [ I
than NPD, hence triplet transfer to NPD molecules

is likely. As triplet sensor, a thin layer (0.4 nm) of d 50 nm
PdTPPE is inserted in the NPD layer. PATPP has a NPD —
lower triplet energy than NPD and a radiative triplet

state. When diffusing triplets reach it, PATPP emits Figure 7.8: Sample

light. The triplet diffusion length is obtained by a geometry for the de-

variation of NPD thickness between the FlrPic and
PdATPP layer, which defines the distance between the
triplet generation zone and triplet sensor. To dis-

termination of the
triplet diffusion length
in NPD as presented
by Mikhnenko et al.[76].

tinguish between diffusing triplets from FIrPic and The working principle

triplets generated by other means (i.e. via ISC from is described in the main

the singlet state of PATPP), the emission from a ref- text.

erence sample without the FIrPic layer is subtracted.

At low excitation density, the emission intensity of PATPP decreases exponentially
with NPD thickness. Using a mono-exponential fit, a triplet diffusion length of
87.0 + 2.7 nm is obtained for NPD. This is significantly higher than 11 4+ 3 nm
measured by electrical excitation for the chemically similar compound 4P-NPD.

It is attempted to use Mikhnenko’s method to measure the singlet diffusion length
in 4P-NPD. Basically, for the singlet generation layer a material with a higher singlet
energy than 4P-NPD (S; = 2.9 eV) is required, while for the sensing layer a material
with a smaller singlet energy is required. To ensure a similar situation to the electrical
excitation experiments from Sec. , Ir(ppy)s is used as a sensing/quenching layer.

First tests were carried out using 0.5 nm of TPBI (S; = 3.2 ¢V) and TCTA
(S1 = 3.2 eV) as generation layers, respectively. However, the recorded emission was
identical to that of the reference sample, where the TPBI/TCTA layer was omitted.
Since no emission from TPBI/TCTA has been observed, it can be concluded that

13iridium (I1I)bis(2-(4,6-difluorephenyl)pyridinato- N,C2)
meso-tetratolylporphyrin-Pd
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these singlets were transferred to 4P-NPD molecules. Apparently, the amount of
singlets in the generation layer is too small to be distinguished by the amount of
singlets generated in the whole 4P-NPD layer.

Therefore, a different idea is carried out: Instead of the generation layer, a second
quenching layer is applied. Also, the part of the substrate previously referred to as
sample is now considered to be the reference and vice versa. A scheme of the used
sample geometry is shown in Fig. [7.9| (a).
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Figure 7.9: Geometry of sample and reference to measure the singlet diffusion
length in 4P-NPD using optical excitation (a). The working principle is described
in the main text. The spectral emission intensities for d = 2 nm (b) and d = 16 nm
(c) show a stronger emission of the sample than of the reference, indicating a higher
singlet generation at the 4P-NPD/BPhen interface for the sample. The difference in
integrated spectral intensities between sample and reference (d) leads to an increase
in intensity with increasing distance d.
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To obtain a similar situation like in the OLED based experiments described in
Sec. [7.1} 10 nm of BPhen are used as buffer layer on top of the glass substrate. The
BPhen layer is followed by 18 nm of 4P-NPD. A thin layer of 0.3 nm Ir(ppy)s is used as
sensing/quenching layer and inserted at different positions d within the 4P-NPD layer.
The reference device additionally contains 0.5 nm of Ir(ppy)s at d = 0. The excitation
is performed with a 325 nm cw-laser through the glass substrate and the emission
of the sample through the encapsulation glass is recorded with a spectrometer. A
variation of excitation density is achieved using neutral density filters between laser
and substrate (cf. Sec. [5.5).

In comparison to the experiments of Mikhnenko, the working principle of these
devices should be the following: Singlets are generated everywhere within the organic
layers according to the absorption of the respective layers. 4P-NPD emits efficiently
from its singlet state, hence these singlets can be directly detected by the spectrometer.
More singlets should radiatively decay in the sample than in the reference, since the
second 0.5 nm layer of Ir(ppy)s efficiently quenches singlets at the 4P-NPD/BPhen
interface. This can indeed be confirmed: In Fig. (b) and (c), the emission of two
distances d = 2 nm and d = 16 nm are shown as examples. The fact that the sample
emission is stronger than that of the reference holds for all distances d, meaning that
for the sample more singlets exist at 4P-NPD/BPhen interface than for the reference
devices.

These additional singlets can now diffuse away from the BPhen interface into the
4P-NPD layer and get quenched if they reach the 0.3 nm layer of Ir(ppy)s. By a
subtraction of the integrated intensity of the reference from the sample, the number
of diffusing singlets at a certain position d can be obtained and should lead a mono-
exponential curve. The integrated intensity is shown in Fig. (d) for two different
filter configurations, i.e. excitation densities. A non-mono-exponential intensity
increase is observed with increasing distance d. The reason for this effect is not known
so far. Since only minor differences in the shape of the intensity curve are observed for
low and high excitation densities, effects occurring from a too high excitation energy,
which would cause SSA, can be excluded. To investigate the increase in intensity in
more detail, the emission of the reference and the sample is studied separately. The
results are presented in the following.

7.2.2 Reference Devices

To understand the previously discussed intensity behavior, a closer look on the emission
of the references is performed. The references only comprise one quenching layer and
are thus somewhat easier to analyze (Fig. (a)). The emission spectra for different
distances d are shown in Fig. (b) if no filter between laser and substrate is used.
Although the BPhen layer is also excited, no significant emission from BPhen is
observed. According to the singlet level of BPhen, emission would have been expected
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at about 380-400 nm. The fact that only 4P-NPD emission is found indicates that
the singlets generated inside the BPhen layer play a minor role.

In Fig. [7.10] (¢), the spectral intensities from Fig. [7.10| (b) are integrated over
wavelength (from 380 to 600 nm) and normalized to the integrated intensity at

d = 2 nm. First, the intensity decreases until d = 8 nm and than increases again.
This behavior is not dependent on the excitation density. To investigate the excitation
density in more detail, an input/output power measurement is performed for the

device with d = 6 nm (Fig. [7.10] (d)).
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Figure 7.10: Geometry of reference devices (a).
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By varying d, the Ir(ppy)s

quenching layer is shifted through the whole 4P-NPD layer. The spectral emission
intensity resulting from the optical excitation (b) corresponds to the emission of
4P-NPD. The integrated emission of these spectra is shown in (c) for two different
filter configurations. The integrated intensity is normalized to d = 2 nm. The power
input/output characteristic (d) reveals a linear behavior with a slope of 0.9.
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The input power of the laser is varied using different ND filters between laser
and the substrate. The output power is the integrated 4P-NPD emission intensity
of the reference. On a log-log plot, the input/output power characteristic follows a
linear curve with the slope of 0.9. The deviation from the expected slope of 1 is most
likely a result of singlet-triplet interactions: Ir(ppy)s singlets (either generated by
optical excitation or by transfer from 4P-NPD) are directly converted into Ir(ppy)s
triplets and further converted into 4P-NPD triplets. Although the number of 4P-NPD
triplets should be rather small compared to the number of 4P-NPD singlets, the
triplet lifetime is much longer than that of singlets, thus enhancing the probability
for singlet-triplet quenching. Significant singlet-singlet-annihilation processes can be
excluded to a large extent since SSA reduces the number of singlets by a factor of 2,
which would lead to a slope of 0.5 in Fig. [7.10] (d).

Influence of the BPhen layer

Despite the fact that emission from the BPhen layer is not observed in the PL spectra,
singlets diffusing from the BPhen layer to the 4P-NPD layer might influence the
intensity-distance dependency. The influence of BPhen can be studied using excitation
through the encapsulation glass (Fig. [7.11] (a)). This is simply achieved by turning
the device, without changing the configuration of the setup.
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r9lass substrate = m substrate "
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325 nm E meter @ 10{ o .
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Figure 7.11: Measurement configuration to study the influence of the BPhen
buffer layer (a). In contrast to the previous configuration (Fig. |7.10| (a)), the
excitation occurs now from the encapsulation glass side. The normalized integrated
intensity for different distances d is compared to the results from Fig.|7.10| (c) where
excitation occurs through the substrate. The almost identical course of the intensity
curves provides evidence for an optically inert BPhen buffer layer.
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To ensure comparability, d now represents the distance from the air/4P-NPD
interface to the quenching layer. Figure (b) shows the normalized integrated
intensity in comparison to the experimental data from Fig. [7.10| (¢) where excitation
occurs through the substrate.

Interestingly, the intensity-distance dependence is almost identical for both cases.
Only at d = 16 nm a significant deviation in intensity between the excitation through
the encapsulation and the substrate glass is observed. It is not fully understood
what causes this difference. Nevertheless, the overlap of the intensity curves provides
evidence that the BPhen buffer layer is optically inert.

Simulation of Diffusion Profiles

To understand the quenching of the Ir(ppy)s molecules in more detail, it is intended to
model the intensity-distance curve presented in Fig. [7.10| (¢). Therefore, the following
assumptions are made: The BPhen layer has no influence on the intensity profile. The
lateral absorption I(z) of 4P-NPD with the thickness z is given by the Lambert-Beer

law (cf. Sec. [3.2):
I(z) = 107°7, (7.10)

The absorption coefficient « of 4P-NPD|at 325 nm (= laser excitation wavelength) is
0.0062 nm~!. The absorption of 4P-NPD is represented by a blue curve in Fig.[7.12[(a).
The diffusion profile which results from (diffusing) singlets quenched by Ir(ppy)s
molecules is assumed to have an exponential shape with a certain width L at a certain
position d extended to both sides of the quenching layer. The diffusion profile is
weighted with the absorption of 4P-NPD:

—lz—d|

[(z) = (1—e~T") 10707, (7.11)

The diffusion profile is indicated by the green area in Fig. [7.12] (a). It is believed that
the area below the absorption curve of 4P-NPD minus the area of the diffusion profile
is proportional to the measured emission intensity of 4P-NPD. This area is red marked
in Fig.|7.12| (a). Now the diffusion profile is shifted from d = 0 nm to 18 nm through
the whole 4P-NPD layer. Via integration of the 4P-NPD absorption and the diffusion
profile curves, the area corresponding to the emission of 4P-NPD is calculated. These
simulations are done for different widths L of the diffusion profile and are presented
together with the experimental data in Fig.[7.12| (b). For the purpose of comparison,
the curves are normalized to the intensity at d = 2 nm. L is varied between 1 and
30 nm in 1 nm steps.

I5The absorption coefficient is calculated from transmission measurements of a 70 nm 4P-NPD
layer on quartz substrate, where a transmission of 36.8% at 325 nm has been measured. This
transmission value is already corrected by the substrate transmission.
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Figure 7.12: Illustration of an exponential (a), extended exponential (b), and
Gaussian (c) diffusion profile at a position of d = 6 nm inside 4P-NPD (shown
for L =1 nm and ¢ = 1 nm) . The red marked area represents the emission of
4P-NPD and is shown as simulation result in (b), (d), and (f) for different widths L
and o of the diffusion profile. All diffusion profiles can provide simulation curves

close to the experimental data.
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With increasing L, the simulation approaches the experimental data. For L larger
than 30 nm, the simulation curves do not change significantly. This fact is supported
by the black dotted line which represents the simulation for L = 100 nm. For large L
(> 30 nm) the simulation is in good agreement with the experiment.

However, accounting for the fact that the Ir(ppy)s layer has a thickness of 0.3 nm,
a diffusion profile width of more than 30 nm (which is also more than the thickness of
the 4P-NPD layer) is implausible. Therefore, two other diffusion profiles are studied:
an exponential profile, which is extended by 0.3 nm, and a Gaussian shaped profile.
The situation of these two conditions are shown in Fig. (c) and (e), respectively.
The equations for the diffusion profiles are:

I(z) = (1 —e—T%) . 107 and (7.12)
I(z) = (1 — e 205597 . 10707, (7.13)

As presented in Fig. (d), the extension of the exponential diffusion profile does
not change the simulation results significantly when compared to the non-extended
case (cf. Fig. (b)). Furthermore, the Gaussian diffusion profile using a width
of 0 = 4 to 5 nm provides as well a good agreement with the experimental data
(Fig. [712 (1).

Taking the simulation and experimental intensity results into account, a Gaussian
profile seems to represent the diffusion of 4P-NPD singlets and quenching by the
Ir(ppy)s molecules in a better fashion than an exponential diffusion profile.

Influence of the absorption coefficient of 4P-NPD

In this paragraph, the influence of the absorption coefficient on the intensity is
investigated. Therefore, the simulation using a Gaussian diffusion profile is carried
out for & = 0.01 nm~! and a = 0.0043 nm~! which correspond to a transmission of
20% and 50%, respectively. The results are shown in Fig. (a) and (b) for an «
of 0.01 nm~! and 0.0043 nm~!, respectively.

It can be seen that the absorption coefficient influences the broadness of the
curves rather than their height. Only very slight differences can be seen between
Fig. (a) and Fig. (b): The trend of a more distinct minimum with increasing
diffusion profile width o is observed for both absorption coefficients. The experimental
data can be fitted slightly better by an a of 0.0043 nm™!, especially for large d
(> 8 nm). However, the small differences between the simulation results suggest that

the absorption coefficient plays a minor role when determining the diffusion profile
width.
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Figure 7.13: Influence of the absorption coefficient v on the simulated intensity.
For a = 0.01 nm™! (a) and @ = 0.0043 nm~! (b) only very small differences are
visible, suggesting a minor importance of a when determining the diffusion profile
width o.

7.2.3 Sample Devices and Discussion

In order to confirm the assumption of a Gaussian shaped diffusion profile, the intensity
of the sample devices from Sec. [7.2.1] which contain two quenching layers, is simulated.
The geometry of these samples is shown in Fig. [7.14] (a). A similar model as in the
previous section is used with the assumption of a second Gaussian shaped diffusion
profile at d = 0 nm (Fig. [7.14] (b)). For the reason of simplicity, the width o of both
diffusion profiles is chosen to be the same. Again, the area under the absorption curve
of 4P-NPD minus the area of the diffusion profiles (red marked in Fig. [7.14] (b)) is
assumed to be correlated to the measured intensity of the 4P-NPD emission.

The simulation curves for different o together with the experimental data nor-
malized to the intensity at d = 2 nm is presented in Fig. [7.14] (¢). The experimental
data can be very well fitted for 0 = 5 nm, except for one data point at d = 16 nm.
The good agreement between experiment and simulation shows again that a Gaussian
shaped diffusion profile is a valid assumption to describe the emission intensity of
4P-NPD.

This is further supported by the fact that in case of two exponential diffusion
profiles (Fig.[7.14] (d)) the simulated intensity approaches the experimental data only
for large L (Fig.[7.14] (e)). However, the fit is not as suitable as in case of the Gaussian
diffusion profile.
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Figure 7.14: Geometry of the sample devices with two quenching layers (a),
illustration of Gaussian diffusion profiles (shown for ¢ = 1 nm) (b), and simulated
AP-NPD emission intensities (c) for different o normalized to the intensity at
d = 2 nm. For comparison, exponential shaped diffusion profiles (shown for
L =1 nm) are illustrated in (d) and the simulated 4P-NPD emission intensities

for different L normalized to the intensity at d = 2 nm are shown in (e).

The

experimental data can be described best by the simulated intensity curves using

Gaussian diffusion profiles and ¢ = 5 n

m.
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Discussion

The model of a Gaussian diffusion profile explains the emission intensity of the samples
and references under investigation in a reasonable manner. Using this information, it
is indeed possible to simulate the difference in intensity between sample and reference
from the experiments presented in Sec. [7.2.1] Fig.[7.9] (d). The simulated intensity
curves using Gaussian diffusion profiles are shown in Fig. for o =4, 5, and 6 nm,
respectively. For these fits, the curves are normalized using the measured intensity of
the reference and the sample at d = 2 nm, respectively. Again, a ¢ of 5 nm provides
the best fit to the experimental data.
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Figure 7.15: Simulation (curves) of intensities of the experimental data (dots)
from Fig. [7.9 (d). Using Gaussian shaped diffusion profiles with ¢ = 5 nm, the
increase in intensity can be well described by the simulation.

Unfortunately, the Gaussian shaped diffusion profile introduced by the Ir(ppy)s
layers complicates the use of the Mikhnenko method, which assumes a delta shaped
generation and sensor zone. When subtracting the intensity of the sample with triplet
generation zone from the intensity of the sample without generation zone, the number
of diffusing triplets from the generation zone can be determined.

In the experiments presented in this work, the generation zone and the sensor
are replaced by thin Ir(ppy)s quenching layers. However, for singlets the assumption
of a delta-shaped generation and sensor zone is not valid, as demonstrated by the
simulations of the diffusion profiles. For small distances between the two quenching
layers, the diffusion profiles are overlapping. Hence, a subtraction of these intensities
cannot provide a reasonable value of additionally generated singlets. The approach of
Mikhnenko using thin layers of Ir(ppy)s in 4P-NPD is therefore not meaningful.

However, the width of the simululated diffusion profile in this work is correlated
to the singlet diffusion length. It is difficult to say to what extent o is correlated
to the singlet diffusion length since the diffusion length is usually determined using
an exponential law. For the samples and the reference devices, a 0 of 5 + 1 nm
provides a good fit to the experimental data. The half width when the maximum of
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the Gauss-curve is reduced by a factor of 1/e may offer a better comparison to the
diffusion length. For ¢ = 5 nm, this value is 7 nm.

7.3 Summary and Outlook

In the first part of this chapter, it was shown that the quenching of the fluorescence
in OLEDs provided a simple and accurate method to measure the singlet diffusion
length in 4P-NPD. Using a carefully chosen OLED structure with a narrow singlet
generation zone and a suitable quenching material (Ir(ppy)s), the singlet diffusion
length for a range of current densities was obtained considering an analytical model
based on the boundary conditions of ideal blocking and quenching of singlets. Here,
the expansion of the generation zone, as well as the amount of direct recombination
processes, were crucial parameters when calculating the diffusion length. By these
means, a singlet diffusion length of L = 4.6 £+ 0.5 nm was obtained for 4P-NPD at a
low current density of 0.15 mA /cm?.

Furthermore, this method provided an estimate of the emission profile in the
EML, which is otherwise hardly accessible in small-molecule OLEDs. The presented
method can be applied to other materials as long as the OLED structure ensures a
narrow generation zone close to one of the blocking layers and an efficient quenching
of excitons. Thus, the dependence of the singlet diffusion length on the ambient
temperature and different material parameters, like crystal orientation, fluorescent
yield, and others, can be investigated in the future.

Inspired by the work of Mikhnenko et al.[76], who investigated the triplet diffusion
length in NPD, a method to determine the singlet diffusion length via optical excitation
was carried out in the second part of this chapter. In the experiments presented in
this work, the generation layer and the sensing layer were replaced by thin Ir(ppy)s
quenching layers and the method was applied accordingly. However, compared to the
experiments of Mikhnenko different trends were observed, which could be explained
using the simulation of diffusion profiles. A Gaussian shaped diffusion profile with a
width of 0 = 5 £ 1 nm provided a good agreement with the experimental data.

A o of 5 nm corresponds to a width of 7 nm (i.e. the position where the intensity is
reduced to 1/e of the maximum) and correlates best to a diffusion length. This singlet
diffusion length of 7 nm in a pure 4P-NPD layer is larger than the 4.6 nm obtained
by using 4P-NPD as EML inside an OLED structure. The reason for the reduced
diffusion length by electrical excitation might be that inside an OLED, the diffusion is
hindered due to interaction with polarons and triplets, which can be neglected when
optical excitation is used.

In future studies, the reason for the Gaussian diffusion profile, and the correlation
between ¢ and the singlet diffusion length should be investigated. Especially the
difference between optical excitation and electrical excitation and their influence on
the shape of the generation and quenching zone are interesting topics.
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So far, the Forster transfer radius from 4P-NPD to Ir(ppy)s (see illustration in
Fig. was not included in any of the calculations, thus introducing an overesti-
mation of the real value of the diffusion length. The use of a quencher material with
a smaller transfer radius would lead to a more precise value of the singlet diffusion
length. Therefore, the new quencher requires a smaller overlap between the 4P-NPD
emission and the absorption of the new material compared to Ir(ppy)s (cf. Sec. .
Furthermore, the resonant HOMO energy of 4P-NPD and Ir(ppy)s of -5.1 €V in-
duces hole trapping on the Ir(ppy)s molecules, which favors direct recombination
and changes the charge balance inside OLEDs. Here, Ir(ppy)s2(acac) might be an
interesting candidate since its triplet energy is similar to that of Ir(ppy)s, but its
HOMO energy is -5.4 eV preventing a hole transfer.

In the presented methods, the decrease of 4P-NPD emission was used to determine
the diffusion length. Alternatively, the emission of the sensor could be used to
measure the diffusion length. This would provide the advantage that the emission of
the sensor can be directly associated to the number of diffusing singlets. Here, the
red fluorescent emitter DCM[| which can be used as dopant, is suggested. For a red
fluorescent emitter, emission contributions due to TH can be neglected. Therefore,
a red fluorescent emitter is better suited to determine the diffusion length than a
phosphorescent emitter, especially if electrical excitation is used.

T T
® ® ®© ®

| 4P-NPD || 4PNPD | | 4P-NPD | [ ir(ppy) |

real diffusion length

effective diffusion length

Figure 7.16: Illustration of the effective and real singlet diffusion length. In this
work, the effective diffusion length was studied, where the transfer radius from
4P-NPD to Ir(ppy)s is included in the diffusion length. In future studies this radius
should be accounted for in the analysis.
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8 Tandem OLEDs

In this chapter, the development of a highly efficient white tandem OLED
is described. With regard to previous work, the single units of the tan-

dem OLED are investigated in terms of efficiency enhancement, roll-off
reduction, and a study on the device lifetime. Furthermore, the charge

generation layer material and the hole blocking layer material are varied
and, finally, a highly efficient white tandem OLED with a blue/red triplet
harvesting unit and green/yellow phosphorescent unit that includes a double

emission layer is demonstrated.

8.1 Previous Work

Since TH from 4P-NPD to Ir(ppy)s is
not possible, a tandem OLED structure
has been introduced and optimized by
Thomas Rosenowll] with the aim to over-
come this problem and to design a highly
efficient white OLED structure.[19, [102]
As indicated in Fig. 8.1 the tandem
OLED contains a green/yellow (GY) PH
unit which is stacked on a blue/red (BR)
TH unit. Rosenow has optimized both
units separately in terms of materials,
emitter concentrations, and layer thick-
nesses. Furthermore, the efficiency of
the tandem OLED has been enhanced by
a variation of the transport layer thick-
nesses. The working principle of the tan-
dem unit is the following: when charge
carriers are injected via the contacts, an
additional electron-hole pair is simulta-

neously generated at the charge generation layer (CGL) (cf. Fig. B.1). Like in a
single unit OLED, these charge carriers are transported to the emission layers and
recombine. It has been shown that the charge generation at the CGL can be improved
by inserting a thin layer of Al (0.5 nm).[102] With this system an LE of 33.0 Im/W

© [ A 7]
| ETL

3 ﬂ EML LPH unit
—A

I
8 ...... o 1 CGL
|
©)

EML - TH unit
I EBL
HTL ]

ITO
| glass

Figure 8.1: Principle of a tandem
OLED. The injected charges generate
an additional electron hole pair at the
CGL. Light from both OLED units
can be obtained.

(EQE 26%, CIE (0.51/0.42)) at 1,000 cd/m? has been achieved by Rosenow.[19]

Furthermore, an efficiency analysis has been performed for this particular tandem
OLED. An outcoupling efficiency of 20% is calculated, which yields in 130% of possible

"Thomas Rosenow has been working on the topic of white TH OLEDs at the IAPP until May

2010. He now works at Novaled AG (Dresden).
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200% internal quantum efficiency when the measured EQE of 26% is taken into account.
This results suggest that the CGL works to some extent in providing charge carriers
and that the efficiency can be strongly enhanced by a reduction of electrical, excitonic,
and outcoupling losses. [20]

This chapter is organized as follows. Based on the tandem OLED of Rosenow,
the structure is further investigated and optimized. This includes the single units as
well as the tandem OLED. To reduce the roll-off in the TH OLED, a spacer material
is doped into the EML. For the PH OLED a double emission layer is introduced to
increase the efficiency. The lifetime for both single units is investigated. As a next step,
the double emission layer is applied to the tandem OLED, which is optimized in terms
of the CGL material, HTL thicknesses, and HBL material. Finally, a comparison to
the work of Rosenow is given.

8.2 Triplet Harvesting Unit
As discussed in Sec. [6.1.3] the roll-off in a TH OLED can be reduced by using a

thinner 4P-NPD layer. However, this reduces the amount of blue emission at the same
time, which is undesirable when designing white OLEDs. The roll-off is a result of
the annihilating triplets on their path from the generation zone to the phosphorescent
emitter Ir(MDQ)s(acac) due to the long triplet lifetime of 4P-NPD.

It has been shown by Zhang et al.[235] that the insertion of a triplet manager can be
used to reduce singlet-triplet annihilation in fluorescent OLEDs. Here, ADN[®]is doped
into the matrix:emitter system Alqg,[:g]:DCMQF_G]. ADN is chosen as triplet manager,
since it has a large singlet-triplet splitting, so that the singlet energy is above that
of Alqs and the triplet energy is below that of DCM2. Triplets which would usually
decay on DCM2 are trapped on ADN molecules. Here, the interaction/annihilation
with DCM2 singlets is less because of the reduced overlap of singlet emission and
triplet absorption. As a result, the OLED with incorporated ADN showed a lower
roll-off than the reference OLED without ADN. It is intended to adopt this idea to
reduce TTA in TH OLEDs.

To reduce TTA and hence the roll-off, the redistribution of triplets to a suitable
triplet managing material is necessary. Ideally, this material should have a higher
singlet energy than 4P-NPD (S; = 2.91 eV) to avoid singlet quenching and a triplet
energy between those of 4P-NPD (T; =2.31 ¢V) and Ir(MDQ)s(acac) (T; = 2.02 eV).
It would be beneficial if the HOMO energy of the triplet manager would be lower
than that of 4P-NPD (HOMO = -5.7 eV) to ensure that hole transfer and exciton
generation is taking place on the 4P-NPD molecules. Furthermore, the triplet diffusion

189 10-di(naphtha-2-yl)anthracene
Y¢ris(8-hydroxyquinoline) Al
204-(dicyanomethylene)-2-methyl- 6-julolidyl-9-enyl-4H-pyran
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length needs to be same or longer than that of 4P-NPD (Ly = 11.3 nuf'J118]), so
that triplets are efficiently transported to Ir(MDQ)s(acac). A short triplet lifetime
of the triplet manager is desired to reduce TTA. Unfortunately, a material which
simultaneously fulfills all these requirements is not known (cf. Table [5.1)).

In this work, NPD (S; = 2.81 eV, Ty = 2.29 ¢V, HOMO = -5.4 ¢V, Lt = 11.8 nnf”|
[183]) is chosen as most promising material for the triplet manager, and is therefore
doped into the intrinsic 4P-NPD layer of a TH OLED using different concentrations
(0 wt%, 20 wt%, 40 wt%, and 60 wt%). Since the singlet energy is lower and the
HOMO energy is higher than that of 4P-NPD, it is expected that the amount of
singlets which are generated on the 4P-NPD molecules will be lowered with increasing
NPD concentration. However, due to the nearly resonant triplet energy, a triplet
transfer to NPD should be possible and might reduce the efficiency roll-off. The layer
structure, the proposed energy diagram, and the performance of the OLEDs under
investigation are shown in Fig.

The IVL-characteristics are identical for all four OLEDs indicating that NPD
does not trap charges. However, the spectral emission at a constant current density
of 15.4 mA /em? differs. While for increasing NPD doping concentration the blue
emission is reduced, the red emission is enhanced. The decrease in blue emission can
be explained by the fact that with increasing NPD concentration, the charge/exciton
transport becomes more probable on NPD and hence the recombination/decay rate
on 4P-NPD is decreased. Furthermore, an increase of NPD emission can be seen in
the normalized emission spectra (Fig. (e)). This confirms that charge and exciton
transport is increasingly taking place on the NPD molecules as the NPD concentration
increases. The fact that the red emission is increased leads to the conclusion that
either the triplet transfer is more effective on NPD than on 4P-NPD, or that the
exciton generation zone is shifted towards Ir(MDQ)s(acac). Since the hole mobilities
of NPD and 4P-NPD are comparable[I15], the former is more probable.

As the cavity length is constant for all four devices, no significant change in the
angular emission characteristics is expected. This is indeed the case as shown by the
radiance over viewing angle curves in Fig. (f).

Despite the fact that exciton transfer occurs partly on the NPD molecules, the
expected improvement of the efficiency roll-off is not observed (Fig.[8.3| (a)). The most
likely explanation is that NPD and 4P-NPD have similar triplet lifetimes and TTA
rates. The role of TTA can be studied by investigating the transient decay of triplets.
However, such experiments are far beyond the scope of this work, but might be an
interesting research topic for future investigations. Because an undesirable reduction
of blue emission has been observed in this experiment, an intrinsic 4P-NPD layer will
be used for the TH OLED in further experiments in this thesis.

21

measured via electrical excitation in an OLED structure
22photo current measurement
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Figure 8.2: OLED layer structure (a), proposed energy diagram (b), and per-
formance (c-f) of the TH OLEDs for different NPD doping concentrations. The
IVL-curves (c) and the viewing angle characteristics (f) show no significant depen-
dence on the NPD concentration. However, with increasing concentration, emission
from 4P-NPD is reduced and additional emission of NPD is observed (e).
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Figure 8.3: EQE (a) and lifetime (b) of TH OLEDs for different NPD doping
concentrations. While the roll-off is not significantly changed, the lifetime can be
enhanced by a factor of 3.5 when comparing the 60 wt% OLED to the reference
with 0 wt%.

As a result of the charge transport on the NPD molecules, the lifetime can be
increased up to a factor of 3.5 with increasing NPD concentration (Fig. [8.3) (b)).
However, the lifetime at 1,000 cd/m? is still less than a day, and hence much too low
for practical applications.

8.3 Full Phosphorescent Unit

It has been demonstrated several times that a double emission layer (DEML) is
beneficial for OLEDs, since it avoids charge accumulation at the interface between
the EML and one of the blocking layers.[102, 112, 213] Usually, the DEML leads to a
better charge balance and a broader emission zone which improves efficiency, lifetime,
and roll-off. To improve the PH unit, a double emission layer system using TPBI
and TCTA as matrix materials is applied. The comparison to the performance of
single emission layer (SEML) OLED is shown in Fig. 8.4, Here, the total thickness
of the EML is kept constant (10 nm) to ensure comparability. A slight flattening of
the IVL-characteristics for the DEML can be seen which is attributed to a change in
charge carrier balance.

Regarding the spectral emission intensity, the Ir(ppy)s emission is enhanced for
the DEML structure, while the Ir(dhfpy)s(acac) emission does not change significantly.
Since the thickness of the EML has been kept constant this can be attributed to a
increased IQE of Ir(ppy)s. As Ir(ppy)s and Ir(dhfpy)s(acac) have the same HOMO
and LUMO energy it is expected that the emission of both emitters would increase
if the charge balance is improved. Since this is not the case, it is believed that the
energy transfer from TPBI to Ir(ppy)s is more efficient than from TCTA to Ir(ppy)s.

The angular dependent emission characteristics are close to a Lambertian emitter
(Fig. [8.4] (d)), with a slight increase for the DEML OLED at higher viewing angles.
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This occurs from the spectral difference and the fact that the emission zone is shifted
inside the cavity. For the SEML OLED, the emission zone can be assumed to be at
the HBL interface since TCTA is primarily a hole transporting material. Because
TPBI is an electron transporting material, the emission zone of the DEML OLED is
assumed to be in the middle of the EML.
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Figure 8.4: OLED layer structure (a) and performance (b-f) of the single and
double emission layer PH unit. The double emission layer leads to an enhanced
emission of the green emitter Ir(ppy)s (c¢) and thus increases efficiency by 1.2 at
10 mA /cm? (e). Furthermore, the lifetime is improved by a factor of 4.1 (f).
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As known from OLEDs with DEML structure, the EQE and the lifetime are
improved with respect to the SEML OLED. The enhancement factors are 1.2 and 4.1,
respectively (Fig. (e) and (f)). However, the roll-off for the DEML OLED is still
very strong. The reason here might be that the overall thickness of the EML is only
10 nm, i.e. that the triplets are restricted to a small volume. Increasing the EML
thickness could help to increase the EQE further and to improve the roll-off, but this
has not been carried out within this work.

Variation of the hole transport layer

Since the charge carrier balance plays an important role in OLEDs, a variation of the
HBL material has been performed. For the DEML OLED the following HBLs are
applied: TPBI, BPhen, and BAlg2. Since these materials differ in HOMO and LUMO
energy, a different charge injection onto the matrix material TPBI and therefore a
change in charge balance is expected.

The layer architecture, the proposed energy level diagram, and the performance of
the OLEDs under investigation are given in Fig. [8.5] The application of BPhen or
BAlqg2 leads to a shift of the IVL-curves of 0.2 V towards lower voltages. Since the
LUMO energies of BPhen (-2.9 V) and TPBI (-2.8 ¢V) are almost the same, more
similar IVL characteristics would have been expected for these two materials than
with BAlq2, which has a significantly lower LUMO energy of -3.2 eV. Therefore, it
is very likely that in case of TPBI, the injection of electrons via the HBL is a direct
injection onto the matrix material, while for BPhen and BAlq2, electrons are injected
to the phosphorescent dopants. Hence, it is assumed that the LUMO energy of TPBI,
Ir(ppy)s, and Ir(dhfpy)s(acac) are not the same, but that the LUMO energy of at
least one of the dopants is lower than -2.8 eV.

Interestingly, in this experiment, only the Ir(dhfpy)s(acac) emission changes for
different blocker materials while the Ir(ppy)s emission remains constant (Fig. (d)).
This leads to the conclusion that a certain amount of charges can directly recombine
on the Ir(dhfpy)s(acac) molecules, while the Ir(ppy)s emission results only from an
energy transfer from the matrix. This is in good agreement with the fact that for
BPhen and BAlq2 electrons are injected onto the dopant rather than onto the matrix.

The viewing angle characteristics exhibit small differences for the different blocker
materials (Fig. (e)). This change is a result of the different spectral emission, but
also indicates a possible shift of the recombination zone. At low current densities
(<1 mA/cm?), the OLED comprising BAlq2 as HBL exhibits the highest EQE
(Fig. (f)). However, due to the distinct roll-off, the EQE becomes comparable to
the other two OLEDs at high current density (~100 mA/cm?). Since the incorporation
of Ir(dhfpy)s(acac) leads to a worse roll-off[I02], it is clear that the BAlq2 based
OLED which shows highest Ir(dhfpy)s(acac) emission has also the strongest roll-off.
Here, different TPA rates might be responsible for the different roll-off characteristics.
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Figure 8.5: OLED layer structure (a), proposed energy diagram (b) and per-
formance (c-f) of the DEML OLED with varying HBL. The OLED comprising
TPBI shows a distinct voltage shift (c). Using BAlq2 as HBL leads to the highest
efficiency, but exhibits a strong roll-off at the same time (f).

In summary, the influence of the HBL on the overall performance of the PH unit
is quite small. Several mechanisms can be seen as reason for these differences, like the
injection of electrons onto the dopant, the change in charge balance, or the shift of
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the recombination zone. Rosenow suggested that the charge balance is not preserved
when applying the single unit to the tandem OLED.[102] Thus, an HTL variation
within the tandem OLED can be seen as meaningful and the corresponding results
will be presented in Sec. 8.5

8.4 Charge Generation Layer in Tandem OLEDs

The CGL is very important in the tandem OLED, since it generates additional charge
carriers. When stacking two OLEDs on top of each other, the CGL is formed by the
pn-junction of the ETL of the first and the HTL of the second unit. By incorporation
of a 0.5 nm thick Al interlayer, the IV-characteristics and the efficiencies of the tandem
OLED can be significantly improved.[102]

As alternative to Al, 0.5 nm of Ag is incorporated in the CGL in this experiment.
Both metals have the same work function (-4.3 eV). However, it is known that Al shows
a self doping effect when evaporated on BPhen:Cs due to penetration.[236] Optical
changes are not expected, since 0.5 nm of metal layer form clusters rather than a closed
layer and absorption at these clusters should play a minor role. Also SPP losses should
be negligible because the EMLs are more than 85 nm away from the CGL. Figure
shows the layer stack and the performance of the OLEDs under investigation. For
comparison the results of Rosenow, who used exactly the same materials and layer
thicknesses, are plotted. Regarding the IVL-characteristics (Fig. (b)), the OLED
with the Ag interlayer shows slightly steeper curves. As expected, the OLED with Al
interlayer is comparable to that of Rosenow.

The spectral emission for the Ag and the Al OLED is slightly different in particular
for the green emitter Ir(ppy)s (Fig. (c)). It is assumed that these changes occur
from different charge balance factors caused by different penetration behavior and/or
morphologies of Ag and Al clusters. Nevertheless, a strong deviation of the emission
spectra in comparison to the device of Rosenow is observed, especially in the red, but
also in the green and blue wavelength regime. Therefore, the efficiencies (Fig. (e)
and (f)) are not as high as those achieved by Rosenow. Because the same measurement
equipment has been used for all OLEDs, the reason is most likely a processing error
due to the large number of layers and the complicated structure. Since there has
been a time frame of more than one year between the processing of the devices
of Rosenow and those in this thesis, many parameters have changed, like material
batches and tooling factors | This reproducibility problem might also be caused by a
contamination of chamber.

To overcome these issues, the thickness of the transport layers has been varied to
adjust the spectral emission (Appendix .

23The materials in Lesker tool are changed daily, since the processing of different OLED and OSC
stacks is required.
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Figure 8.6: OLED layer structure (a) and performance (b-f) of the tandem OLED
with varying CGL. Using Ag as CGL leads to a slightly better performance than Al.
The results of Rosenow who used the same layer architecture is given in gray lines.
Comparing the spectral radiance (c), especially in the red wavelength regime the
emission is reduced which leads to lower efficiencies (e,f) than achieved by Rosenow.
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The angular dependent emission characteristics are not significantly changing with
the CGL material (Fig. (d)). The small variations at viewing angles > 45° are
caused by the different spectral emission. Interestingly, the EQE is exactly the same
for both interlayers (Fig. (e)). Apparently any changes in outcoupling efficiency
caused by shifts of the recombination zone are compensated by the charge carrier
balance, since the effective radiative efficiency is expected to be constant for different
CGLs. Due to the steeper IV-characteristics, the OLED with the Ag interlayer exhibits
a slightly higher luminous efficiency (Fig. (f)). Therefore, Ag is used as CGL

instead of Al in further experiments.

8.5 Tandem OLED with Double Emission Layer

In the previous sections, the improvement of PH OLED using a DEML and the
improvement of tandem unit using Ag as CGL has been demonstrated. Obviously,
the combination of both systems should enhance the efficiency of a tandem OLED.
Considering that the HBL of the PH unit is a crucial parameter, the HBL is varied
and the results are presented in Fig. 8.7 As discussed in Sec. [8.4] the thickness
of transport layers needed to be optimized. To adjust the optical cavity, the HTL
thicknesses were reduced from 45 to 35 nm for the TH unit and from 85 to 75 nm
for the PH unit (cf. Appendix |A.4). Furthermore, a comparison to the results of
Rosenow is given.

Like in the case of the single PH OLED (Sec. [8.3), TPBI as HBL leads to a
slightly increased voltage (Fig. (a) inset), which is attributed to the electron
injection into the matrix TPBI, while for BPhen and BAlg2 the electron injection
into Ir(dhfpy)s(acac) is present. However, compared to the work of Rosenow, the
IVL-characteristics are significantly improved. Regarding the spectral emission, the
TPBI OLED shows a better performance especially for the yellow and red emitter
than the OLEDs with BPhen or BAlq2 (Fig. (c)). This is in contrast to the results
obtained for the single PH OLED, but confirms the fact that the charge balance is
different in a tandem than in a single unit OLED. Comparing the spectral emission of
the TPBI OLED and the tandem OLED of Rosenow, the red and yellow emission is
enhanced, while the green emission is reduced. The improvement in red and yellow
can be attributed to the better outcoupling introduced by the change of the HTL
thicknesses. However, the reason for reduced green emission remains unclear.

The enhanced emission for the TPBI OLED in comparison to the OLEDs with
BPhen and BAlq2 leads to the best efficiency performance (Fig. (e) and (f)),
although the viewing angle characteristics are slightly different (Fig. (d)). Here,
the BPhen and BAlg2 OLED have a more pronounced super-Lambertian emission
characteristic. At a luminance of 1,000 cd/m? an LE (EQE) of 33 Im/W (25%) with
CIE color coordinates of (0.528/0.425) are achieved. However, in comparison to
Rosenow, a significant improvement regarding LE has not been obtained.
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Figure 8.7: OLED layer structure (a) and performance (b-f) of the tandem OLED
with DEML and varying HBL. Using TPBI as HBL leads to the highest efficiencies
(e,f). A comparison to the results of Rosenow is given by gray lines. The OLED
comprising TPBI as HBL reaches same efficiencies as the SEML tandem OLED of

Rosenow.
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A summary of the used OLED structure and important measurement parameters
at 1,000 cd/m? in comparison to the device reported by Rosenow are given in Table
Although the driving voltage is reduced by 0.2 V, the efficiencies are not enhanced. Due
to the reduced green emission (cf. Fig. [8.7 (c)), the CIE color coordinates are shifted
from (0.505/0.422) to (0.528/0.425). Furthermore, the CRI significantly decreases
from 78 to 62.

Table 8.1: Comparison of key parameters of the white tandem OLED with DEML
to the work of Rosenow at 1,000 cd/m?. The OLED stacks are given and differences
are marked in red. The layer thicknesses in nm and doping concentrations in wt%
are given in brackets.

U j EQE LE CIE CRI
Voo % Im/W
Rosenow 6.2V 165 26 33  (0.505/0.422) 78

(0.506,/0.422) 450 cd /m?]
(0.491/0.415) [7,058 cd/m?]
glass//ITO (90)//MeO-TPD:F6-TCNNQ (45, 2 %)/ /Spiro-TAD (10)//4P-NPD:Ir(MDQ)2(acac) (5, 5 %)//
AP-NPD (5)//BPhen (10)//BPhen:Cs (90)//Al (0.5)//MeO-TPD:F6-TCNNQ (85, 5 %)//Spiro-TAD (10)//
TCTA:Ir(ppy)s:Ir(dhfpy)2 (acac) (10, 8 %, 1 %)//TPBI (10)//BPhen:Cs (60)//Al (100)

this work 6.0 1.65 25 33  (0.528/0.425) 62
(0.527/0.425) [370 cd/m?]
(0.518/0.419) [7,153 cd /m?]

glass//ITO (90)//MeO-TPD:F6-TCNNQ (35, 2 %)/ /Spiro-TAD (10)//4P-NPD:Ir(MDQ)2 (acac) (5, 5 %)//

4P-NPD (5)//BPhen (10)//BPhen:Cs (90)//Ag (0.5)//MeO-TPD:F6-TCNNQ (75, 5 %)//Spiro-TAD (10)//

TCTA:Ir(ppy)s:Ir(dhfpy)2 (acac) (5, 8 %, 1 %)//TPBLIr(ppy)s:Ir(dhfpy)2(acac) (5, 8 %, 1 %) //

TPBI (10)//BPhen:Cs (60)//Al1 (100)
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8.6 Conclusions and Outlook

In this chapter, the improvement of the single units and the white tandem OLED
was investigated with the aim to increase LE and EQE. The existing OLED structure
introduced by Thomas Rosenow had been used as starting point. For the red/blue TH
OLED doping of the EML with a triplet manager NPD was carried out which leads to
an enhanced charge and exciton transport on the dopant. Furthermore, a significant
enhancement of the device lifetime (factor 3.5) was obtained, but no improvement
regarding the device efficiency or roll-off. For the green/yellow PH OLED an EQE
improvement factor of 1.2 was achieved using a double emission structure and it was
found that for the double emission OLED BAlqg2 as hole blocking layer exhibits the
best performance.

For the tandem OLED, Al and Ag were tested as CGL material. Since Ag reduced
the driving voltage while the spectral emission and angular dependence was almost
maintained, the LE was slightly enhanced. By combining the new CGL interlayer
material Ag with the double emission structure, a white tandem OLED with 33 Im/W
(25% EQE, CIE (0.528/0.425)) at 1,000 cd/m? was obtained, which will be the used
in further experiments (see Sec. [0.5)).

Although the tandem OLED was step-wise improved, it did not exceed the
efficiencies presented by Rosenow. The main reason for the different efficiencies
compared to the work of Rosenow is presumably the change in material batches and
differences caused by processing variations.

To improve the tandem OLED which has been already optimized by Rosenow is
challenging if the same materials have to be used. Therefore, the research on emitters
with a higher internal quantum yields is important. Furthermore, the application of
outcoupling enhancement methods is seen to improve the efficiencies.



9 Silver Nanowire Electrodes

Alternative electrodes to ITO are essential for advanced applications of
organic electronic devices. In this chapter, an electrode consisting of a
network of silver nanowires embedded into a polymer matrixz is investi-
gated. Processing is described and important quality parameters of the
new electrode are explained. White OLEDs comprising different buffer
layers between the electrode and the organic layers are investigated in
terms of efficiency and viewing angle characteristics. Furthermore, a light
outcoupling study of the efficiency and color coordinates depending on
the ETL thickness is performed. Finally, tandem white OLEDs on silver
nanowire electrodes with state-of-the-art efficiencies are demonstrated.

9.1 Demand for Alternative Electrodes

For many years, I'TO has been the material of choice not only as electrode material for
OLEDs, but also for LCDs, plasma displays, or modern touch displays in mobile phones
and tablets. The features of ITO are manifold: besides the two main advantages of
high transparency in the visible wavelength regime (> 85%) and high conductivity
(~1073 S/cm, sheet resistance ~20 2/sq), ITO layers have a low roughness of a few
angstroms, can be etched very precisely, and are chemically resistant to moisture.[237,
238] From an application point of view, ITO is a beneficial electrode, since it is also
opaque in the UV and thus protects the organic layers against UV light from the sun
which might otherwise cause material degradation.

However, indium is a rare noble earth material. Due to the limited resources, it
can be expected that the price for indium will increase in the next years. In 2011, the
price for 1 kg indium has been 700 $, which is almost comparable to silver (1,000 $/kg).
According to the US Mineral Resources Program, the remaining indium resources are
estimated to about 11,000 tons. Assuming a refinery production of 550 tons/year,
this means that in 20 years these resources will be exhausted.[239] Furthermore, ITO
is brittle which makes it less suitable for applications of OLEDs on flexible substrates.

It has to be considered that in OLEDs an alternative electrode does not only
influence electrical properties, but also the light outcoupling efficiency (cf. Sec. .
A summary of efficiencies achieved for OLEDs on alternative electrodes is given in
Table Efficiencies of comparable ITO OLEDs are given, where available. However,
the comparison has to be taken with care, as the alternative electrodes are mostly
placed on a PET substrate, which itself exhibits a different outcoupling efficiency
than ITO on glass.

In 2007, Fehse et al.[145] demonstrated an LE of 63.5 Im/W at 100 c¢d/m? for a
green phosphorescent OLED using the highly conductive polymer PEDOT:PSS*]

24poly-(4,3-ethylene dioxythiophene)
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For green phosphorescent OLEDs, a high LE of 115 Im/W (40% EQE) at
1,000 cd/m? has been achieved by Wang et al.[240] using a TagO5/Au/MoOj3 electrode.
The TayOj5 acts as high index outcoupling layer, Au as conductive electrode, and MoO3
as hole injection layer. The LE could even be enhanced to 180 Im/W (63% EQE) by
attaching a glass half-sphere. Although this electrode design strongly enhances the
outcoupling efficiency for green emission, it lowers at the same time the outcoupling
efficiency for blue and red emission. This effect occurs mostly if a metal is used
instead of I'TO and complicates the design of white OLEDs.

Nevertheless, Mazzeo et al.[241] showed a white two-color OLED using an Ag/organic
with emitters/Ag/organic/Ag structure. They achieved a LE of 15 lm/W (at
1,000 cd/m?, CIE(0.41/0.43)) and CRI values above 80, which are extraordinar-
ily high for a two-color white OLED. Usually, the viewing angle characteristics are as
well strongly influenced in this strong optical cavities. Mazzeo and coworkers found a
change of CIE coordinates with viewing angle from 0° to 60° of A(x/y)=(0.05/0.04)
and a reduction of the CRI by more than 30.

Graphene might be another suitable alternative to ITO. In 2012, Han et al.[149]
showed high efficiencies for a green phosphorescent OLED (max. LE of 102.7 Im/W).
Furthermore, they were able to demonstrate a 5 x 5 cm? white OLED on a flexible
PET substrate. Unfortunately, no LE or EQE values are given here. The graphene
electrode used is doped with HNOj leading to a work function of -5.95 eV, improved
hole injection, and a low sheet resistance of 30 €/sq.

First white polymer OLEDs with phosphorescent small-molecule emitter materials
on silver nanowire (NW) electrodes were recently published by Li et al.[242]. Here, a
maximum LE of 10.3 lm/W with CIE coordinates of (0.36/0.51) is obtained using a
3-color OLED.

In summary, ITO-free OLEDs have reached state-of-the art efficiencies only for
monochrome devices so far. Recently, the research on white ITO-free OLEDs has
started and comparable efficiencies to ITO-OLEDs were already achieved. However,
highly efficient white OLEDs with state-of-the-art efficiencies have not been demon-
strated up to now. Furthermore, there is a lack of investigations on angular emission
properties, like the comparison to a Lambertian emitter, the CIE color change, and
CRI deviations.
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Table 9.1: Summary of green and white OLED performance for different elec-
trode//substrate combinations. For green phosphorescent ITO-free OLEDs high
efficiencies can be demonstrated. However, white ITO-free OLEDs with state-of-
the-art efficiencies are not reported so far. Most electrodes show similar or superior
performance when compared to a reference OLED with ITO electrode (gray values).

author vear LE' LEZ EQE' CE' CE’ CIEZ CR
Im/W  Im/W % cd/A cd/A

GREEN PHOSPHORESCENT
PEDOT:PSS//glass

Fehse[145] 2007  63.5 18.7 — 620 — —
53.8 — — 54.1 —  —
graphene//glass
Sun|[243]* 2010 038 —  — 075 — —
Ta,O5/Au/MoO;//PET
Wang[240] 2011 160 115 40  —  — —
2907 180# 63* — — —
100 60 24 - o

Ag NW//PET
Li[147]P 2011 5.7 12 — 306 —  —
9.6 39 39.3

graphene-HNO;//PET

Han[149,244] 2012 1027 —  — 981 — —
85.6 81.8
WHITE 2-COLOR
Ag//glass
Mazzeo[241] 2010  — 15  —  — 11 (0.41/0.43), 29
1 6.6 (0.39/0.43), 51
12— 74 (0.41/0.44), 86
- 8 — 51 (0.29/0.33), 71
graphene-HNO;//PET
Han[149] 2012 —  —  — 163 —  (0.32/0.42)
10.9
Ag NW//PET
Li[242]° 2012 60  — 123 203 —  (0.36/0.36)
15 92 15 (0.35/0.33)
WHITE 3-COLOR
Ag NW//PET
Li[242]" 2012 103  — 175 423  —  (0.36/0.51)
8.0 127 30 (0.34/0.49)
! maximum value or at 100 c¢d/m? ? with half-sphere
2 at 1,000 cd/m? > polymer OLED

* top-emitting comparable ITO//glass OLED
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9.2 Processing and Quality Characteristics

The fabrication and characterization of the Ag NW electrodes used in this work was
done by Whitney Gaynor and Greyson Christoforo at Stanford University (USA).

Fabrication

The processing steps for the NW elec-
trodes are shown in Fig. (9.2 First,
a 145 nm thick film of the polymer
PMMAP? is spin-coated onto the glass
substrate. The NWs (Seashell Technol-
ogy, Inc.), suspended in isopropanol, are
then deposited via spray-coating, fol-
lowed by patterning using an infrared
laser. To ensure an easy fabrication and
measurement of the OLEDs, the pattern-
ing layout is chosen to be the same as
the common ITO structure at the TAPP
(cf. Fig.9.1). Finally, the NWs are em-
bedded into the polymer using a heated

Figure 9.1: Photograph of the NW
electrodes on a glass substrate pro-

flat-plate press. Further details about the cessed at Stanford University.

equipment used and processing procedure
can be found in Refs. [245-247].

The samples were sealed under nitrogen atmosphere and sent to IAPP by mail,
where they have been again stored under nitrogen environment. To remove water
residuals, the NW electrodes have been heated out at 110°C for 30 min before OLED
processing. No significant performance difference of the OLEDs was observed, when
the substrates were heated in UHV or at normal pressure under nitrogen atmosphere.

spin-coat PMMA spray coating  laser patterning pressing

A
P > S
I~
PMMA \Z_
Figure 9.2: Fabrication steps of the NW electrodes. After spin-coating PMMA
on the glass substrate, the NWs are deposited via spray-coating and patterned by

a laser. Embedding of the NW into PMMA is achieved using a heated flat-plate
press.

Zpoly (methyl methacrylate)
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Important Properties

The SEM image in Fig. 9.3] (a) shows the NWs after deposition on top of the PMMA
film. It can be seen that the wires are dispersed into a random mesh. After pressing
(Fig. (b)), the NWs develop flat, fused junctions, and thus form a continuous
network. This flat surface is expected to be beneficial for OLEDs, since leakage
currents due to upstanding wires can be avoided.

(a)

Figure 9.3: SEM images of the NWs after deposition on top of PMMA (a) and
after pressing (b). The pressing leads to a connection of the single wires and forms
a continuous, flat NW network. The images are provided by Whitney Gaynor.

The NW electrodes used in this work exhibit a sheet resistance of 12 /sq, an
average transmission of 92%@, and an RMS roughness between 6 and 8 nm.

A figure of merit for large area applications is defined by the material’s conductiv-
ity o and the absorption coefficient .. For the samples used in this work, this ratio
is a/oc =1 Q71 which is just enough to meet the criteria for large area application
(/o > 1 Q71 stated by Rowell et al.[248].

The NW electrode has a diffuse appearance (cf. Fig. , meaning that this
electrode features scattering properties. It is expected that the scattering positively
influences the outcoupling efficiency and also the viewing angle characteristics in
OLEDs. An average haze (= diffuse transmission/total transmission) of 6.8% is
measured for the NW electrodes used in this work.

26This value is measured using a glass substrate as reference.
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9.3 Influence of Organic Buffer Layers

In a first test, a hybrid white OLED stack comprising an interlayer to separate
fluorescent and phosphorescent emission is used. This layer structure has been
developed by Gregor Schwartz at the IAPP[249] and has been improved by Thomas
Rosenow, who replaced the blue emitter Spiro-DPVBi E by the host:guest system
MADN:TBPe.[102] The used OLED layer structure is shown in Fig.[9.5] This OLED
stack has been chosen, because it exhibits the longest lifetime in comparison to other
available white OLED structures.

As one type of buffer layer, the polymer PEDOT:PSS is spin—coated@ on top of
the NW electrode. To avoid shorts, OLEDs are build with a thin and a thick HTL, so
the HTL itself can act as well as a buffer layer.

Determination of HTL Thickness using Optical Simulation

To estimate the required thicknesses of the HTL, the field distributions at 0° of the
OLEDs are calculated (Fig.[9.4) using ITO as electrode. It can be seen that for an HTL
thickness of 50 nm (1st optical maximum) and 180 nm (2nd optical maximum), the
emitters are placed in the respective field maximum of their peak emission wavelength
(460 nm for blue, 500 nm for green, and 610 nm for red). In this manner, the ITO-
OLEDs are optimized for light outcoupling into air. The simulation software does not
allow to model a scattering layer such as the NW electrode. Therefore, the same HTL
thicknesses are used for the NW-OLEDs like for the ITO-OLEDs in the following

experiment.

HTL = 50 nm | yosition of the emitter HTL =180 nm

blue green red

S 10A 3\ HTL 1O 5 1 oA N _ ITO

< - < L N )

2 @ v /;M

2 2 o

= = é%///%/

= —— 460 nm = %%/ // 460 nm

5 o N

= —— 500 nm = %%gg%/ —— 500 nm |

J | ——610mm N W) —som

g o 100 200 300 =) 100 200 300 400
X/ nm X/ nm

(a) (b)

Figure 9.4: Simulated electromagnetic field distributions at 0° for the OLED stack
shown in Fig. An HTL thickness of 50 nm and 180 nm is found to place the
emitters into their respective field maximum and will be used in the experiment.

272,27, 7-tetrakis(2,2-diphenylvinyl) spiro-9,9’-bifluorene
289pin-coating of PEDOT:PSS was carried out at Stanford University.
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Experimental Results and Discussion

The performance characteristics of the NW-OLED and ITO-OLEDs are shown in
Fig. [0.5] The NW-OLED without PEDOT:PSS and 50 nm HTL thickness was
electrically short. This indicates that the organic layers cannot fully cover the NW
network, but just fill the gaps between the wires. The IV characteristics (Fig. (a))
show that for the ITO-OLEDs, the leakage currents are one to two orders of magnitude
lower than for the NW-OLEDs (10™* mA /cm? for ITO-OLEDs, 1073-1072 mA /cm?
for NW-OLEDs). Regarding only the NW-OLEDs, the device with the thickest buffer
layers (with PEDOT:PSS and 180 nm HTL) shows, as expected, the lowest leakage
current (41072 mA/cm?). In forward direction, the NW-OLEDs show a voltage drop
compared to the ITO-OLEDs, which is attributed to the less efficient hole injection
caused either by the NWs or the PEDOT:PSS overcoat. For this reason the LV curve
has a flatter shape for the NW-OLEDs at high voltages (> 3.5 V).

Interestingly, the second order NW-OLED with PEDOT:PSS shows a higher
emission intensity at a wavelength of about 460 nm (Fig. (¢)). The angular
dependent emission is close to the Lambertian emitter for all devices (Fig. (d)).
This is most pronounced in case of the second order PEDOT:PSS OLED.

While the PEDOT:PSS layer leads to a poorer performance in the first optical
maximum, it induces similar efficiencies for the second order OLEDs (Fig. (e)
and (f)). However, highest efficiencies are reached with the first order ITO-OLED
(16 Im/W, 8.1%, 18.1 cd/A, at 1,000 cd/m? with CIE color coordinates of (0.467/0.394)
and CRI of 74), while the best NW-OLED (second order) exhibits 13 lm/W, 7.5%,
and 14.4 cd/A at 1,000 cd/m? with (0.453/0.376) and a CRI of 76.

The angular dependent emission spectra of the first and second order OLEDs are
shown in Fig. [9.6] Differences in the spectral emission can be particularly observed in
the green and red wavelength regime (red marked). While for the ITO-OLEDs the
radiant intensity of the green emission maximum is almost constant up to a viewing
angle of 30°, the green emission peak decreases steadily for the NW-OLEDs. The red
emission peak shows a much faster decrease in intensity in case of the ITO-OLED.
These effects can be attributed to the light scattering properties of the NWs.

For the second order NW-OLEDs there is no significant difference in the angular
dependent spectral emission for the samples with and without PEDOT:PSS (Fig.[9.6|(d)
and (e)). It is noteworthy that the additional PEDOT:PSS layer does not influence
the electrical or optical properties of the NW-OLEDs in a negative way.

Differences in the angular dependent emission spectra can be seen more clearly
in the CIE color diagram (Fig. (f)). Black arrows indicate the shift of the color
coordinates from 0° to 70°. As expected, the ITO-OLEDs show a much larger shift of
the color coordinates than the NW-OLEDs. Interestingly, the CIE coordinates for the
ITO-OLEDs shift towards the blue, while those of the NW-OLEDs tend more towards
the green or red spectral region. The reason for this effect is not yet fully understood.
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Figure 9.5: OLED layer structure (a) and performance (b-f) of the NW-OLEDs
with and without PEDOT:PSS in comparison to ITO-OLEDs for different HTL
thicknesses. While the PEDOT:PSS layer leads to a slightly poorer performance

for OLEDs in the first optical maximum, it maintains comparable efficiencies for
the second order OLEDs.
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Figure 9.6: Angular dependent emission characteristics (a-e) and CIE color
coordinates (f) of the ITO- and NW-OLEDs at a current density of 15.4 mA /cm?.
Differences in the spectral emission can be particularly observed in the green and
red wavelength regime (red marked). The resulting color shift with viewing angle
(black arrows in (f)) is reduced in case of the NW electrode, which can be attributed
to their scattering properties.
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The main observations and conclusion from this experiment are:

Working OLEDs on NW electrodes are successfully fabricated.

The organic buffer layers (either PEDOT:PSS and/or MeO-TPD:F6-TCNNQ)
reduce the leakage current, because they cover inhomogeneities of the electrode
which otherwise lead to local shorts in the OLED.

The PEDOT:PSS buffer layer does not influence the optical performance of the
NW-OLEDs significantly. Therefore, the PEDOT:PSS overcoat layer will be
used as default in further experiments.

The NW-OLEDs have slightly reduced efficiencies when compared to the I'TO-
OLEDs at the same HTL thickness, but exhibit superior viewing angle character-
istics, especially with regard to the CIE color coordinates. Here, the scattering
properties of nanowires are seen as reason for the reduced color shift with viewing
angle.

While the ITO-OLEDs could be optimized for high efficiencies using simulation
software, it remains open if the NW-OLEDs are optically optimized. Therefore,
an empirical study with varying transport layer thickness needs to be done
which will be described in the next section.
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9.4 Variation of the Electron Transport Layer Thickness

To study the light outcoupling properties and to optimize the OLEDs in terms of
efficiency and white color coordinates, a variation of the ETL layer thickness is carried
out. In this experiment, the same white hybrid OLED stack as described in the
previous section is used (Fig.[9.7| (a)). The ETL thickness is varied from 40 to 265 nm
in 15 nm steps for the reference ITO-OLEDs and from 40 to 250 nm in 30 nm steps
for the NW-OLEDs. The HTL thickness is 180 nm as derived from the previous
experiment (Sec. [9.3).

The IV curves of all OLEDs are shown in Fig. (b). In agreement with the
previous experiments, the leakage currents are more then one order of magnitude
higher for the NW-OLEDs compared to the ITO-OLEDs. The expected reduction of
the leakage current with increasing ETL thickness for the NW-OLEDs is not observed.
In fact, the leakage currents are widely scattered, ranging from 1072 to 10° mA /cm?
and no explicit trend can be deduced (inset in Fig. (b)).

In forward direction all OLEDs have a similar IV characteristic. This is in contrast
to the experiment described in the last section, where a voltage drop has been observed
for the NW-OLEDs. One possible explanation is that the NWs and the PEDOT:PSS
suffer a certain form of degradation while being shipped from Stanford to Dresden due
to non-perfect sealing. In the first experiment (influence of organic buffer layers), the
time frame between electrode fabrication and OLED processing has been three weeks.
For the ETL variation a new batch of electrodes was sent and the OLED processing
has taken place one week after electrode fabrication. This has been considered in
further experiments and the time delay due to shipping has been minimized to less
than a week.

As indicated with the superscript S, the efficiencies have been measured in the
Ulbricht sphere at a luminance of 1,000 ¢cd/m? with and without an attached half-
sphere to investigate the outcoupling properties of the NW electrode (Fig. (c)
and (d)). The external quantum efficiency and the luminous efficacy show the typical
maximum-minimum-maximum behavior as described in Sec. 4.5l

A similar trend can be observed when attaching a half-sphere. It is expected that
the NW-OLEDs scatter waveguided modes into the substrate which would lead to
a strong efficiency enhancement when attaching the half-sphere. Surprisingly, only
small differences between NW-OLEDs and ITO-OLEDs are present here. This means
that the NW-OLEDs exhibit similar outcoupling efficiencies like the I'TO-OLEDs.
The only significant difference between the NW-OLEDs and the ITO-OLEDs is that
the second maximum occurs at thinner ETL thicknesses (~190 nm) than that of the
ITO-OLEDs (~220 nm). This is important, because it means that a comparison of
efficiencies at the same ETL thickness, especially in higher order OLEDs, has to be
taken with care as they do not necessarily match the efficiency maximum.
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Figure 9.7: OLED layer structure (a) and performance (b-f) of ITO-OLEDs and
NW-OLEDs with varying ETL thickness. The inset in the IV-diagram (b) shows
that the leakage currents of the NW-OLEDs are widely scattered and no explicit
trend regarding the ETL thickness is observed. As indicated by the superscript S,
the efficiencies (c,d) are measured in the Ulbricht sphere at 1,000 cd/m? with and
without a light outcoupling half-sphere. The enhancement factor (e) due to the
half-sphere varies between 1.6 and 4 among OLEDs in the efficiency maximum and
minimum. The radiance curves at 1,000 cd/m?2 (f), which are displaced for clarity,
are characterized by the ETL thickness rather than by the electrode material.
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In general, the ITO-OLEDs show slightly better efficiencies (about 15 % better).
However, the NW-OLEDs and the ITO-OLEDs reach their highest efficiency in the
first maximum at an ETL thickness of 40 and 55 nm, respectively. Here, the EQES
(LES) at 1,000 cd/m? is 8.0% (14.8 lm/W) for the NW-OLED and 9.2% (17.9 Im/W)
for the ITO-OLED. To extract the substrate modes and to investigate if a stronger
scattering of waveguided modes into the substrate is present when using NW electrodes,
a glass half-sphere is attached to the OLEDs. As described in Sec. [£.5] with increasing
ETL thickness the number of SPP modes is reduced while the number of waveguided
modes increases. If the NW electrode scatters waveguided modes efficiently into
the substrate, a steady increase of efficiency with increasing ETL thickness can be
expected. However, the efficiencies (Fig. provide a maximum-minimum-maximum
behavior, which means that the NW electrode is not able to scatter waveguided modes
efficiently.

Furthermore, the efficiency enhancement factor (Fig.|9.7|(e)) due to the half-sphere
shows a similar trend for the NW- and the ITO-OLEDs. This means that the amount
of substrate modes is more or less identical in the NW- and ITO-OLEDs at a constant
ETL thickness. The efficiency enhancement factor is in the range of 1.6 to 2.2 if
the OLEDs are in the efficiency maximum. It can be strongly increased up to a
factor of 2.9 for NW-OLEDs and 4 for [ITO-OLEDs, when the OLED is in the optical
minimum (160 nm).

A strong dependence on the ETL thickness is observed when regarding the angular
emission characteristics (at 1,000 cd/m?, Fig. (f)). For example, in the case of
40 nm or 250 nm ETL thickness, the ITO-OLED resembles a Lambertian emitter much
more closely then the NW-OLED. The opposite trend can be seen for the OLEDs in
the optical minimum at 100 nm. While the NW-OLED has almost perfect Lambertian
emission, the corresponding ITO-OLEDs exhibits a strong super-Lambertian behavior.
It can be seen that it is not a general rule that NW-OLEDs have a more Lambertian
like emission characteristic. This property depends in fact on the design of the
OLED cavity. Furthermore, the CIE color coordinates and the color shift for different
viewing angles and varying ETL thickness are of interest and are shown in Fig.
at 1,000 cd/m?. The color coordinates depend strongly on the ETL thickness. In
general, the NW-OLEDs show smaller deviations of the color coordinates to the warm
white point A and exhibit a smaller color shift with increasing viewing angle than the
ITO-OLEDs.

The efficient ITO-OLED and NW-OLED in the first order cavity have white color
coordinates. Furthermore, the ITO-OLED with 160 nm and the NW-OLED with
190 nm have CIE coordinates which are very close to the warm white color point A.
However, these latter ETL thicknesses do not correlate to the ETL thicknesses for the
OLEDs which reached highest efficiencies (i.e. to 190 nm and 220 nm). This trade-off
between high efficiency and warm white color coordinates shows again the challenges
involved in the design of efficient white OLEDs.
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Figure 9.8: CIE color coordinates for 0° (a) and color shift with viewing angle
ACIE (0°-70°) (b) for the ITO- and NW-OLEDs with varying ETL thickness at a
luminance of 1,000 cd/m?2. The color coordinates and the color shift vary strongly
with ETL thickness. In general, the NW-OLEDs show smaller deviations of the
color coordinates to the warm white point A and exhibit a smaller color shift with
viewing angle than the ITO-OLEDs.

With an EQES of 8-9% and LE® of 15-17 Im/W at 1,000 cd/m?2, the OLEDs
exhibit a good performance, but the demonstration of state-of-the-art efficiencies is
still missing and will be investigated in the following section.

9.5 Highly Efficient OLEDs on Silver Nanowire Electrodes

The high efficiency tandem stack (cf. Sec. |8.5|) is applied on the NW electrode. The
performance of the tandem OLEDs on the NW electrodes is shown in Fig. [9.9] In
this experiment, the intrinsic 4P-NPD layer thickness has been varied between 3
and 4 nm and the first HTL layer between 30 and 40 nm. The results are only
shown for the devices which exhibited the highest LES, respectively. Interestingly,
the optimal thicknesses for the NW- and the ITO-OLED are the same, namely a
4P-NPD thickness of 3 nm and an HTL thickness of 30 nm. The leakage current
(Fig. (b)) of the NW-OLED does not strongly differ from that of the ITO-OLED
(~1073 mA/cm?). Due to the thick organic layers (>320 nm), a low leakage current is
expected. However, in previous experiments (Sec. the organic layers had a total
thickness of more than 400 nm and still showed significantly higher leakage currents
than the [TO-OLEDs.

In previous experiments it has been found that the processing time between NW
electrode and OLED plays an important role for the IV characteristics. Despite the fact
that the processing of the OLEDs has taken place in less than one week after electrode
fabrication, a voltage drop is observed in the IV curves of the NW-OLED in forward
direction. Since a new batch of electrodes has been used for this experiments, the
reason for the voltage drop is not fully understood and requires further investigation.
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Figure 9.9: OLED layer structure (a) and performance (b-f) of the NW- and ITO-
OLEDs based on a highly efficient white tandem structure. The device efficiencies
of both OLEDs are comparable and can be similarly enhanced using different
outcoupling techniques (d-f).
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Therefore, a shorter time frame between the fabrication steps is necessary. However,
due to electrode processing at Stanford University and the OLED processing at the
IAPP, this has not been possible during this work.

Up to a luminance of 1,000 ¢d/m? the NW-OLED and the ITO-OLED exhibit
nearly identical LV characteristic (Fig. (b)). At higher luminance, the NW-OLED
requires a higher voltage. The spectral emission of both devices at 0° at a low current
density of 1.5 mA/cm? is similar, with a slightly higher contribution of green and
yellow light for the NW-OLED (Fig. (c)). This spectral difference consequently
leads to a higher current efficiency for the NW-OLED (Fig. (d)). At 1,000 cd/m?,
the CE of the NW-OLED is 49 c¢d/A and 43 c¢d/A for the ITO-OLED.

From an application point of view, the color stability with applied current density
is important. At high current densities, the spectral distribution slightly changes and
the CIE coordinates are shifted towards blue color coordinates. The color shift ACIE
from 1.5 mA/cm? to 15.4 mA/cm? (corresponding to a luminance of about 700 cd/m?
and 6,000 cd/m?2, respectively) is (0.004/0.007) for the NW-OLED and (0.005/0.010)
for the ITO-OLED. The small shift towards blue color coordinates can be explained
by the fact that the phosphorescent emitters underlie stronger annihilation rates than
the blue fluorescent emitter, due to the longer lifetime of the triplet state. Hence, at
high current densities the emission of the phosphorescent emitters is reduced more
than that of the blue fluorescent emitter.

At 1,000 cd/m?2, the EQES (LES) increases from 26.8% (35.8 Im/W) to 42.8%
(63.0 Im/W) for the ITO-OLED and from 24.3% (30.3 Im/W) to 37.9% (53.9 lm/W) for
the NW-OLED when attaching a half-sphere (Fig.[9.9| (e) and (f)). Despite the slightly
better efficiencies of the ITO-OLED, the two devices are comparable, and the NW-
OLED reaches remarkably high efficiencies compared to other studies (cf. Table ,
with a similar enhancement like the ITO-OLED when using an outcoupling half-sphere.
Attaching a flat microlens foil, which is more suitable for practical applications than
the half-sphere, the EQES (LES) is as high as 33.4% (45.4 lIm/W) for the ITO-OLED
and 28.0% (36.3 Im/W) for the NW-OLED.

Figure [9.10] shows the angular dependent emission characteristics of the OLEDs
under investigation. Comparing the spectral emission intensity (Fig. (a) and (b))
for the ITO- and NW-OLED, the NW-OLED shows a constant decrease in emission
of the peaks from each of the four emitters, resulting in a consistent white color. In
contrast, a clear change in spectral shape with increasing viewing angle is observed
for the ITO-OLED. In particular, the red peak (610 nm) shows an initial increase
that is not present in the NW device.
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Figure 9.10: Viewing angle characteristics (a-d) of the highly efficient white
tandem OLEDs at a luminance of 1,000 cd/m?. The NW-OLED exhibits superior
color stability (c) with increasing viewing angle compared to the ITO-OLED and
shows a Lambertian like emission characteristic (d).

The resulting integrated emission is closer to the Lambertian ideal for the NW-
OLED than for the ITO-OLED (Fig.9.10| (d)). Additionally, CIE color coordinates
(Fig.[9.10] (¢)), CRI, and CCT are far more stable with viewing angle for the NW-
OLED than for the ITO-OLED. The changes of CIE, CRI, and CCT from 0° to
75° are (0.030/0.047), 17, and 640 K for the ITO-OLED, and (0.014/0.003), 4, and
170 K for the NW-OLED, respectively. This superior angular dependence of the
NW-OLEDs is attributed to the scattering properties of the electrodes. It is expected
that electrodes with a higher haze factor improve the viewing angle characteristics
even further. A larger haze factor might be obtained by increasing the NW density.
However, the additional absorption will lower the absolute transmission of the electrode
which will result in a lower efficiency of the OLED. Table summarizes the most
important performance properties of the highly efficient OLEDs and can be regarded
as benchmark for further experiments.
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Table 9.2: Summary of highly efficient white tandem NW- and ITO-OLED
properties at a luminance of 1,000 cd/m?. For the first time, white ITO-free
OLEDs with state-of-the-art efficiencies and superior viewing angle characteristics
are demonstrated.

Un U j CIE CRI CCT CE EQE® LE®
v ov o m K /A % Im/W
NW-OLED 5.0 6.0 2.3 (0.493/0.468)' 69! 2680' 49 24.3 30.3
(0.507/0.465)% 652 25102 28.0*  36.3*
30.3>  53.9b
ITO-OLED 5.0 5.9 26 (0.507/0.449)% 73' 2420% 43 26.8 35.8
(0.477/0.496)* 562  3060> 33.4*  45.4*
42.8>  63.0°
Lat 0° & with microlens foil
2 at 75° > with half-sphere

Degradation and OLED Lifetime

From an application point of view, it is important that the NW electrode does not have
a negative influence on the device lifetime. Residual water, solvents, or oxygen from the
electrode processing may cause chemical reaction with the organic materials/emitter,
which would result in a faster luminance drop and lower lifetime of the NW-OLED
(extrinsic degradation). Therefore, a lifetime measurement of the highly efficient
tandem white OLEDs has been performed. In general, [TO based OLEDs do not show
extrinsic degradation due to the sophisticated encapsulation, but intrinsic degradation
mostly caused by chemical reactions of the emitter molecules with one of the blocking
layers.[113, 191} [192] Since a heating step of the NW electrodes is applied before
OLED processing and the encapsulated OLEDs include a getter material, extrinsic
degradation is not expected for the NW-OLEDs.

The dependence of the luminance on the operating time is shown in Fig. (a)
for the NW- and the ITO-OLED at a constant current density of 2 mA/cm? and
3 mA /em?, respectively. At 2 mA/cm?, the NW-OLEDs exhibits a similar exponential
luminance drop up to 200 h like the ITO-OLED. This confirms that the degradation
is only caused by intrinsic degradation of the emitters. As expected, the CIE color
coordinates shift strongly with time (Fig. (b)), since the different emitters degrade
at different rates. Within the first hours, the color coordinates shift from white to
yellow/green. This is a result of the fact that the degradation of the blue emitter
4P-NPD and hence the TH unit is much faster than that of the yellow and green
phosphorescent emitters Ir(dhfpy)s(acac) and Ir(ppy)s.
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However, a color shift with time is undesired and a lifetime of about 200 h is much
too low for lighting applications. The understanding of degradation processes and the
development of new stable emitters is important to overcome these problems in the
future.
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Figure 9.11: Lifetime properties of the highly efficient white tandem NW- and
ITO-OLED. The drop of the initial luminance with time (a) is comparable for both
devices, which means that the NW electrode does not lead to extrinsic degradation
processes. The shift from white to yellow/green color coordinates is very strong
during the first hours of operation (b). The reason is the fast degradation of the
blue emitter 4P-NPD and the TH unit in comparison to the yellow and green
phosphorescent emitters.

Local shorts and electrode delamination result in the formation of dark spots
on an OLED pixel, which is undesired. To investigate the presence of dark spots,
microscopic images of the NW- and ITO-OLED after 400 h of operation time (aged
at 2 mA /cm?) are shown Fig.[9.12] In the off state, the active area of the ITO-OLED
appears homogeneous in comparison to the NW-OLED, where the active area has a
diffuse appearance. This results from the scattering properties of the NW electrodes
and can be also observed for unaged devices. In the on state, there are no dark spots
on any of the OLEDs. In comparison to the ITO-OLED, the NW-OLED shows a
slightly enhanced inhomogeneous emission on microscopic length scales. However, on
a macroscopic scale the emission of the NW-OLED is homogeneous as demonstrated
in the photograph in Fig. [9.13]
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Figure 9.12: Microscope images of the NW- and ITO-OLED after 400 h of
operation in the on and off state using 10 fold magnification. The scattering
properties of the NW leads to an inhomogeneous appearance in the off state. In
the on state, neither of the two OLEDs shows dark spots.

9.6 Summary and Outlook

In this chapter, white OLEDs on flattened Ag NW electrodes were investigated and
compared to reference OLEDs on standard ITO electrodes. It was found that the NW-
OLEDs exhibit a similar device performance in terms of IVL, spectral emission, EQE,
LE, CIE, CRI, and lifetime. Highly efficient white tandem OLEDs with state-of-the-art
efficiencies (30.3 Im/W, 24.3%, (0.493/0.468) at 1,000 cd/m?) were demonstrated for
the first time for ITO-free OLEDs.

It was found that the achievement of a Lambertian emission characteristic depends
on the cavity design and is not necessarily enforced by the scattering of the NWs.
However, the NW-OLEDs showed superior qualities with respect to the color change
with viewing angle. In general, the CIE color coordinates were more stable with
increasing viewing angle for the NW-OLEDs. This color stability is attributed to the
scattering properties of the NW electrode which showed an average haze of 6.8%.

By performing a variation of the ETL thickness, the influence of the NW electrode
on the efficiency was studied to optimize the OLED structure. The NW-OLEDs
followed the same trends as the reference ITO-OLEDs. Therefore, it was concluded
that the NW electrode does not significantly influence the outcoupling efficiency and
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is further not able to efficiently scatter waveguided modes. However, an additional
scattering of the waveguided modes would be necessary to increase the outcoupling effi-
ciency. The use of matrix materials and overcoats for the NWs with a higher refractive
index than PMMA (n = 1.5 at A = 578 nm)[250] or PEDOT:PSS (n ~ 1.4 — 1.6)[145]
would allow the coupling of more waveguided modes into the electrode. However,
when using new materials it has to be ensured that the processing steps can still
be applied and that the beneficial electrode properties like high conductivity, high
transmission, and low roughness are maintained.

For future work and to make full use of the advantages of the NW electrode, a
flexible PET substrate should be used. Furthermore, the processing time between the
electrodes and the OLEDs should be shortened to avoid degradation effects.

Figure 9.13: Photograph of four operating white tandem OLEDs on NW electrodes.
The picture has been taken by Caroline Murawski.



10 Concluding Remarks

10.1 Summary of Main Results

In this thesis, different approaches for the efficiency enhancement in white OLEDs
were studied. Special focus was put on diffusion and transfer processes of singlet and
triplet excitons. The generation of white light was achieved by employing the triplet
harvesting concept |16, [17].

Using the blue fluorescent emitter 4P-NPD, which was found to have an isotropic
orientation of the transition dipoles, triplet harvesting by the yellow phosphorescent
emitter Ir(dhfpy)s(acac) and by the red phosphorescent emitter Ir(MDQ)s(acac) were
demonstrated, respectively. For Ir(dhfpy)s(acac), the EQE at low current density was
more than doubled compared to the OLED without the phosphorescent emitter and
for Ir(MDQ)2(acac) the EQE even showed a three fold enhancement. Since TH from
4P-NPD by the green emitter Ir(ppy)s had not been possible due to the lower triplet
energy of 4P-NPD, quantum chemical calculations were carried out with the aim to
rise the triplet energy of 4P-NPD by small changes of the molecular structure. Two
new emitters, 8M-4P-NPD and 8M-4P-FPD, were developed which indeed showed
an increased triplet energy in comparison to 4P-NPD. For the first time, TH OLEDs
were realized where TH took place from a blue bulk emitter to a green phosphorescent
emitter. Also, three-color white TH OLEDs could be demonstrated where TH by the
green emitter Ir(ppy)z(acac) and Ir(MDQ)s(acac) occurred simultaneously.

However, both new emitters showed significant disadvantages compared to 4P-
NPD, which impeded the design of highly efficient white OLEDs. Most problematic
in these OLEDs was the high energy barrier of > 1 eV between the EML and the
HBL caused by the high LUMO energy of 8M-4P-NPD and 8M-4P-FPD. As a result,
the electron injection into the EML was significantly reduced, leading to an impaired
charge balance and a favored generation of exciplexes which subsequently lowered
the effective radiative efficiency. In addition, OLEDs comprising 8M-4P-FPD showed
very fast degradation complicating the angular dependent emission measurement.

Time- and spectrally-resolved measurements by a streak camera turned out to
be a helpful tool to prove TH in OLEDs. Delayed emission of the phosphorescent
emitter caused by triplet diffusion was found to be characteristic for TH OLEDs, while
prompt emission could be assigned to singlet transfer and direct charge recombination
on the phosphorescent emitter.

Additionally to triplet harvesting, singlet transfer was identified as a second
transfer mechanism in the TH OLEDs under investigation. Using a distance variation
between the singlet generation zone and a singlet sensor, this effect was used to study
the singlet diffusion length in 4P-NPD in a simple and accurate manner. Applying
Ir(ppy)s as sensor material, the singlet diffusion length for a range of current densities
was obtained. Here, an analytical model based on the boundary conditions of ideal
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blocking and quenching of singlets was applied. It was found that the expansion of
the generation zone as well as the amount of direct recombination processes were
crucial parameters when calculating the diffusion length. By these means, a singlet
diffusion length of Lge.. = 4.6 nm was obtained for 4P-NPD at a low current density
of 0.15 mA /cm?, which was reduced to 4.0 nm at 154.08 mA /cm?. Furthermore, this
method provided an estimate of the emission profile in the EML, which is otherwise
hardly accessible in small-molecule OLEDs.

To study the influence of the interaction of singlets with polarons and triplets
on the diffusion length, photoluminescence experiments of pure 4P-NPD layers were
carried out, changing the position of a thin Ir(ppy)s quenching layer inside a 4P-NPD
film. The PL emission could be simulated assuming a Gaussian shaped diffusion
profile. A diffusion length of L,y = 7 nm was found. It is believed that the longer
diffusion length obtained by optical excitation in comparison to electrical excitation
results from the fact that singlet diffusion is not disturbed by polarons or triplets as
it is within the OLED structure.

Another approach to overcome the problem of triplet harvesting by a green emitter
is the stacking of two OLEDs on top of each other using a charge generation layer in
between. [102, [158] Here, a green/yellow PH OLED using the emitters Ir(ppy)s and
Ir(dhfpy)s(acac) doped into the matrix materials TCTA and TPBI was put on top of a
red/blue TH OLED which included the emitters Ir(MDQ)s(acac) and 4P-NPD. Before
studying the tandem OLED, both single OLEDs had been investigated separately:
For the red/blue TH OLED, doping of the EML with the triplet manager material
NPD was carried out, which led to an enhanced charge and exciton transport on
NPD. Furthermore, a significant enhancement of the device lifetime (factor 3.5) was
obtained, but no improvement in device efficiency or roll-off. For the green/yellow
PH OLED, an EQE improvement factor of 1.2 was achieved using a double emission
structure. Finally, a highly efficient white tandem OLED with an LE of 33 Im/W, an
EQE of 25%, CIE coordinates of (0.528/0.425), and a CRI of 62 at a luminance of
1,000 c¢d/m? was obtained.

Furthermore, an alternative electrode based on flattened silver nanowires was
investigated. It was found that the NW-OLEDs exhibited a similar device performance
in terms of IVL, spectral emission, EQE, LE, CIE, CRI, and lifetime. The NW-OLEDs
showed superior qualities with respect to the color change with viewing angle. In
general, the CIE color coordinates were more stable with increasing viewing angle for
the NW-OLEDs than for the reference ITO-OLEDs. This color stability was attributed
to the scattering properties of the NW electrode. However, the NW electrode could
not provide significant scattering of waveguided modes. Using the optimized tandem
OLED structure described previously, highly efficient white tandem OLEDs with
state-of-the-art efficiencies (30.3 Im/W LE, 24.3% EQE, CIE(0.493/0.468), and a CRI
of 69 at 1,000 cd/m?) were demonstrated for the first time for ITO-free OLEDs.
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10.2 Outlook: White TH OLEDs

As shown in this thesis, the design of highly efficient white TH OLEDs where blue
emission occurs from a bulk emitter requires the consideration of many parameters:
The most important ingredient is a fluorescent blue emitter, having suitable HOMO
and LUMO energies (-5.3 4+ 0.2 eV and -2.3 4 0.2 eV, respectively) to ensure efficient
electron and hole injection from the blocker materials. Furthermore, the emission
spectrum should provide deep blue color coordinates to achieve a high CRI when used
in a white OLED. Therefore, the singlet energy has to be in the range between 2.5
and 3.1 eV. The radiative efficiency /photoluminescence quantum yield needs to be
adequate (PL-QY > 40%). To ensure TH by a green emitter, the triplet energy needs
to be sufficiently high (> 2.4 eV). An increase in triplet energy can be obtained by
maintaining the singlet energy and decreasing the singlet-triplet splitting.

For the development of a new blue emitter, it has to be considered that a low
singlet-triplet splitting requires a small overlap of the HOMO and LUMO wave
function, while a high PL-QY requires exactly the opposite. The tradeoff between
high PL-QY and small singlet-triplet splitting impedes the design of highly efficient
white TH OLEDs. In this thesis, the emitter SM-4P-NPD showed a good PL-QY
of 42% and a singlet-triplet splitting of 0.7 eV. Recently, Lee et al.[121] developed a
blue fluorescent emitter with a very small HOMO-LUMO overlap resulting in singlet-
triplet splitting of only 0.06 €V, while providing a remarkable PL-QY of 62%. The
high PL-QY is achieved via thermally activated delayed fluorescence, i.e. triplets
are converted into singlets via reverse intersystem crossing. Accounting only the
fluorescence PL-QY, i.e. without TADF contribution, a value of 16% is obtained. In
comparison to 8M-4P-NPD, the singlet-triplet splitting is reduced by a factor of 10,
while the PL-QY is reduced by about a factor of 3. This means that for blue emitters,
there is still room for decreasing the singlet-triplet splitting to the required range
of 0.1 to 0.7 eV while maintaining a reasonable PL-QY. For TH, however, emitters
which benefit from TADF are less suitable since triplets need to be transferred to
the phosphorescent emitter, which means that they would not be able to efficiently
contribute to the TADF process.

As discussed previously, the high LUMO energy of 8M-4P-NPD impedes electron
injection and leads to a low EQE. Here, doping of 8M-4P-NPD into a suitable matrix
material where exciton generation occurs on the matrix and singlets are transferred
to 8M-4P-NPD via Forster transfer could help to improve the EQE. However, the
advantage of SM-4P-NPD as a bulk emitter would be lost, and the approach would
then not be different to the work of Sun et al.[I7] and Kondakova et al.[21].

For the design of white TH OLEDs, singlet transfer needs to be taken into account.
To harvest triplets efficiently, the phosphorescent emitter needs to be as close to the
exciton generation zone as possible, since the triplet density decreases exponentially
with the distance. However, at small distances, singlet transfer can take place. It is
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worth noting that singlets which are transferred to the phosphorescent emitter will
still end up in the radiative triplet state. Therefore, these singlets are not really lost
and the internal efficiency of the OLED is not decreased. However, additional singlet
transfer lowers the amount of blue emission in white TH OLEDs, which is usually
undesired. For the emitters 4P-NPD and 8M-4P-NPD, the critical distance below
which significant singlet transfer is observed is 7 nm. To prevent singlet transfer, the
diffusion of singlets towards the phosphorescent emitter needs to be avoided. This
might be achieved by inserting a singlet blocking layer between the generation zone
and the TH zone. However, it has to be ensured that this layer is at the same time
electrically inert and does not hinder the triplet transfer.

For lighting applications, the efficacy, color shift with applied power, viewing
angle characteristics, color coordinates, and CRI are important quality criteria which
need to be considered. In the following, the theoretical achievable luminous efficacy
(at a luminance of 1,000 cd/m?) of a white TH OLED is estimated based on the
performance of two white TH OLEDs using 4P-NPD as blue emitter. The first OLED
is the two-color single unit OLED using 4P-NPD and Ir(dhfpy)s(acac) as emitters
(cf. Chapter [6). The second OLED is the four-color tandem OLED described in
Refs. [19, 20] and Chapter [8} For both OLEDs, the outcoupling efficiency o, and
the internal quantum efficiency niqr is calculated@. The results are summarized in
Tab. The experimentally achieved luminous efficacy at 1,000 cd/m? measured in
an integrating sphere is also shown.

Table 10.1: Estimation of maximum luminous efficacy for white TH OLEDs at
1,000 cd/m? based on real performances. The maximum possible internal quantum
efficiency niqr is 100% for the 2-color single unit OLED and 200% for the 4-
color tandem OLED, respectively. The maximum possible outcoupling efficiency
Nout 18 100%.

2-color, single unit  4-color, tandem
Chapter[f|  Refs. [19, 20]

Tout 1] 23.2 20.0
mae (/] 48.8 130
CIE (0.46/0.45) (0.51/0.42)
CRI 38 78
meas. LES [lm/W)]
at 1,000 cd/m? 32.6 33.0
theo. LE [lm/W] 67 51
assuming max. nqg
theo. LE [lm/W] 539 055

assuming max. niqe and Mot

29The calculations were done by Mauro Furno using the optical simulation software OLEDPower.
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Assuming that the internal quantum efficiency can be increased to its maximum
(100% for the single unit OLED and 200% for the tandem OLED) and that the LE
increases proportionally to the EQE (= 7out - 71qr), luminous efficacies in the range of
50 to 60 lm/W are possible. The LE can be even further increased to values above
250 Im /W, if outcoupling losses can be reduced to a minimum.

The LE depends on the driving voltage U and current I (LE ~ (UI)™!). Especially a
higher 7,,; would result in a lower voltage and current necessary to achieve 1,000 cd/m?,
thus increasing the LE even more. It needs to be considered that both OLEDs do not
match the warm white color point A (0.447/0.407), but are slightly shifted towards
the reddish or greenish region in the CIE diagram. A shift of the color coordinates
towards A requires basically the reduction of red/green emission, which usually goes
side by side with a decreased LE.

The improvement of 7iqg is primarily seen in the development of new efficient emit-
ter materials, whereas a significant improvement of 7., requires outcoupling techniques
for waveguided and/or SPP modes. This, in conjunction with optical and electri-
cal simulations, is essential for further device understanding and efficiency /efficacy
enhancement.

Despite the fact that many outcoupling techniques are already known and have been
applied to OLEDs (micro-lenses[142], index matching[14], gratings[I52], scattering
particles[I5]], etc.), an approach which does not harm the electrical efficiency, which
can be used for white OLEDs, is cheap, and easy in fabrication is not known up to now.
Furthermore, the research of annihilation processes to improve roll-off characteristics
and the investigation of the dipole orientation of emitter molecules are important for
the development of efficient white OLEDs.[23], 84]

Finally, the design of highly efficient OLEDs can to some extent be compared to a
jigsaw puzzle, where a lot of small pieces have to be put together in the right way,
to obtain a full picture. A large part of this puzzle is already known, with room for
considerable improvement if electrical, excitonic, and optical losses can be overcome.
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A Appendix

A.1 White Light Sources

A measurement of the spectral distribution of different light sources has been performed
using an Ocean Optics USB4000 fiber optics spectrometer. The results are shown
in Fig.[A.1] All lamps are commercially available. The incandescent lamp (100 W)
has a continuously increasing spectrum in contrast to the fluorescent lamp(L58 W25,
Osram), which shows several distinct peaks. For the LED (bike light), the Down-
Conversion principle can be seen nicely, since there is a narrow blue peak resulting
from the blue LED (at 460 nm) and a broad yellow component from the phosphor. The
OLED (ORBEOS CDW-031, Osram) has three broad peaks which can be attributed
to different organic emitters. All light sources have CIE color coordinates close to the
Planckian curve and achieve good or very good CRI values (Fig.|A.1| (b)). All light
sources appear white, however, only the incandescent lamp, the fluorescent tube, and
the OLED meet the Energy Star requirements.

4loe0 Tl 0.44
0.40+

3‘LEUK/\ 3 0.36-
) y 0.321

norm. intensity / a.u.

21 fluorescent tube 0.281
light source CRI CCTI[K] auv
0.24 Mincandescentlamp 93.3 2,500 0.0005H
1_incandescentlamp Wfluorescent tube 814 3,700 0.0025
0.20+ ELED 80.3 11,400 0.0019N
0 0.16 WOLED 80.4 3,000 0.0024
400 450 500 550 600 650 700 750 "7 028 032 036 040 0.44 048
wavelength / nm X

(a) (b)

Figure A.1: Measured spectral emission of commercially available light sources (a)
and calculated CIE color coordinates (b). The spectra are normalized and displaced
for clarity. The table summarizes the color rendering index, the color correlated
temperature, and the Euclidean distance (Auwv) to the Planck curve.
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A.2 Energies and molecular orbitals of benzene

In Tab. different energy values for HOMO and LUMO, as well as the singlet energy
level of benzene are compared to experimental data. All calculations are performed
by Regina Luschtinetz at the Institut fir Physikalische Chemie und Elektrochemie,
TU Dresden. For the HOMO energy, the HF based calculations (—9.17 V) show a
very good agreement with the experiment (—9.15 eV). However, the predicted LUMO
energies (HF: 2.31 eV, DFT: —1.40 eV, HF+DFT: —0.39 eV) strongly underestimate
the experimentally found value (—3.51 eV). Interestingly, the band gap AFE calculated
by DFT (5.30 eV) fits well with the experiment (5.64 ¢V), while the other two methods
overestimate AE by >50% (HF) and >15% (HF+DFT). Regarding the singlet energy
level, the experimental data (4.46 eV) is about 20% to 40% below the theoretical data
(HF: 5.97 eV, DFT: 5.30 eV, HF+DFT: 6.60 €V). For the band gap and the singlet
energy level the DFT method is most appropriate.

This example demonstrates that even for a simple molecular structure like benzene,
the comparison of energy eigenvalues to experimental data has to be taken with care.

Table A.1: Comparison of HOMO energy Exomo, LUMO energy Erumo, AE =
| Eromo — Erumo|, and singlet energy level Sp of benzene using different theoretical
methods. Experimental values are deduced as Fyono = ionization potential, and
FErumo = ionization potential + optical band gap.

method Enomo [€V]  Erumo [eV] AFE [eV] S [eV]
Hartree-Fock based -9.17 2.31 11.48 5.97
DFT based -6.70 -1.40 5.30 5.30
Hybrid functional
of HF and DFT -6.99 -0.39 6.60 5.39
Experiment -9.15[251] -3.51[54] 5.64 4.46[252]

The electron wave functions obtained by DFT calculations are displayed in Fig.
for HOMO, LUMO and the o orbitals. The different colors account for the different
signs of the wave function (blue = —, red = +). While the o orbital is localized at
the core and has no knots, the 7 orbitals (HOMO and LUMO) form a delocalized
electron cloud. The same shape of orbitals can be obtained by using HF calculations
(not shown here).
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LUMO . . i
side view top view

HOMO

o orbital

v

Figure A.2: Side and top view of the molecular orbitals of benzene calculated
with DFT. While the 7 orbitals form a delocalized electron cloud, the o electrons
stay closely to the core. The different colors red and blue account for the sign of
the electron wave function.
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A.3 Twist of phenyl rings in 4P-NPD

In Sec. [6.2.1} an asymmetric shape of the calculated LUMO of 8M-4P-NPD with
respect to the molecular structure was found. To investigate this issue, additional
SCC-DFTB calculations of the second highest occupied molecular orbital (HOMO-1)
and the second lowest unoccupied molecular orbital are carried out for 4P-NPD having
different rotation angles between the phenyl rings. Figure (a) shows the molecular
orbitals and the energy values of 4P-NPD assuming that the four phenyl rings are
fixed to a planar position. The four molecular orbitals (HOMO, HOMO-1, LUMO,
LUMO+1) exhibit a symmetry according to the molecular structure, respectively.

HOMO: -4.983 eV LUMO: -2.600 eV

HOMO-1: -5.071eV LUMO+1: -2.532 eV

b

) 4P-NPD with planar phenyl rings

HOMO: -5.038 eV LUMO: -2.509 eV

HOMO-1: -5.040eV LUMO+1: -2.505eV

il

(b) 4P-NPD with planar inner phenyl rings and 90° twisted outer phenyl rings

Figure A.3: Molecular orbitals, HOMO, HOMO-1, LUMO, and LUMO+1 energy
values of 4P-NPD assuming planar structure of the four phenyl rings (a) and a 90°
twist of the outer phenyl rings (b). Calculations are done using SCC-DFTB.
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The molecular structure of SM-4P-NPD and 8M-4P-FPD is based on 4P-NPD
having a twist of the outer phenyl rings by about 90°. The influence of this twist on the
molecular orbitals and energy eigenvalues on 4P-NPD is shown in Fig. (b). While
HOMO and HOMO-1 are localized on both naphthalene side groups, thus exhibiting
a symmetric behavior, the LUMO is only localized on one of the naphthalene group.
Interestingly, the LUMO+1 is found on the other naphthalene group having an almost
identical energy (LUMO = -2.509 eV, LUMO+1 = -2.505 V). This maintains the
symmetry of the molecular orbital for the molecules under investigation.

Indeed, the energies of the HOMO-1 and the LUMO+1 in Fig. (b) approach
those of the HOMO and LUMO, respectively. The steric hindrance of the CHsz groups
causes the rotation of the outer phenyl rings, which leads to the orbital splitting. As
a result, the m-electrons cannot be distributed over the four phenyl rings as in case of
the planar configuration (cf. Fig. (a)).

Since it is expected that 8M-4P-NPD and 8M-4P-FPD have split HOMO and
LUMO orbitals, considerations resulting from the HOMO-LUMO overlap of these
molecules should include the contribution of HOMO-1 and LUMO+1.
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A.4 Influence of HTL thickness in tandem OLEDs

In Section it has been observed that the emission of the red emitter in the tandem
OLED is too low compared to previous studies. To enhance the outcoupling in the
red spectral region, the HTL thickness of the PH and TH unit has been varied. First
the HTL of the PH unit is changed from 75 nm to 90 nm in 5 nm steps and the
results are shown in Fig. [A.4l For 75 nm, the red peak is significantly enhanced
(Fig. [A.4] (c)), while the emission of the other three emitters remains unchanged. Due
to the overlapping IV-curves (Fig. [A.4] (b)), the luminous efficacy is highest for the
OLED with 75 nm HTL thickness (Fig. |A.4] (d)).
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Figure A.4: OLED layer structure (a) and performance (b-d) of the tandem
OLED with varying HTL thickness of the PH unit. A thickness of 75 nm is optimal
in terms of spectral emission and luminous efficacy (c,d).
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In a second step, the HTL thickness of the PH unit is kept to 75 nm and the HTL
thickness of the TH unit is varied from 35 nm to 50 nm ((Fig. [A.F]). Again the red
emission peak is enhanced for a reduced HTL thickness. At 35 nm, the yellow emission
peak also increases, while the emission of the green and the blue emitter is constant
for all layer thicknesses. As a result of the constant IV-curves, the performance of the
LE is best for the sample with 35 nm.

In summary, it is possible to enhance the outcoupling in particular in the red
spectral region by decreasing the HTL thicknesses in the tandem OLED. This further
increases the LE. Based on these results, the HTL thickness is changed to 35 nm for
the TH unit and to 75 nm for the PH unit, respectively.
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Figure A.5: OLED layer structure (a) and performance (b-d) of the tandem
OLED with varying HTL thickness of the TH unit. A thickness of 35 nm is optimal
in terms of spectral emission and luminous efficacy (c,d).
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