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Abstract

This work focuses on fundamental characterization of charge injection and
transport in organic materials used in organic light emitting diodes (OLEDs).
By fabrication and characterization in an ultrapure environment (here ultra-
high vacuum, UHV) the intrinsic properties and their relation to material pa-
rameters could be studied. The controlled exposure to different gases allows
a separate investigation of the degradation mechanisms caused by oxygen
and water.

Space-charge limited (SCL) current, a well-defined squared-law depen-
dence of the injected current on the applied voltage, is observed in tris
(8-hydroxy-quinoline) aluminium (Alqs, a widely used material in OLEDs)
with magnesium (Mg) contacts. From this, one derives an electric-field-
independent electron mobility of the order of 10~7cm?/(Vs), with a variation
between different samples of about one order of magnitude. This is the first
time, that SCL current could be observed in Alqgs thin films.

The variation of the Alqgs thickness clearly shows that the Mg/ Alqs in-
terface forms ohmic contacts without injection barriers. Operation of the
Mg/Algs /Mg structures in oxygen or a slightly oxidation of one contact dis-
turbs the ohmic properties of the contacts and injection barriers dominate.

A ultraviolet photoelectron spectroscopy (UPS) characterization of a very
thin (35nm) Mg cathode during operation on an OLED shows that the surface
of Mg in a Mg/ Alqs structure is stable during electron injection in UHV. The
creation of holes in the cathode and the degradation by black spots in the
region of luminescence arises from the exposure to atmospheric gases.

UPS and X-ray photoelectron spectroscopy (XPS) are also used in this
work to measure the electronic structure, injection barriers, or the element
composition in all employed materials. From these results it has been deter-
mined that usual magnesium-silver cathodes do not grow homogeneous onto
Algs. The interface to Alqs is dominated by silver.






Zusammenfassung

Diese Arbeit konzentriert sich auf die grundlegende Untersuchung von
Ladungsinjektion und Ladungstransport in organischen Materialien, die
in organischen Leuchtdioden (OLEDs) benutzt werden. Durch Herstel-
lung und Charakterisierung in einer extrem sauberen Umgebung (hier Ul-
trahochvakuum, UHV), konnten die intrinsischen Eigenschaften und ihre
Verbindung zu Materialparametern untersucht werden. Der kontrollierte
Kontakt mit verschiedenen Gasen erlaubt eine getrennte Untersuchung der
durch Sauerstoff und Wasser verursachten Degenerationsmechanismen.

Raumladungsbegrenzter Strom mit einer quadratischen Abhéngigkeit
des Injektionsstromes von der angelegten Spannung wurde in tris (8-
hydroxy-quinoline) aluminium (Algs ist ein oft benutztes Material in
OLEDs) mit Magnesium (Mg) Kontakten gemessen. Daraus konnte die
Grossenordnung der Elektronenbeweglichkeit (unabhéngig vom elektrischen
Feld) mit 1077 cm?/(Vs) berechnet werden. Diese variiert um etwa eine
Grossenordnung fiir verschiedene Proben. Es ist das erste Mal, das raum-
ladungsbegrenzter Strom in Alqs nachgewiesen werden konnte.

Die Messung der Strom-Spannungs-Kennlinien als Funktion der Alqgs-
Dicke zeigt deutlich, das an der Grenzschicht Mg/Alqs ein Ohmscher Kon-
takt ohne Injektionsbarriere entsteht. Wenn Mg/Alqs/Mg Strukturen in
Sauerstoff betrieben werden oder ein Kontakt oxidiert wird, verschwinden die
Ohmschen Eigenschaften der Kontakte und Injektionsbarrieren dominieren.

Messungen der elektronischen Struktur mit ultravioletter Photoelektro-
nenspektroskopie (UPS) zeigen, das die Oberflache einer 35 nm dicken Mag-
nesiums Kathode in einer Mg/Alqs Struktur stabil ist, wenn Elektronen im
UHV injiziert werden. Eine an Luft beobachtbare Bildung von Lochern in
der Kathode und schwarzen Flecken in der Lumineszenzregion konnte im
UHYV nicht nachgewiesen werden.

Mittels UPS und Rontgenstrahlen Photoelektronenspektroskopie (XPS)
wurde auch die elektronischen Struktur, die Injektionsbarrieren oder die El-
ementzusammensetzung in allen beteiligten Materialien bestimmt. Dabei
wurde festgestellt, das die {iblichen Magnesium-Silber-Kathoden nicht ho-
mogen auf Alqs aufwachsen und die Grenzschicht zu Alqs durch Silber do-
miniert wird.
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Preface

This thesis is based on published articles in refereed journals.

Chapter 1 gives a short overview about the history of organic electronics and
introduces the reader to the fundamentals of conduction in organic materials.

Chapter 2 explains the motivation for the experiments and presents the
above mentioned articles.

Appendix A gives additional details of the experimental methods of this work.

Appendix B summarizes the main properties of the materials used in
this work.
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1 Introduction

Organic materials play an increasing role in our everyday life. Recently, they
have started being employed for electronic applications and have reached
many research laboratories as interesting new electronic and photonic mate-
rials. Many new applications, e.g. organic light emitting diodes (OLEDs) in
displays, organic transistors (OFETSs), or even complete circuits have been
introduced. The components for organic electronics can often be produced
cheaply, because the production requires only moderately low temperatures
and often no crystalline materials. As an added advantage, flexible substrates
can be used which one day might allow for the construction of a TV that
can be rolled up. On the other hand, there are stability problems due to
the possible reactions that can take place between these materials and oxy-
gen or moisture. Even encapsulated organic materials might be damaged by
electrical currents or light.

1.1 History of Organic Electronics

Up to the invention of thin film Organic Light-Emitting Devices (OLEDs) us-
ing hetero-interfaces in 1987' by TANG and VAN SLYKE [1], the research on
organic materials for electronic applications was infinitely small compared
to research on inorganic semiconductors. In the following years more and
more research groups changed their direction towards organic materials. It
is not surprising that in recent years the speed of innovation increased dra-
matically. Both research results and commercial products have shown that
organic materials have a very big potential for the future.

In general, most organic materials are electrical insulators? for electrical
current. Like current conduction in vacuum tubes, the organic material be-
comes conducting if charge carriers are injected and transported by an electric
field. The vacuum tubes were exchanged by semiconducting transistor and
the knowledge of current injection and current transport in insulators fell
into oblivion. Inorganic semiconductors dominated the research, and later,
the world wide electronic market.

The results were published 1987, the patent US 4,539,507 was filed 1983.
Insulators, by definition, are wide band-gap materials. Low conductivity arises from
low mobilities, or low free carrier densities, or both (see also section 1.2).

2



8 1. Introduction

In recent years the field of electronic charge transport in organic insulators
found a new life. Highlights in the research are

e 1963 Light generation by recombination in organic crystals [2, 3]
e 1977 Conductive polymers (NOBEL prize 2000) [4]

e 1987 Organic light-emitting diode [1]

e 1990 Polymer light-emitting diode [5]

e 2000 Fractional quantum HALL-effect in organic crystals [6]*

e 2000 Electrical pumped laser in an organic crystal [7,8]*

e 2000 Induced superconductivity in an organic crystal [9]*

e 2001 Superconductivity in a polymer [10]*

In addition, commercial applications have been introduced by several
companies [11-13]. Devices with organic displays already entered the mass
market (car radios and cellular phones).

The advantages of organic electronics compared to silicon technology are
low temperature processing, the possibility to produce the devices on flexible
substrates and the great variety of chemistry which leads to highly optimized
materials.

There are still some disadvantages which have to be minimized. First
of all, the long term stability is for all organic materials a challenge and
the devices have to be encapsulated for applications in such a way that no
atmospheric gases can reach the device. In particular, moisture leads to
strong irreversible degradation in all organic devices and is a big problem for
the devices on flexible substrates. All the flexible substrates up to now are
sensitive to moisture.

1.2 Conduction in organic materials

The organic materials discussed here are in principle insulators, or at least
wide-band-gap semiconductors. These materials are often called “organic
semiconductors” (see the title of this work) or even “organic conductors”. It
1s important to point out that in case of “conducting” organic materials many
organic displays would not work because the separation of pixels requires
isolating parts within the pixel areas.

*

The author wants to mention that just before the printing of this work the Bell Labs
have launched inquiry into allegations of data duplication in the published articles of
the here cited group (see Nature 417, page 367 - 368 (2002))
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Figure 1.1: Schematic of LUMO
electron states of a disordered

molecular system. The aver-

age of the electronic states is

shown as gray line. - HOMO

How can a current flow inside an (organic) insulator?

Insulators, as everybody knows, are poor electrical conductors at room tem-
perature. A low conductivity arises from low mobilities, or low free carrier
densities, or both. However, an insulator can be made to conduct a rel-
atively large current if the contacts permit the introduction of excess free
carriers into the insulator. If the carriers enter through a surface boundary,
the process is referred to as charge carrier injection.

Organic molecules can form organic crystals with a periodical arrange-
ment and symmetries. If the molecules are randomly oriented, the materials
are called amorphous. This work concentrated on amorphous organic films.

Amorphous organic materials can transport charge carriers within the
molecules along conjugated bonds (alternating single/double bonds) and
from molecule to molecule by hopping or tunnelling.

The electronic states in most amorphous organic materials are determined
by the molecular structure because the influence from neighboring molecules
is weak. As a consequence, localized electronic states with sharp energy levels
are formed. Only the Lowest Unoccupied Molecular Orbital (LUMO) and
the Highest Occupied Molecular Orbital (HOMO) are usually considered for
describing current transport. In amorphous organic materials the electronic
states can not be called “bands” as in crystalline inorganic semiconductors
with band formation by periodicity.

Because of the disorder in the amorphous materials — different distances
between molecules or chains, different relative orientations of the molecules
or chains, or impurities — there is a characteristic spread in the energy of the
levels (Fig. 1.1). This can be described by a GAUSSian function with variance
o [14]. For a simple description of the injection processes we here assume a
small® value of o and therefore electron states with similar energies spatially
extended over the whole organic material. The LUMO can be compared to
the conduction band in crystalline inorganic semiconductors and the HOMO
to the valence band.

In contrast to doped inorganic semiconductors, the LUMO is empty and

3 More precise theories, considering the distribution of the electronic states, are de-

scribed in the literature [14-24].
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the HOMO completely filled at room temperature*. Conduction becomes

possible if charges are injected from a reservoir with nearly infinite charges
into the organic material. The reservoirs are the electrical contacts which
form the boundary of the organic device.

1.3 Current in single carrier devices

In the following we give an overview of the fundamental models that describe
the injection and transport in organic materials for conduction dominated
by one type of charge carriers. The principles are described for electron only
injection and can be adapted to hole injection as well.

1.3.1 Injection limited currents

If the transport capability is faster than the charge injection, the current flow
inside the material is determined by the injection process.

Large barrier heights — Fowler-Nordheim-tunnelling

If a metal and an insulator are contacted in the presence of an applied elec-
trical field an energy barrier with a height A is formed. The value of A is
defined by the energetic position of the LUMO relative to the FERMI-energy
of the contact. In the absence of charge accumulation at the contact interface
and for large barrier heights a triangular barrier is formed within the electric
field E. Fig. 1.2 shows such a triangular barrier for electron injection from
the electron reservoir into the LUMO. For large barrier heights the electrons
can overcome the barrier by tunnelling. The tunnelling distance and thus the
injection probability are strongly dependent on the electric field (an example
for two different electric fields is drawn in Fig. 1.2).

From the tunnelling probability one can obtain an injected current density
j FN [16, 25] .

3heFE (1.1)

—81vV2 * A3
jrn =BE2exp< ni )
where m* is the effective mass of the electrons inside the dielectric, B is
a constant factor with unit A/V? h is PLANCKs constant, and e is the

elementary charge.

4 As an example the average HOMO-LUMO energy difference is 3.3 eV in Alqs (see

section B.1) BOLTZMANN statistic gives at 300 K a ratio of 4 x 10~°% for the number
of occupied states in the LUMO compared to the HOMO.
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Figure 1.2: Tunnelling through a triangular barrier A. The applied electrical
field changes the tunnelling distance and therefore the tunnelling probability.

This type of electron injection is called FOWLER-NORDHEIM tunnelling.
In it the image force (see section 1.3.1) and hot electron contribution to the
current are neglected.

For more information about FOWLER-NORDHEIM injection in organic ma-
terials see e.g. Ref. 26-28.

Low barrier height — Thermionic injection / image charge potential

The height of a triangular barrier as described above is decreased in strong
electric fields by the image charge potential [16]. This potential appears when
an electron at a distance x from the metal induces a positive charge (image
charge) in the metal. The attractive force is

F(z) = —e?/(16meeoz?), (1.2)

where e is the elementary charge, € the dielectric constant, €g the permittivity
of vacuum. The total potential as a function of the distance z is

¢(E,z) = A — e?/(16meepz) — eEx. (1.3)

The resulting barrier and the barrier without the effect of the image force
are shown in Fig. 1.3. The resulting barrier reduction 9 is

¢ F
6= 1.4
\/ dmeey’ (1.4)

and is plotted vs. the electric field in Fig. 1.4. The barrier is reduced by
0.2eV at an electric fields of 1 MV /cm (see section 2.6).
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Figure 1.3: The image charge potential leads to a decrease of the barrier
height 6. This value § depends on the electric field.

The thermal energy can be sufficient to assist carrier injection from
the contacts into materials with low injection barriers. The electron dis-
tribution in the metal which builds up the contacts is described by the
FERMI-distribution, and therefore there are electrons with energies above
the FERMI-level that enter the sample when they acquire sufficient thermal
energy to cross the potential maximum. Considering a decrease of the barrier
height by image charge effects, the calculation of the current-density result-
ing from the thermal injection (also called “thermionic injection / emission”)
gives [15,20,25, 29]

A — e3E

. dmege
j(E) =CT?exp | — P , (1.5)

where C = 4wekim*/h® = 120 - TTZ—: Acm?K? is the field independent
RICHARDSON-constant. This approach neglects tunnelling through the bar-
rier and inelastic backscattering of the hot carriers before traversing the
potential maximum. A more refined model considering backscattering of the

hot carriers before traversing the potential is discussed in Ref. 30 and 31.

1.3.2 Transport limited current

In the case of “ohmic-contacts”, contacts where injection of charges carriers
occurs at any voltage (without appearance of injection barriers), so that
charges can be injected without any limits leads to currents limited by the
transport processes in the organic insulator.
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Trap limited current

Because of impurities insulators often contain traps and this fact leads to
an additional structure in the current vs. voltage characteristics. Traps
are electronic structure defects with energies below the LUMO which can
trap electrons for a certain time. The electrons are released from the traps
by thermal excitation. In the case of current transport with trap filling
the amount of carriers available for charge transport increases strongly with
the injected carrier density and in the current-voltage measurement a steep
increase of the current appears.

Depending on the energy distribution of the traps the resulting j(V')
behavior is different. The cases of a single-level (see also section 1.3.3),
exponential distribution, or a uniform distribution are described in Ref. 32.

Space-charge limited current

The traps can be kept filled if enough current is lowing and every thermally
excited trap can be refilled instantly. If the injected carriers exceed the trans-
ported carriers, space-charge effects can build up and hinder the injection of
the following charge carriers. In a “parallel-plate capacitor configuration,”
where the organic insulator is sandwiched between two electrodes, and at
high applied voltages V' the injected current density j is given by the Mott-
Gurney law (also known as Child’s law in solids) [32-36]

9 V2

j = gMGEO'dg‘, (16)

where u and € are the mobility and the dielectric constant of the material, €
is the permittivity of vacuum, d is the distance between the contacts, and V'
is the applied voltage. Eq. 1.6 is valid for a mobility g which is independent
from the applied electric field and from the current density.
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Figure 1.5: Calculated current vs. voltage curves of a single layer device with
four characteristic regions: (a) ohmic conduction, (b) space-charge limited
current (SCLC) (c) trap-filling, (d) trap-filled SCLC (courtesy of P. Losio).
The parameters for the simulation are: ng = 1 x 10 m~3 (thermal carrier
density), Ny = 1x10'%m=3 (trap density), Ny ypo = 1x102°m~3 (density of
states in the LUMO), u = 1x 1071t m?/Vs (intrinsic mobility), AE; = 0.6eV
(AEy = Erumo— Et, trap level depth) T = 300K (temperature), d = 300nm
(insulator thickness), € = 3.5 (dielectric constant).

1.3.3 Current vs. voltage curves

The application of the full theory described in Ref. 32 delivers an analytical
parametric solution for the current vs. voltage curve inside a single carrier
device (see Ref. 32,37). Trap filling is described assuming a single trap
level with bonding energy E;. The related distribution of the trapped charge
carriers is assumed to be

Ny
nt(x) = E,—F(z) ) (17)
1+e *BT

where Ny is the trap density, 17" the temperature and F(z) the FERMI level.
Fig. 1.5 shows an example of a calculated IV-curve. Clearly visible are four
different regions with different slope of the current-voltage characteristic in
the log-log plot. First, for small voltages (a), there are not enough injected
charges to create the space-charge limited current and the structure behaves
like an ohmic resistor. At higher voltages (b) the current is space-charge
limited with a low effective mobility value corresponding to a situation when
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Figure 1.6: Basic operation of a two-layer OLED: Electrons and holes are
injected from the contacts and transported towards the organic / organic
interface where the charges are accumulated and recombination generates
light.

most injected carriers reside in the traps. Then the traps can be filled (c)
resulting in a strong increase of the current. Finally the traps are filled and
the space-charge limited current (d) corresponds to trap free conduction.

Depending on the energetic distribution of the traps it is also possible to
observe a current-voltage characteristic without region (b). Section 2.6 and
section 2.7 give examples of this behavior.

1.4 Two carrier devices - organic light
emitting diodes (OLEDs)

For OLED operation one needs both electron and hole injection in the organic

materials. Electrons are injected from a low work function contact and holes

from a high work function contact to keep the injection barriers small. At

least one of the contacts has to be transparent to let the generated light out.
The basic functions of the device can be divided in three parts:

1. Injection of charge carriers (holes and electrons) from the contact reser-
voirs (anode and cathode) into the non occupied states (HOMO for
holes and LUMO for electrons) of the organic materials,

2. Transport of the charge carriers,
3. Recombination of the charge carriers and generation of light.

Fig. 1.6 illustrates these basic operation steps for a two-layer OLED.
The injection and transport processes have already been described in sec-
tion 1.2. The recombination process must take place away from the contacts
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for high recombination efficiency. Radiative recombination near the contacts
will be quenched because the contacts hinder with their free charges the
expansion of the electric field of the generated electromagnetic wave [38].
Another reason is the higher trap and defect density near the interface which
can lead to many more paths for non-radiative recombination. Because of
this the first experiments with electroluminescence within organic materials
(see section 1.1) were not very successful and the efficiency was very low.
The concept of two organic layers [1] greatly increases the efficiency. The
recombination zone shifts to the organic / organic interface near the center
of the OLED and far away from the contacts.

Several models have been proposed to analyze the current-voltage charac-
teristics and device performance. For more details see e.g. [18,21,23,39,40].

OLEDs can be produced by vacuum deposition for small molecule mate-
rials; in the case of polymer light emitting diodes, solution technologies like
spin-coating, ink-jet printing, or silk-screen printing are used.

In this work “small molecule” organic materials have been used. They are
colorful powders and can be evaporated by heating the material in vacuum.
Even in ultrahigh vacuum many organic (purified) materials can be heated
without substantial vapor pressure.

Most of all the experiments presented in Chapter 2 require ultrapure
devices. Due to atmospheric contamination (see section A.1), this require-
ment is very difficult to meet for OLEDs made by spin-coating polymers
in air, or even by evaporating small molecules in a vacuum of the order of
1075 mbar. Thus, although the final aim for device production is certainly
a cheap production facility for a complete physical characterization of the
device-performance, a UHV system (section A.1.1) must be used for the fab-
rication and characterization of the OLEDs. Bohler et al. [41] showed that
fabrication in UHV gives the best results for the OLED performance com-
pared to a fabrication under worse vacuum conditions.
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1.5 About this work

This thesis reprints a selection of papers in refereed journals in which the au-
thor of this theses was author or co-author. The articles themselves contain
an introduction to their special topic, the special experimental setup, sam-
ple structures, results, discussion of the results, and conclusions. The next
chapter collects six such publications selected from eight articles in reviewed
journals (see page 105). They are reprinted in the style of the present work.
An overview and summary of the research described in the publications is
found at the beginning of the next chapter.
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2 Results

This work initially focused on the fabrication and investigation of OLED
structures (ITO/NPB/Alqs /Mg, see Appendix B for the full names and prop-
erties of the materials). Samples were produced inside an UHV system but
the characterization was performed in air and the masks (see Appendix A.2)
were changed during fabrication under worse than UHV conditions (in the
transportation chamber with opened valve to the load-lock chamber). To
characterize the devices, a first computer controlled measurement system
was built, where luminescence (brightness) and current could be determined
at the same time for different applied voltages.

Even if the devices were measured directly after venting the load-lock
chamber, a device degradation, caused by air, strongly influenced the device
performance. After several fabrications and characterizations of the devices
it was clear no serious research can be performed on OLEDs without perfect
encapsulation of the devices.

There are different ways to avoid the contamination from air: i) trans-
porting the sample from the vacuum into a glove box ii) covering the sample
with a protection layer, or iii) characterization of the OLED in UHV. Case i)
and ii) have been often described in the literature (for case i) see [41-56], and
for case ii) see [56-69]). We followed the last approach. To realize the pos-
sibility of new experiments on ultrapure samples I designed and built a new
chamber especially for the characterization of OLEDs at UHV conditions,
(for details, see Appendix A.4). In the early stage of the experiments no
pump was attached to the chamber and no possibility to flood the chamber
with gases existed (no valves).

Besides our group similar experiments in UHV have been performed
by Shen et al. [70, 71] dealing with the electrical characterization of
metal/organic/metal structures in UHV. To the best of our knowledge OLED
operation in UHV with electrical and brightness characterization have only
been published by our group up to now.

It was immediately clear that the degradation effects observed before in
air vanish completely when the devices are kept in UHV.

First experiments then concentrated on the Mg/Alqs interface. It was
already known from XPS [72] and UPS [73] that Mg reacts with the Alqs
surface if the Mg is deposited on the Alqs. It was supposed that the Mg
diffuses inside the Alqs layer (see also [65,74]). The work of Y. Tao [72] has
shown that a 1 nm thin Ag-layer can help to grow the Mg layer properly on
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the Alqs layer. I was interested to know if the surface reaction of Mg on Alqs
deteriorates the interface and thus the electrical properties in the ultrapure
devices. Current-voltage and brightness measurements were also performed
on such devices in air to compare with the ultrapure devices. The experiment
and the results are described in section 2.2 on “Interface dependent electrical
properties of organic light emitting devices in ultra high vacuum”. 1 have
realized after several other measurements that the results of Ref. 72 can be
also interpreted by a lower sticking coefficient (instead of diffusion) of Mg
deposited on the Algs surface caused by the surface reaction in the Mg/Alqgs
interface. There are some doubts if the Mg on the thin Ag layer has the
same thickness as the Mg layer without the Ag. This might explain the large
difference in lifetime of both devices in air (more details in section 2.2).

The appearance of “black spots”! in air is accompanied by the appear-
ance of small holes in the cathode. The appearance of the holes might be an
intrinsic effect which opens the cathode for the humidity, but I could show by
UPS measurements (for an experimental introduction see Appendix A.3.2)
on an operating OLED in UHV that the deterioration on the cathode surface
is not detectable and therefore very probably an effect of the exposure to air?.
This experimental setup and the results are discussed in section 2.5 “Pho-
toelectron Spectroscopy on a running Organic Light Emitting Diode,” and
partly in section 2.3 on “Ultra-high vacuum reveals interface dependent and
impurity-gas dependent charge-injection in organic light-emitting diodes”.

The influence of the oxygen and air on the OLED structures were further
investigated to understand the degradation mechanisms. Impedance spec-
troscopy measurements have also been performed to investigate the cause
of the changes in the electrical properties of the devices after contamina-
tion with the gases. Section 2.4 on “Impurity-gas-dependent charge injection
properties at the electrode-organic interface in organic light-emitting diodes”
shows the resulting measurements and findings.

All the previously discussed experiments have problems with reproducibil-
ity because the work function and the roughness of the ITO are highly sensi-
tive to the pretreatment (see section 2.2 and section 2.3). ITO was the only
layer of the OLED which has not been fabricated in UHV and therefore was
susceptible to uncontrolled impurities. In order to improve the reproducibil-
ity and to study more controllable systems with a better interpretation of

1 “Black spots” are non radiative parts of the OLED and a typical type of degradation

in air. More information about the degradation process can be found in the literature
(53,57, 75-79]

An estimation of the sensitivity of these UPS measurements resulted in a limited
threshold for detecting defects in the cathode. The area of the defects has to be at
least the same magnitude of the sample area.
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the results I resorted to an fabrication of samples without ITO where only
electrons were injected. By using Mg contacts on Alqs I made the barrier for
hole injection so high (3 eV, see section B.1) that only electrons contributed
to the injected current.

The results are adaptable to OLED structures and the fabrication pro-
cess is easier to control because of the minimized number of parameters.
Measurements of IV-curves in UHV immediately after fabrication showed a
region, at high voltages, where j ~ V2. This was recognized as space-charge
limited (SCL) conduction and was exploited to determine the electron mo-
bility of Algs in several samples. The results are discussed in section 2.6 on
“Observation of the Mott-Gurney law in tris (8-hydrozyquinoline) aluminum
films”. This section presents the first observation of SCL current in Alqs and
a detailed investigation of the distribution of the electron mobility values in
several samples. In addition, I could show that the electron mobility is not
electric field dependent up to electric fields of 1 MV /cm.

I next focused on the voltage dependence of the current-density at lower
voltages where SCL current is not observed. The aim was to distinguish
between two possible explanations for the observed curves — either trap filling
or field dependence of electron injection through energy barriers. I could
show that the first explanation applies for samples produced and operated in
UHV. For voltages below the SCL region the current vs. voltage curves do not
change with the Algs thickness which proves that the Mg/Alqgs contacts are
indeed very ohmic, allowing electron injection by diffusion [80,81]. Under
these conditions a density of charge carriers is injected by diffusion from
the metallic contacts into the organic layer [80] even without any applied
voltage. To simulate oxygen barriers I operated the structures in oxygen
and produced structures with artificially oxidized Mg contacts. The current
in case of electron injection through the oxygen barrier can be described
by FOWLER-NORDHEIM tunnelling (section 1.3.1). The results are shown in
the section 2.7 on “Conditions for ohmic electron injection at the Mg/Algs
interface”.

2.1 About the articles

In the following the main results of this work are presented in different sec-
tions. All these chapters have been already published in scientific journals.
These papers are listed on page 105. At the beginning of every article a
short abstract summarizes the results and experiments. The contents of the
articles are identical to the published versions, the format was adapted to
this work.
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2.2 Interface dependent electrical properties
of organic light-emitting devices in
ultrahigh vacuum*

Abstract

We present electroluminescence and electrical measurements on organic
light emitting diodes (OLEDs) which were produced and operated inside
a contamination-free ultra-high vacuum (UHV) system, at a purity level
corresponding to a pressure of 107° mbar. We characterized devices with
a simple magnesium (Mg) cathode, where Mg atoms diffuse into the 8-
hydroxyquinoline aluminum (Alqs) layer during evaporation, and devices
where a 1 nm thin silver (Ag) layer acts as a diffusion barrier between Mg
and Algs. All OLEDs could be operated in UHV during 1 day at a brightness
level of 1000 Cd/m?, without the appearance of any “black spots”. When
exposed to air however, a significant degradation of the device performance
was observed. The lifetime in air was a few seconds for the device with
the simple Mg cathode, and a few hours for the device with the Ag layer,
indicating the importance of Mg diffusion when the device is operated in air.

INTRODUCTION

The performance of organic light emitting diodes (OLEDs) is critically sen-
sitive to fabrication parameters and environmental parameters. A controlled
characterization of the fabrication parameters, such as different cathode ma-
terials, is only possible if the influence of environmental parameters, such as
water and reactive gases like oxygen, can be excluded.

Because of atmospheric contamination, this requirement is very difficult
to meet for OLEDs made by spin-coating polymers in air, or even by evapo-
rating small molecules in a vacuum of the order of 10~° mbar. Thus, although
the final aim for device production is certainly a cheap production facility, for
a complete physical characterization of the device-performance and its origin,
we resorted to a ultra-high vacuum (UHV) system developed for molecular
beam epitaxy.

Since uncontrolled environmental parameters can be present both during
device fabrication and during device operation, we operate and characterize
test devices in the same UHV system where they are fabricated. We use a

*  The results of this section have been published in Synthetic Metals Vol. 111-112, page
307-310 in the year 2000.
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UHYV system that contains dedicated chambers for molecular beam deposi-
tion of organic molecules, for deposition of metallic layers, and for surface
characterization by ultraviolet photoelectron spectroscopy (UPS) and X-ray
photoelectron spectroscopy (XPS). The system was expanded by adding a
dedicated chamber equipped with electrical and optical connections for the
measurement of electroluminescence and current-voltage characteristics.

Thanks to this system, we are able to deposit different cathode structures,
measure their work function, use them in the assembly of an Organic Light
Emitting Device, and characterize the device performance, while at all times
maintaining the device in a vacuum of the order of 10~° mbar. The fact of
avoiding atmospheric contamination in an extremely clean UHV system dur-
ing both fabrication and characterization of OLEDs, opens a new dimension
of purity for the study of the physics of organic light emitting devices.

The cathode material and preparation is one of the main issues influencing
the performance of OLEDs. It has recently been found [72-74] that some
metals including Mg exhibit partial condensation at the Algs surface and
diffuse into the organic layer during evaporation of the electrode. An ultra-
thin Ag layer can be used to block this kind of diffusion when Mg as cathode
material is used. [72].

In the present work, we produced multilayer OLEDs with an in-
dium tin oxide (ITO) anode, the hole transport layer NPB (N,N’-bis-
{1-naphthyl}-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine) and Alqgs (tris {8-
hydroxyquinoline aluminium}) as an electroluminescent layer, and with two
different cathodes, one consisting of pure Mg, and the other with a 1 nm
thick Ag layer separating the Mg from the organic Algs layer.

The two types of OLEDs were then operated in the same UHV system
were they were grown, without any contact with the atmosphere prior to and
during operation. The data we obtained is presented below, together with
a discussion of how the OLED properties change when they are exposed to
atmospheric contamination. This is, to our best knowledge, the first time
OLEDs have been produced and characterized in a contamination-free UHV
system, at a purity level corresponding to the pressure of 109 mbar.

SAMPLE PREPARATION

For every device we used a glass substrate with photolithographically pat-
terned, 160 nm thick, ITO anodes. The ITO is patterned in such a way that
we get 12 devices, each with 18 mm? surface area, on one substrate. The sub-
strate was cleaned by ultrasound using acetone and ethanol and then rinsed
in purified water.

To exclude the influence of short-circuits between the ITO and the metal
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layer near the device edges we used quite thick organic layers. On top of the
patterned ITO we evaporated a 80 nm thick NPB layer as hole transport layer
and a 100 nm thick Alqgs layer as electron transport and light emitting layer
(substrate temperature 25° C). The deposition of the organic materials took
place in a special UHV chamber (base pressure < 4 x 10~% mbar) for organic
materials. The thickness was controlled by a temperature stabilized quartz
micro balance. A metal mask protected part of the ITO on the sample, to
be used for electrical contacts.

After the organic deposition, and with the sample always remaining in
the UHV system, we changed the mask and moved the sample to another
UHV chamber where the cathodes were deposited (base pressure < 1 x 107?
mbar, substrate at room temperature).

We used two types of cathodes, which we identify symbolically with “Mg-
52” and “Ag-1/Mg-57”. Mg-52 is a cathode consisting of pure Mg, 52 nm
thick. Ag-1/Mg-57 is a cathode consisting of an ultrathin 1 nm Ag layer in
contact with Alqs, followed by a 57 nm thick Mg layer. The deposited layer
thicknesses were also controlled by a temperature stabilized quartz microbal-
ance in this chamber.

RESULTS AND DISCUSSION
Work functions of the cathodes

The work functions for electron extraction from the Mg-52 and Ag-1/Mg-57
cathodes were measured by evaporating separately the same structures on a
silicon substrate and measuring the work function by Ultraviolet Photoelec-
tron Spectroscopy. As photon source we used a Helium gas discharge lamp
with a photon energy of 21.2eV and the electron analyzer was a hemispheric
one. During the measurement the sample was biased by -5 Volts.

The work function of Mg-52 was found to be 3.8 eV. The work function
of Ag-1/Mg-57 was measured to be of the order of 4.0eV, still 0.6 eV smaller
than the work function of pure Ag. The structure with the thin Ag layer is
not expected to be better than pure Mg from the point-of-view of electron-
injection efficiency alone. However, the thin Ag layer has the advantage that
it blocks the diffusion of Mg [72], and we will show below that the Ag layer
can efficiently act as a protective layer during device operation in air.

Electrical and electroluminescent properties

First we characterized the devices in UHV. We removed the masks used
during cathode deposition and connected the substrate to electrical contacts
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Figure 2.1: Current-density vs. voltage characteristic for OLEDs fabricated
and operated in UHV. The solid curve corresponds to the Mg-52 cathode, the
dashed curve to the Ag-1/Mg-57 cathode.

in a specially designed UHV chamber. The light leaving the OLED was
reflected by an aluminium mirror, exited the UHV system through a glass
window, and was measured by a Minolta LS100 luminance meter. The losses
caused by mirror and glass windows are estimated to be of the order of 15%.
We multiplied the brightness measured with this system with 1.15 to compare
it with brightness measured in air. The voltage and current were measured
by a computer controlled Fluke-45 multimeter.

The current-voltage and the luminescence-current characteristics ob-
tained with the two cathodes Mg-52 and Ag-1/Mg-57 are shown in Figs.
2.1 and 2.2. As expected from the difference in work functions (the height
of the injection-barrier for the Mg-52 cathode is lower), the device with the
Mg-52 cathode works with a voltage-threshold which is approximately 1.4 V
lower when compared with the device with the Ag-1/Mg-57 cathode (see Fig.
2.1). The effect of the cathode work function is also seen in Fig. 2.2, which
shows that the device with the Mg-52 cathode has a 20% better efficiency
(360 cd/m? instead of 300 cd/m? at a current density of 0.02 A/cm?).

The diffusion of Mg into the Alqs does not strongly influence the device
performance when the device is not exposed to the atmosphere. Both devices
were operated continuously for at least one day and no black spots were
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Figure 2.2: Brightness vs. current-density characteristic for OLEDs fab-
ricated and operated in UHV. The solid curve corresponds to the Mg-52
cathode, the dashed curve to the Ag-1/Mg-57 cathode.

observed. This behavior must be contrasted with what we observed when
operating the devices outside of the UHV system, at atmospheric pressure.

In air, the Mg-52 device could be operated only during a few seconds
before its performance degraded irreversibly. Because of the short life time
it was not possible to measure current-voltage and brightness-current char-
acteristics.

One reason for this very short lifetime can be the small thickness of the
Mg-cathode, which allows for rapid oxidation of the whole cathode in air,
but a much more important role is probably played by the Mg that diffused
inside the Algs during evaporation of the electrode. In fact, the Ag-1/Mg-57
device, with the thin Ag protection layer between Algs and Mg, could operate
in air for a much longer time (more than 5 hours). This allowed a systematic
study of the influence of the atmosphere in the device Ag-1/Mg-57.

Fig. 2.3 shows current-voltage characteristics of OLEDs with an Ag-
1/Mg-57 cathode. Data are given for a device in UHV, for a device that
was exposed to air during 1 hour and than again operated in UHV, and for
a device that was operated in air.

Contact with air increases the threshold voltage by about 1.4 V for LED
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Figure 2.3: Current-density vs. voltage characteristic of the OLED with the
diffusion protection layer when operated in UHV (solid curve), in UHV after
about 1 hour exposure to air (dashed curve), and in air (dotted curve).

operation. The brightness-current characteristic (Fig. 2.4), on the other
hand, shows that the efficiency of the device is nearly twice as large when it
is operated in air. For the device that has been only briefly exposed to air
before operation in UHV, the efficiency does not change significantly.

Lifetime measurements in air on the Ag-1/Mg-57 device showed that black
spots reached a size of the order of 1 mm? in about 30 minutes. This is to
be contrasted with the behavior of the same device in UHV, where it could
be operated for more than 24 hours without any appearance of black spots.

The difference in the lifetime of the devices with Mg-52 cathode and with
Ag-1/Mg-57 cathode is a strong indication that the Mg atoms which diffused

inside the Alqgs layer react with atmospheric gases to rapidly deteriorate the
device during operation.

Although further experiments are needed to pinpoint the exact deterio-
ration mechanism induced by the intimate contact between Mg atoms and
Algs [82], we can already say that the degradation mechanism is assisted by
the presence of atmospheric gases (most probably oxygen) and water.
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Figure 2.4: Brightness vs. current-density characteristic of the OLED with
the diffusion protection layer when operated in UHV (solid curve), in UHV
after about 1 hour exposure to air (dashed curve), and in air (dotted curve).

CONCLUSIONS

We presented data on the performance of organic light emitting devices grown
and operated in a contamination-free UHV system. We were able to show
that atmospheric influence has a dramatic effect on the efficiency of the
devices, on their lifetime, and on the mechanism of their degradation. We
confirmed that Mg diffusion into Alqs is detrimental to the performance of an
OLED, but observed that this is only the case when the device is operated
in air, indicating that chemical reaction with atmospheric gases plays an
important role in the degradation mechanism. No black spots were observed

when the devices were operated at a pressure of the order of 10~2 mbar.
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2.3 Ultra-high vacuum reveals interface
dependent and impurity-gas dependent
charge-injection in organic light-emitting
diodes”

Abstract

We present a complete characterization of Organic Light Emitting Diode
(OLED) structures performed in an ultra-pure Ultra High Vacuum (UHV)
environment and under controlled influence of oxygen and atmospheric gases.
We fabricated and characterized standard NPB/Alqs devices with an In-
dium Tin Oxide (ITO) anode and a magnesium cathode in an UHV system.
With this system we are able to study the injection properties of very clean,
controllable interfaces in the absence of any impurity gas. We found that
the threshold voltage for OLED operation always increased after exposure
to any atmospheric gas, an indication of deteriorated injection properties.
However, the luminescence efficiency can become higher after exposure to
impurity gases. Without contact to air the OLED do not degrade with ap-
pearance of so called “black spots”.

To investigate the intrinsic stability of the OLEDs in ultra-high vacuum we
performed a real time observation on the surface of a 35 nm thin magnesium
cathode with Ultraviolet Photoelectron Spectroscopy (UPS). We found that
even with a 35 nm thin magnesium-cathode, the underlying organic layer
never appeared at the surface also after hours of operation in the ultra-pure
conditions. The only sign of deterioration at the cathode is a slow oxidation
of the magnesium surface. Thus, OLEDs with semitransparent cathodes are
stable if the are operated under ultra-high vacuum conditions.

INTRODUCTION

Organic Light-Emitting Diodes (OLEDs) have been optimized for use in
several applications, and efficient devices with longtime stability have been
demonstrated. However, this results should not conceal the fact that many
physical mechanisms and parameters determining the performance of the
OLEDs are not well known yet.

In non encapsulated OLEDs operated in air for some time, dark spots
appear and become larger and larger with time. Atmospheric water seems to

*

The results of this section have been published in Proceedings of Int. Soc. Opt.
Eng. (SPIE) Volume 4105: “Organic Light-Emitting Materials and Devices IV”, page
299-306 in the year 2001.
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be responsible for this effect [75,76,83,84]. In the present work, we investigate
the behavior and degradation mechanisms of devices without any influence
from gases or humidity.

For this investigations we used the cleanest available environment - an
Ultra-High Vacuum (UHV) system. The gas pressure in an UHV system
is below 1078 mbar. The common pressure in our system varies from 2 -
10719 mbar to 7-10~% mbar. In this pressure range several hours are needed
to adsorb a monolayer of gases on the surface of the sample. There are
several advantages for using such a pure environment for fabrication and
characterization of OLEDs:

e One can measure the injection properties of very clean interfaces, allow-
ing better comparison to theoretical models based on intrinsic material
parameters.

e A comparison of the injection under clean conditions and after contam-
ination with impurity gases can be done.

e Thin semi-transparent cathodes can be used.

® The appearance of “black spots” can be totally avoided [83,84]. This
allows an investigation of the degradation process in the absence “black
spots”.

e Surface analysis tools can be used (UPS, XPS, AES).

In the following we will introduce our ultra-high vacuum system and
will show two examples of the new characterization possibilities which are
suggested in the above list.

The first example shows how the oxygen and air influences the injec-
tion properties and electroluminescence of an OLED. The second example
uses the fact that the OLED never comes into contact with impurity gases
and that very sensitive surface analysis tools (e.g. Ultraviolet Photoelectron
Spectroscopy (UPS), which requires UHV conditions) can be used to study
surface changes of the OLED. This can give important information about
the stability of the cathode without influence of gases.

EXPERIMENTAL

For fabrication of the OLEDs we use an UHV system constructed for Molec-
ular Beam Epitaxy (MBE). Fig. 2.5 shows a schematic view of the system.
It consists of a deposition chamber for organic materials (6 effusion cells),
one metallization chamber (2 effusion cells, 2 electron beam evaporators), a
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Figure 2.5: Schematic drawing of the Ultra-High Vacuum (UHV) system
which we use for fabrication and characterization of OLEDs. The system
consists of one organic Molecular Beam Deposition (MBD) chamber, a metal
deposition chamber, a surface analysis chamber, an Atomic Force Micro-
scope (AFM) chamber, and a special chamber for electrical characterization
of OLEDs in ultra-high vacuum. All the chambers are connected by a transfer
system. A load-lock chamber serves as a gateway to the atmospheric pressure.

surface analysis chamber (Ultraviolet Photoelectron Spectroscopy (UPS), X-
ray Photoelectron Spectroscopy (XPS)) and a special chamber with electrical
contacts to operate the OLED inside the UHV environment. Additionally,
there is a chamber with a Atomic Force Microscope (AFM) and a load-lock
chamber to bring the samples in and out of the UHV. All the chambers are
connected by a transport system. The samples can be moved from chamber
to chamber without breaking the vacuum.

The sample size in our UHV system can be up to 3inch in diameter, which
is optimal for research with OLEDs. As substrate we used 40 x 40 mm?2 glass
substrates with 30 nm Indium Tin Oxide (ITO). They were cleaned in an
ultrasonic bath with acetone and ethanol and after that rinsed in water.

The current-voltage-brightness characteristics can be measured directly
after fabrication of the OLED without breaking the ultra-high vacuum. This
allows a characterization of OLED with very clean interfaces, which can be
useful for comparison with theoretical models.

Fig. 2.7 gives a view inside the chamber for OLED characterization. The
luminescence light is reflected by an aluminum mirror, exits the UHV system
through a glass window, and is measured by a Minolta LS100 luminance
meter. The losses caused by mirror and glass windows are estimated to be
of the order of 15%. But all measurements shown here have been performed
using the same system and they have therefore the same loss, which can
therefore be neglected when comparing the results. The voltage and current
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Figure 2.6: Picture of the UHV system which was used for fabrication and
characterization of OLEDs under ultra-pure conditions. The machine stands
in a clean room.

were measured by a computer controlled Fluke-45 multimeter.

GAS DEPENDENT INJECTION PROPERTIES
Introduction

By fabricating the devices in UHV we can produce well defined interfaces,
which are known to strongly influence the device performance. As an ex-
ample, in Ref. 31, page 410, it is shown that 0.3 nm silver on the interface
to the organic layer determines alone the device performance, even with dif-
ferent metals on top of that layer. Especially for low work function metals,
which are often used as cathode materials, it is very important to evaporate
them under ultra-high vacuum conditions if precise interfaces are needed for
,e.g., comparison with theoretical models. The injection properties are then
mainly influenced by the energy barrier in the interfaces. This barrier height
is influenced by the work function of the metal and the ionization potential
of the organic layers. The work function of a surface can be investigated by
UPS or by the Kelvin method. The latter gives more an average of the bulk
work function, while UPS is more surface sensitive.

The following example should explain the problem. Fig. 2.8 shows an UPS
measurement on the surface of a magnesium layer directly after deposition.
The photoelectron intensity is approximately proportional to the density
of occupied electron states in the material. In a metal the electron states
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Figure 2.7: Picture of an operating OLED inside our UHV chamber. There
are two small and four big devices. The big devices were used for the electrical
characterization. The area of the larger devices is about 18 mm?2. The picture
on the right side shows a close up view. One can see the cable, the contacts,
the sample holder and the electroluminescence light of the OLED through a
mirror. The sample itself is perpendicular to the contacts and is not visible
in this view. The glass side of the device is at the bottom of the device and
the light is reflected out of the UHV window by an aluminium mirror.

are filled up to the Fermi energy. The abrupt change from occupied to
unoccupied can be identified by a edge in the UPS measurement, which
can be clearly seen at the right of Fig. 2.8. This feature identifies a metal
surface. The work function corresponding to the observed Fermi edge is
about 3.8 eV. After two days of storing under ultra-high vacuum conditions
a second measurement was performed. Even in our ultrapure environment
(pressure in the UPS chamber 7-10~°mbar) the magnesium was oxidized on
the surface. No Fermi edge is observed anymore and one can see the valence
band of magnesium oxide at —4.4 eV in binding energy. The inset shows
the results of the UPS measurement in a simple band structure diagram. Of
course the oxidation is only at the surface (the escape depth of the electrons
in UPS is less than 1 nm), But Y. Mori [31] showed that an interface layer
as thin as 0.3 nm can already determine the performance of an OLED if it is
placed at the interface between organic material and electrode.

If magnesium is deposited in non ultra-high vacuum system it is not pos-
sible to obtain a pure magnesium interface. Therefore the simple band model
using work functions measured in the literature (under UHV conditions) can-
not be used anymore to analyze the performance of the device. Oxidation
introduces another, more complicated interface structure.

This does not mean that a pure interface is better for device performance.
However, a controllable interface is certainly a prerequisite for research on
the intrinsic properties that determine charge injection in an OLED.
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Figure 2.8: UPS measurement of a magnesium layer directly after depo-
sition and two days storing in UHV. The surface is changing from a metal
(magnesium) with a Fermi edge to an insulator (magnesium oxide) with a
valence band edge of —4.4 eV binding energy. For clarity, the photoelectron
intensity of the curves was normalized.

Results and discussion

The first electroluminescence data of an OLED fabricated and operated in-
side an UHV system [83] demonstrated that the OLEDs operating in air
shows a higher brightness at the same current-density, but black spots be-
come visible, while in UHV no black spots appear and the luminescence
efficiency was lower.

To prove which gas is responsible for the enhancement in the efficiency we
made new measurements with OLEDs in UHV, and after contamination with
air and pure oxygen. To exclude variations caused by different measurement
conditions, we measured all the OLEDs inside the UHV chamber, exposed
them for 17 hours to air or oxygen, and measured again the changes inside
the UHV chamber. To be sure that our measurement is not influencing the
results, we measured at low currents and repeated the measurement three
times, confirming that the properties of the device were not modified by the
measurement at the low currents we used.

We fabricated two devices consisting of a 30 nm ITO anode, 40 nm NPB
(N,N’-bis-{1-naphthyl}-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine), 65 nm
Alqs (tris {8-hydroxyquinoline aluminium}), and a 200 nm magnesium
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Figure 2.9: Left: Current-density vs. voltage characteristic of an OLED
which was first characterized directly after production in UHV (filled squares)
and successively came in contact with air for 17 hours (open circles). Right:
Brightness vs. current-density characteristic of the devices described in the
left part.

cathode. Both devices were characterized after fabrication inside the ultra-
high vacuum to get the “intrinsic” characteristic. By comparing the curves
marked “UHV” (filled squares) in Fig. 2.9 and 2.10 one can see easily that
there are different threshold voltages and different proportionalities between
the brightness and the current density (i.e. the efficiency). These differences
are probably due to our ITO anodes, which without special treatments are
not very reproducible, but do not influence our measurements. Here we are
interested in changes caused by impurity gases and the results are the same
for all the devices, even if their characteristics was different at the beginning.

Fig. 2.9 shows the current-density vs. voltage and brightness vs. current-
density characteristic of a device before and after contamination for 17 hours
in air. In the current-density vs. voltage characteristic one can see that the
turn-on voltage increases, and in the brightness vs. current-density charac-
teristic an enhancement of the efficiency caused by exposure to the air is
visible. The exposure to air also initiated the appearance of black spots.

If we do the same experiment using pure oxygen, we get a different result.
Fig. 2.10 shows the current-density vs. voltage and brightness vs. current-
density characteristic of the device before and after 17 hours exposure to
oxygen. The turn-on voltage also increases, but the efficiency does not.
Moreover, exposure to pure oxygen did not induce the appearance of any
black spot.

There is thus an enhancement of efficiency if the OLED comes for long
time in contact with air, and a decrease in efficiency if the device comes for a
long time in contact with oxygen. In both cases the turn-on voltage increases
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Figure 2.10: Left: Current-density vs. voltage characteristic of an OLED
which was first characterized directly after production in UHV (filled squares)
and successively came into contact with pure oxygen for 17 hours (open tri-
angles). Right: Brightness vs. current-density characteristic of the devices
described in the left part.

after contamination. The enhancement is accompanied by the appearance of
black spots when the device is exposed to air.

During this kind of measurements the contact resistance can increase (due
to oxidation of the cathode). But this effect does not influence the brightness
vs. current-density characteristic because the current is not affected by the
contact resistance, and a voltage-drop on the contact resistance can only
effect the current-density vs. voltage characteristic by changing the effective
voltage applied to the device.

From these facts we conclude that both the black spots and the enhance-
ment of efficiency are related to gaseous water in air, while the increase in
threshold voltage is related to oxygen, and is probably caused by an oxidation
which can reach the Alqs/ magnesium interface.

UPS OBSERVATION AT THE SURFACE OF AN
OPERATING OLED

When studying the degradation of OLEDs it is very important to know if it
is due to external influences (gases) or if there are also internal destruction
mechanisms. It a known fact that the cathode is not stable in air [75, 76].
In order to investigate the intrinsic stability of the cathode and the cathode
/ organic interface in the absence of any uncontrollable impurity gases, we
produced a very thin cathode and observed the surface of the operating
OLED with Ultraviolet Photoelectron Spectroscopy (UPS).

As before, the devices were fabricated in an UHV deposition chamber
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Figure 2.11: Schematic Electron
drawing of the arrangement =2 =77 SU """""" !
inside the UHV chamber. If | analyzer !
the switch S is open the
arrangement corresponds to
a normal UPS measurement
with bias voltage. To run the
OLED the switch S is closed,
but this does not have any
influence on the UPS mea-
surement, which can then be
used to directly study the
cathode degradation.
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(base pressure 3 - 1071% mbar) using masks for the device structure. After
fabrication the sample was moved without breaking the UHV to a special
surface analysis chamber equipped with a He discharge lamp, and a hemi-
spherical electron analyzer (base pressure 5 - 10710 mbar).

A schematic drawing of the experimental set-up and of the electrical con-
nections used to operate the OLED inside the surface analysis chamber is
shown in Fig. 2.11. An electrical connection for applying a bias voltage to
the sample during UPS measurements was used to contact the cathode of
the device. The OLED anode can be contacted with the walls of the vac-
uum chamber, which are grounded. Using these two contacts we can apply
a voltage to the OLED, and inject a current to induce the electrolumines-
cence, while at the same time measuring the UPS Energy Distribution Curve
(EDC). By moving the sample holder slightly, one can remove the electrical
connection of the device anode to the ground, which allows an UPS measure-
ment on the cathode of the inactive device, without electroluminescence.

For the UPS measurement we used the Helium I line (photon energy
21.2eV) to measure the photoelectron spectrum of the magnesium cathode on
top of the device. We confirmed that Ultraviolet Photoelectron Spectroscopy
(UPS) does not induce any change in the brightness of the electrolumines-
cence. This means that the 21.2 eV photons we use do not lead to rapid
photodegradation of the organic layers in our OLEDs. The diameter of the
UV spot on the cathode was about 2mm, while the device size was 4 X 4mm.
Since the electroluminescence was visible through our thin magnesium cath-
ode, we could check the position of the beam while the OLED was running,
confirming that the electroluminescence was always visible under the UV
beam spot. The small surface area illuminated by the UV light in the middle
of the cathode guarantees that all collected photoelectrons come from the
cathode of the device. The electron analyzer position is perpendicular to the
sample surface.
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Figure 2.12: UPS measurement on the cathode surface of a device before it
was operated for the first time (0 min, solid), after 22 min of operation at a
bias voltage of 8 V (dashed), and after 74 min of operation at 8 V bias voltage
(dotted). The inset shows the photoelectron intensity at the binding energy
6.1 eV versus time.

In the case where the anode has no contact to the chamber the arrange-
ment does not differ from a standard UPS measurement: the surface of the
cathode (the material to be analyzed by UPS) is negatively charged, rela-
tive to the electron analyzer, by the applied bias voltage. This is the usual
technique used to overcome the analyzer work function. For the UPS mea-
surement alone, no change is expected if the anode of the OLED is grounded,
because the charge on the cathode is the same. The only difference is that,
with the electrical connection between anode and ground in place, a current
flows inside the OLED, inducing the electroluminescence.

Fig. 2.12 shows a UPS measurement on the cathode surface of an OLED
before it was operated for the first time (solid curve). After application of a
8 Volts bias voltage to the device, bright green light was visible on the whole
cathode area. After 22 minutes we measured again the UPS signal, and this
time obtained the dashed line in Fig. 2.12. The current which was flowing
through the 18 mm? area of the device at this time was 3.9 mA. We made
several measurements later. The curve after 74 min is shown as a dotted
curve in Fig. 2.12. The intensity of the UPS signal is increasing with time.
The inset in Fig. 2.12 shows the photoelectron intensity of the peak at 6.1eV

binding energy versus time. The line connecting the points corresponds to a
linear relation.
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We interpret the increase in the intensity of the UPS spectrum as the
effect of the slow oxidation [85] of the magnesium layer that takes place even
in UHV because of the very reactive magnesium. UPS is so sensitive that
even a part of a monolayer of oxidized magnesium at the surface already
affects the photoelectron spectrum.

After half a day the Fermi edge is not anymore visible in the UPS spectra
and the cathode surface turns completely into magnesium oxide (an insula-
tor).

However, no sharp peak in the UPS spectrum, which could be related
to organic molecules at the surface of the cathode, was observed. If Algs
molecules could reach the surface of the magnesium layer the signal would
be drastically changed. But we did not found any new peak even after a
longer time.

This means the magnesium cathode of an OLED is not destroyed by an
intrinsic mechanism like, e.g., diffusion of magnesium into Algs. The thin
cathodes we used would be very sensitive to any changes which occur from
the interface and grow towards the surface. From these experiments we can
conclude that any interfacial changes taking place at the Mg/Alqs interface
will be very localized, with a maximum extension lower than 35 nm, the
thickness of the cathodes we used.

CONCLUSIONS

By producing ultra-pure OLEDs and also characterizing them in an UHV
system, we can investigate the influence of impurity gases on the device
performance.

We found that air can enhance the efficiency of the OLEDs compared to
the efficiency in UHV, but that this effect is accompanied by appearance of
black spots. Exposure to pure oxygen can only decrease the efficiency but
black spots does not appear. By comparison of the results in air and pure
oxygen we can say that water is the cause of the enhancement of efficiency
and of the appearance of black spots.

We could perform a real time UPS observation of an operating OLED
cathode surface, and we found that no intrinsic degradation mechanisms can
affect the surface even of a 35 nm thin magnesium cathode. If there were
an effect of the OLED operation on the Mg/Alqs interface, this interfacial
changes would be limited to a thickness of less than 35nm from the interface.
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2.4 Impurity-gas-dependent charge injection
properties at the electrode-organic
interface in organic light-emitting diodes®

Abstract

We determine how impurity gases, such as oxygen and water, influence the
performance, stability, and electronic properties of organic light-emitting
diodes (OLEDs). We fabricate and operate the devices in a controlled
ultrahigh-vacuum (UHV; pressure below 107° mbar) environment. The
UHYV system allows complete control of the exposure to impurity gases, and
the measurement of current-voltage characteristics, electroluminescence, and
impedance spectroscopy before and after exposure to oxygen or air. These
measurements showed that both pure oxygen and air increase the threshold
voltage for light emission. Exposure to air leads to a higher efficiency and
to a degradation of the devices with the appearance of black spots. This is
not the case for oxygen. Additional impedance spectroscopy measurements
also confirm that exposure to air has a large influence on the stability of the
electrode interfaces, with the appearance of an additional capacitance in the
equivalent circuit for a device with an Mg cathode exposed to air, a fact that
could be connected to the effect of atmospheric gases such as oxygen and
water on the Alqs /Mg system.

INTRODUCTION

Organic materials are interesting candidates for novel electronic devices, be-
cause they can have good physical and chemical stability, can be compatible
with large field applications, and can in principle lead to low-cost devices.
Organic light emitting diodes (OLEDs) are one of the most promising appli-
cations, with some products already starting to appear on the market, and
the promise of delivering full colour, large-area, flat panel displays with fur-
ther development of the technology. Although OLEDs have been optimized
for use in several applications, and efficient devices with long-term stability
have been demonstrated, many physical mechanisms and parameters deter-
mining the performance of the OLEDs are not well known yet.

In the present study, we investigate the behaviour and degradation mech-
anisms of devices in the absence of any impurity gases, or under the controlled
influence of pure oxygen or air. To do this, we use the cleanest available envi-

*  The results of this section have been published in Materials Science and Engineering

B85, page 144-148 in the year 2001.
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ronment an ultrahigh vacuum (UHV) system with an impurity gas pressure
ranging from 2 x 1071° to 7 x 107° mbar. For the purpose of fundamental
characterization of intrinsic device properties, the best attempts at encapsu-
lation cannot beat what can be done with both fabricating and operating a
device in such a UHV system [83].

The first electroluminescence data of an OLED fabricated and operated
inside a UHV system demonstrated that OLEDs operating in air have a
higher brightness at the same current density, but that black spots become
visible, whereas in UHV no black spots appear and the luminescence effi-
ciency is lower [83].

To prove which gas is responsible for the enhancement in the efficiency
we made new measurements with OLEDs in UHV, and after contamination
with air and pure oxygen.

EXPERIMENTAL

To characterize the devices, we measured the voltage-current and brightness-
current characteristics of the devices, as well as the complex impedance versus
frequency, in a special UHV chamber provided with the necessary electrical
contacts and optical windows. Measurements were performed on ultraclean
devices fabricated in the same UHV system and moved to the characteriza-
tion chamber without breaking the vacuum, and on devices that had been
exposed for a controlled amount of time to selected impurity gases. Addi-
tionally, we also show what is obtained when the same measurements are
performed in air.

To exclude variations caused by different measurement conditions, we
measured all the OLEDs inside the UHV chamber, exposed them for 17h to
air or oxygen, and again measured the changes inside the UHV chamber. To
be sure that our measurement was not influencing the results, we measured
at low currents and repeated the measurement three times, confirming that
the properties of the device were not modified by the measurement.

We fabricated two devices consisting of a 30 nm ITO anode, 40 nm NPB,
65nm Alqgs, and a 200 nm magnesium cathode. Both devices were character-
ized after fabrication inside the UHV to obtain the intrinsic characteristics.

RESULTS

Fig. 2.13 shows the current-density versus voltage and brightness versus
current-density characteristics of a device before and after contamination
for 17h in air. One can observe an increase of the threshold voltage, and an
enhancement of the efficiency after the device has been exposed to air. The
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Figure 2.13: (a) Current-density versus voltage characteristic and (b)
brightness versus current-density characteristic of a double-layer OLED fab-
ricated in UHV and before (black squares) and after (open circles) a 17 h
exposure to air.

exposure to air also initiated the appearance of black spots. Fig. 2.14 shows
the data for a device before and after 17 h exposure to oxygen. The thresh-
old voltage also increases, but the efficiency does not. Moreover, exposure to
pure oxygen did not induce the appearance of black spots.

By comparing the curves marked UHV (filled squares) in Fig. 2.13 and
Fig. 2.14, one can see easily that there are different threshold voltages and
different proportionalities between the brightness and the current density (i.e.
the efficiency). These differences are probably due to our ITO anodes, which
without special treatments are not very reproducible; however, this does not
influence our measurements. Here we are interested in changes caused by
impurity gases, and the results are the same for all the devices, even if their
characteristics were different at the beginning. Note also that in these kinds
of measurement the contact resistance can increase (due to oxidation of the
cathode). However, this effect does not influence the brightness versus cur-
rentdensity characteristic because the current is not affected by the contact
resistance, and a voltage drop on the contact resistance can only affect the
current-density versus voltage characteristic by changing the effective voltage
applied to the device.

From the above facts we conclude that both the black spots and the
enhancement of efficiency are related to gaseous water in air, whereas the
increase in threshold voltage is related to oxygen, and is probably caused by
an oxidation that can reach the Alqs magnesium interface.
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Figure 2.14: (a) Current-density versus voltage characteristic and (b)
brightness versus current-density characteristic of a double-layer OLED fab-
ricated in UHV and before (black squares) and after (open triangles) a 17 h
exposure to pure oxygen.

To investigate the cathode-organic interface further and reduce the num-
ber of parameters involved in the description of an OLED, we fabricated
single-layer I'TO/Alqs/Mg devices, and characterized them by impedance
spectroscopy. We used a programmable impedance analyser (Hewlett-
Packard, HP 4129A) and applied an AC voltage with a root-mean-square
amplitude of 0.1 V in the frequency range between 10 Hz and 10 MHz.

Fig. 2.15 shows the impedance spectroscopy data of an ultrapure device
measured in UHV. The dots represent the experimental data, and the lines
are a fit with the equivalent circuit shown in the inset of Fig. 2.15(a). As
expected, the real part of the impedance at low frequency decreases for in-
creasing bias voltages. However, at low bias voltage a peculiar frequency
dependence of the real part of the impedance is observed. Oscillations in
the impedance data are generally observed at low frequencies and voltage (
f < 1kHz, U < 8 V), and at high frequencies ( f > 100kHz), and are typical
for a device fabricated and measured in UHV. Note that 8 V corresponds
roughly to the threshold voltage for LED operation. Fig. 2.15(b) displays
the Cole—Cole plots (real part of the impedance versus imaginary part) of
the same device, in a double logarithmic plot. The minimum Re(Z) value
observed at high frequencies corresponds to a resistance R in series with the
OLED (probably mostly due to the bulk resistance of the ITO anode). In
this device, R, is about 310€2. The maximum Re(Z) value at low frequencies
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Figure 2.15: (a) Real part Re(Z) and (b) Cole-Cole plot of the complex
impedance Z of a single-layer OLED at different bias voltages in UHV. The
dots represent the measurement results; the solid curves were obtained by a
least-squares fit using the equivalent circuit shown in the inset.

corresponds to the sum of R, and the OLED resistance R,, which is strongly
bias dependent. The Cole—Cole plot basically displays only one semicircle for
this UHV measurement, corresponding to the single capacitance/resistance
equivalent circuit in the inset of Fig. 2.15(a).

Fig. 2.16 shows the impedance spectroscopy data for the same
ITO/Alqs/Mg device after it had been removed from the UHV system.
The data were gathered in air. Some characteristic differences with the
results in UHV can be noticed immediately. The oscillations in the complex
impedance observed in UHV disappear. In particular, the unexpected
frequency dependence of Re(Z) observed at low voltages and frequencies
in UHV is removed, and is replaced by a frequency dependence that can
be associated with a second circuit in series, as displayed in the inset of
Fig. 2.16(a). The same observation can be made from the Cole—Cole plot,
where a second semicircle is observed at bias voltages below 8 V.

It is interesting to note that the peculiar frequency dependence of the
real part of the impedance observed at low voltages in UHV is replaced,
in the same voltage range, by a frequency dependence that can be simply
modelled by a second circuit in series in the presence of air. As the bias volt-
age increases above 8 V the threshold voltage for LED operation is passed,
and both the simple current-voltage characteristics and the impedance spec-
troscopy data in Fig. 2.15 and Fig. 2.16 approach those typical of an ideal
diode; the current and brightness increase drastically with increasing bias,



48 2. Results

(b)
106¢ 106: T T T T T REAL:
K F [ ] 3
e OV o * .i
o 4V o' }
8V o [
5 S5t ¢ ® oo 3
10‘= 10° o 11V .:‘nun 9 E
.n'n o
o IS
_— — *® 0\
S ] G ou., M * 8
S 104 § 104 o e ML
[J} = « ¢
o £ ae o .
ae 0 ©%, *
L o o o %
103t 103 & ° ¢ 3
£ C %0 °
©
o o
) ° .
o
102 MEPETTTTT BRI EEEPIPTTTTY BRI T PRI 102 P PN R Y AT | TN
101 102 103 104 10% 106 102 103 104 105 106
Frequency [Hz] Re (Z) [Q]

Figure 2.16: (a) Real part Re(Z) and (b) Cole-Cole plot of the complex
impedance Z of a single-layer OLED at different bias voltages in air. The
dots represent the measurement results; the solid curves were obtained by a
least-squares fit using the equivalent circuit shown in the inset. At high bias,
the single circuit of Fig. 2.16 fits the data very well (broken curves).

and the impedance spectroscopy data can be modelled by a simple equivalent
circuit with a capacitor and a resistance in parallel.

The exact origin of the peculiar impedance spectroscopy data obtained
in UHV is not clear yet. However, current instabilities are also typically ob-
served below the threshold voltage when measuring current- voltage charac-
teristics in UHV. It could be that this behaviour is caused by a poor, inhomo-
geneous, and unstable contact between the organic layer and the electrodes,
and that these contacting problems are enhanced in UHV. The fact that
these instabilities disappear in the presence of air means that atmospheric
gases play a role in stabilizing the electrical contacts with the organic layer.
If we assume that in UHV the interface between electrode and organic layer
is inhomogeneous, then at some spatial points the contact will be better than
at other points, causing for example electric field spikes, which would be the
main points of injection at low voltage, leading to a localization and a spatial
inhomogeneity of the current. When the threshold voltage for LED opera-
tion is reached, the current injection at the electrodes increases and becomes
more homogeneous. At bias voltages below the threshold voltage, the inter-
face plays a more important role in the carrier accumulation and localized
carrier injection, whereas at higher voltages the importance of these effects
decreases.

The above results confirm that the presence of atmospheric gases has a
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strong influence on the interface and charge-injection properties in an OLED.
Atmospheric gases such as oxygen and water may diffuse through the OLED
layers and affect the electrode interfaces, with the end effect of stabilizing
and making more homogeneous the contacts at the electrodes and the carrier
injection.

When the measurement is performed in air, the results of impedance
spectroscopy below 8 V are consistent with a model circuit containing two
circuits in series, each with a resistance and a capacitance in parallel, plus
a single resistance in series, as displayed in the inset of Fig. 2.16(a). It is
important to note that the second circuit is only observed when (1) an Mg
electrode in contact with Algs is used and (2) the device is exposed to air.
If a thin layer of Ag (5 nm) is inserted between the Mg electrode and Alqs
layer, no second circuit is observed [86]. Thus the second circuit observed in
Fig. 2.16 can be related to an additional interfacial capacitance connected
with the reaction of Mg and Alqs in the presence of air [86]. It may be that
Mg is able to diffuse inside the Alqs layer [72,73], thus increasing its effect
on the electrical properties of the device. Although further investigations are
needed to understand better the points made above, we can already conclude
that air has a decisive influence on the Mg/ Alqs interface, an influence that
is also clearly seen when measuring current-voltage and brightness-current
characteristics.

CONCLUSION

We found that controlled exposure to impurity gases from UHV to atmo-
spheric conditions is an important tool for the characterization and differen-
tiation of the intrinsic and extrinsic properties of OLED structures.

We found that air can enhance the efficiency of the OLEDs compared with
the efficiency in UHV, but that this effect is accompanied by the appearance
of black spots. Exposure to pure oxygen only decreases the efficiency, and the
black spots do not appear. By comparison with the results in air and pure
oxygen we can say that water is the cause of the enhancement of efficiency
and of the appearance of black spots.

Impedance spectroscopy has demonstrated the strong effect that atmo-
spheric gases have on the electrode-organic interfaces and on charge carrier
injection. An additional contribution to the device impedance could be re-
lated to the effect of atmospheric gases on the Mg/Alqs system.
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2.5 Photoelectron spectroscopy on a running
organic light-emitting Diode*

Abstract

The Mg cathode surface of a simple ITO / NPB / Alqs / Mg Organic Light
Emitting Device (OLED) was observed by Ultraviolet Photoelectron Spec-
troscopy (UPS) during operation of the device in ultra-high-vacuum (UHV).
We found that even with a 35 nm thin Mg-cathode, the underlying organic
layer never appeared at the surface also after hours of operation in the ultra-
pure conditions typical of UHV. The only signs of deterioration at the cath-
ode are a slow oxidation of the Mg-surface. We could show that OLEDs
with semitransparent cathodes are stable if the are operated under ultra-
high-vacuum conditions.

INTRODUCTION

The stability of the metal-organic interface at the cathode of an Organic
Light Emitting Device (OLED) is an important parameter that can impose
a limit on the lifetime of the device. In order to allow an optimization of
the devices towards such applications as wide area displays, it is important
to better characterize and understand the intrinsic degradation mechanisms
that can take place at the cathode interface even in encapsulated devices.
In this work we examined the cathode surface of a running, “encapsulated”
OLED, by operating it in Ultra-High-Vacuum (UHV) and using Ultraviolet
Photoelectron Spectroscopy (UPS). UPS is a very sensitive tool to detect
surface changes. Since the device was fabricated and operated in UHV, we
can exclude the effects of impurities, and the isolation of the device from the
environment is better than any encapsulation technique.

Any intrinsic deterioration mechanism that affects the Mg-cathode would
be visible as a change of the electronic states at the surface of thin Mg
cathodes. As an example, one might expect that the Mg further diffuses
inside the organic material underneath during operation of the device, and
that after a while the electronic states belonging to the organic material start
being detected at the surface by UPS.

In order to be able to use a thin Mg cathode, and in order to be able to

perform this kind of surface-sensitive measurements, a Ultra-High-Vacuum
(UHV) is required.

*

The results of this section have been published in Nonlinear Optics, Vol. 25, page
461-466 in the year 2001.
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EXPERIMENTAL

We produced very simple bilayer device structures on a glass substrate coated
with an Indium Tin Oxide (ITO) anode (~ 30 nm thick), the hole transport
layer NPB (N,N’-bis-(1-naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine,
~ 65 nm thick) and Alqs (tris (8-hydroxyquinoline aluminium), ~ 80 nm
thick) as an electroluminescent layer, and with Mg (~ 35 nm) as cathode
material. The thicknesses were measured using a calibrated quartz microbal-
ance. Exact thickness measurements of the organic and Mg layer by Ruther-
ford Backscattering Spectroscopy (RBS) were used to calibrate the quartz
microbalance (RBS measurements on organic layers are discussed, e.g. , in
Ref. [87]).

The devices were fabricated in an UHV deposition chamber (base pressure
3-1071% mbar) using masks for the device structure. After fabrication the
sample was moved without breaking the UHV to a special surface analysis
chamber equipped with a He discharge lamp, and a hemispherical electron
analyzer (base pressure 5-1071% mbar).

An existing electrical connection for applying a bias voltage to the sample
during UPS measurements was used to contact the cathode of the device.
The OLED anode can be contacted with the walls of the vacuum chamber,
which are grounded. Using these two contacts we can apply a voltage to
the OLED, and inject a current to induce the electroluminescence, while
at the same time measuring the UPS energy distribution curve (EDC). By
moving the sample holder slightly, one can remove the electrical connection
of the device anode to the ground, which allows an UPS measurement of the
cathode of the inactive device, without electroluminescence.

ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY

For the UPS measurement we used the He I line (photon energy 21.2 eV)
to measure the photoelectron spectrum of the Mg cathode on top of the de-
vice. We confirmed that Ultraviolet Photoelectron Spectroscopy (UPS) does
not induce any change in the brightness of the electroluminescence. This
means that the 21.2 eV photons we use do not lead to rapid photodegrada-
tion of the organic layers in our OLEDs. The diameter of the UV spot on
the cathode was about 2 mm, while the device size was 4x4 mm. Since the
electroluminescence was visible through our thin Mg cathode, we could check
the position of the beam while the OLED was running, confirming that the
electroluminescence was always visible under the UV beam spot. The small
surface area illuminated by the UV light in the middle of the cathode guar-
antees that all collected photoelectrons come from the cathode of the device.
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The electron analyzer position is perpendicular to the sample surface.

In the case where the anode has no contact to the chamber the arrange-
ment does not differ from a standard UPS measurement: the surface of the
cathode (the material to be analyzed by UPS) is negatively charged, relative
to the electron analyzer, by the applied bias voltage. This is the usual tech-
nique used to avoid slow electrons which otherwise can not be well detected.
For the UPS measurement alone, no change is expected if the anode of the
OLED is grounded, because the charge on the cathode is the same. The only
difference is that, with the electrical connection between anode and ground
in place, a current flows inside the OLED, inducing the electroluminescence.

RESULTS AND DISCUSSION

Figure 2.17 shows a UPS measurement on the cathode surface of an OLED
before it was operated for the first time (solid curve). After application of a
8 Volts bias voltage to the device, bright green light was visible on the whole
cathode area. After 22 minutes we measured again the UPS signal, and this
time obtained the dashed line in Figure 2.17. The current which was flowing
through the 18 mm? area of the device at this time was 3.9 mA. We made
several measurements later. The curve after 74 min is shown as a dotted
curve in Figure 2.17. The intensity of the UPS signal is increasing with time.
The inset in Figure 2.17 shows the photoelectron intensity of the peak at 6.1
eV binding energy versus time. The line connecting the points corresponds
to a linear relation.

We interpret the increase in the intensity of the UPS spectrum as the
effect of the slow oxidation of the Mg layer that takes place even in UHV
because of the very reactive Mg. UPS is so sensitive that even a part of a
monolayer of oxidized Mg at the surface already affects the photoelectron
spectrum.

After a half day the Fermi edge is not anymore visible in the UPS spectra,
and the cathode surface turns completely into MgO (an insulator).

No sharp peak in the UPS spectrum, which could be related to organic
molecules at the surface of the cathode, was observed. If Alqs molecules could
reach the surface of the Mg layer the signal would be drastically changed.
But we did not found any new peak or changes even after longer time.

This means the Mg cathode of an OLED is not be destroyed by an in-
trinsic mechanism like diffusion of Mg into Alqs. The thin cathodes we used
would be very sensitive to any changes which occur from the interface and
grow towards the surface. From these experiments we can conclude that
any interfacial changes taking place at the Mg/Alqs interface will be very
localized, with a maximum extension lower than 35 nm, the thickness of the
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Figure 2.17: UPS measurement on the cathode surface of a device before
it was operated for the first time (0 min, solid), after 22 min of operation
at a bias voltage of 8 V (dashed), and after 74 min of operation at 8 V bias
voltage (dotted). The inset shows the photoelectron intensity at the binding
energy 6.1 eV versus time.

cathodes we used.

An additional feature that we observed in the UPS spectrum is a shift of
the left edge of the spectrum, related to the slow electrons, when the device is
running. While the oxidation of the Mg-cathode is still visible by UPS when
the OLED is switched off, this shift in the spectrum only appears when the
device is being operated. The left edge becomes sharper and moves by about
1 eV to the left if the current is flowing through the device.

The reason for this behavior is not clear yet. We propose two tentative
explanations: (1) Because of the relative arrangement of cathode and ITO-
anode on our sample, a deformation of the electric field of the negatively
charged cathode can take place when the anode is on ground potential. This
involves an higher UPS signal at the slow electron edge and shifts the position
of the UPS spectrum to the left, depending on where on the cathode the
photoelectrons are emitted from. (2) A non-homogenous conduction at the
cathode surface could lead to spatially inhomogeneous voltage drops over the
cathode surface, which would lower the acceleration of photoelectrons, also
producing a shift of the left edge of the UPS spectrum.
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CONCLUSIONS

In conclusion, we could observe, for the first time to our knowledge, the
changes in the UPS spectrum of the thin Mg cathode of a running OLED.

We found that no intrinsic degradation mechanisms can destroy even a
35 nm thin Mg-cathode. If there is an effect of the OLED operation on the
Mg/Alqgs interface, that this interfacial changes are limited to a thickness of
less than 35 nm from the interface.
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2.6 Observation of the Mott—Gurney law in
tris (8-hydroxyquinoline) aluminum
films*

Abstract

We show that tris (8-hydroxyquinoline) aluminum (Alqgs) thin films produced
and characterized under ultrahigh vacuum conditions present a well-defined
squared-law dependence of the injected current on the applied voltage at
applied electric fields of the order of 0.25 — 1MV /cm. From this, one derives
an electric-field-independent electron mobility of the order of 10~7 cm?/(Vs),
with a variation between different samples of about one order of magnitude.
Observations of current—voltage characteristics with clear indications of trap-
filling and space-charge-limited conduction at high fields in Alqs excludes
the existence of traps with an exponential distribution of trap energies, as is
commonly assumed in amorphous materials.

Article

An electric current can be driven through an insulator by injecting charge
carriers from electrical contacts. When energy barriers at the contacts be-
come negligible, and when trapping of injected carriers at localized energy
levels does not depend on the current, then it is possible to reach a limit
where one observes a space charge limited (SCL) current [32]. In this limit
the only material parameters determining the current are the carrier mobil-
ity 1 and the dielectric constant ¢, leading to a simple method to determine
intrinsic charge-carrier mobilities in insulators [32,88,89]. In a “parallel-
plate capacitor configuration,” where the insulator is sandwiched between
two electrodes, and at high applied voltages V', where charge-carrier diffu-
sion and injection barriers can be neglected, the injected current density j is
given by the Mott-Gurney law (also known as Child’s law in solids) [32-36]

"‘966-‘-/-3
.7_8:U‘ 0d3

where p and € are mobility and dielectric constant of the material, ¢ is the
permittivity of vacuum, d is the distance between the contacts, and V is the
applied voltage. Eq. 2.1 is valid for a mobility p which is independent of the
applied electric field and of the current density.

(2.1)

*  The results of this section have been published in Applied Physics Letters Vol. 80 (7),
page 1198-1200 in the year 2002.
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Organic insulators have been increasingly studied in recent years for de-
vice applications such as field effect transistors and light emitting diodes,
and the basic functionality of the devices is almost always obtained by in-
jecting charge carriers into the organic materials by high applied electric
fields. A characterization and understanding of the injection process as well
as the bulk conductivity process is important in order to further optimize
and develop new organic systems for electronics and photonics applications.

Among such systems, thin films of tris (8-hydroxyquinoline) aluminum
(Algs) molecules currently enjoy widespread use as the electron-conductor
and the photoemissive material in organic light emitting diodes. But despite
this popularity, electron injection and transport in Algs are still relatively
poorly understood. Several authors, (e.g., [90-98]) measured current—voltage
characteristics in Alqs systems, but none succeeded in observing a clear
square-law dependence as expected from Eq. 2.1. In addition, there is some
controversy [90,92-95,99] about the separate influence of injection barriers,
impurity levels that act as electron traps, and electric-field dependent mobil-
ity, all processes that can explain the fact that no square-law current—voltage
dependence has been observed to date.

In this letter we show that it is possible to achieve SCL conductivity in
Alqgs thin films — with a clear proportionality between current density and
the square of the applied voltage — by optimizing the fabrication and char-
acterization conditions of an Alqgs layer sandwiched between magnesium con-
tacts. This entails (1) the use of ultrapure magnesium contacts deposited in
ultrahigh vacuum (UHV) at an impurity gas pressure of less than 10~ mbar;
and (2) the measurement of current—voltage characteristics in the same UHV
environment within a few hours after deposition of the Mg/Alqs /Mg system.
The data obtained in such a way highlights the intrinsic properties of Alqs as
an electron conductor and can be useful to describe the properties of devices
under conditions of perfect encapsulation [83,84,100].

Under the above mentioned UHV conditions, the choice of magnesium
as the contact material leads to a relatively low energy barrier for electron
injection in Alqs, and ensures that the current is dominated by electrons.
In our experiments no light emission from the sample, indicative of bipolar
injection, could be observed. The use of magnesium requires UHV because of
its high susceptibility to oxidation [70]. Even in UHV, an oxide layer thicker
than 2nm appears on the magnesium surface in about two days [84,100]. Such
an oxide layer at the Alqs/Mg interface could lead to an additional energy
barrier that would not allow ohmic contacts in the experimentally accessible
range of applied electric fields. To minimize these effects the devices were
characterized directly after the deposition.

Mg/Alqs /Mg samples were prepared by molecular beam deposition on



2.6. Observation of the Mott—Gurney law in Alqs films 59

vV [V]
1071 100 10!
102 T T T ]
.C
104
&
£
9
$10-6
108
107100 AN
10* 10° 10°
E [V/cm]

Figure 2.18: Current-density vs average applied field E = V/d for a
Mg/Alq3 /Mg electron-only injection device with a d = 300 nm-thick-Alqs
layer (open circles). The dashed line corresponds to a j ~ V2 dependence.
The dotted line shows a linear proportionality j ~ V.

a glass substrate in an UHV chamber at a base pressure of less than 4 x
10719 mbar. During deposition of the first magnesium contact and of the
Alqs layer the substrate was heated to 100 °C. For the second magnesium
contact on Algs the substrate was held at —50 °C to get a better sticking of
magnesium on Alqs. The thickness of the magnesium contacts was between
40 and 100 nm. The thickness of the Alqs layer was varied between 230 and
550 nm, and was measured for each device using a Tencor Alpha-Step 500
surface profilometer. The surface area of the devices was 1, 6, and 9 mm?.
We purified our Algs by one vacuum sublimation step.

After fabrication each substrate, holding 12 separate Mg/Alqs/Mg de-
vices, was moved without leaving the UHV environment to an electrical
characterization chamber at a base pressure of less than 3 x 1072 mbar. The
current—voltage characteristics were measured in darkness with a computer
controlled Sourcemeter (Keithley 6430).

In about 100 samples we measured current densities between 10710 and
1072 A/cm? for applied fields between 1kV /cm and 1MV /cm. In about 80%
of these samples we observed at least one voltage region where j ~ V2, and
more than 50% showed a clear transition from an Ohmic-type conductivity
to a space-charge limited conductivity that can be exemplified by the curve
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Figure 2.19: Examples of measurements in two different Alqs samples which
showed different mobility values yu. For better comparison j X d is plotted as a
function of E = V/d. Most of the current—voltage characteristics we measured
were distributed between these two curves. The inset shows a histogram with
the measured distribution of the electron mobilities.

in Fig. 2.18. For electric fields up to 80 kV/cm (region A) the current is
proportional to the applied voltage (dotted line), corresponding to impurity
dominated conduction of the organic material. Between 80 and 400 kV/cm
(region B) the current increases strongly and becomes proportional to about
V® (dashed dotted line), which can be explained by the onset of carrier
injection and trap filling. Finally, starting from 400 kV/cm (region C) the
current follows the V? dependence predicted by Eq. 2.1 for SCL current
injection into an insulator (dashed line). A change in the polarity of the
applied voltage did not influence these observations. The data in Fig. 2.18
indicate that the electron mobility in this example is field independent for
applied electric fields between 0.4 and 1 MV /cm. The samples are destroyed
by electric breakdown at applied fields higher than about 1 MV /cm.

The electron mobility derived from region C varies by roughly one order
of magnitude between different devices with different thickness and different
time intervals between fabrication and characterization. Fig. 2.19 shows as
an example two measurements with two distinctive low and high mobilities
ptin a j x dvs E plot.

We also observed that the region of steep current increase (region B)
moves toward larger electric fields when the time interval between fabrication
and characterization of the device increases, a fact that hints at an increase
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of the trap concentration with time.

The inset in Fig. 2.19 shows as a histogram the distribution of electron
mobility values from all measurements with j ~ V2 regions. About 60%
of the measurements are within the mobility range from 5 x 1078 to 5 x
10~7 cm?/(Vs). These mobilities where derived from Eq. 2.1 using € = 3.5
[90].

The relatively large range of mobilities derived from region C could be
due to the fact that the SCL conduction we observed corresponds to a trap-
limited mobility which is still influenced by a density of shallow traps which
varies from sample to sample.

The electron mobility we obtain is of the order of 10~7 cm?/(Vs) and
is electric-field independent up to an applied field of 1 MV /cm. This is
below the range of mobility values (from 1 x 107 to 2 x 107° cm?/(Vs)) at
0.4MV/cm [69,90,101,102]) reported so far and obtained with time of flight
methods [69, 101, 102] or transient electroluminescence [69,90]. The reason
for this lower value is not completely clear yet, although dynamics of trap
filling and sensitivity to trap-limited mobilities is different for the different
methods.

It must be noted that the very fact of observing a well-defined trap-filling
transition and the current predicted by Eq. 2.1 in Algsz implies that the levels
responsible for electron trapping cannot have an exponential energy distri-
bution, as is commonly assumed in amorphous materials. A possible reason
for this might be connected with nanocrystals formed during deposition of
the thin films. SCL currents in amorphous organic thin films have also been
observed in Refs. 103 and 104

A number of other groups measured current—voltage characteristics in
electron-only Alqs devices, but a clear squared law dependence (j ~ E?)
at high electric fields could not be observed up to now. Current—voltage
characteristics in Mg/Alqs/LiF/Al devices have been measured in Ref.92
and the data were described using a SCL current model with an electric field
dependent mobility (for electric fields of the order of 1 MV /cm).

References 90, 95 interpreted its current—voltage characteristic data as
given by trap filling of an exponential trap distribution, with a current j ~
V!*1 (14+1 between 3.4 and 4.4), while at the same time observing a thickness
and temperature dependence in agreement with trap-free SCL current.

By comparing our experimental conditions to those presented in the liter-
ature we conclude that the reason why the squared-law dependence predicted
by Eq. 2.1 was never clearly observed in Alqs thin films is related to the ef-
fects of impurity gases. Atmospheric gases influence the barrier for electron
injection and the density of impurity levels in the Algs layers. Therefore,
a current—voltage characteristic steeper than j ~ V2 can be due to injec-
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tion barriers, trap filling, or both. Ultrapure conditions appear to be a
requirement for establishing the conditions that allow space-charge-limited
conduction in the Mg/Alqs system. We showed that even small traces of
atmospheric gases lead to the disappearance of SCL conduction: the SCL
current could not be observed anymore after venting our UHV chamber with
nitrogen gas (to simulate a good glove box), or after leaving a sample in UHV
for 2 days. Compared to our experimental setup, all previous measurements
were performed under relatively bad isolation from atmospheric gases.

In conclusion, we observed SCL conduction with a clearly visible
trap-filling transition to a j ~ V? dependence in Algs films grown and
characterized in UHV. From this it follows that electron trapping centers
have a relatively well-defined energy, an unexpected result in an amorphous

material, and that the electron mobility is independent of the electric field
for applied fields below 1 MV /cm.

This work was supported by a research grant of the Swiss Federal In-
stitute of Technology (ETH) Ziirich. M. Koehler would like to thank CNPq
for a research fellowship.
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2.7 Conditions for ohmic electron injection
at the Mg/Alqs interface®

Abstract

We show that the contacts formed by magnesium on tris (8-hydroxyquinoline)
aluminium (Alqs) are intrinsically ohmic when they are fabricated and oper-
ated in ultrahigh vacuum. Under the same conditions, the injected current
shows a steep increase approximately proportional to the 7th power of the
applied voltage that we assign to trap-filling. Only a subsequent contact
with oxygen leads to an injection-limited behavior, where the observed steep
current increase is caused by potential barriers at the contacts. In addition,
we observe that electron injection in oxidized structures can be very well de-
scribed by Fowler-Nordheim tunneling in the case when electrons are injected
from the Mg contact evaporated onto Alqs.

Article

The injection of charge carriers from a metal contact into an organic ma-
terial is of fundamental importance for any application or device involving
polymers or small molecule materials. Technologically relevant examples are
organic light emitting devices (OLEDs) and organic field effect transistors
(OFETs). A better knowledge and control of the effects determining the
efficiency of charge-carrier-injection from a metal contact is important for
a better theoretical understanding as well as for optimizing device perfor-
mance. Moreover, the controlled study of the effects of oxygen exposure is
interesting because up to now most organic devices had to be encapsulated
and protected from atmospheric gases. To control degradation effects in
future devices it is important to understand the influence of oxygen.

Here we focus on electron injection from magnesium contacts into tris (8-
hydroxyquinoline) aluminium (Alqs), a widely used electron transport and
luminescence material in OLEDs. Current-voltage(IV) measurements in Alqs
structures with electron injecting contacts are characterized by a low-voltage
ohmic region where the current density ;7 is proportional to the voltage V,
followed by a steep current increase where 7 ~ V%, x ~ 7. This feature has
been reported in several publications [24,25,90-92,94-99] and was variously
explained as caused by injection processes [24,25, 99|, space-charge limited
(SCL) current with exponential trap distribution [92,94] or SCL current with
field dependent mobility [90,95].

*  The results of this section have been published in Applied Physics Letters Vol. 80 (23)
page 4366-4368 in the year 2002.
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Figure 2.20: The three structures investigated in this work. a) Mg/Alqz /Mg
structure operated in UHV, b) the same structure operated in pure oxygen
at atmospheric pressure, and c) a Mg/MgO/Alqs /Mg fabricated by exposing
to bottom Mg contact for 2 hours to 99.998% pure oxygen at partial pressure
of 1 x 107° mbar (measured with a vacuum gauge calibrated for nitrogen
gas) and operated in UHV. The arrows and the symbols above them indicate
the electron drift direction and the corresponding shape of the data points in
Figs. 2-4, respectively.

In the present work we show, by characterization of the structures in UHV
and under the controlled influence of oxygen, that in the Mg / Alqs / Mg
system the steep current increase can be determined both by injection bar-
riers or by trap filling processes with charge diffusion from ohmic contacts,
depending on the purity of the materials and of the characterization environ-
ment. Injection barriers are only observed in samples that have been exposed
to oxygen.

Mg / Algs / Mg samples were prepared by molecular beam deposition
on a glass substrate in an UHV chamber [100]. The fabrication details are
described in Ref. 105. The thickness of the Alqs layer was varied between 340
and 650 nm, and was measured for each structure using a Tencor Alpha-Step
500 surface profilometer. The surface area of the top magnesium contact
was 1 mm?. The electrical characterization was performed by a computer
controlled sub-femtoampere source meter Keithley 6430. The samples were
discharged for 2 min at £0.1 V before the measurements.

The 3 sample structures studied in this work are shown in Fig. 2.20. We
define as “positive” the voltage for which electrons are injected from the
bottom contact (as indicated by filled arrows in Fig. 2.20).

IV-characteristics of Mg / Alqs/ Mg structures fabricated and character-
ized in ultrahigh vacuum (UHV) show an Ohmic-conduction region at low
applied voltages (j ~ V), a steep current increase at intermediate voltages
(j ~ V® with =~ 7), and a space-charge-limited (SCL) current described
by the Mott -Gurney law (j ~ V2) at higher voltages [105]. In this work we
increased the voltage only up to a value which allowed us to observe the steep
current increase, thus avoiding the larger voltages required to observe space
charge limited currents [105], and minimizing possible degradation effects
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Figure 2.21: Current-density vs. absolute voltage for the structures and
experimental conditions described in Fig. 2.20 with Alqgs thickness 340 nm.
The dashed curve is a plot of Eq. 2.23 (Fowler-Nordheim injection) with
B =5.16 x 108 A/(Vm) and A = 0.19eV.

that would be induced at higher voltages.

Figure 2.21 (squares) shows the IV-curve of structure (a) in Fig. 2.20,
which was fabricated and operated in UHV. The IV-curve does not depend
from the direction of the injection, as is expected for identical contacts. The
same observation has been reported in Ref. 71 for a Mg/Alqs/Mg structure
with a 120 nm thick Alqs film. The IV-data reported in Ref. 71 coincide
very well with our measurements for voltages higher than 2V , despite the
fact that the Alqs thickness differs by a factor of two. This fact already
indicates, as will be discussed below, that the MgAlqs contacts are ohmic,
allowing electron injection by diffusion [80, 81].

To study the influence of oxygen we flooded the UHV chamber with
99.995% pure oxygen at atmospheric pressure and again measured the IV-
characteristic in the same structure. The resulting IV-curves are shown as
circles in Figure 2.21. Oxidation leads to IV-curves which are asymmetric
with respect to the sign of the applied voltage and which show a higher
“threshold” voltage for the onset of the steep increase in current. For 340 nm
and 380nm thick Alqs layers, the highest threshold voltages were observed for
negative voltages (electron injection from the the top contact). We will show
below that this is not the case for structures with a larger Algs thickness.
The asymmetry of the IV-curve with respect to the injection direction is an
indication that the increase in the threshold voltage cannot only be caused
by an increase in the trap density in the Algs bulk upon oxidation, but must
depend on the oxidation state of the metal/organic interfaces.
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Figure 2.22: The voltage Vp.1 for a current-density of 0.1 A/m? is plotted
vs. the thickness of Alqs films for the structures and experimental conditions
described in Fig. 2.20. The filled diamond represents a UHV measurement
reported in Ref. 71. The lines are guides to the eye.

A first confirmation that it is the oxidation at the interfaces that leads to
this asymmetry is found in the IV-curves of a structure where an oxide bar-
rier was artificially produced at one of the magnesium contacts (Fig.2.20c).
A magnesium oxide layer between bottom contacts and Algs is the only dif-
ference between this structure and the one discussed above. An Alqs layer of
the same thickness and the top Mg contact were evaporated in UHV, where
also the characterization took place. Therefore, we do not expect any change
in the parameters of the remaining layers, such as the trap density in Alqs.
The resulting IV-curves are shown as triangles in Fig. 2.21. The threshold
voltage for a cathode with an oxide barrier is as high as for injection through
the top contact in the originally non oxidized structure that was subsequently
exposed to oxygen. For electron injection from the other side, however, the
threshold voltage is only slightly increased compared to the structure (a) in
Fig. 2.20. The potential barrier has obviously a much smaller influence when
it is positioned at the anode.

An additional confirmation of the importance of oxide barriers at the
metal/organic interface is found in the dependence of the position of the steep
current increase from the Alqgs thickness . Since the concept of “threshold”
voltage used above depends on the density of free charges responsible for the
Ohmic part of the IV-curve, it is not suitable for a general quantitative eval-
uation. We therefore arbitrarily define an “injection” voltage as the voltage
required to inject a current density of 0.1A/m? and we plot it as a function of
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the Alqs layer thickness in Fig. 2.22. The corresponding measurement from
Ref. 71 is also plotted, as a black triangle.

One observes that in all structures that have been fabricated and operated
in UHV the injection voltage is practically constant at about 7 V and is
independent from Alqgs thickness in the range between 120 [71] and 650 nm.
From this observation we argue that the steep current increase is caused
by trap filling in a situation where charge carriers are injected from perfect
ohmic contacts. Under these conditions a significant charge carrier density
enters the organic layer by diffusion from the metallic contacts even without
any applied voltage [80]. The presence of these charges can explain the
ohmic conduction region at low applied voltages observed in Fig. 2.21 and the
independence of the onset of trap filling from the Alqs thickness (Fig. 2.22)
[81]. The similarity with the current voltage curves of Ref. 71 hints at a
similar trap density as in our Alqgs films.

On the other hand, the data for the structures operated in oxygen has a
clear thickness dependence. For injection from the top contact the thickness
dependence is close to linear and for injection from the bottom contact the
thickness dependence is stronger. For Alqs thicknesses of 340 and 380 nm
the injection voltage for injection by the bottom contact is lower compared
to the injection from the top contact, while it is higher for all other thicker
structures.

These observations lead to the following conclusions:

(1) The injection voltage does not depend on the Alqs thickness for struc-
tures operated in UHV because the injected current is determined by ohmic
contacts, by electron diffusion, and by trap filling.

(2) The thickness-dependence of the injection voltage in structures oper-
ated in oxygen atmosphere and the asymmetry of the IV-curves with respect
to injection direction indicate that injection barriers have been built up by
the oxygen treatment.

Additional information on this second point is found when the data of
Fig. 2.21 are plotted in a Fowler-Nordheim plot. The result is shown in Fig.
2.23. In this plot a straight line corresponds to a current density that has
the following electric-field dependence [16,25]

jrN = BE® exp(~b/E), (2:2)

where B is a constant factor, E is the average electric field V/d, b =
44/(2m*)A3/(3he), m* is the effective electron mass (here assumed to be
equal to the free electron mass), A is the barrier height,and e is the unit
charge. We observe that the injection through the artificial oxide barrier
at the bottom contact as well as the injection through the top contact in
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Figure 2.23: Fowler-Nordheim-Plot of the data in Fig. 2.21.

the structure operated in oxygen atmosphere can be very well described
by Eq. 2.23. The current density for voltages exceeding 13 V can be well
fitted over 4 decades in current using the parameters A = 0.19 eV and
B = 5.16 x 108 A/(Vm). The corresponding current density is plotted as
a dashed curve in Fig. 2.23 and Fig. 2.21.

It is not clear why the IV-curve of structure b) in Fig. 2.20 follows the
Fowler-Nordheim law only for one injection direction. An explanation is not
possible at this stage, because of the limited knowledge that is available on
the behavior of the oxidized Mg / Alqs interface. The asymmetry of the
IV-curves for the oxidized structures must be caused by a different oxida-
tion behavior of the two morphologically different Mg / Alqs interfaces (one
where Alqs was deposited on flat Mg, one where hot Mg was deposited on
Algs). However, the difference in morphology does not influence the IV-
measurements for the structure of Fig. 2.20a) in UHV, where both interfaces
lead to ohmic contacts.

In conclusion, we showed that a pure Mg/Alqs interface fabricated and
operated in UHV forms an ohmic contact leading to a transport limited cur-
rent that is only influenced by the trap density. An additional confirmation
of the presence of ohmic contacts in such non oxidized structures has been
reported earlier by the direct measurement of the Mott-Gurney law in similar
structures [105]. Oxidation at the Mg contacts leads to a potential barrier
for electron injection which strongly influences the IV-curves. Intrinsically,
Mg/Alqs structures are thus capable of supporting very efficient charge car-



2.7. Conditions for ohmic electron injection at the Mg/Alqs interface 69

rier injection, with the possibility of achieving high currents at low voltages.
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3 Conclusions and Outlook

3.1 Conclusions

We show that a proper characterization of charge injection, transport and
radiative recombination in Mg / Alqs structures is only possible if the fabri-
cation and characterization take place in an ultrapure environment. This was
demonstrated in this work by combining organic molecular beam deposition
and electrical / optical characterization in the same UHV system.

I could show that the surface of a 35 nm thick Mg cathode in a
ITO/NPB/Alqs/Mg device is stable if the device is operated in UHV.

Space-charge limited conduction with a clearly visible trap-filling transi-
tion to a j ~ V2 dependence in Alqs films grown and characterized in UHV
has been observed for the first time. From this it follows that electron trap-
ping centers have a relatively well-defined energy, an unexpected result in
an amorphous material, and that the electron mobility is independent of the
electric field for applied fields below 1MV /cm. The value of electron mobility
in Algs thin films has been determined.

Moreover, it could been shown that the Mg/Alqs interface always forms
ohmic contacts under ultrapure conditions, while operation in oxygen deteri-
orates the ohmic contact and leads to a potential barrier for electron injection
which can be described by Fowler-Nordheim tunneling when Mg is deposited
on Algs to form the contact. Intrinsically, the Mg/Alqs is thus capable of
supporting very efficient charge carrier injection.

3.2 Outlook

'This work showed that it is possible to inject carriers into the organic material
without any injection barrier. This result can help to produce optimized
organic devices for applications, as organic electrical pumped lasers or organic
transistors.
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A Experimental

In this work several physical techniques were applied to identify the mech-
anisms of OLED operation, current transport, injection and degradation.
This chapter presents an introduction to the experimental methods that have
been used in this work, namely an introduction to ultra-high vacuum tech-
nology, thin film deposition, X-ray Photoelectron Spectroscopy (XPS), Ul-
traviolet Photoelectron spectroscopy (UPS), electrical characterization, and
impedance spectroscopy.

A.1 Ultrahigh vacuum (UHV)

The mass of our earth attracts, fortunately for mankind, our atmosphere.
As a consequence the whole environment is influenced by atmospheric gases
such as oxygen. For example, the metallic mineral resources are mostly ox-
ides. The oxygen can be displaced by heating and melting of the material,
but even if the material is cooled, the surface will remain oxidized. Only
heating in sufficient vacuum can keep the surface clean. The necessary vac-
uum level depends on the requirements of surface purity. Of course, for bulk
measurements there is no need for vacuum, but for measurements where the
first atomic layers play a role, a very good vacuum is required to exclude
contamination from atmospheric gases. The contamination of the surface
can be described by the formation time of one monolayer of adsorbed gas
molecules. One can calculate this time t,,,,, from the kinetic theory of gases
and the MAXWELL-BOLTZMANN distribution .

The number of particles which reach the surface per time and area [106]
is given by
_IN_
—avY
where N is the number of gas particles, V' is the volume and ¥ the average
speed of the gas particles. From MAXWELL statistics one gets

n

(A1)

7=, el (A.2)

and from the ideal gas equation

N p
o= (A.3)
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Figure A.1: Adsorption time of
one monolayer of oxygen on the
sample surface at different gas
partial pressures. Only the pres-
sure range below 108 mbar al-
lows a contamination free mea-
surement in reasonable time.
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By combining Eq. A.1, Eq. A.2, Eq. A.3 and the relation t,ono =
(n- dQ)_1 where d is the molecular distance of the adsorbed particles, one

gets
V2mmkgT A
tmono = T ( 4)

Usually not all gas particles which reach with the surface remain on the
surface. Eq. A.4 corresponds to the worst case scenario, where all particles,
that hit the surface stick to it.

As an example, the mass of O3 is about m = 32-myroton = 5.3 X 10~26kg,
the molecular distance can be estimated by d = 4 x 107 m and the tem-
perature is assumed to be T' = 300K. Fig. A.1 shows the result of the
calculation. Only for partial pressures below 1 x 10~8 mbar, the sample can
remain atomically clean during the usual experiment time of several minutes.

This vacuum pressure range below 1 x 10~% mbar is called Ultrahigh
Vacuum (UHV).

A.1.1 The UHYV machine

In this work, a complex UHV system was used to observe the properties of
clean OLEDs. The pressure during sample fabrication was usually below
5 x 1071% mbar, during surface analysis measurements (XPS, UPS) below
1 x 1079 mbar, and during transportation below 3 x 10~% mbar.

This UHV system was the base for several measurements which could
never be successful under vacuum conditions worse than a pressure of
108 mbar. Fig. 2.5 in the experimental part of section 2.3 on page 33 shows
a schematic view of the UHV system.
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It consists of

e a deposition chamber for organic materials (6 effusion cells)

one metallization chamber (2 effusion cells, 2 electron beam evapora-
tors)

a surface analysis chamber (UPS, XPS)

a special chamber with electrical contacts to operate the OLED inside
the UHV environment (attached to the existing system during this
work, called “OLED chamber” in Fig. 2.5)

Additionally, there is a chamber with an Atomic Force Microscope (AFM)
and a load-lock chamber to bring the samples in and out of the UHV. All the
chambers are connected by a transfer system. The samples can be moved
from chamber to chamber without breaking the vacuum.

The system was designed as a Molecular Beam Epitaxy (MBE) system
for 3 inch wafers and later extended to an organic / metal deposition machine
[107,108].

A.2 Deposition

Thin film fabrication was carried out in the organic deposition chamber and
in the metallization chamber. The materials were heated in effusion cells (also
called KNUDSEN cells, see Ref. [109-111]). The properties of the materials
employed are described in Appendix B.

Both chambers are equipped with a liquid nitrogen cooling shroud. Dur-
ing the deposition the shrouds were cooled and the achieved vacuum pressure
was about 5 x 1072 mbar in the metallization chamber and 2 x 10~° mbar in
the organic chamber. The sample holder can be heated and cooled by liquid
nitrogen.

The thickness was monitored by a quartz micro balance, which was cali-
brated with RUTHERFORD Back Scattering (RBS) measurements [87], optical
transmission spectroscopy, and a Tencor Alpha-Step 500 surface profilometer.

The substrates were held in special copper sample holders. The substrates
were prepared by pre-cleaning them in acetone and ethanol in an ultrasonic
water bath. Then the substrate was rinsed with water. The water was
blown away to dry the sample. For magnesium deposition this procedure
was not sufficient because magnesium reacted on the sample surface and
became transparent. To avoid that reaction the samples were heated over
night in the vacuum chamber at 130 degree.
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Metal masks define the area of deposition on the substrate. The masks
were stored inside the transfer chamber all the time and the mask change
was realized inside UHV in the transfer chamber. Usually two or three masks
were used for an OLED fabrication.

The sample holder in the organic chamber can not be rotated. This
leads to problems during the deposition. A shadow can appear because of
the oblique incidence (approximately 25 degree to the sample normal) of
the molecular beam. This small area without material can cause a short
circuit in the device. This problem was solved by moving the sample to the
electrical chamber, which is equipped with a rotatable plate, and back. Later
the shadow effect was minimized by a new device concept with a large area
flat contact on the glass and large area organic film followed by a small area
second contact on top of the organic film.

The number of effusion cells in the organic deposition chamber have been
doubled during the course of this work (from three to six).

A.3 Photoelectron spectroscopy

Photoelectron spectroscopy is based on the inner photoelectric effect (discov-
ered by HALLWACHS [112] and explained by EINSTEIN [113]). If a material
is illuminated with high energy light! electrons can escape the surface.

The momentum of the photons is so small, that there is almost no mo-
mentum transfer to the electron. Energy conservation gives

hv = ® + Eying + Erin (A5)

with hv the photon energy, ® the work function, Ep;nq the binding energy of
the electron and E};, the kinetic energy of the emitted electron. At a fixed
photon energy, different bonded electrons have different kinetic energies in
the vacuum.

By irradiating the sample with monochromatic light and by measuring
the amount of electrons per kinetic energy interval the so called Energy
Distribution Curve (EDC) can be obtained. The electron density of states
inside the material at a given binding energy approximately agrees with the
measured electron density at the corresponding kinetic energy. This fact is
used to determine the binding energy dependent electron density of states
inside the investigated sample.

The electron escape process can be described by the three step model
illustrated in Fig. A.2.

1

The energy of light has to be higher than the ionization energy for electrons (work
function for metals, ionization potential for insulators).
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Figure A.2: Schematic UPS principle: (a) The electronic structure of a
metal with adsorbed oxygen atoms as example. (b) The light increases the
energy of the electrons by hv. Electrons with energy higher than the vacuum
energy Eyqc can escape the sample. (c) Some electrons are scattered and
visible as a characteristic distribution superposing the measurement.

Escape of the electrons into the vacuum.

Optical excitation of the electrons to energies above the vacuum level
Eyqc with the photon energy huv.

Traveling of the electrons to the sample surface (with the possibility of
scattering).

The inelastic electron scattering deteriorates the information on the en-
ergetic origin of the electrons and gives a characteristic distribution of elec-
trons at low kinetic energies. Because of the high scattering probability only

electrons from the surface can leave the sample.

The average mean free

path length for electrons in almost all materials is 0.5 nm (UPS) to 2 nm
(XPS) [114]. This means that photoelectron spectroscopy is a very surface
sensitive method and that UHV is required to avoid contamination of the

sample.

In this work a hemispherical electron analyzer (VG clam II) was used to
detect the electrons.




78 A. Experimental

Depending on the photon energy, the accessible energetic depth of the
excited electrons can be varied. The result and interpretation of measure-
ments observed with the different photon energies of UV-light and X-rays
are so different, that they will be described in the following two separate
subsections.

A.3.1 Excitation with X-rays

If X-rays are used to excite the electrons in photoelectron spectroscopy,
strongly bonded electrons can escape the sample. This type of measurements
is called X-ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy
for Chemical Analysis (ESCA). In this work, a X-ray gun with 1253.6 eV
(Mg K, ) and 1486.6eV (Al K, ) photons acted as photon source for the XPS
measurements.

The electrons with deep binding energy (more than 15eV) interact only
weakly with the electrons of other atoms. They are very localized and their
electronic states are comparable to the free atom. Only sharp energy levels,
mainly influenced by the atomic structure, are allowed. This sharp energetic
levels give a fingerprint of the atoms and can be only shifted slightly by the
surrounding atoms. This fact can be used for the identification of elements
on sample surfaces. Not only a qualitative identification of the elements can
be made, also quantitative results can be obtained by XPS. In particular,
the ratio of elements in alloys can be easily measured with a calibration
measurement on a sample with a known ratio.

In XPS measurements secondary electrons play a minor role, because of
the high kinetic energy of the unscattered electrons.

A.3.2 Excitation with high energy ultraviolet light

If ultraviolet ((UV)) light excites the electrons, the method is called Ultra-
violet Photoelectron Spectroscopy (UPS). In this work a helium discharge
lamp generated photons from the helium 1s2p—1s? transition with 21.22eV
(A = 58 nm) and from 2p—2s light with 40.8 eV (A = 30 nm). Here, only
relatively weakly bound electrons can escape the sample. The transition can
be described as a transition from bound electrons to free electrons.

Due to the high resolution of electron spectroscopy at lower kinetic ener-
gies, values like the work function for metals or the ionization potential for
excitation from the Highest Occupied Molecular Orbital (HOMO) in organic
materials can be obtained. These values are important to understand the
injection mechanisms in OLEDs (see section 1.3.1). Unfortunately, unoccu-
pied states like the Lowest Unoccupied Molecular Orbital (LUMO) can not
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be measured by this method.

The sample is electrically contacted and a bias voltage can be applied in
relation to the electron analyzer. This bias voltage is needed to overcome
the electron analyzer work function and to accelerate the slow electrons from
states with higher binding energy to higher kinetic energies, where the elec-
tron analyzer is more sensitive. Eq. A.5 has to be extended by adding a
term that accounts for the energy added by the bias voltage Vj;qs (this is a
negative voltage value).

hy =& + Ebind + Ekin +e- VEn'as (A6)

The energy of the vacuum cut-off edge? and the FERMI-level or LUMO,
together with the photon energy hv can be extracted from the EDC-curves
to derive the work function or the ionization potential.

The UPS measurements shown in this work use the binding energy as
energy axis. All the corrections by bias voltage, work function and photon
energy are considered.

For further information about photoelectron spectroscopy please refer
to [114,115].

A.4 Electrical characterization

The materials investigated in this work (e.g. magnesium, Alqs and NPB) are
very sensitive to atmospheric gases. Therefore a contamination-free measure-
ment of the electrical properties was performed.

A small UHV chamber was built to characterize the OLEDs inside the
UHV. This chamber was attached to the transfer system of the existing
apparatus.

The chamber is equipped with a turbo molecular pump, a pressure gauge,
a leak valve, a mechanical linear / rotation feedthrough, 8 contacts wired to
an electrical feedthrough, and two viewports. The whole chamber can be
separated from the transfer chamber with a valve. It can be individually
flooded with air or with other gases. Fig. 2.7 in section 2.3 on page 35
(left) shows a viewport with an operating OLED sample inside the chamber
and a close-up view with the sample on the sample holder (right). The light
leaving the OLED is reflected by an aluminium mirror, exits the UHV system
through a glass window, and can be measured by a Minolta LS100 luminance
meter. The losses caused by the mirror and the glass windows are estimated
to be of the order of 15%.

2

The vacuum cut-off edge corresponds to the electrons with Ej;, = 0.
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Figure A.3: Picture of the trans-
portable chamber during assem-
bling. It consists of a portable part
(cube (size: (15cm)?), right below,
here without vacuum flanges), two
vacuum valves (VAT) and a sam-
ple storage lift in the back. The
cube can be equipped either with
viewports or electrical feedthroughs
or both. The sample lift can store
five samples. The whole extension
is now connected to the transfer sys-
tem of the UHV system.

The electrical measurements in the were initially obtained by a self made
measurement device consisting of a computer controlled digital to analog
converter and an analog-to-digital converter. It was later improved by a
FLUKE-45 multimeter and afterwards by a Keithley 6430 sub-femtoamp
source meter.

A portable UHV chamber with a load-lock system and a sample stor-
age elevator was also designed and successfully built during this work for
future measurements on samples in UHV in labs outside the UHV apparatus
(Fig. A.3). It is now attached to the transfer system of the UHV system.

A.5 Impedance spectroscopy

A dielectric material within two contacts acts as a capacitor. Therefore the
OLED can be described by a capacity C' = eegA/d where € is the dielectric
constant of the dielectric material, ¢y is the permittivity of vacuum, A is
the area of the OLED, and d is the thickness of the organic layers. Due to
the injection properties of the contacts the device can not be described by
the capacity alone. A resistance parallel to the capacitance improves the
electrical model of an OLED. For the thin film contacts, there are contact
resistances as well and a serial resistance completes the circuit.

If there is more than one organic material, the different dielectric con-
stants, conductivities or charge accumulation on the interfaces can divide
the device in more than one capacitance and resistance. For two layer de-
vices the circuit shown in Fig. A.4 was used.

The complex impedance of such a system is
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Figure A.4: For high
frequency measurements

a two-layer OLED Rp
can be described by a P Rt  F------------ ‘
pair of parallel resis- ! E
tance and capacitance E Cq Co :
(R1,C1,R2,C2) and a ' Rs | | | | :
contact resistance Rg. _1_|—-|_ | | [ | ) :
The parallel resistance = _.:_
R, can be wused to R R
limit the entire real 1 2
impedance.
1 - 1 !
Z=R,+ <— — z'wC’1> + (— - iwa) (A.7)
Ry Ry

This complex impedance was measured by a HP4192A impedance ana-
lyzer. The measurements can be fitted with the function above to get the
values for Ry, Ry,C1,Cs, Rs. Especially the value of R is very easy to in-
vestigate. At high frequencies the impedance of the capacities becomes zero
and the measured impedance is equal to the resistance R;. The measurement
range of the HP4192A is limited to max. 1.13 Mf2, but the resistances R, R»
are usually higher (> 10 MQ). In order to measure more points at low fre-
quencies, an additional, well known resistance R, can be used to reduce the
maximum real impedance (dotted connections in Fig. A.4). The fit-function
has to be extended:

1 -1 1 -y -
Z - Rs+<——z’0) +<——'c> L L) (as
( o wCq = twCy 7 (A.8)

At low frequency the resistance is now dominated by the value of R,, but if
the real part of the value Z(w) comes close to 4 - R, the resulting impedance
change can be detected. The range of measurement has been extended to
about 4 M) without dramatic loss of resolution.
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B Material and Interface
Properties

The first published organic light-emitting thin film device [1] was produced
with the organic molecular material Alqs and a diamine as the hole transport
material. Up to now, Alqs is one of the most widely used materials for green
emitting devices. It was the aim of this work to study the fundamental
properties of widely used organic materials. Most of the experiments are
adaptable to other organic materials. All the samples shown in this work were
fabricated with Algs, NPB, (organic materials) and Mg, Ag, ITO (inorganic
materials).

Tris (8-hydroxy-quinoline) aluminium (Algs) (Fig. B.1) is a so called “elec-
tron transport” material. The electron mobility (uelectron ~ 11077 cm? /Vs
see section 2.6) and ionization potential! (Etp = 6.0eV) have been measured
in this work.

From the UPS measurement shown in Fig. B.2 the energetic position
of the HOMO relative to the vacuum energy and FERMI-level? can be ob-
tained. Thin films of Alqs on Mg substrates lead to strongly bound elec-
trons in the HOMO (Fuomo = 3.0 £ 0.1 eV from Fig. B.2). Therefore,

! The ionization potential is defined by the difference of the HOMO energy and the
vacuum energy. It is similar to the work function in metals and gives the minimum
photon energy for photoexcited electrons in an insulator.

The position of the substrate (here Mg) FERMI-Level gives the origin of the binding
energy. I use here positive values for the binding energy of occupied states and negative
for unoccupied states.

Figure B.1: (a) Chem-
ical structure for-
mula and (b) 3D-
visualization of tris (8-
hydroxyquinoline) alu-
minium (Alqgs).
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Figure B.2: UPS-spectra of Alqz. The HOMO starts at 3.0 eV binding en-
ergy and the inset shows the vacuum energy cutoff edge. With the knowledge
of the photon energy (hv = 21.2 €V) the ionization potential Erp = 6.0 eV
can be derived.

considering the difference Fyomo — ErLumo = 3.3 £ 0.16 eV obtained with
tunnel-spectroscopy [116], the LUMO has to be 0.3 + 0.26 eV above the Mg
FERMI-level and ohmic contacts without injection barriers (see section 2.6
and section 2.7) might be formed by barrier reduction due to image charge
effect (up to 0.2eV, see section 1.3.1). Direct measurements of the LUMO po-
sition of Alqs have been performed by tunnel-spectroscopy experiments [116]
on gold and silver substrates and give a minimum injection threshold for elec-
tron injection of 0.8eV. Almost all values for the LUMO positions of Alqs on
magnesium substrates in the literature are estimated from the HOMO posi-
tion measured by UPS combined with the optical gap (see below) and obtain
values between Eyymo = —0.1eV and Eruymo = —0.6 eV [73, 117-120] in
binding energy. Moreover the sequence of deposition changes the interfacial
electronic structure, Alqs on Mg gives different UPS measurements compared
to Mg on Algs [73]. Other direct measurements using internal photoemission
experiments are reported in Ref. 91 and Ref. 121. They give a value of
Erumo = —0.6 eV. The fact that I could show ohmic contact formation in
the Mg/Alqs interface (section 2.6 and section 2.7), hints at a very small in-
jection barrier for electrons and therefore a small binding energy for Er,ymo.
The most direct measurement was presented in Ref. 116 and gives the most
reasonable value (see above) Ey,umo = 0.3 £0.26 V.
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Figure B.3: Optical transmission spectra of Alqs (open circles) on glass and
glass alone (gray curve). To obtain the thickness of the Algs film the data
were fitted (black curve) taking into account multiple reflections, a gaussian
absorption peak and refractive index dispersion (courtesy of A. Tapponnier).
The inset shows the dispersion of the refractive index over the wavelength as
it was used for the theoretical model.
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Figure B.4: UPS-spectra of NPB. The HOMO starts at 1.3 eV binding
energy and the inset shows the vacuum energy cutoff edge. The resulting
ionization potential is Eip = 5.5 eV
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Fig. B.3 (open circles) shows an optical transmission spectra of a Algs
film on a glass substrate®. The transmission oscillation within 500 nm and
900 nm is caused by multiple reflections inside the Alqs film. By fitting the
data with a model taking into account multiple reflections with a gaussian
absorption peak and a refractive index dispersion (black line in Fig. B.3),
the real thickness of the Alqs films have been measured . Fig. B.3 shows
the best-fit curve achieved for 850 nm film thickness. These measurements
were used to compare with the results from other thickness measurement
methods: a-step, quartz microbalance and RUTHERFORD-backscattering.

From the measurement in Fig. B.3 the optical gap energy Eg,, = 2.66eV
can be determined by the beginning of the absorption edge of Algs (465 nm)
and is comparable to the reported value 2.7 eV [73,122]. Other groups
published different values for the optical gap energy, e.g. 2.8 eV [64, 123]
or 3.17 eV [124]. The difference might result from different definitions
of the optical gap energy. I define the lowest energy, where absorbtion
starts to appear, as optical gap energy. The maximum of the light emis-
sion generated by photoluminescence or electroluminescence is at 531 nm
(2.33eV) [1,38,55,125-141] and the emission color is green. The density of
the material is p = 1.51 £0.03 g/cm® [87] and the molecular mass 459 g/mol
(Ca7H18N303Al). This data has been used for thickness calibrations with
RUTHERFORD-backscattering measurements [87]. The Alqs has been pur-
chased at Eastman Kodak and purified by evaporation inside an effusion cell
or outside in a special sublimation machine until small crystals were formed.
The material purity is a very important factor in these experiments. The
reproducibility of the electrical measurements was much better with Algs
pulverized from the small crystals (see also section 2.7).

B.2 NPB

N,N’-bis-{1-naphthyl}-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine (NPB or a-
NPD) (Fig. B.5) is a “hole transport material”. The glass transition temper-
ature, an indicator of the thermal stability of the device, is 95° C [61, 142]
and the melting point is 278° C (according to the material specifications
from Eastman Kodak). Fig. B.4 shows the UPS spectra of NPB on ITO (see
next section) and the inset gives a close-up of the vacuum cutoff edge for the
determination of the ionization potential. The energy of the HOMO relative
to FERMI-level of the ITO can be determined from Fig. B.4 and results in
Enomo = 1.3 eV. This value is in good agreement with the literature value
of 1.4 eV [143]. The ionization potential can also be quantified from the

3

The transmission of the glass (gray curve) is also displayed in Fig. B.3
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Figure B.5: (a) Chemical structure and (b) 3D-visualization of the N,N’-
bis-{1-naphthyl}-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine (NPB or a-NPD)
molecule.

position of the vacuum cut off, the LUMO position and the photon energy.
The resulting Erp = 5.5 eV lies within the literature data: 5.2 eV [118] and
5.7 eV [122]. The optical absorption starts at 400 nm (3.1 eV) [144].

B.3 ITO

The most widely used material for OLED anodes is Indium tin oxide (ITO)
because of its availability (also used for liquid crystal displays), high trans-
parency (96% measured at 531nm for the ITO samples of this work) and good
electrical conductivity [145-147]. The work function of the ITO samples in
this work has been measured by UPS. A UPS spectra is shown in Fig. B.6,
the extracted work function value is ®;p7o = 5.2eV. From the UPS measure-
ment one can see only a small number of electrons at the FERMI-level, but
enough to create a reasonable electrical conduction. The work function value
is very sensitive to the pre-treatment and fabrication process [46,148,149].

B.4 Magnesium

The electronic properties of magnesium and their changes by oxidation are
described in the section 2.3 and section 2.5 respectively.

B.5 Magnesium:Silver

A widely used cathode structure in the literature is the Mg:Ag (10:1) alloy
with enhanced stability during device operation compared to pure Mg [24,25,
44,46,57,62,65,67-69,76,78,136,150-159]. There are some doubts regarding
the homogeneity of the alloy towards the interface with Algs due to the
known interface reaction of Mg [73,160, 161], which leads to a low sticking
coeflicient during the evaporation.
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Figure B.6: UPS-spectra of ITO. The FERMI-edge is shown in a close up
view (50x magnification factor) and the inset gives the position of the vacuum
energy cutoff.

A 90nm thick Alqs film was fabricated on an ITO substrate and a 120nm
Mg:Ag film, with a ratio nearly 10:1, was deposited on top. XPS measure-
ments were performed at 285eV (carbon 1s signal), 531eV (oxygen 1s), 368eV
(silver 3d) and 50 eV (magnesium 2p) with alternating sputtering using ar-
gon ions to get a depth profile. The sputter speed is different for different
materials (here Mg:Ag and Alqgs) and therefore only a qualitative analysis is
shown in Fig. B.7. The XPS-signal of the corresponding energy is plotted
vs. the number of sputter cycles. From the first diagram the position of the
organic layer (the only material with carbon) can be estimated. The begin-
ning of the carbon signal is shown in all diagrams as a gray background. The
sample is slightly oxidized* on the surface (see the second diagram) and to-
wards the organic interface the silver signal grows and the magnesium signal
drops (third and fourth diagram). The calculated ratio of the silver / mag-
nesium signal shows unequivocally that the interface is dominated by silver
(the XPS-Signal of silver is about 3 times higher at its maximum compared
to the surface value). Hence, the resulting work function at the interface will
be dominated by the value of silver ($5, = 4.6 eV [114]).

If Alqgs is deposited on Mg:Ag films this interface problem will not hap-
pen. There is a good reason to doubt the symmetry of Mg:Ag / Alq / Mg:Ag

4 The sample has been stored for one day after fabrication in the UHV before the

measurement has been performed.
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devices regarding the work function value and therefore the electrical prop-
erties. Therefore only magnesium was used in this work for devices with
symmetrical contacts (see section 2.6 and section 2.7), the electrical symme-
try of the Mg contacts on Alqs is shown in section 2.7.

It has to be mentioned that with the number of sputter cycles the rough-
ness of the sample increases (especially within the organic layer) and therefore
the interface is not visible in the measurement as a sharp transition (based
on experiences during this work and visible in Fig. B.7 as large silver and
magnesium signal within the organic region).
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Figure B.7: XPS-signal of C, O, Ag, Mg and the ratio of the Ag / Mg
signal plotted vs. the number of sputter cycles of a Mg:Ag / Algs sample.
The left side corresponds to the Mg:Ag surface, the gray background shows
the measurement within the organic layer.
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