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1. Introduction

Current research on light-emitting devices using organic
materials (OLED) is ultimately aimed at producing an
efficient and large-area display device with full color.
Recent research has indicated that OLEDs indeed have
the necessary attributes and competitive advantages to
be considered seriously for display applications.® The
luminous efficiency is among one of the highest for
emissive displays. The discovery of electroluminescence
(EL) in poly(p-phenylenevinylene) (PPV) by the Cambridge
group in 1990 has further attracted interest in this research
area and opened up new possibilities.2 One of the
advantages of OLED is the wide tunability of emission
wavelength, therefore enabling full color display. Further-
more, it has also been demonstrated that OLEDs can be
made flexible® or transparent,* both difficult to realize by
using crystalline inorganic semiconductor materials. The
more recent discovery of optically pumped lasing of PPV
further stimulated research activities aimed at organic
laser diodes.>

The current understanding of the devices has been
primarily based on macroscopic properties (i.e., work
function, electron affinity, ionization potentials, etc.) of
the organic layer and the electrodes. However, the inter-
faces in these devices dictate their performance, and the
understanding of the interfaces has a tremendous impact
on the device technology. In this Account, | discuss the
basic concepts of interface formation in organic semi-
conductor devices, the methology of probing the interfaces
using surface analytical means, and the up-to-date mi-
croscopic understanding of the electronic, chemical, and
morphological structures of the interfaces.

The OLED device structure generally consists of, in
sequence, an indium tin oxide (ITO) covered glass as the
anode, a thin layer (multiple layers) of organic materials,
and an evaporated metal film as the cathode. Among all
organic semiconductor devices, the charge transport
process across interfaces of dissimilar materials is of vital
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importance. The advances in OLEDs are made possible
by engineering a thin film device with highly emissive
organic materials and excellent interfacial properties for
modulating carrier transport and recombination.® Trans-
port and EL measurements show that metals of low work
function, such as Ca, inject electrons more efficiently than
do those of higher work function, giving rise to brighter
EL.6~8 It has also been empirically observed that a thin
metal oxide layer between the polymer and the metallic
cathode actually improves the performance of the LED
device.®10 A number of groups have reported that the
OLED device performance can be significantly improved
if an insulating layer of well-controlled thickness of a few
nanometers is inserted between the organic material and
the metal cathode.1°~14 It is observed that a single Al layer
blocks the Li layer from the organic material and results
in a more stable device.’®> Treatment of the ITO sur-
face by depositing a thin carbon layer,16 by derivatizing
with a functionalized oligophenylene layer,” by oxygen
plasma,® or by ink jet printing of a polythiophene layer1®
have also demonstrated improved OLED device perfor-
mance. One of the device degradation modes of OLEDs
has been identified as the formation of black nonemissive
spots initialized at the metal/organic interface by dust
particles.2® These observations have demonstrated that
understanding and engineering of interfaces are key
elements for the future improvement of OLEDs.

2. Theoretical Modeling

The theoretical aspects of interface formation in OLED
devices have some resemblance to those of inorganic ones
because active materials in both cases are semiconductors.
This allows one to use to a certain degree the extensive
knowledge accumulated from many years of studies of the
electronic properties of inorganic semiconductors. How-
ever, the electronic properties of organic materials differ
qualitatively from those of crystalline inorganic semicon-
ductors in several important aspects. In crystalline materi-
als, the three-dimensional arrangement of the atoms and
their resulting interactions ultimately determine the prop-
erties of the materials, but organic molecules and conju-
gated polymers have to be treated as zero- or quasi one-
dimensional entities, respectively.? Even for the quasi
one-dimensional conjugated polymers, the conforma-
tional changes along the chain set limited conjugation
lengths. As a result, hopping among the zero-dimensional
molecules or the finite conjugated sections of the poly-
mers is the main mechanism of charge transport. Fur-
thermore, the easy deformability of the organic materials
results in the formation of polarons, self-trapped charge
carriers stabilized by the surrounding structure change.
These properties of organic materials demonstrate that
many ideas advanced to explain inorganic semiconductors
do not directly carry over to organic semiconductors.

2.1. Thermodynamic Model. The thermodynamic model
treats organic semiconductors as bulk materials and
searches the conditions for thermodynamic equilibrium
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between the metal and the organic material.?223 This
model considers charge distribution at and near the
metal/organic interface based on the relative energy levels
of the metal Fermi energy and the energy of formation of
excited states such as polarons and bipolarons. Brazovskii
and Kirova considered a thermodynamic model to inves-
tigate the interface between a metal and a conjugated
polymer.22 By requiring thermal equilibrium and realizing
easy deformation of polymer chains, they found that the
charge transfer from the metal to the polymer was
stabilized by the formation of a soliton or bipolaron lattice
in the polymer near the interface region, resulting in a
built-in electric field of about 107—108 V/m. The Fermi
level of the metal always lies inside the energy gap, and
the sign of the carriers is determined by the work function
difference between the metal and the polymer. The
thermodynamic model of polymer LEDs reported by
Davids et al. refines the work of Brazovskii and Kirova by
specifically considering charge carriers.23 The free energy
density F has the form?23

F=S(E — (ug + o) — KT | Q/v—i(%)2 1
_Z(i (ug + ed)o;)n; n(<2) 8\ dx 1

where i labels the various charged excitations and traps,
E; is the energy of the excitation or trap, uo is the chemical
potential of the metal contact, e is the magnitude of the
electron charge, ¢ is the electrostatic potential, o; is the
charge of the excitation or trap in units of e, n; is the
density function for the excitation or trap, T is the
temperature, € is the low-frequency dielectric constant of
the polymer, and x is the position. The entropy density is
given by

S =k In(Q)/V )

where k is Boltzmann’s constant and Q is the number of
configurations for the charge excitations and traps in the
volume V. The thermodynamic model predicts charge
transfer and band bending at the metal/polymer interface
due to the formation of polarons/bibolarons or traps.

2.2. Quantum Mechanical Model. The quantum me-
chanical model of the metal/organic interface is based on
quantum chemistry calculations to understand the mo-
lecular properties of the interfaces.?4=2° In this case, the
interaction between metal atoms and the polymer is
inferred from quantum mechanical calculations which
attempt to minimize the energy of the system. This
approach offers the advantage of considering the interac-
tion between the metal atoms and specific functionality
of the organic material. Even in the case of relatively small
molecules, Schrédinger’s equation cannot be solved ex-
actly, and various approximations have been devised to
address this issue. The Hamiltonian which describes a
system consisting of many interacting bodies contains
several terms to describe the various interactions. Using
the Born—Oppenheimer approximation, the electronic
part of the Hamiltonian He can now be separated and
yields
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where r; and R, are the position vectors of the electrons
and nuclei, respectively, Z, is the charge of the nuclei, and
N, and N, are the numbers of nuclei and electrons,
respectively. The first term designates the kinetic energy
of the electrons, the second is the potential energy of the
electrons that results from the attraction to the nuclei, and
the third term represents the repulsion of the electrons.
Next, the electrons are taken to interact with the field
obtained by averaging over the positions of the remaining
electrons, as prescribed by the Hartree—Fock (H—F)
approximation.

On the basis of such calculations, it has been postulated
that the metal employed plays an important role in
determining the extent of charge transfer that occurs. For
example, Dannetun et al. found that aluminum appears
to bond covalently to PPV, with the vinylene groups being
the preferred site.?> Al therefore disrupts the chemical
structure of the surface of the conjugated polymer sample.
In the case of sodium, charge transfer from the metal to
the polymer gives rise to two new in-gap states at the
interface without significantly altering its chemistry.26 It
was found that the local spin density (LSD)?® method
provides good estimates of the positions of the gap states
while the valence effective Hamiltonian pseudopotential
(VEH)?°® method tends to overestimate the splitting of
these states for small systems.

The theoretical understanding of the interface forma-
tion in OLEDs is still evolving, and different models have
been presented. Taken together, these models offer insight
into the processes that occur during the interface forma-
tion, as well as its implications for charge injection and
transport across the interface.8:2:30-32

3. Investigations Using Surface and Interface
Analytical Techniques

Surface/interface analytical techniques have proven pow-
erful in studying inorganic semiconductors3® as well as
organic semiconductor devices.®* Among many of these
techniques, X-ray photoemission spectroscopy (XPS),3°
ultraviolet photoemission spectroscopy (UPS),3® near edge
X-ray absorption fine structure (NEXAFS),36 scanning
tunneling microscopy (STM),%” and atomic force micros-
copy (AFM)38 have been the most successfully applied to
study interface formation in OLEDs. In the following
sections, examples are presented to demonstrate the up-
to-date microscopic understanding of the electronic,
chemical, and morphology structures of the interfaces
achieved by means of surface and interface analytical
techniques.

3.1. Interface Interaction and Level Bending. The
interface reaction between the metal and organic may be
characterized by charge transfer and chemical reaction,
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FIGURE 1. Evolution of XPS C 1s, O 1s, and N 1s core level EDCs as a function of increasing Ca thickness ®¢, on Algs. Reprinted with
permission from ref 39. Copyright 1998 American Institute of Physics.

and for a given system both may exist. Choong et al. found
a staged interface formation initialized by charge transfer
and then chemical reaction for Ca on tris(8-hydroxy-
quinoline)aluminum (Algs), a prototypical molecular EL
material.® Shown in Figure 1 is the evolution of XPS C
1s, O 1s, and N 1s core level electron density curves (EDCs)
as a function of increasing Ca thickness ®O¢, on Algs. At
®ca = 0 A, these core level EDCs are Gaussian in shape
and composed of only one component, indicating a clean
Algs film. As early as Oc, = 1 A, the emergence of a new
component is observed in the N 1s EDCs. The O 1s EDCs
remain single component until O¢, = 4 A, indicating that
the phenoxide side of the ligand is relatively unaffected
by the presence of Ca. As more Ca is deposited, the O 1s
EDC splits, and a new reacted component occurs at lower
binding energy, which increases in intensity and shifts
back to higher binding energy with increasing coverage.
The intensity and position of the reacted N 1s component
remain almost constant with coverage above about 4 A.
Clearly Ca interacts with N first, and once the Ca—N
interaction is saturated, Ca—O reaction takes place. The
interaction between Ca and N is a charge-transfer process
yielding a stable Algs; radical anion and Ca?*, a fact
supported by the binding energy of Ca 2p for Oc, < 4 A.
The precise picture of the interface reaction can be
obtained by decomposition of the O 1s and N 1s EDCs.
Shown in Figure 2 are representative decompositions for
N 1s (Figure 2a) and O 1s (Figure 2b). From the decom-
position, it is clear that the binding energies (BEs) of the
new N and O components are approximately 1.7 and 2.0
eV lower than those of the unreacted components,
indicating that the reaction is not due to morphological
inhomogeneity. Also, the 1:2 ratio of reacted and nonre-
acted components of N 1s can be observed, reaffirming
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FIGURE 2. Decomposition of representative XPS (a) O 1s and (b)
N 1s EDCs. Reprinted with permission from ref 39. Copyright 1998
American Institute of Physics.

that one of the three quinolates of Algs accepts the
electron donated by Ca before the resulting structural
deformation of the Algs; allows the chemical reaction
between Ca and O.

The interface level bending in the organic material is
exemplified at the interface of Ca and a model phenyl-
enevinylene oligomer, 4,4'-bis[4-(3,5-di-tert-butylstyryl)-
styryl]stilbene (5PV), as observed by Park et al.*® The
evolution of C 1s peaks with increasing 5PV coverage Ospy
is shown in Figure 3. The inset shows the chemical
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FIGURE 3. Evolution of XPS C 1s peaks as a function of 5PV layer
thickness Gpy on Ca substrate. The movement of the peak position
toward the lower BE is obvious. The inset shows the structure of
5PV. Reprinted with permission from ref 40. Copyright 1996 American
Institute of Physics.
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FIGURE 4. Relative position of the C 1s peak and the difference
between the work function of Ca and 5PV (Agspy = ¢spy — ¢ca)
with increasing ©. Adjusted for a constant offset, the two curves
are essentially mirror images of each other. Reprinted with permis-
sion from ref 40. Copyright 1996 American Institute of Physics.

structure of 5PV. There is a gradual peak movement
toward lower binding energy. The peak is broader below
Osey = 15 A and becomes identical to that for the bulk
5PV at Ospy > 30 A. The data are fitted with a single
Gaussian as shown by solid lines. The broader peaks at
lower coverage may be due to excess charges that are
transferred from the Ca substrate to the submonolayer of
5PV. The excess charges can be inhomogeneously distrib-
uted within a molecule. It has been reported that the Ca
atoms deposited on PPV interact preferentially with
carbon atoms in the vinylene chains by charge transfer.#!
This may happen at the initial 5PV deposition on Ca and
result in the observed peak broadening.

The relative positions of the C 1s peak as a function of
Ospy are shown in Figure 4 after correction with respect
to substrate Ca 2p position. It also shows the change in
work function A¢spy = ¢spy — ¢ca. It IS 0bvious that these
two curves are essentially mirror images with a constant
offset. The total change (~0.5 eV) is the same for each
curve. This is strong evidence that the charge transfer
during interface formation results in a shift in binding
energy in a manner similar to band bending. It is also clear
that the level bending extends up to about 100 A inside
the 5PV layer. The offset of the vacuum level at the
interface is a general phenomenon. The 5PV/Ca interface
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FIGURE 5. Energy level diagram for the 5PV/Ca interface con-
structed from data obtained by XPS and UPS. Positions of relevant
levels relative to the Fermi level are indicated except for the LUMO
level. The interface gap states are schematically shown.

can be described as having a weak dipole layer and a
carrier concentration to allow for a 100 A thick space
charge layer. An energy level diagram deduced from the
above observations is illustrated in Figure 5. An interesting
feature shown in Figure 5 is the offset of the vacuum level
Ey. at the interface, which demonstrates the invalidity of
the assumption that there exists a common vacuum level
in OLED. The interface gap states are schematically shown
in Figure 5. These interface states can form from charge
transfer, wave function hybridation, and chemical reac-
tions. For example, the formation of bipolaron states for
Ca on poly(2,5-diheptyl-p-phenylenevinylene) has been
reported from UPS studies.?4

The fundamental difference between the interface level
bending in organic and inorganic semiconductors is that,
in an organic material, the interface level bending is
localized to within a few monolayers from the metal
surface, and it results from charge transfer, dipole align-
ment, and chemical reactions in the vicinity of the metal
surface. In contrast, in an inorganic semiconductor band
bending is over a much extended region, facilitated by
either depletion or accumulation of the majority carriers
doped in the semiconductor.

3.2. Near Edge X-ray Absorption Fine Structure Stud-
ies. NEXAFS is a unique technique that directly probes
the evolution of unoccupied states with elemental selec-
tivity.36 In the NEXAFS study by Ettedgui et al. on the
interface formation between metals and conjugated poly-
mers, the first direct evidence for differences in the
evolution of unoccupied states induced by the deposition
of Ca and Al on poly(2,3-(diphenylphenyl)vinylene) (DP—
PPV) was observed.4? Shown in Figure 6 is the evolution
of the Ck-edge NEXAFS spectrum of DP—PPV during the
course of Al deposition.*2 The spectrum of clean DP—PPV
reflects contributions primarily from the phenylene por-
tion of the molecules, and the features near 287, ~290,
and 293—315 eV are attributed to the s;* and m,* struc-
tures, and the o,* and o,* regions, respectively. A detailed
comparison of the NEXAFS spectra obtained for clean
DP—PPV as well as after the deposition of 30 A Al shows
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FIGURE 6. Evolution of the NEXAFS spectrum during the deposition
of Al on DP—PPV. The labeled features correspond to transitions of
the C 1s core-level electron to unoccupied states. The spectra
change little as the Al layer increases to 30 A. Reprinted with
permission from ref 42. Copyright 1996 American Institute of Physics.
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FIGURE 7. Evolution of the NEXAFS spectrum during the deposition
of Ca on DP—PPV. The changes after >4 A Ca reflect charge
transfer across the metal/polymer interface. Reprinted with permis-
sion from ref 42. Copyright 1996 American Institute of Physics.

a loss in signal intensity within the C—H* and x,* regions
due to Al deposition.

The evolution in the NEXAFS spectra following the
deposition of Ca differs markedly from those observed for
Al. Figure 7 shows the evolution of the NEXAFS spectrum
of DP—PPV during the course of Ca deposition.#? Follow-
ing the deposition of 30 A Ca, an increase within the
leading edge of the z;* resonance is found in the photo-
current compared to that of the clean sample, indicating
the formation of new intragap states. The changes in the
unoccupied states of DP—PPV following the deposition of
Ca may result from charge transfer across the Ca/DP—
PPV interface. The creation of these additional unoccupied
states at the Ca/DP—PPV interface may enhance charge
injection for EL by providing additional sites for electron
transfer into the polymer near the Fermi level of the metal.

3.3. Scanning Tunneling Microscopy Investigations.
Scanning tunneling microscopy is one of the best tools
capable of providing an image of a materials surface on a
nanometer scale.3? It can provide high-resolution images
of molecular adsorbates and atoms on the surface.
Because of these capabilities, STM has been used on a
wide range of subjects in physics, materials science,
chemistry and biology. STM was used by Razafitrimo et
al. to provide insight into the geometrical structure at the
interface in an OLED.*® By investigating every surface of
a three-layer device, one at a time, the profile of the
interfaces in the device can be drawn.*3

The topographies of the Ag top electrode (a), the spin
cast polymer (b), and the ITO coated glass substrate (c)
are presented in Figure 8. The size of the pictures is 5200
A x 5200 A, and a corner of every image was magnified
by 10. The ITO coating shows a granular structure with
some larger ITO flakes, but small grains are the dominat-
ing feature, as shown by the magnification on the upper
right of the image. The ITO coating does not show any
particular orientation. In contrast, the polymer presents
large coalescing bundles, containing a fibrous-like struc-
ture, as shown in Figure 8b. The fibers of molecules extend
in a direction perpendicular to the radial force from the
spin casting. The bundle-like structure of the polymer is
homogeneous over all areas. The 400 A thick polymer
smears out completely the ITO structure. The top Ag layer
shows the typical cluster-like structure of vacuum depos-
ited Ag. The graphical enhancement at the upper right of
Figure 8a helps to distinguish the large Ag clusters. Atomic
force microscopy images of Ag evaporated on the polymer
film are similar to those of Ag one evaporated onto the
bare ITO substrate. STM and AFM have also been applied
to study polymer films prepared by different methods and
on different substrates.*344 These studies reveal nanom-
eter scale structures in polymeric LEDs caused by the
substrate, the polymer film, and the top electrode, which
may significantly alter the local electric field and therefore
profoundly affect the performance and lifetime of poly-
meric LEDs.

3.4. Quenching of Luminescence of Organic Materials
by Metal Electrodes. At a metal/organic interface, charge
transfer from the metal to the organic materials may
induce gap states associated with lattice deformation of
the organic material,?223 as discussed in section 2.3. These
states may also form quenching centers to the lumines-
cence of organic materials.*>~48 Shown in Figure 9 is the
photoluminescence (PL) intensity plotted as a function
of Oc, for a 300 A 4PV film, observed by Choong et al.5
The rate of intensity decrease can be divided into three
stages. The first stage is between O¢, = 0 A and O¢, = 1
A, the second between Oc, = 1 A and O, = 30 A, and
the third for ®¢, > 30 A. The first stage accounts for the
reduction of the PL intensity by 65% and is due to the
fact that the Ca atoms provide nonradiative decay chan-
nels. After the initial drop, the effect of PL quenching by
Ca atoms is reduced, as indicated by a slower rate of PL
quenching observed in the second stage, as the quenching
region of additional Ca atoms overlaps with existing ones.
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FIGURE 8. Images of different layers relevant to LED: (a) 100 A
Ag electrode on DP—PPV/ITO, (b) 400 A DP—PPV on ITO, and (c)
ITO substrate. Window sizes are 5000 A x 5000 A and 500 A x 500
A in every inset.

In the third stage, ©c, > 30 A, the drop in PL intensity is
due solely to the attenuation of both excitation and
emission photons due to the thickness of the Ca layer as
it becomes metallic.#®

Park et al. found that the PL quenching due to Ca
deposition can be recovered after exposure to oxygen.*6
The crucial role of the oxidized Ca layer is clearer when
the PL intensity evolutions of Ca/4PV with and without
the oxidation process are compared, as shown in Figure
10. The bottom curve of Figure 10b is the PL intensity as
a function of Ca thickness without the oxidation process.
Here a monotonic intensity decrease is evident. The
middle curve is the PL intensity after each fresh deposition
of Ca on previously oxidized Ca/4PV. For example, the
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FIGURE 10. (a) PL intensity under a sequence of Ca deposition
and oxidation cycles. (b) PL intensity taken with respect to Ca
thickness under three different conditions. Reprinted with permission
from ref 46. Copyright 1997 American Institute of Physics.

data point at 8 A is the PL intensity after 4 A of fresh Ca
was deposited on the 4 A oxidized Ca/4PV layer. The
middle curve shows how effective a given calcium oxide
layer is in protecting 4PV PL from fresh Ca. The top curve
in Figure 10b shows the PL intensity at the end of the
oxidation process at a given Ca thickness. The PL intensity
of oxidized Ca/4PV remains between 55 and 65% of that
of pristine 4PV up to 50 A of oxidized Ca layer. On the
other hand, the PL from unoxidized Ca decreases to
around 15% after deposition of 50 A of Ca. These numbers
suggest that a proper oxidation of Ca at the Ca/4PV
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interface could significantly improve the efficiency of a
single layer EL device.

The quenching phenomenon is quite common, as
observed by Choong et al. for Ca, Al, and Ag on 4PV,*’
and Ca, Ag, and Ge on Algs.*® It has the most severe
adverse effect on single layer devices based on hole
conducting materials, such as PPV and its derivatives,
because the radiative recombination zone in these devices
is close to the metal cathode. For electron conducting
materials, the problem will be much less significant since
the recombination zone is close to the ITO anode, on
which no quenching of PL is observed.*” It is also less
important for multilayer devices with both electron con-
ducting and hole conducting layers, since the emission
zone will be localized at the organic/organic interface,!
provided that the electron conducting layer is substantially
thicker than the combination of exciton diffusion length
and cathode metal penetration depth.

3.5. Other Examples of Surface Analytical Work. The
above is not intended to be an exhaustive review of all
the possible uses of these surface analytical tools for
investigations of organic semiconductor devices. Certainly,
there are many other examples that illustrate the applica-
tion of surface techniques to interface formation of
OLEDs. Further insight can be obtained by observing the
fine structure of the core levels. Dannetun et al. observed
the shake-up spectra of the C 1s core level for Al/PPV,
and the gradual reduction of the shake-up feature follow-
ing Al deposition is interpreted as evidence of Al prefer-
ential interaction with the vinylene groups.*® Johansson
et al. observed the chemistry at the interface between PPV
and ITO deposited by argon sputtering, and found dif-
ferent oxidized states of PPV due to the sputtering.>°
Nguyen et al. studied the interface formation of a number
of metals with PPV using XPS and attenuated total
reflection infrared spectroscopies, and suggested the
formation of metal carbide in the polymer.5! Seki et al.5?
and Rajagopal et al.52 investigated the energy level align-
ment at a number of organic/metal and organic/organic
interfaces using UPS, and confirmed the invalidity of the
traditional model for energy level alignment with respect
to a common vacuum level. Probst and Haight investi-
gated the temporal evolution of Ga and Ca vacuum
deposited onto thin films of Alg; and found that Ga
diffused into the organic at room temperature while Ca
did not.>* It is clear that more surface analytical tools that
probe the electronic and atomic structure of materials will
be applied to study the phenomena in the future, and a
more complete picture of the interface formation in
organic semiconductor devices can be expected to emerge
as a result.

4. Final Remarks

Despite the strong dependence of the device performance
on interfaces, the detailed properties and roles of inter-
faces in the OLED devices remain to be fully characterized.
The mismatch between a strong metallic lattice and a
weak van der Waals organic solid at the metal/organic

interface could result in an interfacial structure which is
uniquely different from those commonly found in metal/
inorganic semiconductors. Thus, the fundamental issues
regarding metal/organic interfaces, such as the formation
of the Schottky type barrier, the diffusiveness of the
interface, and the origin of ionized species, are critical for
further advancement of OLEDs and merit systematic
investigations. Likewise, the organic/organic interfaces
between molecules of dissimilar charge transport proper-
ties are important in high-efficiency bilayer OLEDs.
Surface and interface analytical investigations of the
interfaces in OLEDs have generated critical insight into
the fundamental processes at these interfaces. These
studies have shown that the design and control of surfaces
and interfaces are likely to be the areas with the highest
return on investment in terms of delivering stable organic
devices.
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