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ARTICLE INFO ABSTRACT

Keywords: Considerable research and development means have been focused in the past decade on organic
Organic-metal interfaces semiconductor thin films and devices with applications to full color displays, flexible electronics and
Molecular level alignment photovoltaics. Critical areas of these thin films are their interfaces with electrodes, with other organic

Photoelectron spectroscopy films and with dielectrics, as these interfaces control charge injection and transport through

the device.

Full understanding of the mechanisms that determine the electronic properties of these interfaces, i.e.
the relative position of molecular levels and charge carrier transport states, is an important goal to reach
for developing reliable device processing conditions. This report provides an extensive, although
probably somewhat biased, review of polymer- and small molecule-metal interface work of the past few
years, with emphasis placed specifically on (i) the electronic structure and molecular level alignment at
these interfaces, (ii) the perceived differences between small molecule and polymer interfaces, (iii) the

difference between organic-on-metal and metal-on-organic interfaces, and (iv) the role

played by

electrode surface contamination in establishing interface energetics. Environmental conditions, e.g.
vacuum vs. ambient, are found to be critical parameters in the processing of polymer and small molecule
interfaces with metals. With similar processing conditions, these two types of interfaces are found to

obey very similar molecular level alignment rules.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The past two decades have seen rapid progress in the
development of organic semiconductor materials and organic-
based devices, with ever improving performance in applications of
light emission [1-7], large area flexible electronics [8-10], and
photovoltaics (PV) [11-19]. High resolution full color flat panel
displays with remarkable contrast and color properties, made of
small molecule-based organic light emitting diodes (OLED), have
been available in commercial products such as cell phones,
camcorders or radios, and are now available in larger size, i.e. the
2007 XEL-1 11 in. Sony television screen. Durable, low power
consumption, conformable lighting panels based on relatively
simple structures of polymer light emitting diodes (PLED) are
being developed as home consumer products [20]. Promising
applications of organic electronics, exemplified by the organic field
effect transistor (OFET), to drive flexible displays or control large-
area applications for skin-like surfaces with a variety of sensors are
being demonstrated [9,10,21]. Finally, the steady progress of light-
conversion efficiency in all-organic, or hybrid organic-inorganic
PV cells, reaching around 6.5% at the end of 2007 [17,18,22], gives
reasonable prospect for large-area, inexpensive and efficient
energy conversion application in the next couple of decades. It
has been predicted that the market share for organic electronics
will increase up to $20 billions by 2012 [23], and close to $100
billions by 2020 [20] with contribution from various applications.

Organic semiconductors have been hugely attractive for basic
research and technological applications for several reasons. The
first is perhaps the seemingly limitless diversity of tailored organic
molecules, which is an unparalleled asset for a variety of (opto)-
electronic applications. Molecular design can be directed to modify
energy levels and gaps and optimize the color of absorbed or
emitted photons, improve inter-molecular overlap and affect
charge carrier transport in bulk or thin films, or simply adapt the
molecular units to specific liquid or vacuum processing of organic
thin films. The second reason is the ease with which one can stack,
combine or mix molecular materials in a variety of device
architectures. The closed-shell molecular structure of many of
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these materials enables retention of their intrinsic molecular
electronic or optical properties in diverse structures, ranging from
complex heterostructures to mixed-phase materials. This key
property results from two fundamental, and related, character-
istics: (i) the localized, “on molecule”, nature of charge carriers and
excitations in molecular and polymer semiconductors; and (ii) the
absence of strong intermolecular bonding [24,25]. Molecules are
bound by weak van der Walls (vdW) interaction, with limited
intermolecular overlap of electronic wave functions. As a result,
the electronic and optical properties of these materials are, to a
first approximation, defined by those of the molecular moiety [26].
This is to be contrasted with inorganic semiconductors in which
carriers are highly delocalized as a result of strong inter-atomic
bonds and overlap of atomic wave functions. In these materials,
defects like vacancies or interface misfits result in unsaturated
dangling bonds, which introduce crippling deep electronic traps
and optical recombination centers. Because vacancies or disorder
do not break strong intermolecular bonds, such states do not form
in organic molecular or polymer solids, at least as long as the
chemical integrity of the molecule is preserved.

This unique “forgiving” quality of organic materials opens a
range of possibilities for innovation on device architecture and
fabrication techniques, which remain inaccessible to inorganic
semiconductors. In most applications, molecular films are depos-
ited without the constraints of lattice match and thermal budget,
which greatly limit the fabrication of inorganic semiconductor
structures. A classic example is the engineering via layer stacking
of organic light emitting diodes (OLED) comprising multi-layers of
hole or electron transport, blocking or electroluminescent
materials (Fig. 1) [27-29], which facilitates the optimization of
interface barriers, and leads to high-efficiency. This type of
heterogeneous interface building between films of molecules with
drastically different shapes and sizes is possible only because
broken, or dangling, covalent bonds do not exist at these interfaces.

The flip side of this unparalleled flexibility is that excitation and
transport processes in molecular materials are quite complex
[24,30], far more so than in inorganic semiconductors where rigid
band and single-particle approximations and charge carrier

h* =
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Fig. 1. Left: typical OLED made of stacked layers of hole and electron transport (HTL, ETL) and blocking layers (HBL, EBL), and electroluminescent (EL) layer. Right:
corresponding energy diagram, showing approximate HOMO and LUMO positions (after [27]).
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delocalization are commonly used to adequately describe electro-
nic and optical processes [31]. The absence of strong intermole-
cular bonds and the weak overlap of electronic wave functions
centered on adjacent molecules lead to “on-molecule” charge
carrier localization and slow intermolecular transport by hopping.
As a result, the electronic structure of these organic semiconduc-
tors generally corresponds to narrow molecular levels. Because of
the slow charge hopping process, the strong polarizability of the -
electron system of the molecules, the relaxation of the charged
molecules and the electron coupling to intra- and inter-molecular
vibrations, the one-electron approximation and rigid band model
universally used for wide band “delocalized” inorganic systems is
no longer valid. Charge carriers are described in terms of polarons,
the physics and transport of which are relatively complex and not
always well understood.

Charge carrier injection and interface energetics, i.e. the relative
molecular level energies across organic interfaces, are of para-
mount importance for all applications mentioned above. They
ultimately determine key measures of device operation such as
driving voltage and balance of electron and hole injection in OLEDs,
or open circuit voltages in PV devices. Because of the thin-film
architecture of most organic-based devices, interfaces are present
within a few nanometers of any active layers, and this places
considerable weight on their properties, integrity and stability.

For many reasons, contacts to molecular and polymer semi-
conductor films, which is the topic of this review, are complex and
often difficult to understand and optimize. The first reason is that,
on a conventional (mostly inorganic) semiconductor scale, the
energy gaps of most of the organic materials used in OLEDs, OFETs
and PV devices are large, generally in excess of 2.0-2.5 eV, making
the fabrication of “good”, i.e. ohmic, contacts for electron or hole
injection difficult. The range of work functions of metals or
conducting materials that can be practically used for making these
contacts is also relatively limited. Electrode surface modification
[32,33], the use of unconventional materials like high work
function metal oxides [34], and interface doping of the organic
films [35,36] for enhancing specific properties have therefore
recently become important aspects of contact optimization. A
second reason is the fragility of the molecular units against
chemical reaction and the openness of the molecular matrix. Both
lead to reacted and diffused interfaces, especially when contacts
are deposited by conventional top vacuum evaporation. The
impact of the resulting electronic states on the contact properties is
generally unclear. Given the typical fabrication sequences used for
organic devices, great care must also be taken to understand and
eventually exploit the differences between organic-on-top and
electrode-on-top interfaces. Finally, the most difficult aspect of
these interfaces is that contact performance cannot be dissociated
from bulk transport properties. Direct current-voltage (I-V)
measurements of injection in an organic thin film are generally
not sufficient to evaluate the contact, as the process of charge
carrier transport, e.g. trap or space-charge limited, through the film
is sometime difficult to assess. For example, a contact with
injection barrier as large as 0.5-1.0 eV might function as an
“ohmic” contact on a molecular film with low carrier mobility.
Whether the current in a device is contact or transport limited is
therefore not a trivial question to answer, and all means to
investigate contacts and contact energy barrier must be employed,
including interface spectroscopy of molecular levels.

The fact that organic-on-electrode and electrode-on-organic
interfaces are relevant and can be fabricated without major impact
on the quality of the organic semiconductor itself is a great
advantage from the view point of understanding and controlling the
mechanisms that dominate the electronic structure of these
boundary regions. It allows working on these interfaces from
various angles, for example by surface modification to increase or

decrease the electrode work function before depositing the organic
material by soft vacuum evaporation or spin-coating. It allows as
well the investigation of the effects of electrode surface contamina-
tion on the interface barrier. This point is of the utmost importance
for a technology that, in fine, will rely on low vacuum or ambient
processing conditions that are far from the conditions generally
required for interfaces with inorganic crystalline semiconductors.
Thus organic interfaces of many different types, involving small
molecules or polymers, metals or conducting dielectrics, organic-
on-electrode or electrode-on-organic, and processed under widely
different conditions, have received considerable attention and have
been the topic of multiple spectroscopy and charge transport
investigations.

This review article provides an up-to-date, although admittedly
not unbiased, assessment of the current understanding of energetics
at organic-electrode interfaces. We start with a short review of
the main models that have been put forth to explain various
observations at such interfaces, and a brief account of the expe-
rimental methods used in our work. We then review our current
understanding of interfaces between both polymer and small
molecule films and electrodes (metal and non-metal), and conclude
with a unified picture of these seemingly different interfaces.

2. Current understanding of metal-organic interfaces
2.1. Standard models

The interface electronic structure of a typical metal-(organic)
semiconductor interface is shown in Fig. 2. Important electronic
levels are the electrode Fermi level (Eg); the semiconductor highest
occupied and lowest unoccupied molecular orbitals (HOMO,
LUMO), i.e. the hole and electron transport levels, respectively;
and the vacuum level (E,,) of each material. The work function of
the electrode (¢), and the ionization energy (IE) and electron
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Fig. 2. Electronic structure of a typical (organic) semiconductor-metal interface,
showing relevant energy levels on both sides, the electron affinity (EA) and
ionization energy (IE) of the semiconductor, the interface dipole A, the interface
density of gap states and charge neutrality level Ecyy, and the electron and hole
injection barriers ¢g, and ¢g,.
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affinity (EA) of the semiconductor are defined as the energy
difference between vacuum and Fermi levels for the metal, and
vacuum level and HOMO or LUMO, respectively, for the
semiconductor. The density of interface gap states, D;s, the nature
of which will be discussed in Section 2.1.2.2, is schematically
represented between the HOMO and LUMO, and the interface shift
between the vacuum levels of the two materials, or interface dipole
barrier, is denoted as A. Central to charge carrier injection through
the interface are the electron and hole injection barriers, ¢g, and
¢gp, respectively. Standard metal-semiconductor interface treat-
ments [37-39] lead to the following equations for the electron
injection barrier:

Ppn = S(¢m — EA) + (1 = S)Ecne (1)

1

S= 1 + 4me2D;s6 2)

where most of the parameters have been defined above, § is the
effective metal-semiconductor distance, and Ecy. is the charge
neutrality level of the interface states. If the interface Er is above
(below) Ecnp, the net charge in the interface states is negative
(positive), and a dipole A with corresponding sign develops across
the interface.

One of the most important aspects of such an interface is the
dependence of the injection barriers on the nature and work
function of the electrode, which is the central topic of this paper.
Eq. (1) gives an explicit, if over-simplified, dependence of the
barrier on the metal work function, which naturally depends on
the nature of the interface through the density of interface states
Dis. We rapidly review several basic models that address this
dependence, before examining the actual situation with small
molecule and polymer films.

2.1.1. Interfaces free of gap states

2.1.1.1. The Schottky—Mott model. The Schottky—Mott limit
assumes a vanishingly small density of interface states Djs,
corresponding to a non-interactive metal-semiconductor inter-
face. In such a case, the position of the molecular levels with
respect to the electrode Eg follows from vacuum level alignment, or
A =0, in Fig. 2. Specifically, the electron injection barrier ¢g, is
equal to the difference between the electrode work function ¢y
and the organic electron affinity EA. Alternatively, the hole
injection barrier is equal to ¢ = IE — ¢ A useful parameter to
describe the dependence on the barrier on the electrode is the
interface parameter S (Eq. (1)) defined as the derivative of the
electron barrier with respect to the electrode work function:
S = d¢sn/dém. In the Schottky—Mott limit, as long as the electrode
Fermi level overlaps with the semiconductor gap, i.e. EA < ¢ < IE, S
should be equal to unity [37,39]. We stress the importance of this
condition. Understandably, the interface will depart from the
simple Schottky—-Mott picture if the work function of the electrode
decreases to reach the semiconductor EA, leading to a large
electron transfer from the metal to the LUMO of the organic film. A
similar situation, with charge transfer from the organic HOMO to
the metal, occurs as the electrode work function increases and
reaches the semiconductor IE. There have been recent reports of
such charge transfer and Fermi level pinning when the electrode
Fermi level approaches the limits of the polymer gap. Interpreta-
tions based on Er alignment with the polaron state of the organic
material [40] or Er penetration in the density of states tailing in the
gap [41] have been given, and will be discussed in Section 4.3.
Returning to the common type of non-interactive interfaces
described in this section, the extensive body of work done on
organic interfaces in the past decade shows specifically that
interfaces formed by spin-coating polymer films on metal
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Fig. 3. Hole barrier measured by UPS at polymer-on-substrate interfaces plotted as a
function of substrate work function for poly(9,9’-dioctylfluorene) (F8) (square) and
poly(9,9’-dioctylfluorene-co-bis-N,N’'-(4-butylphenyl)diphenylamine) (TFB)
(triangle). The data points fit on the vacuum level alignment, or Schottky-Mott,
line. Inset: schematic energy diagram showing the organic semiconductor HOMO,
LUMO, ionization energy (IE), electron affinity (EA), the electrode work function
(WF) and the hole injection barrier (¢gp).

electrodes closely follow the Schottky—Mott limit (Fig. 3) [42,43]
and that interfaces formed by evaporating small molecule films on
(ambient or controlled atmosphere) contaminated metal surfaces
approach this limit [44]. On the other hand, metal-on-polymer and
metal-on-small molecule [45] interfaces, generally made by
vacuum thermal evaporation of the metal, as well as small
molecule-on-clean metal interfaces [46-49], depart from vacuum
level alignment. The reasons for these differences are discussed in
the following sections.

2.1.1.2. Reorganization of surface metal electronic structure: the
“pillow effect”. When an atom or molecule is deposited on a metal
surface, the Coulomb repulsion between its electronic density and
the surface metal electrons locally suppresses the tail of electron
wave function that spills into vacuum. This phenomenon system-
atically reduces the work function of the metal. The extent of the
reduction depends sensitively on the component of the work
function attributed to the original tailing of electrons into vacuum
from the atomically clean metal surface, and is generally larger for
large work function noble metals. Work function changes due to
adsorbates on metal surfaces have been extensively investigated,
in particular for noble gases on series of metals [50]. The idea was
re-introduced in the past decade as part of the effort to understand
organic molecule-metal interfaces [51,48,52], and is commonly
known as “pillow effect”. Work function reductions of clean noble
metal surfaces, e.g. Au, by 0.5-1.0eV upon deposition of
conjugated molecules have been reported and partially attributed
to this phenomenon. Note that the reduction in work function
associated with this effect should not be viewed as resulting from
the formation of an interface dipole, as is with charge transfer (see
the next section), but simply as the modification (or suppression)
of the “external” surface component of the work function of the
metal.

2.1.2. Interfaces dominated by gap states

In contrast to the situation encountered in the Schottky-Mott
limit, the presence of a significant density of interface states D
(Fig. 2; Eq. (2)) is known to limit the range of interface Fermi level
excursion, and to eventually lead to Er pinning when Djs is large
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enough. A huge number of investigations on this topic, focusing
mainly on inorganic semiconductor interfaces, date back to the
1970-1990s and have been reviewed in many comprehensive
articles and books [38,39,53,54]. For the purpose of the present
review, it is sufficient to recall that a density of interface states in
excess of ~5 x 10'>cm2eV~! with energy in the gap of the
semiconductor has a significant impact on the position of the
interface Eg. Egs. (1) and (2) show that S approaches zero for large
D;s, leading to a Fermi level position (and injection barrier) defined
by the charge neutrality level (Ecy.) of the interface states.

2.1.2.1. Defect and chemistry-induced gap states. Interface states
have diverse origins. One is chemical and corresponds to the
formation of chemical bonds and/or defects between the
semiconductor and the metal [53,55-57]. A frequent occurrence
when a metal is vacuum-evaporated on a molecular film is the
formation of metal-induced defects in the organic material, or of an
organometallic complex, which exhibit filled or empty electronic
states that overlap with the original gap of the semiconductor [58-
60]. A clear example is the extensively investigated reaction
between aluminum or magnesium and tris-(8-hydroxyquinoli-
ne)aluminum (Alqgs) [61], which leads to the formation of gap
states that pin the Fermi level in the upper part of the Alqs gap [62-
64]. Experience shows that such reaction products can also be
found at interfaces formed by molecular evaporation on a reactive
metal, even though these organic-on-metal interfaces are gen-
erally considered as more abrupt and less reactive than their
metal-on-organic counterparts [63]. Defect- or reaction-induced
states, which are omnipresent at inorganic semiconductor inter-
faces, do therefore play a significant role at reactive organic
interfaces as well.

2.1.2.2. The induced density of interface states (IDIS). At a metal-
semiconductor interface, the metal electron wave function tails
into the semiconductor [65-67]. The penetration depth is short
and depends exponentially on the semiconductor band gap [67].
The proximity of the metal surface and the overlap between
continuum of metal states and semiconductor states broaden the
latter, and induces a density of interface states in the gap of the
semiconductor, known as metal-induced gap states (MIGS) or
induced density of interface states (IDIS) [65-68]. This concept,
which was developed and extensively researched three decades
ago for inorganic semiconductor interfaces, was recently applied to
weakly interacting organic molecular interfaces [69,70]. The
molecular levels of interface molecules in close proximity to the
metal surface are broadened and form the IDIS. The charge
neutrality level Ecyy is calculated by integrating the local density of
states in the IDIS and imposing that the total number of electrons
up to Ecni equals the number of electrons in the neutral molecule.
Thus the total charge in the IDIS is zero if the Fermi level precisely
aligns with Ecyy, and positive or negative if it is below or above,
respectively.

As the metal-organic interface is formed, electron redistribu-
tion across the interface hinges on the magnitude of the metal
work function relative to the Ecy; position (below vacuum level). If
the work function is smaller, electron transfer takes place from the
metal to the IDIS, setting up an upward dipole barrier at the metal-
organic interface, i.e. the vacuum level shifts upward from the
metal to the organics. This dipole narrows the energy difference
between Er and Ecyy. If the work function is larger, both electron
transfer and the dipole are in opposite directions. The extent to
which Eg aligns with, or diverges from, Ecyy (i.e. by changing the
metal work function) depends on the density of states at or around
Ecni, as stipulated by Egs. (1) and (2). As the density increases, S
decreases and the interface Fermi level position and associated
injection barriers become increasingly independent of the metal

work function. Typical densities of IDIS around the Ecy for
interfaces between perylenetetracarboxylic dianhydride (PTCDA)
or dicarbazolyl-biphenyl (CBP) have been calculated to be of the
order of a few 10’ cm™2 eV~! [69,70], clearly sufficient to affect
the electronic structure of the interface. Note that the effective
“distance” between the semiconductor and the metal, which
appears as § in Eq. (2), also plays an important role in the strength
of this pinning, and will be discussed again in Sections 4.5 and 5.2
in the context of interface formation on contaminated or modified
metal surfaces.

Two points need to be stressed to conclude this section. The first
is that the IDIS and Ecy concepts, as developed by Vazquez et al.
[69] are applicable to weakly interacting organic-metal interfaces
only. It is clear that they do not account for dominant mechanisms
related to chemistry, i.e. bonding, and electronic defects formed at
reactive interfaces where chemistry- or defect-induced states
control the Fermi level position. Second, an extension of the IDIS
model to incorporate the effect of work function reduction by
molecular adsorption, i.e. the “pillow effect” (see above), in a self-
consistent fashion was recently put forth [71] and improved the
consistency of the model.

2.1.3. Basic observations on interface processing-dependent
energetics

2.1.3.1. Small molecule vs. polymer interfaces. An examination of
the basic experimental results obtained in the past decade on the
energetics of small molecule-on-metal and polymer-on-metal
interfaces shows that the former generally depart from the
Schottky-Mott limit whereas the latter closely follow it. In other
words, many investigations of small molecule-on-metal interfaces
show significant vacuum level shift at the interface, and hole or
electron injection barriers that do not vary with a unity slope with
the metal work function, i.e. S < 1 in Egs. (1) and (2) [45,46,72]. On
the other hand, vacuum level alignment and S ~ 1 is obtained for
polymer-on-metal interfaces [73]. We stress that organic-on-
metal interfaces are being considered here, as metal-on-organic
interfaces bring other issues that will be discussed in Sections 4.4
and 5.1.

As will be amply detailed in the following sections, the
difference between small molecule-on-metal and polymer-on-
metal interfaces does not stem from intrinsic differences between
small molecule and polymer semiconductors, but rather from the
specific conditions under which their interfaces with metals are
formed. A large number of small molecule-on-metal interfaces
investigated in the past decade were formed by vacuum
evaporation on clean metal surfaces, in an effort to unravel the
intrinsic mechanisms that control the electronic structure without
interference from contamination effects. These interfaces exhibit
therefore energetics that result from an intimate contact between
metal surface and organics, including the formation of gap states
(related to defects or IDIS) and the “pillow effect” described above.
These mechanisms generally result in a significant interface dipole
(A upto 1.0-1.5 eV) [46,72], partial pinning of the Fermi level and,
thus, departure from the Schottky—Mott limit [45]. Polymer-on-
metal interfaces, on the other hand, are formed by spin-coating the
organic compound from solution on metal surfaces which, by
necessity, are exposed to at least controlled atmosphere, e.g.
nitrogen, and more generally to ambient, as well as to the polymer
solvent. These surfaces are contaminated and their “starting” work
function is already modified with respect to that of the clean
counterparts. Furthermore, this surface contamination acts as a
separation layer placed between the metal and the organic film,
and attenuates the organic-metal interaction. These surfaces
closely approach the Schottky-Mott limit [73], and will be
reviewed in Section 4.2.
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the atomically clean surface (after [44]). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Another interesting observation, which will be the topic of
Section 5.2, is that small molecule-metal interfaces formed by
vacuum evaporation of molecules on metal surfaces pre-exposed to
controlled atmosphere, or ambient air, do approach the Schottky-
Mott limit far closer than their ultra-clean counterparts [44]. Near
vacuum level alignment is obtained at most of these interfaces,
defining a different electronic structure than would be obtained with
the same organic compound deposited on the ultra-clean metal
surface. This situation leads to interesting, and somewhat counter-
intuitive, results whereby smaller hole injection barriers into a
specific molecular material is obtained with a smaller work function
contaminated metal surface then with its larger work function ultra-
clean counterpart (Fig. 4) [44]. Therefore, these interfaces resemble
the Schottky-Mott interfaces obtained with polymer films.

2.1.3.2. Organic-on-metal vs. metal-on-organic. Another important
processing issue for organic—-metal systems is the sequence of
formation of the interface. It is expected, and often verified, that
metal atoms evaporated from a hot source on a soft organic
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molecular or polymer film induce significant damage and
diffusion into the organic film [59,74]. On the other hand, organic
molecules vacuum-deposited (from a relatively low temperature
source) or spin-coated on a cold metal surface are expected to
form an abrupt interface. Chemical reaction is possible in this case
as well [75], but its spatial extend is expected to be confined to the
interface layer. A topic of scientific as well as technological
interest is therefore whether, given a specific pair of metal and
organic material, the organic-on-metal interface does or does not
exhibit the same energetics and charge carrier injection proper-
ties than its metal-on-organic counterpart [76]. Fig. 5 shows the
example of two metal/organic/metal structures, i.e. Al/Alqs/Al
[75] and Pt/poly(9,9’-dioctylfluorene-co-bis-N,N’-(4-butylphe-
nyl)diphenylamine)/Pt [77], or Pt/TFB/Pt, that behave quite
differently. The former shows symmetric electron injection from
top and bottom Al electrodes, whereas the latter shows higher
hole injection from the bottom Pt contact. The Alqgs structure was
fabricated in ultra-high vacuum (UHV), both organic-on-metal
and metal-on-organic involve clean electrodes, and the energetics
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Fig. 5. Current density injected from top (evaporated) and bottom electrodes in Al/Alqs/Al [75] (left) and Pt/TFB/Pt [77] (right) structures. Currents in Alqs and TFB are unipolar

electron and hole currents, respectively.



J. Hwang et al. / Materials Science and Engineering R 64 (2009) 1-31 7

of both interfaces are controlled by the Al-Alqs chemical reaction
[64], leading to identical bottom and top barriers. On the other
hand, the TFB structure was formed by spin-coating the polymer
on a Pt surface exposed to ambient, and by evaporating the top Pt
electrode on the polymer film in high vacuum. Thus the top
contact involves a clean metal, whereas the bottom interface is
formed on a contaminated surface. In line with the initial
discussion presented in Section 2.1.3, these two interfaces exhibit
different energetics and different charge injection properties. A
more detailed analysis of these issues and of the models used to
understand these structures will be presented in Section 5.

3. Experimental methods

The main experimental techniques used to investigate the
energetics of organic interfaces are direct and inverse photoemis-
sion spectroscopies (PES, IPES) (for general reviews of the
techniques, see [78] and references therein), and current-voltage
(I-V) measurements of electron and hole injection into simple
organic structures. PES and IPES provide information on the energy
distribution of occupied and unoccupied states at the surface and
interface of the film, respectively, whereas -V measurements
show how the interface electronic structure translates in actual
charge carrier injection and transport. All the spectroscopy and I-V
experimental results presented in this work were obtained in situ
on highly controlled systems: (i) small molecule and metal films
formed and analyzed in UHV; (ii) polymer films formed in inert
atmosphere (N;) and transferred to UHV without ambient
exposure; (iii) interfaces formed on electrode surfaces, prepared
in UHV or controllably contaminated.

The valence photoemission work involved a specific brand of
PES, i.e. ultra-violet photoemission spectroscopy (UPS), done with
helium discharge lamps, using two specific radiation lines: Hel,
hv =21.22 eV and Hell, hv =40.8 eV [79]. Photo-excited electrons
were detected with cylindrical mirror analyzers. The energy
resolution of these UPS measurements was 100-150 meV. The core
level photoemission work was done with standard non-mono-
chromatized X-ray sources providing two different radiation lines:
Al Ko, hv=1486.6 eV and Mg Ka, hv=1253.6 eV and the same
detectors as for UPS. The energy resolution of the XPS measure-
ments was ~800 meV.

IPES was done in the isochromat mode, using a low energy
electron gun and a fixed-energy photon detector based on a design
by Avci et al. [80]. This apparatus has been amply described
elsewhere [81]. In IPES, incident electrons with controlled kinetic
energy (5-15 eV) penetrate the solid above the vacuum level and
decay in an empty state. The energy is released in the form of a
photon, which is captured by the detector. The number of photons
collected as a function of electron energy provides the density of
unoccupied states in the solid under investigation. The ratio
between photon flux per incident electron in IPES and electron flux
per incident photon in PES is (q/k)?, where q and k are photon and
electron wave vectors, respectively [82]. Given that the photon and
electron energies involved in these experiments are of the order of
10 eV, this ratio is of the order of 10>, This emphasizes the difficulty
of the IPES experiment, which suffers from low yield and signal-to-
noise ratio, and thus requires relatively large incident electron
currents. Considerable care was taken in our measurements to
prevent damage by electrons to the organic films. Electrons beam
were defocused, currents were kept to a minimum and data
recording times were reduced as well. Averaging data from different
spots on the surface of the organic film was found to be an effective
way to operate. The resolution of the IPES measurements presented
here was ~450 meV.

A detailed description of UPS and IPES is beyond the scope of
this review, and the interested reader will find many useful
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Fig. 6. Combined UPS and IPES spectra from a 6 nm film of HATNA deposited on Au
[83]. The chemical structure of the molecule is shown in inset. The photoemission
onset, the vacuum level (Ey..), the HOMO and LUMO edges, and the ionization
energy (IE) and electron affinity (EA) are indicated.

references to these techniques in the literature. However, some
basic principles of the analysis must be given here in order to
clearly understand the UPS and IPES data presented below for the
interested reader. Fig. 6 shows the composite UPS and IPES spectra
collected from a thin film of the small molecule hexaaza-
triaaphthylene (HATNA) deposited on a gold (Au) surface [83].
The left spectrum (black) is the UPS spectrum of occupied states,
and the right spectrum (red) is the IPES spectrum of the
unoccupied states. These spectra were taken in the same chamber
on the same organic film, and the common energy scale was
obtained by aligning the Fermi steps measured with both
techniques on the same Au surface. Both UPS and IPES spectra
consist in a series of features corresponding to single or multiple
occupied and unoccupied molecular levels, respectively. In the
process of photoemission, a hole is left on the positively charged
molecule. In the final state, the hole induces (i) electronic
polarization on the neighboring molecules (energy of the order
of 1-1.5eV) [30,84,85], (ii) molecular relaxation of the charged
molecule (energy of the order of 100-200 meV) [85] and (iii)
“lattice” relaxation of the surrounding molecules (energy of the
order of 10 meV) [85]. Whether these energies are reflected in the
photoemission spectra depends on the times scales of the
processes. It is generally assumed that the largest and fastest,
i.e. the one corresponding to electronic polarization, is included,
but that the slower mechanisms (ii) and (iii) are not. However,
their energies are relatively small with respect to the first one, and
the UPS spectrum of the HOMO is therefore taken to provide a
fairly accurate measure of the nearly fully relaxed positive polaron
(the missing pieces are the molecular and lattice relaxation
components). This is important, as it shows that the photoemission
(UPS) measurement is highly relevant to the determination of the
hole transport level in the molecular solid [45]. Similarly, and
assuming similar time scales and energies for the IPES process, the
IPES spectrum of the LUMO is taken to provide a fairly accurate
measure of the nearly fully relaxed negative polaron, and thus a
measure of the electron transport state [86-88]. The energy gap
between these two states is known as the single particle gap, or
transport gap (E;) [30,86,87], which should be contrasted with the
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optical gap (Eop), i.e. the energy required to create a neutral
excitation, or exciton, on the molecule. The difference between E;
and E,p; is the energy necessary to break the exciton pair and
produce separated free electron and free hole, and is therefore the
exciton binding energy [81,85].

The determination of E, from the UPS and IPES experimental
data is not a trivial matter, and hinges upon the interpretation of
the origin of the width of the spectroscopic features, e.g. the HOMO
in Fig. 6, and the magnitude of effects such as polarization at the
surface vs. in the bulk of the film. Hill et al. [85] developed a specific
procedure to determine the mean E, which involved taking the gap
between the peak positions of the HOMO and LUMO, and
correcting this gap for the difference between surface and bulk
electronic polarization. For most organic materials, the identifica-
tion of the HOMO and LUMO peak positions requires theoretical
support of the type described in the next section. Other procedures
have been proposed, which emphasize the edge of the HOMO and
LUMO features [89,90], which are clearly outlined in Fig. 6. We note
that Hill et al.’s procedure has led to the determination of exciton
binding energies in organic small molecule solids ranging from
0.5 eV tomore than 1 eV [85] (and ~0.5 eV in polymers, see below),
in accord with previous evaluations [86,87,91,92]. On the other
hand, procedures based on edge-to-edge determination of the
mean transport gap lead to far smaller binding energies (0.1-
0.4 eV) [89,90]. For the sake of clarity, we point out that papers on
electronic structure of organic thin films and interfaces often refer
to the edge of the density of occupied and unoccupied states
measured with UPS and IPES as the HOMO and LUMO levels. This is
clearly an approximation, given that the width of these spectro-
scopic features is the result of several different mechanisms (see
discussion in Section 4.1.2). Yet the confusion between molecular
level and edge of the density of state is often made and, in a sense,
is accepted by the community.

In that respect, and for the purpose of this work and nearly all
similar spectroscopy analysis of organic interfaces that focus on
the charge carrier injection barrier, which is a very different issue
than the exciton binding energy, the convention has been to take
the onset of the filled and empty states on the UPS and IPES spectra,
i.e. the intercept between the tangent of the onset feature and the
base-line of the spectrum, as the position of the HOMO and LUMO,
respectively. To distinguish it from E;, the energy gap between
these edges will be referred to as Eeqge-to-edge iN this review. This
gap is illustrated in Fig. 6, which shows a view of the gap area of
HATNA and associated onset positions. The justification for this
procedure is not entirely solid for organic materials, because the
origin of the broadening of the molecular features, and thus of the
physical meaning of the onset, is still a matter of research and
controversy [90]. However, it constitutes a well-defined procedure
that we will apply herein when talking about injection barriers.

The secondary electron cut-off (left most part of the UPS
spectrum of Fig. 6) provides a direct measure of the vacuum level
(Evac) of the sample [93]. By definition, the cut-off is at the
minimum energy an electron can have and still escape from the
solid, i.e. Eya.. The spectroscopic features of the UPS spectrum
(HOMO, HOMO-1, etc.) are the signatures of electrons that have
absorbed one photon with energy hv and escaped elastically from
the solid. Therefore, the proper relative position of E,,. with
respect to these features is obtained by translating the energy
position of the secondary cut-off by the photon energy (see Fig. 6).
The position of E,. (at 4.45eV in Fig. 6) can then be used to
determine the ionization energy IE (6.58 eV), the work function
(4.45 eV) and electron affinity EA (2.76 eV) of the solid. The key
elements of the electronic structure of the organic materials with
regards to interface energetics and charge carrier injection and
transport can therefore be fully determined. A representation of IE,
EA and the edge-to-edge gap determined by UPS and IPES for a
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Fig. 7. Energy position of the HOMO (bottom line) and LUMO (top line) edges of
various organic small molecule and polymer films, determined by UPS and IPES
respectively. Corresponding IEs and EAs are obtained on the vertical energy scale
(Evac=0). See also Table 1. Dashed top lines correspond to LUMO positions
indirectly obtained from the HOMO position, the optical gap and an approximate
exciton biding energy for the material. Compounds specifically mentioned in this
review are colored in light blue. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

number of organic compounds, including those mentioned in this
review, is presented in Fig. 7. The chemical structures of the latter
are shown in Fig. 8.

Finally, an essential component of work on the electronic
structure of organic interfaces is the probing of charge carrier
injection into, and transport through, the organic thin film itself.
Interface electronic structure and charge transport are sufficiently
complex that current-voltage (I-V) characteristics are the key that
allows one to understand the impact of the energetics on the
device performance. In the work described in this review, most of
the spectroscopic data were complemented with [-V character-
istics recorded in situy, i.e. in vacuum or in N, without exposure of
the device to ambient. The devices are generally simple electrode/
organic/electrode structures designed with two overriding con-
cerns: (i) to fabricate the interface of interest according to the
method used to form the same interface investigated via UPS or
IPES; and (ii) to build a unipolar device in order to test the injection
and transport of one type of carrier at a time. Fig. 5 illustrates
results from such devices, whereby Al produces a very large hole
injection barrier on Alqs, insuring that the observed current is an
electron current only, regardless of the polarity of the bias; and Pt
produces a very large electron injection barrier on TFB, insuring
that the observed current is a hole current only.

4. Energetics of polymer-electrode interfaces

One of the key difficulties in using polymers in organic
electronic devices, rather than small molecules, is the lack of
flexibility for fabricating multi-layered structures with function-
alities distributed to different layers. Indeed, polymers face
solubility issues that greatly complicate multi-layer fabrication.
As mentioned at the beginning of this review, the ability to stack
multi-layer structures of hole or electron transport, blocking or
electroluminescent materials (Fig. 1) has been at the core of the
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Fig. 8. Chemical structure of all the compounds mentioned in this review. In ascending order of ionization energy: pentacene; copper phthalocyanine (CuPc); poly(9,9’-
dioctylfluorene-co-bis-N,N'-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine) (PFB); N;N'-diphenyl-N,N'-bis(1-naphthyl)-1,10-biphenyl-4,4"-diamine («-NPD);
poly(9,9'-dioctylfluorene-co-bis-N,N'-(4-butylphenyl)diphenylamine) (TFB); poly(9,9'-dioctylfluorene) (F8); tris-(8-hydroxyquinoline)aluminum (Alqs); para-sexiphenyl
(6P); dicarbazolyl-biphenyl (CBP); per-fluorinated copper phthalocyanine (F;6-CuPc); and perylenetetracarboxylic dianhydride (PTCDA).

success of high efficiency small molecule OLEDs [27-29].
With simpler polymer structures, all the charge distribution in
the device and the balance between electron and hole injection
and transport are inevitably controlled by a single active layer
and its interfaces with the anode and cathode. The energy and
the density of the electron and hole transport states, and
their relative positions across the electrode-organic interfaces
are therefore of paramount importance for the performance of
the device.

The determination of interface energetics by traditional
techniques such as photoemission spectroscopy or charge carrier
transport measurements is more difficult for polymer films than
for small organic molecular films for at least two reasons. The first
is the disordered and mixed nature of the polymer materials.
Polymer electronic states can be thought of as more delocalized
along the chains than the highly localized states of a small -
conjugated molecule material. Yet, the complex morphology of
the film and local structure of, and defects in, the chains, which are
always difficult to control over significant dimensions, greatly
affect the electronic and optical properties of these materials

[94,95]. They are a source of additional difficulty in the
interpretation of electronic structure and transport properties.
Inter-chain transport is also limited by hopping. Structural
disorder and the mix of extended and localized states are reflected
in the width of the spectroscopic features, and complicate
therefore the interpretation of the spectroscopic data. A detailed
analysis of spectroscopic features, aided by theoretical computa-
tions of the density of states of the material, is necessary to
identify the electronic levels of the materials [96].

The second reason that makes the determination of polymer
interface energetics more difficult is a practical one: while
(sub)monolayer films of small molecules can be routinely deposited
by vacuum evaporation and investigated with interface-sensitive
spectroscopy, it is difficult to form ultra-thin polymer films (<2-
3 nm thick) by spin-coating, and this limits access to polymer-on-
electrode interfaces for investigations of energetics via standard
techniques, i.e. UPS or XPS. The interpretation of data, generally
collected at the surface of thicker (10-15 nm) polymer films, must
therefore be carefully considered in order to extrapolate the results
to the interface of interest.
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Yet, much work has been done on polymer interfaces, pre-
dominantly by the group of Salaneck and co-workers [42,96,97], and
a general understanding of the mechanisms that control their
electronic structure has begun to emerge. We do not claim to review
this large body of work here, but we attempt to illustrate the state of
understanding of polymer-electrode interfaces with examples
relating to three compounds: poly(9,9’-dioctylfluorene) (F8, also
known as PFO) and two fluorene-arylamine copolymers, poly
(9,9'-dioctylfluorene-co-bis-N,N'-(4-butylphenyl) diphenylamine)
(TFB) and poly(9,9’-dioctylfluorene-co-bis-N,N'-(4-butylphenyl)-
bis-N,N’-phenyl-1,4-phenylenediamine) (PFB) (Fig. 8). F8 has been
extensively studied [95,97,98] and is a candidate for commercial
applications. TFB has recently been shown to improve the efficiency
of polymer light emitting devices [99]. These materials are first
investigated via UPS and IPES to define their transport states. The
data are complemented by theoretical calculations performed at the
density functional theory (DFT) level by the group of Brédas. The
energetics of interfaces formed between these polymers and various
substrates are then investigated. Vacuum level alignment, i.e. the
Schottky-Mott limit, is found to hold at most polymer-on-electrode
interfaces, in good agreement with earlier results for other polymer-
metal interfaces [42,100]. Deviations from that limit are observed
when Er of the electrode approaches the HOMO or LUMO states. On
the other hand, the energetics of electrode-on-polymer interfaces
are found to depart from the Schottky—Mott limit, presumably due to
the strong metal-organic interactions that dominate these intimate
interfaces, as alluded to in Section 2.1.3.1.

4.1. Electronic structure: polymer charge transport levels

4.1.1. Ionization energy, electron affinity, transport gap
and exciton binding energy

An example of combined UPS and IPES spectra recorded from
the surface of a 160 A thick F8 film spin-coated on the conducting
doped polymer poly(3,4-ethylenedioxythiophene)-poly(styrene-
sulfonate) (PEDOT-PSS) is given in Fig. 9. The photo-current and
incident current densities during the measurements are generally
limited to 1nA/mm? and 0.1 pA/mm? for UPS and IPES,
respectively, to prevent charging. The work function of the
PEDOT-PSS substrates, measured on a control sample prepared
at the same time and under the same conditions as the substrates
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Fig. 9. Combined UPS and IPES spectra recorded from a ~16 nm thick F8 film spin-
coated on PEDOT-PSS. Approximate energy position of the edges of filled and empty
states, along with the photoemission onset, are given relative to Eg (after [41]).

Table 1

lonization energy (IE), electron affinity (EA) and edge-to-edge gap (Eedge-to-edge) Of
various compounds used in this review. Variations of these values of 0.2-0.3 eV
from experiment to experiment and group to group are not uncommon, and are due
to a range of factors, such as molecular orientation [139] and film morphology.

IE (eV) EA (eV) Eedzettotedge €Vl Reference
F8 5.75 2.50 3.25 [41]
TFB 5.50 2.45 3.05 [41]
PFB 530 N/A N/A [41]
Algs 5.80 2.2 3.6 [49]
a-NPD 5.2-5.5 1.5 ~3.8-4.0 [49]
CuPc 52 34 1.8 [49,157]
Pentacene 5.0-5.1 2.70-2.85 2.20-2.30 [158-160]
F16-CuPc 6.3 4.5 1.8 [49]

used for the polymer films, and exposed to the polymer solvent
prior to measurement, is 5.15 £ 0.05 eV. The ionization energy,
electron affinity, and edge-to-edge gap, Eedge-to-edger Measured
between the onsets of occupied and unoccupied states (=IE — EA),
of the three polymers are summarized in Table 1.

The width of the UPS and IPES peaks and the featureless aspect
of the IPES spectrum in Fig. 9 prevent a precise identification of the
molecular levels of the materials. A detailed computation of the
occupied and unoccupied density of states is therefore required to
better understand the electronic structure of the materials. The
computations presented here were performed by the group of
Brédas, and details pertaining to the calculation can be found
elsewhere [41]. F8 and TFB were modeled as infinite chain
consisting of four monomeric units in the supercell under periodic
boundary conditions (F8 and TFB monomer units are shown in
Fig. 8). A standard procedure involving (i) the convolution of the
calculated density of states with a Gaussian function of full-width-
at-half-maximum (FWHM) equal to 0.55 eV (o = 0.23 eV); and (ii)
an expansion of the energy scale by a factor of 1.2 followed by a
uniform shift representing solid-state polarization to align
theoretical and experimental peaks was used to simulate UPS
and IPES spectra [101,102].

The comparison between calculated and measured UPS and
IPES spectra of F8 and TFB (Fig. 10) allows a clear identification of
all molecular level positions. The agreement between theory and
experiment, in particular in the expanded gap region, leads to a
reliable determination of the gap. Both peak-to-peak and edge-to-
edge gaps are presented, as well as associated values of ionization
energy (IE) and electron affinity (EA). Note that Eeqge-to-edge Should
also be equal to the sum of the electron and hole injection barriers
from any given electrode.

As discussed above, the difference between E; and Egp
represents the exciton binding energy in the material. Optical
absorption and electron energy loss spectroscopy, EELS (Fig. 11),
both provide a measure of E,p.. The former identifies the onset of
optical absorption with the formation of a (Frenkel) exciton on a
neutral molecule [94], and gives values of 2.95 and 2.85 eV for Eqp¢
of F8 and TFB, respectively [103]. In the latter, electrons with fixed
incident energy (here 30 eV) are back-scattered from the organic
surface, where they loose energy to a number of excitation, in
particular the formation of excited electron-hole pairs on the
neutral molecule [91]. EELS gives onset values of 2.85 and 2.7 eV
for the F8 and TFB optical gaps, respectively, in relatively good
agreement with the optical absorption values [104].

Using the peak-to-peak energy gaps (Fig. 10) and the procedure
developed by Hill et al. for molecular film [85], the single particle
gap E,, adjusted for surface vs. bulk polarization effects [105], is
found equal to 3.5 eV for F8 and 3.25 eV for TFB. Using the Eqp
obtained from optical absorption, the estimated exciton binding
energies for F8 and TFB are 0.55 eV and 0.4 eV, respectively. These
numbers should be considered as estimates with fairly large error



J. Hwang et al. / Materials Science and Engineering R 64 (2009) 1-31 11

expt. (UPS/IPES)

TFB

—— theory

DOS

L0000 (00 |11~

-15 -10 5 0 ' 5
Energy w.rtE_(eV)

TFB |E:550eV.EA:245eV B
Eg, edge-to-edeg - 3.05eV
Eg, peak-to-peak - 4.0 eV

DCS

T L UL
4 -2 0 2 4
Energy w.rt E_(eV)

Fig. 10. (Left) Comparison between measured DOS (black line) and calculated DOS (blue line) for TFB. Calculated molecular levels are represented by short vertical bars. The
calculated density of states was first convolved with a Gaussian function of FWHM = 0.55 eV (o = 0.23 eV) and the energy-level scale was then expanded by a factor of 1.2.
(Right) Magnified view of the gap area. The position of peak and edge of the HOMO and the LUMO are indicated in the figure (after [41]). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article.)

bars of 0.2-0.3 eV, but give the sense that exciton binding energies
in these polymer films, while significantly smaller than in small
molecular systems [85,87,88,91,106,107], are nonetheless signifi-
cant. Similar values have been found for other polymer semi-
conductors, such as poly(5,7-dodecadiyne-1,12 diol-bis(4-butoxy-
carbonylmethylurethane)) [108].

4.1.2. Width of the HOMO feature

In order to understand an important aspect of Fermi level
pinning at polymer-electrode interfaces, which will be presented
in Section 4.2, we look here at the width of the spectroscopic
feature that represents the (occupied) frontier states. We contend
that Fermi level pinning at energies significantly above and below
the HOMO and LUMO levels determined by spectroscopy is due to
the density of occupied and unoccupied states, respectively, tailing
into the gap of the material.

The density of frontier states of an organic material has usually
been assumed to be Gaussian. Fig. 12 shows the top of the occupied
states of F8 and TFB measured by UPS [104]. The leading edge of the
two HOMO features is well fitted with a Gaussian curve with o

equal to 0.27 + 0.2 eV and 0.22 + 0.1 eV for F8 and TFB, respectively.
Care must be taken, since these values are not obtained from fitting on
a single orbital peak, but on the overlap from multiple molecular
states, especially for TFB where the HOMO and HOMO-1 are relatively
close to each other (Fig. 10). However, the error is minimized by
fitting only the lower binding energy part of the slope of the HOMO
edge. In the present case, the HOMO width of both materials remains
constant as a function of temperature, as shown by the UPS data of
Fig. 13, suggesting that static, rather than dynamic, disorder plays the
key role in the feature width [104].

In order to extract a Gaussian width representative of the hole
state, the experimental spectrum must be corrected for experi-
mental broadening, broadening due to surface vs. bulk polarization
[105], and vibrational (phonon) coupling [109]. The broadening
due to the instrumental resolution (oj,s:) can be estimated from
the width of the Fermi step measured on a clean metal surface
(Fig. 12c). Since this width should only be a few kT, most of the
width of the Fermi step spectrum is due to instrumental
broadening. Assuming a Gaussian broadening, the oj,s; measured
from the Fermi step of clean Au is 0.11 + 0.05 eV.
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Fig. 11. Electron energy loss spectra from F8 and TFB. The right part of each graph shows the elastic peak, i.e. lossless reflection of incident electrons (FWHM ~0.5 eV). The
magnified left part is the loss spectrum. The onset of the loss features, which provides a measure of the optical gap, is at 2.85 eV for F8 and 2.7 eV for TFB (after [104]).
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Fig. 12. Top of the occupied states of (a) F8 and (b) TFB, and (c) Fermi step of sputter-cleaned Au [104]. The edge of each peak is fitted with Gaussian peak, which yields a width

of 0.27 eV and 0.22 eV for HOMO of F8 and TFB, and 0.11 eV for the Fermi step of Au.

The difference between electronic polarization induced during
the photoemission process at the polymer surface and in the bulk
also contributes to broadening (osyuf). Indeed, the smaller
polarization at the surface leads to valence levels shifted to higher
binding energy with respect to valence levels corresponding to
electrons originating from deeper in the organic solid [110]. Thus
the finite elastic mean free path of the photoemitted electron
yields an overlap of progressively shifted spectra from the top,
second, third, etc., layers, which results in a broadened molecular
feature. A precise measurement on the difference between surface
and bulk polarization on the polymers used for this study has not
been reported, but various studies of small molecule films give a
conservative value of ~0.2-0.3 eV distributed over the first three or
four layers [110,111]. Using an elastic mean free path § = 10 Aand a
simple exponential decay of the intensity of the signal from sub-
surface layers according to exp(—4§/d), where d is the depth of the
layer, a simulation (not shown here) yields a Gaussian broadening
Osurr=0.11-0.12 eV for both F8 and TFB.

The broadening due to vibrational coupling (oy;,) corresponds
to a loss of photo-excited electron energy to various vibrational
states of the molecule. Lacking direct measurements on F8 and TFB,

this broadening is estimated here based on the energy levels and
the intensity ratio of higher order excited states of small molecules
like copper phthalocyanine (CuPc) and pentacene, for which the
energy separation between neighboring excited states was
measured to be ~0.15 eV [109] and ~0.16 eV [112], respectively.
Assuming similar vibrational coupling, oy, = 0.05-0.1 eV can be
estimated for our purpose. Note that the various components of
the broadening discussed so far are not likely to play a role in
the transport, as they are exclusively the result of the UPS
measurement.

The overall shape of the HOMO measured by UPS is the
convolution of all the broadening factors, and the width of the
Gaussian corresponding to the HOMO is the root mean square
(RMS) of the width of each process including the instrumental
broadening, expressed as follows:

_ 2 2 _ 2 2 2 2
Oups = \/JMaterial + OMeasurement — \/GMaterial + (Glnst + 05+ ovib)

where Opaterial S the intrinsic width of the Gaussian corresponding
to the material. Although the estimation of the broadening
introduces large error bars due to the approximations explained
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Fig. 13. TFB occupied states measured by UPS at different temperatures [104]. The
change in the width of the Gaussian fit to the HOMO with different temperatures is
negligible.

above, it is nevertheless useful in order to estimate the “real”
Gaussian width (omaterial) of the HOMO of the polymer. Subtracting
all the broadening due to the measurement, oateria i €stimated to
be 0.20 + 0.01 eV for F8 and 0.13 4 0.01 eV for TFB, respectively.
OMaterial Stems mainly from static disorder, which includes
differently oriented polymer chains and local variations in material
density, or defects and variations in the conjugation length of the
chains. All these phenomena lead to a spread in polarization
energy, which affects not only the UPS data, but the charge carrier
transport levels as well, and thus is conceptually important for the
interface electronic structure. Other components of Opjaterial are

intra- and inter-molecular band dispersion [113,114]. The latter is
expected to be small (~10 meV) [25] for an amorphous polymer
film, in which only weak intermolecular coupling is present. The
former, on the other hand, can be significantly larger due to lengthy
conjugation along the backbone of the chain. The calculated overall
intra-molecular energy band dispersions for the two polymers
discussed in this section, based on four monomeric units (4F for F8
and FTFT for TFB), are shown in Fig. 14. The shaded area below the
Fermi level shows that the valence band is more dispersive in F8
(~0.15 eV) than in TFB (~0.1 eV). Further calculations on isolated
oligomers indicate that: (i) the reorganization energy due to the
presence of a charge is larger on TFB than on F8; and (ii) that
stronger localization of the charge occurs on the triphenylamine
unit of TFB, whereas the charge is more delocalized on the
backbone of the chain in F8 (Fig. 15). Theory suggests therefore
that intra-chain hole transport should be superior in F8 than in TFB.
The fact that hole transport is measured to be superior in TFB
than in F8 [115] presumably stems from the fact that inter-
chain hopping dominates the process in these mostly amorphous
disordered systems.

Finally, quantitative measurements of the density of state (DOS)
at frontier orbitals have been reported for both polymer [116] and
small molecule films [117,118]. While the DOS is complex in the
case of the polymer, i.e. poly(p-phenylene vinylene) (PPV), it is
relatively well approximated with a Gaussian function with
o =0.19 eV, not unlike in the crude evaluation presented above.
Furthermore, the analysis shows that a significant DOS extends
several 100 meV into the gap, an important point to which we will
come back in Section 4.3.

4.2. Energy level alignment at polymer-on-metal interfaces

This section focuses on interface energetics of the three
polymers spun on various substrates. In most polymer electronic
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Fig. 14. Calculated band structure of F8 (left) and TFB (right) along the I'X direction [161]. The calculation was performed on four monomer units of each polymer. The red box
in each graph shows the dispersion of the HOMO in each polymer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

the article.)
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Fig. 15. The calculated HOMO orbital of (left) F8 and (right) TFB. The HOMO of F8 is more delocalized along the chain, while that of TFB is localized on triphenylamine [161].

device fabrication, the anode material (hole injecting side) rather
than cathode material (electron injecting side) is used as the
starting substrate. This is essentially due to two fact: (i) the
cathode needs to be a low work function electrode, which has so far
been best achieved by a last-step vacuum evaporation of metals
like Al, Ca; (ii) the high work function anode materials of choice,
e.g. PEDOT-PSS or indium tin oxide (ITO), cannot be easily
deposited on top of the polymer film, and thus are used as starting
bottom substrates. For these reasons, we choose here PEDOT-PSS,
ITO and Au, well-known high work function materials, as our
model substrates. UV-ozone treated ITO and Au, which exhibit
higher work functions that their non-treated counterparts, are also
occasionally used. All the experiments are performed according to
the procedures described in Section 3. In each case, the interface
molecular level alignment was determined by: (i) measuring the
substrate work function after exposure to the polymer solvent; (ii)
spin-coating a 8-10nm polymer film in N,; and (iii) UPS
measurement after protected transfer (no ambient exposure).
The results for the polymer interfaces are summarized in
Figs. 16 and 17, which show the HOMO edge and vacuum level
positions of F8, TFB and PFB films with respect to the substrate
vacuum and Fermi levels, as measured by UPS at the surface of the
film. Each panel includes the work functions of the substrate and
the energy difference between Ez and HOMO. The IE of each
polymer, is indicated (see also Fig. 7 and Table 1). Of these 10
interfaces, seven show vacuum level alignment with the substrate,
as measured at the surface of the polymer film. Three, i.e. TFB/
PEDOT-PSS, PFB/PEDOT-PSS and PFB/ozone-treated Au, exhibit an
apparent down shift of the substrate E, .. into the polymer film.

The seven cases of vacuum level alignment are in line with the
results of several previous investigations on similar polymer/
electrode systems, which have already shown Schottky-Mott limit
behavior [42,100], unlike small organic molecules vacuum-
deposited on clean metal surfaces, which can form interfaces
with a dipole barrier of up to 1 eV [49,72,119,120]. The latter will
be rapidly reviewed in Section 5.1. The Schottky-Mott limit for
polymer-on-electrode interfaces is rationalized by considering
that these interfaces are far from the intimate contact interface
formed between a small molecule film and an atomically clean
metal surface in UHV, where the mechanisms outlined in Sections
2.1.1 and 2.1.2, i.e. charge exchange and dipole, control the
interface energetics. Polymer films are spun from solution in a
nitrogen or ambient environment on a substrate surface that is
generally contaminated with hydrocarbons and/or oxides. Note
that when a small molecule film is vacuum-deposited on an
ambient-exposed metal substrate, the interface dipole barrier
decreases significantly with respect to that obtained on the same
but atomically clean metal, and the interface energetics approach
the Schottky-Mott limit for this semiconductor/metal interface
(Section 5.2) [44]. Similarly, the unavoidable contamination layer
that exists between the polymer film and the metal surface reduces
the polymer-substrate interaction and allows the Schottky-Mott
limit. Given that the polymers used in this study are not
(intentionally) doped, we assume that the energy position of the
vacuum level and of the HOMO are constant throughout the
polymer film from the interface to the surface, i.e. flat band across
the polymer film. In this case, the interface hole injection barrier,
which is defined as the difference between Er and HOMO at the
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Fig. 16. Energy positions of the vacuum level and HOMO level of F8 and TFB measured at the surface of a 10 nm thick polymer film spin-coated on various substrates. The
substrate work function, Er and bulk Ei~-HOMO are indicated in each case (after [41]).

interface, is simply the difference between the polymer IE and the
work function of the substrate (Figs. 16 and 17).

The three interfaces, i.e. TFB/PEDOT-PSS, PFB/PEDOT-PSS and
PFB/ozone-treated Au exhibit a significant shift between the
vacuum level of the substrate, measured before spin-coating the
polymer film, and the vacuum level measured at the surface of the
polymer film. Note that these three cases occur for the polymers
with “medium” and “small” IE, i.e. 5.50 eV and 5.30 eV for TFB and
PFB, respectively, on the largest work function substrates, i.e. 5.10-
5.15 eV and 5.0 eV for PEDOT-PSS and UV-ozone Au, respectively.
In other words, a deviation from the simple Schottky-Mott limit is
observed when the Fermi level of the electrode approaches the
HOMO edge of the polymer. Similar deviations were observed for
several polymers and high work function electrodes [40,121], and

interpreted in terms of Fermi level pinning above the HOMO or
below the LUMO, as the work function of the electrode approaches
the polymer IE or EA, respectively. More will be said on this pointin
the next section.

Animportantissue is whether the photoemission measurements
done at the surface of the 8-10 nm films provide an accurate picture
of the energetics of the interface. If one assumes that the molecular
levels are flat across the film, the HOMO and vacuum level positions
measured at the surface of the film indeed represent those at the
interface, and the hole injection barrier can be deduced directly from
the HOMO position relative to Eg. If, on the other hand, “band
bending” occurs near the interface, the energy difference measured
at the free surface of the film must be corrected to obtain the real
interface hole injection barrier. The seven cases of Figs. 16 and 17

. _dos $030
1 F; Evac 1_ EVaC Y o Evac
50 PFB  [o 4, soff PFB a.40| PFB
Yy |l i JE: X EF
0.60
| 2 HOMO
PEDOT Ozoned
PSS 10 nm Au 10 nm 10 nm
PFB/PEDOT"PSS PFB/ozoned Au PFB/ITO

Fig. 17. Same as Fig. 16, for PFB (after [41]).
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that follow the Schottky—Mott limit presumably correspond to flat
band across the polymer film. In the three other cases, however, the
shift in vacuum level could result from (i) an abrupt interface dipole
followed by flat band across the film, or (ii) band bending into the
film, followed by flat band across the film. Although the position of
the HOMO with respect to Eg in the bulk of the material ultimately
ends up being the same in both cases, the difference is more than
academic. A (soft) band bending would correspond to a smaller hole
barrier at the very interface than in the case of the abrupt dipole,
leading to easier hole injection.

Further investigation of this point is done via UPS measure-
ments on ultra-thin films prepared by spin-coating diluted
polymer solutions, in order to probe the electronic structure of
the material closer to the interface. The thickness of these films,
estimated from concentration and spinning rates, was confirmed
by AFM. The thinnest films realized here (~30 A) show a significant
density of pinholes (Fig. 18), but the coverage remains sufficient to
extract valuable information on the molecular level energies. Films
spun from more diluted solutions included a larger density of
pinholes, but were not thinner. No gap states or additional
interface-related features are detected via UPS near the interface,
consistent with the absence of chemical interactions between
polymer and substrate. A negligible shift of the HOMO level toward
the Fermi level is observed for F8 with decreasing thickness, but
the shift is consistently larger than 0.1 eV in the case of TFB. The
extrapolation of an exponential fit to the data (Fig. 19) intersects
the zero-thickness axis, i.e. the interface with the PEDOT-PSS
substrate, around 0.35 eV on the Ei—~HOMO edge scale. This is
identical to the value resulting from vacuum level alignment
between the polymer and the substrate, given the IE of TFB (5.5 eV)
and the work function of PEDOT-PSS (5.15 eV). Similar experi-
ments with ultra-thin TFB films on the lower work function
substrates, i.e. Au (4.70 eV) and ITO (4.40 eV), show negligible band
bending (Fig. 16), like for F8 on PEDOT-PSS, TFB on Au and on ITO.

According to these experiments, when a polymer film is
deposited on a (relatively) low work function substrate that leads
to a hole barrier larger than ~0.6 eV, flat band conditions prevail
across the film, from interface to free surface (at least within the
limits of the polymer thickness that can be investigated by
photoelectron spectroscopy). On the other hand, when the polymer

Fig. 18. AFM micrographs of (a) 80 ATFB on PEDOT-PSS and (b) 30 A TFB on PEDOT-
PSS. In (b), the PEDOT—!’SS substrate can be seen through pin holes in the TFB layer,
with step size of ~30 A (after [41]).
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Fig. 19. Position of the HOMO edge obtained from UPS as a function of thickness of
the polymer film deposited on a high work function electrode, e.g. PEDOT-PSS. F8
(@) exhibits near flat band across the film, while TFB (O) shows a shift at lower
thickness, with an extrapolated intersection at 0.35 eV at zero thickness (after [41]).

film is spun on a high work function substrate, or by extension when
the IE of the polymer is small, leading to a hole barrier of the order of
0.3-0.4 eV, the molecular levels undergo band bending away from
their interfacial position and converge to a value corresponding to
Er-HOMO edge ~0.6 eV in the bulk of the material. This resultis tobe
compared with results obtained on various polymers, including F8
(PFO) and TFB [40,121], interpreted in terms of Fermi level pinning
leading to a minimum interface hole barrier of ~0.6 eV when the
electrode Fermi level approaches the polymer HOMO edge. The
discrepancy on the two interpretations is still under investigation,
but could come from the fact that our measurements probe the
interface on ultra-thin films, whereas other measurements may
have been limited to the surface of a film with thickness of 80 A and
may not have been sensitive to the band bending away from the
electrode interface.

While the experiments above focused predominantly on the
hole-injection barrier, i.e. Ei-HOMO, and its limitations, recent
work in our group also emphasized the electron-injection barrier
in a polymer-on-electrode configuration. This is more unusual
because, as mentioned above, the electron-injector is generally a
low work function metal like Al or Ca evaporated on the polymer.
However, recent work by Liu et al. [122] demonstrated the very
interesting possibility of using lamination to physically join two
separately prepared parts of a PLED to make a fully operational and
efficient device. In such a context, the formation of the electron-
injection contact by spin-coating the polymer on the cathode
makes good sense. In the example presented below, the cathode is
an aluminum film covered by a native oxide (AlOx), and modified
with a self-assembled monolayer (SAM) of octylphosphonic acid
(Fig. 20a) [33]. UPS measurements of the AlOx substrate, without
and with SAM, and of the polymer film spun on top of this
substrate, are shown in Fig. 20b. The work function of the
unmodified AlOx surface is 3.8 eV, ~0.4 eV smaller than that of the
clean Al surface, leading to an electron injection barrier, i.e. LUMO
edge-Er, of 1.14 eV (Fig. 20c). The work function of the SAM-
modified AlOx surface is reduced to 3.3 eV by the interface dipole
arising between the phosphonate molecule and the oxide, leading
to an electron injection barrier of 0.72 eV. An increase of two orders
of magnitude in electron injection (not shown here) results from
this electrode modification and from the corresponding barrier
lowering [33]. Interestingly, exposure of the SAM-modified AlOx to
X-rays during XPS analysis reduces the electrode work function by
another 0.3 eV, down to 3.03 eV (via a mechanism that is not
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understood at this point), yet the Fermi level approaches the LUMO
by only 70 meV and an interface dipole develops at the polymer-
electrode interface [123]. This smaller than expected shift and the
interface dipole indicates partial pinning of Eg as it approaches the
polymer LUMO, as was observed and outlined above for Eg
approaching the HOMO. Note that the Fermi level position was
measured here only at the surface of the 10 nm polymer film.
Thinner films were not investigated to evaluate eventual interface
band bending, like in Fig. 19.

In summary, while it is obvious from simple consideration of
charge balance at metal-semiconductor interfaces that pinning of
the Fermi level should occur when the electrode work function is
equal to, or larger (smaller) than, the organic semiconductor IE
(EA), the experiments demonstrate that Er does not approach the
band edge closer than ~0.6 eV in the bulk of polymer films
investigated here, or those investigated by Tengstedt et al. [40] and
Fahlman et al. [121]. The interface barrier may be somewhat
smaller (~0.35eV), but in that case is accompanied by band
bending that moves Er back to the 0.6 eV limit in the bulk of the

film. For an electrode work function well within the organic gap,
i.e. EA+§<WF<IE—-4§ with § ~0.6eV, the interface barrier
obeys the Schottky-Mott limit, as already depicted in Fig. 3.

4.3. Pinning of the Fermi level: polaron state vs. tail gap states

Pinning of Er when the electrode work function approaches the
organic IE or EA is an important phenomenon that affects charge
injection and should be taken into consideration when designing
contacts. The phenomenon has been recently explained using two
different models: the Integer Charge Transfer (ICT) model [121],
and Eg pinning in the tail of the polymer gap states [41].

The ICT model proposes that, as the Fermi level of the electrode
approaches the edge of the gap with increasing or decreasing work
function, it eventually comes to the level of the interface polaron
(positive polaron in the bottom part of the gap, and negative
polaron in the upper part of the gap). The interface polaron can be
thought of as the bulk polaron stabilized by the extra polarization
from the electrode, and thus is expected to be slightly deeper in the
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pinning, charge transfer and formation of an interface dipole.

gap than its bulk counterpart. As the electrode Er reaches this level,
charge is transferred to the polaron state, an interface dipole is
formed, and the Fermi level is pinned (Fig. 21). The model assumes
that the pinning position is significantly detached, i.e. by ~0.6 eV,
from the edge of occupied and unoccupied states measured by UPS
or IPES because of the relaxation energy of the molecule or polymer
chain occupied by a charge, energy that is not included in the
spectroscopy because of the time scale of intra-molecular nuclear
motion (see Section 3) [85]. It is the opinion of the authors of the
present review that the relaxation energy quoted for this process is
excessive and should be of the order of 0.2 eV, significantly smaller
than the difference between Er pinning position and edge of the
HOMO or LUMO measured via spectroscopy.

Hwang et al. [41] proposed a model based on the broadening of
the density of states in molecular and polymer materials and the
subsequent Er pinning in the tail of these states. The tailing of the
DOS in the gap of the material, briefly discussed at the end of
Section 4.1.2, was experimentally investigated for PPV by Hulea
et al. [116] using an electrochemically gated transistor, and for
N;N'-diphenyl-N,N!-bis(1-naphthyl)-1,10-biphenyl-4,4"-diamine
(a-NPD) by Tal et al. [117] using a Kelvin probe force microscope
on an OFET structure. Both methods on both materials showed that
(i) the shape of the DOS is quite complex, and (ii) the shape can be
approximated with a combination of a Gaussian in the high DOS
region (closer the HOMO) and an exponential tail in the lower DOS
region. Celebi et al. interpret similar Kelvin probe measurements
on CuPc with a single exponential dependence of the DOS [118].
The former two investigations, however, suggest the presence of a
significant DOS at about 0.7 eV from the center of the molecular
state, or about 0.2-0.3 eV from the edge measured by UPS (or IPES).
Adding to that number a more realistic 0.2 eV for the relaxation
energy of the charge molecular ion (not seen in spectroscopy), one
can reasonably justify pinning of the Fermi level at a position of
0.4-0.5 eV away from the “band edge”, as indeed observed experi-
mentally for the polymer films investigated here. This energy
difference is generally observed to be smaller, i.e. 0.3 eV, for small
molecule films, presumably because of smaller static disorder
broadening of the DOS.

This model of Er pinning in the tail of gap states broadened by
disorder is indirectly supported by the fact that smaller Ei-HOMO
values equal to 0.2-0.3 eV have been found for other systems, like
poly-(3-hexylthiophene) (P3HT) in contact with PEDOT:PSS [124]),
which are known to form more crystalline structures in thin films.

Pinning of the Fermi level also suggests an explanation for the
“band bending” mentioned in the previous section for interfaces

between high work function electrodes and small (or medium)
ionization energy polymers (Fig. 19). As Er approaches the frontier
orbitals of the polymer at the interface, the tail of the density of
states extending into the gap fills up, and an excess density of
charges accumulates in the organic material (holes, in the case of
electrodes with work function close to the polymer IE). These
interface charges induce an electric field that displaces the frontier
orbital, e.g. the HOMO level, away from Eg [125] to limit further
penetration of charges into the bulk of the film (Fig. 22b). The
density of excess interface holes depends on the barrier. When the
barrier is smaller or equal to 0.4 eV, this density is sufficient to
bend the bands by 0.2-0.3 eV within the thickness measured by
UPS (<200 A). On the other hand, when the hole barrier is equal to
or larger than 0.6 eV, the charge density is small and the field does
not induce a significant band bending over the range of thickness
investigated here (Fig. 22a).

4.4. Energy level alignment at metal-on-polymer interfaces

Injection barriers at the top contact interface (metal-on-
polymer) are more difficult to determine than those at the bottom
contact interface (polymer-on-metal). UPS measurements are
used, as described above, to determine the energy difference
between the metal Er and the polymer frontier orbital, i.e. the
injection barrier. However, the signal from the incrementally
deposited metal overlayer rapidly masks that of the polymer [96],
hindering the determination of the edge of the frontier orbital of
the organic material, and making the determination of the barrier
under formation more difficult. Unlike their polymer-on-metal
counterparts, metal-on-polymer interfaces are also often diffuse.
They exhibit various metal growth modes, depending on the metal,
which makes the analysis more complicated. A combination of
UPS, XPS and injection -V measurements are presented here to
approach these interfaces.

For interface energetics and chemistry measurements, the
metals were typically deposited on ~200 A thick polymer films, i.e.
thick enough to eliminate any interference from the substrate and
thin enough to prevent charging upon photoemission spectro-
scopy. Thicker films (500-1000 A) were used for -V measure-
ments. Thermal evaporators were used for aluminum (Al),
samarium (Sm) and gold (Au), and an electron-beam evaporator
was used for silver (Ag) and platinum (Pt). Layer-by-layer metal
growth experiments were performed with deposition rates
ranging between 0.01 A/s and 0.05 A/s, whereas thick films for
top device contacts were deposited at rates between 0.1 A/s and
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0.15 A/s. All depositions were performed in UHV, at pressures
below 5 x 10~° Torr, insuring ultra-clean metal films and inter-
faces (verified via XPS and Auger electron spectroscopy).

We give below the full analysis of the formation of one metal-
on-polymer interface, i.e. Al-on-TFB. The results obtained for the
other metals are summarized in the following sections.

4.4.1. Al on TFB and F8

UPS and XPS spectra recorded for different thicknesses of Al
deposited on TFB are shown in Fig. 23. In the UPS spectra, the TFB
features remain visible up to a nominal thickness of 50 A of Al, with
only small change in the shape and relative valence peak positions.
The slow decrease of the TFB features indicates that the polymer
surface is not fully covered by Al, even at high coverage (20-50 A).
Furthermore, the line-shape of the UPS spectrum, and thus the
electronic structure of the material, does not appear to be
significantly affected by the Al deposition, indicating minimal

JL

chemical interaction. XPS shows that the width (o) of the C 1s core
level increases by only ~0.05 eV, a feature that may be due to the
metal-induced band bending near the polymer surface but is not
attributed to chemistry. Finally, the Al 2p core level shows no
additional “reacted” component to the metallic Al peak at
~72.8 eV. These observations lead to the conclusion that Al forms
islands upon deposition on TFB, without inducing significant
chemical reaction. The work function of the film, the binding
energy of the HOMO and C 1s core level, and the intensity of C 1s
peak are shown in Fig. 24 as a function of the nominal thickness of
deposited Al [104]. After deposition of 20 A Al, the work function
converges to ~4.1 eV, a value close to the canonical work function
of metal Al. The work function of the film and the position of the
HOMO evolve in a parallel fashion (Fig. 24a), indicating that the IE
of TFB remains basically constant throughout the deposition, and
suggesting that the TFB remains intact. Yet, the evolution of the C1s
binding energy is different from that of the TFB HOMO and of the
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Fig. 23. (a) UPS and (b) XPS spectra measured for 0, 2, 5, 10, 20, and 50 A of Al deposited on TFB (after [77]).
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film work function at thickness of 5 and 10 A (Fig. 24b). This can be
understood when the position of the Al Fermi step is carefully
analyzed (data not shown here). The position of the Fermi step,
which should be constant and aligned with the Fermi level of the
system throughout the measurement, is actually found at 0.3 eV
higher binding energy. This type of behavior is indicative of a non-
equilibrium situation due either to photon-irradiation-induced
surface photovoltage (SPV) or charging. In SPV, light generates
electron-hole pairs, and the minority carriers in a semiconductor
with band bending/tilting, accumulate at the surface/interface, and
induce an electric field that tends to flatten the bands [126-129].
Here, the energy alignment at the interface between TFB and the
substrate is fixed, but the potential at the TFB surface changes even
with low Al coverage, leading to a tilt in the energy band across the
device structure (Fig. 25a). UV illumination (in UPS) generates SPV
or charging, and thus the shift of the Al Fermi step. As the thickness
of Al increases and Al forms a complete metallic layer, the photo-
generated charges can easily recombine in the Al layer, and the
effect disappears. In XPS, however, the photon flux is significantly
smaller than in UPS, and SPV or charging is negligible. By shifting
the 10 A Al UPS spectrum by 0.3 eV, we find that the evolution of
the positions of the various photoemission onsets, HOMO, and C 1s
core level as a function of Al deposition agree precisely with each
other. The TFB HOMO position following Al deposition and the
corresponding hole injection barrier can therefore be deduced
from the initial position with respect to Er (bottom spectrum in
Fig. 23a) [77] shifted by the Al-induced Cls core level shift
(Figs. 23b and 24b).

In summary, Al vacuum-evaporated on TFB forms an interface
that closely follows vacuum level alignment. The hole injection

barrier (Ei-HOMO) is ~1.35 eV (Fig. 25a) and the electron injection
barrier (LUMO-EF) is equal to the transport gap (E;) minus the hole
barrier, i.e. 3.25 — 1.35=1.90eV (we provide here the electron
barrier, as Al is generally used as an electron injection contact). The
interface displays no obvious signs of chemical reaction, and the Al
tends to form island upon deposition without any evidence of
interdiffusion. A similar behavior is found for Al on F8, and the
interface energetics correspond to a hole (electron) injection
barrier of ~1.60 eV (1.90 eV).

4.4.2. Ag and Sm on TFB and F8

The same type of analysis applied to these four interfaces leads
to the following general conclusions. Ag forms non-reactive
interfaces with both polymers, initially grows in three-dimen-
sional clusters, and leads to holes injection barriers equal to
~1.65 eV and ~1.70 eV on TFB and F8, respectively. Interestingly,
these barriers are 0.1-0.2 eV larger than those produced by Al,
although the work function of Ag generally expected to be ~0.1 eV
larger than that of Al. Some indications of an interface dipole are
also obtained, although a precise determination of this aspect of
the interface is clearly difficult. The interface energetics for Ag on
F8 are summarized in Fig. 25b.

In contrast to Al and Ag, Sm (work function = 2.7 eV) wets the
surface and forms a two-dimensional film on both polymers even
in the early stages of deposition, leading to an exponential decrease
of the polymer photoemission features as a function of Sm
thickness. This behavior is consistent with a chemical interaction
with the polymer, as confirmed by a significant broadening of the C
1s core level feature. Decomposition of the latter suggests that the
chemical interaction is limited to the top 1-2 molecular layers of
the polymer film only, allowing a relatively safe evaluation of the
Sm-induced molecular shifts through the shift of the bulk C 1s core
level. The analysis yields Ei-HOMO = 2.2 eV, giving an electron
injection barrier of 0.9 eV with a 0.5-0.6 eV dipole barrier for Sm
on TFB (Fig. 25c). The corresponding numbers for Sm on F8 are
2.4 eV and 1.1 eV, respectively.

4.4.3. Two noble metals on TFB and F8

As in the case of Sm, the exponential decay of the polymer C1s
upon Pt deposition suggests a layer-by-layer growth, although
chemical reaction at the interface cannot be ruled out. The width of
the C 1s peak increases by ~0.15eV with Pt deposition,
significantly smaller than in the Sm case, but larger than in the
Al and Ag cases. The determination of the interface alignment of
molecular levels is complicated by the rapid decay of the valence
molecular features vs. Pt coverage in UPS. The analysis is based
here not on the bulk C 1s core level shift, which becomes unreliable
in view of possible Pt-molecule reaction, but on the measurement
of injected charges to infer the hole injection barrier at the top
contact. I-V measurements performed on a Pt/TFB/Pt simple diode
are shown in Fig. 5. The two curves correspond to the hole current
injected from the bottom Pt, i.e. polymer-on-Pt, and the top Pt, Pt-
on-polymer. Given the high work function of Pt (~5.5 eV clean and
~5.1 eV contaminated), the electron barrier at both bottom and top
interfaces is expected to be large, and the current measured with
both polarities is essentially a single carrier hole current. This is
consistent with the fact that no electroluminescence is observed,
even at high bias across the device during the I-V measurement.
Surprisingly, the hole current injected from the top Pt contact is
four to five orders of magnitude smaller than that from the bottom
Pt contact. Assuming a simple injection-limited current in both
cases, this translates into a 0.3-0.4 eV larger hole barrier for the top
contact. With the TFB-on-Pt hole barrier measured at 0.5 eV, the
top Pt hole barrier is estimated at ~0.9 + 0.1 eV. The energetics of
these two TFB interfaces are summarized in Fig. 25d. Similar results
(asymmetric injection) have been reported for small molecule
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devices, when the substrate (bottom contact) is exposed to air prior to
organic deposition (Section 5). Chemical reaction and difference in
interface morphology cannot be ruled out in the explanation of the
difference between the bottom and top Pt contacts to F8 and TFB. Yet,
the remainder of this review shows that this type of asymmetry in
injection is a very general phenomenon for polymer and small
molecule films alike, the origin of which can be traced in the
significant difference in interaction between the organic film and the
clean or contaminated electrode.

Lastly, Au brings another issue for the top vacuum-deposited
contact, namely that of interdiffusion and formation of trapsin the
bulk of the polymer. The UPS polymer features disappear with the
deposition of ~10 A of Au, however, the complete elimination of
the C1s peak intensity in XPS requires more than 300 A of Au. This
is consistent with interdiffusion of the metal, with significant
distortion of the electronic structure of the permeated polymer
layers. [-V measurements performed on a simple diode structure
with evaporated Au top contact confirm this interpretation. The
hole current measured in the dark decreases after each scan.
However, this degradation is not permanent, and the current can
be restored to its initial value by a flash of white light on the
sample. When the same sample is measured under light, no
change in current is observed. This behavior is typically observed
in a structure with traps embedded in the semiconductor. In
contrast, the current in the device with Pt top contact remains
stable over many scans. Since the only difference between the two
metal contacts is the morphology of the metal film during the

initial sequences of deposition, the conclusion is that the hole
traps are induced by Au diffusion and formation of nano-clusters
[130,131].

4.5. Discussion on interface energetics of top vs. bottom contacts

A summary of energy levels and Fermi level positions in the
energy gap of F8 and TFB for bottom (polymer spun on electrode)
and top (mostly top evaporated metal) contacts with various
substrates electrodes (from the above sections) is shown in Fig. 26.
With the transport gaps measured with UPS/IPES, the figure serve
as a reference for hole and electron injection barriers at interfaces
between these two polymers and the materials studied in this
work. These data are re-plotted in Fig. 27, which shows the
dependence of the (hole) barrier, i.e. E-HOMO edge, on the work
function of the material in contact for both polymer-on-electrodes
and electrodes-on-polymer. The rate of change of the barrier vs. the
electrode work function is described by the slope parameter (S), i.e.
a measured of the screening of the semiconductor polymer/
electrode interaction at the interface. Note that the electrode work
function, in the case of bottom contacts, is measured with UPS after
exposing the surface to the solvent to simulate the polymer spin
coating process. On the other hand, the work function of the top
electrode is assumed to be similar to that of a freshly evaporated,
atomically clean film of this material. The validity of the
assumption has been proven in various chemically non-interacting
metal-small molecule systems, where the injection barrier at top
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and bottom contact is the same when both contacts are freshly
evaporated in UHV [49,75,132].

As discussed in previous sections and shown in Figs. 3 and 27,
the interface energetics of the bottom contacts are predominantly
governed by vacuum level alignment, with S = 1, provided that the
electrode work function remains smaller and larger by 0.3-0.5 eV
than the polymer IE and EA, respectively. The substrates are
usually prepared in air or nitrogen atmosphere, and the polymer is
spun in nitrogen atmosphere from a solvent solution. The polymer/
substrate interface can be characterized as “contaminated”. The
contaminants (hydrocarbons in air, residual solvent molecules)
can be thought of as passivating the electrode surface, decreasing
the chemical interaction (chemistry and bonding) between the two
materials. In the framework of the induced density of interface
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state (IDIS) model, this layer physically and electronically decou-
ples the organic film from the continuum of the metallic electronic
states [44]. This in turns, reduces the density of interface states
induced in the gap of the organic material, reduces the interface
dipole and in the extreme cases described here, results in vacuum-
level alignment.

In contrast, the hole barriers obtained at the top contact fallon a
different line with S = 0.55 + 0.05, suggesting a different mechanism
for energy alignment. The top contact is processed in vacuum and the
“contaminants” that were present in the spin coating case are absent.
The mode of deposition also leads to a more “intimate” contact, with
the metal forming stronger bonds and penetrating to various degrees
in the polymer film. Therefore, a larger density of metal valence
states overlaps with the gap of the polymer, resulting in a stronger
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interaction, stronger “pinning” of the Fermi level in the energy gap
and, generally, a larger interface dipole. Similar results can be found in
small molecule systems, as will be described in the next section. The
energy alignment at the interface between small molecules and
metals generally departs from the Schottky-Mott limit and has been
explained with several different models (Section 2.1.2). The results
presented here therefore suggest that polymer interfaces are not
fundamentally different from small molecule interfaces, but that the
inevitable contamination resulting from solution processing envir-
onment leads to the canonical Schottky-Mott limit generally
assumed for polymer interfaces.

5. Energetics of small molecule-electrode interfaces

Much has been written on this topic in the past decade, and
detailed reviews of general results and interpretations have already
been published [45,46,49,72,133-135]. The purpose of this section is
not therefore to review the considerable body of work published on
small molecule film interfaces, but rather to focus on the specific
issue of the differences between the energetics of molecules-on-
electrode and electrode-on-molecules, with and without interface
contamination. The IE and EA of films of small molecules used in this
review are given in Table 1, and more graphically in Figs. 7 and 8.

The solution-based processing of polymer-on-electrode inter-
faces necessarily limits investigations of the mechanisms that
control interface energetics because of the initial (chemical,
electronic) state of the electrode. On the other hand, the ability to
vacuum-deposit small molecules on controllably prepared electrode
surfaces, i.e. from atomically clean metal surfaces to surfaces
controllably exposed to a specific atmosphere, provides sufficient
flexibility in interface formation to answer basic questions on the
impact of the processing sequence and environmental conditions on
the charge injection barriers. Once these issues have been explored, a
direct comparison between small molecule and polymer interfaces
becomes possible.

5.1. Molecule-on-metal vs. metal-on-molecule interfaces

Organic materials, in particular small molecule films, are soft
materials bound by weak intermolecular vdW-type bonds. It is
therefore expected that metal-on-organic interfaces will be
morphologically different from their organic-on-metal counter-
parts. When organic molecules are vacuum-evaporated on a metal
surface, the interface is expected to be abrupt (Fig. 28). Chemical
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reaction may take place at the first molecular layer in contact with
the metal, but negligible interdiffusion should result across the
interface. On the other hand, the commonly accepted picture of
“small” metal atoms vacuum-evaporated, i.e. carrying significant
thermal energy, and impinging on a soft and relatively open
organic matrix is one where chemical reaction and interdiffusion
can occur relatively deep in the organic film (Fig. 28). Experimental
evidence, examined above for polymers, is given in Fig. 29 with XPS
data recorded for the Alqs-Mg system. Panel (a) shows the
attenuation of the Mg 2p core level as a function of Alqs deposition
on a Mg film, and panel (b) shows the attenuation of the Alqs C 1s
core level as a function of Mg coverage for the reverse deposition
sequence [75]. From the rates of attenuation of these two core
levels, it is clear that the Alqs film grows two-dimensionally on the
metal surface, whereas the Mg film covers the organic surface very
slowly. Additionally, panel (c) shows that most of the Mg is
oxidized in the initial stages of the deposition on Alqs; and reaches
metallicity only after deposition of 30-60 A, a clear indication of
diffusion into, and/or chemical reaction with, the host film, rather
than a simple surface clustering. Although both interfaces show
evidence of chemical reaction, the Mg-on-Alqs interface is marked
by extensive interdiffusion, whereas the Algqs-on-Mg interface is
abrupt.

An important question is whether the difference in interface
morphology necessarily implies a difference in electrical behavior,
in particular with regard to charge injection. The I-V character-
istics taken from metal/Alqs/metal sandwiches (metal = Mg, Al,
Sm) built in UHV using atomically clean bottom metal contacts,
shown in Figs. 5 and 30, partially answer this question. The sym-
metry in current vs. bias direction over 5-6 orders of magnitude of
the electron currents injected from top and bottom contacts clearly
demonstrates electrical equivalence of the abrupt and diffused
interfaces. Note that early measurements on Mg:Ag/Alqs;/Mg:Ag
structures showed a top-injected electron current 2-3 orders of
magnitude larger than the bottom-injected electron current [136].
The difference was attributed to gap states induced in the organic
material by (top contact) metal deposition, which created
intermediate states between the metal Fermi level and the LUMO
of the organics. This result was later reversed [132] by the
demonstration that the effect was due to contamination of the
reactive Mg bottom electrode in the low-vacuum system used for
these experiments, and that all-UHV processing insured symmetry
of interface energetics and injection. A situation similar to that of
Algs structures made in UHV is also observed for Au/a-NPD/Au
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Fig. 28. Conceptual view of interfaces corresponding to small molecules vacuum-deposited on a metal surface vs. metal atoms vacuum-evaporated on a small molecule film.
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Fig. 29. (a) Mg 2p core level measured as a function of Alqs; deposition on a clean Mg surface; (b) C 1s and (c) Mg 2p core levels measured as a function of Mg deposition on an
Algs film. The rate of decay and binding energy of the core levels suggest very different growth modes of the two interfaces (after [75]).

structures, where the bottom Au surface is again atomically clean
(work function ~5.4 eV) prior to molecular deposition, and the top
Au contact is vacuum-evaporated. Here again, symmetry in hole-
injection is obtained over several orders of magnitude (Fig. 31)
[44].

Several comments and conclusions derive from these observa-
tions. The first and obvious one is that a difference in interface
morphology, such as that observed for Mg-on-Alqs vs. Algs-on-Mg,
does not necessarily imply electrical asymmetry. The vacuum
evaporation of a metal on an organic film does not necessarily
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create the type ladder-gap states that were thought to help charge
carrier injection [137]. The second is that symmetry occurs for both
reactive and unreactive interfaces. The Alqs cases presented above
all involve reactive interfaces. It was originally suggested that the
symmetry of top and bottom barriers was due to strong Fermi level
pinning on both sides of the organic layer by gap states resulting
from metal-Alqs chemistry [75]. The Au-a-NPD case dispels this
notion, as no evidence of strong chemical interaction is obtained at
either top or bottom interface. The third comment concerns the
generality of such top vs. bottom contact symmetry. One can
anticipate situations whereby top-evaporated metal atoms diffuse
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Fig. 31. Current density injected in a Au/a-NPD/Au structure formed in UHV, on an
atomically clean Au surface. The current is a unipolar hole current. Red and black
data are for holes injected from the bottom and top Au electrodes, respectively
(after [44]). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

into the organic film and create active electronic centers, or act as
dopants. Such a situation is encountered with Au atoms that
diffuse into per-fluorinated copper phthalocyanine (F;-CuPc) and
act as “acceptor states” [138]. F15-CuPc is known as an electron
transport materials, in view of the fact that this highly fluorinated
molecule has a very low LUMO (EA = 4.5 eV) in which electrons are
easily injected. In spite of its large work function, Au (bottom
electrode) forms a small electron barrier of ~0.4 eV with F;g-CuPc.
Yet, the Au/F;g-CuPc/Au structure is electrically, in addition to
morphologically, asymmetric, with stronger electron injection
from the bottom interface. This asymmetry is believed to be due to
single Au atoms, or small Au nanoclusters, which diffuse in the top
part of the film, act as “doping” centers, and affect the energetics of
the top contact [138].

An interface issue that was only recently formally recognized is
the impact of the molecular orientation on the IE of the organic film
[139,140]. Variations in IE of the order of 0.5 eV, which have been
linked to the orientation of molecular crystallites, e.g. lying flat vs.
standing up with respect to the organic surface, could have a
significant impact on the electronic structure of interfaces. It is
unlikely that such an issue arises in the above-mentioned cases of
Algs and «-NPD, as these molecules are three-dimensional and
form mostly amorphous films. Fig-CuPc, on the other hand, is a
nearly two-dimensional molecule that is expected to lay nearly flat
when in contact with the bottom metal surface, and has been
shown to change its orientation in subsequent layers. Variations in
IE and molecular level alignment could therefore be an issue with
such a compound.

5.2. Molecules on contaminated, or non-metallic, electrodes

Practical organic electronic devices will not be fabricated in
high vacuum, and, a fortiori not in UHV. Organic-on-electrode
structures will therefore comprise metallic, or at least conducting,
electrodes that have been exposed to some controlled atmosphere
or even ambient air. Non-traditional fabrication techniques such as
stamping [141,142], printing [143-145], lamination [122,146,147]
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or laser assisted deposition [148,149], which have been shown to
be well adapted to organic materials and devices, all involve
processing outside of UHV conditions. It is therefore important to
review some of the basic differences that have been found between
such interfaces and “ideal” interfaces formed under ultra-clean
conditions.

Substrate preparation affects composition as well as electrical
characteristics of a given surface. Usually, a clean metal surface is a
relatively high energy surface, even when reconstructed to
minimize surface energy. Molecules of a controlled or ambient
atmosphere (N5, H,0, CO, O,, hydrocarbons) adsorb on the surface
and partially passivate or oxidize it. This process leads to several
differences between clean and exposed metal surfaces. First, the
work function of most ambient-exposed metals is reduced, due
primarily to the compression of the surface component of the
electron wave function, i.e. the pillow effect discussed in Section
2.1.1.2. Second, the contamination, or passivation, layer acts as a
physical “spacer”, which separates the clean metal from any
deposited film. This has crucial consequences for the metal-
organic interaction, and affects the interface energetics, molecular
orientation and film morphology.

The change in orientation of interface molecules deposited on
clean vs. exposed metal surfaces is of importance, as different
orientations have been linked to different ionization energy and
interface energetics [139,140]. In particular, two-dimensional
molecules with delocalized 1-electron system generally adsorb in
a lying-down configuration on a clean metal surface, and in a
standing-up configuration on a contaminated metal, or non-meta-
llic, surface. While we fully recognize the potential impact of the
variations, we review here results that include two- as well as three-
dimensional molecules, the orientation of which is, in first
approximation, independent of the electrode termination.

The molecular level positions at «-NPD and Alqs interfaces with
atomically clean and contaminated Au surfaces are shown in Figs. 4
and 32 [44,150]. In both cases, the “contaminated” electrode surface

Clean
Au

vac _T_

1.3
v
53eV ‘

Alq,

eV

was an atomically clean Au surface prepared in UHV and simply
exposed for a few minutes to ambient atmosphere. The work
function of the exposed Au surface is significantly reduced with
respect to that of the clean surface. In terms of interface energetics,
the most striking contamination-induced change is the reduction in
interface dipole and hole injection barrier. Because of the reduction
in interface dipole, the hole barrier is actually smaller with the
contaminated, smaller work function, electrode, a result that is
somewhat counter-intuitive. The energetics of the contaminated
interface are much closer to the Schottky-Mott limit than those of
their clean counter-parts. This is also independent of the molecular
orientation (a-NPD and Alqs are three-dimensional molecules,
which are unlikely to take up a specific orientation on the con-
taminated surface) and chemical interaction with the substrate.

The phenomenon is clearly not limited to “simply exposed”
electrode surfaces, but appears to be a general phenomenon that
occurs whenever the metal surface is modified from its ultra-clean
state. Specific surface treatments, such as ozone-plasma exposure
or growth of a SAM to purposely modify the work function, have
similar results. The case of a-NPD on ultra-clean vs. ozone treated
silver (Ag) [150] is shown in Fig. 33. Ultra-clean Ag has a work
function of 4.5 eV, but leads to the formation of a large (0.5 eV)
interface dipole, which increases the hole injection barrier. Ozone-
treated Ag has a larger work function (5.0 eV), but also leads to a
considerably smaller interface dipole of 0.2 eV and a reduced hole
barrier (0.7 eV). This “controlled” contamination of the metal
surface, i.e. sub-oxide and surface oxygen-related species, also
brings the interfaces very close to the Schottky-Mott limit.

The simple metal/organic/metal structures used to test
electrical symmetry in organic-on-metal vs. metal-on-organic
interfaces are employed here to evaluate the impact of electrode
contamination on charge carrier injection. The example of a-NPD
deposited on ambient exposed Au and covered with a clean top
evaporated contact is shown in Fig. 34 [44]. In contrast with the
clean Au/a-NPD/Au sandwich (Fig. 31), the current injected from

Contaminated

Al
Au 9

4
to.4ev

E

vac A

A

5.0eV 5.8eV

Fig. 32. Comparison of the electronic structure of interfaces formed by vacuum evaporation of Alqs on (left) atomically clean Au and (right) contaminated Au, as determined
by UPS. Both interface dipole and hole-injection barrier are reduced on the contaminated electrode (after [150]).



J. Hwang et al. / Materials Science and Engineering R 64 (2009) 1-31 27

Clean
. Ag a-NPD
vac _*
T __05eV
45eV

HOMO

Ozone-treated

Ag a-NPD
£ .
vac ' 0.2eV
49eV 56eV

:, |

Fig. 33. Comparison of the electronic structure of interfaces formed by vacuum evaporation of «-NPD on (left) atomically clean Ag and (right) ozone-treated Ag, as determined

by UPS (after [150]).

the bottom (contaminated) electrode reaches values that are
orders of magnitude larger than those of the current injected from
the top electrode (the electron injection barriers are larger than
2eV in both cases, insuring unipolar hole currents in these
devices). Note that the current injected from the top Au contact
into a-NPD is nearly identical to that injected in the film grown on
ultra-clean Au (Fig. 31), suggesting that the morphology and
structure of the film are not significantly affected by the electrode
contamination. The difference in hole injection is mostly due to the
difference in injection barriers (Fig. 32). The case of CuPc
sandwiched between air exposed (bottom) and (top evaporated)
Au is shown in Fig. 35. Bottom injection yields a current three-to-
four orders of magnitude higher than top-injection.

The most significant and counter-intuitive aspect of these results
is that the lower work function electrode, i.e. the contaminated Au
electrode, yields a lower hole-injection barrier than the higher work
function electrode. We attribute this phenomenon to the fact that
the organic/metal interaction is profoundly modified by any layer of
contamination on the metal, or by the oxygen/oxide in the case of
ozone-treated surfaces, and that the reduction in interaction leads to
an interface that approaches the Schottky-Mott limit. More insight
in this issue is obtained by comparing interfaces between various
molecules and metals and non-metals than have similar work
functions. A series of such examples are presented in Fig. 36a-c,
which compare the energetics of «-NPD, para-sexiphenyl and
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Fig. 34. Same as Fig. 31, for a structure formed in UHV on a contaminated Au surface.
The red line on the bottom electrode indicates contamination (after [44]). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

pentacene on clean Au and PEDOT-PSS [151,152]. Both substrates
have very similar work functions (note that variations of these work
functions between 4.9 and 5.2 eV are frequently observed in UHV
experiments). Remarkably, the hole injection barrier for each
molecule is substantially reduced when using PEDOT-PSS, even
though the two electrodes have nearly identical work functions. This
barrier reduction translates into a several orders of magnitude
increase in hole injection (not shown here) [152], a fact that has
made PEDOT-PSS a rather popular hole-injecting material in OLEDs,
in spite of the drawbacks of chemical instability and limited
conductivity.

A summary of the dependence of the hole injection barrier into
a-NPD on the work function of clean metal surfaces vs. con-
taminated and non-metallic surfaces is given in Fig. 37 [150]. The
clean metal surfaces lead to a strong departure from the Schottky-
Mott limit (S = 0.5), presumably due to the mechanisms outlined in
Section 2.1 (gap states and pillow effect), whereas the contami-
nated and non-metallic electrodes do not (S=1). Note that a
similar situation has been demonstrated for other molecules, CuPc
in particular. One justification of the fact that the energetics of
small molecule interfaces with contaminated metallic substrates,
or non-metallic conducting substrates, approach the Schottky-
Mott limit is that the surface electronic tail, which represents a
significant component of the clean metal surface work function, is
absent in these cases. On the metallic substrates, the contamina-
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Fig. 35. Same as Fig. 34, for a Au/CuPc/Au structure. The CuPc film thickness is
1300 A (after [150]).
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Fig. 36. Comparison of the electronic structure of interfaces formed by UHV deposition of (a) «-NPD, (b) pentacene and (c) para-sexiphenyl on (left) atomically clean Au and

(right) PEDOT-PSS, determined by UPS (after [151]).

tion already suppresses this electronic tail. The non-metallic
surfaces, like PEDOT-PSS, do not have the metallic character and
the electronic density of a standard metal, and the surface
electronic tail is not significant. Thus the “pillow effect”, i.e. the
push-back of the electron tail by the electron density of the
adsorbed molecule (Section 2.1.1.2), does not play an important
role at interfaces formed on these materials. In some respect, this
justification is consistent with the model put forth by the group of
S.T. Lee based on the consideration of the metal electronegativity,
rather than its work function, in the analysis of organic/metal
barriers and interface dipoles [153,154]. The electronegativity is
a bulk quantity that is entirely independent of the electronic
structure of the surface of the material.

The second justification is based on a reduced interaction
between the molecule and the contaminated metal or non-metallic
electrode. Section 2.1.2 described interface energetics dominated
by interface gap states due to chemical bonding between molecule
and metallic electrode [61,64], or to interface gap states originating
from the overlap between the continuum of metallic states and the
energy gap of the organic semiconductor, i.e. the IDIS [69].

Chemistry is at least modified, if not suppressed, by the passivating
contamination layer. The density of IDIS, in particular around the
charge neutrality level Ecyy of the interface, is strongly reduced by
any increase of the effective metal-molecule distance, e.g. by the
contamination layer. Consider the UPS spectra of clean Au,
contaminated Au and PEDOT-PSS presented in Fig. 38. The
analysis of the relative height of the Au Fermi level step on the
upper two spectra, assuming an escape depth of ~5-7 A for the
photoemitted electrons, gives an effective contamination layer
thickness of 3-5 A. Thus the effective distance between a molecule
deposited on such a contaminated surface and the first plane of
metal atoms is expected to increase by that amount, in addition to
a possible change in molecular orientation with respect to the
metal surface. Vazquez et al. [69] showed that an increase in the
PTCDA/Au distance from 2.8 to 3.2 A diminishes the density of IDIS
at the Ecnr from 1.5 x 1014 t0 0.9 x 10'* eV~ cm~2, nearly a factor
of two. The contamination-induced increase in distance of 3-5 A
would necessarily decrease the IDIS by more than an order of
magnitude, resulting in weaker interface Fermi level pinning and
energetics much closer to the Schottky-Mott limit.
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Fig. 37. Hole injection barriers measured by UPS for a-NPD films vacuum-
deposited on various ultra-clean metal electrodes (A) and on contaminated
metal and non-metal electrodes (Jll and ). The “clean” interface barriers follow
a $=0.5 dependence on the work function, indicating the importance of gap
states. The “contaminated” interfaces follow a dependence much closer to the
Schottky-Mott limit (S = 1) (after [150]).

Interfaces between small molecules and PEDOT-PSS also
approach vacuum level alignment (Fig. 36). Greczynski et al.
[73,155] and Hwang et al. [156] have used a combination of UPS,
XPS and argon ion (Ar") sputtering to show that PEDOT-
PSS films consists of highly doped grains covered with a 20-30 A
thick insulating PSS shell. The bottom spectrum of Fig. 38
shows a very weak density of states extending to the Fermi
level. Removal of the PSS shell via low energy Ar" sputtering
reveals a much stronger density of states near Eg [41], consistent
with the fact that PEDOT-PSS is a heavily p-doped polymer. Yet,
the PSS shell at the interface between small molecules and the
PEDOT-PSS surface separates the molecules from the large
density of states of the substrate, playing a similar role to that of
the contamination layer on the metal surface. The molecule-
substrate interaction is reduced, and the interface energetics
approach the Schottky-Mott limit.

6. Conclusions: a unified picture

It is clear that commercial organic electronic device fabrication
demands processing conditions that are far from the ultra-clean
conditions afforded by UHV environment. It is also very clear,
however, that the UHV-surface/interface science work done on
ultra-clean and controllably contaminated organic interfaces done
by a number of groups around the world in the past decade has led
to a far better understanding of the basic mechanisms that control
these interfaces. It has allowed us to distinguish intrinsic from
extrinsic mechanisms, and obtain a unified interface picture. It is
therefore in this context that we wrote this review article, with two
main goals in mind. The first was to describe a series of results
obtained in the past 3 years on polymer and small molecule
interfaces with various electrode materials, emphasizing the
differences and similarities between organic-on-top and elec-
trode-on-top interfaces as well as the role of electrode contam-
ination in the interface electronic structure. The second goal was to
establish whether intrinsic differences exist between the mechan-
isms that govern the energetics of small molecule and polymer
interfaces.

The results presented in this review clearly show that a critical
issue, when considering molecular level alignment at metal-
organic interfaces, is whether the interface is formed between the
organic film and an atomically clean metal surface, or between the
organic film and a “contaminated” metal surface or a non-metallic
conducting surface. The former case is encountered when a
molecular film is evaporated in UHV on an atomically clean metal
surface, or when a metal contact is vacuum-evaporated on a
molecular or polymer films. An intimate metal-organic interface
is then formed, and the interface energetics are found to depart
from the Schottky—Mott limit. A dipole is often present at such an
interface, due either to the “pillow effect” or to interface
electronic gap states due to chemistry or induced by the metal.
The latter case is encountered when a molecular film is
evaporated on a “contaminated”, or “passivated”, metal surface,
or when a polymer film is spun from liquid phase on an ambient-
exposed metal surface. In these cases, the organic-substrate
interaction is suppressed, or at least greatly diminished, leading to
interface energetics that closely follow the Schottky—Mott limit.
Similar results are obtained with non-metallic electrodes, such as
the conducting polymer PEDOT-PSS, which are generally less
reactive than metals and/or do not exhibit the large electronic
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Fig. 38. (Left) UPS spectra of valence states and Fermi level region of (top) atomically clean Au, (middle) contaminated Au, and (bottom) PEDOT-PSS. Work functions are
indicated. (Right) Schematics of the corresponding electronic structures, showing the effect of the Au contamination layer and PSS shell.
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density of their metallic counterparts. Injection barriers at such
interfaces can generally be predicted from the organic semi-
conductor parameters, i.e. ionization energy and electron affinity,
and the electrode work function, assuming that it is indepen-
dently measured.

Based on these simple rules, we conclude that differences in
electronic structure and electrical behavior between organic-on-
metal and metal-on-organic are nearly entirely grounded on the
environmental context of the interface formation. Except in
specific cases where diffusion of metal species evaporated on an
organic film leads to electrical doping of the film, a metal/organic/
metal sandwich structure made in UHV behaves symmetrically, i.e.
charge injection is identical from top and bottom contacts. On the
other hand, the same structure made with a contaminated bottom
metal surface, which is unavoidable because of processing in the
case of a polymer structure, behaves asymmetrically, generally
with higher hole injection (lower hole injection barrier) from the
bottom contaminated interface. The data do not generally support
the notion of intermediate gap states that help injection in the case
of an evaporated metal-on-organic contact. Data on “contaminated
metal” interfaces are also highly relevant to all processing
techniques involving printing, stamping and lamination of device
components, e.g. top contacts, which necessarily involve surfaces
that have been exposed to controlled, or ambient, atmosphere.

Finally, we find no fundamental differences between molecular
level alignment behavior at small molecule and polymer inter-
faces. We suggest, here again, that any perceived differences, such
as the observed interface dipole for the former and the Schottky-
Mott limit for the latter, are the product of environmental
conditions, as stated above. “Clean” metal-polymer interfaces,
obtained by vacuum evaporation of top contacts, depart from the
Schottky-Mott limit, as do their small molecule counterparts
formed on clean metal surfaces. “Contaminated” polymer-metal
interfaces, obtained by normal spin-coating, closely follow the
Schottky-Mott limit, as do their small molecule counterparts
formed on contaminated metal surfaces. Both types of interfaces
display the normal Fermi level pinning when the electrode work
function spans out of the semiconductor gap, although the pinning
position and mechanism remains somewhat of an open question.

We hope that these data and considerations will help resear-
chers in the field of organic devices rationalize somewhat the
way they approach the modeling of organic-electrode interfaces.
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