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ABSTRACT OF DISSERTATION

DETERMINATION OF THE INTERFACIAL ELECTRONIC STRUCTURE AND
MORPHOLOGY OF ORGANIC SEMICONDUCTOR MATERIALS

Thin films of p-quaterphenyl, p-sexiphenyl, coronene, and pentacene were
each deposited sequentially in multiple steps onto different substrates including
highly oriented pyrolytic graphite (HOPG), SnS,, and Au(l11). The energy level
offsets at the interfaces between each organic semiconductor film and the respective
substrate were subsequently measured using a combination of X-ray and ultraviolet
photoelectron spectroscopy (XPS, UPS) in situ after each growth step. The organic
materials used have significantly delocalized molecular orbitals, and were chosen for
their potential applications in organic semiconductor devices and that they allowed
for more thorough analysis of the interface. HOPG and SnS, are layered materials
that have nearly atomically flat van der Waals surfaces that could be cleaved in
vacuum allowing for fundamental investigations of interfacial dipoles and the
existence of band bending effects at the interfaces of organic materials. The gold
substrate allowed for more applied studies into the contact interfaces used for organic
thin film transistors.

The combined methods of UPS and XPS were used to more precisely
determine the orbital offsets at the organic interfaces by separating out band bending,
or final state screening related shifts, from the total work function measured with
UPS. In addition, a method using low intensity XPS work function measurements
was successfully developed to separate out sample charging artifacts from the true
shifts.

Several of these systems, particularly those consisting of pentacene, were also
characterized for the surface adsorption and film morphology using scanning
tunneling microscopy (STM), atomic force microscopy (AFM), and temperature
programmed desorption (TPD). The STM images revealed ordering of pentacene in
several distinct unit cells with respect to the Au(111) surface. Different growth
patterns of pentacene deposited on Au(111) and SnS, were observed based on the
analysis of the ultra-violet photoelectron spectra and AFM.

Paul G. Schroeder
Department of Chemistry
Colorado State University
Fort Collins, CO 80523
Spring 2002
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Objectives:

Establishing a fundamental understanding of the chemical, physical and
morphological properties of organic semiconductor materials at the interface of metal,
inorganic semiconductor, or organic semiconductor materials will enable improved
efficiencies and performance of organic light emitting devices (OLEDs) and organic thin
film transistors (OTFTs). While much research has been conducted on interfaces

involving organic semiconductor materials, there still remain certain unresolved aspects.

The first issue is establishing a universally accepted method for measuring the
charge injection barriers at these intertaces. This issue has been addressed extensively in
the literature where much progress has been made [1-4]. One of the more common
techniques for measuring the energy level offsets is ultraviolet photoelectron
spectroscopy (UPS). In addition, it is well established that the assumption of vacuum
level alignment at these interfaces, according to the electron affinity rule (EAR), is
invalid [5,6]. A measurement of the interfacial dipole barrier is crucial to understanding
the behavior of these systems, however we wish to establish an improved method for
more accurately measuring the magnitude of the interface dipole barrier.

The issue of band bending in these systems has posed more of a challenge.
Experiments have yielded results that support the existence of band bending in organic

molecular solids [7-10] while others refute that notion [11-13]. Furthermore, there are
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several phenomena including chemical reactions, sample charging artifacts, and
polarization induced screening of remaining charges following photoemission, each of
which can produce measurements that resemble band bending and complicate
interpretation of the photoemission data. One of the objectives of this research is to
assess the presence and effects of each of the phenomenon, and incorporate them into the
evaluation procedure for determining the energy level alignment at such interfaces.

In this research, we use a combined method of ultraviolet photoelectron
spectroscopy and x-ray photoelectron spectroscopy to measure the energy level alignment
at several model interfaces of organic semiconductors and various substrates. We believe
this to be an improvement over using UPS alone and allows the issues of interfacial
dipoles and the validity of band bending in comparison to final state screening effects to

be particularly addressed.

The morphology of organic films is of fundamental interest to surface science, but
we also want to investigate the relevance of film morphology to the electronic behavior
of organic semiconductors. The orientation of the organic molecules at an inorganic or
metallic interface can affect the conductivity of the organic film, the magnitude of the
charge injection barriers and interface dipole, as well as the types of electronic surface
states that will be present [14,15]. Some of this research includes characterization of the

surface adsorption and film morphology of pentacene thin films to further elucidate the
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relationship between the molecular orientation with respect to the substrate and the

electronic properties of the interface.
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Chapter 1: Introduction to Organic-Based Electronic Materials

1.1 Drive for Organic Electronic Materials

Organic and polymer based thin films are emerging as a class of electronic
materials with applications for use in light emitting devices and thin film transistors.
Several distinct advantages offered by organic based devices include a high degree of
efficiency through energy level variation, a wide range of colors through the use of
different compounds, ease of fabrication, and low cost processing. Organic
semiconductors present opportunities for new types of industrial or high-tech applications
including organic thin film transistors (OTFTs) and organic light emitting devices
(OLEDs). The OLEDs could be used in flat panel displays for multimedia applications,
automobile in-dash displays, or home appliances. When comparing organic 'solid-state’

displays to liquid crystal displays, the solid-state devices offer a wider viewing angle,
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have sharper color contrast, faster pixel response time, and have a greater potential for
scaling up to large displays. There are already several devices where OLEDs are used in
the display, namely cellular telephones and automobile stereos. The OTFTs have
potential in thin film organic solar cells, pixel drivers for the OLEDs, or “smart” cards.
Electroluminescence in organic semiconductors has been known for some time
[1.2], but the efficiency of organic light emitting devices was not increased significantly
until Tang and VanSlyke used rris-(8-hydroxyquinoline) aluminum (Alg,) as the
luminescent material and N,N’-diphenyl-N,N’-(3-methylphenyl)-1,1’-biphenyl-4,4’-
diamine (TPD) as the hole transporter to cicate an organic heterojunction [3]. The
utilization of the organic heterojunction was the significant step toward fabricating an
effective device. Previous electroluminescence attempts used only single organic layers
sandwiched between two metallic electrodes, but the light output was extremely low.
This was attributed to the majority of the carriers (electrons or holes) migrating to the
opposite electrode instead of recombining with an opposite carrier in the luminescent
material. Two organic layers, with a potential energy barrier at the organic/organic
interface, maximizes the rectifying behavior of the heterojunction allowing for an
increased probability of radiative recombination in the luminescent material. Since this
revelation, organic semiconductors and conjugated polymers have been extensively

explored as possibilities for OLEDs or polymer light emitting devices (PLEDs).
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A diagram of the energy levels in a simple bilayer OLED is shown in Fig. 1.1.A.
A low work function metal cathode such as Al or Mg:Ag alloy, is used to inject electrons
into the lowest unoccupied molecular orbital (LUMO) of the organic electroluminescent
layer. A high work function transparent anode such as indium tin oxide (ITO) is used to
inject holes (electron vacancies) into the highest occupied molecular orbital (HOMO) of
the hole transport material. Both the electron and hole transport layers typically have a
thickness on the order of several hundred nanometers. Each of these carriers migrates
through their respective transport medium toward the opposite electrode. The holes are
then injected into the HOMO of the electroluminescent layer. The electrons however,
have a reduced probability of being injected into the hole transport layer since the choice
of hole transport materials is partly chosen so that its LUMO is at a higher energy than
the LUMO of the electron transport material. This energy barrier at the organic/organic
heterojunction helps confine both the electrons and holes in the luminescent material. An
electron-hole pair then has a chance of being confined to an individual molecule creating
an electronically excited state molecule. With the increased probability of creating the
excited state molecule, there is an increased probability for radiative recombination.

A diagram of the construction of a simple bilayer device as proposed by Tang and
VanSlyke [3] using Alq; and TPD as the electron transport/luminescent and hole
transport materials respectively is shown in Fig. 1.1.B. Numerous modifications and

additions to this basic design have been proposed extensively in the literature including:
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Fig. 1.1: A. Diagram of the energy levels for a simple bilayer organic light emitting
device (OLED). B. Diagram of the construction of an experimental OLED originally
proposed by Tang and VanSlyke (1987) using the electron transport and luminescent
molecule Alg; and the hole transport molecule TPD.
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using different electron transport/luminescent materials [4-9], stacking multiple layers of
organic materials for improved device engineering [10-17], doping of varied colored dyes
into the electron transport layer [18-24], and varying the hole transport material [25-31].
The aforementioned references are only representative of the extensive literature on
OLEDs. In addition, there has been extensive research on polymer based LEDs [32-42],
however the remainder of this work will be focused on small molecule devices.

Organic thin film transistors (OTFT) are another system where organic
semiconductor materials are being investigated [43-53]. An example of an experimental
OTFT device is diagrammed in Fig. 1.2.A. This is a simple organic field effect transistor
where the organic film is vapor deposited or spin coated onto a heavily doped Si water
with a ~300 nm oxide layer. Gold source and drain contacts are evaporated on top of the
organic film. Under device operation, a negative potential is applied to the source contact
and a positive potential to the drain contact. The Si substrate acts as the gate electrode,
controlling current tflow through the organic film by increasing or decreasing the gate
bias [54]. The interfaces between the source or drain contacts and the organic
semiconductor film are crucial parameters that affect the charge injection rates and
voltage onsets of these types of devices. Figure 1.2.B is a detailed energy level diagram
of a Schottky contact [55], that is formed when a metal and semiconductor are brought
into contact. In the above OTFT device, the Schottky contact would occur at the

interface between the organic semiconductor film and the gold contacts.
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Fig. 1.2 A. Diagram of the construction of an experimental organic thin film field effect
transistor (FET). B. Detailed energy level diagram of a Schottky contact. For the organic
thin film transistor, this diagram would be relevant for the interface between the organic
semiconductor and the metallic source or drain contacts. Energy level diagram based on

diagram in M. Pope and C.E. Swenberg (1999).
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Figure 1.2.B diagrams the full effects of surface states, interface dipole potentials, and
band bending on the interface between a semiconductor and a metal. These effects will
be discussed in further detail below.

Literally hundreds of organic and organometallic molecules have been studied for
OLED and OTFT applications. A sampling of these molecules, primarily those
molecules studied in detail in subsequent chapters, is shown in Fig. 1.3. The one feature
that all organic electronic materials possess is a conjugated n-electron system at the core
of the molecule. This delocalization of electron orbitals gives the molecules the ability to
support positive or negative carriers, often leading to relatively high mobilities in the film
or single crystal. The molecules p-sexiphenyl and p-quaterphenyl are both poly-para-
phenylenes that are relatively efficient electron transport materials that have been
investigated in the literature [56-63]. Coronene and 3.4,9,10-perylenetetracarboxylic
dianhydride (PTCDA) are also transport materials that have also been investigated [63-
70]. Pentacene is an example of an organic thin film transistor material that has been of
considerable recent interest [46,53,71,72]. Metal quinolates and other organometallic
compounds have been explored for their electron transport and luminescent properties
(31].

Conductive polymers are also of interest for these types of devices, however there

are many difficulties in measuring the energy level alignment at interfaces with polymer
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Fig. 1.3: A sampling of molecules investigated for application in organic light emitting
devices and organic thin film transistors, including those that have been the focus of
research in the following chapters.
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materials. The small molecule films are built up via vacuum evaporation, allowing a high
degree of control over the film thickness as well as a means for growing very clean and
pure films. Polymer films need to be spin coated onto substrates from solution, which
limits the needed precise control of the film thickness. In fact, creating monolayer and
sub-monolayer films is virtually impossible. Furthermore, there are inherent
contaminants in polymer films that can severely hinder the ability to measure the energy
levels of the material of interest. These contaminants can be due to the solvent, residual
catalysts from the polymer synthesis, residual polymer precursors, and synthesis
byproducts. In this research, small molecules have been used exclusively for the
purposes of measuring the electronic behavior of the interfaces of organic films, and
staying within the boundaries in which the experimental procedure is feasible.

In all organic and polymer based electronic devices, there are a number of
fundamental and engineering issues that must continue to be explored in order to make
such devices commercially viable. These include modifying the materials for improved
electron and hole transport, optimizing the kinetics of time dependent carrier trapping and
detrapping, improving recombination and emission efficiencies, increasing molecular
stability and device lifetime, and understanding/optimizing interface effects and injection
barriers [45.73]. There is a strong need to understand the charge injection characteristics
from metallic electrodes into the organic film. For example, a very low work function

metal would be ideal for the cathode. Calcium, with a work function of 2.2 eV, would be
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the preterred material except for the fact that calcium oxidizes easily. It is necessary to
have a detailed understanding of the injection characteristics and chemical behavior of
the interface to be able to select an electrode material that allows for high injection
efficiency yet is chemically stable. The primary objective of this research has been to
elucidate the electronic properties of the interfaces in organic based electronic devices by
measuring the energy levels at the interfaces as well as investigate the morphology of
organic thin films on metal substrates.

This research focuses on the need to understand the electronic and morphological
properties of these organic interfaces. Ultimately, a thorough comprehension of the
intertaces can lead to better engineering of the previously mentioned devices. The
origins and measurement of the core-electron peak shifts and the attribution to band
bending and/or changes in the polarization environment will be discussed. These core
peak shifts are entirely attributed to band bending in the systems in Chapter 2, however as
measurements were done on additional systems, it was realized that polarization energies
and their effect on the charge screening environments needed to be further scrutinized.
This is done to some extent for the systems in Chapter 3, and more significantly in
Chapter 5 where the gold substrate allowed for a more thorough examination of possible
polarization induced shifts. There is a traditional assumption of a common vacuum level
(VL) at such intertaces, and the following chapters will verify the invalidity of this

assumption through the measurement of interfacial dipoles as well as discussions on
13
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some possible morphological and chemical contributions to interfacial dipoles. A further
understanding of intertacial dipoles and band bending will help gain insight on the
current-voltage behavior, charge injection characteristics, and efficiency of organic based
devices.

1.2 Background of Organic Based Electronic Materials

Many of the properties of organic semiconductor materials and conventional
inorganic semiconductors are similar. These include an increase in conductivity with
increasing temperature [55], and similar junction offset characteristics. One significant
difference is the conduction mechanism, explained as a carrier 'hopping' process instead
of band formation that occurs in bulk inorganic semiconductors.

In conventional inorganic semiconductors and metals, each atom has covalent or
metallic bonds, respectively, to each of its neighboring atoms forming what is viewed as
an infinite molecular lattice [74]. Energy bands are formed when there is an overlap of a
large number of atomic orbitals in the continuous solid leading to molecular orbitals that
are closely spaced in energy. Organic semiconductors consist of covalent bonds within
each molecule, however, they lack the covalent or metallic bonding over an infinite
molecular lattice. The molecules in an organic semiconductor crystal or film are
relatively closely packed though, leading to some overlap of their molecular
wavefunctions. The interaction between adjacent molecules leads to energy level

splitting. When the number of organic molecules on a 1 cm? film that is 100 nm thick
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can exceed a population of 10" cm®, the splitting of this number of energy levels leads to
the formation of energy bands. While the conduction mechanism in organic systems is
known to be more of a hopping process, there can (and should) be the formation of
valence/conduction bands or band-like energy levels in the organic materials. This may
not be an exact physical equivalent to band behavior in inorganic semiconductors, but
there is a lack of analogous nomenclature when referring specifically to organic systems.
Because there are many similarities in band-like behavior between organic and inorganic
systems, the concept of bands will be treated in a universal sense.

A feature that is relevant to organic and conventional inorganic materials as well
as metals is the concept of the Fermi level (E¢). For metals, the Fermi level is defined as
the energy where the probability of an electron occupying that state is 1/2 provided that
the temperature of the metal is 0 K [74). This population probability (P) of the energy
levels is based on the Fermi-Dirac distribution, a version of the Boltzman equation that

takes into account the Pauli exclusion principle:

1
P= (L.1)

This is not an exact equation for semiconductors, since the Fermi level lies in the gap
between the valence bands and conduction bands of the semiconductor. As a

consequence, there is a zero probability of an electron existing at the Fermi level energy
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in semiconductors. In the case of an intrinsic semiconductor where there is a negligible

presence of impurities, the Fermi level is defined as

g,=EctE KT [ ms (12)
2 4 \mM7P

where E. and E, are the energy levels of the conduction band and valence band
respectively, my, is the effective mass of the holes, m,, is the effective mass of the
electrons, and M. is the number of equivalent minima (of energy states) in the conduction
band [74]. When artificial impurities known as dopants, are implanted or infused into the
semiconductor to enhance the conductive properties, the position of the Fermi level will
depend on the density and type of these dopants.

To raise the Fermi level in inorganic semiconductors such as silicon, the
semiconductor is doped with n-type (negative carrier) dopants like phosphorus or arsenic
ions. To lower the Fermi level, the silicon can be doped with a p-type (positive carrier)
such as boron. Doping of the semiconductor may be accomplished by diffusion of a
molten form of the dopant element into the semiconductor matrix, or by ion implantation
via a beam of the ionized dopants accelerated up to several keV under an electric field
and embedded into the semiconductor.

There are several methods for adjusting the Fermi level in organic and polymer
systems. The first, like the inorganic systems, is the implantation of dopants into the

organic film (59,75-78]. By evaporating or diffusing in a trace amount of an alkali metal
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such as cesium, that will ionize to Cs* in the organic matrix leaving an extra electron in
the conduction band of the organic material leading to n-type conductivity. Likewise by
vaporizing a halogen such as molecular iodine, it will ionize to I' and depleting the
organic film of electrons leading to p-type or hole conductivity. These metal or halogen
dopants can effectively tune the Fermi level and dramatically increase the conductivity of
the organic material. A distinct disadvantage to metallic or halogen dopants is that these
charged species are not permanently bound in the organic lattice like in inorganic
semiconductors. Therefore, these dopants can diffuse through the organic matrix toward
the oppositely charged electrode under bias conditions thereby removing the dopants
tfrom the organic material.

Another way to adjust the Fermi level in an organic material is to modify the
chemistry of the molecules themselves. This can be accomplished by changing the
functional groups on the molecules [9,79-84]. It should be noted that in addition to
tuning the Fermi level, changing these methods of doping or modifying the functional
groups on the organic molecules can also raise or lower the positions of the HOMO and
LUMO of the molecule, which may or may not be the desired result. This may also
enhance or reduce the carrier mobilities and affect luminescent properties.

Two distinct electronic phenomena, that may occur at interfaces involving a
semiconductor material, are bending of the electronic energy bands and the formation of

an interface dipole. When two materials with different Fermi energies are brought into
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contact with each other, there is a thermodynamic drive toward Fermi level equilibration.
In the case of a metal-semiconductor interface (Fig. 1.4.A), a higher work function metal
is brought into contact with a semiconductor with a slightly lower work function value.
As the Fermi levels equilibrate, there will be a "pinning” of the valence and conduction
band edges at the interface, and the valence and conduction bands will bend as under the
induced potential energy field. This creates a Schottky type contact as shown in Fig.
1.4.B. The region where the band bending occurs is known as the space charge region.
The space charge region extends from a few tens of nanometers up to several microns
into the bulk of the material.

Figure 1.4.C shows a diagram of p-type (left) and n-type (right) semiconductors
being brought into contact with each other. Again, the Fermi levels will
thermodynamically equilibrate inducing an electric potential across the interface under
which bends the bands. This situation where two semiconductors are brought into
contact is known as a p-n junction (Fig. 1.4.D). When both sides of this p-n junction are
silicon, just differently doped, this creates what is known as a homojunction. If two
difterent base materials (e.g. those with different band gaps) are brought into contact, a
heterojunction is formed.

There is the question of whether a space charge field is really able to form in
organic materials. As previously mentioned, there is the presence of band-like energy

states in organic materials. However, in order for band bending to occur at an interface,
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Fig. 1.4: Diagram of "band bending" in a semiconductor material. In the top part, a
metal and a semiconductor (A.) with different Fermi energies are brought into contact.
The Fermi energies are thermodynamically brought into equilibrium creating a Schottky
contact (B.). In (C.) two semiconductors with different Fermi energies are brought into

contact forming a p-n junction (D.).
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stationary dopants or charges in the organic material are required to support the space
charge field. In inorganic semiconductors such as silicon, the dopants are covalently
bound in the silicon lattice forcing them to be stationary. But in organic films, both
electrons and holes are mobile, and impurity atoms or compounds are absent in these
films. Even if impurity atoms were present, they are not covalently bound to the
molecular solid, and therefore could have the ability to diffuse through the organic film
under an applied electric field. Furthermore, the magnitude of the band bending is
directly dependent on the concentration of the dopants as can be expressed by a general

form of the Poisson equation in relation to the band bending potential V,

d’V _-dE _-eN,

— = = 1.3
de dx £,€, (13

where e is the electronic charge, Ny is the dopant density, €, is the permittivity, and &, is
the dielectric constant of the organic medium. When V is integrated with respect to x,
and then setting x = d, as the width of the space charge region, the relation between

dopant density and band bending magnitude can be determined.

_ Nped]

= 1.4
2¢,€, (14)

[}

As will be discussed in later chapters, a dopant concentration >10"* dopants-cm™ is
needed to support a measurable ( 0.05 eV) space charge field. It is unlikely there is that

high a concentration of impurities in the organic film.
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Measuring the extent of band bending in an organic material is further
complicated by the method of the measurement. Band bending is usually determined
from the peak shifts of the core electrons measured using x-ray photoelectron
spectroscopy (XPS) as will be discussed below. The issue at hand is whether these core
level peak shifts are attributed to band bending or to other phenomena such as final state
screening shifts. Final state screening is always present in photoemission spectra. This is
a result of a polarizable medium surrounding the atom where the photoejected electron
originated that screens the remaining positive charge after the electron has been ejected.
This screening of the remaining positive charge lowers the effective ionization energy of
the photo-ejected electron. This is why the work function values and ionization
potentials of all materials in the solid phase have a lower value than the gas phase
ionization energy of an atom or molecule of that same material.

The ability of a medium to screen the remaining charge is dependent on the
polarization energy of that material, and is defined as the difference between the gas
phase and solid phase ionization potentials. The polarization energies of metals range
from 1.7 eV for aluminum to 5.9 eV for mercury while most organic compounds
generally have polarization energies from 1.6-3.0 eV, usually closer to the lower value
[85]. If the organic molecules had sufficiently low polarization energies, it could be
postulated that when measuring the photoelectron spectra, the remaining charges in first

monolayer of the film would be effectively screened by the more polarizable substrate.
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Then additional molecular layers deposited on top would be screened to a lesser degree
resulting in a shift of the photoelectron spectra to slightly higher binding energies
[85.86]. This exact effect was in fact observed in the photoelectron spectra of Xe
deposited on Pd(001) where a strong shift (> | eV) of the Xe 4d line was observed
between the tirst xenon monolayer and multilayer coverages [87].

Final state screening effects caused by changes in the polarizability of the medium
can cause shifts in the photoelectron spectra of the organic on metal interfaces that can be
confused with band bending related shifts. This then relates back to the question of
whether the formation of a space charge field (e.g. band bending) could really occur in
the organic material. To partially answer this question, it should be pointed out that band
bending related shifts, as determined using XPS, were observed in several
organic/organic interfaces where the polarization energies are very close in value [69].
For organic semiconductor on metal interfaces, this issue was addressed by Schlaf et. al.
[88) where it was determined that the polarizability of most organic molecules
investigated for OLED and thin film transistor purposes can be sufficient to screen the
holes resulting trom the photoemission process. Core-level peak shifts, due to changes in
polarization energies, would be expected to be more prevalent on substrates such as gold
where the polarization energy is substantially larger than that of the organic materials.

Part of this work involves trying to further address this issue and discuss the possible
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origins of these shifts (particularly in chapter 5) in the organic semiconductors as was
observed using photoelectron spectroscopy.

The Mott-Schottky model for interfaces predicts the magnitude of the injection
barrier by assuming alignment at the vacuum energy level according to the electron
affinity rule (EAR). However, as will be shown, the Mott-Schottky model is not
necessarily valid for many of these interfaces due to the formation of interfacial dipoles.
An interface dipole is a potential drop that occurs immediately (typically within one
atomic or molecular layer) at the interface between two different materials. The
magnitude of the interface dipole can range from 0 to greater than | eV. There are
several factors that may contribute to the formation of the interface dipole, all based on
surtace or interface states. The first contributing factor is charge transfer effect known as
a quantum dipole [89] (Fig. 1.5.A), where electrons are injected from one material into
the other. In the band diagram, this or any type of interface dipole is represented by a
step in the vacuum energy level (E,,.) as shown in Fig. 1.5.B. A polar molecule adsorbed
on a substrate leads to a permanent or molecular dipole (Fig. 1.5.C, and could also induce
an image charge (Fig. 1.5.D) if the substrate is metallic. Adsorbing a molecule on a
chemically reactive surface can induce a charge dipole at the interface (Fig. 1.5.E). There
can also be a surface rearrangement (Fig. 1.5.F), where a polarizable atom is adsorbed on
a metallic surface such as xenon adsorbed on palladium {87]. The dipole is attributed to

the tailing part of the metal's electronic cloud into the vacuum is pushed back by repulson
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Fig. 1.5: Factors that can lead to the formation of an interface dipole potential. Fig.
1.5.B. shows how an interface dipole is represented by a step in the vacuum energy level.
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with the electron cloud of the adsorbate leaving a positive charging effect on the vacuum
side [73].

The conventional belief was that the charge injection processes could be
understood by simply estimating the barrier height between the Fermi level of the metal
and the HOMO or LUMO of the organic material as done using the Mott-Schottky model
for interfaces. It has become very clear that this yields an inaccurate depiction of the
energetics of the interface. Modifications are needed to establish a more correct model of
these interfaces. As an example, it has recently been proposed by Baldo and Forrest [90]
that the rate limiting step in charge injection from a metal into an organometallic film is
the charge hopping out of the intertacial molecular sites whose energy distribution is
broadened by the intertacial dipole field. If thermionic emission over the metal/organic
semiconductor interface barrier were to describe the transport characteristics, the current
density J would be predicted by the Richardson-Schottky equation [74],

J = A* T exp[—(9; — JqF/4ne)/ k,T) (1.5)
where A* is the Richardson constant, ¢; is the injection barrier, q is the electronic charge,
F is the electric field, € is the organic permittivity, k; is Boltzmann's constant, and T is
the temperature. However, there are large discrepancies between this model and actual
current-voltage behavior of actual devices. The fits of the above equation to the

experimental data yields a Richardson constant that is ten orders of magnitude lower than
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would be expected for an electron in an organic medium. Also the curves do not obey
Arrhenius [exp(l1/k;T)] behavior below room temperature. It is clear that a modification
to this model to account for interface states is necessary to establish a more thorough
understanding of the charge injection processes at these interfaces.

Baldo and Forrest recently proposed [90] a model for the current density where

the limiting step is injection from the interface states into the bulk of the organic medium.

JE;) = —2L_ r | n(E\.E)R(E, - E, - agF)
PF (o PR

xexp[—%(%) JdE,dEF (1.6)

B
Here, a is the average intermolecular spacing, 65 is the width of the bulk charge
distribution, E, is the energy of the interfacial sites, Ej is the energy of the charge in the
bulk, and R(E; - E¢ ~ aqF) is the polaron hopping rate as a function of the energy
difference between adjacent hopping sites and the applied electric field [91,92]. A
polaron is a charge (electron or hole) coupled to a phonon on a molecule or within in a
molecular lattice and is suitable for describing charge states in an organic film [74]. The
charge density per unit energy at the interface is given by n(E, E¢) which was determined

by Fermi-Dirac statistics [90],

n(E.E;)= N[ f2zo, [—%(5” (1.7)

=eXp
1+exp|(E, - E;)/k,T] ;
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where N, is the density of the interfacial sites, and o; is the energetic distribution of the
sites in the first organic layer at the interface. This model is based upon a broad, dipole-
induced Gaussian distribution of energy sites located at the interface. The current-
voltage behavior as well a temperature dependence of several experimental devices more
closely matched this model than the Richardson-Schottky model, demonstrating that
charge injection from the dipole-induced interface states into the bulk of the organic film
is a crucial aspect the transport characteristics of organic based electronic devices. While
these results or similar models may be valid for certain organic interfaces, the
Richardson-Schottky equation may still be valid for other systems. Regardless, the
intertace dipole should be considered when trying to understand charge injection
characteristics. Results, such as that previously stated, reinforce the need to be able to
precisely measure the presence and magnitude of the interface dipole in order to further

understanding the behavior of organic based devices.

1.3 Experimental Procedure in Energy Level Alignment

All of our experiments were performed in an Omicron Multiprobe® ultra-
high vacuum (UHV) surface analysis system (Fig. 1.6). The commercial system was
equipped with an analysis chamber with capabilities for X-ray photoelectron
spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), Auger/scanning

Auger spectroscopy/microscopy (AES,SAM), residual gas analysis (RGA) mass

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Growth N\L/ Knudsen ceiis

Chamber = =1
QcM /l ;

Low Energy
Electron Diffraction

H ke . .
X-Ray }g e ‘ # Auger Electron
Photoelectron p%i: R Spectroscopy (AES)
Spectroscopy and SEM/SAM
(XPS) . )
Hemispherical
_ Electron Energy
=] Analyzer
Ultraviolet _
;:::::;::::yn {Variable Temperature
(UPS) Tuum;gg
Microscope
. ™
Secondary lon Mass (VT-STM'™)

Spectrometry (SIMS)
TM-Omicron Vakuumphysik GmbH

Fig. 1.6: Ultra-high vacuum (UHV) Omicron Multiprobe® surface analysis instrument.
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spectrometry that can also be used for temperature programmed desorption (TPD), and
scanning tunneling microscopy (STM); and a second chamber equipped with low energy
electron diffraction (LEED). The base pressure in both of these chambers is 5-10™"! mbar.

A home-built physical vapor deposition chamber was added on, attached to the
sample entry chamber. This chamber is equipped with a quartz crystal microbalance
(QCM), a sample heater, and home-built Knudsen-type sources. A diagram of the
deposition setup is shown in Figure 1.7. The organic material of interest is placed in a
boron nitride crucible that is wrapped with a resistively heated tungsten wire. A type-K
(Alumel/Chromel) thermocouple is inserted into a bored hole in the bottom of the
crucible. The Knudsen source is mounted on a UHYV electrical feedthrough flange that is
connected to a Eurotherm® temperature controller and a Sorensen® power supply. The
temperature of the source can be precisely controlled to within £1°C. A tantalum foil
shield with a S mm aperture is placed over the end of the source to help collimate the
molecular beam and to thermally shield the source. The QCM is mounted on a linear
motion device and can be moved into the path of the evaporating molecules where the
deposition rate of the organic film can be determined. The sample can be moved into the
path of the source mounted either on the magnetically coupled transfer rod, or placed into
the sample heater which is also mounted on a linear motion translator. In most of our

experiments, a deposition rate of 4A/min is established for precise control of the film
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Fig. 1.7: Deposition process: The organic compound is held in a boron nitride crucible
that is wrapped with a resistively heated tungsten wire and is mounted on a UHV flange.
The temperature is monitored with a thermocouple and controlled with a Eurotherm™

temperature controller that is connected to a power supply. A quartz crystal
microbalance (QCM) can be moved into the path of the source to monitor the deposition
rate.
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thickness at monolayer and sub-monolayer coverages. The base pressure of this chamber
is 1-10°® mbar.

Photoemission spectroscopy (PES) is an experimental technique used to
determine characteristic energies of the electrons in a sample. PES is based on the
photoelectric effect first explained by Einstein in 1906. The fundamental equation
behind photoemission spectroscopy is:

BE=hv-KE-¢ (1.8)
where BE is the characteristic binding energy of an electron in a given shell of a
particular atom. KE is the kinetic energy of the electron as measured by the
hemispherical electron energy analyzer, hv is the light source energy, and ¢ is the
characteristic work function of the analyzer. The binding energies of core electrons are
fairly well defined, however, they can be shifted by up to several eV depending on the
atom's oxidation state. chemical bonding, or any surrounding electric field potential. The
binding energy of the valence electrons, as measured with UPS, are attributed to the
highest occupied molecular orbitals or valence band structure of the material being
measured.

The "band-lineup" experiments, discussed in the following chapters, use PES to

probe the electron energy levels of the interface between two different materials. Details
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of the measurement process as applied to specific systems in subsequent chapters are
described below.

To specifically investigate the interface dipole phenomena and the possible
occurrence of band bending at the interfaces involving organic materials, it is necessary
to choose clean and essentially atomically flat substrates. The two substrates chosen for
the majority of these experiments are SnS, and highly oriented pyrolytic graphite
(HOPG). SnS, is a layered material with a repeating three-layer sandwich of the
chalcogenide sulfur at the top and bottom and the tin in the middle. The bonding within
each sandwich layer is covalent with ionic character, however the adjacent sandwich
layers are held together by weak van der Waals (VDW) forces. Figure 1.8.A shows a
cross sectional diagram of the layered structure of SnS,. The van der Waals plane bisects
each covalently bonded sheet. HOPG is also a layered material where each two-
dimensional layer consist of covalent sp* hybridized carbon. Adjacent layers of graphite
are also held together with VDW forces as shown in Fig. 1.8.B. One advantage of these
layered materials is that they can easily be cleaved, by peeling away the topmost layers,
exposing clean, atomically flat terraces up to several hundred nanometers wide. Surface
sulfur and carbon atoms have saturated bonding {93], and do not react chemically with
the deposited organic film.

The substrates were glued on to the sample holder using a conductive epoxy

(EPO-TEK® H20E) compatible with UHV applications. SnS, and HOPG are vacuum
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Fig. 1.8: Three substrates used in the experiments in the following chapters are the
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STM image in Fig. 1.8.C. shows the characteristic 22 x V3 reconstruction of the Au(111)
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cleaved using a metal foil (0.1 mm thick) glued onto the surface. The metal foil is bent
into an 'L’ shape then one face is glued onto the layered material surface using a standard
acrylic epoxy with the other face of the foil sticking perpendicular from the sample
surface. The foil then is knocked off using an adjacent transfer rod arm in the vacuum
system. Since the van der Waals forces between the layers of the substrate materials are
weaker than the bonding forces of the epoxies, the sample typically will cleave in the
middle of the layered material. This allows an atomically flat, freshly cleaved substrate
in the UHV without the presence of any significant ambient contaminants.

In addition to investigating the fundamentals aspects of band bending and
interface dipoles, a more practical system was also investigated. The focus here was on
the interface between pentacene and Au(ll1). As discussed above, pentacene single
crystals and thin films are known for having high carrier mobilities, and gold is
frequently used as the source and drain contacts in experimental thin film transistors. We
specifically chose the (111) surface of the gold for the purpose of having a well-defined
surface for which to study the electronic structure of the interface, as well as imaging the
morphology using scanning tunneling microscopy.

The Au(l11) surface may be prepared from cleaving along the (111) plane of a
single crystal of gold, or by annealing a vacuum evaporated gold film. In our
experiments, the vacuum evaporated gold method was used. A freshly cleaved piece of

mica (about 2 cm?) was mounted on a sample plate (Fig. 1.8.C) and subsequently heated
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to 350°C in the sample manipulator at 10™'° mbar for 24 hours to completely clean the
mica surface. The substrate was then placed in the deposition chamber sample heater and
heated to 300°C before and during the deposition of the gold. The gold was treated in
concentrated HNO; prior to placing it into a tungsten wire basket in the deposition
chamber. The tungsten wire basket was resistively heated at approximately 40 watts to
evaporate the gold onto the mica substrate. The resulting gold film (~1 um thick) was
then moved to the analysis chamber where several cycles of sputtering with the argon ion
gun (1 kV, 30 mA ion current, 15 minutes), followed by annealing for 30 minutes at
350°C yielded the clean Au(l11) surface. The quality of the Au(l11) surface was
verified using low energy electron diffraction, and from the 22 x V3 reconstruction
present in STM images as shown in Fig. 1.8.C.

After cleaving the layered material in the sample entry chamber, or preparation of
the metal film, the substrates are characterized in the analysis chamber using XPS and
UPS. XPS is used to determine the chemical purity and surface cleanliness as well as for
measuring the first spectra for the determination of the magnitude of the core-level peak
shifts. As previously stated, the core-level peak shifts could be attributed to band
bending, changes in the screening environment, or a combination of both. The UPS is
used to determine the work function and the band structure (Fermi edge or valence band)

of the substrate. At this point the position of the sample and He lamp are optimized to
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maximize the signal intensity and verify that the substrate spectra matches previously
published spectra [94,95].

After analysis of the energy levels of the substrate, the sample is moved into the
deposition chamber, where a very thin tilm of the organic smiconductor of typically 0.1
A (or about 5% of one monolayer) is deposited onto the substrate. The sample is then
moved back into the analysis chamber where the XPS and UPS measurements are
repeated. After this, the sample is moved back into the deposition chamber for deposition
of another 0.1 A to bring the total film thickness to approximately 0.2 A, then moved
back to the analysis chamber. This process is repeated, generally from twelve to fifteen
times, doubling the total film thickness each time. The final film thickness after the
twelve to fifteen steps in the experiment is usually between 250 A and 1000 A. The
purpose of building up to a relatively thick film is to establish a film thickness where the
occupied molecular orbital positions can be measured with a high degree of accuracy as
well as reach a point where flat band potential can be assumed. Care must be taken not to
build up too thick a film since sample charging could commence. Chapter 2 addresses
how sample charging is measured and then considered in the data evaluation procedure.

A diagram showing the potential energy wells typical of a molecular solid is
shown on the left side of Fig. 1.9, where the atomic nuclei in each molecule are defined
as the bottom of the wells. A molecular solid in these cases is defined as an organic

single crystal or an organic thin film where there is a lack of covalent bonding between
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Fig. 1.9: A potential energy well diagram for a molecular solid showing the core and
valence electron energy levels. X-ray photoelectron spectroscopy (XPS) is used to probe
the energy levels of the core electrons. Ultraviolet photoelectron spectroscopy (UPS) is
used to probe the energetics of the valence electrons yielding a quasi-density of states

of the valence electron energy distribution for the sample.
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the individual molecules. The primary intermolecular forces present are usually van der
Waals forces, however, other forces such as hydrogen bonding or dipole-dipole
interactions may be present in a number of these organic systems. The tops of the
potential energy wells are defined as the vacuum energy level. While the true definition
of the vacuum energy level V_ the energy of an isolated electron at rest in the vacuum (or
at infinite distance from the sample), the vacuum reference in PES is the energy of an
electron just outside the surface of the sample V,. As previously mentioned, this is
acceptable since we are interested in determining the energy levels relative to adjacent
layers in the samples and not relative to the energy of an electron at V_ [73]). The
ionization potential is the energy between the HOMO and the vacuum and the electron
affinity is the energy between the LUMO and the vacuum. Organic semiconductor
materials have an electronic band gap (E,) that is analogous to the optical absorption gap,
and is the difterence between the HOMO and LUMO. It is important to mention that this
optical absorption gap is not necessarily the same magnitude as the electronic band gap of
the material. This is primarily due to the large excitonic binding energy on the order of
0.5 eV, resulting in the measured optical gap being smaller than the actual electronic
band gap (55]. This, however, still allows a crude estimate of the LUMO position to be
made, and does not intertere with the primary investigations of band bending or

polarization induced shifts, and charge dipoles at the interfaces. The core electrons are
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deep down in the potential energy wells where the binding energies can range from
several tens up to many thousands of electronvolts.

In each of the measurement steps. the core-level energy positions of each of the
elements in both the substrate and organic overlayer are measured with XPS, as
diagramed in the example in the lower right part of Fig. 1.9. The x-ray source is a twin
anode source where either the Mg Ka source peak (hv = 1253.6 eV) or the Al Ka source
peak (hv = 1486.6 eV) can be selected. The valence electron (or highest occupied
molecular orbital) energy levels are probed with ultraviolet light using He I radiation
(21.21 eV) or He II radiation (40.81 eV). This light is generated from a differentially
pumped helium discharge lamp, where the He I light corresponds to the n = 1«2
transition in the Lyman series for the helium atom, and the He I light corresponds to the
first line of the Lyman series for the He* ion. The corresponding spectra yield a quasi-
density-ot-states diagram (upper right of Fig. 1.9) where the binding energies are
determined from equation (1.8). The objective of this procedure is to observe and
measure the changes in the photoelectron spectra measured right at the interface, within
the first monolayer of the organic film, and then follow the additional changes in the
photoelectron spectra as organic film is built up to establish bulk-like characteristics.

Evaluation of the data, as well as display of all the spectra and graphs, was

performed using Igor Pro® software by Wavemetrics Inc. The first feature measured is
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the core-level shifts as determined using XPS. These shifts are frequently attributed to
the amount of band bending occurring in the material, but could also be due to changes in
the polarization environment as the transition from substrate to overlayer occurs. To
evaluate these shifts, a unique element in the substrate, such as the Sn 3d peak in SnS,, is
typically selected and its binding energy is measured throughout the experiment [96].
The shift of this core-level binding energy between the vacuum cleaved substrate
[BE,...(sub.)] and that with a thick film deposited on top [BE,,.(sub.)] reflects the extent
of the core-level shifts (ACL(substrate)) in the substrate.

ACL(substrate) = BE, . (sub.) - BE,,_, (sub.) (1.9)
A unique element in the organic overlayer is also selected and the binding energy
position is determined at the first point where a Gaussian-Lorentzian curve can be fit to
the spectra. This is typically around 0.4 A thickness of the organic film. The binding
energy shift between this "thin film" peak [BE,,,(film)] and a thick film peak
[BE,..(film)] yields the change in the core-level position [ACL(film)] in the organic film.

ACL( film) = BE, . ( film) - BE,_,( film) (1.10)

The work tunction (®) of the sample is measured with UPS, and is evaluated by
subtracting the high binding energy cutoff (Eggec) of the inelastically scattered electrons
from the He I source energy (hv = 21.21 eV).

D =hV = Eypec (L.11)
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The magnitude of the sample work function is measured throughout the
experimental procedure, and the change of the work function (A®) between the vacuum
cleaved substrate (®,,,) and that of the thick film (&) is determined.

AP=0, -, (1.12)

This work function change is a result of both the magnitude of band bending or changes
in polarization energies and the interface dipole (eD) in the sample. Subtracting the core-
level shifts, as measured with XPS, from the total work function change yields the
magnitude of the intertace dipole.

eD = A® - [ACL(sub.)+ ACL( film)] (1.13)

The positions of the valence bands (VB) or highest occupied molecular orbitals
are determined from the low binding energy region of the UP-spectra. The lowest
binding energy peak cutoff determines the energy position of the VB or HOMO relative
to the Fermi level. The conduction band (CB), or lowest unoccupied molecular orbital
(LUMQ) cannot be directly measured with photoelectron spectroscopy [97]. The
position of the CB or LUMO can be estimated by incorporating the optical "band gap"
measured trom optical absorption spectroscopy, into the evaluation procedure. By
measuring each of these spectral shifts as a function of film thickness, a precise diagram

of the electronic energy levels at the interface can be obtained.
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Photoelectron spectroscopy generally yields measurements within + 0.1 eV of the
absolute value of the electron binding energy being probed. The source of the error
margins is generally attributed to slightly different properties of different electron
analyzers that are used to measure the kinetic energy of the electrons. In these
measurements of the energy levels at the interfaces, the values obtained of are based on
shifts of peak positions in the photoelectron spectra. Since the same experimental setup
is used for each of the measurement steps in an experiment the margin of error will be
smaller, typically on the order of + 0.03 eV relative error, due to offsets being subtracted
out. Generally an error margin between * 0.05 and 0.07 eV is assumed for the reported
values of the barrier heights, band bending magnitudes, and interfacial dipoles.

The procedure of using photoelectron spectroscopy to determine the energy level
offsets at organic interfaces, has been applied to a number of systems by several different
research groups. Some research has focused on organic/organic interfaces to measure the
energy level offsets at the all organic interface that would occur in a bilayer or multi-
layer device [98-102). There are some difficulties when using photoelectron
spectroscopy to measure the energy levels at the organic/organic interfaces. For instance,
the bottom organic film could exhibit a significant amount of surface roughness and
could lead to discrepancies in the measurement of the interfacial dipole. This can also

make it difficult to separate out the position of the HOMO for each of two organic layers,
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because the sampling depth of the photoelectrons in the UPS measurements is upwards of
three times the inelastic mean free path of the photoelectrons in the sample (5-20A)
[103]. Sample charging etfects also need to be considered if the organic materials being
investigated have a relatively low conductivity. Photoelectron spectroscopy is still an
effective technique for probing the energy levels of organic/organic interfaces provided
that the above mentioned considerations are taken into account.

Much of what determines device efficiency is governed by the charge injection
rates at the electrodes used to contact the organic materials. Therefore, a significant
amount of research has focused on the energy level alignment between an organic
semiconductor and a metallic or inorganic semiconductor electrode {104-111]. The
measurement of the energy levels and barriers at metal or inorganic interfaces can also
reduce some of the uncertainties present for the organic/organic interfaces. Aside from
the higher conductivity of these substrates (which reduces the possibility of sample
charging), very smooth or single crystal metals or inorganic semiconductors can be used
as the substrate. This insures a well-defined interface for very precise measurements of
the energy level offsets.

Some of these groups [98,102,104,105) have used variations of the technique
described above, but most measured the offsets using only UPS. Using UPS alone can
usually give a reasonable approximation of the barrier height for electron or hole

injection between two materials, however this neglects the degree of band bending

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



occurring near the interface, and/or may yield an inaccurate measurement of the
magnitude of the interface dipole. When looking at the interfaces of organic materials
where both components have similar Fermi levels, the presence of band bending is likely
to be negligible, therefore using UPS alone would suffice for the determination of the
energy level alignment for these interfaces. In addition, band bending may not occur in
all organic films but XPS should be done to verify whether or not band bending does
occur.

Another advantage of measuring the X-ray photoelectron spectra is the ability to
obtain an idea about the growth modes of the organic films. By comparing the peak
intensities of the core-spectra for the substrate and overlayer peaks as a function of the
film thickness, one can determine whether the film is depositing in a layer-by-layer
fashion, island-like growth, or a combination of these modes such as Stranski-Karastanov
growth [112]. Assessing the growth pattern of the films is included in the evaluation
procedures for each of the systems studied in this work.

There have been a limited number of publications where XPS measurement of
core-level peak shifts were incorporated into the measurement process [109,113,114].
Research in our group has addressed this measurement more extensively. In most of this
previous work, the core-level peak shifts were all assumed to be attributed to band
bending, and changes in polarization environments was only minimally discussed, even

though the origins of these peak shifts remains to be completely resolved. Peak shifts in
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some of the systems studied could very well be attributed to band bending, particularly
for the organic/organic interfaces where the polarization environments are likely to be
roughly the same. This may not be the case for the organic/inorganic or organic/metal
interfaces, however because band bending is assumed to be a possible origin of these
shitts in the published papers. The energy level alignment at the interface between Alg;,
and TPD, one of the more extensively studied systems for OLEDs, was measured using
XPS along with UPS [96]. In this case. a moderate amount of band bending (0.14 eV)
was measured in the Alqg, layer while a negligible amount (< 0.02 eV) was measured in
the TPD layer. Stronger band bending was observed in other organic/organic interfaces
such as that of 3,4,9.10 perylenetetracarboxylic dianhydride (PTCDA) on zinc
phthalocyanine (ZnPc) or chloroindium phthalocyanine (ClInPc) [69]. When PCTDA
was deposited onto the inorganic semiconductor SnS,, 0.75 eV of band bending was
observed in the PTCDA layer [70]. This was primarily due to a large difference between
the work functions of PTCDA (® = 4.26 eV) and SnS, (d = 5.09 eV).

There has also been a focus on organic/metal interfaces with particular emphasis
on the charge injection at these Schottky contacts. Measurements were performed on the
tris (8-hydroxyquinolinato) galllium (Gaq,)/Pt interface, which yielded strong band
bending (1.47 eV) in the organic film as well as a strong interface dipole (0.71 eV) [115].
This work also detailed the discrimination between sample charging and band bending

related shifts in the photoelectron spectra. The Gagq, is the gallium analog of the
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extensively used Alg; molecule. The purpose of using the gallium quinolate was that the
Ga core-level peaks in the XPS are much more intense than the Al core-level peaks, and
therefore much easier to track. Gaq, was also investigated for similar purposes on silver
and magnesium interfaces [116,117].

Many of these systems had chemical reactions occurring at the interfaces and/or
had a diffuse boundary between the two films. The procedure of energy level alignment
using photoelectron spectroscopy can usually measure the interfaces with a high degree
of accuracy, but interpretation of the origins of the peak shifts can often be cumbersome
especially with these complicated interfaces. It would be ideal to complement the
photoemission experiments with other surface science techniques to establish a more

thorough comprehension of the molecular and electronic properties of the interface.

1.4 Investigation of the Morphology of Organic Interfaces

To further understand the electronic behavior of organic semiconductor materials
at interface boundaries, morphological effects need to be considered. The orientation of
the organic molecules at interfaces may affect the magnitude of the charge injection
barriers as well as the interface dipoles. Molecular ordering at the interfaces can lead to
increased mobility of carriers through the organic material in this region.

Two techniques in our laboratory, intended to investigate the morphology of these

interfaces, are low energy electron diffraction (LEED), and scanning tunneling
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microscopy (STM). LEED is a diffraction technique where incident electrons from a
thoriated tungsten filament are impinged upon a sample surface and then diffracted back
towards a phosphorescent screen. The corresponding LEED pattern on the
phosphorescent screen is related to the surface structure and atomic/molecular
dimensions by Bragg's Law

nA = dsin@ (1.14)
where n is the dittraction order, d is the lattice spacing, 0 is the diffraction angle relative

to the surface normal, and A is the de Broglie wavelength of the incident electrons.

P N (1.15)

where h is Planck’s constant, m, is the electron mass, and KE is the kinetic energy of the
electrons. The primary difference between LEED and x-ray diffraction techniques is that
the incident electrons do not penetrate more than a few Angstroms into the sample, and
therefore LEED is significantly more surface sensitive. LEED was used to verify the
surface structure of the various substrates such as the (111) face of the gold [118]). The
organic materials did not yield a strong diftraction pattern, and in many cases were
damaged by the incident electron beam, therefore LEED was not used in determining the
orientation of the organic films relative to the substrates although many attempts to do so

were made.
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Scanning tunneling microscopy (STM) is a technique first invented by Binning
and Rohrer [119], where an atomically (or nearly atomically) sharp tip is held within
electron tunneling distance (several A) of the sample surface. When an appropriate bias,
usually between several tenths of a volt and several volts (of either + or — polarity on the
tip). is then applied between the tip and sample, electron tunneling is possible, provided
that the sample is not insulating. A simple diagram for one-dimensional tunneling in the
field emission regime from a metal in an external electric field is shown in Fig. 1.10A.
This is a highly simplified diagram just to show an electronic wavefunction as the
electron tunnels across a barrier (vacuum gap). There are a number of proposed models
for the tunneling mechanism in STM, each with some validity for various different
systems. The bottom line in each of these models is that the tunneling current between
the tip and sample exponentially depends on the tip-surface separation:

I o< exp(-2Ks) (1.16)
With x as the tunneling decay constant:

(2mo)*
h

(1.17)

where ¢ is the effective local potential barrier height, # is the Planck constant, and m is
the effective mass of the tunneling electron. In the three dimensional tunneling models
for STM, the matching of the wavefunctions across the interface becomes extremely

complicated due to effects such as different electronic density of states in the tip and/or
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graphical depiction of the surface topography for a single scan line.
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the sample or angle dependence of the tip wavefunction [93]). As a result, interpretation
of STM images can often be difficult when trying to separate electronic structure effects
from topographic features. Regardless, for the purposes of our experiments, STM is a
usetul tool for investigating local morphology of small molecules on surfaces.

Either the sample or the tip can be mounted on a piezo-electric tube for rastering
in the x and y directions to obtain a two-dimensional image of the sample surface. The
sample size that can be imaged with STM ranges from a few square nanometers up to
several hundred square microns. The tip, attached to a piezo-electric mount, is modulated
through a feedback loop (Fig. 1.10 B.) to maintain a constant tip to sample distance
throughout the scan. The STM tip may be made of a variety of materials, but DC
electrochemically etched tungsten (in 4M KOH) is used in experiments applied to this
research. The two primary modes in which STM functions are constant current, and
constant height. The constant current mode is the more commonly used method where
the tunneling current is set to a constant value, usually between 0.05 and 2 nanoamperes.
An electronic feedback mechanism measures the differential change in the tunneling
current and then adjust the tip piezo accordingly to maintain the tunneling current at the
preset value. This is shown schematically in Fig. 1.10.C. where the STM tip traces over
the topography of the sample surface. On the right is a graphical depiction of a single
scan line in the x direction of an STM image, where the z-scale or height is measured

from the motion of the tip piezo as adjusted to maintain constant tunneling current. In the
50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



constant height mode, the tip piezo is not adjusted and the corresponding image reflects
the changes in the tunneling current. Since the tunneling current is exponentially
dependent on the tip-to-sample distance, very subtle differences in the surface can be
detected with STM. Molecular resolution is commonly achieved, and atomic resolution
may be achieved with a clean sample surface, and a high quality tip. All of the STM
images presented in this work were scanned in the constant current mode.

The STM in our laboratory is an Omicron® variable temperature microscope. To
minimize vibrations, the STM base plate is suspended by four springs and equipped with
a mechanism for eddy current dampening. In addition, the entire UHV system is
mounted on air legs to further reduce mechanical vibrations, essential for achieving high-
resolution STM images.

In our experiments, thin films of an organic semiconductor material between sub-
monolayer and several monolayers are deposited onto the substrate surface then imaged
with scanning tunneling microscopy. The obtained STM images are a convolution of
topography and electronic state densities. There is frequently a bias dependence on the
optimal wnneling conditions, often attributed to the different electronic states of the
organic adsorbate. Molecular resolution images may be challenging to interpret since
they may show molecular orbitals that are different from the molecular structure. Once
molecular or atomic resolution is obtained in STM images, much insight about the spatial

orientation of the molecules relative to each other as well as the orientation with respect
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to the substrate can be deduced. The molecular orbital shapes of the organic compounds
can lead to variations in the ionization energy, electron affinity, and work function of a
molecular film depending on the orientation, when there is preferential molecular
ordering on the surface. This in turn would influence the magnitudes of the injection
barriers and charge injection behavior. Insight into the relationship between the
molecular structure and electronic properties may help explain the energy levels at these
interfaces. In addition, the understanding of how organic molecules are oriented on a
metallic surface is of fundamental interest to the field of surface science.

The combined experimental focus of both the energetics of organic semiconductor
interfaces, probed using photoelectron spectroscopy, and the morphology of the films,
probed primarily using scanning tunneling microscopy, will help develop a full 'picture’
of the chemical and physical phenomena at these interfaces.

A thorough understanding of the electronic and morphological properties at the
interfaces of organic electronic materials requires the utilization of multiple surface
science techniques. The advantage of having multiple techniques as well as the
deposition chamber included in a single ultra-high vacuum system is that different
properties of a single sample can be determined without ever breaking the vacuum. Itis
imperative that these properties be measured under UHV, since ambient conditions could
easily oxidize the organic films and/or contaminate the sample surface, either of which

could severely affect the accuracy of the measurements.
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As emphasized throughout this chapter, most of the following experiments are
focused on 'model’ interfaces with the objective of precisely determining the presence and
magnitudes of electron and hole injection barriers, band bending, and interfacial dipoles.
While some of these systems are not necessarily applicable to specific devices, detailed
measurements of the interfacial energetics can lead to a better understanding of the
underlying physical phenomena governing the behavior of organic based electronic

devices.
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Chapter 2: Investigation of band bending and charging phenomena in
frontier orbital alignment measurements of para-quaterphenyl thin

films grown on highly oriented pyrolytic graphite and SnS,

Published: P.G. Schroeder, M.W. Nelson, B.A. Parkinson, R. Schlaf, Surf. Sci. 459
(2000) p. 349-364

Abstract

Thin films of the polyparaphenylene (PPP) molecule para-quaterphenyl (p-4P)
were grown in ultra high vacuum in a multi-step growth procedure on in situ cleaved
highly oriented pyrolytic graphite (HOPG) and single crystals of the layered
semiconductor SnS,. Prior to growth and after each growth combined X-ray and
ultraviolet photoelectron spectroscopy (XPS,UPS) measurements were carried out to
determine the electronic structure of the interfaces. PPP organic interfaces are of interest
because of the emissive properties of PPP molecules and their potential use in organic
light emitting diodes and displays. The large difference between the SnS, and HOPG

work functions (SnS,: 5.38 eV; HOPG: 4.65 eV) allowed the quantitative examination of
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band bending occurring in the p-4P layer due to the equilibration of the substrate and p-
4P Fermi levels. The combination of UPS and XPS measurements allowed for separation
of band bending, charging, and interface dipole related shifts of the high binding energy
cutoft (secondary edge) of the UP-spectra which are needed for the precise determination
of the interface dipole and the highest occupied and lowest unoccupied molecular orbital

(HOMO, LUMO) alignment relative to the substrate electronic structure.

2.1 Introduction

Considerable interest in low molecular weight organic and polymeric semi-
conductor p-phenylenes has developed [1-10] since the initial demonstration of using
poly(para-phenylene) as the active layer in a blue light-emitting device [11]. In order to
tailor the devices to optimize performance characteristics such as onset voltages,
electron-hole pair formation and radiative recombination, device lifetime as well as
understanding the fundamental attributes and behavior of organic-semiconductor
heterojunctions, a thorough understanding of the interfacial electronic structure is
essential. The alignment of the highest occupied and lowest unoccupied molecular
orbitals (HOMO, LUMO) is especially of interest at organic interfaces since their
magnitude strongly affects the charge transfer across the interface.

This sparked considerable research efforts in recent years to determine the frontier

orbital alignment at organic interfaces [12-21]). In these experiments the energy level
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alignment at organic heterointerfaces is usually determined using ultraviolet
photoelectron spectroscopy (UPS) in combination with a multi-step growth procedure of
a thin film of one of the materials in contact on a substrate composed of the other. One of
the biggest challenges in such orbital line-up measurements is distinguishing between
interface dipole related shifts of the high binding energy cutoff of the He I UP-spectra
and shifts caused by other phenomena affecting the entire PE-spectrum including the high
binding energy cutoff. It was recently shown that band bending can be determined in
these organic systems with good precision by additional XPS measurements of core
levels of substrate and overlayer [22-26] which is an established technique in the field of
inorganic semiconductor interfaces [27-29]. It should be mentioned here that our use of
the expression "band bending” relates to this "inorganic origin" of the measurement
technique. The source of the observed band bending shifts in organic systems is not
clearly understood, yet. However, we chose to use the established inorganic terminology
since the observed phenomena are very similar to what is observed in inorganic systems
and due to a lack of a special "organic systems language”. Therefore, in the following
observed band bending effects in our measurements should be taken in this context.

When performing PES on organic interfaces, particular attention needs to be
given to the possible occurrence of charging artifacts and final state screening shifts [30]
that might be superimposed to the band bending related shifts. It was shown recently that

final state screening effects likely do not play a significant role in these measurements
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[25]. The results presented in this paper mainly focus on the development of band
bending and charging related shifts at organic interfaces. A simple way to distinguish
between band bending and charging related shifts is to compare experiments in which the
same organic material is deposited on substrates having different work functions. Since
charging of an organic semiconductor is mainly attributed to increasing film thickness,
experiments where charging occurs should yield similar shifts of the overlayer spectra
regardless of the substrate material. Band bending, though, depends on the work function
difference between substrate and overlayer materials. In other words, the larger the
difference of substrate and bulk overlayer work function the larger the expected band
bending.

Following these considerations we used SnS, and highly oriented pyrolytic
graphite (HOPG) as substrates with different work functions. Both substrates are layered
materials having a two-dimensional crystal structure composed of van der Waals bonded
sandwich layers. These properties result in a high chemical inertness and also allow the
preparation of non-reactive and atomically smooth interfaces [31,32]. This is important
for such model experiments since interface reactions and morphological effects would
also result in peak shifts superimposed to the band bending and interface dipole related
shifts. SnS, is a semiconductor being intrinsically n-type and having a work function of
around 5.3 eV. HOPG is a semi-metal having a work function of 4.65 eV. Since para-

quaterphenyl (p-4P) has a work function close to HOPG, the p-4P/HOPG interface
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should be nearly free of band bending while due to the different work functions of p-4P
and Sn§, strong band bending can be expected to develop across the p-4P/SnS, interface.
Our experiments also make use of XPS work function measurements in addition
to the standard UPS measurements. Since x-ray guns can be run at very low intensities,
the onset of charging phenomena in the UP-spectra can be pinpointed easily by
comparison between UPS and XPS values. This allows the determination of the
maximum film thickness still allowing UPS measurements without interference of

charging effects [26].

2.2 Experimental Details

The experiments were carried out in a commercial Omicron Multi-Probe ultrahigh
vacuum (UHV) apparatus (base pressure = 5'10""' mbar) equipped with XPS, UPS and a
VSW EA125 single channel hemispherical analyzer. The organic deposition chamber is
attached to the analysis chamber allowing the samples to be prepared in siru. The base
pressure of the growth chamber was 10° mbar. The SnS, crystal and HOPG were
cleaved in siru using a glued on metal foil, and subsequently characterized with XPS and
UPS prior to deposition. The p-4P films were grown by sublimation from a resistively
heated BN crucible. The source was held at 100°C for 12 hours prior to deposition to
remove residual gases and water vapor from the p-quaterphenyl. The p-4P films were

deposited at a growth rate of about 4A/s which was determined with a Leybold quartz
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crystal microbalance (QCM). The source temperature during growth was 126°C while
the substrates were kept at room temperature. After each growth step, the samples were
characterized in siru using XPS (MgKa, 50 eV pass energy) and UPS (Hel, 21.21 eV;
and Hell, 40.81 eV, 10 eV pass energy) in normal emission. A -5.00 V bias was applied
to the sample for the UPS measurements to separate sample and spectrometer high
binding energy cutoffs. The samples were mounted on a pedestal elevated 5 mm above
the sample plate to prevent stray electrons from the manipulator assembly interfering
with the UP-spectra [33]. The spectrometer was calibrated to yield the standard values
[34] of 75.13 eV for the Cu3p and 932.66 eV for the Cu2p,, emission lines on an Ar*
sputtered Cu sample. Binding energy zero was determined using the Fermi level position
of the Cu sample. The overall analyzer resolution was determined from the width of the
Cu Fermi edge (0.20 eV) as shown in Fig. 2.1. Therefore, work function and HOMO
cutoff positions determined from the high binding energy cutoffs and HOMO onsets of
UP-spectra were corrected for the analyzer broadening by adding 0.1 eV. XPS core level
peak positions were determined by a fitting routine given in Reference [35] using IGOR

Pro (Wavemetrics) data evaluation software.
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Fig. 2.1: Fermi Edge of an Ar* sputtered Cu sample measured with UPS (He I). The
width of the Fermi edge due to analyzer broadening was determined to be 0.2eV giving
an overall analyzer resolution of 0.leV.

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3 Results
2.3.1. p-quaterphenyl on SnS,

The p-4P film on the vacuum cleaved SnS, single crystal was grown in ten steps
starting at a nominal coverage of 0.5A up to the final coverage of 256A. The UP-spectra
measured with He I excitation are shown in Fig. 2.2. The schematic structure of p-4P is
shown as insert in the center part of the Figure. On the left the high binding energy
cutoff region of the spectra is shown normalized for better comparison. The graph on the
right shows the valence bands/HOMO region magnified. The corresponding spectra
measured with He II excitation are shown in Fig. 2.3. The bottom spectra of both figures
2.2 and 2.3 show the emissions from the clean vacuum cleaved SnS, substrate. The
position of the valence band maximum (VBM) of the SnS, substrate was determined
from these spectra by fitting a straight line into their low binding energy onsets and
determining the intercept with the binding energy axis. The intercept positions
determined are 2.21 eV for the case of the He I spectrum and 2.33 eV for the He II
spectrum after adding 0.1 eV to account for the analyzer broadening. In the following
band/orbital line-up determination the average between both values (2.27 eV) will be
used as VBM position.

The upper spectra in Figs. 2.2 and 2.3 were taken after each subsequent p-4P

growth step. Development of the p-4P molecular orbital structure is evident in both the
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Fig. 2.2: Hel UP-spectra of p-4P grown on SnS,. The bottom spectra show the vacuum
cleaved substrate, while each subsequent growth step is shown above. On the left the
high binding energy cutoff is shown normalized. The right part of the figure shows the
magnified spectral range in which the p-4P HOMO is located. The insert in the center
part shows the schematic structure of p-4P.
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Fig. 2.3: Hell UP-spectra of p-4P on SnS,.
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He I and He II spectra as the spectral features of the SnS, substrate are attenuated with
increasing p-4P coverage. The different spectral shape of the He II spectra is mainly
caused by a weaker influence of final state effects caused by the higher photon energy
[36]. and possibly (to a lesser extent) by the different photoionization cross-sections of
the C2s and C2p related features of the p-4P valence bands. The photoionization cross-
sections ratios between 2s and 2p states are (.2 and 0.7 for He I and He II while
amounting to 18 and 66 for Mg Ko and Al Ka excitation energies [37). This was used to
explain the strong intensity differences between UPS and XPS spectra of sexiphenyl
valence bands [38]. The cross-section influence when comparing our He I 10 He II
spectra can expected to be much weaker due to the much smaller photoionization cross-
section ratio difference. Furthermore, if cross-section etfects played a significant role in
our experiments the C 2p-related peaks close to the Fermi edge should appear weaker
than lower lying C 2s-related peaks when measured with He II excitation compared to He
I spectra (compare Ref. [39] for the assignment of the observed UPS peaks). Instead, our
results show the opposite supporting the final state effects interpretation.

In addition to the above effects, both He I and He II spectra change shape and
shift to higher binding energy as the film thickness increases. The shifts at higher
coverages are partially caused by both the development of band bending and by charging
artifacts. The spectra of the last three growth steps allow the identification of the weak

HOMO feature between 1.8 and 2 eV binding energy. Owing to the onset of charging
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phenomena at coverages higher than 64A (see Section 2.3.2), the 64A spectra were used
for the determination of the HOMO cutoff position. This procedure is shown in Fig. 2.4
containing the magnified HOMO features of the He I and He II 64 A-spectra (after
background removal [40]) including the fitted lines shifted by the analyzer broadening of
0.1 eV. Determination of the intercepts with the x-axis yields 1.60 eV for the He I and
1.71 eV for the He II HOMO cutoff positions. As can be seen in Fig. 2.4, the HOMO
shape in the He II spectrum is much more pronounced than in the He I. The He II cutoff
position was therefore used in this evaluation of the orbital line-up to determine the
HOMO position.

In order to determine the HOMO cutoff position right at the interface, the band
bending that occurs across the junction must be included in the evaluation. The band
bending is measured from XPS core level spectral shifts. A detailed description of the
orbital line-up evaluation procedure can be found in Refs. [22,23]. The relevant core
level XP-spectra of the system are shown in Fig. 2.5. The SnS, substrate related Sn 3d
line is shown on the left and the p-4P-related C 1s line is on the right. The Sn 3d line
becomes attenuated as the p-4P coverage increases but is not fully suppressed at the final
256 A coverage. This indicates mainly island or cluster shaped growth of the p-4P layer
in comparison to other experiments where good layer by layer growth could be assumed
[23]. The C Is peak appears after the first deposition step and strongly increases as the

film becomes thicker. While the Sn 3d peak remains at its initial position (486.85+0.03
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Fig. 2.4: Determination of the HOMO cutoff position from the background removed 64A

p-4P He I (top) and He II (bottom) spectra. The fitted lines are shifted to account for the
analyzer resolution.
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¢V) throughout the experiment indicating that no band bending occurs in the SnS, crystal,
the C Is peak shifts to higher binding energy at higher coverages. The C 1s peak starts
out at 283.97+0.03eV which represents the average of the 1, 2 and 4 A peak positions
which remain at a constant position (the 0.5 A spectrum at 283.92 eV was dismissed due
to its very low signal-to-noise ratio). This peak then shifts to 284.25 eV at 64 A and
finally to 285.45 eV at 256 A film thickness. From this shift, the band bending at 64 A
tilm thickness determined to be
V,(64A p-4P) = 284.25¢V - 283.97¢V = 0.28eV

We need to point out that the real value might be somewhat smaller, since at 64 A
the band bending is not completely developed yet, i.e. the peak consists of contributions
from regions of lesser band bending than the surface of the 64 A layer. Owing to island
growth mode of the layers the influence of this effect is difficult to quantify. The work
function of the p-4P film after each deposition step was determined by subtracting the
high binding energy cutoff positions from the He I energy (21.21 eV). A significant
change in the work function is measured as the p-4P emissions dominate the spectra at
thicker coverage. The initial work function of the clean SnS, substrate amounts to 5.38
eV. At 64 A p-4P coverage the work function decreases to 4.88 eV (corresponding to
0.50 eV change) and then further to 4.57 eV at 256 A. Fig. 2.6 shows both the work
function change and the shift of the Cls peak relative to its first occurrence at 0.5 A

versus the p-4P coverage. Both the curves are aligned at their 64 A points to graphically
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Fig. 2.5: Core level spectra of the Cls (right) and Sn3d (left) peaks for the p-4P on SnS,
band lineup. A shift attributed to band bending is clearly visible in the Cls spectra while
virtually no shift is detected in the Sn3d indicating that band bending in this
heterojunction almost solely occurs in the organic layer.
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demonstrate the occurrence of the interface dipole eD, corresponding to the difference
between total band bending V, (determined from the C Is shift) and total work function
change (determined from the high binding energy cutoff shift). This results from ihe fact
that the high binding energy cutoff shift is caused by interface dipole and band bending
while core level peak shifts are only band bending related (if chemical interface reactions
and final state shifts can be excluded which is probably the case in this system [25]).
More details regarding this evaluation method can be found in Refs. [23,26]. Comparing
the starting points of the two curves in Fig. 2.6 it is evident that the total work function
change exceeds the C 1s shift between clean substrate and 64 A overlayer. The interface
dipole eD is the difference between total work function change and total C 1s shift,
provided that charging related shifts can be avoided. This was accomplished by aligning
two curves (Fig. 2.6) at the highest coverage where charging artifacts can still be safely
dismissed, which was determined to be at 64 A thickness for this system. This way, the
dipole can be determined directly from the graph as the difference between the starting
points of both curves amounting to
eD =0.50eV - 0.28eV = 0.22eV

The offset between the SnS, VBM and the HOMO cutoff of the p-4P layer can
now be determined by subtracting the initial SnS, VBM position (2.27 eV) and the band
bending related shifts (0.28 eV) from the HOMO cutoff of the p-4P at 64 A (1.71 eV)
giving
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Fig. 2.6: p-4P on SnS,: Comparison between Cls shift (open symbols) and work function
change (solid symbols). Both curves are aligned at the 64A point which is considered to
be the last one without charging shifts in the UP-spectra. The difference between the
starting points of the curves corresponds to the interface dipole eD related part of the
work function change.
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AHOMO,,, = 1.71eV - 2.27eV - 0.28eV =-0.84¢eV.
The negative value here indicates that the HOMO cutoff of the p-4P is at a lower binding
energy than the VBM of the SnS..

The LUMO positions of the substrate and overlayer cannot be directly measured
with UPS, but can be estimated by subtracting the difference of the known optical gaps of
the materials from the AHOMO cutoff. The value used for the SnS, was 2.18 ¢V which
is an average of the optical absorption measurements given in Ref. [29] and references
therein. The HOMO/LUMO gap of the p-4P was determined to be 4.43 eV based on
optical absorption measurements{4]. Due to the large excitonic binding energies in
organic materials which can be of the order of 0.5 eV or larger {41] this value can only be
regarded as a crude estimate giving a lower limit for the "electronic” band gap. Using the
optical gap, the resulting barrier between the LUMO of the p-4P and the conduction band
maximum (CBM) of SnS, was determined to be
ALUMO, .« = -0.84eV - 4.43eV +2.18¢V =-3.09V.

The determined electronic structure of the SnS./p-4P interface is shown
schematically in the top part of Fig. 2.7. The ionization energy E,, of p-4P was
calculated by adding HOMO cutoft position (1.71 eV) to the work function (4.88 eV) of

the 64 A layer of the SnS, experiment yielding E,.,= 6.59 eV. Using the VBM position of
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the clean SnS, substrate (2.27 eV) and its work function (5.38 eV) E,,, of the SnS, sample
was determined to be 7.65eV. This value differs somewhat from earlier reported
numbers [23] which is probably related to the still experimental stage of SnS, crystal
growth resulting in varying crystal quality. The considerably smaller value of 7.14 eV
that is reported in Ref. [29] is a result of a different high binding energy cutoff evaluation
procedure that did not take the analyzer broadening (about 0.3 eV) into account.

With regard to measurement errors it should be noted that often an error margin of
about £0.1 eV is assigned to photoemission measurements. This error margin refers to
the determination of the absolure values for ionization energy, work function and core
level peaks. The source for these errors is easily located in the case of the position
determination of UP-spectra-related cutoff features (HOMO and high binding energy
cutoffs). The evaluation of these features strongly depends on the way the lines are fitted
into the edges. XPS core-level peak positions, however, can be determined very
accurately owing to the well-defined peak shapes in combination with very precise peak
fitting procedures. We estimate that for the case of good signal to noise ratio, errors in
peak positions can be +£0.03 eV. Therefore, the main source of errors in absolute XPS
peak positions results more iikely from mis-calibration of the electron analyzers. Since
for the determination of orbital offsets, band bending and interface dipole only
differences of absolute energy values are used, the errors that have to be considered for

these quantities are probably much smaller. This results from the fact that the UPS
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Fig. 2.7: Schematic of the electronic structure of the p-quaterphenyl/SnS, (top) and the p-
quaterphenyVHOPG (bottom) interfaces at 64A p-4P layer thickness as determined from
the PES measurements.
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cutoffs most likely all deviate by the same values since the same evaluation procedure is
used for all of them. Also, XPS peaks monitored during a growth sequence will be
shifted by the same values throughout the experiment. Therefore, we believe that that the
overall measurement errors in orbital offsets and interface dipoles are in the range of

about £0.05¢V.

2.3.2. p-quaterphenyl on HOPG

On HOPG the p-4P film was grown in 12 steps starting at 0.2 A nominal coverage
to a final film thickness of 512 A. Figs. 2.8 and 2.9 show the He I and He II UP-spectra
before and during the growth session. The VBM/HOMO and the high binding energy
cutoff regions of the He I spectra are shown in more detail in the right and left portions of
Fig. 2.8 respectively. The high binding energy cutoff spectra are shown normalized. The
bottom spectra of both Figures show the HOPG substrate atter cleavage in vacuum. The
He I substrate spectrum has only two distinct features being the strong conduction band
related peak at 13.5 eV and the weak valence band feature at about 2.5-3 eV. The He I
spectrum shows a broad valence bands related peak at about 6.5 eV. After deposition of
the p-4P layers these features become attenuated, while the molecular orbital emissions
of the p-4P start to dominate the spectra. Comparison of the spectral shapes of the He 1
and He II spectra with the corresponding spectra of the SnS,/p-4P sequence reveals some

intensity and shape differences between spectra of comparable layer thickness. At lower
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Fig. 2.8: Hel UP-spectra of the p-4P growth sequence on HOPG. Center: Full spectra.
Left: High binding energy cutoff normalized. Right: Magnified region of the UP-spectra
where the p-4P HOMO appears at increasing p-4P layer thickness. The bottom spectra
show the vacuum cleaved HOPG substrate. The spectra above were taken after each p-

4P growth step.
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Fig. 2.9: Hell UP-spectra of p-4P on HOPG.
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Fig. 2.10: p-4P on HOPG: XPS high binding energy cutoff. Comparison with the UPS
high binding energy cutoff spectra show the onset of charging phenomena after the 64A
growth step in the UP-spectra.
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coverages this is related to the different spectral shape of the substrate electronic structure
and possibly also to a differing electronic interaction between substrate and over-layer.
At higher film coverage this might be related to an earlier onset of charging phenomena
due to more pronounced island growth for the case of the HOPG substrate (see below).

In order to determine the p-4P layer thickness at which charging artifacts start
becoming significant we measured the high binding energy cutoff of the XP-spectra with
retracted x-ray gun (to lower the photon flux) [26]. These spectra are shown in Fig. 2.10.
Comparison with the high binding energy cutoff of the UP-spectra (Fig. 2.8, left) shows
that the shifts of the XP-cutoff shift less at higher coverages than the corresponding UP-
cutoffs. Fig. 2.11 compares the work function values derived from both sets of spectra
versus the p-4P layer thickness. The work function values were determined by
subtracting the high binding energy cutoff position from the He [ excitation energy (21.21
eV) and adding 0.1 eV to compensate for the analyzer broadening. The work function of
HOPG was determined to be 4.65 eV. The insert shows the 0-60 A coverage range
magnified demonstrating the close agreement between XPS- and UPS-derived work
functions. Starting at 128 A the curves deviate significantly indicating the onset of
charging shifts in the UP-spectra. Therefore, the 64 A spectra were chosen for the
determination of the electronic structure of both interfaces.

In the XP-spectra the C ls peaks of both HOPG and p-4P strongly overlap (see

below) while no other elemental peaks are available which would allow for
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Fig. 2.11: Top: Work function change as a function of p-4P layer thickness. Both XPS
(square symbols) and UPS (round symbols) derived values are plotted. The insert shows
the 0 to 64A range in more detail. It is evident that both curves start to deviate at p-4P
layer thickness exceeding 64A indicating the onset of charging phenomena in the UP-
spectra.
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Fig. 2.12: UPS He I HOPG conduction band related peak at 13.5¢V. Even at 512A the
peak is still visible indicating cluster growth mode.
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distinguishing between substrate and over-layer emission intensity. As a result, the only
spectral feature allowing an estimation of the growth mode of p-4P on HOPG is the
conduction band-related UPS peak at 13.7 eV. This peak is shown in Fig. 2.12 after the
background was removed by fitting a third-order polynomial into the surrounding
spectral area. It is clear that this peak becomes only partially attenuated as the p-4P
thickness increases which indicates that the p-4P film grew in a pronounced island
growth mode. In a comparable experiment where a chloroindium phthalocyanine
(ClInPc) film was grown on HOPG ([25], this peak was completely suppressed between
the 64 A and 128 A growth steps. It is well known that phthalocyanines grow epitaxially
on layered materials in a layer-by-layer fashion [42-44).

Since the charging effects cause a blurred shape of the 64 A and higher UP-
spectra, the weak HOMO peak cannot be identified very clearly. Only a weak shoulder
seems to appear in both the He I and He II spectra, which cannot be evaluated with high
accuracy. This complicates the determination of the orbital line-up at the interface. The
unchanged position of the high binding energy cutoff between clean substrate and the 64
A p-4P layer shows, however, that no interface dipole occurs at this interface. It is
possible to circumvent the charging problem by using the ionization energy E,, of p-4P
as determined from the p-4P on SnS, experiment (6.59 eV). Using E, ., Schotiky's rule
can be applied to calculate the hole injection barrier ®,, (HOMO offset) relative to the

Fermi level of the HOPG by aligning HOPG and p-4P at the vacuum level. Using the
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HOPG work function of 4.65eV, ®,, is then determined by subtracting the HOPG work
function from E;_, yielding ®,, =1.94eV.

The position of the electron injection barrier (LUMO offset relative to HOPG
Fermi level) is estimated by subtracting the optical gap of p-4P (4.43 eV) from &,,,
yielding &, = 1.94-4.43eV=-2.49eV.

In order to draw the final picture of the p-4P/HOPG electronic structure the
amount of band bending in the p-4P layer needs to be determined. Fig. 2.13 shows the
XP-spectra of the C s peak during the growth series. This peak remains at a constant
position throughout the experiment, indicating that the C 1s positions of HOPG and the
p-4P layer are at similar positions and that no significant band bending occurs as the layer
grows thicker. However, from the evolution of the UP-spectra it can be deduced that
some weak band bending occurred at the interface. The insert in Fig. 2.11 shows the
evolution of the work function of the growth steps up to 64 A. It is evident that only a
weak gradual shift occurs which amounts to about 0.05 eV. This shift coincides with the
slight shift of the peaked feature at about 3.6 eV of the He II spectra (Fig. 2.9).
Therefore, we can conclude that 0.05 eV band bending developed in the 64 A layer. The
schematic on the bottom of Fig. 2.7 summarizes the determined electronic structure of the

p-4P/HOPG interface.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



intensity [arb. units]

288 286 284 282 280

binding energy [eV]

Fig. 2.13: p-4P on HOPG: Evolution of the Cls XPS core level peak as the p-4P layer

grows thicker. The stable position of the peak indicates that no significant band bending
occurs at this interface.
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Fig. 2.14: Comparison of the Cls peak positions of the HOPG and the SnS, experiments.
[t is evident from the curves that at the SnS, interface strong band bending occurs. As the
p-4P layer on SnS, grows thicker the Cls position converges with the nearly constant Cls
position measured on the HOPG substrate. This demonstrates that the detected shifts are
band bending related.
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2.4 Discussion

The positions of the C 1s peak of both the p-4P on HOPG and SnS, experiments
relative to the p-4P layer thickness are shown in Fig. 2.14. Although the peak remains at
a constant position during the experiment on HOPG, it starts out at about 0.5 eV lower
binding energy in the case of the SnS, experiment. As the p-4P layer grows thicker the
SnS, position converges with the HOPG. This is exactly what is expected when the shifts
are band bending related. The large work function of the SnS, crystal will cause the p-4P
electronic structure to align at lower binding energy right at the interface (closer to the
Fermi level) than in the case of HOPG. This causes the C 1s peak of the thin p-4P layers
on SnS, to appear at lower binding energy (see Fig. 2.7). As the p-4P layer grows thick
enough to develop a sufficiently large space charge region to compensate for the initial
Fermi level difference (contact potential), it will start to assume its own bulk Fermi level
position that is independent of the substrate. This clearly demonstrates that band bending
is responsible for the strong C Is shift observed.

Regarding the reasons for the band bending effects observed we can only
speculate so far that the doping of the layers either occurs due to trace impurities in the
organic material or due to X-ray/UV radiation created defects which act as dopants. PES
is not sensitive enough to detect the minute stoichiometric changes or extremely low
concentration of impurities sufficient to cause significant doping effects. It is also

possible that charged species within the organic material diffuse to equilibrate the
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substrate and over-layer Fermi levels similar to what is assumed to be the cause for band
bending effects observed in systems involving thin LiF layers [45).

The curves in Fig. 2.14 also demonstrate that no charging effects occurred in the
XPS core-level peak measurements. Otherwise, similarly strong C 1s shifts should have
been observed in both experiments. However, our experiments clearly indicate that in
UPS measurements charging occurs. The additional XPS work function measurements of
the HOPG experiment (compare Figs. 2.10 and 2.11) show that the UPS and XPS high
binding energy cutoff positions start to deviate after the p-4P layer thickness exceeds 64
A. The significantly higher binding energies of the UPS cutoffs at high coverages show
that charging occurred during these measurements. The reason for the charging shifts
during UPS measurements is a result of the magnitudes higher photon flux of the UV
source compared to that of the x-ray gun used for XPS. This makes the additional XPS
(low intensity) work function measurements an ideal ‘probe’ for the onset of charging
phenomena in UP-spectra. However, we need to point out here, that even the low
intensity XPS work function measurements still cause some charging shifts at the highest
coverages. From Fig. 2.14 it is evident that the Cls peak does not shift significantly
between the 128 and 512 A layers of the HOPG experiment while the XPS work function
decreases by about 0.12 eV. This can be explained by the fact that during the XPS work
function measurements, the x-ray gun is operated about 5 cm away from the sample in its

retracted position, whereas during core level peak measurements the gun is located as
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close to the sample as possible to get maximum intensity. It is well known that standard
non-monochromatic x-ray sources, such as the one used in these experiments, produce
their ‘own’ secondary electrons due to photoemission processes in the Al Bremsstrahlung
filter and in the nozzle of the gun [46]. These low energy electrons cause the end of the
X-ray gun to act as an intrinsic flood gun that replenishes the photo-emitted electrons of
the sample, reducing charging effects. The reason that the XPS work function
measurements need to be carried out with retracted gun lies in the presence of these
electrons. Since a -5 V bias potential is applied to the sample during work function
measurements, the secondary electrons from a x-ray gun that is close to the sample are
also attracted into the analyzer. This would result in erroneous work function
measurements (i.e. the high binding energy cutoff of the gun assembly materials would
be superimposed on the sample cutoft). Retraction solves the problem, since only an
insignificant amount of these electrons reaches the analyzer (and sample). Tests on a
variety of clean metal substrates showed that the XPS and UPS high binding energy
cutoffs coincide within 0.05 eV accuracy if the x-ray gun is operated at 5 cm distance
[47).

Comparing the orbital line-up of the HOPG with the SnS, interface shows another
significant difference besides the occurrence of band bending. The SnS, interface shows
a small 0.22 eV interface dipole offsetting the p-4P orbitals relative to the SnS, bands

while they align directly at the vacuum level without a dipole at the HOPG interface.
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The reason for this probably lies in the different electronic interaction of p-4P with
HOPG and SnS.. In the case of SnS,, recent results on heterojunctions [29,48] between
layered semiconductors similar to SnS, suggest that the small dipole might be a result of
the occurrence of a quantum dipole due to tunneling of carriers across the large
orbital/band offsets of this interface. A similar experiment at the SnS, and PTCDA
interface (23], which has much smaller orbital offset than the p-4P interface, concluded
that this interface is dipole free. This would support the quantum dipole explanation
since quantum dipoles depend on the magnitude of the band offsets at semiconductor
heterojunctions. The absence of such a dipole at the HOPG/p-4P interface can possibly
be related to the strong similarities in the chemical nature of HOPG and a p-quaterphenyl
film which are probably responsible for the very similar work functions and C ls peak
positions. Interface dipoles are the direct result of localized charge transfer at the
interface. In the absence of structural effects or reactions, an interface between similar
materials should therefore have only insignificant dipoles.

Some more evidence for the different types of interaction at both of the interfaces
can be found in the spectral shapes of the UP-spectra. At higher coverages the thick film
spectra of both systems closely resemble the UP-spectra of the slightly larger PPP
oligomer p-sexiphenyl (p-6P) [49]. These spectra also correspond well to the density
functional theory simulated UP-spectra of p-6P [3]. At low p-4P film coverage (0.2-16

A), significant differences from the above experiments are observed (primarily in the He
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Il spectra). On HOPG a very distinct sharp peak develops at about 3.5 eV. This peak is
not present in series on SnS,, but here a similar feature develops at about 9.8 eV (see Fig.
3) and then blends into the adjacent valence band peak towards lower binding energy as
the p-4P layer grows thicker. The locations of both of these features correspond to
energetic regions of the substrate band structures where the density of states (DOS) is
vanishing in normal direction to the crystal surface (A direction of the hexagonal
Brillouin zone of the crystals) [50,51]. This allows the assumption that a similar effect
takes place in the p-4P layers as was observed in the case of ultrathin InSe layers grown
epitaxially on HOPG [51]. Owing to the lack of overlap with the substrate DOS at the
two locations, the molecular states of the p-4P molecules are not broadened by chemical
interaction with the substrate. The p-4P molecules do retain their molecular states as
long as the layer is thin enough to prevent the broadening caused by intermolecular
interaction. As the films reach a certain thickness the bulk electronic structure of p-4P
develops becoming independent of the substrate DOS. To determine conclusively
whether these features are true molecular states, experiments on well ordered films using
synchrotron radiation allowing the measurement of the band dispersion would need to be
conducted.

It is difficult to compare the p-4P growth modes between the two systems. While
the Sn§, substrate offers the Sn or S peaks to be compared with the solely p-4P related

Cls peak, the p-4P/HOPG system only allows an estimation using the p-4P thickness
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dependent attenuation of the HOPG conduction band (CB) feature of the Hel UP-spectra
(Fig. 2.12). In the case of the SnS./p-4P system. the comparison of the Cls and Sn3d
peak intensities vs. the p-4P layer thickness allows the conclusion that Stranski-
Krastanov growth occurs in these systems [52]. The top graph of Fig. 2.15 shows that
during the very first growth steps the intensity of the Cls peak decreases very fast while a
similar steep decrease of the Sn 3d peak is noted. Then the slope of the intensity curves
decreases for both peaks. This indicates that the p-4P layer grows at first as a flat layer
leading to the fast intensity change observed in the beginning while the following layers
grow in a clustered fashion resulting in a slower intensity change since less surface area
is covered per deposited amount of p-4P. These results are consistent with observations
made at p-4P layers deposited on KCl1 (001) surtaces [4]. It is important to point out that
the interaction between KCl and p-4P is probably differs considerably from the
investigated layered materials interfaces due to the ionic and three-dimensional character
of KCL

The bottom graph in Fig. 2.15 shows the comparison of the Sn 3d and the HOPG
CB peak normalized intensities indicating differences between the growth modes. As is
evident from Fig. 2.12 the first two HOPG CB spectra have somewhat lower intensities
than the third one (probably caused by slightly differing operation conditions of the UV
lamp). Therefore, we did not use these first two spectra but instead normalized the

HOPG curve on the third one. In order to compare the Sn 3d with the HOPG curve with
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Fig. 2.15: Top: SnS./p-4P interface: Cross section corrected intensities of the Cls and
Sn3d core peaks as a function of p-4P layer thickness. The fast change during the early
growth stages in combination with the slow change at larger thickness reveals a growth
pattern indicative of the Stranski-Krastanov growth mode. Bottom: Comparison between
SnS, and HOPG experiments. The HOPG conduction band related UPS peak at 13.5¢eV
becomes attenuated more slowly than the Sn3d peak despite the larger escape depth of
the Sn3d electrons. This indicates a more strongly clustered growth mode of the p-4P
layer on the HOPG substrate than on SnS,.
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consistency, the Sn 3d curve was also normalized on the third point. It is evident that the
HOPG CB intensities become attenuated somewhat slower than the Sn 3d. Taking into
account the lower escape depth of the UPS electrons of the HOPG peak it can be
concluded from Fig. 2.15 that the p-4P films grow more clustered on HOPG than on
SnS,. This is in agreement with the observation that the UP-spectra of the thicker p-4P
coverages on HOPG seem to become blurred earlier due to the onset of charging effects

being related to the earlier development of thicker clusters.

2.5 Conclusion

Thin films of p-quaterpheny! (p-4P) were grown in multiple steps on vacuum cleaved
SnS, and highly oriented pyrolytic graphite (HOPG). The alignment of the HOMO and
LUMO of p-quaterphenyl relative to the valence/conduction bands of the SnS, as well as
the Fermi level of the HOPG were determined by combined X-ray and ultraviolet
photoemission spectroscopy. These measurements were performed during multi-step in
situ growth sequences of p-4P on both substrate materials. Comparison of the spectral
XPS and UPS shifts observed in both experiments allows the conclusion that band
bending occurs in the p-4P layers with the magnitude of band bending depending on the
work function of the substrate. While the HOPG interface was essentially free of band
bending (0.05 eV) at the SnS, interface a value of 0.28 eV was found at 64 A p-4P

thickness. The onset of charging shifts in the UP-spectra depending on the p-4P layer
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thickness was determined by using XPS work function measurements. This allowed
band bending and charging related spectral shifts of the UP-spectra to be separated. At
the SnS,/p-4P interface a small 0.22 eV dipole was determined and is possibly related to
the formation of a quantum dipole due to tunneling of charge carriers across the interface.
The hole injection barriers (HOMO offsets) at the two interfaces were determined to be
1.94 eV between the p-4P HOMO cutoft and HOPG Fermi level and -0.84 eV between

SnS, valence band maximum and p-4P HOMO cutoff.
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Chapter 3: Orbital alignment at p-sexiphenyl/ SnS,,
p-sexiphenyl/HOPG and coronene/SnS,, coronene/HOPG interfaces

measured with photoemission spectroscopy

Submitted to: Journal of Applied Physics
P.G. Schroeder, C.B. France, B.A. Parkinson’. and R. Schlaf

Abstract

The energy level alignment at the interfaces between para-sexiphenyl/SnS,, para-
sexiphenyl/highly oriented pyrolytic graphite(HOPG), coronene/SnS,, and
coronene/HOPG were determined using in situ thin film deposition in combination with
x-ray and ultraviolet photoemission spectroscopy (XPS, UPS) measurements. The
organic thin films were grown in multiple steps by vapor deposition, then sequentially
characterized in siru after each growth step. The vacuum cleaved single crystals of SnS,
and HOPG substrates provided clean, atomically flat and chemically inert surfaces,
allowing for the investigation of the phenomena of band bending and interface dipoles

without the interference of chemical reactions or morphological problems. Due to the
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distinctly different work functions of the HOPG (® = 4.65 ¢V) and SnS, (® = 5.45 eV)
substrates, the observed shifts in the binding energies of the organic overlayer related
XPS core level emission lines could possibly be associated with band bending resulting
from Fermi level equilibration between the organic thin films and substrates. Different
polarization energies of the two substrates however, complicates the ability to precisely
distinguish band bending related shifts from final state screening shifts. Low intensity
XPS work function measurements enabled the detection of the overlayer-thickness-
dependent onset of charging phenomena in the UPS measurements. This allowed the
precise determination of the highest occupied molecular orbital (HOMO) alignment of

the organic molecules at the investigated interfaces.

3.1 Introduction

Organic based electronic materials have emerged as areas of intense research due
to their potential in a variety of opto-electronic devices [1-3]. Determination of the
electronic structure of interfaces between electrodes and organic materials or between
different organic materials using photoemission spectroscopy (PES) has become a vivid
tield of research [4-14] since the charge transfer across these interfaces strongly
influences the pertormance of the organic devices.

While such measurements are well understood and frequently used on inorganic

semiconductor interfaces[15-17], their application in systems containing organic
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semiconducting materials is relatively new and still under development. There are three
prominent issues regarding this measurement technique, namely sample charging, band
bending, and final state screening shifts (due to differences of polarization energies of the
molecules at the interface and within the overlayer). The polarization energy is defined
as the difference between the gas phase and condensed phase ionization energies of a
particular element or molecule. The greater the polarization energy, the more effectively
the solid material will be able to shield the remaining positive charge (hole) after an
electron is ejected from the sample via the photoelectric process. Charging and final state
screening etfects are artifacts, which need to be considered and removed during the
evaluation. Band bending on the other hand occurs due to Fermi level equilibration
across the interface and is part of its electronic structure. The main problem of such
measurements is to distinguish between spectral shifts caused by these effects.

While charging artifacts can be relatively easily controlled [5], distinguishing
between final state screening effects and band bending is more difficult and likely cannot
be resolved using photoelectron spectroscopy alone. Using photoelectron spectroscopy
in combination with Kelvin probe measurements has been previously done [18] and does
offer the possibility of distinguishing between the two. In both cases overlayer thickness
dependent spectral shifts occur in the overlayer related emission lines. Due to this
superposition of shifts it is nearly impossible to distinguish between such shifts in only

one experiment. One way to investigate these phenomena is to measure several
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interfaces composed of the same overlayer but substrates having different work functions
(i.e. varying Fermi level positions relative to the overlayer material). If band bending is
the cause for the observed shifts, their magnitude will depend proportionally on the work
function of the substrate (if interface dipoles are absent). If final state screening is
responsible then the shifts should rather depend on the differences in screening
capabilities of the substrate materials.

The results presented in this paper represent such a series of experiments: Two
different organic materials were each deposited on two different layered substrate
materials, SnS, and highly oriented pyrolytic graphite (HOPG) having distinctively
different work functions (SnS,: ®=5.5 eV; HOPG: ®=4.65 eV). Due to their layered
crystal structure, both substrate materials are ideal model systems for such an
investigation since atomically abrupt interfaces can be achieved, which are free of
structural dipoles and chemical reactions [19,20]. The only forces between organic
overlayer and the substrates are of van der Waals origin, i.e. peak shifts resulting from
chemical/structural dipoles at the interface are expected to be negligible[16]. However,
these two substrates also have different screening capabilities where the SnS, substrate is
likely to have a larger polarization energy (PE = 2.5 - 3.0 eV) than HOPG (PE = 1.2 eV)
which is expected to be closer to that of the organic thin films [21]. As a result, either of
these effects are expected to induce similar shifts in the core-level spectra measured using

XPS. Careful analysis though, of these core-level energy shifts as a function of the film

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



thickness can provide some insight on the origins of these shifts. The organic materials
used are interesting due to their electronic properties: P-sexiphenyl is a short chain
poly(para-phenylene) which has been extensively studied due to its conductivity
properties and the possible use as an active layer in an organic light emitting device
(OLED) [22-26]. Coronene is of interest for its transport properties, and is of particular
interest in this paper due to its simple structure that is similar to highly oriented pyrolytic

graphite (HOPG) {27-29].

3.2. Experimental Details

All in sine experiments were performed in a commercial Omicron Multi-Probe
ultrahigh vacuum (UHV) apparatus (base pressure = 5 x 10™"! mbar) equipped with x-ray
photoelectron spectroscopy (XPS), uitraviolet photoelectron spectroscopy (UPS), and a
VSW EAI25 single channel hemispherical analyzer. The organic physical vapor
deposition chamber (base pressure = 1x 10” mbar) is attached to the analysis chamber
allowing the samples to be prepared in siru. The SnS, crystals and HOPG were cleaved
in situ using a glued on metal foil, and characterized with XPS and UPS prior to
deposition. The organic films were grown by sublimation from resistively heated boron
nitride crucibles. The p-6P source was held at 110°C, and the coronene source was held
at 90°C for 12 hours each prior to deposition to outgas lower vapor pressure

contaminants. The thin films were deposited at a rate of 4A/min, which was monitored
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by a Leybold quartz crystal microbalance (QCM). The source temperature during growth
was 97°C for the coronene, and 190°C for the para-sexiphenyl (p-6P) while the substrates
were kept at room temperature. After each growth step, the samples were characterized
in situ using XPS (MgKa, 50 eV pass energy) and UPS (Hel, 21.21 eV; and Hell, 40.81
eV, both with 10 eV pass energy) in normal emission. A -5.00 V bias was applied to the
sample for the UPS measurements to separate the sample and spectrometer high binding
energy cutoffs. The samples were mounted on a pedestal elevated 5 mm above the
sample plate to prevent stray electrons from the manipulator assembly interfering with
the ultraviolet photoelectron (UP)-spectra [30]. The spectrometer was calibrated to yield
the standard values [31] of 75.13 eV for the Cu 3p and 932.66 eV for the Cu 2p,,
emission lines on an Ar* sputtered Cu sample. Binding energy zero was determined
using the Fermi level position of the Cu sample. The overall analyzer resolution of 0.20
eV was determined from the width of the Cu Fermi edge [7]. Therefore, work function
and the highest occupied molecular orbital (HOMO) cutoff positions determined from the
high binding energy cutoffs and HOMO onsets of UP-spectra were corrected for the
analyzer broadening by adding/subtracting 0.1 eV. XPS core level peak positions were
determined by a fitting routine given in Ref. [32] using IGOR Pro (Wavemetrics) data
evaluation software. A vacuum deposited coronene film on quartz was used to obtain the
solid state absorption spectrum that was measured using a Varian Cary-500 UV-VIS-NIR

Spectrophotometer.
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With regard to the errors in the above and the following evaluations it should be
noted that often margins of about +0.1 eV are assigned to photoemission measurements.
This error margin refers to the determination of the absolute values for ionization energy,
work function and core level peaks. The source of errors is easily located in the case of
the position determination of UP-spectra related cutoff features, specifically the highest
occupied molecular orbital and high binding energy cutoff (HOMO and HBEC). The
evaluation of these features strongly depends on the way the lines are fitted into the
edges. In these experiments, we are measuring the relative shifts in peak position that
can be determined very accurately due to the well-defined peak shapes in combination
with very precise peak fitting procedures. We estimate that for the case of good signal to
noise ratio, errors in peak positions can be on the order of +0.03 eV or better. Therefore,
the main source of errors in absolute XPS peak positions results more likely from
miscalibration of the electron energy analyzers. The UPS cutoffs and XPS peaks
monitored during a growth sequence most likely all deviate by the same values since the
same evaluation procedure is used for all measurements. The magnitude of the orbital
offsets and interface dipole barriers are each determined from the addition or subtraction
of between two and six total spectral measurements and therefore, the overall

measurement errors are estimated to be in the range of about +0.05-0.07 eV.
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3.3. Results
3.3.1. p-sexiphenyl on SnS,

Fig. 3.1 shows the UP-spectra sequence for the p-6P/SnS, interface. The bottom
spectra were measured on the vacuum cleaved SnS, crystal. The upper spectra were
measured after each of the 13 p-6P deposition steps, starting with a nominal coverage of
0.1 A and progressively increasing in thickness up to the final coverage of 512 A. The
center part of Fig. 3.1 shows the complete spectra revealing the evolution of the valence
bands emissions of the sample surface throughout the transition from the SnS, substrate
to the p-6P film. The left part of this figure shows a magnification of the normalized high
binding energy cutoff region of the UP-spectra. On the right is a magnified spectral
region of the valence band edge/HOMO of the sample. To determine the work function
and the valence band maximum (VBM) of the sample at each growth step, a straight line
was fitted into the high and low binding energy positions of the UP-spectra. A 0.1 eV
shift was added to the determined work function and the VBM positions to account for
the energy broadening of the analyzer. This is indicated by the 0.1 eV offset lines drawn
in the Figure. The arrows in the right part of Fig. 3.1 and in the He II spectra in Fig. 3.2
show the onset of the HOMO of the p-6P. The pronounced band structure of the p-6P in
the He II spectra very closely correlates with the density functional theory calculation of

p-6P by N. Koch and coworkers [33].
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Precise determination of the barricr between the HOMO of the p-6P and the VBM
of the SnS, at the interface, requires measurement of the band bending occurring at the
interface to be included in the evaluation. A detailed description of the evaluation
procedure for determining the energy level alignment is given in previous work [4,6].
Measurement of the shifts of the core electron peaks with X-ray photoelectron
spectroscopy (XPS), for both the substrate and the overlayer, allows the determination of
the extent of band bending. The left side of Fig. 3.3 shows the Sn 3d peaks of the
vacuum cleaved substrate (bottom) and their attenuation as thicker layers of the p-6P are
added. A slight binding energy shift in the Sn 3d peak position indicates that there is a
small amount of band bending occurring in the SnS, substrate. This is similar to the
energy level alignment measurement of PTCDA/SnS, [4]. On the right side of Fig. 3.3
the C Is core spectra is shown with the evolving intensity of the C s peak after each
growth step. As can be seen in the C s spectra for the vacuum cleaved SnS,, a trace
quantity (estimated to be about 1-3% surface coverage) of adventitious carbon is present
on the surface. The binding energy of approximately 285.5 eV of this trace Cls peak is
indicative of hydrocarbon contamination of the sample plate on which the cleaved crystal
was mounted. Carbon is the only element in p-6P that can be measured with XPS, so the
C Is contamination peak must be contended with in the evaluation. This contamination
peak interferes with the determination of the position of the C s peak attributed to the p-

6P, particularly in the first several growth steps.
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Fig. 3.3. Core level spectra as determined from X-ray photoelectron spectroscopy. The
left shows the attenuation of the Sn 3d peak as the thickness of the p-6P films increases.
On the right is the p-6P C 1s peak. The vacuum cleaved substrates did show slight
carbon peak at about 285.5 eV indicating a trace amount of (a high oxidation state)
carbon contamination. Peak fitting procedures described in the text explain how the
contamination C Is and p-6P C ls peaks were differentiated. A shift of 0.21 eV was
measured in the C 1s spectra whereas there was a slight shift in the Sn 3d (0.16 eV),
indicating the presence of band bending and/or changes in the polarization environment.
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However, this carbon contamination peak is at a significantly higher (>1eV)
binding energy than the peak attributed to the p-6P. A careful peak fitting procedure that
incorporates both the contamination C Is peak and the C Is peak for the organic layer
was used to distinguish the contamination peak from the p-6P related peaks that start to
dominate the spectrum at about 2-4 A coverages. The fitting procedure allowed for
separating the two peaks to determine the actual binding energy of the C Is peak that is
attributed to the deposited molecules. This was accomplished by first, fitting the initial
C Is contamination peak, on the vacuum cleaved substrate before deposition of the
organic layer, with a Gaussian-Lorentzian function. These fit parameters for the C 1s
contamination peak were then constrained when fitting two Gaussian-Lorentzian
functions to the spectra for the first several growth steps of the organic layer [34].

The initial core-level peak shifts [ACL(SnS,)] in the substrate caused by the first
overlayer deposition is determined from the 0.16 eV shift Sn 3d emission line between
the vacuum cleaved substrate and the 128 A layer. The initial binding energy of the p-6P
Cls peak was determined to be 283.91 eV, which is the average C 1s binding energy for
the 0.1, 0.2, 0.4, L, and 2 A growth steps. These are all sub-monolayer (ML) thickness,
where one ML is estimated to be ~6 A and the molecules are presumed to initially lie flat
on the substrates as observed in other experiments [25). The binding energy for the
"thick" p-6P film (128A) was determined to be 284.12 eV, based on the largest thickness

of the p-6P film where spectra could be measured reliably, since it is just prior to the
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onset of sample charging in the UP-spectra. The thickness at which sample charging
begins is discussed below. The difference in the Cls binding energy, between the thick
film (128A) and initial growth steps of the p-6P film was determined to be [ACL(Cls) =
0.21 eV)].

The measured shift in the work function of the sample between the bare substrate
and the thick film is often directly used as the magnitude of the interface dipole (eD) [35-
38]. Since both band bending contributions and final state screening effects also
influence the measured work function, the core-level peak shifts should be subtracted
from the total work function shift to get an accurate determination of the magnitude of
the interface dipole barrier. The work function at each growth step is evaluated by
subtracting the analyzer broadening corrected high binding energy cutoff (Fig. 3.1, left
side) of the UP-spectra from the He I source energy (21.21 eV). The total shift of the
work function at the 128A p-6P layer was 0.52 eV. Subtracting the total core-level peak
shifts [ACL(Sn 3d) = 0.16 eV; ACL(C 1s) = 0.21 eV] gives a corrected interface dipole
magnitude ot eD = 0.15eV

The energy offset between the VBM of the SnS, substrate and the highest
occupied molecular orbital (HOMO) of the p-6P film was evaluated by subtracting the
VBM of the vacuum cleaved SnS, substrate (2.11 eV) and core-level shifts (0.16 and 0.21
eV) from the HOMO cutoff (lowest binding energy edge of the UP-spectra) of the p-6P at
128A (1.18 eV) resulting in
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AHOMO,,,,,.= HOMO(128A p-6P) - VBM(SnS,) — ACL(Sn3d) - ACL(Cls)
=1.18-2.11-0.16-0.21eV =-1.30¢V.

The positions of the conduction band's unoccupied molecular orbitals cannot be
measured directly with photoelectron spectroscopy. Therefore, the conduction band
minimum (CBM)/lowest unoccupied molecular orbital (LUMO) offset can only be
determined by including the optical absorption band gap of the two materials into the
evaluation. The value of the band gap used for the SnS, crystal is 2.18 eV, which is the
average of the optical absorption measurements given in reference [16] and references
therein. The band gap between the HOMO and LUMO for p-6P of 3.80 eV was obtained
from the used average gap energies determined by optical absorption measurements in
references [26,39,40]. It is important to indicate that the optical gap values for organic
materials can only be used as estimates of their HOMO-LUMO gap since they do not
account for the large excitonic binding energies of the molecules of the order of 0.5 eV
{41]. In addition, the electronic band gap of SnS, is probably slightly larger for the same
reasons, but incorporating these values into the evaluation still provides a reasonable
approximation of the electron injection barriers. The offset between the LUMO of the p-
6P and the conduction band maximum (CBM) of the SnS, was determined by subtracting
the difference of the band gaps from AHOMO,,, . (-1.30 eV) which yields

ALUMO,,« = AHOMO,, . - (E,(p-6P) - E,(SnS,)) = -1.30 - (3.80 - 2.18 V) =-2.92 eV.
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The negative values of both the AHOMO,,,; and the ALUMO,,, . indicate that the
HOMO and LUMO of the p-6P are at a lower binding energy than the VBM and CBM
respectively of the SnS, crystal.

A schematic of the complete electronic structure of the interface is shown in the
top part of Fig. 3.4. The ionization potential of the SnS, was evaluated by adding the
VBM position (2.11 eV) to the work function (5.53 eV), yielding
E..= VBM(SnS,) + ®(SnS,) =2.11 +5.53 eV =764 eV.

The ionization potential for the p-6P grown on SnS, was determined similarly by adding

the position of the HOMO,_,; for the 128A layer to the work function of the same layer,

giving E,=6.19eV.

3.3.2. p-6P on HOPG

The p-6P film was also grown sequentially on a vacuum cleaved substrate of
HOPG in twelve steps as seen in Fig. 3.5. As was done in the p-6P/SnS, system, the high
binding energy cutoff is shown normalized in the left part of the figure. In this system,
only a nominal shift (<0.1 eV) is detected in the high binding energy cutoff. This
indicates the existence of only a weak interface dipole or band bending related shift at the
p-6P/HOPG interface. Furthermore, it indicates that this system does not show

significant charging effects even at the thickest investigated layer. With the exception of
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Fig. 3.4. Schematic of the electronic structure of p-sexiphenyl/SnS, (top) and p-
6P/HOPG (bottom) interfaces. The 128A p-6P layers were used for the final thickness
since it was determined that this was the thickest point of the organic layer where sample

charging did not occur.
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Fig. 3.5. He I UP spectra of p-6P deposited on HOPG. The center shows the full UP-
spectrum for the vacuum cleaved substrate (bottom) and each subsequent growth step.
The right side shows a magnified spectral region to clearly reveal the evolution of the
HOMO of the p-6P as indicated by the arrows. The left part of the figure shows the
normalized high binding energy cutoff.
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the presence of a strong, probably conduction band related peak at 13.5 eV (resulting
from electrons inelastically scattered into conduction band states above the vacuum level)
[42], the UP-spectrum of the vacuum cleaved HOPG substrate is essentially featureless
providing a low background for viewing the emerging valence band emissions, including
the HOMO of the p-6P, as the thickness of the organic film is increased. This is evident
in the right part of Fig. 3.5, where the arrows point out the spectral region for the onset of
the p-6P HOMO emissions.

Fig. 3.6 shows the C Is core levels, as measured with XPS, parallel the UPS
measurements. It is evident that the emission line remains almost at a constant position
during the entire growth procedure. Due to the chemical similarities of p-6P and HOPG
(only sp® carbon atoms), very little can be determined regarding band bending or final
state screening related shifts. However, the barrier heights for this system can still be
estimated and used to test the validity of the measurement process. This is probably a
result of the similar chemical structures of HOPG and p-6P. A weak shift of (AHBEC =
0.06 eV) was observed in the high binding energy cutoff of the UP-spectra, suggesting
only a very small change in polarization energies exist and likely a negligible amount of
band bending occurs. The fact that the shift in the HBEC was gradual with respect to the

film thickness indicates the absence of an interface dipole.
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Fig. 3.6. p-6P on HOPG: The C Is XPS core-level peak as the thickness of the p-6P layer
is increased. The almost constant peak binding energy indicates that there is no
significant band bending occurring at the p-6P/HOPG interface.
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The HOPG substrate is electronically treated as a semi-metal due to the absence
of a true absorption gap. Therefore, the offsets of interest for the p-6P/HOPG interface
are the barrier height between the Fermi level of the HOPG and the HOMOQO,_,; (hole
injection barrier(®,,)), and the LUMO,,,. (electron injection barrier (®,.)) of the p-6P.
The hole injection barrier height (®,,) is the difference between the HOMQ,,,, of the p-
6P and the Fermi level of the HOPG. This was determined by subtracting the work
function of the HOPG substrate (PHOPG = 4.64 e¢V) as well as the shift in the high
binding energy cutoff (AHBEC = 0.06 eV) from the measured ionization potential of the
128 A layer (E,,, = 6.07 ¢V) of the p-6P film. This gives a barrier height of
®,, = E,,.(128A p-6P) - ®HOPG - AHBEC =6.07 - 4.64 - 0.06 eV = 1.37 eV.

The electron injection barrier ®,, (between the HOPG Fermi level and the LUMO of the
p-6P) is evaluated by subtracting the optical absorption gap of the p-6P (3.80 eV as
determined above) from the hole injection barrier

b, =, - E,(p-6P) = 1.37eV-3.80eV =-243eV.

A schematic of the electronic structure of the p-6P/HOPG interface is depicted in
the bottom of Fig. 3.4. The barrier offsets and interface dipole as evaluated above are
shown. The same evaluation procedure as done for the p-6P on SnS, was applied to

obtain the ionization potential of p-6P on HOPG yielding 6.07 eV. The slight
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discrepancy in the ionization potential for p-6P on SnS, versus HOPG is likely due to

possible morphological differences between the two samples.

3.3.3. Coronene on SnS,

The coronene was also evaporated onto a vacuum cleaved SnS, substrate starting
at a nominal coverage of 0.1A and sequentially increased up to a final film thickness of
256A. The He I UP-spectra of this experiment are shown in the left part of Fig. 3.7. The
structure, work function and VBM of the He I spectra of the vacuum cleaved SnS, crystal
is nearly identical to that of the crystal used for the p-6P experiment. As the film
thickness is increased, the coronene molecular bands start to dominate the spectra,
including the evolution of the coronene HOMO at approximately 1.5 eV binding energy.
There is also a more dramatic shift of the high binding energy cutoff at the higher film
coverage than occurred in the p-6P systems. This is attributed to the coronene film
charging at a lower thickness than p-6P possibly due to coronene having a lower
conductivity or poorer charge transfer at the interface.

The thickness at which charging in the UP-spectra occurred was again determined
by measuring the corresponding XPS high binding energy cutoff positions. Fig. 3.8
shows the XPS (right) and UPS (left) cutoff spectra in direct comparison. It is evident

that the UP-spectra shift much more strongly during the last few deposition steps than
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Fig. 3.8. High binding energy cutoff for coronene grown on SnS, as determined from
both UPS (left) and XPS (right). The greater shift in the UP-spectra of the cutoff point
between 64 A and 256 A indicates the onset of sample charging attributed to a greater
photon flux from the helium lamp than the x-ray source.
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XPS. Fig. 3.9 shows the work function values derived from these spectra, demonstrating
the onset of charging phenomena in the UP-spectra after the 64 A deposition step.

To evaluate the core-level peak shifts occurring in the substrate and coronene
film, the XPS of Sn3d (substrate) and Cls (overlayer) peaks were measured. In Fig. 3.10,
the C Is spectra of the coronene film is shown on the left, whereas the Sn 3d spectra
attributed to any shifts occurring in the SnS, substrate are shown on the upper right. As
was the case in the p-6P grown on SnS, and of p-quaterphenyl grown on SnS, [7], there
was a slight (0.08 eV) binding energy shift in the Sn 3d peak. The shifts in the Sn 3d
peaks in both this system and in the p-6P on SnS, were toward a higher binding energy.
This is the opposite direction of what would be expected if the shifts were due to changes
in the final state screening environment, theretore a band bending is likely to be present
in the SnS, substrate, and is not unexpected because the SnS, crystals are doped inorganic
semiconductors.

The 0.19 eV shift of the C Is lines, shown on the left, indicates the possible
development of band bending due to the large work function of SnS,. This could also be
attributed to changes in the polarization energies between the substrate and the bulk
coronene film. The bottom C s spectrum shows a weak emission at about 285.2 eV
caused by ambient contaminants present on the sample plate. The same fitting procedure

as described in the p-6P/SnS, results section was applied to separate the contamination
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Fig. 3.10. Coronene grown on SnS,: the C 1s (left) and Sn3d (upper-right) XPS peaks are
shown as the coronene film thickness is increased. The stability of the Sn 3d peak
position reveals there is a negligible amount of band bending occurring in the SnS,
substrate. There are core-level shifts occurring in the coronene layer as indicated by the
shift between the position of the initial evolution of the coronene C 1s peak and the final
point of measurement (before the onset of charging) at 64 A. The C ls peak of the
coronene was distinguished from that of the trace adventitious carbon by fitting two
separate Gaussian-Lorentzian peaks under each of the first five growth steps. An
example of this is shown in the bottom right part of the figure. The adventitious carbon
peak is shown at the higher binding energy (~285.5 eV) as initially seen in the vacuum
cleaved substrate, whereas the coronene C 1s peak is centered around 284.1 eV. The
total fit (dark line) and experimental data are also shown.
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emissions from those of the coronene film. The bottom right part of Fig. 3.10 shows an
example of this fit (in this case using the 1 A thickness of coronene), where the fine
dashed line is the fit of the initial contamination peak, and the broader dashed line shows
the evolution of the C s coronene peak.

By using the above-described fitting procedure, it was determined that the initial
position of the C Is coronene peaks was at a binding energy of 284.10 eV. This
constitutes the average of the 0.2, 0.4, and 1 A growth steps of coronene. To determine
the magnitude of the core-level peak shifts in the coronene layer, this initial binding
energy position was subtracted from the binding energy of the 64 A thick film that was
determined to be 284.29 eV. This yields a magnitude of ACL(64A coronene) = 0.19 eV
occurring in the coronene film.

The total work function shift from the vacuum cleaved SnS, substrate (5.49 eV) to
the 64 A layer of coronene (4.69 eV) was determined to be 0.80 eV. Subtracting the
core-level binding energy shifts from the total work function shift yields the magnitude of
the interface dipole barrier (eD)
eD = Ad(tot) - ACL(Sn 3d) - ACL(Cls) =0.80 - 0.08 - 0.19eV =0.53 eV.

The offset between the VBM of the SnS, crystal and the 64 A layer of coronene is

determined by subtracting the SnS, VBM position (2.24 eV), and the core-level binding
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energy shifts (0.08 and 0.19 eV), from the HOMO position of the 64A layer of coronene
(1.25 eV). This yields a value of AHOMO,, ,=-1.26 eV.

The offset between the CBM of the SnS, crystal and the LUMO position of the
coronene was determined by subtracting the difference between the optical absorption
gaps of coronene (3.29 eV) and the SnS, substrate (2.18 eV), from the AHOMO,,,(-1.26
eV). This yields
ALUMO,,,o; = AHOMO,,,; - (E,(coronene) - E(SnS,)) =

-1.26eV - (3.29-2.18 eV) =-2.37 eV.

The optical absorption gap of coronene was determined by taking the absorption
spectra of a ~50 nm thick film of coronene evaporated onto a quartz substrate. The
resulting spectra (Fig. 3.11) revealed the lowest energy absorption peak at 377 nm (3.29
eV), which represents the minimum distance of the HOMO/LUMO gap for a coronene

film.

3.3.4. coronene on HOPG

The UPS He I spectra of coronene deposited on HOPG is shown in the right part
of Fig. 3.7. The evolution of the band structure of the coronene becomes evident at 2 A
thickness and above. The HOPG conduction band (CB)-related peak at 13.5 eV remains

visible even after deposition of 512 A, indicating a more clustered growth mode for
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Fig. 3.11. Absorption spectrum of a coronene film. The optical band gap for coronene
was determined to be 3.29 eV (377 nm) based on the lowest energy absorption peak.
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coronene on HOPG than it was observed in the case of p-6P. It is also evident that the
work function (determined from the high binding energy cutoff side of the spectra)
remains essentially constant throughout the procedure, until charging starts to set in at
128 A. The C Is spectra (Fig. 3.12) for this system shows a relatively constant binding
energy, but any measured shifts are disregarded since there appeared to be a highly
clusted growth of the coronene film which negates the validity of the measurements in
the peak shifts.

Determining the hole/electron injection barriers between the coronene
HOMO/LUMO and the Fermi level of the HOPG is completed in the same manner as
was done for the p-6P/HOPG sample. The ionization potential of the coronene layer E,,
was determined by adding the low binding energy onset (HOMO,_,; = 1.33 eV) and work
function (4.57 eV) of the 64 A coronene layer, yielding E,, = 5.90 eV. The hole injection
barrier ®,, was calculated by subtracting the work function of the vacuum cleaved HOPG
substrate (4.63 ¢V) from the ionization potential of the coronene (5.90 eV), giving ®,, =
1.27 eV. The electron injection barrier ®,, was determined by subtracting the optical
absorption gap energy of coronene (E, = 3.29 eV) from the hole injection barrier (®,, =
1.27 eV) which yields ®,, =-2.02 eV.

Schematics of the band line-ups of coronene deposited on SnS, and on HOPG are

shown in Fig. 3.13. The coronene/SnS, interface (top) shows a strong interface dipole
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Fig. 3.12. C Is core level emission for coronene on HOPG. The relatively constant peak
binding energy indicates a negligible amount of band bending or change in the
polarization energy.
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(0.53 eV) and a small magnitude of core-level binding energy shifts [ ACL(Sn 3d) =0.19

eV; ACL(C 1s) = 0.08 eV] whereas the coronene/HOPG interface reveals little to no

electronic perturbations at the interface.

34. Discussion

Usually the main goal of measurements such as those presented here is to
determine the magnitude of the carrier injection barriers at interfaces. These barriers
largely determine the carrier injection properties, which in turn, influence the efficiency
and power consumption of organic devices. Theoretically, (assuming the HOMO levels
do not form bands leading to a broadening of the HOMO peak) these barriers could be
measured by growing a monolayer of one of the two materials on top of the other and
measure the HOMO position with respect to the Fermi level (metallic substrate) or
valence band edge/HOMO position (semiconducting/organic substrate). However, since
in practical measurements the monolayer HOMO usually has an intensity too weak to be
discerned from the usually much stronger substrate valence region emissions, thicker
layers need to be grown to precisely measure the HOMO position. Usually the substrate
and overlayer will have both different work functions (Fermi level positions) and
different polarization energies leading to changes in the final state screening

environment. It can be expected that band bending or changes in polarization energies,

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Evae + - eD=0.53 eV

Eion=7.66 eV

Evn
ALUMO gy qr=-2.37 eV

\ LUMO
ACL(Cl1s)=0.19 eV | |Eg=329 eV
CBM I

AHOMO cm,,f-l 26 eV

A A
‘ Eg—z- 18 eV HOMOcutoﬁ
VBM
ACL(Sn3d)=0.08 eV
SnS) 64A Coronene
Evac Evac
®HOPG=4.63 eV Ejon=590 eV
=-2 02 \'
Dpe=-2.02¢V LUMO
Eg=3.29 eV
El.‘ - e oan o | g
7 Opp=127 eV
/ y HOMO y¢ofr
/
HOPG 64A Coronene
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either of which will interfere with measurements of the orbital offets, will occur at those
interfaces. Regardless of the origin of the core-level binding energy shifts, they need to
be taken into account when the HOMO position at the interface is determined by
subtracting the core-level energy shift from the "thick layer” HOMO position. These
shifts have been found and attributed to band bending in several organic systems [4-6,30)
where peak shifts occur similar to those found in inorganic systems[15]. However, due to
the usually low conductivity of most organic materials, the band bending related origin of
these shifts is controversial and other explanations along the lines of polarization energy
differences [43,44] have been suggested [13,14,45].

Our earlier experiments on organic molecule/HOPG interfaces [7.46] suggest that
at least on HOPG, no significant final state screening shifts occur (PES peak shifts caused
due to differences in polarization energies across an interface are frequently called “final
state screening shifts” [47,48]). This conclusion is supported by the fact that the
polarization energy shift between a single sheet of graphite and bulk HOPG is estimated
to be about 1.2 eV (21], which is in the range of the solid state/gas phase polarization
energy shifts of 1-2eV found for many organic molecules [21,49). Hence, if organic
molecules are grown on HOPG, their screening environment is not much different from
what they would experience in their own solid-state matrix. Consequently, no significant
peak shifts occur, since the final state screening remains constant throughout the organic

overlayer.
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Similar to what was demonstrated in the p-4P systems on the same substrates, the
observed peak shifts in the p-6P and coronene systems differ depending on the substrate
work function. Typically, one way to prove the occurrence of band bending in a
particular material is to investigate interfaces with substrates of different work functions.
If band bending occurs, the observed shifts will depend on the work function of the
particular substrate. However, for this scenario to be valid, both of the substrates
investigated would need to have similar polarization energies. SnS, does have a higher
work function than HOPG, however the polarization energy is also at least 1 eV higher.

There is some evidence that at least some of the core-level binding energy shifts
could be band bending related. This is shown in Fig. 3.14, where in the top graph, the C
Is binding energy shifts are compared for the two p-6P interfaces. While the C 1s peak
remains essentially at the same position on the HOPG substrate (open symbols), a
significant shift towards the position of the HOPG curve is evident for the p-6P on the
SnS§, crystal (filled symbols). The initial shifts in the core-level binding energies are
likely attributed to a change in the final state screening environment as a result in the
changing polarization energies between the SnS, substrate and the p-6P or coronene
organic materials. This is followed by a more gradual shift toward higher binding
energies between the ~10 A and 128 A film thickness where the core holes remaining
after the photoelectric process are relatively uniformly surrounded by equivalent organic

molecules. The fact that a gradual shift in the core-level binding energy still occurred
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symbols) and on HOPG (open symbols) as a function of p-6P film thickness. The shift of
the C 1s on the SnS, substrate is attributed to changes in the final state screening
environment and possibly band bending occurring in the organic layer, which is a result
of the different polarization energies and different work functions between the two
materials. The same effect is not observed for the p-6P/HOPG interface since the two
materials have both similar work functions and polarization energies. Bottom: C 1s peak
positions on the SnS, substrate and on HOPG as a function of coronene film thickness.
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after the final state screening environment became relatively constant is an indication that
some degree of band bending could still occur in the organic material. As can be seen in
Fig. 3.14, these shifts are typically on the order of 0.1 eV which is approaching the limits
of the analyzer resolution, and prevents determination of the precise band bending
magnitude.

As the film thickness increases, it appears that the C 1s binding energy for p-6P
on Sn§, starts to converge with that of the p-6P/HOPG interface (Fig. 3.14, top), similar
to what was observed in the p-4P/HOPG and p-4P/SnS, systems [7]. Assuming band
bending does occur in the organic films, the fact that these binding energies have not
converged completely, even at 512 A, indicates that the full width of the space charge
region of the p-6P film has not been realized in these systems (on both interfaces the peak
positions should converge if the layer exceeded the depletion region width). This is
consistent with the fairly low dopant density expected in these materials. A similar result
is obtained when plotting the C 1s peak positions in the case of the coronene interfaces
which is shown in the bottom graph of Fig. 3.14. Precise measurement of the binding
energies out to the full width of the space charge region of the organic material is also
limited by the measurement process as a result of sample charging as discussed above.

If the shifts were band bending related, the origin of the necessary dopant density
to support the required space charge field is not clear. While the p-6P and coronene thin

films are considered to have semi-conducting properties, the actual conductivity of a
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molecular solid is quite low [41]. It would therefore be expected that the extent of the
band bending observed on our overlayer thickness scale would be expected to be
relatively low. The dopant density required to support the magnitude of band bending
measured in the organic material is likely in the 10'>"" cm™ range [50]. Under electrically
neutral conditions, it is unlikely that the organic materials are able to support dopant
concentrations that high [13]. While trace impurities in the organic layers could act as
dopants, it is not probable that the active impurity concentration is high enough to
support the observed band bending related shifts. A more likely cause of the band
bending related shifts in these systems might be the measurement process itself. The x-
ray or UV radiation can possibly cause damage to the organic molecules creating defects
which may act as dopants. Low energy radical cations and/or anions due to oxidation or
reduction by inelastically scattered electrons could behave as dopants. Soft-x-ray damage
to p-terphenyl as applied to optical coatings has been investigated [51]. It was
determined that the x-rays did degrade its efficiency as an organic phosphor although the
types of defects created from the radiation induced damage was not discussed. X-ray
damage to organic self-assembled monolayers (SAMs) has been reported [52}, and it has
been determined that the damage is primarily caused by the secondary electrons since the
x-rays themselves do not interact strongly with the materials. Experiments investigating
the effects of low energy secondary electrons on alkanethiolates on gold have revealed

that one of several irradiation induced chemical modifications is the partial
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dehydrogenation leading to C=C double bond formation [53-55]. While the chemistry of
p-6P or coronene is substantially different than that of SAMs, these results indicate that
chemical species induced by x-rays/secondary electrons could have energy states, which
lie in the optical gap of the organic film. This indicates that there might be some
measurement related intfluence on the amount of band bending measured, but more
experiments are¢ needed to draw a more conclusive explanation. Detection of any
impurities or chemical species created by the measurement process is probably not
possible due to the extremely low concentration of these species (less than one part in
10").

An analysis of the XPS core-level intensities can be used to analyze the growth
mode of p-6P on SnS,. The relative x-ray absorption cross-section corrected intensities
of the Sn 3d (substrate) and C s (organic film) peaks are plotted as a function of the p-6P
film thickness in Fig. 3.15. The sharp change in the relative intensities in the first few
molecular layers followed by a more gradual change in the intensities is indicative of the
Stranski-Krastanov growth mode [56]. The evolution of the C s and Sn 3d peak
intensities of the coronene on Sn§, system suggest the same type of growth pattern. This
growth pattern is also consistent with that of the p-quaterphenyl grown on SnS, [7].

Due to carbon being the only unique identifiable element in both p-6P and HOPG,
XPS cannot be used to distinguish between the chemical identity of the substrate and the

organic overlayer. While in the p-4P/HOPG system the conduction band (CB)-related
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Fig. 3.15. SnS./p-6P interface; the C Is and Sn 3d core peak intensities as a
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of the Stranski-Krastanov growth mode.
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peak at about 13.5 eV in the He I spectra could be used for the evaluation of the growth
modes, this is not possible in the case of p-6P since it has some emission features in that
spectral range (compare UP-spectra of the p-6P/SnS, system in Fig. 3.1). This leads to an
overlap similar to the Cls case making a sensible evaluation of the growth modes in this

system impossible based on our data.

34. Conclusion

Thin films of p-sexiphenyl (p-6P) and coronene were grown in multiple steps on
vacuum cleaved SnS, and highly oriented pyrolytic graphite (HOPG). The samples were
characterized in situ between each growth step using a combination of UPS and XPS, to
determine the energy alignment of the HOMO and LUMO of the organic to the
valence/conduction bands of the SnS,, or the Fermi level of HOPG. At the p-6P/SnS,
interface, the interface dipole was determined to be 0.15 eV, and the VBM/HOMO offset
was determined to be -1.27 eV, while the CBM/LUMO offset was -2.89 eV. For the
coronene/SnS, sample, the interface dipole was 0.53 eV, the VBM/HOMO offset was -
1.26 eV, and the CBM/LUMO offset was -2.37 eV. The interfaces of both p-6P and
coronene deposited on HOPG had a negligible interface dipole, whereas the hole
injection barriers were ®,, = 1.37 and 1.27 eV, and the electron injection barriers were

®,. =-2.43 and -2.02 eV respectively.
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The observed XPS peak shifts detected in these four systems strongly supports the
notion that band bending and changes in the final state screening environment affect the
magnitudes of the measured orbital offsets at interfaces involving organic materials.
Precise separation of band bending and polarization energy contributions using
photoelectron spectroscopy remains unresolved. Both phenomena affect the measured
values of the orbital offsets, so the core-level binding energy shifts should be
incorporated into the evaluation procedure. Significant shifts in the core-level binding
energies were determined for both the p-6P/SnS, [ACL(Sn 3d) = 0.16 eV; ACL(C lIs) =
0.21 eV] and coronene/SnS, [ACL(Sn 3d) = 0.08 eV; ACL(C 1s) = 0.07 eV] interfaces
attributed to either the higher work function or greater polarization energy of SnS,. The
HOPG interfaces, on the other hand, showed only negligible degree core-level energy
shifts, matching the much lower work function and similar polarization energy of HOPG,

which is of similar magnitude like the organic materials in contact.
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Chapter 4: Energy Level Alignment and Two-Dimensional Structure of

Pentacene on Au(111) Surfaces

Submitted to Journal of Applied Physics
P. G. Schroeder, C. B. France, J.B. Park, and B. A. Parkinson®

Abstract

X-ray photoemission (XPS), ultraviolet photoemission spectroscopy (UPS) and
scanning tunneling microscopy (STM) have been used to determine the energy level
alignment and the molecular ordering of monolayer and submonolayer pentacene films
on Au(l11) in ultrahigh vacuum. Pentacene evaporated onto the van der Waals surface
of SnS, was used as a comparison non-interacting substrate. A large interface dipole was
measured for pentacene on Au(l11) (0.95 eV) whereas pentacene on SnS, showed a
relatively small interface dipole (0.26 eV). The different interface dipoles are related to

the different orientations of the pentacene molecules due to different pentacene substrate
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interaction energies. Ditferences in the UPS spectra also support changing molecular
orientations on the two substrates. STM images of pentacene on Au(111) revealed that
the molecules lay flat on the substrate and orient parallel to each other, forming striped
structures that are commensurate with the Au(l11) lattice. The pentacene coverage
influences the packing of the striped structures that can form a variety of unit cells.
Three related unit cells with pentacene molecules tilted ((2 x 2V7), (2 x ¥31), and (2 x

v39)) or perpendicular (2 x 3V3) to the row direction were identified on Au(lll).

4.1. INTRODUCTION

Crystals and thin films of highly purified pentacene have recently shown to
exhibit hole mobilities of 1.4 cm*V s and 0.25 cm*/V s respectively,[1,2] rather high
values for an organic material. The high mobilities increase the likelihood of applications
such as thin film transistors[3-5] and photovoltaic devices.[6.7] In experimental
transistor devices, Si or SiO, has typically been used as the substrate for deposition of the
pentacene film while gold has been used as the source and drain contacts in the field
effect transistors constructed with pentacene. The positions of the energy levels in the
pentacene with respect to the work function of gold and the spatial orientation of the
molecular orbitals at the pentacene/gold interface will determine the ease or difficulty of
charge transfer across this interface. Facile charge transfer or good blocking behavior

will be important for efficient device operation. We report on the energy level alignment
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and the structure of pentacene monolayers on the Au(111) surface and compare this to the

non-interacting substrate SnS..

4.2. EXPERIMENTAL METHODS

All experiments were performed in a commercial Omicron Multi-Probe®
ultrahigh vacuum (UHV) apparatus (base pressure = 5 x 10" mbar) equipped with a
variable temperature scanning tunneling microscope (VT-STM), low energy electron
diffraction (LEED), x-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), and a VSW EAI25 single channel hemispherical analyzer. The
organic physical vapor deposition chamber (base pressure = 1 x 10 mbar) is attached to
the analysis chamber allowing the samples to be prepared in situ. To prepare the Au(i11)
film, a 2 cm’ mica sample was heated for 24 hours in UHV to 300°C to evaporate surface
contaminates. A gold film, approximately | um thick, was then deposited from a
resistively heated tungsten wire basket onto the mica substrate. The substrate
temperature was held at 300°C during deposition, and then annealed at 350°C for three
hours. The chemical purity of the film was determined using XPS, and LEED patterns
revealed that the surface was predominately Au(111). STM images of the bare gold
revealed the characteristic 22 x V3 reconstruction of the Au(il1) surface.[8] The

pentacene films were grown by sublimation from a resistively heated boron nitride
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crucible. The source was held at 120°C for 12 hours prior to each deposition to outgas
any lower vapor pressure contaminants. A 2 A film was deposited onto the Au(111)
substrate at a rate of 4A/min, monitored using a Leybold quartz crystal microbalance
(QCM). The source temperature during growth was 138°C while the gold substrate was
kept at room temperature. The constant current STM images were obtained at positive
tip biases, ranging from 0.5 to 1.0 V, with tunneling currents between 0.1 and 0.2 nA.
Typical image acquisition times were 3-S5 min. The height scale of the molecular
corrugations was between 1 and 2A for all images. A background plane fit was the only

processing feature applied to the images.

4.3. RESULTS

The energy level alignment of the pentacene/Au and the pentacene/SnS,
interfaces were measured using photoemission spectroscopy.[9] The UPS measurements,
in conjunction with XPS measurements, allow the determination of the energy level
alignment at metal/semiconductor or semiconductor/semiconductor interfaces. Details of
the procedure for determining the energy level alignment of such interfaces using
photoemission spectroscopy are described elsewhere.[10-14] A moderate shift of 0.25
eV was observed in the high binding energy cutoff edge of the UP-spectra between the
vacuum cleaved SnS, substrate and a 2 A thick film (or about one monolayer) of

pentacene (Fig. 4.1A). The UPS revealed a strong shift of 0.87 eV (Fig. 4.1B) in the high
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binding energy cutoff edge between the bare gold substrate and 2 A thick film of the
pentacene, indicating the presence of a significant interface dipole. This interface dipole
is most likely attributed to a charge transfer, or a quantum dipole, from the pentacene into
the Au since a molecular dipole is not possible due to pentacene’s lack of a permanent
dipole.

The normalized He II spectra (Fig. 4.1C) show the valence band of the bare
Au(111) substrate, the vacuum cleaved SnS, crystal and the changes in the spectra as 4 A
of pentacene is deposited on each of these substrates. The photoemission peaks attributed
to pentacene emerge after a few Angstroms of deposition, although the very large initial
intensity of the Au 5d valence peaks still dominate the spectra. The UPS (He II) of a 500
A thick pentacene film is also shown to indicate the intensity and positions of the valence
peaks (labeled a-h) for the bulk pentacene. Each of these peaks correlate closely on both
substrates with the exception of peak ¢ at binding energy of 4.4-5.2 eV. This peak, that is
very intense on the SnS, and weak on the Au substrate, corresponds to the & molecular
orbitals that are delocalized along the long axis of the pentacene molecules.[15] The
large work function shift of the pentacene on the gold substrate as well as the significant
difference in intensity of peak c in the He II spectra are indications that there is a
difference in the interaction energies and the orientation of the pentacene molecules on

the two substrates.

158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A .
0.25eV:
shift :
2A
pentacene :

SnS; (vac. cl.) SnS;
valence bands

Intensity {arb. units|

v"-'--:"rvvutlr'l"vvt‘t h
175 17 165 16 15515 16 12 8 4 0
binding energy [eV]

FIG. 4.1. (A) UPS (He I) showing the high binding energy cutoff for pentacene
deposited on a vacuum cleaved SnS, substrate. The work function of the sample is
determined by subtracting the binding energy from the source energy (21.21 eV). (B)
UPS (He I) showing the high binding energy cutoff for pentacene deposited on a Au(111)
substrate. (C) UPS (He II) spectra of the valence band regions for pentacene deposited on
Au(111) and SnS, substrates.

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Band diagrams of pentacene on Au(lll) and on SnS, determined from the
photoemission experiments are summarized in Fig. 4.2. Details of this experiment are
discussed elsewhere[9]. The magnitudes of the electron and hole injection barriers as
well as small core-level energy shifts, as measured with XPS, were determined. These
core-level shifts could be attributed to band bending[10] or changes in the final state
screening environment[16,17]. The phenomenon emphasized herein is the strong
interface dipole that is represented as a step in the vacuum level in the energy level
diagram. The interface dipole at the pentacene/Au(l11) interface (Fig. 4.2, top), as
determined from the full measurement process up to 512 A of pentacene is 0.95 eV. For
comparison, a similar experiment was pertormed for pentacene deposited on the layered
semiconductor SnS, (Fig. 4.2, bottom). In this experiment, the magnitude of the interface
dipole is substantially smaller than for the pentacene on gold (0.26 eV). This is very
likely due to a much lower charge transfer across the interface that may be related to
differences in the morphology of the pentacene on the two substrates. The ~0.3 eV
difference in ionization energies of the 512 A pentacene film on the two substrates also
suggests that the morphology of the films is different since ionization potentials are
usually dependent on the molecular orientation.

Scanning tunneling microscopy was used to investigate the molecular
arrangement of the pentacene molecules on the Au(111) and SnS, substrates. No ordered

structures have yet been observed on SnS,, presumably since the molecule-substrate
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FIG. 4.2. Band diagrams of the pentacene/Au(l11) interface (TOP) and the
pentacene/SnS, interface (BOTTOM). A larger charge dipole is measured at the
pentacene/Au interface (represented by a step in the vacuum energy level) than the

pentacene/SnS,.
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interaction is likely to be very weak due to the van der Waals surface of the SnS,. In this
system, the molecule-molecule interaction may dominate the surface morphology
resulting in a reduced interaction between the molecule and substrate, likely disorder in
the thin films of pentacene, and a correspondingly low surface dipole. Figure 4.3 shows
an STM image of an area of the Au substrate with several visible terraces. The pentacene
molecules form long rows or stripes that are usually straight, although they are observed
to curve to follow the step edges of the gold substrate or to bend around terminated rows
of pentacene molecules.

Analysis of higher resolution STM images like those shown in Figure 4.4,
suggests that the pentacene molecules are lying flat on the substrate and are
commensurate with the Au(111) lattice. The molecular width of pentacene molecules,
measured by cross-section analysis of the images, was determined to be 5.55 + 0.17 A,
just slightly larger than the para-hydrogen-hydrogen inter-nuclear distance of 5.03 A for
pentacene in the bulk crystal structure[18]. This is also close to the estimated van der
Waals width of the pentacene molecules of 5.98 A.

The high-resolution STM images (Figure 4.4) reveal that the outer rings of the
individual pentacene molecules appear brighter in the STM images. We attribute this to
the pentacene molecular orbital that is accessed under these tunneling conditions on the

Au(l11). Double-lobed features were also observed in STM studies of pentacene
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FIG. 4.3. STM (80 x 80 nm) image of a 0.8 to 1.0 monolayer of pentacene deposited on
Au(l11). A substrate step edge is observed down the center of the image. The black box
shows a region of closely spaced rows consisting of type A, B and/or C unit cells. The
white boxes show regions containing type D unit cells.
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FIG. 44. (TOP) STM image of pentacene molecules with type A unit cell where the
pentacene molecules are in line with those in the adjacent row. (BOTTOM) STM image
of pentacene where the molecules are more staggered relative to those in the adjacent row
corresponding to the type B or C unit cells. The region containing extra space between

the rows corresponds to the type D unit cell.
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adsorbed on a Si(100) 2x1 surfaces and were explained by the spatial distributions of the

pentacene orbitals in contact with the Si dimers.[19]

IV. DISCUSSION

The relative peak intensities in the UPS (Fig. 4.1) reveal differences in the
morphology of pentacene films on the two substrates. The intense peak at 4.4-5.2 eV
(peak ¢ in Fig. 4.1C) is in the region of the UP-spectrum corresponding to the high
binding energy © bands for polyaromatic molecules. As previously stated, peak c is
attributed to the diffuse & molecular orbitals oriented along the long axis of the pentacene
molecule. The intense band at 4.4-5.2 eV in the UPS for the pentacene on SnS, therefore
indicates that the pentacene molecules are lying flat or only slightly tilted relative to the
surface normal even as the film approaches a bulk state of pentacene. It is known that
pentacene molecules initially lie flat on graphite substrates due to a strong
commensuration with the hexagonal graphite lattice followed by a slight degree of
molecular tilting upwards as the film thickness increases.[20] It is therefore very likely
that the pentacene molecules also lie flat on the SnS, substrate (which is also a hexagonal
van der Waals surface), but the molecule-substrate interaction energy is probably lower
due to a lower degree of lattice matching.

This peak is slightly present in the UP-spectra for the 4 A (or approximately one

monolayer) of pentacene on gold which is consistent with the notion that for very thin
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(one to several monolayers) films of pentacene are oriented flat on the gold surface as
observed with STM. This peak is attenuated for thicker films of pentacene on the gold
surface indicating a change in the morphology. Other experiments and analysis have
revealed that thicker films of pentacene on gold form polycrystallites where the
molecules are oriented perpendicular to the substrate surface and will be discussed in
more detail in future work.[9]

The geometry of the pentacene molecule can produce commensurate structures on
the gold lattice with the outer rings lying directly above substrate atoms, as shown in the
diagrams in Figure 5. Deciphering the exact unit cell for each pentacene domain is not
always possible since the differences in unit cell distances in the proposed geometries are
often rather subtle. We however propose four predominant and at least one probable unit
cell geometries of pentacene on the Au(l111) lattice based on a statistical analysis of the
measurement distances between adjacent pentacene molecules in the STM images as well
as the relative orientation of the pentacene molecules to each other. In each of the
proposed geometries, the &t orbitals of the outer rings lie on top of the Au atom
underneath, leading to an increased molecule substrate interaction. Adjacent pentacene
molecules within a row are then separated by one Au atom. A histogram of 240
measurements of row widths taken from 23 different images is shown in the bottom of
Figure 4.5. The row widths were measured perpendicular to the row direction. Two

distinct peaks in the row-width histogram are observed centered at 15 A and 17.5 A with
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FIG. 4.5. (TOP) Diagram of four types of unit cells for pentacene molecules adsorbed on
the Au(l11) lattice. Type A has a (2 x 3V3) relationship with the Au(111) surface. Type
B has a (2 x 2V7) unit. Type C has a (2 x ¥31) unit cell. Type D is similar to type B,
except for an extra row of gold atoms between adjacent rows of pentacene molecules

yielding a (2 x V39) unit cell. Larger spacings such as type E (2 x 2V13) are also
possible.
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a small peak at 21.5 A. The histogram, plus analysis of the high-resolution STM images,
suggests that variety of unit cells are exhibited by pentacene on Au (111). Several rows
exhibited a Type A adsorption configuration, as diagramed in Figure 4.5 (top; left), where
the individual molecules lie perpendicular to the row direction (a (2 x 3V3) unit cell) with
respect to the underlying Au(111)). The type A unit cell has a unit cell length of 14.65 A
corresponding to a packing density of the molecules of 1.21 x 10" molecules-cm?, the
highest of any structure we have observed. Type B (Fig. 4.5: top; middle), is a (2 x 2N7)
unit cell that has a slightly lower packing density (1.19 x 10'* molecules-cm™), but is
much more prevalent in the STM images. The type B unit cell leads to a calculated unit
cell length of 14.9 A. Type C (2 x V31) unit cell, also shown in Figure 4.5 (top: center),
corresponds to a calculated unit cell length of 15.7 A and has a slightly different offset of
the molecules in the two rows than the type B cell. The difference between the type B
and C unit cells is the position of the end ring of the pentacene molecule is offset by one
row of Au atoms relative to that of the neighboring pentacene in the adjacent row for the
type B unit cell. In type C, the end of the pentacene ring starts in the same row of Au
atoms as the nearest neighbor in the adjacent row. The bottom STM image in Figure 4.4
consists primarily of types B or C unit cells, however limitations on the lateral resolution
in the STM prevented distinguishing between these two unit cell types. In this image, the

pentacene molecules appear staggered relative to those in the adjacent row. The
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molecules in the STM image in the top of Figure 4.4 appear to be colinear with those in
the adjacent row, consistent with the proposed type A unit cell. For the type A unit cell,
the unit cell length is equivalent to the calculated row width (14.65 A) since the
molecules are arranged perpendicular to the row direction. In type B and C unit cells,
the molecules are slanted relative to the perpendicular direction of the row, so the
measured row width does not reflect the calculated unit cell length. The measured
average row widths for types A. B, and C was 14.8 £ 0.9 A, which is in range of the 3V3
gold atom distance of 14.65 A that corresponds to the distance perpendicular to the row
directions for each of these unit cell types. It was therefore not possible to distinguish the
type A unit cell from the type B or C unit cells without high resolution scans like Figure 4
that show the relative alignment of the molecules.

The type D unit cell had a larger spacing that is equivalent to one additional gold
atom between the rows of pentacene molecules. An area showing the type D (2 x V39)
unit cell is shown in the white boxes in the image in Figure 4.3 and at higher resolution in
the bottom image of Figure 4.4, where there is a larger space between two rows. This
structure is also diagramed in Figure 4.5 (middle). The second peak in the histogram in
Figure 4.5 is centered at 17.5 A and coincides with the type D unit cell. This distance is
close to the calculated row separation distance of 17.1 A and is within the standard

deviation of the measured value of 17.8 £ 1.9 A. All the types of unit cells have an a-axis
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equal to two gold atoms corresponding to a molecular separation of 5.64 A, in excellent
agreement with the average measured width of 5.55 * 0.17 A of individual pentacene
molecules. While this corresponds well to the 5.03 A separation distance determined
from crystallography, it is a smaller separation distance than the van der Waals width of
5.98 A for the pentacene molecules. This close separation distance for unit cells B-E is
explained by the interdigitation of the hydrogen atoms between adjacent molecules
within the rows due to the molecules tilting within a row. However, this interdigitation is
not possible for the type A unit cell where the hydrogen atoms between the molecules are
directly in line with each other. There would be even greater steric hindrance between
the hydrogen atoms at the C1 and C2 positions of the pentacene molecules in adjacent
rows. We speculate that there is a slight tilting up of the pentacene molecules from the
Au(l11) surface to increase the packing and reduce the steric interaction of the hydrogen
atoms in the Type A structure. The tilting could be a prelude to edge on adsorption at
even higher coverages. We have observed that at lower coverages the pentacene
molecules still retain the striped morphology but tend to have larger spacings between
rows of pentacene molecules such as in the type D unit cell. The small occurrence of
slightly larger row widths in the histogram in Figure 4.5 (E) may be associated with an
additional Au atoms between pentacene rows. Data at larger separations would represent
additional gold atoms or entire missing rows. More experiments are underway to

quantitate these observations.
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V. SUMMARY

In summary, we investigated the energy level alignment between pentacene
molecules on Au and the non-interacting substrate SnS,. On the Au(111!) surface a
relatively high surface dipole is measured indicating a stronger molecule-substrate
interaction than on SnS, where the pentacene is unlikely to strongly interact with the van
der Waals surface. STM images revealed that the molecules form ordered rows of
parallel molecules on the Au(111) surface with the molecules flat on the surface,
indicating a strong molecule-substrate interaction, consistent with the large interface
dipole measured with UPS. The molecular rows showed several distinct separation
distances and molecular orientations within the rows, leading us to propose the existence
of four predominant pentacene two-dimensional unit cells that are commensurate with the

Au(l11) lattice.
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Chapter 5: Energy level alignment and morphology of pentacene

deposited on Au(111) and SnS,

Abstract

The energy level alignment at the pentacene on gold and pentacene on SnS,
interfaces were determined using in sire thin film deposition in combination with x-ray
and ultraviolet photoemission spectroscopy (XPS, UPS) measurements. The organic thin
films were grown in multiple steps by vapor deposition, then sequentially characterized
in sine after each growth step. The pentacene/Au(111) interface is an Ohmic contact that
yielded a strong (0.95 eV) interfacial dipole barrier. The vacuum cleaved single crystals
of SnS, substrate provided clean, atomically flat and chemically inert surfaces, allowing
for the investigation of the core-level energy shifts and interface dipoles without the
interference trom chemical reactions or problems with the substrate morphology. Low

intensity XPS work function measurements enabled the detection of the overlayer-
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thickness-dependent onset of charging phenomena in the UPS measurements. This
allowed the precise determination of the highest occupied molecular orbital (HOMO)
alignment of the organic molecules at the investigated interfaces. Scanning tunneling
microscopy and temperature programmed desorption (TPD) of pentacene on gold
allowed for a more complete understanding of the morphological properties of pentacene
and how this influences band structure. Current-voltage measurements of doped and
undoped pentacene/SnS, interfaces verified the existence of a rectifying junction and

demonstrated the photoconductivity of the pentacene.

5.1 Introduction

Pentacene has been recently determined to be one of the most promising
candidates for organic thin film field effect transistors (FET) [1-3] or photovoltaic
devices [4,5] due to its high field effect mobility of 1.4 cm*/Vs for the single crystal [6] at
room temperature, and upwards of 10*-10° cm¥V:s at very low temperature [7]. Both
single crystals and thin films of pentacene have been used to fabricate transistor devices.
Typically a Si/SiO, substrate has been used as the substrate and the gate electrode, while
gold has been used as the contact material for the source and drain electrodes. There
have been several studies of pentacene deposited on Si or SiO, [8,9], however there have
been very few studies into the electronic and morphological properties of the

pentacene/gold interface. A further understanding of hole/electron injection or blocking
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abilities as well as the orbital overlap at the source and drain contacts, provides insight
into the current-voltage characteristics of pentacene FET devices. Determining the
barrier offsets between an organic semiconductor film and a contact/electrode material to
elucidate the electronic characteristics of the interface can greatly enhance device
performance. Determining the energy level offsets at the pentacene/SnS, interface probes
the properties of a p-n type heterojuction involving an organic and inorganic
semiconductor. The nearly atomically flat van der Waals surface of the SnS, substrate
also functions as a model substrate to further investigate fundamental properties of the
organic semiconductor interface.

A common procedure for determining the energy level offsets is photoemission
spectroscopy [10-16]. Ultra-violet photoelectron spectroscopy (UPS) is used to
determine the work function and position of the occupied molecular orbitals/valence
bands of the sample. X-ray photoelectron spectroscopy (XPS) is also included in our
measurements to distinguish the interface dipole from either the band bending or final
state screening related shifts in the work function, as well as assist in the determination of
the growth modes of the organic films.

Determination of the binding energy of the molecules to the substrate can help
lead to a better understanding of the properties of the interface, particularly the interfacial
dipole. A strong interfacial dipole barrier is indicative of electrostatic forces between the

substrate and overlayer. Temperature programmed desorption (TPD) is used to measure
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the binding energies of molecules to a substrate surface. TPD measurements of
pentacene on different substrates will help determine whether there is an increased
bonding or electrostatic binding between the organic film and a substrate where a large

interface dipole is present.

5.2 Experimental

All in situ experiments were performed in a commercial Omicron Multi-Probe®
ultrahigh vacuum (UHV) apparatus (base pressure = 5 x 10" mbar) equipped with
variable temperature scanning tunneling microscopy (VT-STM), low energy electron
diffraction (LEED), temperature programmed desorption (TPD), x-ray photoelectron
spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and a VSW EA125
single channel hemispherical analyzer. The organic physical vapor deposition chamber
(base pressure = 1 x 10° mbar) is attached to the analysis chamber allowing the samples
to be prepared in situ. The | cm® SnS, crystal was cleaved in situ using a glued on metal
foil, and characterized with XPS and UPS prior to deposition. The gold film was
prepared by heating a mounted 2 cm* mica sample for 24 hours in UHV to 300°C to
vaporize surface contaminates. The substrate temperature was heated to 300°C in the
deposition chamber where the gold was then evaporated from a tungsten wire basket onto

the mica substrate. Small molybdenum clips were attached to the outer edges of the
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sample to ensure the gold film would be electrically grounded. The pentacene films were
grown by sublimation from a resistively heated boron nitride crucible (source
temperature was 142°C). The source was held at 120°C for 12 hours prior to deposition
to outgas lower vapor pressure contaminants. The thin films were deposited at a rate of
4A/min.. monitored using a Leybold quartz crystal microbalance (QCM). After each
growth step, the samples were characterized in situ using XPS (MgKo, 50 eV pass
energy) and UPS (Hel, 21.21 eV; and Hell, 40.81 eV, both with 10 eV pass energy) in
normal emission. A -5.00 V bias was applied to the sample for the UPS measurements to
separate the sample and spectrometer high binding energy cutoffs. The SnS, substrates
were doped n-type at a carrier concentration of about 7 x 10'* cm™ was mounted on a
pedestal elevated S mm above the sample plate to prevent stray electrons from the
manipulator assembly interfering with the ultraviolet photoelectron (UP)-spectra.
Elevation of the gold sample was not necessary due to the sufficiently large sample size.
The spectrometer was calibrated to yield the standard values [16-18] of 75.13 eV for the
Cu 3p and 932.66 eV for the Cu 2p,,, emission lines on an Ar* sputtered Cu sample.
Binding energy zero was determined using the Fermi level position of the Cu sample.
The overall analyzer resolution of 0.20 eV was determined from the width of the Cu
Fermi edge. Theretore, work function and the highest occupied molecular orbital
(HOMO) cutoff positions, determined from the high binding energy cutoffs and HOMO

onsets of UP-spectra, were corrected for the analyzer broadening by adding/subtracting
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0.1eV. XPS core level peak positions were determined by a fitting routine using IGOR
Pro (Wavemetrics) data evaluation software. A vacuum deposited pentacene film on
quartz was used to obtain the solid state absorption spectrum that was measured using a
Varian Cary-500 UV-VIS-NIR Spectrophotometer.

The pentacene on gold STM images were obtained in constant current mode at
positive tip biases ranging from 0.5 to 1.0 V, with tunneling currents between 0.1 and 0.2
nA. Image acquisition times are between 3-5 min. A background plane fit was the only
processing feature applied to the STM images.

Atomic force microscopy was performed in tapping mode using a Digital
Instruments Nanoscope® [II Multiprobe AFM. The cantilevers used were Nanodevices
Metrology Probes™ Multi75 with a force constant of 3 N/m and a resonance frequency of
approximately 75 kHz.

Temperature programmed desorption (TPD) spectra (for details see Appendix A)
were obtained using a Stanford Research Systems quadrupole mass spectrometer with a
residual gas analyzer. The mass to charge ratio of 140 amu was selected for monitoring
during acquisition of the TPD spectra because it was a major fragmentation peak of
pentacene and there was little analyzer noise in that region of the mass spectrum. The

substrate temperature was monitored with a Raytek® Ranger MX® infrared thermopile

detector.
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Current-voltage measurements were performed on a home-built electrical
characterization station. The sample organic thin film devices were made by first gluing
a thin Sn§, crystal onto a stainless steel washer using a conductive epoxy. The pentacene
was deposited on the SnS, crystal through a S mm diameter mask in our UHV deposition
chamber. A 50 nm gold film was then deposited through a 3 mm diameter mask at 5x10°¢
torr in 2 Denton DV-502A vacuum deposition chamber. The samples were placed on a
micromanipulator with an annealed gold ball pressed down on the gold film as one
contact and a metal probe pressed on the stainless steel washer as the other. The voltage
were applied using a EG&G Model 174A polarographic analyzer, with the signal
monitored using a Stanford Research Systems SR830 DSP Lock-In amplifier and

recorded using MacLab/4e (ADInstruments) and Echem v.1.5.1 software.

5.3 Results of Energy Level Alignment Measurements

5.3.1 Pentacene on Au(111)

The pentacene film was grown sequentially on a vacuum deposited gold substrate in
multiple steps. The UPS (He I) for pentacene on gold is shown in Fig. 5.1. The full
spectra are shown in the center part of the figure with the bottom spectra being the UPS
for the bare gold substrate. The changes in the band structure are evident as thicker
layers of pentacene are deposited on the substrate. The high binding energy cutoff is

shown normalized in the left part of Fig. 5.1. A very significant shift in the high binding
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Fig. 5.1 UPS He I spectra of pentacene deposited on Au(111). The center portion shows
that tull spectra on a binding energy scale. The spectra on the left are the magnified high
binding energy cutoff (HBEC) used to determine the sample work function. The right
side shows the magnified region where the gold Fermi edge and the HOMO peak of the
pentacene are observed.
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energy cutoff between the bare gold substrate and one monolayer of pentacene (about 2-4
A) is clearly evident. This indicates the existence of a very strong charge dipole at this
interface. The shift in the high binding energy cutoff is more gradual at this point,
indicating only minimal band bending into the bulk of the pentacene. On the right part of
Fig. 5.1, the Fermi Edge of the gold (0 eV) is shown along with the evolution of the
highest occupied molecular orbital (HOMO) peak of the pentacene as the film thickness
is gradually built up to over 1000 A.

The pentacene on gold interface is a Schottky barrier, therefore the offsets of
interest are the barrier height between the Fermi level of the Au(111) and the HOMO,,
of the pentacene (hole injection barrier(®,,)), and the LUMO,, (electron injection
barrier (®,.)) of the pentacene. The work function of the gold substrate was determined
by subtracting the high binding energy cutoff of the UP-spectra from the source energy
(21.21 eV) yielding & = 5.47 eV. The HOMO_, of the 512A layer of pentacene was
determined from the lowest binding energy edge of the spectra, to be 0.65 eV. The work
function for the pentacene film at this same thickness was measured to be 4.42 eV. This
gives a total work function shift (AP) of:

A® = &(Au) — B(512A pentacene) = 5.47eV -4.42eV = 1.05eV.
To more precisely determine the energetics of an electronic interface, any band

bending that might be occurring in the organic material or polarization energy related
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shifts that occur at the interface, need to be included in the evaluation. Such shifts are
determined by measurement of the shift of the core level photoemission peaks using XPS.
The core-level spectra are shown in Fig. 5.2, where C 1s photoemission peaks for the
pentacene film are on the left and the Au 4f photoemission peaks are the on the right.
The Au 4f peaks, arising from a metal, will not be subjected to any band bending related
shifts. There is a subtle (0.10 eV) shift in the Cls spectra between the 0.4 A layer, the
lowest coverage where a Gaussian-Lorentzian peak could be fitted, and the 512 A layer
of pentacene.

Regardless of the origin of the core-level shift, neither band bending nor changes
in the polarization environment should contribute to the magnitude of any charge dipole
occurring at the interface. So the core-level shift should still be subtracted out from the
total work function shift to precisely determine the magnitude of the interface dipole
barrier. Subtracting the C 1s core-level shift (AC1s) from the total shift in the work
function of the sample (A®), yields the magnitude of the interface dipole barrier (eD):
eD=AP-ACls=1.05eV-0.10eV=095eV.

The magnitudes of the core-level shift and interface dipole are displayed graphically in
Fig. 5.3, where the total work function shift (filled symbols) and the Cls core-level shift

(open symbols) are plotted vs. pentacene film thickness. The curves are aligned at the
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Fig. 5.2. XPS of the pentacene Cls (left) and substrate Au 4f (right) peaks as a function
of pentacene layer thickness.
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512 A point, which is the thickest point where sample charging effects do not influence
the measurements [11,14].

The hole and electron injection barriers (®,, and ®,.) at the pentacene/gold
interface are determined by comparing the positions of the HOMO/LUMO of the
pentacene relative to the Fermi level of the gold. Subtracting the core-level shift in the
pentacene (ACls) trom the HOMO,,. at the 512A layer results in the hole injection
barrier:
®,, = HOMO,,,.(512 A pentacene) - ACls = 0.65eV —0.10eV = 0.55 V.

The position of the LUMO cannot be measured directly using UPS, however it
can be estimated by incorporating the optical absorption gap of the pentacene thin film
into the evaluation. Figure 5.4 shows the visible absorption spectrum of a pentacene thin
film deposited on a quartz substrate. The maximum absorption peak occurs at 668 nm,
which corresponds to a band gap (E,) of 1.85 eV. (It is important to indicate that the
optical gap value for organic materials can only be used as an estimate for electronic
HOMO-LUMO gap since the large excitonic binding energy of the molecules of the
order of 0.5 eV is not accounted for [19]). Subtracting the band gap (E,) from the hole
injection barrier results in the electron injection barrier height:

®, = b, - E (pentacene) =0.55eV - 1.85eV =-1.30eV.
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Fig. 5.4. Optical absorption spectra of a pentacene film used to estimate the band gap.
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The negative sign of this barrier height indicates the &, points upward into the pentacene
layer from the Fermi level of the gold in the opposite direction of the D,

The ionization potential (E,;,) of the pentacene was determined by adding the
work function of the pentacene, at the 512 A thickness, to the HOMO,_,, of the same
spectra yielding:

E... = ®(512 A pentacene) + HOMO,, (512 A pentacene)

=4.42eV +0.65eV =5.07eV
This ionization potential is relatively consistent with the measured value of 4.85 eV for
an amorphous pentacene film [20). The measured energy level alignment of the

pentacene/Au interface is summarized in band diagram in the top part of Fig. 5.5.

5.3.2. Pentacene on SnS,

The same procedure was applied to the pentacene on SnS, interface to investigate the
behavior of pentacene at the interface of an inorganic semiconductor. Fig. 5.6 shows the
UP-spectra sequence for the pentacene/SnS, interface. The bottom spectrum was
measured on the vacuum cleaved SnS, crystal. The upper spectra were measured after
each of the pentacene deposition steps, starting with a nominal coverage of 0.1 A and
progressively increasing in thickness up to the final coverage of 1024 A. The center part

of Fig. 5.6 shows the complete spectra revealing the evolution of the valence
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photoemission peaks between the SnS, substrate and the bulk pentacene film. The left
part of this figure shows a magnification of the normalized high binding energy cutoff
region of the UP-spectra. On the right is a magnified spectral region of the valence band
edge/HOMO of the sample.

The core-level shifts were again measured with XPS. The Sn 3d emission peaks
are shown in the left part of Figure 5.7. The shift in the Sn 3d emission line from the
SnS, substrate, caused by the pentacene deposition, was determined to be ASn3d = 0.21
eV shift between the vacuum cleaved substrate (binding energy = 486.93 eV) and the
thick pentacene film (binding energy = 487.14 V).

The C 1s spectra are shown on the right side of Fig. 5.7 where the increasing
intensity of the C Is peak is evident. A trace quantity (estimated to be about 1-3%
surface coverage) of carbon contamination peak at a significantly higher (>1eV) binding
energy than the peak attributed to the pentacene was detected on the vacuum cleaved
SnS, substrate. A peak fitting procedure that incorporates both the contamination C 1s
peak and the C Is peak for the organic layer was used to deconvolute the contamination
peak from the pentacene related peaks that start to dominate the spectrum at about 2-4 A
coverages. Details of this fitting procedure, described in reference [21], allowed for the
separation of the contamination and the pentacene C s peaks to determine the actual
binding energy of the C 1s peak that is attributed to the deposited pentacene molecules.

An example of this procedure, in the bottom right part of Fig. 5.7, shows the peak for the
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interface. The inset at the lower right shows the curve fitting to separate the C 1s signal
of the pentacene from that of trace contamination.
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2 A thick pentacene film fit with a Gaussian-Lorentzian function. The initial binding
energy of the pentacene C Is peak was determined to be 284.15 eV, that is the average C
Is binding energy for the 0.2, 0.4, 1, and 2 A growth steps. The binding energy for the
"thick” p-6P film (512A) was determined to be 284.22 eV. This gives a small core-level
shift (ACls) of 0.07 eV in the pentacene film.

Adding the core-level shifts of the Sn 3d peaks and the pentacene C 1s emission
peaks yields the total core-level shift [CL(tot)] magnitude across the interface:

CL(tot) =ACls + ASn3d =0.07 eV + 0.21 eV = 0.28 eV.

The total shift of the work function A® at the between the vacuum cleaved
substrate of the SnS, [®(SnS,)] and the 512 A layer of the pentacene [®(512A
pentacene)] was determined to be:

A® = O(SnS,) - (512 A pentacene) = 5.30 eV —4.76 eV = 0.54 eV.

Subtracting the total core-level shift (CL(tot) = 0.28 eV) from the work function
shift gives the magnitude of the intertace dipole:
eD=Ad-CL(tot) =0.54eV -0.28 eV =0.26eV.

The energy offset (AHOMO,,,,;) between the VBM of the SnS, substrate and the
highest occupied molecular orbital (HOMO) of the pentacene film was evaluated by
subtracting the initial VBM position of the SnS, (2.26 eV) and the total core-level shifts

(CL(tot) = 0.28 eV) from the HOMO,,.. of the 512 A layer of pentacene yielding
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AHOMO,,,. = HOMO,,.(512 A pentacene) - VBM(SnS,) - CL(tot)
=0.65eV-2.26-0.28eV=-1.89¢eV.

The conduction band maximum (CBM)/lowest unoccupied molecular orbital
(LUMO) offset was determined by including the optical band gaps of the SnS, and
pentacene into the evaluation. A common value of the band gap used for the SnS, crystal
is 2.18 eV, which is the average of the optical absorption measurements given in
reference [22] and references therein. The electronic band gap however is most likely
several tenths of an eV larger and needs to be at least as large as the distance between the
VBM and the Fermi level (>2.26 eV), so a value of 2.30 eV provides a reasonable
estimate. The optical band gap for the pentacene was 1.85 eV as used trom above. The
offset between the LUMO of the pentacene and the conduction band maximum (CBM) of
the SnS, was determined by subtracting the difference of the band gaps from AHOMO, ..
(-1.30 eV) which yields
ALUMO,, = AHOMO,,,; - (E,(pentacene) - E,(SnS,))

=-1.89-(1.85-2.30eV)=-1.44¢V.
The negative values of both the AHOMO,,. and the ALUMO,,, indicate that the
HOMO and LUMO of the pentacene are at a lower binding energy than the VBM and
CBM respectively of the SnS, crystal. A schematic of the complete electronic structure

of the interface is diagrammed in the bottom part of Fig. 5.5. The ionization potential of
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the SnS, was evaluated by adding the VBM position (2.26 eV) to the work function (5.30
eV), yielding
E...(SnS,) = VBM(SnS,) + ®(SnS,) =2.26 + 5.30 eV =7.56 eV.

The ionization potential for the pentacene grown on SnS, was similarly
determined by adding the position of the HOMO,, (512 A pentacene) to the work
function of the same layer [®(512 A pentacene)] giving:

E..(512 A pentacene) = HOMO,,.(512 A pentacene) + ®(512 A pentacene) =
=0.65eV +4.76eV=54leV.

Sample charging is often an issue when measuring the orbital offsets of interfaces
that have organic materials since the valence band and work function positions can no
longer be precisely measured if the sample is charging. Determination of the onset of
charging is described in reference [11], where the work function, as measured with both
UPS and XPS, is plotted vs. sample thickness. Since the UV helium lamp has photon
flux two to three orders of magnitude higher than the X-ray source, the work function
measured with UPS has a much greater shift then when measured with XPS once sample
charging sets in. Fig. 5.8 shows a graph where both work function lines follow each
other very closely throughout the experiment. This indicates that sample charging does
not affect the results significantly even at greater than 1000 A thicknesses, which is an

indication of the high conductivity of pentacene thin films [23]. The above energy
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Fig. 5.8. Comparison of the sample work function as measured with XPS and UPS as a
function of the pentacene film thickness. The work function will shift more significantly
under the higher photon flux of the UV lamp upon the onset of sample charging. In this
system, there is minimal sample charging even at > 1000 A thick film of pentacene.
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alignments were determination using the values at 512 A point of pentacene to insure that
there would be no influence of sample charging on the measured spectra.

An indication of the growth mode of the pentacene films deposited on the Au(111)
substrate can be given by the cross-section corrected intensity of the C s and Au 4f
peaks (Fig. 5.9, top) plotted as a function of film thickness. The exponential decay of the
Au 4t peak and the inverse exponential increase of the C s peak indicate that the
pentacene film follows a Stranski-Karastanov growth pattern [24]. A similar graph is
displayed for the pentacene on SnS, (Fig. 5.9, bottom) where the same type of growth
mode is evident. Layer by layer growth would show a graph where the change of the
peak intensities would be linear with respect to the film thickness. Purely island growth

would show a lower rate of decay of the substrate peak intensity.

5.4 Discussion of Energy Level Offsets and Morphology

Our data does not allow the determination of whether the origin of the core-level
peak shitt (ACIs) in the pentacene layer is due to band bending or to differences in
polarization energies. In the pentacene/Au(111) system, the gold substrate has a
significantly larger polarization energy than the pentacene (4.9 eV vs. 1.7 eV) [20], so the
core hole remaining in the pentacene immediately adjacent to the gold surface should be

screened more effectively than those in the pentacene bulk matrix.

197

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



@

g Pentacene on Gold
&3 . L A
- XPS Peak Intensities
= -~ Audf

g -~ Cls

g

S

LA GARARRALLS RAAMARAAAS LARAARALAS 4

400 600 800 1000
pentacene layer thickness [A]

ansalass e asalasaataaaataaaalassataaaatsaaataag

/_/

y

; Pentacene on SnS,
s I i

> XPS Peak Intensities
‘3 -o- Cls

5 -= Sn3d

=

AL ARASSE LASRS RAAAA AR RASRS RARAL R v ""l""I!

0 200 400 600 800 1000
pentacene layer thickness [A]

Fig. 5.9. Cross section corrected intensities of the XPS core-level peaks plotted as a
function of the pentacene film thickness. Both the pentacene on Au(111) (TOP) and
pentacene on SnS, (BOTTOM) revealed Stranski-Karastanov growth patterns.
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There is a stronger localized core-level shift near the gold interface. This can be
seen in the C 1s binding energy shift of approximately 0.3 eV in Fig. 5.3 between 0 A
and around 16 A thickness of the pentacene. This strong core-level shift toward higher
binding energies in the initial two or three molecular layers is similar to the shifts of the
Xe 4f levels over the course of a few monolayers of xenon on Pd(001) as reported in
reference [25]. After several molecular layer equivalents of pentacene, the binding
energy decreases slightly by approximately 0.2 eV between 16 A and 128 A range.

These early shifts can be attributed to the changing polarization environment of
the core holes remaining after photo-ejection of the core electron. The initial C 1s
binding energy of the first sub-monolayer (0.4 A) of pentacene is 284.12 eV, which is
comparatively low due to the final state screening induced by the strong polarization of
the gold substrate. The C 1s binding energy reaches a maximum of 284.41 eV at about
the 16 to 32 A thickness, where the gold surface has already been completely covered by
a monolayer of pentacene. At this point, the core hole screening is significantly reduced
since the polarization energy of the adjacent pentacene molecules is significantly lower
than that of the gold substrate. In addition, most of the C Ls signal still originates from
surface molecules where the vacuum does not contribute to final state screening. Beyond
several molecular layers (> 32 A), the remaining core-holes in the pentacene are more

thoroughly surrounded by adjacent pentacene molecules leading to a greater polarization
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induced screening than in the very thin films (2-32A) of pentacene, yet still less than the
polarization induced screening caused directly by the gold.

It seems clear that the initial core-level binding energy shifts can be attributed to
differences in polarization environments between the interface and bulk pentacene.
Beyond these localized shifts near the interface, there is the overall net shift of 0.10 eV
between the initial C 1s binding energy and the "thick" film (512 A) of pentacene the
origins of which could be attributed to band bending or changes in the final state
screening environments. This net shift extends well out into the bulk of the pentacene
where the polarization environment becomes relatively constant, and while there could
still be contributions from changes in final state screening conditions, it is possible that at
least part of this net shift could be attributed to band bending.

Core-level shifts at the pentacene/SnS, interface may be more difficult to discern
since the polarization energies of SnS, (probably less than 3 eV) and pentacene are likely
to be closer in magnitude than pentacene and gold. An important point to make is that
the Sn 3d emission peak for the vacuum cleaved substrate is at a lower binding energy
than when covered with a pentacene thin film on. This is the opposite of the shift
direction that would be expected if adsorbed pentacene molecules were screening the
core-holes created in the Sn surface atoms. So, while relaxation effects are likely
contributing to the magnitude of the core-level shifts, the fact that the Sn 3d binding

energy shift to a higher value with increasing thickness of pentacene indicates that band
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bending does occur in the SnS, substrate. This would be expected since the SnS, crystal
is a moderately doped inorganic semiconductor.

The Cls shift between the very thin (0.4 A) and thick (512 A) pentacene layers is
very small (ACls = 0.07 eV), almost within the margin of error of the measurement
process. This shift could be attributed to band bending in the pentacene film or
differences in polarization energies. This 0.07 eV shift constitutes the net shift in the C
Is core-level binding energy.

It should be noted that regardless of the origin of the core-level shifts at the
interfaces, they do resemble band bending related shifts. As stated in reference [26], the
energy state of hole injection is similar to the hole state created by photoemission both
effectively lowering the barrier for hole injection. A similar effect of lowering the
electron injection barrier should occur if polarization effects are dominant, however the
exact magnitude of this etfect remains unknown. It could be assumed that the magnitude
of polarization effects for an electron would be similar to that for a hole, except that the
direction of the band shift would be opposite of that for a hole. The band diagrams in
Figure 5.5 reflect the core-level shift modifications to the injection and interfacial dipole
barriers. The magnitude of the electron injection barriers (®,. and ALUMO,,,.,) are the
maximum estimated barrier heights where band bending would be assumed. The lower
values for the electron injection barriers are labeled in parenthesis in Fig. 5.5 to point

toward a lower limit to the range for the barrier height. The actual electron injection
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barrier heights are likely to be lower due to screening of the electron from a polarization
environment.

To further investigate the origins of the strong interface dipole barrier (0.95 eV) at
the pentacene/gold interface, the binding energies of the pentacene molecules on the gold
surface were measured using temperature programmed desorption. The purpose of
measuring the binding energies was to determine whether the molecules on the gold
surface were bound with a higher binding energy (due to increased electrostatic
interactions) than the pentacene molecules in the bulk. The TPD spectra in Fig. 5.10
shows the desorption of an approximately 2 nm thick film (about 5 molecular layers) of
pentacene on a Au(l11) surface at a heating rate of 15 °C/minute. The mass to charge
ratio that was monitored was 140 amu, which is a fragment peak of the pentacene
molecule that appeared in a region of the mass spectrum where there was a low noise
background. The first strong peak in the TPD spectrum is centered at T, = 142 °C that,
when plugged into the Redhead algorithm, corresponds to an binding energy of 1.21 eV
and is attributed to the physisorbed pentacene molecules in the second and third
molecular layers on the surface. The temperature of 142 °C also very closely matches the
temperature of the source crucible during deposition of the pentacene films. This peak is
followed by a significant tailing of the signal as a higher temperature (and binding

energy) is reached. Precise peak positions could not be fit into the higher temperature

202

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TPD pentacene on Au(111)

m/z = 140 amu
heating rate = 15 °C/min.

X T = 142°C (= 1.21eV)

50 100 150 200 250 300 350
Temperature [°C)

Fig. 5.10. Temperature programmed desorption spectra of pentacene on Au(111) using a
140 amu fragment peak. The first peak at 142 °C reflects the physisorbed species. The
Gaussian peak fits to the higher binding energy side are approximations and reflect more
strongly bound species of pentacene to the Au(111) surface where the effective binding
energy increase is attributed to the electrostatic force of the interface dipole.

203

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



region of the spectra, although approximate fits could be made. There appeared to have
at least two higher binding energy sites of the pentacene molecule on the surface at
around T, = 184 + 10 °C and T, = 218 + 10 ° C. Based on TPD experiments of pentacene
on SnS, and on a blank stainless steel sample plate, the T, peak is likely due to small
amounts of pentacene adsorbed on the surrounding sample plate. The T,; peak,
corresponding to a binding energy of approximately 1.43 eV, is unique to the gold
surtace, and appears to be attributed to the first monolayer of pentacene being more
strongly bound to the Au(l11) surface. This yields an approximate binding energy
difference of 0.22 eV between the first layer deposition of the pentacene on gold and the
bulk pentacene. While the precision of TPD for this type of experiment is limited, it at
least qualitatively verifies that there is a strong, most likely electrostatic, interaction
between the pentacene and the gold. This is consistent with the strong relationship of the
pentacene molecules to the Au lattice as was observed in the STM images (discussed
below).

In comparing the He II spectra for each of these systems (Fig. 5.11), there are a
couple of notable characteristics of the spectra as the pentacene film gets thicker on each
substrate. Despite the intense valence band photoemission peaks from the Au substrate
(Fig. 5.11, left), fairly significant changes are detectable at low coverage of the
pentacene. The He II spectra for the 256 A and above thicknesses can be attributed

almost entirely to the pentacene film. The same holds true for the pentacene on SnS,
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Fig. 5.11. Comparison of the UPS He II (hv = 40.81 eV) between the pentacene on
Au(111) (LEFT) and pentacene on SnS, (RIGHT).
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(Fig. 5.11, left). While the pentacene photoemission peaks are essentially at the same
energies on both substrates, there are differences in the relative intensities of these peaks
have certain differences.

The most obvious difference is the presence of the strong valence band peak at
approximately 4.4 eV in the pentacene/SnS, system. This peak starts to emerge at
approximately 1 A average thickness and then continues to get stronger as the film
thickness is reached. This same peak appears as a small feature in the pentacene/Au(111)
spectra between the 2 A thickness reaching a maximum intensity around the 64 A thick
film. It then is attenuated as the pentacene thickness exceeds 64 A. These differences are
more evident in Figure 5.12 where the UPS (He II) spectra of the 512 A thickness of
pentacene on SnS, and gold are plotted together with the 16 A spectra of pentacene on
gold, showing the presence of the 4.4 eV peak for the thinner layers of pentacene.
Another noticeable difference in the is the ionization energies of the thick pentacene
films on the two substrates. On gold, the ionization energy is 5.07 eV, while it is 5.41 eV
on the SnS, (Fig. 5.5).

The differences in the UP-spectra can be attributed to different morphologies of
the pentacene thin films on each of the substrates. Also, ionization energies of molecular
solids could be orientation dependent. Exact differences in the morphologies of the films
cannot be conclusively determined. However, several pieces of evidence indicate that the

pentacene initially lies flat on both substrates, then the film becomes polycrystalline on

206

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Binding Energy

]J4llLlllllLlLllJlllllLlllll!llllJJllllll

UPS (He II) d4eV
xtrs | 1™
Slzén[?,?ézcenelz.95 93 715 i K
10.7 795 :5-3 ggm
b 2.25
2 A -\/ ‘ \ ! 0.95
£ | 512A Pentacene
2 N\ onAu(lll) ( HOMO
% 2.65
2
3
=

\/“/ {32 i .
X
16A Pentacene 115
w ®s N
\/

Tllll1lerlll'lll'lﬁrllTlT‘TrfIIIlTT'I‘II

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

Au 5d bands Eg

binding energy [eV]

Fig. 5.12. Comparison of the UPS He I of the 512 A thick films of pentacene on the
SnS, and Au(111) surfaces. The 16 A film of pentacene on the Au(111) surface is also
shown for comparison of the peak of the ny/ns band at ~4.4 eV. Molecular orbital
diagrams based on diagrams in H. Ozaki, J. Chem. Phys., 113, p. 6361 (2000).
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the Au(111) surface with the molecules oriented perpendicular to the substrate surface,
while on the SnS, substrate, the molecules appear to either continue to lie flat or only
gradually tilt upwards forming 0.5-3 um molecular domains as will be discussed below
and in reference [31].

Figure 5.13 shows the UPS (He I) spectra of a 512 A film of pentacene on both
the gold and the SnS, substrates where the pure & band region is between the energies of
0 eV and approximately 5 eV while the pure ¢ band region is generally above 7 eV. A
combination of both ® and ¢ bands are found in the region between 5 and 7 eV.
Observing changes in intensity of these various bands can help elucidate the growth
behavior of the pentacene films. It should be noted that these bands are more clearly
resolved in the He I spectra since there is a reduced final state screening as a result of the
higher energy incident photon [27]. The peak at 4.4 ¢V in the He II spectra is in the
purely & band spectral region.

For very thin films of pentacene, the molecules are oriented flat on the gold
surface as demonstrated in Chapter 4 and in the STM image in Figure 5.14. Although
STM was attempted for thin pentacene films on the SnS, substrate, images could not be
acquired. This was most likely due t0 a weak molecule substrate interaction, so the tilm
did not remain bound to the SnS, surface during STM imaging, or the molecules adsorb

to the tungsten STM tip as it passed over the surface. Studies of pentacene films on
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Fig. 5.13. UPS He I spectra of 512 A of pentacene on the SnS, and Au(111) substrates.
The peaks below 5 eV binding energy are purely n-bands. Those above 7 eV are purely
o-bands while those peaks between S and 7 eV are a mixture of & and 6 bands.
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Fig. 5.14. STM image (30 x 30 nm) showing the adsorption and ordering of
approximately one monolayer of pentacene on a Au(l11) surface. The darker region in
the top part of the image is a step-edge on the gold surface.
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HOPG using UPS and Penning ionization electron spectroscopy have revealed that
pentacene molecules lie flat on HOPG at low coverages and then gradually tilt upward
with increasing coverage [28]. Penning ionization electron spectroscopy (PIES) is
similar to UPS except that the excitation source is a metastable helium atoms, He*(2°S,
19.82 ¢V) and is sensitive only to the molecular orbitals at the very outer surface. Since
HOPG has many similarities to SnS, such as low reactivity, a hexagonal close packed
surface, and an atomically smooth surtace; the initial adsorption of pentacene to each of
these substrates is likely to be similar. As a result, it can be concluded the pentacene
molecules initially lie flat on both the gold and the SnS, substrates.

For thicker films, it is known that polycyclic aromatic hydrocarbons, including
pentacene, deposited at room temperature on rough metal surfaces, tend to form
polycrystalline solids with the ab plane of each crystallite parallel to the substrate surface
[29-31]). This orientation corresponds to the long axis (or c-axis) of the pentacene
molecule oriented perpendicular to the substrate surface [32). The gold surfaces used in
our experiments are not rough but are nearly atomically flat with the predominant (111)
face according to LEED and STM. The UPS of thick films of pentacene on the gold
surface (Figs. 5.1 and 5.11) is very similar to that of pentacene films of on stainless steel
surfaces [31] indicating similarities in morphology.

While we were unable to unambiguously determine the bulk morphology of the

thick pentacene films, atomic force microscopy (AFM) images of 100 nm thick films on
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both Au(l11) and SnS, did reveal differences between the two films (Fig. 5.15). On the
gold surface the pentacene film (Fig. 5.15, TOP) forms randomly spaced domains
ranging in size from 500 nm to greater than 1 um. The pentacene deposited on the SnS,
substrate (Fig. 5.15, BOTTOM) yielded 3-5 um long and 100-300 nm wide domains of
pentacene all oriented in the same general direction. These results were reproducible in
different sample spots, and with different scan angles. The pentacene films were rougher
on the Au(111) surface (a Z-scale of 300 nm) whereas the pentacene on the SnS, surface
was smoother (Z-scale was 150 nm). This indicates that the pentacene molecules are
forming polycrystallites on the gold surface with the molecules oriented perpendicular to
the substrate surface, whereas on the SnS, surface, the molecules seem to be forming
smoother films with the molecular orientation likely more parallel to the substrate. The
reasons for the unidirectional bulk orientation of the pentacene domains on SnS,, as seen
in bottom image in Fig. 5.15, is uncertain but likely attributed to the initial adsorption of
pentacene on the substrate.

To explain some of the differences in the UPS He II, band assignments were
made for some of the peaks in the spectra. The assignments were based on gas phase
UPS of polyaromatic hydrocarbons and solid state UPS of pentacene films on stainless
steel and HOPG, where it was determined that pentacene had eleven n molecular orbitals

[31,33]. These peak assignments would be more conclusive if the spectra were from

212

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



150.0 ne

0.0 nw

Fig. 5.15. Atomic force microscopy images of 1000 A pentacene films deposited on
Au(111) (TOP) and SnS, (BOTTOM).
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PIES, due to its higher surface sensitivity. UPS will nonetheless supply further insight
into the different molecular orientations. The peaks in the UPS in Fig. 5.12 at 2.65 eV in
the 512 A thickness of pentacene on the Au(l11) substrate corresponds to the =,
molecular orbital of pentacene which has five nodes perpendicular to the long axis, and a
large electron distribution at the long axis end of the molecule [31]. This indicates that
the pentacene molecules in the thick film were oriented perpendicular to the surface as
was the pentacene on the stainless steel [31].

The peak at approximately 4.4 eV, which is predominant on the SnS, substrate,
corresponds to the w; or ty molecular orbitals of pentacene that are energetically very
close together. The =5 and = orbitals are strongly delocalized with only one node along
and zero (ms) or one () node perpendicular to the longitudinal axis of the pentacene
molecules but have a lower electron distribution at the long axis end than the &, orbitals
[31]. The tact that one or both of these bands were predominant in the UPS on the SnS,
substrate suggests that the molecules were oriented on the surface at an angle where the
electron density cross section normal to the sample surface was very high. In addition,
this peak at 4.4 eV was initially present in the UPS for the first few molecular layers of
pentacene on gold (up to about 50 A) then becomes attenuated at higher coverage of
pentacene. This supports the notion that the pentacene lies flat for several molecular

layers before it starts forming polycrystallites.
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The 4.4 eV peak is either very weak or not present in the UPS for thicker films on
gold or stainless steel substrates where the molecules are oriented almost perpendicular to
the surface. The =, peak at 2.65 eV is not present on the SnS, substrate indicating that
the molecules are not oriented perpendicular to the surface, however, there is a peak at
2.25 eV. This peak can be attributed to the r,, band that has one node parallel to, and
three nodes perpendicular to the longitudinal direction of the pentacene molecule, and is
at a lower binding energy molecular orbital than the ®, orbital [31]. On the SnS,
substrate, it can be assumed that the presence of the strong &5 or ns band peak, the
presence of the &, peak and the noticeable absence of the m, peak are due to the
molecular tilt angle of pentacene likely being very low relative to the SnS, substrate.

To verify the presence of a rectifying junction of the pentacene/SnS, interface,
and to help validate the energy level alignment measurement using UPS and XPS,
current-voltage measurements were performed on sample devices. The I-V curves are
shown in Fig. 5.16 where (A) and (B) are of the same 1000 A thick film with the current
is plotted on a linear and logarithmic scale respectively. A 200 A thick film of pentacene
on SnS, was also measured (Fig. 5.16.C). Forward bias where the pentacene side is
biased positive. A simple diagram of the device is shown in Fig. 5.16.D. Each of the

pentacene films was doped with low concentrations of bromine by placing the films in a
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Fig. 5.16. Current-voltage curves for pentacene/SnS, heterojuction. A. I-V curve for
1000 A film doped with Br,. B. Log(I) vs. V for same sample as (A). C. Log(I) vs. V.
for 200 A doped pentacene film. D. Diagram of device used in I-V measurements.
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10 mM solution of Br, in acetonitrile for several hours to make the pentacene films
slightly more conductive to increase the feasibility of the measurements [5].

The first result of the I-V measurements, was the verification that the
pentacene/SnS, interface is a rectifying junction (Fig. 5.16.A). Photoconductivity of the
pentacene was also determined from the increase in the current when the sample was
illuminated from a tungsten lamp, similar to what was observed in Ref. [34] where the
photoconductivity of pentacene single crystals was measured under hydrostatic pressure.
There was no detectable open circuit photovoltage for this interface. The deviations from
exponential behavior in the [-V curves are likely attributed to recombination, carrier-
carrier scattering etfects, and possible Auger recombination in the pentacene film [35].
This makes fitting the curves for extrapolating to the value of the current density at zero
voltage very difficult, but a rough fit can be made to estimate the barrier height for
electron injection at the pentacene/SnS, heterojuction. Furthermore, the estimations of
the barrier heights are based on the Richardson-Schottky equation even though the
junction being measured is a p-n heterojunction. The measured barrier heights were
between 0.76 and 0.80 eV for the 1000 A pentacene film (Fig. 5.16.B) and 0.86-0.90 eV
for the 200 A pentacene film as seen in Fig. 5.16.C. These measurements were repeated
multiple times on several samples each resulting in similar barrier heights ranging from

0.72-0.90 eV.
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These barrier heights for electron injection constitutes just about half of the
barrier height of 1.30-1.44 eV measured with the UPS and XPS. The key discrepancies
between the two measurement techniques are that I-V measurements are not as accurate
for p-n junctions as they are for Schottky contacts [36], and the fact that the
measurements were done in air where oxidation could have affected the properties of the
pentacene film. There is also the possibility of interterence from interface states,
recombination within the space charge region in the pentacene film [37]. Discrepancies
could also be attributed to incorporation of the optical absorption gap into the electron
injection barrier heights for the photoemission measurements whereas the I-V
measurements are strictly based on the electronic barrier height. Finally, the standard
models for Schottky contacts and p-n junctions as applied to conventional inorganic
semiconductors may break down when organic based molecular solids are considered.
As a result of these discrepancies, the barrier heights determined from the current versus

voltage measurements are considered to be only rough approximations.

5.5. Summary

The energy level alignment for the pentacene/Au(lll) and pentacene/SnS,
interfaces were determined using a combined method of ultra-violet and x-ray
photoelectron spectroscopy. The hole and electron injection barriers for the

pentacene/Au(111) interface were determined to be 0.55 eV and -1.30 eV respectively,

218

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



while a relatively large interface dipole barrier of 0.95 eV was observed. On the
pentacene/SnS, interface, the hole and electron injection barriers were —1.89 eV and
—1.44 eV respectively, and there was a significantly smaller interface dipole magnitude of
0.26 eV. Polarization effects leading to changes in the final state screening environment
contribute significantly to the core-level energy shifts, particularly for systems such as
the gold/pentacene where the polarization energies of the two materials are significatnly
ditferent. Gradual core-level shifts over a longer range of the pentacene film thickness
provide evidence of possible band bending contributions as well.

Detailed analysis of the UP-spectra signified distinct differences in the
characteristics of the pentacene films on the two substrates and was attributed to the
pentacene molecules being oriented perpendicular to the Au(l11), and more parallel to
the SnS, substrates. Further experiments were done to explore the morphological
differences of the pentacene on the two substrates and relation to the interfacial energy
characteristics. UHV STM images revealed ordering of the pentacene molecules lying
flat on the Au(111) surface, and commensurate with the Au(111) lattice. AFM was used
to investigate the thicker films revealing randomly oriented polycrystallites on the
Au(l11) surtace and a lower surface roughness with oriented domains on the SnS,.

Temperature programmed desorption spectra determined that the first monolayer

of pentacene molecules are more strongly bound to the Au(111) surface than to each
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other in the bulk pentacene. This helped establish a connection between stronger
molecule substrate interactions and a larger interface dipole barrier.

The pentacene/SnS, interface was determined to be a rectifying junction from
current-voltage measurements. The photoconductivity of pentacene was observed, and
approximate electron injection barrier heights of 0.76-0.90 eV for were determined.
Complexities in the pentacene film and the p-n junction lead to limitations in using

electrical measurements for determining the interfacial barrier heights.
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Concluding Remarks and Future Work:

We investigated the frontier orbital alignment of several model systems of organic
semiconductor materials using x-ray and ultraviolet photoelectron spectroscopy (XPS,
UPS) in combination. This method allowed for a more precise determination of the
magnitudes of the electron and hole injection barriers as well as that of the interface
dipole. The objective of using the model systems was to determine the validity of the
measurement process and to further understand the fundamental behaviors of organic
interfaces including the electronic structures and the morphology of the organic
semiconductor materials. The layered materials SnS, and HOPG functioned as nearly
ideal substrates that allowed for testing the validity of the measurement process as well as
scrutinized investigations into interfacial dipoles, band bending, and final state screening
effects. The gold substrate was chosen for its more practical use as an electrical contact
material for organic thin film transistor devices, plus it also allowed for in depth studies
on the energetics and morphology of metal/organic interfaces.

Table C.1 shows a summary of the energy level alignment measurements for each

system completed in this work. The four measurements included in this table are those of
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Hole injection | Electron injection | Band bending | Magnitude of
barrier height | barrier height (CB | or polarization | interface
(VB or Eg¢/ |or E/LUMO | energy shift in | dipole barrier
HOMO offset) | offset) organic layer | (eD)
p-quaterphenyl/ | -0.841+0.04 eV | -3.09+0.05 eV 0.28+0.05eV | 0.22+0.07 eV
SnS§,
p-quaterphenyl/ | 1.9430.04 eV | -2.49+0.05 eV 0.05+0.05eV {0
HOPG
p-sexiphenyl/ | -1.27+0.04 eV | -2.92+0.05 eV 0.2140.05eV | 0.1510.07 eV
SnS,
p-sexiphenyl/ | 1.37£0.04 eV | -2.431£0.05eV 0.06+0.05evV |0
HOPG
coronene/SnS, | -1.2620.04 eV | -2.374£0.05 eV 0.1940.05eV | 0.5310.07 eV
coronene/ 1.27£0.04 eV | -2.0240.05eV 0 0
HOPG
pentacene/SnS, | -1.8930.04 eV | -1.4440.05 eV 0.0710.05eV | 0.2630.07 eV
pentacene/ 0.5530.04¢eV | -1.301£0.05eV 0.1080.05eV | 0.95+0.07 eV
Au(lll)

Table C.1. Summary of energy barriers for the systems studied in this research.

primary interest to understanding the device physics and the presented research. These
include the electron and hole injection barriers, the electron core-level binding energy
shift (that could be attributed to band bending changes in polarization energy) and the
intertace dipole barrier. One ultimate objective of these types of measurements would be
to establish a universal link between the intrinsic properties of the organic semiconductor
molecules such as ionization energy, electron affinity, HOMO-LUMO gap. or molecular
polarizability and the magnitudes of each of the energy level offsets. This would

however require measurements on a very large number of systems with many different
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chemical properties. By comparing the work function values of the sample as measured
with both the helium lamp and low intensity x-rays, we were able to successfully
determine the overlayer-thickness dependent onset of sample charging. This allowed for
the determination of the maximum film thickness where the junction offsets can be
accurately measured without the interference of charging artifacts.

It still remains a challenge to completely separate band bending effects from final
state screening shifts that are attributed to changing polarization energies between the
substrate, the thin organic film, and the bulk organic film. However, results in this work
conclude that changes in the final state screening environment does contribute
significantly to the overall shifts in the orbital binding energies measured with XPS and
UPS. There is also some evidence, specifically the more gradual shifts in the core-level
binding energies as the organic semiconductor film thickness is increased, that band
bending can occur at least to a small extent in organic semiconductors. It should be
stated though, that little beyond speculation is known about intrinsic doping in the
organic film required to support the band bending related space charge region.

Scanning tunneling microscopy studies of pentacene on the Au(l11) surface
revealed ordering of the pentecene molecules in striped parallel rows lying flat on and
commensurate with the substrate. The four dominant unit cells observed were (2 x 2V7),

(2 x V31), (2 x ¥39), and (2 x 3V3) with respect to the Au(111) lattice.
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Comparison of the energy level offsets and the morphology of the pentacene films
on the Au(111) and SnS, substrates demonstrated synergism between the orientation of
the molecules at the interface and the magnitudes of the junction offsets, particularly the
interface dipole barrier. There appeared to be a stronger molecule-substrate Coulomb
interaction between the pentacene and the gold than the SnS, leading to the larger
interface dipole of 0.95 eV versus 0.26 eV for the pentacene/SnS, interface.

Atomic force microscopy and temperature programmed desorption were used to
further analyze the morphology and molecule-substrate binding energy of the pentacene
systems. Pentacene was observed to initially lie flat on the gold surface then forms
polycrystallites with the molecular orientation perpendicular to the gold surface for films
approaching 1000 A. Current-voltage measurements verified the rectifying behavior of
the pentacene/SnS, heterojunction.

Organic semiconductor materials have similar energetics to conventional
inorganic semiconductors, however they usually have significantly lower conductivity,
either lack or have low intrinsic doping, yet have a wider range of molecular systems and
morphologies. These yield distinct properties for devices made out of organic
semiconductors and require unique characterization methods suitable for organic systems.

Future work regarding the energy level oftsets and morphology of the interfaces
regarding organic semiconductors could potentially lead in a number of possible

directions. There has been significant work in the literature focused on the energy level
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alignments for the interfaces relevant to organic light emitting devices (OLEDs). There
still is room for band alignment measurements for OLED systems, particularly for the
electron injection barrier using a chemically stable low work function cathode. However,
the primary future directions for research in OLEDs require more of an engineering
approach, particularly in the scaling up of device production.

There is significantly more room for expanded fundamental research in the thin
film transistor materials. There has been limited research on the measurement of the
injection barrier heights between organic thin film transistor materials and metal contacts.
In this work, the pentacene/gold interface has been studied in some detail, but there are
other organic semiconductors as well as potential contact materials. Polyacenes
(including pentacene), thiophenes, phthalocyanines, and perylene deravatives are all
examples of organic compounds that could potentially have interesting and useful
electronic properties.

In addition, modifying the chemistry of the compounds by incorporating
additional functional groups or various heteroatoms (such as sulfur or nitrogen) into the
central moiety could alter the band gap, and the positions of the highest occupied and
lowest unoccupied molecular orbitals. This provides a useful tool for "tuning" the
electron and hole injection barrier heights at the interfaces. In addition to the interfaces
between the organic semiconductors and the metal contacts, it is recommended that

energy level alignment measurements be investigated for heterojuctions between two
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different organic semiconductors. Research on organic based solar energy conversion
devices or other heterojunction devices demands detailed measurement of the energy
level offsets and a more thorough understanding of the morphology at the interface
between the two materials.

It is still questionable whether the more subtle shifts extending into the bulk of the
organic materials are band bending related or are attributed to changing of the final-state-
screening environment. For the purposes of establishing a basic measurement of the
energy level alignment, it is not necessary to build up the organic layers in as many steps
as was done in this work. Generally several steps to build up the first several molecular
layers is necessary to determine the magnitude of the interface dipole barrier. This would
be followed by one or two measurements at larger thickness (greater than 100 A)to
determine the position of the highest occupied molecular orbital of the organic overlayer.

Little is understood about the relation between the morphology of the organic
material and the energetic properties of the interface, particularly the interface dipole.
While most of the energy level offsets are expected to be primarily dependent on the
properties of the bulk constituents at the interface, the interface dipole appears to have a
strong dependence on the molecule-substrate interaction and the orientation of the
molecules with respect to the substrate. For the next series of experiments, it is
recommended that the research is focused on the energy and morphology characteristics

of thin films (sub-monolayer to several molecular layers) of organic semiconductors on
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metal surfaces. The objectives of this would be a continuation of the investigations of the
pentacene on gold followed by expanding to other systems. These experiments should
primarily involve determining the morphology of the thin films, at varying thicknesses,
using scanning tunneling microscopy. To supplement the scanning probe microscopy
work, an estimate of the energy level offsets and the magnitude of the interface dipole
barrier can be determined using a "simplified" band lineup measurement as described
above. Temperature programmed desorption (TPD) and possibly low energy electron
diftraction (LEED) can be used to provide additional insight into the binding energies

and long range ordering, respectively, of molecules on a surface.
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Appendix A: Temperature Programmed Desorption

One method of measuring the binding energy between a molecule and a substrate
is temperature programmed desorption (TPD). TPD is a widely used technique in surface
science to determine surface reaction products and binding energies [1-3]. The premise
of TPD is to heat up the sample surface while monitoring the quantity of the products
vaporizing off using a mass spectrometer. In our experiments, TPD is used for the
purposes of determining the binding energies of small molecule organics to the substrate
usually metal in these experiments. From these measurements, clues as to whether the
molecules are only physisorbed with van der Waals forces, or whether other forces such
as electrostatic (Coulomb) forces or covalent bonding are playing a role in the binding of
the first molecular layer to the substrate.

The experimental setup for TPD in our laboratory is depicted in Figure A.1. The
sample is mounted on a sample manipulator in an ultrahigh vacuum (UHV) chamber.
The substrate temperature is monitored with an infrared thermopile detector through a
ZnSe window that is mounted on the UHV chamber. The purpose to using the IR

thermometer as opposed to a thermocouple is to establish a more accurate reading of the
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Fig. A.1 Experimental setup for temperature programmed desorption.

temperature of the actual sample surface, whereas the thermocouple is attached to the
sample manipulator approximately 1 cm away from the sample itself [4,5]. A voltage
signal output from the IR thermometer is split and sent to both the computer for data

recording, and to the Eurotherm® temperature controller. The signal to the computer is
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sent through a low-pass filter to null out the high frequency noise (f 2 6 Hz) which was
prevalent in the data acquisition software. The Eurotherm® controls the output of the
power supply to keep the temperature ramp rate constant. Typical ramp rates used in our
experiments vary between 10 and 25 °C/min. As the organic film vaporizes off, the
residual gas analyzer; Stanford Research Systems RGA300 quadrupole mass
spectrometer consistently monitors a selected mass-to-charge ratio (m/z) position. Since
the molecules being vaporized off the surface usually have a neutral charge (at least in
the case of the experiments in this work), an ionizing filament is placed in front of the
spectrometer head. The selected m/z position may be a parent peak of a molecule or a
particular fragment that is predominant in the mass spectrum of that molecule. The mass
spectrometer signal is sent to the computer where the intensity of the selected m/z is

plotied as a function of the recorded temperature.

More weakly bound species
Ty More strongly bound species

ZA

Temperature [0C] ——»

Fig. A.2 Generic TPD spectrum where the same chemical species is physically or
chemically bound to the surface in two distinct forms and energies.

Mass Spec. Signal Intensity
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A generic TPD spectrum is shown in Fig. A.2. The center peak position reflects
the mean vaporization temperature for a particular molecule or fragment in a specific
chemical or physical environment. Multiple peaks in a TPD spectrum reflect the
presence of more than one type of binding environment for that chemical species. The
peak temperature as well as the temperature ramp rate are then fit into an algorithm such

as the Redhead formula (A.1) to determine the binding energy (BE) in Joules [1].

BE = NAkT[ln(%)-lM] (A

The temperature T is in Kelvin, N, is Avogadro's number, k is the Boltzman constant, v
is a vibrational constant equal to 1 x 10", and  is the temperature ramp rate expressed in

°C/second.
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Appendix B: Hybrid Materials Research Proposal

Modification of the Organic Moieties in Organic-Inorganic Hybrid
Materials to Increase the Conductivity of Thin Film Transistors

A Proposal Submitted as a Degree Requirement for
Chemistry Doctoral Work at Colorado State University

Paul G. Schroeder
Department of Chemistry
Colorado State University

Fort Collins, CO 80523

Abstract

Electronic thin film materials consisting of an organic-inorganic hybrid system
provides the potential of combining the ease of processability of organic materials with
the superior conductivity of inorganic semiconductors. A hybrid system based on the
layered two-dimensional (2D) perovskite structure has been shown to exhibit some
unique and interesting electrical properties. A comprehensive research plan is described
to systematically vary the organic components, synthesize and cast films of the hybrid
material, and determine the structural, chemical, and physical properties of these films.
The primary objectives are to establish a relation between the chemistry of the organic
components and the facilitation of film self-assembly, as well as determine a method to
improve the electrical conductivity of the material. X-ray diffraction and Atomic Force
Microscopy will be used to characterize the bulk and surface structures of the films.
Current-voltage and Hall measurements will be performed to determine the electrical
properties.
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Background

New applications for field effect transistors (FET's) as an alternative to high
speed, but relatively expensive, conventional crystalline silicon FET's have led to intense
research in a variety of organic, inorganic and polymer systems. Conjugated organic
small molecules, oligomers, and polymers have been investigated extensively since they
can be easily fabricated into thin film field effect transistors by evaporation[!], dip
coating, ink-jet printing [2,3] or spin coating[4-6]. These systems are limited by their
relatively low conductivity, with carrier mobilities usually below 0.1 cm*/V-s[7-9],
whereas conventional doped silicon has a mobility upwards of 1000 cm%V-s[10]. The
inorganic semiconductors’ advantage of greater conductivity is often offset by complex
and expensive fabrication processes.

Hybrid materials, which consist of both organic and inorganic moieties, have the
advantage of combining the simple fabrication processes available for organic systems
with the higher conductivity of the inorganic semiconductors. A promising class of
hybrid materials, are those with a perovskite structure ABX; (Fig. B.1) where A* is an
organic cation such as methylammonium, and BX;" is an inorganic metal halide anion
such as SnI;[11]. Inorganic perovskite (M"M™X;) structures as well as some inorganic-
organic hybrid perovskites have been studied for many decades, although most have
limited potential for electronic applications. A perovskite structure material with A,BX,

stoichiometry can form a two-dimensional (2D) structure that stacks into a 3D film with
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alternating layers of organic and inorganic components as shown in Figure B.2 [12-14].
Kagen and coworkers at IBM developed a hybrid thin film transistor based on this 2D
layering using phenethylammonium cations and tin tetraiodide dianions,
(C¢HsC,H,NH,),Snl,. The electron mobility of 0.55 cm*/V-s at a gap voltage of 50 V,

which is comparable to that of single crystal pentacene[15].

@ = organic cation
@ = group 14 cation
O = halogen anion

Fig. B.1 Perovskite structure of inorganic-organic hybrid.

An example of the synthesis of these films utilizes Snl, and the organic salt
CsH;C,H,NH,-HI in concentrated aqueous HI at 90°C under N,[15]. The precipitated
(CsH,C,H,NH;),Snl, crystals were filtered, dried, redissolved, filtered again, and spin
coated into films [16]. The organic component facilitates the self-assembly of these
materials into an extended framework thin film with alternating layers of the organic
moieties and the inorganic component. The extended inorganic component results in
conducting channels in the hybrid film if a conducting inorganic metal halide is used.
There have been some investigations using different inorganic moieties in these hybrid

films such as a transition metal, group 14, or rare earth metal halide [11]. Some of the
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group 14 metal halides, particularly Snl,” have shown potential for forming electrically
conducting hybrid FET's [12-14]. The Snl,* will be the inorganic component used for
most of the hybrid films in this research, although other metal halide compounds such as

Pbl,’, Gel,, or Eul,” will also be tested [17].

Organic Layers
- -
(Bulky Organic Ring)

Fig. B.2. Schematic of a layered inorganic-organic perovskite film. The
inorganic anions are charge-balanced by the organic ammonium cations. A) The
stoichiometry is A,BX, and is shown with the organic components interdigitated
and the inorganic components staggered between adjacent layers. B) The
diammonium organic cation has a 2* charge yielding ABX, stoichiometry.
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Modification of the Organic Components

The primary objective in this research proposal is to vary the chemistry of the
organic component to explore the relationship between the organic component and the
electronic properties of the hybrid film. There are three principle characteristics of
interest for thin-film-transistor device applications. These are; 1) enhancing the self-
assembly of the hybrid material to give a more extended and mechanically stronger film,
2) increasing the overall conductivity of the hybrid thin film, and 3) chemically tuning
the electron energy levels. The hypothesis is that facilitation of self-assembly of the film
will provide an extended ordered inorganic layer that will directly enhance the
conductivity. If films made of the organic-inorganic hybrids are to be feasible for
practical use, the carrier mobilities need to be increased to well over 1 cm*/V-s [8].
Therefore, research will be focused on the mechanisms of self-assembly of the inorganic-
organic hybrid films. In addition to creating more ordered films, the polarity of the
organic moieties will also perturb the electron density and energy levels of the adjacent
inorganic moieties, which may also lead to increases in conductivity. Modifying the
organic component in the hybrid film will provide a means to control or tune the
electron/hole energy levels. When cast into a thin film, the organic component forms
adjacent to the substrate[ 15], which means that the polarity of the organic component can
influence the injection barrier for carriers and the onset voltage at this interface {18-20].

Controlling, or more specifically lowering, the magnitude of the injection barrier between
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the drain/source electrodes and the inorganic-organic hybrid material (Fig. B.3, inset) will
lower the onset voltage and improve the switching behavior in FETs.

Previous research in organic-inorganic hybrid layered materials has included
small organo-amines such as alkylammonium (CH,(CH,),NH,"),Pbl, [12,21-23] and
phenethylammonium (C,H,C,H,NH,"),Snl, [14,15,22]. There have been few studies
involving other classes of organic components for use in the semiconducting films. The
purpose of this project is to investigate a diverse group of organic molecules with
different dipole moments, chemical functional groups, and/or hydrogen bonding
capabilities. Through a series of instrumental techniques, which will be discussed below,
the structural, chemical, and electronic characteristics of the material will be analyzed to
elucidate the dependence of the organic component on the functionality of the hybrid thin
films.

Table B.1 shows a representative, though not exhaustive, list of a few potential
organic components that will be tested. The proposed organic compounds all consist of at
least one amine group, which protonates to form an ammonium ion under the acidic
conditions used when synthesizing the hybrid materials. Some critical factors that must
be considered when determining which organic compounds to use are size, shape, and the
attached functional groups [11]. The organic component must be small enough to fit into

the lattice site of the unit cell for the perovskite structure. This means that the molecular
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Table 1

Proposed Organic Components

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Organic Compound Self-Assembly Approximate Molecular
Interactions Dimensions
c
X a=50A
\ van der Waals b=50A
2 dipole-dipole c=53-64A
X =F(Cl,Br,LOH,CN
x’xm: van der Waals 3= g(()) %
X = F.CLBr.LOH.CN dipole-dipole c=63-69A
van der Waals a=50A
. ) b=64A
N nr-orbital stacking c=90A
x_@_\_m van der Waals a=504A
8 n-orbital stacking b=64A
X = F,C1.Br,LOH.CN dipole-dipole c=93-118A
van der Waals a=50A
r-orbital stacking b=6.7 A
NH, dipole-dipole ¢=90A
HaN(CH)pNHp van der Waals a=5.14
ionic bonding (di i b=50A
(n=1-8) c bonding (diammonium) c=39-934
H:Nmﬂn—-@—(m:)nmz
ionic-bonding (diammonium) a=504
(n=1-3) o . b=64 A
n-orbital stacking c=102-159A
ionic-bonding (diammonium) a=50 .é
n=1-3 -orbital stacki b=64
(n=1-3) morbital stacking c=144-20.1 A
HooC _©—\—m hydrogen bonding a=50A
, 5 : b=64 A
: n-orbital stacking c=1124
5}
(Op_/—“ hydrogen bonding a=5.0 .}
, P . b=17.1
) ;'; r-orbital stacking c=98A
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width (a) and height (b) of the organic component must be within the range of the
perovskite lattice constants in order for the structure to be formed. This essentially
means that the a and b dimensions of the organic molecule must each be less than 5.6-8.6
A, depending on the halide used in the inorganic component [24]. The c dimension, or
the length of the molecule, is not as critical, however it needs to be relatively linear and
rigid. Rod-like organic components are generally needed but be relatively long (40A or
more is feasible). The octahedral coordinated metal halide may exhibit some Jahn-Teller
distortion enabling a limited degree of flexibility in the molecular shape. Since the
geometric constraints are so critical to maintaining the perovskite structure, the molecular
dimensions (to the nearest 0.1A) are included for each of the proposed molecules in
Table B.1. Some organic components will interdigitate between adjacent layers if it is
geometrically and energetically favorable to do so. The organic components will
otherwise arrange themselves with the organic head groups adjacent to each other. An
important objective of this research is to distinguish the organic components that will
interdigitate from those that will stack head to head. A primary aspect of the proposed
research is to establish the effects of the intermolecular interactions, including
interdigitiation, between organic components have on the mechanical strength of the
hybrid film. Molecular modeling programs will be used to screen possible organic

molecules and test how they will geometrically fit into the perovskite crystal structure.
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The molecular models will also be used to study the intermolecular interactions between
adjacent organic components.

Several specific types of chemical modifications to the organic components will
be investigated. The first study will be to change the type and positions of functional
groups on the organic cation [25]. For example, placing fluorine in the ortho- or meta-
positions on a phenethylammonium will increase the dipole-dipole interactions between
the different organic groups enhancing the stabilization of the self-assembled film.
Halides or other functional groups influence the dipole moment of the organic cation.
The effect of the dipole moment of the organic moieties, on both the self-assembly
process and the positions of the electronic energy levels, will be the subject of detailed
investigation in this research.

Another study involves attaching ammonium groups to each end of the organic
moiety. The double cation changes the stoichiometry of the hybrid film to ABX,
allowing just one organic moiety to have an ionic bond two inorganic anions in alternate
layers as shown in Fig. B.2b. Attaching two ammonium groups to the organic
components to strengthen the hybrid films has been the subject of some limited studies
[26.27] although not with the conducting films. To accommodate the diammonium
organic cations, the perovskite lattice structure of the films will stack with the metal
halides "eclipsed” (Fig. B.2b) rather than "staggered” relative to each other as depicted in

Fig. B.2a where monovalent cations are used [11].
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Using organic compounds that have the potential of hydrogen bonding with
adjacent organic compounds, could also facilitate self-assembly. Two proposed ways of
accomplishing this are 1) attaching hydrogen-bonding functional groups such as a
carboxylic acid to a phenylalkylammonium [28], or 2) using aromatic hydrogen-bond
donor-acceptor complexes, each of which can form hydrogen-bonded bridges to adjacent
organic moieties. Hydrogen bonded complexes such as 7-azaindole have been utilized in
molecular self-assembly to strengthen films [29], although this has not been applied to
inorganic-organic hybrids. The facilitation of self-assembly may not be effective for all
of the currently proposed molecules since the orientations of adjacent organic molecules
is critical for hydrogen-bonding to occur. The molecular geometry required for both
ionic bonding to the inorganic sheets and hydrogen-bonding to adjacent organic moieties
may not be compatible. This could, in fact, hinder the stabilization of a self-assembled
film or prevent the formation of a perovskite crystal structure. As stated above, Table
B.1 is just a representative list of the proposed molecules and extensive modification
from the proposed organic compounds may be necessary to achieve the objective of
creating more conducting films.

Structural characterization will primarily be conducted using thin film x-
ray ditfraction (XRD) to determine the bulk crystal structure of those hybrid materials
that are cast into films. Atomic force microscopy (AFM) will be used to measure the

surface topography and the domain sizes of the crystallized inorganic-organic hybrid
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Fig. B.3. Schematic of a Field Effect Transistor (FET) using an inorganic-

organic hybrid material as the conducting channel. The inset shows the

molecular alignment of the hybrid film on the surface of the device.
film. This is critical for determining the efficiency of the self-assembly mechanism for
each of the different compounds since AFM can easily be used to resolve grain
boundaries in the film. Chemical analysis of the films will be performed using x-ray

photoelectron spectroscopy (XPS).

The ultimate purpose of varying the organic component of the hybrid materials is
to improve the electrical conductivity of thin film FET devices made with inorganic-
organic hybrid films. To determine the electrical characteristics, thin films of the hybrid
will be incorporated into a FET device as shown in Fig. B.3. The highly doped silicon
substrate will serve as the gate electrode with SiO, as the gate dielectric. For the source
and drain electrodes, a high work function metal such as gold will be evaporated onto the
substrate, through a mask, prior to coating of the hybrid film. A commercial potentiostat
will be used for probing the current-voltage behavior of the devices. Hall measurements
will also be performed on films of the hybrid materials to obtain the carrier densities and
mobilities.
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The onset voltage of the FET will be determined from the current-voltage
measurements. A reduced onset voltage indicates improved matching of the carrier
injection barriers between the source/drain electrodes and the hybrid film. The polarity
of the organic compounds in the hybrid films will be systematically varied to change the
dipole at the interface to effectively "tune” the injection barriers for the mobile carriers.
By establishing a relationship between dipole moment of the organic components used
and the onset voltage of the FET, new organic molecules can be designed to further
improve the performance of inorganic-organic hybrid FETs.

The potential optical [30-33] and magnetic [34-36] properties of these inorganic-
organic hybrid films are outside the realm of the primary objectives of the proposed
research, so discussion of the emphasis of these properties will be limited. It is essential
that the optical and magnetic properties be investigated because there are many organic
and inorganic components that have yet to be applied to perovskite structure hybrids.
Use of novel components in these films could lead to interesting results and potentially
useful materials.

The emerging organic-inorganic hybrid semiconducting materials have the strong
potential of yielding devices with mobilities substantially higher than those of pure
organic compounds. Thin film FETs made with inorganic-organic hybrids may be
competitive with conventional inorganic semiconductors in some applications and could

be used for new types of electronic devices.
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