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Abstract

Organic light-emitting devices (OLED) based on emissive polymeric materials
have gained tremendous attention from industry and academia because of the potential to
replace current display technologies. In addition to low fabrication costs, this technology

holds the prospect of flexible and light-weight displays.

However, the sensitivity of the organic thin film (polymer as well small molecules)
to oxygen, water and solvent vapor poses a serious problem for product design because it
severely limits available patterning techniques. Once the organic film is deposited, conven-
tional processing (such as photolithography or wet etching) is not possible without damag-

ing the organic film.

Two patterning approaches will be introduced in this thesis which have been devel-
oped to avoid any device degradation due to the fabrication process: The first method
(large-area dye transfer) discusses the fabrication of three-color devices where the emissive
color is defined by the dye introduced into the polymer matrix of the device after the poly-
mer layer has been deposited. The second method focuses on dry etching using a chlorine

plasma to pattern the metal cathode layer.

The method of large-area dye transfer for patterning the emissive color of OLEDs
using transferred photoresist is introduced. Using a large-area dye diffusion source, the dye
is diffused into the emissive layer of the OLED. To locally pattern the emissive color, either
a shadow mask or a patterned dye source has to be used. The implementation of both
approaches using photolithographic patterning and transferred photoresist is outlined in

this thesis.

To pattern the cathode layer, a shadow mask is mostly employed which patterns the
cathode metal film during the evaporation process. But it is problematic to obtain very
small feature sizes over a large area using this technology. In this thesis we demonstrate
that dry processing of OLED to pattern a blanket cathode metal film can be used to obtain
very small features despite the incompatibility of the photoresist materials with organic

LED materials.
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1 Introduction

Designing the human-machine-interface in the age of microelectronics is a chal-
lenging job. Computers are able to process much more information than, for example, Leib-
nitz’ multiplication machine invented in 1674 or the ENIAC computer in 1946. This huge
amount of information has to be displayed in a way comprehensible to humans. The devel-
opment of the computer coincided with the invention of television and its cathode ray tube
(CRT). So it comes as no surprise that the CRT is the most common device used as the com-
puter display. While the picture quality of CRTs has improved much over the years, due to
the required vacuum tube the CRT is quite bulky, heavy and fragile. Clearly, in the age of
wireless communication and computing, this device is far from being ideal. Liquid crystal
displays (LCD) are now a common substitute for CRTs. These flat panel displays need
much less space and power than CRTs. However, they are expensive to fabricate and, due
to their glass components, are still very likely to break. Moreover, because of their non-
emissive nature, they need either surrounding light (reflective mode) or a back light (trans-
missive mode). With these shortcomings of LCDs, it would be desirable to develop a dis-
play which is emissive (does not need a back light) and is based on plastic substrates rather
than glass. In the last decade much research focused on organic light-emitting devices
(OLEDs) which promise these properties. In this context, “organic” means that the materi-
als used are based on carbon chemistry rather than conventional inorganic electronic mate-

rials.

1.1 Organic Light-Emitting Devices

Although the first OLED based on polymer was reported in 1983 by Partridge [1],
OLEDs gained practical importance only in 1987 when C. W. Tang and S. A. VanSlyke
fabricated a device based on small molecules with promising characteristics [2]. Since then,

the field of organic electronics has attracted a tremendous amount of attention both from



industry and academia [3]. In 1990, Burroughes et al. fabricated devices based on the poly-
mer poly(p-phenylene vinylene) (PPV) which is still one of the most often used polymers
in OLEDs [4]. A further boost for polymer-based devices came when Fukuda et al. [5]
obtained emission from polyfluorenes. As of today, this kind of polymers exhibits the most
promising characteristics for commercial applications. Devices based on this kind of poly-
mer have now efficiencies in excess of 20 Im/W and are broadly comparable to inorganic
LEDs based on I1I-V semiconductors in terms of brightness and efficiencies. Also, life-

times of more than 10,000 hours at 200 cd/m? have been reported [6][7].

The device structure of an OLED is surprisingly simple: sandwiched between two
electrodes is a thin film of organic material. If an electric field is applied across the elec-
trodes, electrons and holes are injected into states of the LUMO (lowest unoccupied molec-
ular orbital) and HOMO (highest occupied molecular orbital), respectively. Light emission
from the organic materials occurs when the molecule relaxes from the excited state to the
ground state and emits of a photon. This process is analogous to what happens in inorganic
crystalline semiconductors such as GaAs. In this case, an excited electron in the conduction
band recombines with a hole in the valence band. The energy of the emitted photon is deter-
mined by the energy gap between the conduction and the valence bands (bandgap). Simi-
larities and differences between the amorphous organic film and the crystalline

semiconductor are discussed in more detail in Chapter 2.1.

1.2 Human Perception of Color and Brightness

Electromagnetic radiation with a wavelength between 380 nm and 780 nm is per-
ceived as light by the human eye. We associate a certain wavelength range in this spectrum
with a particular color. However, the retina of the human eye actually has only three differ-
ent color receptors, called cones. (Another kind of receptor, called rods, only detect bright-
ness.) [8] Each kind of cone has its distinct spectral response. The spectral resolution of the
response is rather broad as shown in Figure 1-1. This spectral overlap between the response
means that light of a certain wavelength is detected by more than one cone. The ratio of
these responses is in turn associated with a color like red, blue, orange, yellow, turquoise
or white. This means that the full range of colors can be simulated by just three colors,

namely red, green and blue.
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Figure 1-1. Spectral response of cones in the human eye.[9]

The human eye is well adapted to the environment, having the most sensitive
response of color vision (photopic vision) in the yellow-green section of the spectrum
which coincides with the emission peak of the sun. The sensitivity falls sharply towards

either end of the spectrum as shown in Figure 1-2.

This curve has implications for the design of displays: To obtain the same impres-
sion of brightness in the red or in the blue compared to yellow/green, the device has to emit

a much larger number of photons, requiring a higher driving current.

1.3 Full-Color Organic Displays

In a full-color display, each pixel of the display has to be capable of simulating the
full range of colors to the observer. Therefore, the pixel is usually subdivided into three
subpixels, with one subpixel emitting in the blue, one in the green and one in the red. While
this concept is utilized in all color CRTs and LCDs, its implementation with organic light-
emitting devices poses a variety of problems. In OLEDs, one option to achieve this would
require patterned organic layers, so each subpixel is an OLED directly emitting the desired
color. Because organic materials are very sensitive to water and oxygen, all patterning tech-
niques used in conventional semiconductor fabrication (such as photolithography and wet
etch) cannot be easily be applied to organic materials without damaging the device. There-

fore, novel methods for the patterning process of organic thin films are needed.
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Figure 1-2. Spectral sensitivity of the human eye. Photopic vision refers to the response of
the cones when sufficient illumination is present (day vision). Scotopic vision is the
response of the rods which are more sensitive but are unable to distinguish color (night
vision). [9]

1.4 Thesis Outline

The work introduced in this thesis focuses on the patterning aspect of organic light-
emitting devices based on polymers. Two issues are discussed in depth: First patterning
issues of the polymer film arising from the need to obtain subpixels emitting different
colors are considered. In Chapter 2, the principle structure and characteristics of OLEDs
will be discussed. An overview of patterning techniques is given in Chapter 3. Chapter 4
focuses on the dye diffusion technique and its underlying theory. In Chapter 5 we introduce
a solvent-vapor anneal to enhance the diffusion of dye in the polymer film. The actual pat-
terning process incorporating the dye diffusion method is discussed in Chapter 6.The
second part of this thesis will focus on patterning methods for the cathode metal layer on
top of the organic layer. In Chapter 7, a technique is described to pattern the cathode of
OLEDs based on dry etching. Finally, Chapter 8 gives a summary and suggests topics for

further work.
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2 Light-Emitting Devices
based on Polymers

Organic devices can be based on small molecules or polymers. This chapter will
outline the fundamental properties of conducting polymers used in polymer light-emitting
devices. However, most of the discussed concepts apply to small molecules as well. Poly-
mers are materials consisting of a chain of covalently bonded units. These units are known
as monomers. The molecular weight of a polymer molecule can be very high, because the

polymer chain can contain a very large number of monomers.

In Chapter 2.1 we describe briefly how polymers can conduct electricity. The
absorption and emission of polymers and energy transfer mechanisms are discussed in
Chapter 2.2 and Chapter 2.4. Chapter 2.5 focuses on electroluminescence of and the injec-
tion of charges into polymeric materials. The fundamental structure of a single layer OLED
is given in Chapter 2.6, and the materials used are discussed in Chapter 2.7. The fabrication
of devices is described in detail in Chapter 2.8. Chapter 2.9 is dedicated to the difference
between photoluminescence and electroluminescence, while Chapter 2.10 focuses on the
dependency of the OLED efficiency on the concentration of dye. The morphology of the

polymer film and its impact on the device performance are discussed in Chapter 2.11.

2.1 Electrical Conduction in Polymers

In 1990, J. H. Burroughes et al. at Cambridge University published data on conduc-
tive polymers for light-emitting devices [1]. In 1991, Alan Heeger reported on polymers
which demonstrated a high conductivity and presented a conclusive theory. For this

research, he was awarded the Nobel prize in chemistry in 2000 [2][3].

Common polymers like polyethylene (the common plastic shopping bag, see
Figure 2-1) have a very low electrical conductivity. The polymer only contains single

bonds, i.e. the carbon atoms are bonded to the other atoms in the sp3 -configuration, as
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Figure 2-1. Chemical structure of polyethylene.

known from the diamond structure. All electron-orbitals only extend in the direction of the
bond (0-bonds). The two bonding orbitals interact and form a symmetric or asymmetric
configuration (level splitting), see Figure 2-2. The symmetric state (characterized by a
lower energy and therefore energetically preferred) is referred to as the bonding state. In
this state, an actual bond is formed holding the molecule together. Because these g-orbitals
extend only in direction of the bonded atom, the probability to find an electron at the perim-
eter of the molecule is very small. In the bonded state, all electrons are localized in the states
associated with the o-orbitals and all these states are filled. Therefore, no electrical conduc-
tion is possible. The asymmetric state (characterized by a higher energy) leads to the

destruction of the bond and is called anti-bonding state (0%*).

E AP
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< > non-interacting orbital
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Figure 2-2. Energy levels of interacting molecular orbitals.

Now consider a bond formed in the spz-hybridization (usually referred to as “dou-
ble bond”): In this case, in addition to the 0-bond in direction to the neighboring atom, the
overlap of the p, orbitals forms a bond (Tebond) which extends perpendicular to the o-
bond. A common polymer used in electroluminescent devices is poly(phenylene vinylene),
PPV. The structure of PPV is shown in Figure 2-3(a). PPV is a conjugated polymer, i.e. the
polymer backbone consists of alternating single and double bonds. Again, the interaction
of orbitals leads to a symmetric and asymmetric state (Ttand 7t*). The structure of PPV also
contains a benzene ring where each of the carbon atoms in the structure forms a T-orbital.
The symmetric state of the orbitals is the lowest energy level (HOMO) of the structure as
shown in Figure 2-3(b).



Analogous to a molecule bonded with a -bond, in a molecule in the ground state,
all electrons are localized in the states associated with the 0 and Trorbitals, and all of these
states are filled. In contrast to the 0*-bond, the molecule is not destroyed if the two atoms
are bound in the Tt* state. However, the geometrical configuration of the molecule can
change. Because Trorbitals extend out of the plane of the molecule, the orbital can interact
with another Trorbitals on a different molecules and electrical transport becomes possible,

leading to a high electrical conductivity.
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Figure 2-3. Chemical structure of PPV (a). The HOMO level of the benzene ring is the
symmetric configuration of the Trorbitals [4](b). The energy diagram (c) shows the
relative energy levels of the 0 and Tt orbitals.

If the polymer chain contains double bonds, the electrical transport can occur along
the polymer chain (intrachain transport) or between different polymer strands (interchain

transport) [5][6][7].

In a non-excited molecule, all the low-energy states are occupied. If the molecule
contains a “double bond”, the highest filled molecular orbital (HOMO) is a Tr-orbital. In this
case, if an electron is promoted from the HOMO to the lowest unoccupied molecular orbital
(LUMO,), it has to overcome an energy gap E, (see Figure 2-3(c)). These energy levels
(HOMO and LUMO) are determined by molecular orbitals. In addition, vibrational modes
(vibrations of the nuclei) lead to additional states above the LUMO and the HOMO levels.



The electron affinity of the molecule is correlated with the LUMO level. The

HOMO level can be derived from the ionization potential, as shown in Figure 2-4.

y'y vacuum level
electron affinity
ionization
potential LUMO
Y HOMO

Figure 2-4. Relationship between HOMO, LUMO, ionization potential and electron
affinity.

It is convenient to simply apply the band model (developed for conventional crys-
talline semiconductors like silicon) to polymeric materials by substituting the HOMO with
valence-band and the LUMO with the conduction band. Although this concept is sufficient
to explain many observations, the band model fails to predict many transport characteris-

tics.

Because of the interaction of orbitals (level splitting) in a crystalline material and
the close proximity of the atoms, a multitude of delocalized states very close to each other
in energy are created. These states form a band of states over a wide energy range. In an
amorphous polymer material, however, the interchain distances are much bigger and there-
fore, the interaction of the orbitals is much smaller. As a result, the states are much more
localized and cannot be treated as bands. Based on this observation, several transport

models have been developed [8][9][10][11][12][13][14][15].

2.2 Absorption and Emission

A molecule can be excited by absorption of a photon or a phonon, by dipole-dipole
interactions with a neighboring molecule, or by injecting electrical charges. Light emission
from the molecule can occur when an exciton radiatively recombines. An exciton is a

bound state of an electron and a hole, leading to a zero net charge. Excitons can be treated



as quasi-particles capable of diffusion. The average distance of the electron and the corre-
sponding hole is the radius of the exciton. Due to the small orbital overlap in polymeric sys-
tems, excitons are localized (Frenkel excitons), i.e. their radius is small (less than 5 A)
compared to the intermolecular distances. In contrast, excitons in an inorganic crystal are

delocalized and have a radius of 40 to 100 A (Wannier excitons) [16].

An exciton can be localized on one polymer chain (intrachain exciton), or between
two polymer chains (interchain excitons). Interchain excitons have in general a much

smaller photoluminescence efficiency [17].

Absorption and emission phenomena in polymers usually do not involve the whole
polymer chain because more distant units do not interact. In addition, geometrical factors
such as bends in the polymer chain limit the interaction. The term conjugation length is
used to describe the effective interaction length of the polymer. It can be assumed that only
segments within this length contribute to absorption or emission of the polymer. In most
cases, the conjugation length of polymers is between 11 and 20 monomer units

[18][19][20].

If the emission is caused by absorption of photons, the process is referred to as pho-

toluminescence (PL); emission caused by charge injection is called electroluminescence

(EL).

2.2.1 Photoluminescence and Franck-Condon-Shift

When an electron in the ground state absorbs a photon of energy E, it is promoted
from the lowest ground state of the HOMO (S,)) to the corresponding vibronic sublevel of
the LUMO (S;) determined by the energy of the absorbed photon (Figure 2-5). The position
of the nuclei remains unchanged during this process because the time is too short to allow
for their relocation (~10"13s), although the electronic distribution has changed. After this,
the electron relaxes non-radiatively down to the lowest vibrational sub-level of the LUMO
(~10'13s). Because of the time needed for this process, the nuclei rearrange themselves. (Ar
represents the increase in distance between the nuclei.) The electron then relaxes to the
HOMO state by emission of a photon of energy Eg. Because of the changed geometrical

configuration and the energy loss due to the vibronic levels, the emitted photon has a lower

10



energy than the absorbed one. This energy shift between the absorbed and emitted photon
is referred to as the Franck-Condon-Shift [16].

A
I T Vd

ro r

Figure 2-5. Franck-Condon-Shift in a diatomic molecule, » represents the interatomic
distance [21].

Because the vibrational structure of the ground state and the excited state are very
similar, the absorption and emission spectra have often mirror-like corresponding peaks. If
a photon is absorbed, an electron is in most cases excited from the lowest vibrational level
of the ground state to a certain vibronic level of the excited state (transition E , in Figure 2-
5) depending on the energy of the absorbed photon. Each peak in the absorption spectrum
corresponds to a transition to a certain vibronic state (see Figure 2-13 for PVK). The emis-
sion of the photon is the opposite process where the electron relaxes in most cases from the
lowest vibronic level of the excited state to a certain vibronic level in the ground state. This
feature is illustrated in Figure 2-6 showing the absorption and emission spectrum of a green

emitting polymer (2-Methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene copolymer).
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Figure 2-6. Absorption and emission spectra of 2-Methoxy-5-(2'-ethylhexyloxy)-1,4-
phenylenevinylene copolymer [22].

2.3 Energy Transfer
Beside the observed absorption and emission of one moiety, excited molecules can

transfer energy and electrical charges to neighboring molecules.

2.3.1 Forster Transfer

Forster transfer describes the migration of energy by resonant coupling of electrical
dipoles from an excited molecule (donor) to a non-excited molecule (acceptor) as shown in
Figure 2-7 [23]. The mechanical equivalent to this process are coupled pendulums where
the amplitude of one pendulum increases while the amplitude of the other one decreases
due to energy migration. Because of its electrostatic (Coulombic) character, Forster transfer

can occur over relatively long distances (30 to 100 A).

A missing electron (hole) in the ground state and an electron in the higher energy
level with antiparallel spin form a singlet exciton. A molecular orbital can be occupied by
two electrons with opposite spin. Therefore, for the electron to be able to relax from the
higher energy level, its spin has to be the opposite of the electron already occupying the
ground state. Because of that, only singlet excitons contribute to this transfer. Due to spin
conservation, the created exciton on the acceptor has to be a singlet, too [16]. Forster trans-

fer is a very fast process (~10'9s).
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For efficient Forster transfer, the emission spectrum of the donor and the absorption

spectrum of the acceptor have to overlap sufficiently.

M i
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Figure 2-7. Forster transfer [21].

2.3.2 Dexter Transfer

In contrast to excitation by Forster transfer, which does not involve any transport of
charge, a molecule can be excited if an exciton diffuses from donor to acceptor as (Figure 2-
8) by transferring an electron and a hole at the same time [24]. Because the transfer rate is
proportional to the overlap of molecular orbitals, Dexter transfer is limited to relatively
short distances (~10 A) and is attenuated exponentially with intermolecular distance. Due

to spin conservation, only singlet-singlet or triplet-triplet transfer is allowed [16].

Also for efficient Dexter transfer, the emission and absorption spectra have to over-

lap sufficiently.
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Figure 2-8. Dexter transfer [21].

2.4 Charge Transfer
Electrical conduction is based on carrier transport due to an external electric field.

This means that in a polymeric material, the charge carrier has to be transferred from one

13



molecular orbital to another molecular orbital. The transfer probability is proportional to
the square of the overlap integral of the electronic wave function of these orbitals. In addi-
tion, the energy difference between these states is of great importance for the transfer: If
the difference is too big (much more than k7)), the carrier is “trapped” in the state with lower
energy, because its thermal energy is insufficient to transfer to the energetically higher
state. In case the difference in energy between the states is on the order of k7, the carrier
might be able to overcome the energy difference and thus move from one molecule to the

next.

Given a sufficient orbital overlap between the molecules, electrical charge can be
transferred from a higher energy level to a lower one on a different molecule. As an exam-
ple, Figure 2-9 shows a molecule A with an additional electron in the LUMO (negatively
charged) whereas molecule B has a hole in the HOMO (positively charged). The electron
and the hole can be transferred at different times to a dye molecule where they recombine.
This fact impacts the emission characteristics of doped polymer devices as discussed in

detail in Chapter 2.9.

2.5 Electroluminescence and Charge Injection

In the context of this work, excitation by injection of electric charge is the most
important mechanism. If an electron is injected into a polymeric material by means of an
external electric field, it will have to occupy a LUMO state because all states below the
HOMO are occupied. In this case, no emission can occur because the excited electron is
unable to relax. Therefore, to obtain emission from the material, electrons and holes have
to be injected at the same time. Both carriers then travel through the material in opposite
direction under the influence of the external electric field. For fluorescent materials, the
emission of a photon occurs when singlet excitons, formed by the coulombic interaction of
electrons and holes with opposite spin states, radiatively decay to the molecular ground
state. The region where this process occurs is referred to as the recombination zone. In the
ideal case, all injected electrons recombine with a hole, i.e. the same number of electrons
and holes has to be injected. The concept of “balanced injection” of carriers is an important
aspect for the choice of materials (see Chapter 2.6.2) [25]. A significant disadvantage of

fluorescent EL compared to PL is that emission can only occur from singlet excitons, lim-

14



_1___
4#‘——H—

%
E—
4 L

dye”

m

——
o

Figure 2-9. Excitation by charge transfer: From a negatively charged molecule A an
electron is transferred to a dye molecule. Similarly, a hole is transferred from a positively
charged molecule B. After these transfers, the dye molecule is left in an excited state.

iting the electroluminescence efficiency (emitted photons per injected electron) in fluores-
cent materials to less than 25% [26]. Theoretically, the PL efficiency can be unity because

in this case all electron-hole pairs form singlet excitons.

Recently, phosphorescent materials have been investigated for use in OLEDs [27].
Due to spin-orbit coupling of a heavy metal ion in the emissive molecule, the transition
probability from a triplet state becomes dominant. Using triplet states as well as singlet
states by phosphorescent materials will increase the upper efficiency limit of fluorescence.

Devices with very high efficiencies have been demonstrated [28].

2.6 Single Layer OLED

The device structure of a single layer polymer light-emissive device is intriguingly
simple: A polymer film is sandwiched between two electrodes. Applying a electric field
across the polymer will eventually lead to injection of charges into the film as shown in

Figure 2-10. As mentioned in 2.5, the choice of material is of great importance for balanced
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charge injection and thus for the device efficiency. The work function of materials used as
contacts should closely match the HOMO or LUMO level of the electroactive material to
provide a good contact. In addition, at least one of the electrodes has to be transparent to

allow emitted photons to escape.
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Figure 2-10. Band diagram of an OLED.

2.6.1 Indium-Tin-Oxide

Commonly used as the transparent and hole injecting contact (anode) is indium-tin-
oxide (ITO). The material is transparent, conductive and has a reasonably high work func-
tion (4.5 to 5 eV). Indium oxide (In,0O53) is a wide band-gap semiconductor. To modify the
conductivity of the material, indium oxide is degenerately doped with tin. To obtain films,
In,O5 and SnO, are usually simultaneously sputtered onto transparent substrates such as
glass in a molar ratio 0f 91% : 9%. Because ITO is non-stoichiometric, the electronic prop-
erties depend on the preparation and cleaning processes used. An oxygen plasma treatment
can increase the work function by as much as 0.5 eV and thus increase the efficiency of the

device [29][30][31].

2.6.2 Cathode Materials

The material used as a cathode should have a low work function, like alkali metals,
for good electron-injecting properties. However, all of these metals, for example lithium,
are also more likely to react with either the emissive material or with the surrounding atmo-
sphere leading to device degradation. The device stability can be enhanced by using alloys

containing these metals in a matrix of more stable metals like silver or aluminum.
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2.6.3 Device Structure

The basic structure of a single layer device is shown in Figure 2-11: The ITO film
is deposited as a blanket film on the glass substrate. If needed, the film can be easily pat-
terned using conventional photolithography and wet-etching (see Chapter 2.8.1.1). The
polymer layer is formed by spin-coating from solution. The resulting film is usually about
100 nm thick. The thickness strongly depends on the spin speed and the concentration of
the polymer in the solvent as described in more detail in Chapter 2.11. The cathode metal
layer is deposited by thermal evaporation. Several techniques to pattern the metal cathode
are introduced in Chapter 7. In most cases in this thesis, however, the metal was evaporated

through shadow masks to form the desired pattern.

cathode metal
_ olymer film
/p Y
< ITO

&\\\\\\\\\\\\\\\\\\\\\\\\\\\\x substrate

Figure 2-11. Structure of a single layer polymer light-emitting device.

2.7 Organic Materials

2.7.1 Electron and Hole Transport Materials

The electroactive polymer used in most experiments reported in this thesis is poly-
(9-vinyl-carbazole) (PVK). In contrast to conjugated polymers (such as poly(p-phenylene
vinylene), PPV), where the polymer-backbone consists of carbon-carbon bonds with T&
orbitals, PVK has a fully saturated backbone, i.e. none of the carbon-carbon bonds is a
double bond. The chemical structure of PVK is shown in Figure 2-12. The optical and elec-
trical characteristics of PVK are mainly defined by the carbazole side-groups attached to
the inactive polymer backbone [32]. This property is illustrated in Figure 2-13. The PVK
and the carbazole monomer have very similar absorption spectra. The PVK we used has a
molecular weight of 1,100,000 g/mole. It was obtained from Aldrich, Milwaukee, IL) and
usually used as received. In some cases, the PVK was purified by dissolving it in chloro-

form (500 mg PVK in 10 ml solvent). After the solution was mixed with methanol (10 ml),
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Figure 2-12. Chemical structure of (a) poly-(9-vinyl-carbazole) (PVK) and (b) 2-(4-
Biphenylyl)-5-(4-tert-butyl-phenyl)-1,3,4-oxadiazole (PBD)

the polymer precipitated. The polymer flakes were then filtered out and dried in vacuum at

70 °C for 3 hours.
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Figure 2-13. Absorption spectra of a solid PVK film (dotted line) and of a solution of N-
isopropylcarbazole in hexane (solid line) [32].
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Polymers tend to have a low electron affinity and high hole mobility [33]. To
improve the performance of the device by tuning the ratio of injected electrons and holes
and emission properties, multilayer devices have been reported [34]. This method is espe-
cially appealing for devices based on small molecules because different layers of material
can be thermally deposited successively. Polymer blends represent a different approach: By
blending different materials (polymers as well as small molecules) in solution, the transport
characteristics and emissive properties of the organic film can be changed [35]. To com-
pensate for the lack of electron-transport in PVK, a small molecule with electron transport-
ing properties 2-(4-Biphenylyl)-5-(4-tert-butyl-phenyl)-1,3,4-oxadiazole (PBD, also
obtained from Aldrich and used as received) was added to the polymer solution. The con-
centration of PBD in PVK for optimum EL efficiency in one specific case was established
to be 28.6% by weight in the final film [36]. The HOMO and LUMO levels along with the

peak of the emission spectrum of these materials are listed in Table 2-1.

Table 2-1. HOMO levels, LUMO levels and wavelength of the peak emission of materials used in
experiments. The wavelength of the peak emission was measured in devices with optimal dye concentration.

HOMO [eV] LUMO [eV] peak emission [nm] | reference
PVK 5.54 2.04 380 [37]
PBD 6.6 2.7 390 [38]
C47 5.37 2.49 420 [37]
C6 5.39 293 495 [37]
Nile red 53 3.49 600 [37]
bimane 435 [40]

2.7.2 Emissive Materials

Due to the energy transfer mechanisms (outlined in Chapter 2.3), the introduction
of guest molecules with HOMO-LUMO energy levels between those of the host material
and with high fluorescence efficiency (emitted photons per absorbed photons) can enhance
the performance of the device as well as tune the emissive color. Materials with a high flu-
orescence efficiency are called dyes or chromophores. This concept of dye-doping was first
introduced by Tang et al. [39]. In our experiments, we doped the PVK/PBD blend using the
following dyes: Coumarin 47 (C47, Lambda Physik, Gottingen, Germany) for blue devices,
Coumarin 6 (C6, also obtained from Lambda Physik) for green and Nile red (obtained from
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Aldrich, Milwaukee). In some experiments the dye 9,10-Dioxa-syn-dimethylbimane
(bimane, obtained from M.E. Thompson, University of Southern California, Los Angeles)
was used [40]. The HOMO and LUMO levels of these materials are also given in Table 2-

1, and the chemical structures are shown in Figure 2-14.
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Figure 2-14. Chemical structure of (a) Coumarin 47, (b) Coumarin 6, (c¢) Nile red, and (d)
bimane

The electroluminescence efficiency of the device increased drastically when a dye
was incorporated into the polymer matrix. Best results were obtained for C6. The device
efficiency depends strongly on the dye concentration as discussed in more detail in
Chapter 2.10. The following weight ratios PVK:PBD:dye for optimal device performance
were established: For C47: 100:40:1, for C6: 100:40:0.3, for Nile red: 100:40:0.2 [37][41],
and for bimane: 100:40:0.2 [42].

2.8 Device Fabrication and Characterization

Specific fabrication processes pertaining to patterning are described in more detail
in later chapters. However, some of the processing steps are common to all fabricated
devices. For the sake of brevity, the fabrication process of a “standard” single layer OLEDs
is outlined at this time. If not mentioned otherwise, the discussed devices were fabricated

using the following procedures:
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2.8.1 Device Fabrication

Devices were fabricated on ITO-coated glass substrates. The coated glass sheets
were obtained from Applied Films Corp., Longmont, Colorado. The ITO film is about
1200A thick (resulting in a sheet resistance of 30Q/"), and has a RMS roughness of about
25A. The glass substrate is 1.1mm thick.

2.8.1.1 Patterning of ITO substrate

In case a patterned ITO film was required, the film was etched after conventional
photolithography using the following wet-etch solution: 50 ml deionized (DI) water, 45 ml
HCI and 5 ml H3NOy. The films were etched for about 2 min at elevated temperatures
(about 50 °C; lowest setting on the hotplate). After the etch, the conductivity was measured

to ensure the complete removal of the ITO layer.

2.8.1.2 Substrate Cleaning

The substrate was cleaned in an automatic cleaning process by first brushing the
surface using a soap solution (Tergitol and deionized (DI) water), second by cleaning the
surface with a high pressure DI water jet, and finally by blowing the substrate dry with a
nitrogen jet. This was done in a Photomask Cleaner (Ultra-t Equipment Co. Inc., Model

602).

2.8.1.3 Oxygen Plasma Treatment

The substrate (with the ITO side up) was then transferred into a parallel plate reactor
(10” diameter) for the oxygen treatment to raise the work function of the ITO [30]. The fol-
lowing process parameter were used: oxygen flow: 25 sccm, plasma power: 25 W, chamber

pressure: 150 mTorr, process time: 4 min.

2.8.1.4 Polymer Deposition
The polymer layer was then deposited onto the ITO substrate by spin coating in a

nitrogen-filled glove box. The polymer solution contained 100 mg PVK, 40 mg PBD, and
the appropriate amount of dye in 7.0 ml chlorobenzene. The dye was added from a pre-

mixed dye solution with a dye concentration of 1 mg dye per 1 ml chlorobenzene. Using a
disposable pipette, the polymer solution was dropped onto the substrate which was placed

on the spinner chuck. In contrast to photoresist, the PVK solution has a very low viscosity.
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To obtain a uniform polymer film, it was necessary to cover the whole surface of the device
with polymer solution before spinning. A spin speed of 2000 rpm yielded films 800 to 1000
A thick. The dependency of the morphology and the film thickness will be the focus of a
later section (Chapter 2.11). During the 60-sec spin cycle, the solvent evaporated and the
sample was then transferred into the evaporator. Since the evaporator was not connected to

the glove box, the sample was exposed to air for a brief period of time.

2.8.1.5 Cathode Metal Deposition

A shadow mask with 2 mm? holes was often used to pattern the cathode during the
evaporation of the cathode metal. A recessed notch in the sample holder made sure that the
shadow mask never made contact with the polymer film. After the pump down cycle, the
metal was evaporated at a starting pressure below 10°® Torr. However, depending on the
metal used, the pressure could rise considerably during the evaporation process. Magne-
sium often lead to a pressure of close to 10~ Torr before it decreased again. The most com-
monly used cathode was an alloy of silver and magnesium. In this case, these metals
evaporated simultaneously. The evaporation rate and film thickness was controlled auto-
matically using independent crystal monitors as the sensors. Each of the crystal monitors
was placed in close proximity to the metal source to be able to control the evaporation rate
independently for each source. The film was deposited with an evaporation rate of 7A/sec
for magnesium and 0.7 A/sec for silver, resulting in a film of approximately 1 part of silver
to 10 parts (by weight) of magnesium to obtain a stable alloy. The total thickness of the
Mg:Ag film was 500 A. A capping layer (again 500 A) of pure silver was then evaporated
to protect the Mg:Ag layer from corrosion. The sample was rotated during the evaporation

with a speed of about 12 rpm.

After the cathode deposition, the finished sample was transferred back into the

glove box for electrical characterization.

2.8.2 Device Characterization
To contact the device on the probe station, a needle probe was lowered onto the ITO
substrate. The soft polymer film was easily scratched off by the needle, so one could make

good contact with the ITO as the anode. The cathode metal islands was contacted with a
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thin gold wire to avoid mechanical damage to the cathode, which would cause short-cir-

cuited devices.

We used a Hewlett-Packard 4145B semiconductor parameter analyzer to measure
the current-voltage characteristics (I-V) of the device. A large-area silicon photodetector
(detector area 50 mmz) in close proximity to the OLED was used to measure the light
output of the device. The OLED drive current /p and the short-circuited photocurrent 7,
was simultaneously recorded. The external quantum efficiency N, of the device was

obtained by calculating the following expression where Q is a wavelength dependent con-
1 h

r]ext = IL EQ (2-1)
D

version factor. This factor was determined by geometrical considerations and accounting

for the response of the photodetector [37]. The value of QO was first established for a green
device containing the dye C6. For other colors, Q was adjusted based on the wavelength of
the emission maximum of the device and the response of the photodetector. This approach
introduced an small error by assuming that all the light was emitted at this wavelength. The

value of the conversion factor Q for different dyes is given in Table 2-2.

Table 2-2. Conversion Factor O to obtain the external quantum efficiency.

dye (peak wavelength) 0O [%]
C 47 (420 nm) 279
C 6 (495 nm) 220
Nile red (600 nm) 188
bimane (435 nm) 268

Emission spectra were measured with a Photo Science 650 spectrometer. In addi-
tion, CIE-color coordinates and brightness were extracted at the same time. The experimen-
tal set-up required the sample to be taken out of the glove box. We therefore always
recorded the I-V characteristics before measuring the spectrum of the device. In Figure 2-
15, the normalized EL spectra for the different dyes are shown. No emission from the PVK

or the PBD could be detected. Therefore, the energy transfer to the dyes is very efficient.
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Figure 2-16 shows a typical I-V curve of a fabricated OLED along with the photo-
current. The current stops rising at 0.5 mA because the current compliance was set to 0.5

mA.
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Figure 2-15. Electroluminescence spectra of standard PVK/PBD devices doped with
either C47, C6 or Nile red.

2.9 Electroluminescence versus Photoluminescence

The integration of multiple dyes in the polymer film has been the focus of research
to either obtain white emitting OLEDs [43][44][45][46][47][48][49][50] or to enhance the
efficiency of a dopant by introducing an assist dopant which increases the transfer proba-

bility [S1][52].

Because of the different exciation mechanisms of photoluminescence and electrolu-
minescence, the emission spectra can be quite different when a single or multiple dyes are
present. Figure 2-18 shows the EL (at 50 mA/cmz) and the PL spectrum at room tempera-
ture of a device with 0.3 mg C47 (blue) and 0.3 mg Nile red added to the PVK/PBD/chlo-
robenzene solution. The photoluminescence spectrum was recorded under UV illumination
(A=254 nm). Whereas the EL spectrum is dominated by the emission from the Nile Red,

the PL spectrum shows two distinct peaks, one from the each of the dyes. To first order, the
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Figure 2-16. Current-voltage characteristics of a standard PVK;PBD:C6 device. The
detected photocurrent is also shown. The device area was 2 mm? and the thickness of the
polymer film was 800 A.

EL spectrum does not depend on the current density over a range from 5 mA/cm? to 500
mA/cm? (Figure 2-17). Qualitatively similar results were seen with C6 and Nile red mix-
tures, where again the EL occurs almost exclusively from the dye with the longer emission

wavelength. Other research groups have reported similar observations [48][53].

Excitation of the dye can be accomplished by either energy transfer or sequential
charge transfer from the host to the dye. In the case of energy transfer, an exciton is formed
at a host molecule, which is then transferred to the dye by either resonant coupling or by
coherent charge exchange (Forster or Dexter transfer, respectively) [16]. For excitation by
charge transfer, electrons and holes from the host are sequentially trapped by the dye,

resulting in exciton formation on the dye and then photon emission due to exciton decay.

Because the dye concentration is very low in the polymer film, the photolumines-
cence process begins with the creation of singlet excitons in the host polymer. That the
emission occurs from both dyes but not from PVK implies that (i) the excitons created on
the PVK are transferred to the dye much faster than the radiative lifetime of an exciton on

PVK, and (ii) that once captured on the dye, no exchange of excitons between the dyes
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Flgure 2-17. EL spectra of PVK/PBD deV1ces containing the dyes C47 and Nile red at 50
mA/cm? (closed symbols) and 100 mA/cm? (open symbols). The inset shows the
normalized spectra of these devices. No spectral change could be detected.
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Figure 2 18. Photoluminescence (solid line) and electroluminescence (dashed line, 50
mA/mm?® ) of a PVK/PBD film containing the dyes C47 and Nile red. [54]

occurs (which would otherwise lead to emission from the dye with the longest emission
wavelength only). This process is shown in Figure 2-19. Excitons on the dyes presumably

do not interact because either they are too far apart or the spectral overlap for Forster or
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Dexter is insufficient. For an efficient Forster transfer, these emission and absorption spec-
tra have to overlap sufficiently which is not the case as shown in Figure 2-20 (see also
Chapter 2.3). Thus excitons captured by a dye (by Forster or Dexter transfer) lead to PL
from that dye [57].

©— ——  LUMO of PVK/PBD
— LUMO
C47 Nile red
L éé/— HOMO
—/ @ — ~— HOMO of PVK/PBD

exciton

Figure 2-19. Process of excitonic transfer to both dyes in PL. The HOMO and LUMO
states are represented by lines, and the small offset between the lines for the host HOMO
and LUMO states shows the interaction of the orbitals resulting in a small shift in energy.

That the EL spectrum is very different from the PL spectrum means that singlet
excitons are not created in EL in the host, implying that the sequential capture of electrons
and holes (and exciton formation followed by light emission) occurs directly on the dye.
Similar observations have been reported elsewhere [58]. Because the EL spectrum shows
emission primary from the dye with the longest wavelength, we hypothesize that the life-
time of the first captured carrier (electron in a LUMO state or hole in a HOMO state) is long
compared to the exciton lifetime. These first-captured carriers cannot recombine until a sin-
glet exciton is formed, i.e. an electron and a hole of opposite spin are captured by the same
molecule. Therefore the initially trapped carrier could be thermally re-emitted back to the
host (Figure 2-21, process B) before the complimentary carrier is trapped and move rela-
tively freely because of the small energy difference between the host states. Eventually, it
will be re-captured by either dye after transport through the host. The release of carriers

from the dye states will be slowest for dye states with the largest energy difference to the
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Figure 2-20. Absorption and emission spectra of C47 and Nile Red [56] in solid film.

relevant host HOMO/LUMO levels. Therefore the accumulation of carriers in these deep-
est states will occur, leading to the eventual capture of the opposite carrier, and exciton for-
mation followed by light emission. Assuming a level alignment such that the dye with the
lowest exciton energy has its HOMO/LUMO levels farthest from the host level (see
Figure 2-21), light emission will preferably occur from the dye with the longest wave-
length. Therefore, in EL, nearly all emission was observed from Nile red. (Figure 2-21 arbi-

trary assumes that the initially trapped carrier is an electron.)

In support of this model, the EL emission from C47 increased significantly when
the device was cooled (Figure 2-22). This implies that carriers, which were re-emitted from
a C47 level in liquid nitrogen (process B in Figure 2-21) at 300 K to be re-trapped by a Nile
red state (process C), could not escape from the C47 level at lower temperatures. This, in
turn, increases the probability that a singlet exciton can be formed on a C47 molecule,

explaining the increased emission from this dye at lower temperatures.
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Figure 2-21. Schematic energy level diagram showing electron capture (process A and C)
and thermal re-emission (process B) in a PVK/PBD device containing C47 and Nile red
[54].
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Figure 2-22. Normalized electroluminescence (50 mA/cmz) spectrum at room
temperature (dashed line), and at 77 K (solid line) of a PVK/PBD device containing the
dyes C47 and Nile red.[54]

Detailed studies of the temperature dependence of the emission spectra remain to

be carried out. It is possible that the EL from the dye with the wider energy gap at room
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temperature is due to exciton formation in the host, and subsequent transfer to both dyes for

emission in PL.

2.10 Efficiency versus Dye Concentration

Incorporating molecules with a very high photoluminescence quantum yield (chro-
mophores, dyes) into a host material to enhance the light output of an OLED has first been
demonstrated by C.W. Tang [39]. This way, the device can be optimized by choosing a
material emitting efficiently in the desired wavelength as a dopant and using the host mate-
rial for charge or exciton transport. However, the performance of the device is strongly
dependent on the concentration of the dye [41]. Figure 2-23 shows the EL luminance at a
constant current (1 mA) of a PVK/PBD/C6 device (100mg : 40mg : x, where x is the x-axis
in Figure 2-23). The luminance increases with dye concentration, reaches a maximum
value and decreases again for higher dye concentrations. The initial increase in luminance
is understandable because more excitons can be formed on the dye due to the increased
number of dye molecules. In addition, the emission from the host decreases, indicating that
more charges are getting trapped on the dye. Along with the EL luminance of the device,
the PL luminance of the polymer film under constant illumination (A=254 nm) is also
shown. The PL luminance also shows the initial increase due to the fact that more excitons
are able to transfer to the dye. In contrast to the EL luminance, the PL luminance decreases
only slightly at higher dye concentrations. The effect of EL luminescence quenching at
higher dye concentrations has been reported earlier
[351[37]1[53][58][59][60][61][62][63][64][65]. However, the striking difference between

PL and EL intensity as a function of dye concentration has not previously explained.

Figure 2-24 shows normalized EL spectra (at 50 mA/cmz) for different concentra-
tion of C6. The spectrum is dominated by the emission from the dye at very low concentra-

tions and remains relatively unchanged thereafter.

One could argue, that because the chance that an electron and a hole are captured
by the same dye molecule is less likely for an increasing number of possible sites, the prob-
ability of exciton formation decreases. Since the excess carriers have a limited lifetime,

they will recombine non-radiatively. According to this argument, the EL efficiency should
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Fi igure 7 2-23. Photoluminescence intensity (dotted line) and electroluminescence (at 50
mA/cm? ) intensity (solid line) for a PVK/PBD device as a function of dye concentration
(Co).

1.0 F 17 T T T T T T T ]
=5 —&—0.25mgin 1
o 0.8 100 mg PVK, 40 mg PBD
> °r —0—0.5mg 1
g —e—0.75mg
= —O0—1mg
S 06 .
w
©
(9]
N
© 04°F 4
£
o
c

0.2 - .

0.0 < L . L :

400 500 600 700

wavelength [nm]

Figure 2-24. Normalized EL spectra (at 50 mA/cm?) of PVK/PBD devices with different
C6 concentration.

recover with increasing carrier density, i.e. higher device current. However, we did not
observe such a superlinear increase in EL luminance with device current as shown in

Figure 2-25.
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Figure 2-25. Luminance as a function of current density of a PVK:BPBD:C6 device with
different dye concentrations. No superlinear increase in luminance was observed.

It is well known that dyes aggregate and form excimer states at high dye concentra-
tions [58]. In this case, the exciton is delocalized over several molecules due to the
increased intermolecular interaction [49][50][66]. These states decay with a much smaller
radiative efficiency, an effect referred to as “dye self-quenching”. In addition, the emission
spectrum is red-shifted compared to the emission of a single dye molecule. However, if this
were the only effect at high dye concentrations, the EL and PL would be reduced similarly,

which is not observed.

This difference in EL and PL efficiency at high dye concentrations may be
explained using the same “two-dye” model (Figure 2-21), but with levels of an isolated dye
(efficient light emitters) and dye-dye complexes (excimers, which are inefficient light emit-

ters) representing the two separate sets of levels (Figure 2-26).

At high dye concentrations, in PL singlet excitons are captured and immediately
decay both on the C6 dye and on the C6 excimer, which explains the slight reduction of PL
intensity. As shown before, the main excitation mechanism in EL is sequential charge cap-
ture. Analogous to the argument that the dye with the smallest bandgap dominates the EL
spectrum, most of the excitons will in this case form at an excimer site with a low radiative

efficiency, even if there are only a relatively small number of them. Due to this mechanism,
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Figure 2-26. Schematic energy level diagram showing electron capture (process A and C)
and thermal re-emission (process B) in a PVK/PBD device at high dye concentration with
isolated dye molecules and excimer complexes. [54]

the EL efficiency decays faster than the PL efficiency at high dye concentrations. The EL
spectra of devices with various C6 concentrations immersed in liquid nitrogen (9 mA/cm?;
shown in Figure 2-27) supports this argument. Due to reduced re-emission and thus less
chance of excited carriers reaching the excimer, the EL intensity decay with dye concentra-
tion was much slower for the cooled device with a peak efficiency observed at a dye con-
centration of 0.5 mg (in 100 mg PVK and 40 mg PBD) vs. 0.1 mg for a room temperature
device. The absolute efficiency of the cooled device was also higher than the room temper-
ature device. This may be due to reduced de-trapping from emissive sites (to be captured
on non-radiative sites). But it could also be due to other changes in the device at low tem-

peratures (such as carrier mobilities etc.).

Similar results were obtained with other dyes: Figure 2-28 shows the characteristics
for a PVK:PBD:C47 device (100mg : 40mg : x in the final film) and Figure 2-29 those of
a PVK:PBD:NR device (100mg : 40mg : x). In both cases, the luminance was measured at

room temperature and at a diode current of 50 mA/cm?.

2.11 Surface Morphology of the Polymer Film
In addition to the choice of material and their composition, the polymer deposition

process has a significant impact on the device performance. One major advantage of poly-
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Figure 2-27. Electroluminescence intensity of a PVK:PBD:C6 device as a function of C6
concentration at room temperature (solid squares) and at 77 K (open squares). [54]
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Figure 2-28. Photoluminescence intensity (dotted line) and electroluminescence intensity
(solid line) for a PVK/PBD device as a function of dye concentration (C47).

mer-based OLEDs over those based on small molecules is the fact that the polymer can be

deposited by spin-coating, a potentially very cost-effective processing step. In the micro-
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Figure 2-29. Photoluminescence intensity (dotted line) and electroluminescence intensity
(solid line) for a PVK/PBD device as a function of dye concentration (Nile red).

electronics industry, spin-coating is a very common technique to deposit photoresist or
spin-on glass. A few drops of polymer solution are dropped onto the substrate which is sub-
sequently rotated horizontally at high speed. Due to radial force on the liquid, it spreads out
wetting the whole surface of the substrate. While forming a film, the solvent evaporates
leaving a homogeneous polymer film behind. Obviously, the spin speed is of major impor-
tance on the resulting film thickness. The thickness d of the film can be estimated using the
following equation [67][68], where Cj, is the initial polymer concentration, v is the initial
g G 4Dy 22
JQ

kinematic viscosity of the solution, Dy, is the solute diffusivity, and Q is the spin speed. The
ramping time, i.e. the time from the start of the process until the spinner has reached its

nominal speed, does not have a major influence [69]. However, this equation does not take
the evaporation of the solvent during the spin-coating process into account. The choice of
solvent has a major influence on the film thickness: For solvents with low vapor pressure
(i.e. the surrounding air will take up only a small amount of solvent before being saturated),

the evaporation process will take longer than for solvents with a high vapor pressure. For
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the same spin speed and polymer concentration, the film thickness will therefore be thinner
for a low vapor pressure solvent (such as toluene) than for a high vapor pressure solvent

(such as chloroform). Since the polymer solution containing the PVK is very dilute (typi-
cally 100 mg polymer in 7 ml solvent), the viscosity is very close to that of the pure solvent
and thus very low. Because of the low viscosity and the wetting properties of the solution
and the substrate, the solution does not spread out evenly while spinning. It was therefore

necessary to cover the whole surface with the polymer solution before spinning.

Beside the work function lowering effect of the oxygen plasma in the ITO (see
Chapter 2.8), the treatment also decreased the contact angle, i.e. the solution spreads out

more evenly than on the pristine ITO surface.

Beside the spin speed and the concentration of the solution, the choice of solvent
has an impact not only on the thickness of the polymer film but also on the morphology of
the deposited film. During the spin process, the mass transport is caused by radial forces.
But the solution is also exposed to tangential forces while the substrate is accelerated. The
resulting forces cause the solution to exhibit a radial wave-like profile. If the solvent is
evaporating too fast, this pattern is “frozen in”. The resulting film shows a radial pattern of
hills and valleys leading to a non-uniform electric field distribution in the device. Figure 2-
30 shows the EL micrograph of a device which was fabricated using chloroform as the sol-
vent (PVK:PBD:bimane) at 2000 rpm where the ripples in the emission profile are caused
by the thickness variations. The problem was alleviated using a more dilute polymer/chlo-
roform solution and spinning at a lower speed. For this, we used a solution with 75 mg PVK
in 7 ml chloroform. A spin speed for an 800 A thick polymer film was obtained to be 600
rpm. Using a solvent with lower vapor pressure (such as chlorobenzene or dichloroethane),
however, solved the problem completely. Because the solvent evaporates more slowly, the
substrate acceleration phase is concluded before the solvent evaporates completely.

Because of that, the radial waves subside during the constant spin speed phase.

Figure 2-31 shows the obtained film thickness as a function of the spin speed for
different solvents, chloroform (CHCl;) and tetra-hydrofuran (THF, C4HgO). The viscosity
of the THF-solution is slightly lower than that of the CHCl;-solution resulting in thinner

films at similar spin speeds.
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Figure 2-30. EL micrograph of a device (diameter 1.5 mm at 50 mA/cm?) with
inhomogeneous polymer film thickness due to fast solvent evaporation. The device was
fabricated using chloroform as the solvent. The polymer film was deposited at 2000 rpm.

spin speed Q [rpm]

10000 2500 1600 800
T T T T T T T T
— 1500 | .
<
Re]
A
[}
<
© 1000 |- _
£
£
500 .
0 P N T R T S
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

-1/2

Q
Figure 2-31. Polymer film thickness as a function of spin speed.

Table 2-3 lists the experimentally obtained polymer film thickness for different sol-
vents at a spin speed of 4000 rpm for 60 sec. Because chloroform has such a high vapor
pressure, it evaporates very fast resulting in thick polymer films. Toluene, on the other
hand, evaporates much slower, yielding thin polymer films. The turn-on voltage decreases

with film thickness. To analyze the electric field across the polymer film at the turn-on volt-
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age, we divided the turn-on voltage by the film thickness. Except for tetrahydrofuran, we
obtained a nearly constant value of 52 MV/m. This constant electric field is consistent with

the simple model of carrier injection with barriers at the contacts and a trap free polymer

film.

Table 2-3. Film thickness and turn-on voltage of PVK/PBD devices fabricated with different solvents.
Values for vapor pressure are taken from Ref. [70]. The turn-on voltage is in this case defined as the voltage
at which the dark-current of the detector equal to the photo-current (see Figure 2-16).

solvent vapor pres- polymer con- | film thickness | turn-on electrical
sure [kPa] at | centration [A] voltage field at turn-
room temp. [mg/ml] [V] on voltage

[MV/m]

chloroform 26 133 1080 5.4 50

chloroform 26 15.4 1250 6.2 49

tetrahydrofuran | 22 133 900 7.1 79

dichloroethane 10.6 133 800 4.4 55

toluene 3.8 133 550 3.1 56

The dependence of the turn-on voltage on the solvent and spin speed was reported
earlier [71][72][73]. The fact that devices fabricated from THF solution displays the high-
est electric field at the turn-on voltage, is in agreement with the observation discussed in
[71], that non-aromatic solvents tend to form polymer/metal or polymer/ITO interfaces

with higher injection barriers.

2.12 Summary

In summary, we fabricated single layer OLEDs using PVK as the host polymer and
hole transport material, and PBD as electron transport material. These devices were doped
with an appropriate dye to change the emission color. The details of the fabrication process

have been outlined in detail.

The difference in EL and PL device performance was investigated in detail. In addi-
tion, the device characteristics as a function of dye concentration has been explored. A car-

rier transport model has been introduced which can explain these observations.

The surface morphology of the polymer film and the device performance dependent
on the solvent used during the spin-coating process have been discussed and a solvent has

been chosen for our device fabrication.
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3 Patterning Techniques of
the Emissive Layer for Full-
Color Organic Displays

To convey the impression of a single mixed color to the observer, red, green and
blue emitters have to be in close proximity. Although many display products are low-con-
tent displays, high-resolution products like computer screens are the ultimate application
for OLED displays. Although cones provide color vision in the human eye, at the point of
the highest spatial resolution on the retina (fovea), the vast majority of the receptors are
rods, which only detect brightness. To fully utilize the capability of the eye, the pixel pitch
of the display’s image on the retina should equal the pitch of the rods on the retina. At the
fovea, the density of rods is about 150,000 rods/mm? [1], and the average distance between
two cones at this point is therefore about 2.6 um. Considering the optics of the eye, the
angle between two pixels should be about 20 sec of an arc. In fact, neurological image pro-
cessing starts in the retina where the nerve cells connected to the rods can actually block
each other and thereby enhance the contrast and resolution [2]. However, measurements
show that the practical limit of the spacial resolution of the human eye is about 40 lines per
degree [1]. Thus, for a computer screen (assuming the observer is about 40 cm away from
the screen) the distance between pixels should not exceed 0.1 mm where each pixel consists
of three subpixels emitting in the red, green, and blue. The required fine pattern along with

the large area of the display poses a unique fabrication problem for OLED displays.

This chapter reviews some of the suggested technologies to achieve full-color dis-

plays with its advantages and disadvantages.

The technology of dye transfer into electroactive polymers, which is the main focus

of this work, will be briefly outlined. It will be discussed in detail in the following chapters.
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3.1 Patterning Techniques using Materials Emitting
Different Colors

3.1.1 Direct Deposition of Red, Green, and Blue Emitters

The most straightforward approach to obtain emission from red, green and blue sub-
pixels is the direct deposition of material emitting this color. The efficiency of this method
is optimal because no external filtering is necessary. However, a concern is a long-term

color shift due to different aging characteristics of different emissive materials.

3.1.1.1 Shadow mask

The shadow mask technique is the simplest patterning method where the emitting
material is thermally evaporated onto the device substrate through a shadow mask
[3][4][5]. This technology requires vacuum processing and the alignment in the vacuum
environment is problematic. The shadow mask must be in close contact with the substrate
in order to reproduce small feature sizes accurately which poses a risk of mechanically
damaging the device. In addition to the high fabrication cost of a shadow mask, the feature
sizes are limited due to stability requirements of the mask. The process is shown in

Figure 3-1. After the deposition of the first emitting material, the shadow mask is shifted

substrate | | | |
ITO —>I_._._I > L-—D—-—D—l — > | NN ON
B | _\ I I I BN
[1[‘1[ o 1[‘1[‘
deposition of red emitter deposition of green emitter deposition of blue emitter

Figure 3-1. Patterning of the emissive layer using a shadow mask.

followed by the evaporation of the second emitting material. This procedure is repeated
until all three materials are deposited. In addition, the cathode material can be deposited

directly after the emissive layer has been formed without breaking the vacuum.

In February 2001, Sony Corp. demonstrated a full-color display (800 by 600 pixels)
with a 13.1 inch diagonal fabricated using this technology [6].

47



Because materials with high molecular weight can not be deposited by thermal

evaporation this method is not applicable to polymer-based OLEDs.

3.1.1.2 Ink-Jet Printing of Polymers

Since polymers have good film-forming properties, they can be deposited by spin-
coating onto the device substrate. However, in this case, the film is homogeneous and is
only capable of emitting a single color. To locally deposit different polymer material, ink
jet printing has been demonstrated to be a viable technology [7]. In this case, a small drop
of the solution with the proper polymer is deposited onto the substrate. The drying proper-
ties of the drop are of major concern because an uneven morphology leads to an non-uni-
form emission pattern and ultimately to early degradation of the device [8][9]. Careful

choice of materials can alleviate the problem.

In addition to the choice of materials, the use of a substrate pre-patterned with
“banks” has been reported [10][11]. As shown in Figure 3-2, a material is deposited onto
the substrate. The “banks” confines the solution and helps to form a more uniform polymer

film.

Among other companies, Seiko-Epson and Toshiba have decided to pursue this
approach. In June 2001 Seiko-Epson demonstrated their ink-jet printed 2.5-inch display
with 150 by 200 pixels. Toshiba showed a very similar product [6].

“banks”

o el

ITO

glass substrate

Figure 3-2. Use of “banks” to confine the polymer solution during the ink-jet process.
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3.1.1.3 Screen Printing

Recently, the deposition of the polymer film by screen printing has been demon-
strated [12][13]. Analogous to the conventional screen printing technology used in the
printing industry, the polymer solution is applied through a shadow mask (stencil) onto the
substrate by squeezing the solution through the openings of the mask. This process has the
potential of low fabrication costs. For a full-color display, three successive deposition steps
have to be carried out. This process bears the risk of mechanically damaging the already
deposited polymer features during the following printing steps resulting in short circuited

devices.

3.1.1.4 Dry Etching
Using oxygen plasma to locally etch away the organic layer after deposition has

been utilized to fabricate a three color device [14]. After the first deposition by spin-coating
of a polymer solution, the cathode was evaporated at places where devices with the respec-
tive emission color were desired as shown in Figure 3-3(a) using a shadow mask. The sub-
sequent dry etching step removed the polymer layer where it was not protected by the
cathode metal layer (b). Before the next polymer layer could be spun-on, the existing device
had to be completely encapsulated to avoid damage to the already deposited polymer layer
due to sensitivity to solvents. To this end, a second metal layer was evaporated (c). Subse-
quently, a second polymer layer was spun-on, and the procedure was repeated until a three

color device was fabricated (d).

ITO cathode organic layer

(b)

glass substrate

(c) (d)

Figure 3-3. Fabrication of three colors using dry etching of organic layer.
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Because of the cumbersome fabrication process, this approach has little potential to
be utilized in an industrial environment; unless the patterning is done by a printing process.
However, the technology would still require many steps and therefore be relatively expen-

sive.

3.1.2 Direct Emission of RGB by Local Dye Doping

3.1.2.1 Ink-Jet Printing of Dye Solution

As outlined in Chapter 2.3, the emission color can be tuned by introducing a small
amount of dye into the host material [15]. To avoid the problem of non-uniformities caused
by the drying of ink-jet printed droplets, a dye-containing solution (which does not dissolve
the polymer) is printed using ink-jet technology onto a substrate previously coated with a

uniform polymer layer as shown in Figure 3-4. The dye then diffuses into the polymer layer

solvent droplet containing red dye
solvent droplet containing green dye
/ blue emissive polymer layer
ITO ITO
glass substrate glass substrate

Figure 3-4. Patterning of the emission color by locally printing of dye solution.

during the evaporation of the solvent and thereby changes the emissive color of the polymer
film. The emission of the dye has to be of longer wavelength than the host material to allow
for energy transfer from the host to the dye [16]. However, due to the drying properties of
the solvent droplet and mass transport within the droplet, the lateral distribution of the dye
still needs to be optimized [17].

3.1.2.2 Dye Transfer Method

The idea of introducing a small amount of dye into a previously deposited layer is
also the basis for the dye transfer method. In this case, the dye is locally transferred over a
large area into the polymer film and thus changes the emission color of the device [18].

During this process, the dye desorbs from a source substrate containing the dye and travels
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to the emissive polymer film. A mask sandwiched in between the dye source substrate and
the device substrate defines the dyed pattern as shown in Figure 3-5. The mask may be inte-

grated in the display plate or into the dye source plate (see Chapter 6.2). Alternatively, the

dye source

05 8§

!

& 0" 0523

mask

polymer film of
future devices

lass substrat

Figure 3-5. Dye Transfer Method. [16]

dye source itself may be patterned (see Chapter 6.2). After the device substrate has been

patterned to locally emit different colors, a metal cathode is thermally evaporated. As with
the use of different emitting materials, the color stability of the display is an issue, because
the dyes used have different aging characteristics resulting in a long-term color shift. How-
ever, devices fabricated using this process can be very efficient, because no external filter-

ing is necessary.

The main focus of this thesis is on the process of dry patterned dye transfer.
Chapter 4 discusses the dye transfer and its underlying concepts, whereas Chapter 5 and

Chapter 6 concentrate on the technological details.

3.1.3 Photobleaching

A very promising technology of photobleaching was introduced by Kido ef al. [30].
Mixing a photosensitive dye in the spin-on polymer solution, the dye was locally and selec-
tively deactivated by UV radiation using a conventional photo mask to define the pattern.
Therefore, the dye emits in its respective color when it was not irradiated with UV, and the
emission occurs from the host when the dye has been bleached. So far, the stability of the
dye has been insufficient. In addition, only a two-color device have been demonstrated

because of the lack of suitable photosensitive dyes.
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3.2 Patterning Techniques using a Uniform Emissive
Material

3.2.1 RBG emission by white emission and color filtering

Conventional liquid crystal displays (LCD) operate by locally blocking white light
from a back light. The white light passing through each of three subpixels is then filtered
to emit red, green, and blue. The idea has its equivalent in the white-emitting OLED
[19][20][21][22], where each of the subpixels is subsequently filtered in the same fashion
as shown in Figure 3-6. The advantage of this method is the use of very reliable color filter
technology and a uniform aging characteristics. But due to the filtering, the efficiency of

the device is lower than direct emitting devices.

cathode

ITO

glass substrate

/

color filter white emitting organic layer

Figure 3-6. RGB emission using white emitter and color filters.

3.2.2 Emission of RGB with color converting materials

Applying the well understood idea of converting light of a short wavelength to light
of a longer wavelength [23] to OLEDs, the blue photon can be changed to red or green by
color converting materials (CCM). In the same fashion as white light is filtered by color
filters, the blue emission is converted into green and red emission by converting material
in front of the emitting subpixel (see Figure 3-7) [24][25]. Again, due to the limited effi-
ciency of the conversion process, green and especially red devices have lower efficiencies
than direct emitter. In addition, although the aging of the emission layer is uniform, the

aging characteristics of the conversion material is not.
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cathode

ITO blue emitting organic layer

glass substrate

H H

red green blue
color conversion material

Figure 3-7. RGB emission using color conversion materials.

3.2.3 Microcavity

Because the thickness of the emission layer is of the order of the emitted wavelength
of the light, the thickness of the film can be used to tune the emission color in a certain
range by constructive or destructive interference [26]. While this method can increase the
color purity of the emission, it is not possible to efficiently cover the full range of the visible
spectrum with only one emissive material [27][28][29]. In addition, due to the geometrical
configuration of the device, a spectral shift depending on the viewing angle is also prob-

lematic.

3.2.4 Stacked OLED

The concept to stack transparent or semi-transparent red, green, and blue-emitting
devices on top of each other has been realized by Forrest ef al. [31][32][33][34]. In the area
of a single device, the structure could therefore emit the full range of color. But because the
devices are stacked in a way that the cathode of the blue emitting sub-device is the anode
of the green one to minimize the number of layers, the addressing scheme is very difficult.
Furthermore, patterning of all layers to directly contact the intermediate layers is problem-
atic. Although this approach is very simple and elegant, so far, no display has been fabri-

cated due to the complicated fabrication process and operation scheme.
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4 Dye Transfer by Thermal
Processing

The basic operation of OLED color patterning by local transfer of dye has been
already outlined in Chapter 3.1.2. This chapter focuses in detail on the transfer of the dye
from a dye source to the device, the subsequent thermally-driven diffusion of the dye in the
device polymer film, and the obtained device characteristics. This chapter elaborates on
these transfer processes themselves without any patterning. Chapter 5 describes the use of
a solvent vapor to increase the diffusion of dye in the device polymer layer. Actual pattern-

ing approaches to locally change the emission color of a device are given in Chapter 6.

Chapter 4.1 gives the basic concept of masked dye transfer, and shows how it can
be used to change the emissive color of the device. A method to create the dye source plate

and carry out the whole process in air is demonstrated.

Chapter 4.2 presents the electroluminescence performance of dye-transferred
devices, and the necessity of annealing after the initial dye transfer to distribute the dye
throughout the polymer film. The ability to re-distribute the dye without damaging the

polymer is raised as a key challenge to this thesis.

Chapter 4.3 and Chapter 4.4 introduce two methods to determine the distribution of

dye in the polymer film, and results and limitations of these methods are presented.

The theory of diffusion in polymers and the concept of glass transition is discussed

in Chapter 4.5 and Chapter 4.6.

4.1 Concept of Large-Area Dye Transfer
The concept of dye doping (see Chapter 2.10) where a small amount of dye is incor-
porated in a matrix to change the emission color and to increase the efficiency of the device

is a widely utilized method [1][2][3][4][5]- We suggested the use of a large area dopant
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source, which provided the dye to be transferred, and a shadow mask to locally pattern the
emission color of the device [6]. The mask is sandwiched between the device substrate and

the dye source as shown in Figure 4-1. The transfer is then carried out at elevated temper-

glass substrate / dye source layer

CZAENNNNNEINNNNNEZANNNNN shadow mask

ITO X\

glass substrate emitting polymer

cathode dyed region

\A A/

Figure 4-1. Local dye transfer to device polymer layer using a large area dye source and a
shadow mask [6].

atures to enhance the transfer process. The dyed regions are subsequently capped with a
cathode metal layer. If the dye has been properly chosen, the resulting device emits now

only at the characteristic wavelength of the dye.

Figure 4-2 shows the photoluminescence spectra of a film which has been pro-
cessed in this fashion: A film of pure PVK was held at 100 °C in an oven in air for different
times during the transfer of the dye C6. The distance between the two substrates was about
50 pm. The dye source was a substrate with a layer of pure C6 deposited by thermal evap-
oration. After a process time of 15 min, the spectrum shows an emerging C6 peak. The C6

emission dominated the spectrum after 30 min.

This process can be repeated with different masks and dyes to create separate
regions of polymer emitting different colors. Integrated RGB devices fabricated with this
technique are discussed in Chapter 8.1. It will also be shown that integrated RGB devices

can be achieved with only two transfer steps.
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Figure 4-2. Photoluminescence spectra of a PVK film after different process times at 100
°C in air. The dye C6 was transferred to a film of pure PVK (emission peak at 495 nm) [6].

The process of large-area dye transfer outlined in this chapter has significant tech-
nological advantages over other patterning methods: The simultaneous processing over the
whole area of the display offers a high throughput in the production process. In addition,
the technology is compatible with roll-to-roll processing which could further improve the

productivity.

However, this method also poses some problems. The shadow mask has to be pre-
cisely aligned to avoid “color-bleeding”. A method to replace the shadow mask by photo-
lithographic means is discussed in Chapter 6.2. In addition, for the dye to be active, it must
be diffused into the polymer layer rather than being accumulated at the polymer surface. To

achieve this, we designed a post-transfer anneal step which is discussed in the next section.
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4.2 EL Performance of Devices with Transferred Dye
and Post-Dye-Transfer Annealing

4.2.1 Performance of the Device with Transferred Dye

Performing the dye transfer process on glass/ITO substrates (cleaned and oxygen-
plasma-treated) and using the standard PVK/PBD mixture, we fabricated devices which we
expected to emit according to the dye transferred. In addition to samples with transferred
C6, we also prepared samples with Nile red transferred into the polymer film. In both cases,
the transfer time was one hour at 80 °C in air. A cleaned glass slide with a heavily doped
PVK layer (50% dye by weight in the final film) served as the dye source. After thermal
evaporation of the Mg:Ag (10:1) cathode, the devices were tested and the efficiency was
calculated. The efficiency was very low, but more surprisingly, the emission color did not
change to the characteristic emission of the transferred dye. The external quantum effi-
ciency of the devices did not exceed 0.05% for any device, and the emission was mainly
from the PVK/PBD film. The I-V characteristics and the measured photocurrent are shown
in Figure 4-3. For comparison, a control device with C6 contained in the spun-on film and
not exposed to any heat treatment is also presented. Whereas the I-V curves for these
devices are similar, the measured photo current is more than one order of magnitude less
than that of the control device. To discern if this poor performance is caused by the heat
treatment during the transfer process, we exposed a control device to the same heat treat-
ment as a device undergoes during the transfer process (80 °C for one hour in vacuum). The
device did not suffer considerable damage due to the heat treatment; neither the [-V curve

nor the photo current show significant degradation as shown in Figure 4-3.

For a change in electroluminescence emission, the dye has to be in or close to the
recombination zone of the device. It is known, because of the good hole transport property
of PVK and the higher injection barrier for electrons, that the recombination zone in our
devices is rather close to the cathode [8]. However, due to cathode quenching [9], it is
unlikely that excitons will radiatively recombine very close to the cathode layer. The
absorption length of UV light in the PVK/PBD layer is much greater than the distance from
the cathode to the recombination zone. As a result, the PL spectrum is less sensitive to the

location of the dye than the EL. Under these considerations and because the PL spectrum
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Figure 4-3. -V characteristics and measured photo current of a control device (not
exposed to any heat treatment, solid line), of a heat treated device (80 °C for one hour in
vacuum, dashed line), and a device with C6 transferred by dye diffusion (80 °C for one
hour in vacuum, dotted line) [7].

was dominated by the transferred dye under UV light, we could rule out the possibility that

not enough dye was transferred.

From these results we concluded, that the dye probably accumulates on the surface
or very close to the surface of the polymer layer. It may be that the very high concentration
of dye in the near surface (which is where the EL occurs) leads to dye-dye complexes (exci-
mer) which prevent emission from the dye (while PL can occur from a deeper layer). It is
therefore necessary to drive the dye deeper into the bulk of the polymer film. The first
approach to accomplish this was to expose the device to a high temperature treatment for

an extended period of time after the initial dye transfer.

4.2.2 Photoluminescence and Post-Dye-Transfer Annealing

The process of introducing a dye molecule into the target film consists basically of
four steps: the dye must desorb from the source film, travel to the surface of the target film,
and absorb on the surface (and not re-evaporate) and finally diffuse into the film. If the dif-
fusion is slow compared to the desorption and transfer process, the transferred dye will pile

up on top of or very near to the surface of the target polymer film. Thus annealing of the
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sample after the dye source plate and the mask are removed might increase the photolumi-
nescence as more dye diffuses into the film. Figure 4-4 shows the normalized PL spectra of
a PVK/PBD/bimane film in which C6 was transferred at 80 °C for one hour in vacuum. The
dye source substrate was a thin film of pure dye deposited by thermal evaporation on a glass
substrate held at a distance of 50 um to the polymer film. The film was then annealed at 90
°C for 3 hours in vacuum. The relative intensity of the C6 emission compared to the bimane
emission increases after the anneal process, indicating that more dye is active in the emis-

sion process which previously was piled up on the surface of the polymer film.
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Figure 4-4. Normalized PL spectra of PVK/PBD/bimane film with C6 transferred. The
sample was annealed for three hours at 90 °C.

4.2.3 Electroluminescence and Post-Dye-Transfer Annealing

After the device substrates with dyes diffused into the polymer were exposed to the
heat treatment (three hours at 90 °C), a metal cathode was thermally evaporated (Mg:Ag,
10:1). Table 4-1 shows the external quantum efficiencies of devices fabricated this way in
comparison to control devices with dye contained in the spin-on solution. In addition,
Figure 4-5 shows the normalized EL spectra of device with bimane contained in solution
and C6 or Nile red added by dye transfer. The emission is now clearly controlled by the

diffused dye with only little emission from bimane. However, the efficiencies of the
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devices were still quite low and the turn-on voltage was high compared to control samples

with dye contained in the spin-on solution.

Table 4-1. External quantum efficiencies of devices with diffused dye and control devices [6]

control device diffused dye device
Blue (bimane) 0.25% 0.1%
Green (C6) 1% 0.4%
Red (Nile red) 0.6% 0.13%

1.4l""l""l""l"'
—— bimane, no dopant added by diffusion -

1.2 —— - C6 added by diffusion i
''''' Nile red added by diffusion
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Figure 4-5. Electroluminescence spectra of a blue, green, and red device fabricated using
the dye transfer method. Blue devices contained bimane from spin-coated film, green
devices contained C6 (transferred) and bimane, and red devices contained Nile red
(transferred) and bimane. After initial dye transfer at 70 °C, the samples were kept in
vacuum at 70 °C for 12 hours. [6]

To investigate the reason for this poor performance, we exposed control samples
with dye contained in solution (standard C6 device, see Chapter 2.8) to different tempera-
tures in vacuum or air. Figure 4-6 shows the I-V curves and the measured photo-current of
standard C6 samples (0.2% C6 in the final PVK/PBD film), which were exposed to differ-
ent temperatures for one hour in vacuum. The turn-on voltage increased significantly from
about 5 V for the non-treated sample to about 13 V for the sample kept at 115 °C for one

hour. In addition, the efficiency of the devices was negatively impacted. The characteristics
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Figure 4-6. [-V characteristics (solid symbols) and measured photo-current (open

symbols) of standard C6 devices exposed to heat treatment at various temperatures for one
hour in vacuum.

of devices kept in air were even more degraded than those of devices kept in vacuum during

the heat treatment.

These results clearly explain why the characteristics of devices with diffused dye
have a lower efficiency. It also prohibits utilizing heat treatment as annealing step to drive

the dye further into the bulk of the polymer film above 80 °C.

The damage due to heat treatment is very dependent on the polymer used. For
MEH-PPYV it has been reported [10] that annealing of a device at the glass transition tem-

perature at 210 °C for several hours actually increased the efficiency because of the

increased interchain interaction.

In Chapter 5, we show that exposing the device polymer to a solvent vapor can
increase the diffusion of dye in the polymer by several orders of magnitude, so that a satis-

factory dye re-distribution can be achieved at low processing temperatures.
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4.3 Secondary Ion Mass Spectroscopy

4.3.1 Method for Probing the Dye Profile by SIMS

We employed Secondary Ion Mass Spectroscopy (SIMS) to determine the dye con-
centration profile in polymer films with transferred dye. Using a high energy ion beam
(Cesium, 2 keV) targeted onto the polymer film, the molecules are destroyed on impact of
the ions and the mass of the resulting ions of the debris is analyzed (ion counts per second).
Because only the surface layer of the film is being destroyed and analyzed, repeated sput-
tering with the ion beam at the same spot yields depth information of the material compo-

sition of the film. The analyses were performed at Evans East in West Windsor, NJ.

4.3.2 Sulfur as Marker for C6 and Oxygen Interference

Figure 4-7 show SIMS data of a sample with C6 transferred into PVK at 70 °C for
one hour. Because C6 is the only material containing sulfur, the element can be used as a
tracer to indicate the distribution of C6. In this plot, the counts per second for carbon, oxy-
gen, sulfur-32 and sulfur-34 are presented. The thickness of the polymer layer (850 nm by
ellipsometry) was higher than the SIMS data showed (650 nm) because the sputter rate was
not well calibrated in this case. The sulfur count increases at the polymer/ITO interface due
to oxygen interference from the ITO (16024r is interpreted as 32SJF). The profiles of the two
sulfur isotopes are not perfectly proportional. Considering the natural abundance of sulfur-
34 of 4.4%, the adjusted curve (sulfur-34 * 22.5) is shown as a dotted line. The reason for
this discrepancy was found to from oxygen in the polymer which increased the 32g* signal.
To avoid this interference, we observed that leaving the samples in the vacuum chamber
prior to the analysis for several hours outgassing significantly reduced the amount of
oxygen trapped in the film and, in turn, decreased the interference between the sulfur and
oxygen signal. This is shown in Figure 4-8, where the same sample (a PVK/PBD film
doped with C6 from a highly doped PVK film as dye source, dye transfer at 70 °C in
vacuum for one hour) was analyzed twice, one time after approximately two hours in the
vacuum chamber (solid lines) and then again after one additional hour (dashed lines). In the

case where the sample was kept longer in the vacuum chamber, the oxygen signal is

reduced due to outgassing of oxygen. At the same time, the 32-sulfur signal decreased as
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well. However, the 34-sulfur signal remained constant, indicating that the decrease in 32-
sulfur is due to the reduced interference from oxygen. In the following experiments
reported in this thesis, the SIMS analyses were carried out after the sample was left in the

vacuum chamber over night to minimize the influence of oxygen.
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Figure 4-7. SIMS data of PVK film with C6 transferred at 70 °C from a PVK layer highly
doped with C6. The profiles for carbon, and the sulfur isotopes 32-S and 34-S and shown.
The dashed line represents the 34-S signal intensified according to the ratio of its natural
abundance vs. 32-S. The discrepancy between this signal and the 32-S signal is due to
oxygen interference.

4.3.3 Resolution Limit of SIMS

To establish a lower limit to the resolution of the SIMS analysis, we evaporated a
very thin film of C6 (20 A) onto a glass substrate spin-coated with a PVK layer. The sample
was then analyzed without further treatment to ensure that the dye did not significantly dif-

fuse into the PVK layer.

During the SIMS analysis, the heavy ions bombard the surface of the sample. Most
of the debris will desorb from the surface on impact. However, some atoms are driven
deeper into the film due to the momentum of the ion. This phenomenon is well understood
and is usually referred to as the “knock-on effect”. We expected this effect to be particularly

significant because of the low atomic number of the constituents of the polymeric material.
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Figure 4-8. SIMS analyses of a PVK/PBD film in which was C6 was transferred for one
hour at 70 °C from a highly doped PVK layer as the dye source. Two analyses were
performed after the sample was kept for two hours (solid line) and after three hours
(dashed lines) in the vacuum chamber. The oxygen signal decreased due to outgassing,
and the 32-sulfur signal decreased because due to less interference with oxygen.

The SIMS profile of the sample is given in Figure 4-9 (squares) and is very similar
to the one shown in Figure 4-7. From this observation, the SIMS resolution limit was deter-
mined to be 17 nm/decade. No useful information can therefore be obtained by SIMS if the

dye concentration changes within 20 nm by more than a decade.

4.3.4 Dye Profiles Before Annealing

Figure 4-7 and Figure 4-8 show that the dye is indeed accumulated on top of the
polymer film or very close to the surface of the film after the transfer at 70 °C. It has been
reported [11], that the diffusivity is enhanced near the surface of a polymer film due to extra
free volume because of changes in the packing density. Therefore the dye may enter the
polymer film during the initial transfer step at 70 °C, but does not substantially diffuse into

the bulk of the layer.

4.3.5 Dye Profiles after High-Temperature Annealing
SIMS was used to track the motion of dye during high-temperature annealing. In

this case, the samples were prepared by evaporating a thin film of C6 on a sample with a
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previously spun-on polymer layer (100 mg PVK, 40 mg PBD in 7 ml chlorobenzene, result-
ing in a 850 A thick film). The PVK/PBD film was not intentionally heated during the evap-
oration. The samples were then annealed at 92 °C for 4 hours and for 8 hours. The resulting
SIMS profiles are pictured in Figure 4-9. After annealing, the penetration of C6 into the
PVK layer is still clearly limited. This result is in agreement with that obtained using Dif-
fusion-Depth-Sensitive Photoluminescence (see Chapter 4.4). From the data of Figure 4-9,
the diffusion coefficient in the standard PVK/PBD blend was estimated from the graph to
be 10717 cm?/s.
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Figure 4-9. SIMS profiles of PVK/PBD film with C6 deposited by thermal evaporation
and then and annealed for 4 hours (triangles) and 8 hours (circles) at 92 °C in vacuum.
Open symbols represent the carbon signature, closed symbol the sulfur-32 signal. For
comparison, the profile of a non-annealed sample is also shown (squares). The reason for
the anomalously large dye signal in the polymer film before the high-temperature anneal is
not known, and may be due to excess water vapor or oxygen in the film. [12]

The results of the thermal damage observed in I-V characteristics (see
Chapter 4.2.3) together with this outcome pose the challenge. Device performance consid-
erations do not permit a heat treatment at temperatures higher than 80 °C. At the same time,

the dye does not diffuse sufficiently at temperatures below 92 °C in a reasonable time.
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4.4 Diffusion-Depth-Sensitive Photoluminescence

Because SIMS is very expensive and has a slow turnaround, and because it is only
applicable to dyes with chemical elements other than those found in the host (other than C,
N, O), a rapid general method of estimating the dye profile and diffusion coefficient was

sought.

Therefore we developed the technique to independently probing the photolumines-

cence at the top and the bottom of the polymer film after the dye diffusion.

4.4.1 Introduction to Diffusion-Depth-Sensitive Photoluminescence
Because the absorption length at the excitation wavelength of 254 nm is about 50

nm in PVK (less than the 100 nm thickness of the PVK film [13]), we were able to probe

the front and the back of the PVK film separately as shown in Figure 4-10. This required

the use of sapphire substrates, which are nearly transparent to UV light at this wavelength.

/ C6 molecules

PVK/bimane

sapphire substrate

emission

Figure 4-10. Diffusion Depth Sensitive Photoluminescence (DDSP): The polymer film
containing bimane was excited by UV from the front and the back side of the sample and
the resulting emission spectrum recorded.
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4.4.2 Quantitative Analysis

Our goal is to use this method to extract quantitative data on the dye profile. To this
end we developed a quantitative model for extraction of D from the photoluminescence
spectra. We expect that the actual dye profile will not be a simple solution of a Gaussian
distribution (as for diffusion from a limited source) or a complimentary error function (as
for diffusion from an unlimited source) (see Chapter 4.2, [14]). Because the dye diffuses
from a very thin layer with a high concentration of dye on the surface of the polymer film
into the bulk, the dye profile is likely to be a superposition of the two solutions. Knowing
the absorption length of UV light by PVK (see Figure 2-13), it is possible to compute the
diffusion length from the ratio of the intensity peak of the dyes on the front side in relation
to the ratio on the back side. This approach assumes that the ratio of the emission peaks of
bimane and C6 is a unique function of their mass ratio. To show this, we recorded PL spec-
tra under UV illumination (215 nm) of a PVK film containing the dyes bimane (0.3% by
weight in final film) and the appropriate amount of C6 in the spin-on solution. The C6/
bimane emission ratio k(w) = 6 , Wwhere w is the C6/bimane mass ratio and / is the
peak intensity of the emission oftitilrlnémreespective dye, is a linear function of the C6/bimane
ratio for low C6 concentrations. At higher C6 concentrations, the function becomes super-

linear as shown in Figure 4-11

Using the absorption length @ of UV light (at 215 nm) in PVK, one can describe the
local UV intensity /iy within the polymer film by (refer to Figure 4-10)

Iy (x) = Iyexp E—% (4-1)

where [ is the incident UV intensity at the surface. The measured PL C6/bimane intensity

ratio k g from the front side (i.e. the polymer side) is therefore

r

Kpont = I[UV (x) k(w(x)) dx 4-2)
0

where 7 is the thickness of the polymer film and w(x) is the local C6/bimane mass ratio.
Given the dye concentration g(x), this ratio can also be written as

_ Coglx) _ < 2(x) (4-3)
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Figure 4-11. Ratio of C6/bimane PL emission of a PVK film containing 0.3% (by weight)
bimane as a function of C6/bimane mass ratio. The C6 level is varied. The dashed line is a
linear fit (k= 10.3 w), and the dotted line is a quadratic fit (k=2 w + 7.6 w2) [15].

where Cy is the total amount of C6 transferred and cp;pane 1S the bimane concentration in
the film, which is constant because bimane is contained in the spin coated film. Approxi-

mating the function k(w) by a quadratic expression

k(w) = aw + [3w2 (4-4)

and substituting Equation (4-3) and Equation (4-4) in Equation (4-2) yields
r

kiron = [Tov () (kag(x) + BK’g (x)) d (4-5)
0

A similar expression can be obtained for the emission Ay, from the backside of the
substrate. Because we measure the ratio between the bimane and the C6 peak, the measure-
ment is not influenced by absorption due to the sapphire substrate.

r

ke = [[Luy (r=x)(Kag(x) + BK’g’ (x)) dx (4-6)
0
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We define now 4, the dye uniformity coefficient [12], which is the quotient of the

dye emission ratios k g, and & p,cp-

r

[Toy () (kag(x) + BK’g"(x)) dx

h = kfront _ 0 (4-7)
kback )
J 1y (r=x)(kog(x) + BK7g"(x)) dx
0
Substituting Equation (4- 1) yields
fexp D(O(g(X) + Brg’(x)) dx
k
h = kfront _ (4-8)
back

_[e P D(Gg(X)+ BKg’ (x)) dx

For low C6 concentrations, a linear approximation of k&(w) is sufficient (3=0). In this

case, Equation (4-7) can be simplified to

J'exp Dg(x) dx

h = kfront _ (4-9)
kback :

J' exp E—F—;Bg(x) dx
0

Assuming g(x) to be a Gaussian distribution (see Chapter 4.2)

g(x) = ﬁexpgi% (4-10)

or a distribution governed by the complimentary error function,

g(x) = erfc%% (4-11)

where L is the diffusion length, we computed /4 for different values of L based on Equation

(4-9), as shown in Figure 4-12. The used MATLAB routine is given in the appendix
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(Chapter 9.1). The parameter used in this calculation are listed in Table 4-2. If 4 =1, the

dye distribution is uniform throughout the film.

Table 4-2. Parameters of DDSP calculation

variable in Equation | MATLAB variable value
(4-8)
UV absorption coefficient a abs 500 A
polymer film thickness r n 1000 A
a al pha 10 (linear fit)
2 (quadratic fit)
B bet a 0 (linear fit)
10 (quadratic fit)
K kappa 1 or 100 cm®

gaussian

uniformity coefficient h

=
=~
=~ - _
=~ - -

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400
diffusion length L [A]

Figure 4-12. Computed uniformity coefficient / as a function of the diffusion length L. If
h =1 the dye profile is flat in the polymer film.

4.4.3 Limitations
The first source of error is introduced by neglecting excitonic diffusion. After being
created on PVK, excitons are free to diffuse. Because of that, the place of creation does not

necessarily coincide with the place of emission. This effect “smears out” the measurement,
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leading to a higher diffusion length L. However, the diffusion is limited by the exciton life-
time on a dye molecule, which is very short. The maximum error is therefore about the

mean distance between two dye molecules. For moderate doping level, this distance is ~ 10

A.

If the dye concentration is higher than that of bimane, the C6 emission grows super-
linear with C6 concentration (see Figure 4-11). In this case, the assumption that =0 in
Equation (4-9) is no longer valid. Depending on the dopant source used, the concentration
of the transferred dye can be significantly higher than the bimane concentration. For exam-
ple, if the dye source consists of a polymer film doped with 30% C6 and the bimane con-
centration in the PVK/PBD film is 0.3%, the C6 concentration in the device polymer film
after the transfer process can be as much as 100 times higher than the concentration of
bimane. Based on the parameters extracted from a quadratic fit of data shown in Figure 4-
11 (a =2, =7 in Equation (4-4)), Figure 4-13 shows the impact of the increased C6 con-
centration with K =100 compared to the linear case with 3 = 0 in case of a Gaussian distri-
bution. For the same value of L, 4 is increased for high dye concentrations, due to the non-

linear C6/bimane emission ratio at high C6 doping levels.

As can be seen in Figure 4-13, the introduced error due to the quadratic term in £ is
relatively small and should not have a significant impact on the results of the measure-

ments.

The technique also assumes that all transferred dye molecules are accessible to
excitation by excitonic transfer from the PVK/PBD film. For this transfer to be possible,
the dye molecules have to be in close proximity to the polymer strands. If dye molecules
are piled up at the surface of the film after the initial dye transfer, this assumption is not
valid because the accumulated dye will not be active in the photoluminescence process
before the anneal due to the limited exciton diffusion length, surface recombination [16]
and creation of excimer states (see Chapter 2.10). During the anneal process, the dye mol-
ecules move into the bulk of the polymer film and can thus be excited by exciton transfer
from the PVK. This effective increase in the C6 amount is not accounted for in the model

based on Equation (4-8).
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Figure 4-13. Computed uniformity coefficient / as a function of the diffusion length L.

The dye distribution was assumed to be Gaussian. The coefficient was calculated for
different dye loads K = 1 and K = 100.

Comparing these three sources of error, the last one is certainly the most important,

because the introduced error can render the measurement meaningless.

4.4.4 Experimental Results

Figure 4-14 shows the effect of annealing a sample of PVK film (spun onto a trans-
parent sapphire substrate), originally doped in solution with bimane, after C6 was trans-
ferred into it by the described process for one hour at 90 °C from a highly doped PVK film
as the dye source. Before the anneal, the PL spectrum of the surface (excited from the front)
shows a shoulder at about 500 nm corresponding to the emission of C6. However, the emis-
sion peak of bimane at 435 nm is still much more pronounced. The PL spectrum from the
back side does not show any emission from C6 at all. This shows that the C6 diffused only
into the front of the polymer film. After the sample was annealed at 90 °C for six hours in
vacuum, the C6 peak becomes stronger. On the front surface, C6 emission now surpasses
the intensity of bimane, whereas on the back side only a small shoulder due to the C6 emis-

sion emerged. From this we conclude, that the dye indeed diffuses deeper into the PVK
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layer during annealing, but that the C6 concentration is still much higher at the front of the
film compared to the back. However, calculating % for these spectra, we observed in this
case that o0 < Maier (Mpefore= 1-39, Aafier= 2.62), which means that the dye is less uni-
formly distributed after the anneal process than before. This result can only be explained if

dye was activated during the anneal process.

Due to this limitation, quantitative data of the dye diffusivity in polymer films

extracted using this method are very unreliable.

—@— front, before anneal |
—— back, before anneal ]
—O— front, after anneal ]
—L1— back, after anneal

10° 3

photoluminescence [a.u.]

N N N N 1 N N N N 1 N
400 500 600

wavelength [nm]

Figure 4-14. Photoluminescence spectrum (before and after annealing at 90 °C for 6
hours) of a PVK-film containing bimane in which C6 was diffused. The film was spun-on
on a sapphire substrate to allow for probing the top and the bottom of the PVK film
separately. The C6 peak is more pronounced after the substrate was annealed at elevated
temperatures. [6]

4.5 Modelling of Dye Transport in Polymers

To fabricate efficient devices using the dye-transfer technique, the amount of dye
transferred into the device polymer film and the dye concentration profile within this film
has to be finely controlled. It is therefore important to identify the crucial process parame-
ters and estimate their impact using established theories. Diffusion can be described in a
simple differential equation. As a reference, Fick’s laws of diffusion are briefly reviewed

in the beginning of this section. However, properties of materials and interfaces are not
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accounted for in these equations. In addition, polymers show a variety of properties which
are unknown in crystalline materials. We therefore will outline a basic approach to diffu-

sion in polymers based on the free volume theory.

4.5.1 Fick’s Laws of Diffusion

Diffusion is the redistribution of particles due to a concentration gradient. In a
homogeneous medium, the particle flux is proportional to the concentration gradient with
D being the proportionality factor referred to as the diffusion coefficient. Fick’s first law

describes the diffusion in a homogeneous, isotropic medium [17]:.

- —>
j =-D0Oc 412)

where 7 is the particle flux, and c the concentration of the diffusant. Because of mass con-

servation

= =
-Ub =4 4-13)

Equation (4-12) can be written as (Fick’s second law):

dc _ )

These equations assume that the properties of the medium do not change during the
diffusion process and are independent of the location. In the one-dimensional case, Equa-
tion (4-14) can be simplified to

2
dec _ p0c¢ (415)
0t ax2

4.5.2 Solutions of Diffusion Equations

4.5.2.1 Diffusion with Constant Amount of Dopant

If the total amount of dopant is conserved during the diffusion process, the bound-

ary condition can be written as

[ee]

S = J' c(x, t) dx (4-16)
0
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where S is the total amount of dopant. If the initial distribution of dye can be described by
a O-function, the solution of Equation (4-15) is then a Gaussian distribution of the dopant

given by [14]

c(x, t) = —Jrf;z)_z exp E—:—DE (@17)

4.5.2.2 Unlimited Source
The boundary condition

c(0,1) = ¢ (4-18)

represents the case in which the surface concentration of the dopant ¢, is held constant
during the diffusion. The resulting diffusion profile is given by the complementary error

function defined as

X o]
2 2 2 2
erfex = 1 —erfx = 1 —— [exp(-w") dw = exp(—w") dw 419
7l =)
X

which can be interpreted as the superposition of infinite Gaussian distributions. The solu-

tion to the diffusion equation Equation (4-15) is in this case given by [14]

c(x,t) = ¢4 erfc %——xﬁg (4-20)

4.5.3 Diffusion in Polymers - Free Volume Theory
Because of the importance of the diffusivity D, as we have seen in previous chap-

ters, it is necessary to investigate the nature of diffusion in polymers in more detail.

In most cases, polymers form glasses below the glass transition temperature. A
glass is a solid with random orientation of the molecules because the material was cooled
fast enough so that no crystallization of the polymer could occur. The glass transition tem-
perature 7, of the polymer is the temperature where the polymer sections are able to move
cooperatively. The glass transition is a shift from the glassy state to a more viscous state,

and it is accompanied by an increase in specific heat and thermal expansion [18].

79



Because of the intrinsic disorder of the glass (below and above the glass transition),
the occupied volume is bigger than that of the crystalline form. The difference is referred

to as “free volume” [19],
c @-21)

where V¢ is the free volume, V) is the measured volume of the polymer and ¥ is the volume

in its crystalline form. The “fractional free volume” f'is defined as

= — 42

Treating the polymer chains like Brownian spheres and neglecting the interaction
between the chains, the diffusivity D of small particle in the polymer matrix was predicted
to behave according to the Stokes-Einstein-Equation: where £ is the Boltzmann constant, 7'

kT
= 37N 423)
the temperature, d the “diameter” of the polymer, and n the shear viscosity of the polymer.
Since it is impossible to assign a diameter to an elongated structure like a polymer, the dif-
fusion was empirically modeled based on the radius of gyration of the polymer segment

using the unknown proportionality factor K.

D= ]%T with & =kn (424)

Measuring the volume and the viscosity of polymers [20], the following depen-

dency was found (¥, and Vy measured at the same temperature)

V. 0
N = alexpid 70 (425)
with b = 1. Therefore
VC VC
lnE = an + lna + b "V—f = ln(Ka) + 7f (4_26)
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and with

e 0 @-27)

follows

& = In(ka)— 1 +} @28)

Using Equation (4-24), the diffusion coefficient can be written as

InD = InkT— In& 429)

For two sets of measurements
InD, = InkT| — Ing,

InD, = InkT, — In&, (430)
a temperature shift factor at can be defined as
D T &
Ina; = In=2 = In=2+ In22
T D, T, , 431
: § &)
In all cases of interest lnT— « lnE— , and therefore at can be expressed as
1 1
& 1 1
Inar = In= = ——— 432
T El fl f2 ( )
If 7, is chosen to be T, a becomes
Inap, = +— - @33)
T fl ng

The accelerated volume increase above 7 is due to added free volume superim-
posed on the volume increase due to ordinary thermal expansion. The linear approximation

of the thermal expansion coefficient 0 above 7|, can be written as

o) = O, + 0 @34

where 0 is the contribution of the expansion due ordinary thermal expansion and o the
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contribution due to added free volume as shown in Figure 4-15.

A

volume

| -
T, temperature

Figure 4-15. Volume expansion of amorphous polymer below and above the glass
transition temperature 7,. The dashed line represents the behavior of a crystal. The
contribution beyond that is due to free volume. [18]

Using this linear approximation, the expression for the fractional free volume can be
expressed as

Ve _ Vi(T)+apVo(T-T,)

=7 7,

= frg T O (T=T,) (4-35)

Substituting Equation (4-35) into Equation (4-33) yields

1 1
Ina, = - —
T ng+af(T_Tg) ng
_L (T—Tg) (4-36)
_ e ¥
Jie g g
o g

The equation Equation (4-36) has the same form as the equation empirically devel-
oped by William, Landel and Ferry (WLF-equation) [21][22]:
-, (T-T g)

log ar =
&4t 02+T—Tg

@37
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The values for ¢y and ¢, are quite similar for a wide variety of polymers. Often
quoted values are c¢; =-17.44 and ¢, = 51.6 K [23][24]. Knowing the diffusion coefficient
at the glass transition temperature Dy, the temperature dependence of the diffusivity is pre-
dicted as [23]

—cy (T-T,)

logD(T) =
8 (D cZJrT—Tg

+logD, (4-38)
This model is only valid above and around 7. The model describes the effect of
free volume on the diffusivity which has an appreciable impact only at temperatures around

and above 7, o

In Chapter 5.5, we will use this model to explain the findings with regard to the dif-
fusivity of dye in the PVK/PBD matrix.

4.6 Glass Transition in Mixed Systems

According to Equation (4-38), the diffusivity D is mainly determined by the differ-
ence between the process temperature 7'and the glass transition temperature 7. It is there-
for of great importance to examine the relationship between the polymer blend and the glass
transition temperature 7. In a material system consisting of different components with dif-
ferent T, the 7, of the blend will be a function of the mass fraction of the component and

its T, o

4.6.1 Fox Equation

From the WLF-equation Equation (4-38), we can determine the free-volume-frac-
tion f'at T,. Comparing Equation (4-36) with Equation (4-37) yields the following relation-
ship:

fre = loge _ 0434 _ 155 (4-39)

Under the assumption the constants c¢; and ¢, do not depend on the chemical struc-
ture of the polymer, this result indicates that the polymer at its glass transition has 2.5% free

volume. The glass transition can therefore be regarded as iso-free-volume-state.
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The Simha-Boyer-Rule [25] states that the product of the thermal expansion due to

the added free-volume and the glass transition temperature is constant.

ap I, =Yy = const= 1500 (4-40)

In a system consisting of different materials, the free volume of the different com-

ponents adds up. Therefore,where ®; is the volume fraction of component i

fblend Z P, O(Tg + Gfl(T gi)) (441)

-y o, @)

and T, its glass transition temperature. At 7= T, of the blend, fyenq 18 /T4, and Equation

(4-41) can therefore be written as

0= Zcbz afi(Tgblend_Tgi) 443)

i

Using the Simha-Boyer-Rule Equation (4-40) yields

0= ZCDZDT_ gblend — KE ZCD DTgblend D (4—44)

which, using Equation (4-42), can be simplified to

(445)
g blend z T

This result is very similar to the empirical equation reported by Fox et al.[26]

ZT (4-46)

g blend

where w; is the mass fraction of component i, rather than the volume fraction ®; in Equation

(4-45). If the density of all components is the equal, both equations are equivalent.
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The Fox equation Equation (4-46) is a very good approximation for the glass tran-
sition temperature 7§ pjeng 0f @ mixed system if the intermolecular interactions between the

different moieties is weak [22].

4.6.2 Prediction for PVK/PBD

The glass transition temperature of the PVK:PBD blend (100:40 by weight) was
measured to be 120 °C [27]. The weight fraction of PVK in the solid film of the PVK/PBD-
blend used in this thesis is therefore 0.71, and the one of PBD 0.29. Using Fox’ equation
Equation (4-46) and assuming that the 7, of pure PVK is 473 K [28], we calculated 7|, of
the PBD component to be 278 K.

4.7 Diffusivity of C6 in PVK/PBD Films

At a temperature of 92 °C (i.e. below the glass transition of PVK/PBD), the diffu-
sivity of C6 in the polymer blend was measured to be approximately 10717 em?/s (see
Figure 4-9). Using DDSP, some further measurements of the diffusivity vs. temperature
were obtained. Because these results are related to the work on Solvent Vapor Anneal
(Chapter 5) or Patterned Dye Diffusion (Chapter 6), these results are given in their respec-

tive context.

4.8 Summary
The fundamental principle of the dye transfer technique has been shown to achieve

the desired shift in emission color. However, the efficiency of the devices is very low due

to that fact that the dye is not sufficiently homogeneously distributed in the polymer film.

During the transfer, the dye molecules accumulate at the surface of the film and thus quench
the luminescence. Thermal anneal of the polymer film after the initial dye transfer to obtain
a more uniform dye distribution has been demonstrated. At the same time, thermal damage

to the polymer film due to the thermal anneal has a detrimental effect on the device perfor-
mance. It is therefore necessary to find another way to obtain a homogeneous dye distribu-

tion without significantly increasing the process temperature.
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5 Solvent-Vapor-Assisted Dye
Diffusion

As shown in the previous chapter, the diffusivity of dye in the polymer film is
mainly governed by the difference between the process temperature and the glass transition
of the polymer composite. In the previous chapter, we saw that the diffusion of dye in a
PVK/PBD blend (7, = 120 °C) at the temperature of 90 °C was not enough to distribute the
transferred dopant uniformly throughout the polymer film. Increasing the process temper-
ature has a negative effect on the device performance and was therefore not a viable
approach for increasing the dye diffusion. We therefore pursued an approach where we
temporarily lowered the glass transition temperature of the film to let the dye diffuse at
room temperature. This way we obtained devices with dye-doped polymer layer without

having to compromise the device characteristics due to high temperature processing.

In Chapter 5.1, the basic concept of solvent-vapor-assisted dye diffusion is dis-
cussed. Chapter 5.2 focuses on device annealing in saturated solvent vapor, and
Chapter 5.3 describes the process in a atmosphere with a controlled amount of solvent
vapor. The amount of transferred dye is very important for the device performance. The

results to optimize this aspect of the process are given in Chapter 5.4.

A comparison of experimental results for the diffusivity of dye in PVK/PBD with
the WLF-model is discussed in Chapter 5.5.

A brief summary of the findings is given in Chapter 5.6.
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5.1 Basic Concept of Dye Diffusion Enhancement in
Solvent Vapor

According to the modified WLF-equation, Equation (4-27), based on the free
volume theory of diffusion in polymers outlined in Chapter 4.3, the diffusion coefficient D
¢y (T-T,)

logD(T) =
gD(T) oFT T,

+logD, (5-1)

depends mainly on the molecular volume of the diffusant and on the difference between the
process temperature 7 and the glass transition temperature 7, while assuming ¢ and ¢, to

be parameters independent of the polymer.

To enhance the diffusion, either the process temperature has to be increased or the
glass transition temperature of the polymer has to be decreased. The degradation of the
OLED performance caused by the high temperature anneal (see Chapter 4.2.3), prohibits
the increase of the process temperature. On the other hand, a high 7, is desirable for device
stability: Due to power dissipation, the operating temperature of the OLED can be quite
high. If the operating temperature rises close to 7}, the device degrades very quickly.
Because of the poor heat conduction of the glass substrate, the device temperature can
easily exceed 80 °C [1]. To employ a polymer with a low T, o Is consequently counterpro-

ductive.

We were therefore looking for a method to temporarily lower 7, during the dye-pat-
terning process. From the Fox” equation (see Chapter 4.4), it is known that 7, can be
changed by mixing the polymer with material with a different 7,. For example, pure PVK
has a T, of about 220 °C. Mixing this polymer with PBD (29% by weight in final film)
lowers T, of the mixture to about 120 °C due to the low T, ¢ of PBD. The Fox” equation does
not take any molecular interactions of the mixed substances into account. However, the

measured values of 7, are often in very good agreement with the predictions [2].

Mixing a solvent into the polymer film has a similar effect. Because the glass tran-
sition temperature of common organic solvents is very low, the combined 7, of the poly-
mer-solvent-system is lowered as well and, in effect, the diffusion is enhanced. To

introduce the solvent into the polymer film, we exposed the polymer to solvent vapor.
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During this process, the entropy of mixing of the solvent and the polymer leads to an uptake
of solvent into the polymer and thus to a swelling of the film. The solvent was eliminated
after the anneal process by drying the polymer film in nitrogen and the polymer regains its
original higher T, [3][4][5][6][7]. These macroscopic and microscopic processes are pic-

tured in Figure 5-1

macroscopic view microscopic view
dye molecules —_/

polymer

substrate polymer strands

o © O oe«—solvent molecules
o0 0p°

—O—CO— film absorbs solvent

much faster diffusion € ¢
—_—

»>

polymer swells until
equilibrium is reached
T, lowered

after exposure polymer
shrinks again

Figure 5-1. Microscopic and macroscopic processes during the solvent-vapor assisted
anneal.

5.2 Annealing in Saturated Solvent-Vapor

5.2.1 Experimental Apparatus

To investigate the dye diffusion using this technique, we fabricated devices with
transferred dye, which were subsequently annealed in solvent atmosphere. The polymer
film (PVK/PBD/C47) was spun-on onto ITO substrates prepared by the standard procedure
(see Chapter 2.8). The dye source substrate was a glass slide with a spun-on layer of the
polymer Vylon 103 (obtained from Toyoba, molecular weight 20,000 - 25,000 g/mole,
glass transition temperature 47 °C) containing C6 (2% by weight in the final film). The

polymer was dissolved in chloroform (18 mg/ml) and spun on at 2000 rpm resulting in
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films approximately 1200 A thick. The initial transfer of C6 was carried out by placing the
device substrate and the dye source substrate into direct contact at 64 °C for one hour in
vacuum. After the transfer, the dye is still located on the surface of the polymer film. To
lower the temperature required for dopant diffusion, we then studied the dye diffusion in
air saturated with acetone vapor. Beside the dye-diffused device, a control sample was cre-
ated in which the dye C6 was already mixed into the PVK/PBD/C47 solution (0.2% by

weight in final film) before spin-coating.

During the anneal process, the samples were placed on a little tripod in a glass con-
tainer as shown in Figure 5-2. The glass container was filled with acetone, however, the
samples did not come into direct contact with the solvent. The container was then covered

so that the air inside the container became saturated with acetone.

device substrate with
— polymer film

|

¥ glass dish

+—— solvent

Figure 5-2. Experimental apparatus to anneal devices in saturated solvent-vapor.

5.2.2 Dye Diffusion Characterization by Photoluminescence and SIMS
Inspecting the samples after the initial C6 transfer under UV excitation, the sample
annealed in air saturated with acetone for 10 min at room temperature, showed a stronger
C6-emission than the not annealed sample, indicating more "active" dye and suggesting
less "inactive" dye piled up at the surface after the anneal. To investigate this observation
further, the PVK/PBD/C47 solution was spun-on onto a sapphire for Diffusion Depth Sen-
sitive Photoluminescence. Figure 5-3 shows the spectra (normalized with respect to the
C47 emission peak) from the front and the back after the initial transfer of C6 at 64 °C, and
then again after annealing the sample in air saturated with acetone for 10 min at room tem-
perature. After the dye transfer, the C6 emission is stronger from the front vs. the back of
the film because of the higher concentration of C6 at the polymer surface. After the solvent-

enhanced diffusion, the C6 emission increased relative to the C47 emission for both sides.
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However, the increase is much more pronounced for the emission from the sapphire side.
This result demonstrates that the dye is indeed significantly diffusing into the polymer film

during the brief exposure to acetone vapor.
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Figure 5-3. PL spectra of PVK/PBD/C47 film on sapphire substrate in which C6 was
diffused. The back side (open squares) denotes the excitation and emission through the
sapphire substrate, the front side (solid squares) denotes these of the polymer layer. PL
measurements were recorded before (solid lines) and after (dotted lines) the anneal for 10
min in air saturated with acetone at room temperature. [§]

Figure 5-4 shows SIMS profiles of dye after the initial dye transfer as described
above and after the additional anneal in acetone vapor, along with the control sample to
establish an absolute reference level for C6. The polymer layer of the control samples con-
tained C6 (100 mg PVK, 40 mg PBD, 0.3 mg C6) and was about 20 nm thicker than that of
the other two samples. All samples were outgassed in the vacuum chamber before the anal-
ysis to reduce the interference of oxygen with sulfur. The sulfur signature differs greatly
for all samples: The control sample shows a uniform sulfur profile. As expected, the sample
with C6 diffused into the polymer film without the anneal process shows a high concentra-
tion of sulfur at the surface with the characteristic slope of 17 nm/decade (resolution limit

of SIMS, see Chapter 4.3.3). The actual profile is probably much narrower than the mea-
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sured one due to the "knock-on" effect from the Cs™ primary beam. The rise of the sulfur
count at about 80 nm is due to O, interference from the ITO substrate. The sample was then
annealed at 35 °C for 10 min in air saturated with acetone. In contrast to the profile shown
in Figure 4-9, after the anneal at 92 °C for many hours, the dye profile is now flat after only
10 min. This result shows that the dye diffusion is indeed drastically enhanced due to the

presence of the acetone vapor, consistent with the DDSP data shown in Figure 5-3.

carbon

control sulfur

secondary ion intensity [cts/sec]

no anneal after anneal
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Figure 5-4. SIMS profiles of dye in a PVK:PBD sample exposed to air saturated with
acetone for 10 min (diamonds). The dye profile of the untreated sample (triangles) and of
a sample with dye contained in the spun-on film (squares) and also shown. [8]

Figure 5-5 shows a comparison of the uniformity coefficient 4 (defined in
Chapter 4.4) from DDSP at different anneal temperatures after the initial dye transfer and
then after different anneal processes. In the case of anneal in solvent vapor, after the initial
dye transfer 4 is about 4, indicating that the concentration of C6 is higher at the surface of
the polymer film. Using conventional anneal for 12 hours at 80 °C, / decreased to 1.6.
However, solvent-anneal at room temperature yielded the same /4 after only 10 min. From
this 4, a the calculated L of approximately 55 nm can be obtained from Figure 4-12, which
corresponds to a diffusivity D of 5 10714 cm?/s. Given the limitations of the DDSP method
(outlined in Chapter 4.4.3), the actual diffusivity is likely to be higher.

94



ST T T T T

i \

4t / '

3F in acetone _
| for 10 min 1

in vacuum
after anneal -

2r Z/ for 12 hr
.l

spin-coating solution
O 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1

20 30 40 50 60 70 80

front/back ratio of C6/C47 emission h

anneal temperature [°C]

Figure 5-5. Comparison of the ratio of back/front emission of C6 vs. C47 for different
anneal temperatures. The anneal in acetone vapor at room temperature for 10 min had
approximately the same effect on the dye diffusion as a conventional anneal for 12 hours
at 80 °C in vacuum. [8]

5.2.3 Volume Expansion Measurements of Polymer Films

If a polymer is exposed to a solvent, the solvent diffuses into the polymer matrix
and thereby causes the polymer to swell. The addition of small solvent molecules into the
polymer film increases the average interchain distance and weakens the molecular interac-
tion between the polymer molecules, allowing the polymer molecule to move more freely
[6]. When diffusing into glassy polymers at temperatures well below 7, a sharp penetration
boundary is often observed [9][10]. This penetration boundary moves into the pristine poly-
mer and leaves the swollen polymer behind. We expect that the diffusion coefficient of this
polymer-solvent system is increasing with increasing solvent concentration [11]. It has
been reported that the dye diffusivity can be scaled quantitatively to the solvent diffusivity
because of the high mobility and small concentration of dye in the solvent [6][12]. After
the exposure to solvent vapor, the film is dried in pure nitrogen and regains its original 7,

and film thickness before the exposure to the solvent.
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To confirm the proposed diffusion enhancement mechanism, the polymer thickness
was measured in situ during the anneal process by ellipsometry [13]. The glass substrate
with a spun-on layer of PVK:PBD (100:40 by weight) was kept in a glass Petri dish in air
saturated with acetone as shown in Figure 5-6. A narrow slit was cut into the lid of the dish
to allow the incident and the reflected laser beam reach the sample and detector without
passing through the glass. The initial thickness of the film was measured to be 790 A+ 25
A and the thickness while exposed to acetone vapor was 1010 A £40 A - an increase in
thickness of 27%. After the film was exposed to acetone vapor, it was dried in air. The

thickness of the dried film was measured to be 792 A =30 A.

>

/ | device substrate with
// polymer film

¥~ glass dish

—

solvent

Figure 5-6. Determination of the solvent uptake in the polymer film by in situ
measurement of the thickness by ellipsometry.

Fox” equation (see Chapter 4.4) describes the glass transition temperature 7, of a
polymer blend as the inverse average of glass transition temperature 7}, ; weighted with the

volume fraction w; of the component i of the material system

0w, 0!
7. =05 =—0 (5-2)
g DZ Tyi0
with
z w, =1 (5-3)
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By measuring the change in thickness during the exposure, and thus the volume
fraction of the solvent, we can estimate the change in 7, of the polymer-solvent-system.
The T, of the solvent can be approximated by [14][3]

2
Tg, solvent — g Trn, solvent (5'4)

where Ty, golyent 1S the melting temperature of the solvent. This approximation is
valid for a wide variety of solvent, in particular for solvents with a symmetric molecular

structure like acetone (Figure 5-7).

ii
e N
/NN

Figure 5-7. Chemical structure of acetone.

As already mentioned in Chapter 4.6.2, T, o of PVK is 473 K, and T, o of PVK/PBD
has been measured to be 278 K. Assuming the glass transition temperature of PBD to be
278 K (see Chapter 4.6.2), we can calculate 7, of the PVK/PBD/acetone system. The melt-
ing point of acetone is 178 K, thus the approximated 7, of acetone is 119 K. The volume
fraction of acetone in the swollen PVK:PBD:acetone film in the case of 27% expansion is
0.27/1.27 =0.213. Because PVK and PBD have nearly the same density (1.2 g/cm3, [15]),
the volume fraction of PVK is given by 0.71* 1/1.27 = 0.56, and the one of PBD by 0.29*1/
1.27=0.228. Based on this data, the calculated value of T, of the polymer-solvent mixture
is 264 K.

This result indicates that we lowered the glass transition temperature of the PVK/
PBD sufficiently so that the process temperature (in this case room temperature) is well
above the glass transition temperature. As pointed out in Chapter 5.1, this condition is the
major prerequisite for an efficient diffusion process for the redistribution of dye within the

polymer film.
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5.2.4 Device Performance after Anneal in Saturated Acetone Vapor
Standard OLEDs were then fabricated by the standard procedure with PVK/PBD/

C47 films either subject to only the dye transfer step at 64 °C or with the additional solvent

vapor anneal in acetone vapor. Control samples with a spun-on PVK/PBD/C47/C6 solution

(with and without exposure to solvent) served as a reference.

The I-V-curves along with the measured photocurrent of the control devices are
shown in Figure 5-8. The untreated sample shows a much lower current at low voltages
than the solvent-treated sample. The amount of light emitted by the sample exposed to sol-
vent vapor is only slightly lower than that of the unexposed one, indicating that the treat-
ment does not damage the polymer film significantly. The external quantum efficiency

dropped from 0.9% for the pristine device to 0.61% for the treated device.

1E-3 after treatment
1E-5
<
= 1E-7
o
=
° 1E-9
1E-11 l
1 E_1 3 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
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Figure 5-8. [-V-curves and photo-current of samples with C6 contained in the spun-on
PVK/PBD/C47 solution. The annealed sample (10 min in air saturated with acetone at
room temperature, squares) showed a higher leakage current compared to the non-treated

one (triangles). The external quantum efficiency of the annealed device dropped only
slightly. [8]

The samples with C6 diffused into the PVK/PBD/C47 film were prepared in exactly
the same way as for the SIMS analysis (see Chapter 4.3). As with the control samples, the
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solvent-vapor-processed sample shows a higher current at low voltages (Figure 5-9). But
the photocurrent increased drastically for the treated sample, and the emission changed
from blue to green. The external quantum efficiency rose from 0.07% for the device with
C6 only diffused into the polymer film but without the subsequent anneal step to 0.54% for
the annealed device. For comparison, results for C6 diffused devices with a thermal anneal
for 4 hours at 80 °C were 0.3%. In this case, the turn-on voltage (defined as the point where
the photo-current exceeds the dark-current of the photodetector) increased to approxi-
mately 9 V due to the high temperature process, vs. only approximately 4 V after the sol-

vent-vapor-treatment
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Figure 5-9. [-V-curves and photo-current of samples with C6 transferred by dye transfer
method into the PVK/PBD/C47 film. The non-annealed sample (triangles) shows a very
poor external quantum efficiency. It improved by nearly an order of magnitude after the
sample was annealed in air saturated with acetone (squares) for 10 min at room
temperature. [8]

5.2.5 Discussion

These results show clearly that the technique of solvent-assisted dye diffusion
works in principle. Both, the SIMS data and the device performance suggest that the dye is
nearly uniformly distributed throughout the polymer film after the solvent-vapor-anneal.

The device performance of control devices with dye added to the spin-on solution did not
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suffer substantially due to the solvent treatment and the characteristics of devices with
transferred dye improved remarkably after solvent-vapor-anneal - far more than with the
high-temperature-anneal. We therefore decided to investigate the solvent-vapor process in

more detail.

5.3 Controlled Partial Pressure Annealing

5.3.1 Experimental Apparatus

To investigate the correlation between the solvent uptake and the dye diffusion in
the polymer film, we constructed a tube reactor which allows us to adjust the partial pres-
sure of the solvent. The reactor chamber is a 18-inch-long glass cylinder with 6 inch diam-
eter. A gas wash bottle containing the solvent is used to add it to dry nitrogen by bubbling
the nitrogen gas through it. The resulting gas mixture can be diluted with nitrogen or form-
ing gas. Both flow rates are monitored by flow meters. Figure 5-10 shows the schematic of
the tube reactor. The chamber contains the sample stage which is equipped with a resistive
heater and a thermocouple thermometer. In addition, a optical fiber reflectance spectrome-
ter (F-20, Filmetrics Inc., San Diego, CA) allowed in situ monitoring the thickness of the

polymer film. The schematic interior of the chamber is shown in Figure 5-11.

The acetone uptake in dry nitrogen using a bubbler was measured to be 100 ml ace-
tone per hour at a nitrogen flow of 4 I/min. This corresponds approximately to 130 ml gas-

eous acetone per liter nitrogen or to 87.4 torr partial pressure.

5.3.2 Volume Expansion Measurements of Polymer Films

5.3.2.1 Time Dependence

Because the diffusivity D is dependent on the swelling of the polymer film, it is nec-
essary to know how fast the film absorbs the solvent and, in turn, how fast D changes. As
a result, it must be decided if D can be assumed as constant during the diffusion process or

if a time-dependence has to be taken into account.

Figure 5-12 shows the thickness of a PVK/PBD film exposed to 10 ml gaseous ace-
tone per liter nitrogen (equal to a partial pressure of acetone of 7.5 torr). The chamber was

initially filled with dry nitrogen. The measurement started when the acetone/nitrogen mix-
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Figure 5-10. Schematic of the tube reactor.
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Figure 5-11. Schematic interior of the anneal chamber.
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ture was lead into the chamber with a flow of 6 liters per minute. The initial thickness of
the film was measured to be 812 A. Because of the big volume of the glass tube (8.6 liters),
the acetone vapor concentration increases quite slowly, and the measured thickness of the

polymer film grows accordingly.
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Figure 5-12. Time response of the PVK:PBD film thickness in glass tube reactor.

The exponential fit of this curve has a time constant T = 79.4 sec. The time constant
for the partial pressure of acetone is given by

_ volume _ 86 liter
flow rate 6 liters/min

= 86 sec (5-5)

The slight discrepancy between the theoretical value and the measured value of T
can be explained by the fact that the sample was placed in the vicinity of the gas outlet
within the glass tube. Therefore, the partial pressure of acetone is likely to be somewhat

higher at this position than the average value in the chamber.

The measurement shows that the time constant of the actual swelling process is very
small. This fact has been validated by measuring the thickness of the polymer in a smaller
volume as shown in Figure 5-13. In this case, a small metal cylinder was placed inside the

glass tube and the gas inlet was directed into this cylinder. Because the time constant in this
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cylinder is much smaller (T = 0.355 sec with a cylinder volume of 35.5 cm3), the measure-
ment of the polymer film thickness yielded the final film thickness much faster as shown
in Figure 5-14. The delay in thickness increase compared to the solvent vapor increase with
a time constant T = 0.355 sec can be attributed to the swelling characteristics of the film.
The residual delay of approximately 0.6 sec could be due to a delay in absorption of the
solvent vapor by the polymer film, or due to the fact that the vapor confinement to the small

volume was not perfect.

After the film was dried in pure nitrogen, the film thickness decreased to a value
very close to its initial value. In most cases, the final thickness was slightly less (up to 5A)
than the initial thickness which might be due to decreased free volume (denser packing) of
the polymer film after the anneal. The rate of thickness decrease was not investigated in
detail, but it roughly is correlated to the partial pressure of the solvent vapor in the same

fashion as the rate of increase as discussed above.

optical fiber

exhaust
4—

metal cylinder

sample stage

Figure 5-13. Experimental set-up for measurement of the time response of the polymer
film thickness. A small metal cylinder has been placed on the sample stage in the glass
tube reactor, and the gas inlet was directed into this enclosure.

5.3.2.2 Effects of Partial Pressure of the Solvent Vapor

Due to the uptake of solvent in a solvent atmosphere, the polymer film swells up.

This process provides additional free volume, lowers the glass transition temperature 7
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Figure 5-14. Time response of the PVK:PBD film thickness in the small metal cylinder
inside the glass tube reactor. The theoretical thickness response based only on the increase
of solvent vapor is given as the dotted line. The fit for the actual measurement is shown as
the dashed line.

and the increases thus the diffusivity D in the film (see Chapter 5.2.3). The amount of

swelling is therefore a suitable indicator of the change in 7y [17].

Figure 5-15 shows the change in thickness of a PVK:PBD film as a function of par-
tial acetone vapor pressure at room temperature. The vapor pressure of acetone is 184 torr
[18]. In the case of acetone saturated vapor, the glass tube was sealed and a small amount
of liquid acetone was poured into the chamber. The liquid acetone did not come into contact
with the polymer film. During the measurement, some liquid acetone remained at the
bottom of the tube. A change in thickness of 32% was observed in air saturated with ace-
tone vapor. This measurement result is slightly different from the result obtained by ellip-
sometry in air saturated with acetone vapor (Chapter 5.2.3) which was 27% change in
thickness. Beside measurement errors, the ellipsometry result is lower because of the
experimental set-up: The narrow slit in the glass Petri dish to let the laser beam pass in and
out also allowed the acetone vapor to escape the enclosure. Therefore, the partial pressure
of acetone was likely to be lower during the measurement by ellipsometry than in the glass

tube during the measurement by reflectance spectroscopy.

104



35 T T T T T T T T T T 7/ T

30+ .
= —
X, 25+ ]
% L
S 20t _ _
< | in saturated
£ 45l % atmosphere |
c | |
S 10} .
s L -
© s5¢t / i
Ofe i
0 20 40 60 80 " 180

partial pressure of acetone vapor [torr]

Figure 5-15. Change in polymer film (PVK:PBD) thickness as a function of partial
acetone vapor pressure.

The increase in thickness is linear at low partial pressures of acetone. At higher par-
tial pressures, the increase slows down until it reaches the maximum value in a saturated

environment.

The estimated values for the glass transition temperature 7, for the PVK:PBD/sol-
vent mix based on the measured thickness of the film and the calculation outlined in

Chapter 5.2.3 as a function of the partial acetone vapor pressure are shown in Figure 5-16.

5.3.3 Dye Profile after Anneal at Low Partial Pressure of Solvent Vapor

5.3.3.1 Partial Pressure of Acetone of 87.4 torr

Figure 5-17 shows the SIMS profile of a sample (with C6 previously transferred)
before and after the solvent anneal for 150 sec at room temperature in a nitrogen atmo-
sphere with partial pressure of acetone of 87.4 torr (equals 130 ml gaseous acetone per liter
nitrogen). For comparison, the dye profile of a thermally annealed sample for 4 hours at 92
°C is also shown. Before the anneal we observed a dye profile governed by the SIMS res-
olution limit. After the anneal process, the dye distribution was essentially flat throughout

the film. The diffusion coefficient during the anneal process was at least 101 cm?ss, higher
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Figure 5-16. Estimated glass transition temperature 7, of the PVK:PBD/solvent mixture
as a function of partial pressure of acetone.

than the diffusion coefficient at 135 °C in vacuum as shown in Figure 5-18. In agreement
with this observation is the estimated 7, derived from in situ thickness measurements of the
polymer film by reflectance spectrometry: The thickness of the PVK/PBD film increased
by 28.5% in the acetone vapor (87.4 torr partial pressure). Based on Equation (5-2), the

glass transition temperature 7, of this blend is therefore 260 K.

This lowering of 7, leads to a remarkable increase of the diffusion coefficient. If the
dependence of D on temperature for the thermal diffusion experiments at 90 and 130 °C is
used to predict the diffusion coefficient due to thermal effects at 25 °C, the solvent vapor
treatment leads to a 10 2° increase in diffusivity. A quantitative model of D vs. T including

the effect of 7, will be presented in Chapter 5.5.

Partial Pressure of Acetone Vapor below 87.4 torr

As shown in Figure 5-16, the exposure to acetone vapor leads to depression if the
glass transition temperature 7, of the polymer. The anneal process was carried out at room
temperature (20 °C). If the partial pressure of acetone exceeds approximately 50 torr, 7, o 18
lower than the process temperature. In this case, the WLF equation applies and we expect

a large increase in diffusivity of the polymer.
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Figure 5-17. SIMS sulfur profile of a PVK:PBD sample with C6 transferred into a PVK
film before (squares) and after (circles) acetone anneal. The sample was annealed in
acetone vapor (87.4 torr) for 150 sec at room temperature. For comparison, a thermally
annealed sample (4 hours at 92 °C) after the same initial transfer is also shown (triangles).

[5]

To investigate the diffusivity in detail, we performed SIMS analysis on samples
with the dye C6 transferred from a dye source by the described technique. The polymer
solution (100 mg PVK, 40 mg PBD in 7 ml chlorobenzene) was deposited by spin-coating
at 2000 rpm on silicon substrates. The dye source was a glass slide with a spun-on layer of
C6 doped (4% by weight in the final film) vylon film. The initial dye transfer was carried

out by placing both substrates in direct contact at 70 °C for one hour in vacuum.

The samples were then annealed in acetone vapor for 60 seconds in the small metal
cylinder at different partial pressures of acetone. The resulting sulfur profiles obtained by
SIMS are shown in Figure 5-19. Although some samples (#1 and 2) where annealed at a
acetone concentrations that result in a 7, lower than the process temperature, all of the
sulfur profiles are essentially flat and no information about the diffusivity can be deduced
from these measurements. Interestingly, even the samples where the expected 7, exceeds
the process temperature show a flat profile. The considerable spread in the amount of dye
in the film after the anneal can have several reasons: First, the amount of dye transferred to

the PVK/PBD film varies from sample to sample due to slightly different process temper-
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Figure 5-18. Diffusion coefficient of C6 in PVK:PBD in vacuum and in acetone vapor
(87.4 torr). The diffusion coefficient increases by many orders of magnitude in solvent
vapor. The referenced data points (a) was extracted from the dye diffusion experiment at
92°C for 4 hour explained in Chapter 4.3.5, the data points (b) are extracted from lateral
dye diffusion experiments discussed in Chapter 6.3.1 [5].

atures in the vacuum oven. Although this is possible, the result presented in Chapter 5.4
shows that the dye transfer process scales very well with time. Secondly, the exposure to
solvent vapor does not only lead to enhanced diffusion within the polymer film, but also to
higher probability that the dye molecule can escape from the film. This claim is supported
by the result of in sifu measurements of the PL intensity of a sample exposed to acetone
vapor. The intensity decreased much faster than a sample which was not exposed to the ace-

tone vapor.

To obtain data on the diffusivity of the PVK/PBD film, we repeated this experiment
with lower partial pressures of acetone and a shorter process time. The initial dye transfer
was similar, although in this case we used a dye source with a Vylon film which only con-
tained 1% (by weight in the final film) of C6. The samples were annealed for only 30 sec-
onds at room temperature. The resulting data are shown in Figure 5-20. A control sample
was included which was not exposed to any solvent anneal. Slight differences in the slope

of the sulfur concentration can be obtained from the figure. However, the sample with the
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Figure 5-19. SIMS profiles of sulfur and carbon in PVK:PBD after C6 was transferred
and annealed at different partial pressures of acetone for 60 sec. The final dye profile is
essentially flat in all cases, independent of the solvent vapor pressure.

steepest slope should be the control sample because it was not annealed and the profile is
entirely due to the resolution of the SIMS measurement. But instead it is the control sample
which shows the shallowest slope of all the samples which leads us to believe that the

observed difference is not due to the anneal process but rather experimental errors. Samples

#2 and #4 show a very similar behavior but were not displayed for the sake of clarity.

More interestingly, even sample #6 in Figure 5-20 which was annealed at a higher
acetone concentration than sample #4 in Figure 5-19, shows no enhanced diffusion. The
only different process parameter between these samples is the process time. The obtained
dye profile can therefore not be explained by simple diffusion theory. We suggest the fol-
lowing explanation: The diffusion of solvent into the polymer film is a very fast process.
However, the dye can only diffuse within the film once it is dissolved in the solvent. The
time needed to dissolve the dye is the limiting step in the anneal process. Once the dye is
dissolved, it can redistribute in a very short time. In this regime, the diffusivity of dye and
solvent are likely to be linearly correlated [19], although it is expected to be much lower

that acetone because of the molecular volume of C6 is much bigger than that of acetone [7].
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Figure 5-20. SIMS profiles of sulfur of PVK:PBD samples annealed at different partial
pressures of acetone for 30 sec. No difference in diffusion enhancement could be detected.

Further work is necessary to understand the surprisingly large difference between

the data in Figure 5-19 (60 sec anneal) and Figure 5-20 (30 sec anneal).

5.3.4 Device Performance after Anneal at Low Partial Pressure of
Acetone

5.3.4.1 Partial Pressure of Acetone of 87 torr

Devices with dye contained in solution (control devices)

To investigate the device characteristics of a solvent annealed PVK/PBD/C6
device, we exposed a standard PVK/PBD/C6 devices (with dye contained in solution) with
a thermally evaporated Mg:Ag cathode to acetone vapor in the tube reactor. The I-V-char-
acteristics along with the photo-current of these devices are shown in Figure 5-21. These
devices were subjected to the anneal in acetone vapor (partial pressure 87 torr) at room tem-
perature without dye being added by the dye transfer step. The forward bias characteristics
of the devices do not change significantly even after a 10 min anneal in acetone vapor.
However, the rectification ratio at +10 V decreased by roughly one order of magnitude after

10 min anneal (see also Figure 5-24).
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Figure 5-21. [-V-characteristics and photocurrent of PVK/PBD/C6 devices with the dye
contained in the spun-on solution treated in acetone vapor (partial pressure 87 torr) for
different times. [5]

Devices with transferred dye

For devices fabricated using the dye transfer method we obtained very promising
results, which is shown in Figure 5-22. The C6 dye was transferred from a dye source con-
sisting of a glass substrate with a spun-on vylon layer doped with C6 (4% in the final film).
The transfer was carried out at 70 °C for one hour in vacuum. The device polymer layer
was also deposited by spin-coating from a solution containing 100 mg PVK, 40 mg PBD
and 0.3 mg C47 in 7 ml chlorobenzene. As expected, the non-treated sample shows a very
low photocurrent and thus a low quantum efficiency because the dye is still accumulated at
the surface of the polymer film and is not active in the emission process. This is supported
by the electroluminescence spectrum, which only shows emission from C47 as shown in
Figure 5-23. After 60 sec acetone anneal in a nitrogen-solvent-mixture (87 torr partial pres-
sure of acetone), the external quantum efficiency increases and the EL emission is shifted
to green, indicating that C6 is moving into the polymer film. However, a small C47 peak is
still observed in the EL spectrum, which may be due to insufficient dye in the recombina-

tion zone of the device. After a 4 min anneal, the dye is now homogeneously distributed
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throughout the polymer film. The emission originates now entirely from C6 and the exter-
nal quantum efficiency improved by nearly an order of magnitude. The external quantum

efficiency of these devices is comparable to those of devices with dye contained in the spin-
on solution as shown in Figure 5-24. In addition to the external quantum efficiency, the rec-
tification ratio 7 (determined at+ 10 V) is presented. The decrease of 7 for the control device
is significant and exponential in nature and due to the increased current in reverse bias. The
reason for the decrease of the rectification ratio has not been investigated. It can be argued,

that a limited crystallization of the polymer increases the carrier mobility in the polymer

and thus the conductivity of the film [16].

1E-3
diode current

1E-5

1E-7

current [A]

/

1E-9

voltage [V]

Figure 5-22. [-V-characteristic of PVK/PBD/C47 devices with C6 diffused into the
polymer film for different times at acetone vapor pressure of 87 torr. The photocurrent of
the device exposed to acetone vapor increased by nearly one order of magnitude. [5]
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Figure 5-23. Normalized EL spectra of a PVK/PBD/C47 device with C6 transferred into
the polymer film. Before the anneal (solid line), emission occurred entirely from C47.
After 60 sec anneal (dashed line) in acetone vapor (partial pressure 87 torr), the emission
is shifted to C6. Nearly no emission from C47 was detected in a device annealed for 150
sec (dotted line).
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Figure 5-24. External quantum efficiency (circles) and rectification ratio (squares) as a
function of exposure time to acetone vapor (partial pressure 87 torr). Control devices
(solid symbols) are devices with C6 contained in the spin-on solution, diffused devices
(open symbols) are devices with transferred C6.
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Table 5-1 summarizes the performance for control devices and devices with trans-

ferred dye before and after anneal in acetone solvent vapor.

Table 5-1. Device characteristics of devices annealed in acetone vapor (partial pressure: 87.4 torr) for 5 min.
The turn-on voltage was defined as the point where the photo-current in the detector exceeded the dark
current. The rectification ratio was determined at £10 V.

control device device with transferred dye
before anneal after anneal before anneal after anneal
N ext 0.54% 0.61% 0.07% 0.54%
V tumn-on 55V 55V 55V 45V
rectification ratio | 5000 2000 300 300
Vat 50 mA/em? [ 15V 15V 13V 10V

5.3.4.2 Dependence of the Device Performance on Partial Pressure of Acetone

From these results presented in Figure 5-19 we can infer that the dye is homoge-
neously distributed throughout the polymer film even after the anneal process at a partial
pressure of acetone of 31.3 torr. Since the anneal process time had a major impact on the
rectification ratio (see Figure 5-24), we investigated the quantum efficiencies and the rec-
tification ratio of control devices (with dye contained in the spun-on solution) at different
acetone vapor concentrations to determine optimal process parameter for the solvent anneal

process.

Standard C6-devices were exposed to acetone vapor for 4 min (in the small metal
cylinder placed within the reactor) before a standard Mg:Ag was thermally evaporated.
After this, the samples were transferred into the glove box and characterized. The results

are presented in Figure 5-25.

The external quantum efficiency did not change considerable with acetone vapor
concentration. However, the rectification ratio (determined at + 10 V) decreases signifi-
cantly. In a passive matrix, the rectification ratio determines the size of the display [20]. It
should therefore be maintained as high as possible. Further work is necessary to obtain
more quantitative data to determine the optimal process parameters. But the dye profile of
the sample annealed at a partial pressure of acetone of 31.3 torr for 60 sec (see Figure 5-19)
shows that the rectification ratio can be further improved by reducing the process time and

reducing the solvent concentration.
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Figure 5-25. External quantum efficiencies of rectification ratio of control devices (dye
contained in the spun-on solution) at different partial pressures of acetone after 4 min
anneal.

5.4 Dye Concentration Control

The efficiency of an OLED is strongly dependent on the dye concentration (see
Chapter 2.10). It is therefore of major importance to transfer the optimal amount of dye into
the device polymer film. Depending on the transfer process, there are two basic approaches

for the dye control during the transfer process.

In the case when the dye source layer consists of pure dye or a very high concentra-
tion of dye in a polymer matrix, the amount of dye transferred is mainly dependent on the
process temperature and, to a lesser degree, the process time. Whereas the amount of dye
transferred is a weak function in time, we observed that the transfer process is very sensitive
to changes in temperature. This is not surprising because some of the parameters (like 7;)

all depend exponentially on the temperature.

To investigate the dependence of the dye amount transferred on the process time,
we performed SIMS on samples after different process times. The sulfur profiles obtained
by SIMS are shown in Figure 5-26. A PVK/PBD film (100 mg PVK, 40 mg PBD in 7.5 ml

chlorobenzene) was spun-on at 4000 rpm onto cleaned glass substrates, which were then

115



kept in direct contact at 73 °C in vacuum under a pressure of 1500 Pa with the dye source
substrate (100 mg C6 per ml chloroform spun-on at 2000 rpm on glass substrates, no poly-
mer used). Again, the dye did not diffuse into the polymer film but accumulated on top or
very close to the surface of the film. The total amount of dopant is given by integral of the

profile. Because the dye source only consisted of a thin layer of pure dye, the C6 molecules

T T T T T T T T T

—
carbon

counts per sec

distance [nm]

Figure 5-26. SIMS profiles of sulfur and carbon in PVK/PBD samples with transferred
C6 after different transfer times.

did not have to diffuse out of the polymer matrix but rather just desorb from the glass sub-
strate. The measured integrated amount of dye vs. time is shown in Figure 5-27. The control
device with 0.3% C6 in PVK/PBD in Figure 5-4 on page 94 served as a reference for the
dye/carbon ratio. Also shown in the graph is an exponential fit with a time constant of 70

min. The data shows that the diffusion source is clearly limited.

However, due to the sensitivity of this process especially to temperature, we were
looking for a more robust technique to control the amount of transferred dye. Using a dye-
doped polymer film with a doping level similar to the desired doping level in the device
was reported by Wu ef al. [21]. Because the doping level of the dye source is limited to a

low value, the amount of transferred dye is restricted as well. Depending on the affinity of
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Figure 5-27. Total amount of C6 in a PVK/PBD film after transfer at 70 °C in vacuum for
different times.

the dye to the polymer, the concentration in the device polymer film can actually be signif-
icantly higher or lower than in the dye source film after the thermal equilibrium is reached
[22][23][24]. This problem can be avoided by using either the same polymer for the dye
source and the device. In this case, the dye affinity is the same on both sides and a normal
dye diffusion can be assumed [21]. Most of the later experiments, however, were done
using a dye doped Vylon 103 film (obtained from Toyoba with a glass transition tempera-
ture of 47 °C) containing C6 (2% by weight in the final film). The low glass transition tem-
perature of this polymer ensured that the transfer process is limited by the diffusion of the
dye into the PVK. This dye source concentration yielded good efficiencies (see Figure 5-4
and Figure 5-24). However, fine tuning of the dye concentration is likely to further increase

the efficiency of the device.

5.5 Model for Diffusivity of C6 in PVK:PBD
Table 5-2 list measurements of D of C6 in PVK:PBD films (71.4% PVK in the final
film) along with the process temperature, the calculated glass transition temperature of the

polymer film during the experiment, the difference between these temperatures, and the
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respective experiment. It also includes measurements obtained from dye pattern stability
which will be discussed in detail in Chapter 6.3. These data points are included here since
in this section we compare all data on dye diffusion in PVK/PBD in this thesis to a universal

model.

Table 5-2. Measured diffusivity D of C6 in PVK/PBD films.

D T Ty T-T, experiment
(process temp)
10 7 em?/s 365 K 393 K 28 K thermal anneal, no solvent
(Chapter 4.3.5)
10 M em?/s 293 K 260 K 33K solvent anneal at 87.4 torr,
(Chapter 5.3.3.1)
7-10 Bem?s 393K 393K 0 lateral diffusion

(thermal, no solvent)
(Chapter 6.3.1)

8- 10 12cm%/s | 408 K 393K 15K lateral diffusion
(thermal, no solvent)
(Chapter 6.3.1)

4-10%cm?s | 293 293 0 lateral diffusion (solvent)
(Chapter 6.3.2)

Assuming 7, of the PVK/PBD film to be = 393 K, D can be modelled using the
WLF-equation (see Chapter 4.5.3, Equation 4-38 on page 83) and the common values for

—-c (T—Tg)

logD(T) =

+logD, (5-6)
g

¢y =17.4 and ¢, = 52 K. This approach is not valid for the diffusivity data obtained from
experiments in solvent vapor because T, is different in this case. The data of the diffusivity
D vs. 1/T are shown in Figure 5-28 along with the predicted value of D (dotted line). Dy,
the diffusion coefficient at the glass transition temperature, was an adjustable parameter

and chosen to be 7+ 10 ~13 cm?/s since we had a measured data point for D at 7, (393 K).

While the overall trend of the data is consistent with the standard WLF-model, the
fit is poor. The data actually suggest that the parameter c; is too large and ¢, is too small.
Adjusting these parameters to ¢; = 13 and ¢, = 130 K results in a much better fit (dashed
line). While these parameters are dependent on the polymer, the diffusivity for most poly-

mers can be sufficiently described by the “universal values” (c¢; = 17.4 and ¢, = 52 K).
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Figure 5-28. Plot of measured values of D vs. 1/T (process temperature) and predicted
values according to the WLF model (dotted line with common parameters; with fitted
parameters dashed line).

Shown in Table 5-3 are values of parameters for different polymers. Most of these values
are in good agreement with the “universal values”. However, for some polymers these

values differ significantly.

According to the WLF model, the diffusivity D is entirely dependent on the differ-
ence between the process temperature 7" and the glass transition temperature 7. This fact
allows us to compare the measured diffusivity for both cases, the thermal anneal and the
solvent-vapor anneal. We therefore rescaled the process temperature 7 in the case of sol-

T, =T T

vent-vapor accordmg to the equation T process (rescaled) ~ * g process solvent ~ * g solvent >

where T, is the glass transition temperature of the dry PVK/PBD film (393 K),

Tprocess solvent 18 the process temperature during the solvent treatment (293 K), and T go1yent
is the predicted glass transition temperature of the polymer film in the solvent vapor.
Figure 5-29 shows the data with the two adjusted data points of solvent-vapor diffusion.
The data point D=4-10 2 em?/s (lateral diffusion in solvent vapor) is likely to be an outlier

due to dye transport in the vapor phase (as discussed in Chapter 6.3.2).

From this we conclude, that the extracted parameter for the ¢; - and ¢, - value for

PVK/PBD blends are very different than those for most polymers. The difference in the fit-
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Figure 5-29. Plot of measured values of D vs. 1/T (process temperature) and predicted
values according to the WLF model (dotted line with common parameters; with fitted
parameters dashed line). The process temperatures of the solvent vapor data point are

adjusted using the relation 7', oo« (rescaled) ~ 1, o = Tprocess solvent — L g solvent t0 account for

the different glass transition It)emperatures in this case.

ting parameter may be due to the presence of the PBD and the fact that this blend material
might contain crystalline grains. Although the fit of the data is quite convincing and the

values not unrealistic, they should be confirmed by other means.

Table 5-3. WLF parameter for different polymers [2]

polymer Cq CH

natural rubber 16.7 536K
polystyrene 14.5 504K
polyurethane elastomer 15.6 32.6 K
polyisobutylene 16.6 104 K

That all of the data points (excepting the case with spurious surface transport of dye)
both with and without solvents present can be fitted by a single model tells us about the dif-
fusion of dye in the solvent vapor case. That is, like in the standard thermal diffusion model,
the diffusion is controlled solely by the difference between the process temperature 7" and

the glass transition temperature 7.
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5.6 Summary

The anneal of the device in acetone solvent vapor after the initial dye transfer has
been demonstrated to achieve a very homogeneous dye distribution in the polymer film
with raising the process temperature. This process allowed us to eliminate the high temper-
ature anneal and its negative effects on the device performance described in the previous
chapter. Using the solvent vapor anneal method, devices with efficiencies comparable to
control devices have been obtained. However, the rectification ratio decreased substantially

for the annealed device.

The fundamental interaction of the solvent and the PVK/PBD and its effect on dif-
fusion has been studied. Significant dopant diffusion occurs already at low partial pressures
of solvent and at short processing times, leading to less device degradation. The reduction
of the glass transition temperature by the solvent appears to be the main mechanism for the
enhanced diffusion, with the difference between the process temperature and the glass tran-
sition temperature as critical parameters. Additional work is required to further quantify

these results.
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6 Patterning Approaches
using Local Dye Transfer

In the previous chapter, the dye transfer aspect of the dye transfer method has been
discussed in detail, and a fabrication process resulting in OLEDs with efficiencies compa-
rable to conventional devices with dye contained in the spin-on solution has been intro-

duced.

For the application of this technology in full-color display production, the color-
changing dye has to be transferred into the polymer film of the device in a well defined pat-
tern to obtain the red, green and blue emitting sub-pixels. This chapter focuses on the pat-

terning technology developed for full-color OLED displays.

In Chapter 6.1 we discuss the use of a diffusion mask to obtain the desired pattern.
Chapter 6.2 focuses on the implementation of a patterned dye source to eliminate the need
for an additional shadow mask. The stability of the dye pattern is the topic of Chapter 6.3.
A summary will be given in Chapter 6.4.

6.1 Patterning Approaches using a Diffusion Mask

6.1.1 “Scotch Tape” Method

As shown in Figure 3-5 on page 51 [1], the first approach of patterned dye transfer
from the dye source substrate to the device substrate relied on a separate mask layer sand-
wiched between the two substrates during the transfer process. Only where the mask has
openings, the dye is allowed to desorb from the dye source layer and absorb at the surface

of the polymer layer of the device.

Initial results were obtained by using a highly doped polymer solution (100 mg C6,
100 mg PVK dissolved in 6.5 ml chloroform spun on at 4000 rpm on glass). Part of the dye

source substrate were then covered with regular office adhesive tape (3M, 50 pum thick,
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“ScotchTape”). The dye transfer into a standard device (PVK/PBD/bimane layer on a ITO
coated glass substrate) was carried out by placing both substrates in direct contact at 95 °C
for 10 min. The pattern was transferred with good resolution, and feature sizes down to 50

Mm were accomplished (as shown in the electroluminescence micrograph in Figure 6-1).

Figure 6-1. Electroluminescence micrograph of a device with a 50 pm wide line of C6
transferred into a PVK/PBD/bimane film.

6.1.2 Stainless Steel Mask

After these promising results, we used a laser drilled stainless steel shadow mask
(302 stainless steel, manufactured by Rache Corp., Camorillo, CA) in an attempt to fabri-
cate a three-color display. The size of the mask was 51 mm by 39 mm with a thickness of
0.1 mm. Twenty slits (each 24 mm by 0.4 mm with a pitch of 1.5 mm) were laser-drilled
into the steel foil. Figure 6-2 shows a photoluminescence photograph of a glass substrate
with a spun-on PVK/PBD/bimane film with C6 (right side) and Nile red (left side) trans-
ferred into the film. The transfer was carried out at 70 °C in a vacuum oven for one hour
using two dye source substrates simultaneously. The sample was not further processed with

high temperature or solvent anneal.

However due to the laser-drilling of the steel mask, the edge of the openings in the
mask retained some burr, which, when placed in contact with the device substrate, mechan-

ically damaged the soft polymer film. These scratches (as shown in Figure 6-3) resulted in
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3 cm

Figure 6-2. Photoluminescence photograph of a substrate with two dyes transferred into
polymer film (400 pm wide lines).

short circuited devices. Because short circuited devices are a major failure cause in a pas-

sive matrix display [2], the approach to use a stainless steel shadow mask was terminated.
.- )
¥ 400 pm

Figure 6-3. Micrograph of a damaged polymer film due to burr of the steel shadow mask.

6.1.3 Silicone and Polyurethane Mask

To eliminate the damage to the device polymer film, the mask had to be soft and at
the same time demonstrate dimensional stability. We therefore fabricated a silicone mask
(Silicone Rubber RTV 615, obtained from GE Silicones, Waterford, NY) which exhibited
the desired softness. The mask was molded in a teflon form with the same geometry as the

stainless steel mask. No damage to the polymer layer could be detected after the transfer
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step. However, the transfer was very inefficient due to the increased thickness of the mask
(0.4 mm). In addition, the silicone mask was too flexible, and it was impossible to keep the

distance between the lines constant when placing the mask onto the device substrate.

To increase the stability of the mask, we then fabricated the mask with polyurethane
(EP21LV, obtained from Master Bond, Inc., Hackensack, NJ) using the aforementioned
teflon mold. The resulting shadow mask was more rigid (depending on the mixing ratio of
the two components), but the thickness could not be reduced compared to the silicone mask
without breaking the mask when separating it from the mold. In addition due to cohesive
forces between the mold and the polyurethane precursor, the mask showed considerable
deformation at the edge the openings, which damaged the device polymer film in the same

fashion as the stainless steel mask.

We therefore decided not to employ a separate shadow mask in the patterning pro-
cess but rather integrate the mask into the dye source substrate. In addition, we wanted to

incorporate the versatility of conventional photolithography into the patterning process.

6.1.4 Transferred Photoresist (“RISTON”)

6.1.4.1 Riston Photoresist

Using dry photoresist, which can be laminated onto the surface before being pat-
terned, is a common technology in printed circuit board manufacturing. To avoid the
mixing of the two layers after the spin-on process of the photoresist onto the dye source
matrix (Chapter 6.2.1), we used the dry photoresist Riston CM 206 (manufactured by
DuPont) which can be laminated onto the surface and thus does not dissolve the polymer

layer underneath.

The Riston photoresist consists of a 18 pm thick photosensitive polymer film, sand-
wiched between a flexible capping and a more rigid backing foil. To use this product in the
conventional way, the capping foil is removed, and the remaining layers are laminated
under pressure at room temperature onto the metal layer of the circuit board. After this, the
circuit board is exposed to UV light through an appropriate mask. This is followed by the

development in K,CO5 (1% by weight in water) after the backing foil is removed, leaving
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only the photosensitive layer on the circuit board. During the development, all non-exposed

areas are being removed (negative photoresist) [3].

Analogous to the described process, the Riston film was in this experiment lami-
nated onto the cleaned glass substrate previously coated using either a solution of PVK and
C6 or a solution of Vylon 103 and C6 (100 mg polymer, 100 mg C6 in 6.5 ml chloroform)
after the flexible Riston capping foil was removed. The Riston film adhered to the Vylon
film much better than to the PVK film. The lamination was carried out with a commercially
available laminator (Model PL12A, obtained from ALPS Inc., Lonoke, AR) at 90 °C (read-
ing of the thermometer attached to the laminator). The substrate was them exposed to UV
light (30 sec), the remaining backing foil was removed and the photoresist developed.

However, the dye-doped film blistered off again during the development step.

We therefore decided to eliminate any exposure of the dye-doped film to wet pro-
cessing by patterning the resist before its lamination onto the dye source substrate, instead

of transferring the pristine photoresist.

6.1.4.2 Patterned Riston-Mask and Laminated Technology
To transfer the patterned photoresist, we exposed the Riston film to UV light for 30

sec without previously removing any support foils. During the exposure, the Riston film
was “glued” to a bare silicon wafer by a very small amount of water to avoid that the Riston
film moves during processing in the mask aligner. After the exposure, the capping foil was
removed and the remaining photoresist mounted to the remaining support foil was then
developed in K,CO5 (1% by weight in water). Because the photoresist layer does not
adhere very strongly to the support foil, care has to be taken when rinsing it in DI water.
Running water damaged the pattern by washing off many of the small features of photore-
sist. The film was then dried in air with the photoresist side up to protect it from sticking to

the support material.

The film was then laminated onto the dye source substrate consisting of a cleaned
glass slide and a spun-on dye-doped polymer layer (either PVK or Vylon). Because the
Riston film did loose much of its sticking properties during the patterning process, the lam-
ination temperature had to be raised considerably. In addition, many runs through the lam-

inator helped to make the Riston layer stick to the dye source substrate. For the dye source
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with the PVK layer as the polymer matrix, the lamination temperature was about 150 °C,
for the Vylon dye source, this temperature was about 120 °C. The process is shown in

Figure 6-4.

backing layer RISTON photoresist

=) ] =) Erm =

1.Exposure 2. Develop

4. Peel off /

capping layer

dye

3. Laminate

—; I

device g, Remove dye/mask plate
substrate

dye source
plate

5. Diffuse dye

polymer layer for device

7. Evaporate cathode

Figure 6-4. Device fabrication process using local dye patterning with transferred
photoresist. [4]

6.1.4.3 Dye Transfer Experiments

Using this patterning process, very small feature sizes were obtained. Figure 6-5

shows a photoluminescence micrograph of dyed lines (C6 transferred into a PVK/PBD/
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bimane film). The pattern was obtained by transferring dye from a dye source substrate,
consisting of a glass substrate with a highly doped PVK layer (50% in the final film), with
a laminated and patterned Riston photoresist with 20 pum lines (with a pitch of 40 pm). The

diffusion was carried out 70 °C in vacuum for one hour.The micrograph was recorded

Figure 6-5. Photoluminescence micrograph of a PVK/PBD/bimane film with C6
transferred from a dye source using a patterned Riston film as integrated diffusion mask.

under laser excitation at 466 nm using a photomultiplier detector (Department of Molecular
Biology, Princeton University). At this wavelength, only the C6 molecules are excited, but

not the bimane. Therefore, all the emission is caused by the transferred dye.

Figure 6-6 shows the electroluminescence micrograph of a PVK/PBD/bimane
device with C6 transferred by the described process. The feature size of this device is of
much lower resolution than in case of the photoluminescence, because our measurement
set-up does not allow to record electroluminescence micrographs at this scale. The figures
show the successful application of patterning with transferred and pre-patterned photore-

sist.

However, we observed an overall luminescence quenching in areas where the
Riston film was in contact with the polymer film of the device. The reason for this quench-
ing effect was not further investigated. It could either be that dye diffuses out of the device
film and into the Riston film, or that additives in the Riston film (such as plasticizers) dif-
fuse during the transfer process into the device polymer layer and cause the observed

quenching.
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Figure 6-6. Electroluminescence micrograph of a PVK/PBD/bimane film with C6
transferred from a dye source using a patterned Riston film as integrated shadow mask.
6.2 Patterned Dye Source

Because of practical difficulties applying the technologies utilizing diffusion masks

described in the previous section, we also investigated using a patterned dye source.

6.2.1 Photoresist Patterning of Dye Source Layer

The idea to deposit a layer of photoresist by spin-coating onto the dye source layer,
evolved out of the effort to integrate the shadow mask into the dye source substrate. A
cleaned glass sample with a spun-on polymer layer (100 mg PVK, 100 mg C6 in 6.5 ml
chloroform) was spin-coated with the photoresist AZ5214-E. The photoresist seemed to
dissolve the dye source layer because the resulting film did not retain the strong yellow

color of the dye source layer characteristic of highly concentrated C6.

After exposure to UV light (30 sec), the sample was the developed (AZ 400, 1: 3.5
in DI water). During this step, the film blistered off completely from the glass substrate.

Considering these results, we decided to use the photoresist not as a blocking layer
analogous to the steel shadow mask, but rather as the matrix holding the dye to be trans-

ferred.

6.2.2 Doped Photoresist
The direct approach to combine photolithography and dye transfer was pursued by

mixing the dye into the liquid photoresist, and process the photoresist as usual to obtain a
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patterned dye source layer. In this case, no blocking layer between the dye source substrate

and the device substrate is needed.

However, the dye C6 did not dissolve sufficiently in the photoresist used (AZ 5214-
E). Moreover, acetone, chloroform and other good solvents for C6 are also good solvents
for the photoresist. Mixing a small amount of a C6/acetone solution into the liquid photo-
resist (100 mg C6 dissolved in 2 ml chloroform mixed in 6 ml AZ 5214-E) resulted, after
the spin coating on a glass substrate, in a polymer layer which demonstrated a strong yellow
tint characteristic of C6 at high dye concentrations. However, the PL emission of the film
was very weak due to concentration quenching of C6 and due to the fact that no energy

transfer from the polymer to the dye is possible because the photoresist is not electroactive.

After the exposure of the doped photoresist to UV light, the film blistered off during
the development step (developer AZ 400, 1: 3.5 in DI water). To enhance the adhesion
properties of the photoresist layer, the glass was first coated with adhesion promoter HMDS
before the deposition of the doped photoresist. However, the film adhesion of these samples
did not show any improvement. In a different approach, the cleaned glass slide was treated
with oxygen plasma (same process parameter as for the ITO treatment, see
Chapter 2.8.1.3). The resulting samples demonstrated significantly reduced blistering,
however, the damage could not be completely eliminated. Samples exposed to UV light for

30 sec showed the best pattern definition.

The dye patterned source was then placed in direct contact with a standard device
substrate (PVK/PBD/bimane), and the dye transfer was carried out at 60 °C for 90 min in
vacuum. Not enough dye diffused out of the photoresist layer, probably because of the high

glass transition temperature 7, of the photoresist.

To lower the 7, of the photoresist, we mixed a small amount of plasticizers di(n-
buthyl)phthalate (DBP) and di(2-ethylhexyl)phthalate (DEP) into the liquid doped-photo-
resist solution. However, the resulting films were sticky and could not be used as dye

sources, since these substrates could not be removed from the target device film.

Although this approach was abandoned after these results, this method still holds

some technological potential to pattern the dye source layer.
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6.2.3 Dry-Etched Dye Source using a Laminated Photoresist Mask

To avoid any contact of the device substrate with the Riston photoresist, we
designed a variation of the described process. Instead of using the transferred photoresist
as a shadow mask, this layer served as a etching mask in which the dye-doped layer was

patterned by oxygen plasma etching.

The dye source substrate was a cleaned glass slide with a spun-on either a Vylon/
C6 film (for green, 100 mg Vylon, 100 mg C6 in 10 ml chloroform spun on at 2000 rpm)
or Vylon/Nile red (for red, 84 mg Vylon, 10 mg Nile red, in 8.4 ml chloroform at 2000
rpm). After the photoresist was transferred by the same technique as described earlier, the
substrate was then exposed to an oxygen plasma in the same parallel plate reactor as for the
ITO treatment. The following process parameter were used: oxygen flow: 25 sccm, plasma
power: 75 W, chamber pressure: 150 mTorr, process time: 4 min. The Vylon film was
etched completely whereas the Riston film did not show any damage due to the oxygen

plasma.

As mentioned earlier, the Riston photoresist is designed for patterning printed cir-
cuit boards and as such it adheres very well to metal surfaces. The Riston film could easily
be removed from the dye source substrate by laminating a cleaned aluminum foil at 120 °C
onto the substrate. After the substrate was allowed to cool down for 2 min, the aluminum
foil was removed from the substrate with the Riston film attached to the aluminum foil. As

a result, only the patterned doped Vylon layer was left on the glass substrate.

The dye source substrate and the device substrate (glass with a patterned ITO layer,
oxygen plasma treated) was then placed in direct contact under a pressure of 1500 Pa for
90 min and held at 70 °C in air.The pressure was applied by placing a small steel cylinder

on top of the two substrates. The fabrication process is pictured in Figure 6-7.

Figure 6-8 shows a electroluminescence micrograph of a 3 mm high letter “P” with
stripes of Nile red transferred into PVK/PBD film. The outline of the letter is defined by
previously patterned ITO. A blanket Mg:Ag cathode was deposited after the deposition of
the polymer film and the transfer process. The 200 um bright stripes are lines where the dye
Nile red was transferred into the polymer film. The polymer film itself emits only very

weakly in the blue.
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Figure 6-7. Device fabrication process with patterned dye source by dry etch of dye doped
polymer film. [4]

This method eliminates any quenching due to the Riston film. However, the lateral
resolution is limited due to the fact that no barrier is provided to keep the dye from diffusing

laterally during the transfer process. Further work in this area is necessary.

In addition, the dye concentration is hard to control because the dye diffuses into

the Riston film during the lamination process and the lift-off. The surface of the dye source
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Figure 6-8. EL micrograph of a 3 mm high letter with 200 pm lines of transferred Nile red

layer is therefore depleted of dye compared to the bulk of the film [5]. To compensate this
effect, the dye concentration of the dye source solution had to be significantly increased.

Whereas the optimal dye concentration of C6 in the dye source film was 2% by weight for
a Vylon film not patterned and in direct contact with the device polymer film, the optimal

concentration for a Vylon film patterned by Riston lift-off is about 8% by weight.

6.3 Stability of Transferred Dye Pattern

The stability of the dye pattern is of major importance in full color displays. If the
dye diffuses laterally from its original position, the color purity of neighboring sub-pixels
is negatively effected, i.e. the dye is “bleeding”. We investigated the lateral dye diffusion
under elevated temperature and while exposing the polymer film to solvent vapor. Whereas
in the latter case we expose the device substrate to a solvent vapor to drive the dye into the
device polymer film (see Chapter 5) during the fabrication process, the thermal enhanced
diffusion of dye is of great concern in the context of long-term stability of the device at ele-

vated operating temperatures due to the power dissipation or storage.
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6.3.1 Thermal Stability of the Dye Pattern

It is expected that the diffusivity of dye is high above the glass transition tempera-
ture 7y and very small below it [6][7]. For the PVK/PBD blend used in this experiment, 7, o
is approximately 120 °C. To investigate the stability, we transferred C6 in a pattern of 20
pm and 40 pum pitch into a PVK/PBD film at 70 °C (see Chapter 6.1.4.3). The films were
annealed at different temperatures and the change in PL vs. distance along the surface was
used as evidence of lateral dye diffusion in the polymer. Initially, we observed anomalously
high diffusion rates, which were found to be due to evaporation of dye, followed by gas
phase transport and re-deposition onto undoped areas some distance away. To eliminate this
effect, a 600 A thick layer of SiNO, was deposited on the polymer surface at 50 °C by
Plasma Enhanced Chemical Vapor Deposition (PECVD). This solved the anomalous diffu-
sion problem, and also helped to reduce any polymer degradation due to contact with air
and water vapor at the annealing temperature. The photoluminescence image was taken
using a fluorescence microscope. The samples were then annealed for four hours at 90 °C,
105 °C, 120 °C, or 135 °C in nitrogen. After anneal, a PL image was taken at the same spot,
and compared to the one taken before the anneal (Figure 6-9). We were unable to detect any
lateral diffusion of the dye at annealing temperatures below 120 °C, but samples annealed
at higher temperatures showed a slight lateral diffusion. By modelling the evolution of
these profiles, the diffusion coefficient of dye was extracted and found to be D = 71071 +
210713 cm?/s for 120 °C and D = 810712 + 410712 cm?/s for 135 °C. This value of D at
135 °C is comparable to reported diffusivities of dye in polystyrene [8]. However, it is dif-
ficult to compare these results because of the differences in the polymer and the dye in our
work vs. theirs. For example, a dye volume increase by a factor of 10 can result in a
decrease of D by nine orders of magnitude [9]. On the other hand, the observed diffusivity
on the polymer/air interface is known to be much higher than in the bulk of the material.
This can explain why these results are higher than those reported about the bulk diffusivity
in polymers [10].

The lower limit for the dye diffusion coefficient within experimental resolution is

10"13 cm?/s. Therefore, no change could be detected at temperatures of 90 °C and 105 °C.
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Figure 6-9. Spatial PL intensity profiles before and after 4 hour anneal at 90 °C or 135 °C
of substrates with C6 stripes patterns transferred into PVK/PBD film. [4]

These results for diffusivity vs. temperature are modelled using the WLF model

(see Chapter 4.5 on page 77 and Chapter 5.5 on page 117).

The operating or storage temperature should never exceed the glass transition tem-
perature 7, of the emissive polymer for stability reasons. If we assume, for arguments sake,
that the device is held at 7, (120 °C), what is the time needed for a dye in pixel to bleed into
another pixel if the pixels are 1 pm apart? Note that this distance is much smaller than for
any practical display applications. Using the relationship L = /D, it will take 115 days
for this to happen.

This result clearly indicates, that the dye pattern is very stable thermally. At normal
operating temperatures, this time span will be significantly longer. For state of the art

devices, the lifetime of a device is the smaller than this diffusion time.

6.3.2 Stability of Dye Pattern during Solvent Vapor Anneal

In contrast to the thermal stability of the dye pattern, the stability of the pattern
during the solvent anneal is only of importance during the fabrication process. After the
device substrate with the polymer film was exposed to solvent vapor to diffuse the dye into
the bulk of the polymer film (see Chapter 5), the film is dried in pure nitrogen. All solvent
is removed from the polymer film at this time and it regains its pre-solvent treatment prop-

erties like thickness and glass transition temperature 7. That means, after the solvent treat-
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ment, only the thermal dye diffusion has an impact on the stability, and this has already

been shown to be very small.

Two solutions containing either PVK only (100 mg PVK in 7 ml chlorobenzene) or
a PVK/PBD blend (100 mg PVK, 40 mg PBD in 7 ml chlorobenzene) were spun-on onto
cleaned glass substrates at 2000 rpm. A dye source with a pattern of 300 um wide lines was
fabricated using the plasma etching procedure outlined in Chapter 6.2.3. The dye source
layer was Vylon with 8% of C6 (by weight in final film). The two substrates were placed
in direct contact and held at 70 °C for one hour in vacuum. The samples were then trans-
ferred into the reactor for acetone solvent treatment. During the anneal process, a smaller
glass slide was placed on the polymer film, which partially covered the sample. This glass
slide locally prevented the solvent vapor from swelling up the PVK film. After the anneal,
we investigated the difference in width of dye stripe by photoluminescent microscopy at
the border between the exposed section of the sample and the section protected by the cover
slide. The pictures were taken with an excitation wavelength of 488 nm, thus only exciting
the C6 but not the PVK or the PVK/PBD blend. The micrograph of a 300 um wide stripe
is shown in Figure 6-10. The sample with a PVK/PBD film was exposed to acetone vapor

(65 ml per liter nitrogen) for 180 sec.
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Figure 6-10. Photoluminescence micrograph of a stripe (300 pm wide) of C6 transferred
into a PVK/PBD blend after solvent anneal. The solvent anneal did not significantly
increase the width of the dye-doped stripe.

The pictures were then analyzed by measuring the full-width-half-maximum of the
photoluminescence intensity of the micrographs. The results are summarized in Table 6-1.

Table 6-1. FWHM increase of stripes of transferred C6 before and after the anneal in acetone vapor for 180
sec.

sample # | polymer film acetone concentration FWHM increase
1 PVK/PBD blend 65 ml per liter N, 8 Um £ 3 pm
2 PVK/PBD blend 43 ml per liter N, 2 pum + 2 pym
3 PVK only 65 ml per liter N, 9 um £ 4 pm
4 PVK only 43 ml per liter N, 3 um + 3 pm

All samples independent of the polymer material showed a slight increase in width
after a solvent anneal. The two PL intensity profiles of a PVK/PBD film exposed to solvent
vapor (65 ml acetone per liter nitrogen) for 180 sec are shown in Figure 6-11. From these
profiles a diffusion coefficient was estimated to be D =410~ cm?/s. Because the glass
transition temperature 7, of a PVK/PBD film at this acetone concentration is 297 K (see
Figure 5-16 on page 106), this result is orders of magnitude higher than expected from

results presented above. The reason for this discrepancy could be the transport of dye in the
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gas phase as in the previous section or it could be surface diffusion. That this increase is to
first order independent of the composition of the polymer film, supports a model of surface
or gas transport. Capping with a nitride layer was not possible from a technological point
of view since OLED cathodes are to be put on the surface of the polymer film after the dye
diffusion.
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Figure 6-11. PL intensity profiles of a PVK/PBD sample with a 300 pum wide stripe of C6
transferred before (solid line) and after (dashed line) the anneal in acetone vapor (partial
pressure 46.4 torr) for 180 sec.

Since it is not possible to eliminate the anomalous transport of dye molecules, the
solvent anneal is limiting the resolution of the display. However, except for microdisplay
application, the stability of the dye pattern during the solvent exposure exceeds the required
resolution for high-resolution computer screens with a pixel pitch of about 100 pm when

the solvent anneal is limited to 120 sec.
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6.4 Summary
The results given in this chapter demonstrate that patterning of OLEDs by local dye

diffusion is a viable technology. Best results have been obtained using a dye source pat-

terned by dry-etching. Integrated three-color devices fabricated with this technique will be

discussed in Chapter 8.1.
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7 Cathode Patterning

For a display with high information density, the size of the pixels has to be suffi-
ciently small. In a passive matrix display, the width of the intersecting ITO and cathode

metal lines define the size of the basic pixel (see Figure 7-1).

cathode lines

I iF 3§ 9§ 9§ §F 9UF 9§ §F §F W | |TO|IneS

pixel

Figure 7-1. Schematic of a passive matrix display. Devices are formed where the ITO
stripe intersects with the cathode metal stripe.

The ITO layer can be easily patterned using conventional photolithograph and wet
etch (see Chapter 2.8.1.1) with very good resolution. The electroactive polymer layer is

subsequently deposited on top of the patterned ITO substrate.

The organic material (polymer as well as small molecules) is very sensitive to water

vapor, oxygen and organic solvents [1][2][3][4]. Because of this shortcoming, patterning
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processes of the cathode covering the organic layer have generally been confined to tech-

nologies which do not rely on photolithography and/or wet etching.

For a system of materials based on small molecules, both, the organic layer and the
cathode metal, are usually thermally evaporated. In this case, fine cathode lines can be cre-
ated using the "cathode separators" technique: Pillars of insulating photo-processable mate-
rials are formed on the substrate prior to the evaporation of the organic material and the
cathode metal. The pillar then serves as a separator between the individual devices [5][6]

as shown in Figure 7-2.

1. deposite and pattern 2. evaporate organic 3. evaporate metal
photoresist as separators

on ITO-substrate cathode metal layer

' '/ ji/ |—|i|— ﬁHFF
/4 v |

glass substrate

ITO layer
finished devices

Figure 7-2. Use of cathode separators to pattern organic layer and cathode.

For polymer-based organic materials, the organic layer is usually deposited by spin-
coating from a solution, forming a uniform film on the substrate. Since it is best done on
planar substrates, spin-coating on pre-patterned surfaces with tall features is problematic.
The pre-deposited separators could also be sensitive to the solvents used in spin-coating,
and intermixing of the emissive polymer with the photoresist polymer could result in deg-

radation of the device performance.

Shadow masks (as shown in Figure 7-3) could of course be used for cathode pat-
terning, but their use is difficult for small features over a large area (e.g. passive matrix dis-

plays), and alignment to pre-existing features is difficult.
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Figure 7-3. Cathode patterning using a shadow mask during the metal evaporation.

In some cases, photolithographic patterning of photoresist directly on top of the
organic layer of OLED devices has been demonstrated where the organic material is care-
fully chosen to be compatible with photolithographic chemicals, but this greatly restricts

the choice of organic materials [7].

In the following chapter, a two techniques are introduced whereby either conven-
tional photolithography and dry etching are used to pattern narrow cathode features

(Chapter 7.1) or transferred photoresist is employed as cathode separator (Chapter 7.2).

7.1 Dry Etching of the Cathode Metal Layer

To avoid any contact of photoresist, acids, developer or water with the organic
material, we used dry etching to pattern the cathode metal layer. A cathode layer was
deposited as a blanket metal film. Before the metal layer was etched, a layer of conven-
tional photoresist was deposited by spin-coating on top of the cathode layer and patterned.
Because the cathode metal layer is a blanket film, it can be used as a barrier to protect the

organic film during the wet processing of the photolithography step as shown in Figure 7-4.

In most of the experiments described in this thesis, magnesium-silver alloys are typ-

ically used for cathodes. However, they are not easily dry-etched due to the lack of volatile
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Figure 7-4. Patterning of metal cathodes by dry etching of a blanket metal film.

patterned photoresist
blanket metal layer

organic

ITO-coated glass substrate

silver compounds. Aluminum by itself is not a very useful cathode for OLEDs due to its
relatively high work function. At the same time, it is attractive because of its stability in air.
Some efficient devices using aluminum as cathode material have been reported [8][9][10].
Further, it has been demonstrated that highly efficient OLEDs can be obtained with alumi-
num-lithium cathodes [11][12][13][14], where only a small amount of lithium is needed.
Most significant in the context of cathode patterning, aluminum can be easily dry-etched
using a chlorine plasma. Therefore, we focused on the dry etching of narrow aluminum
lines. The aluminum cathode was thermally evaporated forming a blanket layer with a

thickness of 1000 A.

7.1.1 Device Fabrication

Before the actual etching process, the photoresist AZ 4210 was deposited at 4000
rpm onto the cathode layer and subsequently patterned. After a pre-bake for 10 min at 90
°C, the sample was exposed to UV light through a mask with the desired pattern and sub-
sequently developed for 30 sec in AZ351 (1:5 in DI water). During the development pro-
cess, the aluminum film initially blistered off the organic film. Small pinholes in the Al film
and the exposed edges of the sample allowed that water came into contact with the organic

film, which resulted in observed blisters. Figure 7-5 shows the damage to the OLED.

To avoid any contact of the organic with the developer, we devised the following
device structure: After the aluminum film was deposited (800 A) in the center region of the

substrate (leaving the edge region uncovered), the organic at the edge of the sample was
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Figure 7-5. Damage to the aluminum film after photoresist development when only a
single aluminum layer was deposited. The small features (<100 pm) are the desired
photoresist patterns.

removed using a swab soaked in chloroform. A second aluminum deposition (1500 A) was
carried out to completely cover the organic layer. In addition to covering the edges of the
organic film, the number of pinholes in the aluminum film was drastically decreased. The
resulting structure is shown in Figure 7-6. No blistering occurred during photoresist devel-
opment using this device structure. The patterned device was then transferred into a parallel
plate plasma etching chamber for further processing. A mixture of chlorine and boron-
trichloride (Cl, and BCl5) in a carrier gas is conventionally used to plasma etch Al [15].
BClj; enables the etching of aluminum oxide (Al,O5) and also reduces the re-deposition of
the non-volatile etching product AICl; [16]. However, it also slows down the etching pro-
cess. Using a mixture of 1:2 (Cl,:BCl3), no re-deposition occurred and the etch rate was
sufficiently high (about 75 A/min). Good etching results for a 2200 A thick Al film were
obtained with argon as the carrier gas (flow rate: 200 sccm) and Cl, and BCl5 (with flow
rates 10 sccm and 20 scem, respectively) as the etchants at a chamber pressure of 200 mtorr

and a plasma power density of 0.27 W/em?.

The photoresist was not removed after the dry-etching of the cathode metal. Elec-

trical connections were made by probing through the photoresist layer.
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Figure 7-6. Device structure to avoid blistering of the aluminum film due to contact with
water during the lithography process, and to reduce aluminum pinholes. [17]

7.1.2 Device Characterization
Figure 7-7 .shows etched cathode lines with a width of 20 pm. Perpendicular to

Figure 7-7. Micrograph of a sample with Al cathode lines fabricated with plasma etching.
The width of the ITO lines and the Al lines is 20 pm. Note some damage to the photoresist
(on top of the cathode) from metal etching can be seen. [17]

20 pm

ITO lines

these lines run 20 um ITO lines in a passive matrix pattern. Individual OLEDs are formed
where the ITO lines and cathode lines intersect. However, none of these devices emitted
light.

To investigate the reason for this device failure, we fabricated devices by the same
procedure as above, except that the ITO and the aluminum cathode size were increased.
Figure 7-8 shows electroluminescence micrographs of devices with equal ITO and alumi-

num line widths of 1000 pm, 500 pm, 200 pm. The emitting area of the device is smaller
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non-emissive zone

Al

ITO

1000 pm | 500 pm 200 um

Figure 7-8. Electroluminescent micrograph of devices of different sizes fabricated with
plasma etching of the cathodes. The ITO lines run horizontally, the aluminum lines
vertically. Note the non-emissive zone in all samples along the edge of the aluminum line.
The devices were exposed to air for approximately 4 hours. [17]

than the total device area due to a non-emissive region along the edge of the aluminum line.
The width of this region is about 65 pm (£ 5 um), and is the same for all devices indepen-
dent of feature size. Therefore, devices smaller than 130 pm will not emit any light, because
the device area is completely consumed by the non-emissive region. We also fabricated
devices with a line width of 100 um, which, in accordance with this observation, did not
emit any light. These devices were tested after they were exposed to air for approximately
4 hours. Figure 7-9 shows the IV curve of these devices along with the photocurrent mea-
sured in a nearby detector. The 1000 um device (squares) has an external quantum effi-
ciency of about 0.14%. The external quantum efficiency of the 500 pm device (circles) is
about 0.12%, and that of the 200 um device (triangles) is about 0.11%. Thus the quantum
efficiency does not vary much with the emitting area. Hence, little current flows in the non-

emissive zone implying it has a much higher resistivity than the emissive area.

These non-emissive regions could be caused by damage to the organic layer during
the etching process, especially during any "overetch" after the metal is etched away. One
might imagine a reaction of chlorine radicals with the oxadiazole groups of the PVK during

the etching process. Alternatively, the degradation mechanism could be similar to that of
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Figure 7-9. Current-voltage characteristics and photo current of OLEDs with plasma
etched cathode: 1000 pm device (squares), S00 um device (circles), and 200 pm
(triangles). The devices were exposed to air for approximately 4 hours. [17]

conventional "dark spots", i.e. degradation of the device by exposure to air/water vapor
through a pinhole in the cathode. Note that the ambient can attack the OLED through the
entire edge of the patterned cathode. To discern between these two mechanisms, we then
compared the growth of the non-emissive zone (AL in Figure 7-10) in the dry-etched device
and in those with aluminum cathodes patterned by evaporation through a conventional
shadow mask !. Both sets of devices had an aluminum cathode (3000 A). The growth of
dark spots in the two cases was determined by observing the devices during electrolumi-
nescence as a function of their exposure to air. No significant difference in growth rate can
be inferred. Therefore, we conclude, that the damage to the organic film caused by the

plasma treatment is negligible compared to the damage due to exposure to air.

To investigate the growth of the non-emissive region and its dependency on the
cathode metal used and the environment, we fabricated devices with a) a 2000 A thick alu-
minum cathode and b) with a Mg:Ag (10:1, 1200 A), followed by Al (2100 A) cathode. The

cathodes were patterned by evaporation through a shadow mask. After the cathode deposi-

1. The growth rate of the non-emissive zone in different environments was analyzed by Min-Hao Lu.
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Figure 7-10. Growth of the non-emissive zone with time in air after (a) aluminum cathode
(300 nm) patterning with plasma etching (circles), and (b) patterned cathode formation by
aluminum evaporation through a shadow mask (squares). AL is the width of the non-
emissive zone (inset). [17]

tion, one of the samples with the pure aluminum cathode was exposed to a oxygen plasma
for 4 min (oxygen flow 25 sccm, chamber pressure 100 mTorr, plasma power density 0.22
W/cmz) and another one to a chlorine plasma for 4 min (chlorine flow 20 sccm, argon flow
100 sccm, chamber pressure 150 mTorr, plasma power density 0.11 W/cm?). One sample
was left untreated. As shown in Figure 7-11, no significant difference between these sam-
ples can be seen, again showing the edge effects are not related to plasma treatment. A

sample with Mg:Ag/Al cathode was exposed to oxygen plasma for 4 min, whereas one

sample did not undergo any plasma treatment. Similarly, these two Mg:Ag/Al samples

show no significant change in the growth rate of the non-emissive region. The growth rate
is substantially larger for the device with an Al cathode than for a Mg:Ag/Al cathode, even
though these all devices were kept under the same storage conditions. This suggests that the
formation of the non-emissive zone is related to a reaction at the organic-cathode interface,
as opposed to the organic layer itself. The same conclusion was previously reported for the

formation of dark spots [18][19][20].

151



—ml— Mg:Ag/Ag/Al cathode, no plasma

—@— Mg:Ag/Ag/Al cathode, 4 min O, plasma

—A— Al cathode, no plasma

—Ww— Al cathode, 4 min O, plasma

—4&— Al cathode, 4 min Cl, plasma

—A— Al cathode, no plasma, left in glove box
—V— Al cathode, 4 min O, plasma, left in glove box
—<— Al cathode, 4 min Cl, plasma, left in glove box

50

AL [pm]

0 5 10 15 20 25 30
exposure time [hr]

Figure 7-11. Growth of the non-emissive zone vs. exposure time to air for cathodes of
different material and processing steps after cathode deposition. All cathodes were
deposited using a shadow mask. [21]

Figure 7-12 shows electroluminescence micrographs of the same sample with a

Mg:Ag/Al cathode which was exposed to oxygen plasma for 4 min.

The growth rate of the non-emissive zone in devices with aluminum cathodes can
be dramatically reduced when the samples are kept in a nitrogen atmosphere (dew point -
50 °C), stressing the need for device encapsulation. These devices were exposed to air for
several minutes, however, due to the time required to transfer them from the evaporator to

the glove box.

For all devices, the width of the non-emissive zone shows an approximate square
root dependence on time suggesting that the reaction of the organic material is limited by

the diffusion of a reactant from the device edge.
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Figure 7-12. Electroluminescence micrographs of devices with Mg:Ag/Al cathode
exposed to oxygen plasma for 4 min. The width of the non-emissive zone was 20 Um after
11 min exposure to air, 23 pum after one hour, 55 pm after 12 hours, and 60 pm after 15
hours. [21]

In summary, fine line cathode patterning is indeed possible by dry-etching with
photoresist on top of the metal cathode. But it is necessary to avoid exposure to oxygen and

water vapor between the processing steps until the device is encapsulated.

7.2 Cathode Patterning by Transferred Photoresist

7.2.1 Device Fabrication

Adapting the idea of cathode separators to polymeric materials, we developed a
technique to pattern the cathode by depositing a layer of patterned photoresist after the spin-
on of the electroactive polymer. However, conventional photolithography on top of the
emissive polymer film is in most cases not possible, because the contact with solvent, water

or developer will degrade the electroluminescence properties of the film [7].

7.2.1.1 Lamination of Pre-Patterned Photoresist

Using the same technique of transferring a pre-patterned photoresist film as for the
dye transfer (see Chapter 6.1.4.2) onto the emissive layer, we were able to pattern the cath-
ode layer without exposing the emissive layer to water or solvents. The process is shown

in Figure 7-13. After the patterning of the Riston film by conventional photolithography,
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the film is then laminated at high temperature at the emissive polymer film. The process

temperature during the lamination had to be very high (180 °C) because the Riston did not
stick well to the hydrophobic PVK film. If the feature sizes of the Riston were large (at least
2 mm?), the Riston film could be transferred to the PVK. Separate islands of Riston photo-
resist did usually not transfer. Figure 7-14 shows an EL-micrograph of a device fabricated

with this technology where the width of the cathode is 120 pm.

bacgng layer yON photoresist

- 2. Devel
capping layer 1.Exposure . Develop

4. Peel off
polymer
ITO
glass substrate |:>
3. Laminate @
photoresist laminated onto the
organic layer of the device 5. Evaporate metal cathode
photoresist /metal

polymer layer

= -ITO = = :>

glass substrate

Figure 7-13. Schematic process to form cathode separators using transferred photoresist.
[22]

7.2.1.2 Adhesion Promotion using conventional Adhesive

To improve the adhesion of the Riston film to the PVK layer of the device substrate,
we tested different options. Exposing the Riston film to solvent vapor (acetone) prior to the
lamination did indeed swell up the film and make it more sticky. But the yield of the lam-
ination process did not improve, probably because the solvent evaporated too fast. Spraying

an adhesive (“Super 77” or “Spray Mount”, both obtained from 3M) on the Riston foil
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Figure 7-14. EL micrograph of an OLED feature fabricated using transferred photoresist.
[22]

before laminating it promoted the adhesion substantially. However, the drops of the adhe-
sive fog were too big and after lamination, some of the device area was still covered with

adhesive as shown in Figure 7-15.

device

Riston

damage

Figure 7-15. Device with damage due to spray-adhesive (device size 80 pm by 400 pm).

Dissolving the dried residue of the spray adhesive (“Spray Mount”) in cyclohexane
yielded a opaque solution, which, when painted onto any surface, retained its adhesive

properties even after the evaporation of the solvent. The painted film did not show any clus-
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ters as did the film deposited by spray-coating. But we detected little islands of glue with a
size of about 100 pm after the solution was painted on the patterned Riston film with a

brush and dried for 5 minutes in air. The film adhered well to the PVK layer when it was
laminated at 150 °C onto the PVK film. However, it did not stick to the PVK film after it

was laminated at room temperature. The resulting devices are shown in Figure 7-16. The

device ——» -

(a) width: 0.4 mm (b) width: 1.6 mm

Figure 7-16. EL micrographs of devices with adhesion promotion layer painted onto the
Riston film before the lamination process.

EL micrograph of a 400 um wide device does not show any damage due to adhesive con-
tamination (Figure 7-16 a). But the device with a width of 1.6 mm showed significant
damage due to contact with the adhesive (Figure 7-16 b). A schematic of the damaging pro-
cess is shown in Figure 7-17. Both rubber rolls of the laminator are approximately 4 cm in
diameter. Small openings in the Riston film protect the polymer film from being contami-
nated with the adhesive attached to the backing foil of the riston film. However, larger
openings, due to the flexibility of the rubber roll and of the Riston backing foil allow the

adhesive to be deposited on the device polymer film, resulting in non-emissive spots.

To avoid such undesired contact of the device polymer film with the adhesive, a

glass slide placed in top of the device substrate with the Riston film sandwiched in between
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Figure 7-17. Contamination of the emissive polymer layer due to contact with adhesive
deposited on the Riston film.

these substrate was used. Because of the stiffness of the glass slide, the Riston film did not
conform to the curvature of the rubber roll and the polymer film did not show any contam-
ination. However, the process temperature had to be significantly raised to 190 °C. Devices

fabricated at this temperature demonstrated a decreased external quantum efficiency.

In addition to the spay-adhesive, we also used a copolymer containing carbazole
and carboxyl groups (provided by Prof. Schwartz, Chemistry Department, Princeton Uni-
versity) to promote the adhesion between the PVK layer and the Riston film. Because the
PVK is very hydrophobic and the Riston film hydrophilic, a interlayer made up of a poly-
mer with both hydrophilic and hydrophobic sidegroups would be a good choice to improve

the adhesion of both layers. Initial experiments, however, did not show any improvement.

7.2.1.3 Adhesion Promotion using a Thin Metal Layer

Riston adheres exceedingly well to metals, and evaporated metal film adhere to

PVK. The good adhesion to metal was also the reason for the most successful approach of
adhesion promotion of the Riston layer to the emissive polymer film. After the evaporation
of a very thin layer of silver or aluminum as a blanket on the device polymer film, the
Riston film was laminated onto the device at fairly low process temperatures (room tem-
perature up to 100 °C). The adhesion to the polymer film was greatly enhanced by the thin
metal film. The fabrication process is pictured in Figure 7-18. To avoid lateral conduction
(which would lead to a conduction between the devices), we determined the optimal thick-

ness of the metal film to be 40 A. For a metal film of 10 A, the adhesion is not much
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increased compared to a device with no metal layer deposited. Lateral conduction was
observed after a blanket layer of around 80 A to 150 A was evaporated. Because the metal
probably forms islands on the polymer surface during the evaporation, the film is discon-
tinuous for low thicknesses. When a thick layer of metal is deposited, these islands grow
together and form a continuous and thus a conductive layer. The optimal process tempera-
ture for the lamination process was about 85 °C. At this temperature, the backing film could
easily be removed and the device was not exposed to a harsh heat treatment. After the
Riston film was laminated onto the substrate, a thick cathode metal film of Mg:Ag (1000

A) was deposited.

thin metal layer

.—.—4/ polymer

«— ITO

glass

thick metal layer (cathode)
RISTON

Figure 7-18. Adhesion promotion using a very blanket thin metal layer deposited before
the lamination of the Riston photoresist. A thick cathode metal film is evaporated after the
Riston layer is deposited.

Figure 7-19 show a EL micrographs of a device fabricated with this method at dif-
ferent magnifications. The devices are 10 mm long and 300 pum wide. The Riston stripe
between the devices is 50 um wide. A 40 A thin silver film was deposited as a blanket film
before the Riston film was laminated at 85 °C. A standard cathode was subsequently depos-
ited (500 A of Mg:Ag (10:1) followed by 500 A Ag). Because the metal layer did not con-

duct laterally, all devices could be addressed separately and no cross-talk was observed.
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Figure 7-19. EL micrographs of device patterned with transferred Riston photoresist. A
thin blanket silver film was deposited before the lamination process to promote the
adhesion of the Riston film. Picture (b) is the fivefold magnified version of (a).

7.2.1.4 Cathode Metal Lift-off

The good adhesion of the Riston film to metal was mentioned earlier (see
Chapter 6.2.3). The idea of this technique was to use this property of the Riston film to lift
off the cathode metal. After standard PVK/PBD/C6 devices were fabricated with a blanket
500 A thick Mg:Ag (10:1) layer with a 500 A thick Ag capping layer as cathode, we lami-

159



nated a pre-patterned Riston film on at 100 °C. In this case, the Riston film adhered very

well to the cathode, and the backing layer could easily removed as pictured in Figure 7-20..

backing layer RISTON photoresist

=) e =) e

1.Exposure 2. Develop

capping layer

4. Peel off

cathode
T

/
polymer

—

3. Laminate Riston
onto device substrate

6. Peel off
of cathode layer

Al foil device

5. Laminate AL foil a
onto device substrate

Figure 7-20. Cathode patterning by cathode metal lift off.

No additional adhesion promotion was necessary. A cleaned aluminum foil was then lam-
inated on top of the Riston film at 100 °C, which adhered also very well. By removing the
aluminum foil, we hoped to remove the cathode metal at places where the Riston film glued
the two metal layers together and thus patterning this layer. Disappointingly, only a very

small portion of the device area did come off and most of the Riston film remained on the
cathode metal. In addition, even there where the cathode metal was removed, the cathode

layer showed very rough edges as shown in Figure 7-21.

7.2.2 Lateral Conduction due to Transferred Photoresist
After the Riston photoresist was laminated onto the device substrate by any of the

aforementioned methods and a metal cathode was deposited by thermal evaporation, we
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Figure 7-21. Micrograph of a cathode metal layer after lift-off process.

often observed conduction between random devices on the substrate, although the cathodes

of these devices were supposed to be islands and thus not connected to each other.

To investigate this failure, we performed scanning electron microscopy (SEM) on
a section of a laminated film on a PVK/PBD ITO/glass substrate. The micrograph of a sec-
tion of 20 um wide lines with a 40 um pitch is shown in Figure 7-22(a). The wedge-like
section of the Riston film is very advantageous because it ensures that no electrical conduc-
tion between separated devices is possible due to the anisotropic metal deposition as

depicted Figure 7-22(b).

This observation can not clearly explain why some devices were connected, as the
retrograde slope of the Riston features (schematically shown in Figure 7-22 b) should insu-
late the cathodes from one another. SEM analyses of a device with laminated Riston film
from the top revealed that the Riston film was not cleanly removed at the edges of the open-
ings and some thin remnants remained after the development process as shown in the
micrograph in Figure 7-23. These protruding Riston pieces made contact to the cathode

layer of the actual device (see schematic in Figure 7-24).

To remove these thin Riston features, we used an oxygen plasma after the patterning
of the photoresist but before the transfer by lamination. The following process parameters
were used: oxygen flow: 25 sccm, plasma power: 75 W, chamber pressure: 150 mTorr, pro-

cess time: 4 min. The Riston film was transferred into the parallel plate reactor (10” diam-
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Figure 7-22. (a) SEM micrograph of section of a Riston photoresist laminated onto a
PVK/PBD coated ITO/glass substrate; (b) insulation of separated devices due to the
wedge-like structure of the photoresist.

eter) after development and drying when it was still attached to the backing foil. The film
was held down on the electrode plate in the chamber with two glass slides at the edge of the
Riston film. After the oxygen plasma etch, the Riston film was laminated onto the device
substrate. The oxygen plasma treatment significantly reduced the number of connected

devices.

7.3 Summary

In this chapter we showed that cathode patterning by photolithography and dry
etching is a viable technology. It was demonstrated that the observed damage to the device
(non-emissive zones at the edge of the cathode) are due to the exposure to air rather than

due to the etching process.
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Figure 7-23. SEM micrograph of a device with laminated Riston film. The edges of the
film show thin protruding features.

In addition, a transferred photoresist has been shown to work as a cathode separator

during the deposition of the metal cathode. This method minimizes any contact of the poly-

mer layer by patterning the photoresist previous to the transfer step.

Further work is needed to improve the reliability of these techniques.
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Figure 7-24. Schematic of connected devices due to protruding Riston film.
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8 Summary and Future Work

In summary, this work demonstrates the fabrication process of three-color polymer
devices using the dye transfer technique to obtain the different emission colors. Several
aspects of the dye transfer have been investigated. The initial dye transfer from a large-area
dye source using a shadow mask or a patterned dye source is a novel approach to patterning
of OLEDs. To obtain efficient devices, the devices had to be annealed. A suitable method
of annealing the device in a solvent vapor atmosphere has been introduced. In addition, two
approaches to pattern the cathode metal layer have been demonstrated. In the first
approach, we fabricated devices using dry-etching to pattern a blanket metal cathode. The

second approach employed transferred photoresist to pattern the cathode film.

With all these methods on hand, we now proceed to the realization of RGB devices.

8.1 Realization of Integrated RGB Device using the Dye
Transfer Technique

In general, for a polymer OLED display being able to emit red, green, and blue light
(RGB), the three different dyes have to be transferred into the polymer film. This can be
achieved by three subsequent diffusion processes. However, because only the dye with the
longer wavelength will emit if two or more dyes are present (see Chapter 2.9), the blue dye
can already be contained in the spin-on solution and only the red and the green dye have to

be added by diffusion. The fabrication process is pictured in Figure 8-1.

An ITO-coated glass substrate was patterned by wet etch creating stripes with a
width of 300 pm. After oxygen plasma treatment of the substrate, a layer of PVK/PBD and
C47 was spun on (100 mg PVK, 40 mg PBD, 0.3 mg C47 in 7 ml chlorobenzene, spun-on
at 2000 rpm).

The dye substrates were glass slides with a polymer layer containing either C6 or

Nile red. The polymer solution (100 mg Vylon in 10 ml chloroform) with 8% of the respec-
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Figure 8-1. Dye diffusion process for an integrated RGB device [1].

tive dye was spun on at 4000 rpm. The patterned Riston layer was laminated onto the dye
source and was then etched by oxygen plasma before the Riston layer was removed. The

transferred dye pattern were 300 um wide stripes with a pitch of 900 pm.

The dye transfer was carried out at 70 °C for 60 min in vacuum for each of the dyes.

The PL images of the device are shown in Figure 8-2.

Figure 8-2. PL images of the device after the dye transfer (left side: entire device 78 mm x
78 mm, right side: magnified detail). [images courtesy of Ke Long]
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After the two transfer steps, the sample was annealed at room temperature for 3 min

in solvent vapor (130 ml gaseous acetone per liter nitrogen at 4 1/min).

Before the lamination of cathode separators, a 40 A thin silver layer was thermally
evaporated as blanket layer to enhance the adhesion of the pre-patterned Riston film on the
emissive polymer layer. After the lamination a Mg:Ag (10:1) was deposited with a silver
capping layer.

Figure 8-3 shows micrographs of the fabricated device.!The transferred dye is not
perfectly aligned because a bit of the green and red color is “bleeding” into the blue sub-
pixel. The external quantum efficiencies of this device were measured to be 0.22% for the

green sub-pixel, 0.18% for the red one, and 0.08% for the blue one.

These results demonstrate the viable potential of the dye transfer technique for the

fabrication of a passive matrix display.

Figure 8-3. EL micrograph of a pixel with red, green and blue subpixel fabricated by dye
transfer and cathode separators. [micrographs courtesy of Ke Long]

8.2 Future Work

Before the dye transfer technology can be utilized on an industrial scale, several

problems have to be solved and further improvements are desirable.

The dye transfer process could be modified to transfer the two (or more) dyes simul-

taneouly. This can be accomplished by screen printing [2][3] the polymer layer of the dye

1. This particular device was fabricated by Ke Long. However, three color devices employing both dye
transfer and cathode patterning were previously reported by the author. [1]
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source rather than etching it. Screen printing is a very mature printing technology, and
printing on glass or plastic, although not as common as printing on paper, is an well under-

stood process.

In addition to screen printing, the dye source could be completely eliminated if the
dye is directly deposited onto the device polymer layer from a powder source. This process
is certainly more sophisticated and needs a lot of research. However, electrostatic deposi-
tion (such as a laser printer) is capable of high resolution and enormous flexibility in terms
of patterning. In this case, the pattern could be directly transferred from the computer plat-
form to the physical device without the need to fabricate any masks or any other lithogra-

phy steps.

Perhaps a more realistic approach to direct patterning is the dye sublimation tech-
nique, where the donor (the dye source) and the receptor (the device polymer layer) are in

direct contact and local heating of the dye source initiates the dye transfer [4][5].

To get a better qualitative and quantitative understanding about what is happening
during the solvent anneal, a detailed analysis of samples using SIMS with dye transferred

after different exposure times and at different solvent concentrations is necessary.

In addition, further work is necessary to fine-tune the dye transfer process to obtain
the optimal dye concentration is the device polymer film and thus increase the efficiency

of the device.

Recent research results show that polyfluorenes are a promising class of emissive
polymers [6][7]. Substituting PVK with this kind of polymer is desirable to fabricate more

efficient and stable devices.

170



8.3 References
[1] F. Pschenitzka and J. C. Sturm, “Patterned dye diffusion using transferred photore-

sist for polymer OLED displays”, Proceedings of SPIE - The International Society
for Optical Engineering 4105, 59 (2001).

[2] D. A.Pardo, G. E. Jabbour, and N. Peyghambarian, “Application of Screen Printing
in the Fabrication of Organic Light-Emitting Devices”, Adv. Mater. 12 (17), 1249
(2000).

[3] J.Birnstock, J. Blassing, A. Hunze, M. Scheffel, M. Stossel, K. Heuser, G. Witt-
mann, J. Worle, and A. Winnacker, “Screen-printed passive matrix displays based
on light-emitting polymers”, 78 (24), 3905 (2001).

[4] R.A.Hannand N. C. Beck, “Dye diffusion thermal transfer (D2T2) color printing”,
Journal of Imaging Technology 16 (6), 238 (1990).

[5] K. Shinozaki and H. Hirano, “Dye - polymer affinity and its effect on thermal dye-
transfer printing”, Journal of Imaging Science and Technology 38 (6), 571 (1994).

[6] I S.Millard, “High-efficiency polyfluorene polymers suitable for RGB applica-
tions”, Synthetic Metals 111, 119 (2000).

[7] M. T. Bernius, M. Inbasekaran, J. O'Brien, and W. Wu, “Progress with light-emitting
polymers”, Advanced Materials 12 (23), 1737 (2000).

171



9 Appendix

9.1 MATLAB code for Diffusion Depth Sensitive
Photoluminescence

cl ear al
echo off all

ogefinitions

n=1000; % ilmthickness in A

abs=500; Yabsorption Il ength of UV |ight
length_i=.1,; %nitial dye distribution length in A
| engt h_e=2000; % ength at end of simulation

factor=1. 2; %rul ti ple of Iength interval

al pha = 2; % i near

beta = 10; %uadratic termof em ssion-ratio func
kappa = 1; %ye enhancenent

fid = fopen('output.dat’',"a");

%al cul ati ng nunber of points
| engt h=l ength_i;
j =1,
whil e |l ength<=length_e
I ength = | ength*factor;
=0+
end
jmax = j;

result length = zeros(1,j);
result_ratio_g zeros(1,j);
result ratio e = zeros(1,j);

%rai n conput ati on

=1

| ength=length_i;

whi | e j <=j max
result_length(j) = length;
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%V intensity fromfront, back
front = zeros(1,n);
back = zeros(1,n);%ack nmeans illum nation through substrate

i =1:n;
front = exp(-(i-1)/abs);
back= exp (-(n-i)/abs);

%gaussi an di stribution of dye
y_g = zeros(1,n);

y_g = exp(-(i.*i)/(2*l ength"2));
ysum = sum(y_Q);

y_g = y_g/ysum

%al cul ation of em ssion intensity gauss

i ntensity_back = sum(back. *(al pha*y_g+kappa*beta*y_g.*y_qg));
intensity front= sum(front.*(al pha*y_g+kappa*beta*y_g.*y _g));
rati o_gauss =intensity front/intensity_ back

result ratio _g(j) = ratio_gauss;

%error function

y_e = zeros(1,n);

y e =erfc (i/(2*length));
ysum = sun(y_e);

y e =y elysum

%al cul ati on of emi ssion intensity error

i ntensity back = sum(back. *(al pha*y_e+bet a*kappa*y_e.*y _e));
intensity front= sum(front.*(al pha*y_e+bet a*kappa*y_e.*y _e));
ratio_error =intensity front/intensity back

result _ratio_e(j) = ratio_error;

I ength = | engt h*factor;
o=+
end

% ead out

| engt h=l engt h_i ;

=1

whi | e j <=j max
result _length(j);
result_ratio_g(j);
result_ratio_e(j);
fprintf(fid,"% % Y%g \n', result _length(j), result_ratio_g(j),

result _ratio_e(j));
I ength = | ength*factor;

=i+

173



end

%l ot routine

hol d on,

pl ot (result | ength,
pl ot (result _| ength,

fclose(fid);
hol d of f;
clear all;

result_ratio_g,
result ratio_e,
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