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ABSTRACT 

The studies presented in this work are aimed towards a better understanding of the 

fundamental physics of the electrode/organic molecule interface in both the ground and 

excited state manifolds. Systematic investigations of single systems using two-photon 

photoemission (TPPE) and ultraviolet photoelectron spectroscopy (UPS) were undertaken 

in order to assess the evolution of the electronic structure and molecular organization at 

the interface. The adsorbate molecule vanadyl naphthalocyanine (VONc) was used whose 

properties are well-suited to this purpose. Interfacial electronic states of thin films of 

VONc were studied with two different substrates: highly ordered pyrolytic graphite 

(HOPG) and Au(111).  

The substrate of HOPG is a surface which does not possess reactive dangling 

bonds and the electron density close to the Fermi edge is very low, permitting high 

resolution spectroscopic band analysis of VONc and revealing subtle changes to the 

electronic structure. From interfacial studies of this weakly interacting substrate/ 

adsorbate system, it is shown in this work that molecular electronic levels in both the 

ground and excited state manifolds can shift independently of the vacuum level. Further, 

electron transfer between close lying electron donor and acceptor energy levels may be 

influenced by energy level shifts caused by depolarization effects as a function of dipole 

density.  

The VONc/Au(111) interface is investigated in order to examine energy level 

alignment in a system with the additional complexity of molecule/substrate interactions.  

The electron rich Au(111) surface leads to a strong interface dipole upon addition of 
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VONc. Joint experimental and computational data is presented showing that the 

underlying cause of this interface dipole is Pauli repulsion. Additionally, investigations of 

energy level alignment in the excited state manifold are presented and the possibility of 

quantum interference is discussed. 

The interfacial electronic structure is quite different among these two model 

systems. The interfacial alignment observed in the HOPG/VONc system was largely due 

to depolarization of the intrinsic molecular dipole as a function of density, whereas the 

Au(111)/VONc interface is dominated by interfacial Pauli repulsion interactions. 
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CHAPTER 1 

INTRODUCTION 

1.1  Overview/Motivation 

Why study organic/electrode interfaces? 

 
Organic/electrode interfaces are ubiquitous in organic electronic devices which 

have been gaining attention since the first studies reporting conductivity of organic 

molecules in the early 1960’s.1–3 Organic electronic devices utilize a thin film of a semi 

conductive organic material as an active layer for illumination or charge production. 

Integral to device design is an interface between the organic active layer and the metal 

electrode where charge carrier injection occurs in organic diodes and transistors and 

charge carrier collection takes place in organic photovoltaics (OPV’s).4   

These organic devices are of interest because they offer new possibilities in terms 

of size and structural control, while remaining economically advantageous. Molecules 

that construct the active layer can be synthesized to meet specific device purposes, such 

as color of light emitted or solubility in processing solvents.1 The processing 

requirements are less severe than those of traditional inorganic semiconductors,5 

especially if molecular self-assembly, chemical recognition, and dynamic stereochemistry 

of active layer molecules are utilized; this leads to cost efficient production.6 This cheap 

production allows for the use of organic thin film transistor circuitry in disposable 

everyday items such as smart cards and inventory tags. Furthermore, as increasingly 

small, more compact devices are in demand, molecular electronics allows for scaling 
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down electrical circuits to molecular dimensions.  

As promising as the organic molecules used in molecular electronics are, it is now 

understood that in order to realize the full potential of organic electronics, some hurdles 

must be overcome. These are: (1) finding materials that are efficient at transporting both 

electrons and holes, (2) controlling molecular orientation/packing in thin films to improve 

transport properties, (3) finding materials that are stable under standard operating 

conditions (i.e. oxygen atmosphere, high temperature, etc.) and (4) understanding and 

improving the properties at organic/electrode interfaces where charge collection and 

charge injection occurs.4  

In order to overcome these hurdles and realize the potential of organic electronic 

devices, a deep understanding of the electronic properties of material interfaces must be 

obtained.7–11 Charge injection from electrode to molecular film and vice versa depends on 

interface properties such as energy level alignment between molecular orbitals and the 

metal Fermi level and electronic coupling strength between molecular orbitals and metal 

bands.12 If these parameters are optimized between two electronic states across an 

interface, charge-transfer will proceed more rapidly, favoring the likelihood of charge-

transfer occurring between those two states over one of the multiple energy-loss 

pathways available. However, predictive control at the interface is difficult because 

individual bulk material properties are not retained. Often a considerable interface dipole 

is developed through partial charge-transfer or exchange correlation interactions,13–16 

resulting in large and generally short-range electric fields with direct impact on the 

interfacial energy level alignment. Governed by the ground state molecular polarizability, 
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these fields may induce additional dipole moments, thereby altering the interfacial and 

molecular electronic structure.17,18 The rate of charge-transfer processes may also be 

strongly influenced by interfacial electrostatic fields by nonclassical Stark effects.19 This 

suggests that interfacial charge-transfer may be manipulated in a controlled fashion if 

electric fields can be deliberately modified. Steps in this direction have already been 

taken by others.17,20 Much remains to be learned however, and in this body of work I use 

well-defined thin films of oriented dipolar molecules, where the response of the vacuum 

level and the molecular ground state manifold can be explored. Additionally, in this 

dissertation, molecular excited states are examined at interfaces, because much less is 

known about the excited state manifold. 

Characterization of the excited state manifold is complicated by the short-lived 

nature of excited states and the presence of multiple excitation pathways. Despite these 

difficulties it is important to understand the excited state manifold because these states 

are intimately involved in interfacial charge-transfer. The studies presented in this work 

are aimed towards a better understanding of the fundamental physics of the 

electrode/organic molecule interface in both the ground and excited state manifolds. The 

interplay between molecular and interfacial electronic structure is far from clear and 

depends sensitively on the thin film organization, making predictive control of interfacial 

energy level alignment still challenging. Systematic investigations of single systems are 

therefore important in order to assess the evolution of the electronic structure and 

molecular organization at the interface. To this end, I study carefully prepared electrode 

materials in isolation first, and then observe the changes and trends in the electronic 
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structure that take place with the formation of an organic molecule/electrode interface. 

Each interface is slowly built up in order to establish the patterns of change from a clean 

surface to an electrode/organic interface. I use the adsorbate molecule vanadyl 

naphthalocyanine (VONc) whose properties are well-suited to this purpose: Like 

phthalocyanines, VONc can be vacuum-deposited, allowing the growth of well-defined 

interfaces from sub-monolayer (ML) to multiple ML coverage.21 VONc is structurally 

related to the phthalocyanines,22–24 with a considerably larger polarizability providing 

high sensitivity to the local electrostatic environment.17 In addition, VONc has a large 

absorption cross-section in the near-infrared and an optical gap of 1.5 eV,25 making it 

suitable for photovoltaic applications. I will show that molecular electronic levels can 

shift independently of the vacuum level and as a result electron transfer efficiency 

between substrate and adsorbate can depend on adsorbate coverage. 

In the following sections of this chapter, the morphology and electronic structure 

of the underlying substrates studied in this dissertation are discussed, followed by a 

discussion of surface properties that are commonly influenced by the presence of an 

adsorbate. Next, adsorbate electronic structure will be discussed in terms of measurable 

properties at the interface. Lastly, a brief outline of the chapters covered in this 

dissertation will be presented. 

1.2  Substrate Surface Structure 

As discussed in the last section, efficiency in organic electronics relies on 

effective charge-transfer between materials at interfaces. Charge-transfer kinetics at 
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interfaces is driven by interfacial electronic structure in terms of energy level alignment 

and electronic coupling strength. Electronic structure is in turn influenced by interface 

morphology. In this thesis, two conductive substrates with very different morphologies 

were used: Highly ordered pyrolytic graphite (HOPG) and Au(111). I discuss the 

morphology of each of these substrates in the following two sections.  

1.2.1  HOPG 

HOPG is a semi-metal composed of sheets of bonded hexagonal carbon rings.  

Each carbon atom is sp2-hybridized and bonds to three adjacent carbon atoms in the same 

plane. Each planar sheet of bonded carbon atoms is attracted to the sheet above and 

below it through weak van der Waals forces rather than chemical bonds. HOPG has an 

angular spread between sheets of less than 1o.26 Within each sheet, electrons are strongly 

delocalized due to the alternating single and double bonds, giving rise to the conductivity 

of this material. However, the conductivity between sheets in the perpendicular direction 

is lower by a factor of about 100. On a typical surface, domains of ordered carbon rings 

predominate. Each of these domains lies flat on the surface, but depending on the degree 

of mosaic spread one domain can have a different axial orientation with respect to 

another. HOPG with the lowest mosaic spread available (most highly ordered) was used 

in these experiments. When describing the morphology of a substrate such as HOPG, 

where the atoms are arranged in a periodic array, the concept of the Bravais lattice is 

useful. The Bravais lattice consists of all points with position vectors R of the form 

��� ��� 321 nnn ++=R                  1.1 
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where n1, n2, and n3 span through integer values, and a1, a2, and a3 are primitive lattice 

vectors. For any choice of lattice vector R, the lattice looks exactly the same.27 For 

graphite, a set of primitive lattice vectors can be defined by: 
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where a is the distance between two bonded carbon atoms (1.4 Å) and c is the distance 

between consecutive graphene sheets (3.4 Å).28 Primitive lattice vectors a1, a2, and a3 are 

indicated with red lines in Figure 1.1. 

 

Figure 1.1. Two staggered graphene sheets, several layers of which make up graphite.  
Black solid lines represent covalent bonds, primitive lattice vectors a1, a2, and a3 are 
shown in red. 

1.2 
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1.2.2  Au(111) 

Au crystallizes in a face centered cubic (fcc) lattice. The (111) surface is 

terminated along a plane such that 
��� ���

1
:

1
:

1
= 1:1:1. Figure 1.2a) shows a unit cell of 

Au with primitive lattice vectors a1, a2, and a3, Fig 1.2b) illustrates two equivalent (111) 

surface cuts in purple along two different planes. Terminating the gold surface at a (111) 

plane (rather than a (100) or (110) plane) affects the morphology and the electronic 

structure at the surface. For example, if a termination is made in which many bonds are 

broken, the surface will be reactive. The surface termination also affects the vacuum level 

and the work function, as will be discussed in section 1.4. The Au(111) surface has a 

hexagonal atomic arrangement as compared to the rectangular arrangement of both (100) 

and (110) surfaces in Figure 1.3. This high degree of symmetry prevents therefore 

preferred alignment of molecular adsorbate along a particular axis. 

 

 

Figure 1.2. a) Face centered cubic unit cell with primitive vectors indicated in red. b) fcc 
unit cell with two different (111) planes in purple. 
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Figure 1.3. Different surface terminations of a bulk fcc gold lattice. Orange represents 
surface layer gold atoms, yellow represents gold atoms in the layer below. 

 

The Au(111) surface is fairly unique in that it has a strong tendency to reconstruct 

in response to the tensile stress of an unreconstructed surface. A lower energy 

configuration arises through rumpling of the surface to form a 22 3´  reconstruction in 

which 23 atoms are compressed into 22 lattice sites resulting in a herringbone structure.  

In addition to the changes in surface morphology, this surface reconstruction also has 

some effect on the surface electronic structure and influences adsorption kinetics. Metal 

over layers such as Co and Ni have been found to nucleate at the herringbone creases; it 

is therefore possible that the reconstruction could also have an effect on molecular 

adsorbate geometry.29 
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Figure 1.4. Au(111) 22 3´  reconstruction, resulting in compression of atoms and 
herringbone pattern.30  
 
 
1.3  Substrate Electronic Structure 

The surface reconstruction of Au(111) is just one of many examples of 

morphological structures and electronic states being closely intertwined, a theme which 

will come up frequently throughout this thesis. In this section, the origins of several 

substrate electronic states will be discussed. This includes the behavior of electrons in a 

periodic lattice, such as that formed by Au atoms in Au(111) and carbon atoms in HOPG, 

and the effects of lattice termination on electronic structure at the surface. To this end, I 

begin the section by describing the electronic states in a solid before moving on to 

discuss the impact of surface morphology.  

1.3.1  Band theory of solids 

A useful starting point to the discussion of electronic states is the free electron 

model. In this model, electrons reside in space with constant potential energy, V(r) = V0.  
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According to the Schrödinger equation: 
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for a free electron where k = momentum, Ek = kinetic energy, and m = effective electron 

mass. However, valence electrons in a solid are generally not in constant potential space. 

Rather at every atom, a potential well is felt by the electron; therefore the nearly-free 

electron model (NFE) is more applicable. Here, a periodic weak potential is introduced, 

with a periodicity that is the same as the periodicity of the lattice. At any point r
�

 in the 

lattice 
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for all Bravais lattice vectors R. 
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Figure 1.5. Periodic potential from crystalline arrangement of atoms. Dark circles 
represents atomic core (ion) sites, dashed lines represent the potential at single ions, solid 
lines represent potential along a line of ions, dotted lines represent potential along a line 
between planes of ions. After Ashcroft/Mermin.27  

 

Bloch’s Theorem states that the eigenstates y of the one electron Hamiltonian with this 

periodic potential have the form of plane waves times a function )(rvnk

�
 with the same 

periodicity as the atomic lattice: 

)()( rver nk
rki

nk

�� ��
×=y   

In other words, the electronic wave function represents a free electron modulated by a 

periodic potential, hence the name nearly free electron model. For each k
�

, multiple 

solutions exist, giving rise to the appearance of the band index n. Translational symmetry 

exists also in reciprocal space in a fashion similar to real space. The reciprocal lattice is 

1.6 



 

 

34 

 

the set of all vectors K such that 

1=· RKie   

Thus, solutions to the Schrödinger equation in the NFE model take the form of 

kn,Kk
�� EE

n
=

+,
  

Electrons with wave vectors not in the vicinity of Bragg planes have the energy of 

free electrons (Equation 1.4). Free electrons with specific values of k
�

, such that they are 

lying at or on a Bragg plane, undergo Bragg reflections. In the simplest case of a 1D 

lattice, Bragg planes have a periodicity occurring at 

)/( ank p±=   

where n=1,2,3… and a is the lattice constant.27 

For those electrons with wave vectors at a Bragg plane, standing waves are 

formed from destructive and constructive interference of plane waves. Solutions for 

electrons with wave vectors at a Bragg plane in the NFE model can then be determined 

using Perturbation Theory and take the form: 
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This gives rise to a band gap of 2kV between consecutive n values. Figure 1.6 illustrates 

the difference between energy as a function of wave vector in the free electron model and 
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in the nearly free electron model. 

 

Figure 1.6. a) Electron energy as a function of wave vector in free electron model. b) 
Same as a), but with NFE model. Band gaps occur at Bragg planes. c) Same as b), but 
using Equation 1.8. for simplification (reduced zone scheme). 

 

The electrons on the low energy side of the band gap at a given Bragg plane have 

s-like character, while those on the high energy side have p-like character. This is a result 

of the constructive and destructive interference from reflections at the Bragg plane 

leading to s-like or p-like electron density with respect to the ion centers: 



 

 

36 

 

 

Figure 1.7. a) Standing wave representing the difference of a right and left directed wave 
reflected at a Bragg plane. Electron density node at ion core (black circle) and high 
electron density on either side gives p-character. b) Standing wave representing the sum 
of a right and left directed wave reflected at a Bragg plane. Electron density high at ion 
core gives s-character. 

 

Electron density closer to the positive ion cores gives rise to lower average potential 

energy in the s-like configuration, whereas high electron density between positive ion 

cores results in a p-like configuration with typically higher total energy. 

1.3.2  Surface states 

Surface states differ markedly from bulk states in a solid. At the surface of a 

metal, the periodic potential in which electrons reside is terminated abruptly, altering the 

nature of the wave function in this region drastically. Figure 1.7 illustrates the periodic 

nature of the potential energy inside the bulk, rising quickly in the region where the 

surface is terminated. This sudden change in potential energy experienced by the 

electrons gives rise to several different surface properties. 
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Figure 1.8. Periodic crystal potential in 1D (z is perpendicular to the surface) terminating 
at an ideal surface. The potential increases quickly when the surface is terminated 
(dashed line).27 

 

In the final layer the surface atoms only have neighboring atoms on five sides and 

vacuum on the sixth side, whereas bulk atoms are surrounded by neighboring atoms. The 

change in potential and break in crystal symmetry at the surface gives rise to surface 

states which can be broken into two categories: Shockley surface states and Tamm 

surface states. 

1.3.1.1  Shockley surface states 

Shockley surface states can be described using the NFE model and arise from 
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joining together the periodic crystal potential of the bulk lattice with a constant vacuum 

potential on the vacuum side of the interface. Outside of the band gap, the solutions to the 

Schrödinger equation with this piecewise potential describe electrons with propagating 

electron density into the bulk and decaying above the surface into vacuum. This will be 

discussed in more detail in section 1.4. Another set of solutions with energies inside the 

band gap can occur if the gap is “Shockley inverted”. This means that the electron 

standing waves at the lower edge of the band gap have a node at the location of the 

surface atoms (p-like character). As discussed in the last section, the lower energy side of 

the band gap (or lower edge) is normally made up of an s-like electron density 

distribution, while the higher energy side of the band gap is normally made up of a p-like 

electron density distribution. This situation can be inverted if Vk (Equation 1.10) is 

negative. The presence of an inversion allows the first derivative of the electron wave 

function to be continuous, a requirement for its existence inside the band gap. The 

resulting Shockley surface states are found energetically just inside the lower band gap.  

While bound in the z direction (perpendicular to the surface), they often exhibit free-

electron behavior parallel to the surface with effective electron masses < me.
31 

1.3.2.2  Tamm surface states 

Unlike Shockley surface states which appear energetically just inside the lower 

band gap, Tamm states typically appear at higher binding energies associated with the 

atomic orbitals involved in bonding between atoms. Tamm states arise from the broken 

symmetry of the system at the surface, since the surface atoms are not bonded on one side 
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due to the crystal termination at the surface. The orbitals that are most strongly 

influenced by this effect are those involved in chemical bonding between atoms in the 

lattice. Tamm surface states are often described using the tight-binding model, which is 

applicable for electrons that experience a stronger potential than the weak perturbative 

potential of the NFE model. Unlike Shockley surface states, Tamm surface states do not 

typically exhibit free electron behavior parallel to the surface.31  In the case of Au(111), a 

Tamm surface resonance is observed. The distinction between surface state and surface 

resonance is made because this state lies energetically inside the bulk band (not the band 

gap). Paniago et al. demonstrated that the Tamm surface resonances observed in Au(111) 

are uniquely linked to the 22 3´  reconstruction.32 This fact will be used in this thesis to 

confirm spectroscopically the presence of the reconstructed gold surface. 

1.3.2.3  Image potential states 

Another class of electronic states that are unique to surfaces, but quite different in 

nature from both Shockley and Tamm Surface states, are image potential states. Image 

states, a class of strictly interfacial states, have provided an experimentally and 

theoretically accessible framework to address some of the pertinent issues of excitations 

at interfaces.33,34 These states, predicted theoretically by Cole and Cohen and by 

Echenique and Pendry, were first observed in electron diffraction experiments and 

inverse photoemission spectroscopy.34–36 Since then, the advent of ultrafast laser 

technology and the development of two-photon photoemission37 have enabled detailed 

high resolution investigations of image states and their properties as a function of surface 
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structure and termination.38–40 An image potential state (IPS) is formed by the presence of 

an excess electron above the substrate surface at distance z. This electron induces a 

positive “image” charge in the substance, resulting in a Coulombic attraction between 

electron and its image of equal magnitude at –z, given by: 
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where Evac is the vacuum level, discussed in detail in section 1.4, and 0e  is the 

permittivity of free space. The solutions to the Schrödinger equation in this Coulombic 

potential result in energies that are equivalent to hydrogenic Rydberg states where n is the 

principal quantum number and Ry is 13.6 eV. 
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Figure 1.9. Illustration of image force induced by electron just outside of a conductive 
surface. The electron response is equivalent to attraction to a charge of opposite sign and 
equal magnitude inside the surface. 

 

 

Figure 1.10. Diagram illustrating electron probability density as a function of distance 
from the surface of n = 1 and n = 2 image potential states. The Coulomb potential (red) is 
strongest close to the surface. 
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Figure 1.10 shows the n = 1 and n = 2 solutions to Equation 1.13, represented by 

black lines at the base of each probability density distribution. The red line illustrates the 

Coulomb potential as a function of z using Equation 1.12. The n = 1 and n = 2 electron 

probability density distributions are shown as a function of distance from the surface.  

The maximum electron density for the n = 1 lies 2 Å outside of the surface, and at 11 Å 

outside of the surface for n = 2. 

One limitation of Equation 1.13 is that it does not account for the fact that metals 

terminated with different surfaces (i.e. (100) vs. (111)) have been observed to have 

different image potential state binding energies. Echenique and Pendry have explained 

this binding energy disparity with a phase shift model, a semiclassical model based on 

WKB theory.34 In this model, surface states (including image potential and Shockley 

states) are viewed as states trapped between the bulk crystal barrier, given by the surface 

gap, and the surface barrier, presented by the vacuum potential. The surface state wave 

function is reflected at each boundary, with a phase change of the electron wave function 

at either end: CF  from reflection at the crystal, and BF  at the image potential barrier.  

Bound states exist if after one round trip, the conditions for constructive interference are 

fulfilled: 

nCB p2=F+F   1.14 
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Figure 1.11. Diagram of the potential in the vicinity of a crystal surface within the phase-
shift model. Surface states arise through multiple reflection between the terminating 
plane of the crystal and the surface barrier. The region between vacuum and crystal has 
constant potential and is infinitesimally small. After Smith.41 

 

The value of CF  varies depending on the alignment of the bulk band gap with the 

vacuum level. In Shockley inverted cases, the band is p-like at the bottom of the gap and 

s-like at the top of the gap, and CF  varies from 0 at the bottom to �  at the top.34,42 In 

(111) faces, the vacuum level lies at the top of the gap and thereforeCF  is equal to � . 

When the vacuum level lies exactly in the middle of the gap (100 faces), CF  is � /2. The 

value of CF  determines the quantum defect a: 
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This in turn modifies the IPS binding energy to: 
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Therefore at a (111) surface such as Au(111), the n = 1 image state binding energy 

should lie fairly close to -0.85 eV, since p@F C  and hence a = 0. 41,43 

Au(111) is fairly unique however in that the vacuum level does not lie near the 

upper edge of the band gap but rather well above the upper edge of the band gap. This 

causes the image state to overlap energetically with Au(111) bulk bands. The effect of 

this is that the image potential state is more accurately called an image resonance and has 

a very short lifetime, since the decay route to bulk gold is easily energetically accessible 

and overlap exists between the image state wave function and the bulk wave function. 

This characteristic makes Au(111) an interesting system to study in the presence 

of a surface adsorbate. In general image potential states are a useful state to follow as a 

function of adsorbate coverage because they are exquisitely sensitive to the chemical 

environment just outside of the substrate surface. The majority of the n = 1 image state 

probability density resides outside of the surface at approximately the height that the 1st 

ML occupies, as seen in Figure 1.10. Likewise, the image resonance probability density 

lies primarily outside of the surface plane, but this state is strongly energetically coupled 

to the surface. Based on the vicinity of the electron density, there is high likelihood of 

1.15 

1.16 
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image resonance interaction with the adsorbate layer. This resonance is more strongly 

coupled to the bulk than surface states in other systems that lie inside the band gap. The 

image resonance can therefore serve as a bridge between bulk gold and surface adsorbate 

molecules, potentially facilitating interactions that may not occur in substrates with mid-

gap image potential states. 

1.3.4  Fermi level 

When characterizing the electronic structure of substrates and substrate/organic 

interfaces, a reference energy is necessary. Surface electronic states, bulk substrate 

electronic states, and molecular electronic states are all referenced to the Fermi level. 

Image potential states are unique in that they are referenced to the vacuum level; however 

the vacuum level itself is referenced to the Fermi level. The Fermi-Dirac distribution 

(f(E)) is given by: 

)exp(1

1
)(

Tk
E

Ef

B

m-
+

=   

where kB is the Boltzmann constant, T is the temperature, �  is the chemical potential. The 

Fermi level is the energy where f(E) = 0.5, i.e. when the probability of occupation of a 

given energy level by an electron is equal to 50 %. 

1.17 
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Figure 1.12. Fermi-Dirac functions at three different temperatures. Fermi level is 5 eV in 
all three cases shown. 

 

The point at which f(E) = 0.5 is independent of temperature, however the slope of the 

Fermi distribution as it crosses that point is temperature-dependent as seen in Figure 1.12.  

Identification of the Fermi level is extremely important in solid state experiments because 

all experimental values are referenced to this level.   

1.4. Surface Properties 

With each study presented in this thesis, the substrate electronic structure was 

characterized by identifying the presence and respective energies of bulk and surface 

states. Additionally, the surface properties vacuum level and work function were 

measured to gain insight into the effects of interface dipole formation upon interface 

formation. In the following sections I discuss therefore the theoretical underpinnings of 

vacuum level and work function as well as some practical considerations regarding their 

experimental characterization. I also discuss the impact of the interface dipole on the 
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vacuum level and work function. 

1.4.1  Vacuum level 

Figure 1.13 illustrates the electron density decay and electrostatic potential at a 

metal surface, computed within the jellium model.44,45 Although the electron density 

decays fairly quickly outside the surface, the tail is responsible for a potential step on the 

vacuum side of the surface boundary.46 The positive atomic cores at the surface layer 

inside the crystal are slightly electron poor, leading to a net positive charge, whereas the 

electronic wave function spilling out into vacuum provides a negative charge-density 

outside the crystal. This charge imbalance at the surface creates a surface dipole layer 

(positive inside the surface, negative outside the surface). The magnitude of the dipole 

layer gives rise to a surface potential step, and defines the vacuum level. 
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Figure 1.13. Illustration of electron density and electrostatic potential near a surface, 
based on the jellium model.44,45 z = 0 is taken as the location of the terminating nuclei. 

 

 

Different materials have different vacuum levels near the surface due to variations 

in the surface dipole layer. Even the same crystal, terminated at different faces (i.e. (111) 

vs. (100)), has different amounts of electron density outside the surface, leading to 

different potential steps at the surface. Figure 1.14 illustrates this for two different 

surfaces of a metal. 
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Figure 1.14. a) Potential for an electron inside and outside of a metal crystal. EF: Fermi 
level, VL(s): Vacuum level at the surface, VL(¥ ): Vacuum level at infinite distance. b) 
Electron density in the metal, with tailing at the surface to form a surface dipole layer. 
Note that the degree of tailing depends on the surface. From Ishii et al.46 

 

1.4.1.1  Local vs. global vacuum level 

One pertinent question that arises when considering the vacuum level near the 

surface is “how near to the surface is near?” Image state binding energies are referenced 

to the vacuum level, the vacuum level however is strongly influenced by the make-up of 

the surface. Surfaces are not uniform; they are atomically rough and contain defects and 

steps which lead to non-uniform electrostatic potentials at the surface. The picture is 

further complicated in the presence of an adsorbate layer which causes additional non-

uniformity. In order to draw a distinction between a uniform electrostatic potential which 

develops further away from the surface (but still much closer to the surface than the 
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vacuum level at ¥ ) and the non-uniform electrostatic potential very near the surface 

termination, the terms “global vacuum level” and “local vacuum level” have been 

developed. 

In this thesis, when no distinction is drawn between the two vacuum levels, 

reference is made to “global vacuum level”. In chapter 3, it will be shown that this global 

vacuum level, i.e. a laterally uniform surface potential, develops in the range of 10 -100 

Å above the surface plain. 

The local vacuum level, in the sub-10 Å range in the z direction, is generally  

more difficult to observe, especially because more than one local vacuum level typically 

exists when spanning x and y at a given z. There are cases in this thesis where there was 

experimental access to the local vacuum level, and electrostatic modeling was done to 

support experimental findings. Image potential states are good indicators of the local 

vacuum level because the maximum of their electron probability density typically lies 

within 10 Å of the surface and their binding energy tracks the vacuum level. The vacuum 

level felt by an image potential state within 10 Å of the surface termination would be 

considered a local vacuum level. 

1.4.2  Work function 

The work function is the minimum amount of energy required to liberate a bound 

electron in a solid to a free electron wave with an energy at the vacuum level. For a 

metal, this energy corresponds to the difference between the vacuum level at the surface 

and the Fermi level. Since the Fermi level is used as a fixed reference point, the work 
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function is a direct indicator of the vacuum level at a surface and therefore of the extent 

to which a given surface forms a surface dipole layer. Since it is directly tied to the 

vacuum level, the work function like the vacuum level is a surface specific property, 

which will vary with surface termination and surface electron density. 

1.4.3  Interface dipole 

When an interface dipole is present, the free surface dipole layer is altered. Upon 

adding an adsorbate to the free surface, there are many ways in which an interface dipole 

can form, altering the potential step at the surface and thus both vacuum level and work 

function. In this section, some of the common origins of an interface dipole are discussed. 

Typically, estimates of total interface dipole are made by summing the following three 

different contributions: Pauli repulsion, charge redistribution, and intrinsic molecular 

dipole.20 

1.4.3.1  Pauli repulsion 

Pauli repulsion is responsible for explaining strong interface dipole formation 

seen upon adsorption of unreactive saturated hydrocarbons on noble metal surfaces, as 

long as chemical effects are minimal.16,47 It is expected in general that when any 

molecule is adsorbed on a metal, the work function should decrease due to Pauli 

repulsion effects. An increase is only seen if other interface dipole effects dominate Pauli 

repulsion. Interface dipole formation due to Pauli repulsion is a purely quantum 

mechanical effect that arises due to exchange and correlation. This effect has been 

modeled taking into account van der Waals forces with no chemical interactions. The 
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tailing substrate electron density into vacuum that is responsible for the surface dipole 

layer compresses in the presence of an adsorbate. Electron density outside of the surface 

is pushed toward the metal, thus reducing the surface dipole layer and therefore lowering 

the metal work function.15 

1.4.3.2  Charge redistribution (induced density of interface states) 

Charge redistribution occurs at an interface when chemical interaction between 

the metal and molecule give rise to at least partial charge-transfer. The induced density 

of interface states (IDIS) model15 predicts the shifting and broadening of molecular 

energy levels upon interaction with a metal substrate, by partial hybridization and in 

accordance with the Anderson model of chemisorption.48 This leads to an increased 

density of states (DOS) inside the surface band gap. Central to the IDIS model is the 

concept of the charge neutrality level (CNL), which serves as an effective Fermi level for 

the molecular adsorbate at the interface. If the CNL of the molecular adsorbate is below 

the metal Fermi level, electron transfer will occur from the metal to the molecular 

adsorbate, with an accompanying increase in vacuum level/work function. Conversely, if 

the CNL of the molecular adsorbate is above the Fermi level, then electron transfer will 

occur from the adsorbate layer to the metal, thus lowering the work function.15 

1.4.3.3  Intrinsic molecular dipole 

The orientation of a permanent molecular dipole on the surface can influence the 

direction and magnitude of the potential step at the interface. In order to detect an 
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interface dipole caused by an intrinsic molecular dipole, it is important that the molecules 

are all oriented in a similar manner on the surface, so that their dipole effects do not 

cancel. The magnitude of the interface dipole formed due to an intrinsic molecular dipole 

is proportional to both the magnitude of the molecular dipole perpendicular to the surface 

and to the density of molecules on the surface. The Topping Model, presented in Chapter 

3, provides a theoretical underpinning for quantifying the magnitude of the vacuum level 

shift as a function of dipole moment per molecule and molecular density. 

1.5  Molecular Adsorbate Electronic Structure at the Interface 

As discussed in the previous section, the vacuum level and work function of a 

substrate can be altered in the presence of an adsorbate due to interface dipole formation.  

The addition of an adsorbate to a substrate not only influences the substrate electronic 

structure, the presence of the interface can also lead to variation in the adsorbate 

electronic structure. In some cases, it has been observed that changes in the vacuum level 

due to the presence of an interface dipole are mirrored by equivalent changes of the 

molecular electronic levels such as the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO).49 There are however many exceptions 

to this, and it is important to understand and ultimately predict these in order to better 

tailor energy level alignment at interfaces. With each study presented in this thesis, the 

adsorbate molecular electronic structure was characterized along with the vacuum level 

to gain insight into the effects of interface dipole formation. In the following sections, the 

key features of the adsorbate electronic structure measured in this thesis are described. 
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1.5.1  HOMO and ionization energy 

Experimentally, the energy of the HOMO is reported with respect to the metal 

Fermi level, and this energy is called the HOMO binding energy. The work function is 

then added to this value in order to determine the ionization energy. This represents a 

photoinduced transition from a neutral vibronic ground state to an ionic final state plus a 

free electron wave. 

The nature of the final state makes the molecular ionization energy strongly 

dependent on the molecular environment. This is directly evident in the difference 

between a molecule’s solid phase and gas phase ionization energies, often in the range of 

1.1 – 1.7 eV.50 A molecular cation in the solid phase, in close proximity to several other 

polarizable molecules, is stabilized by the electrostatic response of the surrounding 

molecules upon loss of an electron, thus reducing the ionization energy. The more 

polarizable the medium surrounding the ionized molecule, the stronger this stabilization 

effect. Because of image charge effects and high conductivity, metal substrates are more 

polarizable than organic molecules; therefore this stabilization of the molecular cation 

occurs even for very thin molecular surface coverage where no polarization effects from 

molecular nearest neighbors exist. As coverage increases, the molecular cation is 

stabilized by both the metal surface and its nearest molecular neighbors, shifting the 

ionization energy further away from that of the gas phase. With molecular coverage on a 

metal surface past 1 ML, the ionization energy may shift back slightly towards the gas 

phase value. This is attributed to the loss of stabilization from eliminating contact with 

the polarizable metal substrate, i.e. a decay of the image potential stabilization 
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contribution. In thicker films, molecules in the surface layer interface vacuum and 

experience higher ionization energies than molecules in a bulk layer, because the 

photoinduced cation is less screened by fewer neighbors.51–54
 The ionization energy and 

the so-called HOMO peak is a photoelectron spectroscopy measurement representing in 

reality a transition between a molecular ground state and a partially screened ionic final 

state. 

1.5.2  Excitons 

Excitons arise from optical excitation of an adsorbate molecule in which an 

electron is promoted to a higher energy level in the molecule. Like occupied energy 

levels (such as the HOMO), excitons may also be influenced by interface formation. In 

the conventional one electron picture, these quasiparticles correspond to promotion of an 

electron to an unoccupied molecular orbital such as e.g. the LUMO, LUMO+1, etc. The 

electron thus promoted to a previously unoccupied energy level leaves a hole in the 

HOMO, to which it is bound by Coulombic attraction. The associated energy is called the 

exciton binding energy and is given to 1st order by:50 

00

2

4 R
e

Exc epe
=   

where R0 is the exciton radius (electron – hole distance), �  is the dielectric constant, and e 

is the charge of an electron. Excitons are differentiated by their size: i) Frenkel excitons 

are largely localized to a single molecule and occur in materials with small dielectric 

constants; their binding energy ranges between about 0.1 and 1 eV.50 ii) Wannier excitons 

1.18 
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are dielectrically screened resulting in less Coulombic attraction between electron and 

hole and thus a larger radius. Their binding energy is much smaller than that of the 

Frenkel exciton, typically on the order of 0.01 eV.55 Excitons in organic semiconductors 

are usually of the Frenkel type. 

1.5.3  Molecular anions 

Molecular anions are formed as a result of electron transfer into an unoccupied 

energy level of a molecule. The energy change upon addition of an electron to a neutral 

molecule is known as the electron affinity. Although the electron affinity is often 

associated with ground state anion formation, electron transfer can occur from the 

underlying substrate to several different molecular unoccupied states, referred to as 

electron affinity levels. Such affinity levels correspond to excited states of the molecular 

anion. 

1.6  Thesis Organization 

The understanding of the alignment of energy levels at the (semi) metal/organic 

molecule interface is critical for device design and performance. In this thesis, the 

substrate properties, interface properties, and molecular properties discussed in this 

chapter are carefully investigated upon interface formation, for two model systems. 

In this chapter, a general motivation for studying the physics at an 

electrode/organic interfaces was discussed. Additionally, background was given on the 

general morphology and electronic structure of the substrates studied in this thesis.  

Surface properties that will be examined in the upcoming chapters were introduced. 
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In Chapter 2, the experimental techniques used in this body of work, ultraviolet 

photoelectron spectroscopy (UPS) and two-photon photoemission spectroscopy (TPPE), 

will be explained. The ultrahigh vacuum chamber, substrate surface preparation, and 

molecular adsorbate depositions will be discussed as well. 

In Chapter 3, a study of the interface dipole formation and ionization energy of 

vanadyl naphthalocyanine (VONc) on highly ordered pyrolytic graphite (HOPG) will be 

presented. Observations of energy level shifts as a function of molecular density on the 

substrate surface will be quantified in the context of the Topping and Muscat-Newns 

models. 

In Chapter 4, VONc on HOPG is studied in the context of exciton formation at the 

interface. An exciton involving the occupation of the LUMO is characterized as a 

function of VONc density on the HOPG surface. 

In Chapter 5, the image potential state of HOPG is examined on bare HOPG and 

changes to this state are examined upon adsorption of VONc. The results are interpreted 

in terms of the dielectric continuum model and local vacuum level. 

In Chapter 6, the HOPG image potential state dispersion properties are measured 

on a bare substrate and as a function of VONc surface coverage. Electron transfer from 

the image potential state of HOPG to a VONc unoccupied molecular orbital is detected, 

and implications for interfacial charge-transfer are discussed. 

In Chapter 7, a combined experimental/theoretical study is presented for VONc 

deposited on Au(111). Data is presented for sub-ML to multilayer VONc coverage. The 

interface dipole is quantified, and the Au(111) surface state binding energy and VONc 



 

 

58 

 

ionization energy are probed as a function of molecular density on the gold surface. 

In Chapter 8, TPPE and AR-TPPE studies of the VONc/Au(111) interface are 

presented. Dispersion properties of the Au(111) surface state and image resonance as a 

function of VONc coverage are presented. The image resonance binding energy and 

surface state binding energy are also explored as a function of film thickness.  

Photoelectron intensity behavior as a function of excitation energy is analyzed and 

quantum interference effects are discussed. 

In Chapter 9, a summary of this body of research is presented and future 

directions for this research are discussed.  
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CHAPTER 2  

EXPERIMENTAL TECHNIQUES 

2.1  Overview 

 The study of interfacial states at organic thin film/metal interfaces requires careful 

surface preparation and specialized equipment. The use of ultrahigh vacuum is necessary 

to avoid outside contaminants from influencing the system of interest, and to perform 

sensitive electronic structure measurements. For this reason, all sample preparation and 

photoelectron spectroscopy is done under ultrahigh vacuum conditions, using the same 

sample preparation and electron detection approach for two-photon photoemission 

(TPPE) and ultraviolet photoelectron spectroscopy (UPS) experiments. This chapter is 

organized as follows: First a description of the ultrahigh vacuum chamber and detection 

electronics will be given. Second, sample preparation will be described in terms of the 

preparation of a clean substrate surface and vapor deposition of a thin organic 

semiconductor film. Third, the instrumental techniques used most heavily in this thesis, 

UPS and TPPE, will be discussed. This will include a description of the laser system and 

optics employed for the TPPE experimental apparatus, as well as an explanation of the 

data obtainable using the TPPE technique in both normal emission and angle-resolved 

configurations.   

2.2  Ultrahigh Vacuum 

All experiments presented in this work were performed in an ultrahigh vacuum 

chamber. Ultrahigh vacuum is necessary to maintain pristine surface conditions and to 
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maximize electron mean free path for photoelectron spectroscopy. In atmosphere, 

ambient gas molecules constantly bombard the surface: The flux, F, or the number of 

incident molecules per unit time per unit area is directly proportional to the ambient 

pressure, P, as seen in Equation 2.1  

kTm

P
F

p2
=  

where k is the Boltzmann constant, T is temperature, and m is the molecular mass. 

Some of these incident molecules will bounce off and others will adhere to the surface; 

this ratio, the sticking coefficient, has a value between 0 and 1, depending on the 

reactivity of the surface, temperature, and surface coverage. A sticking coefficient of 1 

accelerates the contamination process by background gas. Regardless of the sticking 

coefficient, the greater the gas flux, the faster contaminant molecules will build up on the 

surface. Therefore, in order to reduce surface contamination, the molecular flux must be 

decreased by reducing the pressure. Assuming a sticking coefficient of 1, and a packing 

density of 1 ML as 1019 molecules/m2, the time elapsed t in seconds before 1 ML 

contaminant coverage is built up is given by Equation 2.2: 

2

19

m
molecules10

F
t =  

At room temperature and a pressure of 10-6 Torr, it takes on the order of 1 s for 1 ML of 

contaminants to adhere to the surface, assuming a sticking coefficient of 1.56 Reducing 

the pressure to 10-9 Torr increases this time to 1000 s. In reality, the sticking coefficient 

may be less than one and therefore this is a minimum-time estimate for ML growth; 

2.1 

2.2 
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nonetheless, there is clearly a need for ultralow pressure conditions when attempting to 

study well-defined surfaces. 

Additionally, vacuum conditions are necessary for detection of surface 

photoelectrons without change of kinetic energy and loss of collection efficiency by 

collision with ambient gas molecules. For this, a large mean free path is desired, ideally 

larger than the dimensions of the analysis chamber. In Equation 2.3, using a simple hard 

sphere collision model, �  is the mean free path and �  is the collision cross-section 

s
l

P
kT

414.1
=  

It can clearly be seen that the mean free path increases as pressure is lowered. At room 

temperature and in ultrahigh vacuum, the mean free path is on the order of several km, 

ample for detecting electrons with paths unaltered by collisions with ambient gas 

molecules. 

Finally, ultrahigh vacuum conditions are important for operation of the channel 

electron multiplier (CEM), the electron-detector used in UPS and TPPE experiments. A 

large voltage differential is applied across this detector, allowing it to create an electron 

cascade as electrons are accelerated from the front opening to the collection electrode at 

the back. If the chamber pressure is too high, the CEM will generate electron emission 

events on impact with ambient molecules, resulting in large background and ultimately 

signal overload. This causes either destruction or a shortened operating lifetime.  

However, both the CEM and the mean free path conditions can be met quite sufficiently 

in high vacuum conditions. It is truly the requirement for surface cleanliness which is the 

2.3 
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impetus for UHV conditions.57
 

 The ultrahigh vacuum chamber used for the work in this thesis consists of three 

adjoining chambers separable by gate valves. The main chamber is a VG Escalab MKII 

analysis chamber made from stainless steel � -metal, and equipped with a hemispherical 

analyzer. This chamber is outfitted with several custom additions including a 250 l/s 

turbo-molecular pump and cold cathode pressure gauge, an ion pump, a Titanium 

sublimator, an Argon ion sputter gun, an Omniax rotatable sample holder and transfer 

arm with sample heating capability, and a He lamp connected by bellows to separate 

primary turbo-molecular and secondary rotary vane pumps. A Marathon MM series 

pyrometer is mounted outside of the chamber and aimed with a laser guide through a 

ZnSe view port at the sample surface for accurate temperature measurements. A diagram 

of the sample analysis chamber with hemispherical analyzer is shown in Figure 2.1. 
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Figure 2.1. VG sample analysis chamber. From left to right, gate valve, Ar+ sputter gun, 
hemispherical analyzer, He lamp, Omniax sample holder/transfer arm with sample, and 
ion pump are shown. 
 
 

The main components of the hemispherical analyzer are an Einzel lens assembly, 

inner and outer hemispheres, a Herzog plane, and a channel electron multiplier. The 

Einzel lens assembly is used to increase the number of emitted electrons that are detected 

from the sample without altering their kinetic energy. The lens with 3:1 magnification 
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uses differential voltages along 5 segments to bring the electrons to a focus at the 

entrance slit to the analyzer, where they are either accelerated or retarded by the Herzog 

plane depending on how their kinetic energy compares to the operator chosen constant 

analyzer energy (CAE). The size of the entrance slit is controlled by a physical aperture. 

The aperture settings (order of decreasing size: A4, B2, and B3) are the commonly used 

settings for data collection in this thesis. Once past the aperture, electrons enter the 

hemispherical analyzer, which has a 100 mm radius and spans an arc of 150o. Electrons 

are kinetic energy-resolved along their path through the inner and outer hemispheres.  

Due to the differential voltage between the two hemispheres, only electrons of a certain 

kinetic energy may pass, while slower and faster electrons collide with the hemisphere 

walls. Electrons transmitted successfully by the hemispheres must still pass a final exit 

slit prior to striking the CEM detector. An Amptek 101 preamplifier assembly is located 

in close proximity to the CEM, just outside of the vacuum chamber for impedance 

matching and rf-signal protection reasons. Its function is to discriminate electrons and 

amplify the signal without adding significant noise. For details of the hardware set-up 

between the VG 362 spectrometer controller digital interface and the computer equipped 

with LabView data acquisition software programs for signal collection, see Michael 

Blumenfeld’s thesis.58   
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Figure 2.2. VG MK(II) Electron Spectrometer. Light path purple, electron path red.58 

 

2.3  Sample Preparation 

Samples were introduced into vacuum via a custom-built load lock chamber, 

equipped with a sample transfer arm, a turbo molecular pump and a rotary vane pump.  

Upon initial introduction to vacuum, the load lock chamber was pumped down to 1·10-7 

mbar and baked overnight at about 100 oC by wrapping this section of the chamber in 

Amptek heater tape, running a current of 2 A, followed by a layer of aluminum foil.  

Upon cool-down, the sample could be transferred in vacuum to the storage chamber, 
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deposition chamber, or analysis chamber with base pressures of < 2·10-9 mbar. 

2.3.1  Substrate preparation 

Upon introduction of a substrate into the vacuum chamber, it is unavoidable that it 

will have contaminants on the surface from prior exposure to ambient pressure. As 

discussed in section 2.2, it is important to remove these contaminants. The two substrates, 

HOPG and Au(111), used in this thesis were always cleaned and characterized in vacuum 

prior to any adsorbate vapor deposition.   

After introduction into the sample analysis chamber, each sample was heated 

overnight using a home-built stainless steel heating puck. This puck contains a coiled 

0.05 mm Ta wire surrounded by insulating ceramic. The Ta wire is spot-welded to a 

stainless steel rod, (also insulated by ceramic) that runs down the center of the puck and 

protrudes at the base. Using a home-built current supply equipped with an Omega 

temperature controller and connected to a vacuum electrical feed through, an AC current 

is sent through a stainless steel leaf spring in contact with the stainless steel rod inside the 

heater puck. At the top of the puck, a 0.2 mm graphite layer is clamped into direct contact 

with the Ta coil using spot-welded Ta clips. Current runs through the graphite layer, 

thereby heating it up due to its relatively high resistance when compared to the other 

materials in the assembly (Ta and steel). The return current runs from the graphite to the 

outside of the heater puck and finally to a copper block on which the puck resides. The 

electrical loop is completed via a wire lead which is attached to the copper sample holder 

block. This heater puck assembly offers the advantage that the sample can be moved 
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from chamber to chamber without breaking vacuum, and no active connections must be 

made for heating. This heater can reach temperatures in excess of 600 oC. Fig 2.3 shows a 

diagram of heater puck and holder. 

 

 

Figure 2.3. Home-built VG style sample heater puck in copper block sample holder. The 
copper block and leaf spring are electrically isolated from each other without puck 
present. The puck itself provides the electrical path between the two components, each 
connected to a heater box with wire leads shown on right side. 
 
 

 The sample preparation procedure was slightly different for each of the substrates 

used. SPI-1 grade Highly Ordered Pyrolytic Graphite (HOPG) was purchased from SPI 

Supplies in a 10 mm ´  10 mm ´  1 mm square. The topmost graphene sheets were 

removed with scotch tape immediately before introducing the sample into the vacuum 
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chamber. After transition from the load-lock to the analysis chamber, the sample was 

heated to 450 oC overnight. No Ar+ sputter cycles were necessary for the HOPG surface 

preparation, in agreement with literature reports.59 

Au(111) was purchased from Princeton Scientific, 99.999% purity, in a 10 mm 

diameter disk, 1 mm thick, with an orientation accuracy <1% and surface roughness 

<0.03 � m. Upon introduction to the sample analysis chamber, the Au(111) substrate was 

annealed overnight at 550 oC, followed by several Ar+ sputter/anneal cycles until narrow 

Tamm and Shockley surface states were clearly visible and the work function was greater 

than 5.5 eV, both determined using UPS, and shown in Figure 2.4. The Ar+ sputter cycles 

lasted 30 minutes each, using a VG AG-6 sputter gun and ultrahigh purity argon gas 

pressure of 1.5·10-6 mbar, 1.2 kV energy, and a sputter current of approximately 25 � A at 

the sample. Each sputter cycle was followed by a one hour anneal cycle at 550 oC in 

order to remove any pits formed by sputtering.60 The number of sputter/anneal cycles 

varied depending on how recently the substrate surface was cleaned in this way (fewer 

cycles required if recently cleaned), and if the substrate was recently introduced into 

vacuum (more cycles required). 
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Figure 2.4. UPS spectrum of clean Au(111). Cleanliness indicators include high work 
function ( 5.5³ eV), presence of Tamm surface states and narrow Shockley surface state. 

 

2.3.2  Vapor deposition of molecular films 

All vapor deposition was done in a custom-built sample deposition chamber with 

base pressure of 2·10-9 mbar. The deposition chamber is equipped with a residual gas 

analyzer (RGA) so that chamber vapor contents can be monitored at any point in time. 

Additionally, this chamber is equipped with a home-built Knudsen cell composed of a 

boron nitride crucible wrapped in tantalum wire and a thermocouple tucked into the 
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bottom of the crucible. To heat the Knudsen cell, an electric current flows through the Ta 

wire until the temperature feedback via the thermocouple reaches the desired temperature 

set point. Prior to sample deposition, VONc (Sigma Aldrich) was loaded into the 

Knudsen cell and slowly heated to 100 oC. At the same time, the sample deposition 

chamber was baked overnight using the same method described for baking of the load-

lock chamber. After baking the chamber, VONc in the Knudsen cell was slowly 

outgassed by increasing the Knudsen cell temperature to 460 oC over the course of 

several hours and then returned to a temperature of 200 oC and maintained at this 

temperature when not in use. The molecular vapor deposition rate was monitored by a 

retractable water chilled quartz crystal microbalance (QCM) maintained at 25 oC. The 

VONc film density was determined from STM measurements61 and programmed in the 

QCM controller along with a tooling factor of 1. The tooling factor accounts for 

differences in sample position and QCM position, however in this set-up, the QCM is 

retracted during deposition and the sample is brought into the same location where the 

QCM rate was obtained. Based on the programmed values and the oscillation rate of the 

crystal, the QCM accurately monitors deposited effective film thickness in Å, and a timer 

is used to establish the desired rate in Å/s. To deposit VONc molecules, the Knudsen cell 

temperature was brought up to approximately 460 oC until the deposition rate was 

constant for approximately 15 minutes and between 2 to 4 Å per minute. Once a 

deposition rate was established in this way, the sample was introduced to the deposition 

chamber and deposition of the desired amount commenced immediately. 
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2.4  Instrumentation for Sample Characterization 

The following instrumental techniques were used to examine the surface preparation 

and electronic structure of the metal substrates and thin organic films. 

2.4.1  Ultraviolet photoelectron spectroscopy 

Ultraviolet photoelectron spectroscopy (UPS) utilizes the photoelectric effect and 

the conservation of energy in order to gain an understanding of valence band structure. A 

non-monochromatized SPECS UVS 10/35 He discharge lamp is used to emit He I�  

21.218 eV photons (a weak He I�  satellite exists at 23.085 eV) or He II�  40.814 eV 

photons. These photons provide sufficient energy to ionize the valence bands of the 

surface under study. The emitted electrons are then energy-filtered by the hemispherical 

energy analyzer, scanned over the range of energies of interest. As seen in Figure 2.5, the 

sum of binding energy (BE), work function (WF), and kinetic energy (KE) is equal to the 

excitation energy,nh . The binding energy is most commonly referenced to the Fermi 

level, which is found by determining the inflection point of the high energy cut-off of a 

UPS spectrum by fitting it to the Fermi function (see Chapter 1). An example including a 

linearly increasing density of states (DOS) is shown in Figure 2.6. The Fermi level (EF) is 

customarily set to zero resulting in the BE of two observed features in the UPS spectrum 

close to 0.6 eV and 0.8 eV with respect to EF. The relative intensities across all energies 

give some insight to the density of states in the valence band region.   

A second important surface property determined from UPS is the work function.  

This value is obtained by subtracting the spectral width from the excitation energy. Once 
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the work function is known, the value can be added to the Fermi level (set at zero) to 

determine the energy of the vacuum level. 

 

Figure 2.5. Diagram of the UPS process from Cahen and Kahn62 with metal substrate in 
equilibrium with electron detector. An ultraviolet photon is used to remove an electron 
from a metal substrate in a) and a molecular adsorbate in b). � : Magnitude of vacuum 
level shift with addition of adsorbate. Evac(d): vacuum level of the detector, Evac(s): 
vacuum level of the metal substrate, � d: work function of the detector, � m: work function 
of the metal substrate. Primary electron excited from Fermi level with kinetic 
energy max

KE , secondary electron with kinetic energy min
KE . 
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Figure 2.6. High kinetic energy side of a UPS spectrum of VONc on Au(111), referenced 
to the Fermi edge determined by fitting Fermi function to the UPS spectrum. Circles are 
raw data and red solid line is a fit using a Fermi function convolved with a linear 
background. Dashed lines indicate presence of features at 0.6 and 0.8 eV binding energy 
and Fermi edge at 0 eV. 

 

2.4.2  Two-photon photoemission 

Two-photon photoemission (TPPE) is a unique form of photoelectron 

spectroscopy since both occupied and unoccupied levels can be probed simultaneously.  

This technique is often used to measure energy levels in an emission configuration 

perpendicular to the sample surface plane. It can also be extended to give time- or angle-
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resolved information. In this dissertation, angle-resolved measurements and 

measurements in normal emission geometry will be presented. The TPPE technique 

requires an ultra-fast laser excitation source with pulse energy sufficient to drive a non-

linear second order process. The next section describes the excitation set-up in detail.  

2.4.2.1 Laser excitation source 

The excitation light source for TPPE is the frequency-tripled output of a mode-

locked Spectra Physics Tsunami Titanium Sapphire oscillator. The Ti:Sapph oscillator is 

pumped by a 15 W Spectra Physics Millenia Nd:YVO4 laser. The Ti:Sapph oscillator 

outputs an 80 MHz pulse train, tunable from 700 – 1000 nm, with maximum power 

output at 800 nm, and average unoptimized pulse duration of 120 fs. The pulse duration 

of the Ti:Sapph output is measured using a MiniOptic Delta single-shot autocorrelator. 

The output wavelength range corresponds to photon energies between 1.25 and 1.75 eV, 

insufficient to photoionize substrates with work functions of 4.5 – 5.5 eV. In a 

monochromatic TPPE experiment as used throughout this thesis, the photon excitation 

energy typically lies in the range of 0.5 �  < h�  < � , where �  is the work function. If this 

condition is met, all electrons detected are generated via a two-photon photoemission 

process. In order to produce photons with energies in the desired range, a MiniOptic 

Time-Plate Tripler is used to frequency-triple the output of the Ti:Sapph oscillator, 

resulting in photon energies in the range of 3.75 to 5.25 eV. The BBO crystal used for 

tripling has a maximum tripling efficiency at the 800 nm oscillator fundamental, while 

the tripling efficiency drops dramatically at the high and low ends of the available 
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Ti:Sapph spectrum. The output of the MiniOptic Tripler in the photon energy range from 

3.9 to 5.2 eV provides sufficient power for experimental use (> 15 mW). The s-polarized 

frequency tripled output is rotated to p-polarization via a periscope before passing 

through a pair of fused silica Brewster angle cut prisms used for group velocity 

dispersion (GVD) compensation. This prism pair is used to shorten the pulse duration and 

remove the effects of pulse dispersion from two lenses, a time-plate, and two BBO 

crystals in the MiniOptic tripler as well as a lens and viewport further down the optical 

path. UV-coated Al mirrors are used to steer the pulse train through a focusing lens and 

quartz fused silica viewport into the vacuum analysis chamber, incident on the sample in 

p-polarization and at an angle of 53° with respect to the surface normal. Figure 2.7 shows 

a diagram of the optical table arrangement. 

 

Figure 2.7. Laser optical path diagram for TPPE. 
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2.4.2.2  Two-photon photoemission measurements 

The two-photon photoemission technique utilizes the photoelectric effect to probe 

electrons from both occupied and unoccupied states. An occupied state is a state below 

the Fermi level of a solid, hence it is occupied by electrons. A common example of an 

occupied state in a molecule is the highest occupied molecular orbital (HOMO). In a 

metal, occupied states exists up to the Fermi level. Unoccupied states on the other hand 

reside above the Fermi level, where they are energetically not accessible by the ground 

state electron configuration. A common example of a molecular unoccupied level is the 

lowest unoccupied molecular orbital (LUMO). In the case of a metal, an unoccupied state 

is any state energetically above the Fermi level. Metals can contain both discrete and 

continua of unoccupied states above the Fermi edge. 

There are several possible excitation pathways accessible when using TPPE, 

including coherent, resonant, and indirect excitation. There also exist different excitation 

routes within each of these possibilities. The most direct pathway that probes in particular 

occupied levels in TPPE is a coherent two-photon process: Two photons promote an 

electron from an occupied level to a free electron state via a virtual intermediate state.  

The outcome of a coherent TPPE pathway is much like that of UPS, in that occupied 

states are detected in the spectra; however, unlike UPS, this is a non-linear process. 

Figure 2.8 illustrates a direct coherent pathway in which 2.8a) an electron is liberated 

from a metal substrate and in 2.8b) the coherent excitation originates from an occupied 

molecular state. Occupied states can be identified in TPPE spectra by identifying their 
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change of kinetic energy with change in photon energy – the kinetic energy of peaks 

arising from occupied states shift by 2� h� .   

 

Figure 2.8. Illustration of coherent TPPE from an occupied state 0  via a virtual 

intermediate state 1 . a) Electron originates from metal. b) Electron originates from 

molecular adsorbate state. 
 
 

Unlike a coherent excitation, both resonant and indirect excitation pathways can 

give rise to peaks arising from unoccupied states in a TPPE spectrum. The unoccupied 

state peaks in the TPPE spectra which arise from resonant and indirect pathways have 

kinetic energies that shift with � hv when the photon energy is changed. In the resonant 

pathway, one photon promotes an electron from an occupied state to a real unoccupied 
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state, and a second photon liberates the electron from the unoccupied level to a free 

electron state. The resonant pathway can take place within the substrate, between 

substrate and molecular adsorbate, or within a molecule (creating an exciton intermediate 

state). Figure 2.9 illustrates a possible scenario for each of these routes. In 2.9a), the 

initial state is a metal bulk electronic state which is energetically resonant with an 

intermediate metal image potential state and the final state is a free electron state. In part 

b), an electron from a metal surface state is promoted to a resonant molecular unoccupied 

state before ultimately being liberated to form a free electron. In part c), a molecular 

occupied state is resonant in energy with a molecular unoccupied state, leading to a 

molecular exciton intermediate state, and ultimately a free electron.  

 

Figure 2.9. Three examples of resonant excitation pathways: a) Bulk metal initial state, 
metal image potential intermediate state, free electron final state; b) Metal surface state 
initial state, molecular intermediate state, free electron final state; c) Molecular initial 
state to molecular intermediate state, free electron final state. 
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Like resonant pathways, indirect pathways lead to electronic insight of the 

structure in the unoccupied state manifolds. However, indirect pathways are different 

from resonant pathways: After the first photon promotes an electron to an unoccupied 

level, the electron transfers to a different unoccupied level prior to photoemission to a 

free electron state by a second photon. The indirect pathway allows for even more 

combinations than the resonant pathway, because it couples three states (and a free 

electron final state) rather than two (and a free electron final state). This pathway can 

involve transitions among substrate states only, among molecular states only, or any 

combination of transitions between substrate and molecule. Several of the possible 

indirect two-photon photoemission pathways are shown in Figure 2.10 below. The 

pathways shown in figure 2.10d) and e) are fundamentally different from those in a) – c):  

In figure 2.10d), upon absorption of the first photon, the electron is highly excited (hot 

electron) into a virtual state and scatters into an unoccupied molecular state (or metal 

state, not shown) before promotion to a free electron state by a second photon. In figure 

2.10e), the electron is coherently promoted to an intermediate state above the vacuum 

level, before indirect transfer to a free electron state. The peak from this state will not 

change with � hv in the TPPE spectra and has thus a different photon dependence than all 

of the other excitation routes shown in figures 2.8 – 2.10. Electrons arriving to the 

detector via this route will always have a kinetic energy that is the difference between the 

energy of the intermediate state above vacuum level, and vacuum level itself. Such states 

are called final state resonances. 
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Figure 2.10. Illustration of several possible indirect TPPE pathways. In a) – c), 
absorption of the first photon promotes electrons to a real unoccupied level, in which it 
scatters into a new unoccupied level before absorption of a second photon and promotion 
to a free electron final state. In d), absorption of the first photon results in “hot” electron, 
which upon loss of energy occupies a real state before becoming a free electron. In e), the 
electron is coherently excited to an unoccupied state above vacuum level (final state 
resonance), and the electron scatters into a free electron state with no additional photon 
interaction.5,12 
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In the familiar one electron picture and to first approximation, an electron can be 

promoted to the LUMO of the molecular adsorbate via several of the pathways shown 

(Fig 2.9b) and c), Fig 2.10a)-d)). The difference in energy between the vacuum level and 

the energy of a level where an electron was transferred to the LUMO is called the 

electron affinity. The electron affinity is thus only measureable via such pathways where 

the electron does not originate from the molecular adsorbate. Otherwise, a molecular 

excited state is formed (Fig 2.9c) and 2.10c)), with an associated exciton binding energy.  

The nature of the final state makes the molecular electron affinity strongly 

dependent on the molecular environment much in the same way as the molecular 

ionization energy. This is directly evident in the difference between a molecule’s solid 

phase and gas phase electron affinity, often in the range of 1.1 – 1.7 eV, of similar 

magnitude as the difference between a molecule’s solid phase and gas phase ionization 

energies.50 Analogous to the final state phenomena observed with ionization energy, a 

molecular anion in the solid phase, in close proximity to several other polarizable 

molecules, is stabilized by the electrostatic response of the surrounding molecules upon 

gain of an electron, thus increasing the electron affinity. The more polarizable the 

medium surrounding the ionized molecule, the stronger this stabilization effect. 50–53 

Optical gap energies may be determined from exciton-forming photoionization 

pathways and transport energies can be found from anion forming pathways.50 Two 

spectral differences between states formed by exciton pathways and those formed by 

anion pathways are that i) electrons originating from excitons increase in spectral 

intensity (DOS) with coverage whereas anion resonances decay in intensity with 
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coverage past the first monolayer, as soon as there is no surface/adsorbate interaction 

anymore; and ii) when exciting with different wavelengths, the exciton is enhanced near 

the resonant wavelength and weaker at off resonant wavelengths, whereas an anion 

resonance created by indirect scattering is fairly insensitive to excitation wavelength.  

2.4.2.2.1  AR-TPPE 

In addition to obtaining the energy of occupied and unoccupied levels with 

respect to the substrate band structure, the TPPE technique can be extended to angle-

resolved measurements. Angle-resolved TPPE (AR-TPPE) is useful because some 

electronic states have a strongly dispersive wave function due to electron delocalization. 

In order to measure this dispersion, a 5 mm aperture was added to the analyzer in front of 

the Einzel lens assembly. The addition of this aperture restricts the analyzer acceptance 

angle to ± 1.5 ° from its original ± 12.5o, resulting in a photoelectron count-rate reduction 

by a factor of 10. However, the peak widths of strongly dispersive states, such as the bare 

Au(111) Shockley surface state, narrowed considerably for photoemission along the 

surface normal. More importantly, this restriction of the acceptance angle allows 

measurement of band structure. In order to accomplish this, the sample is rotated in its 

holder along an axis perpendicular to both the principal spectrometer axis and the laser 

beam (see figure 2.11). Angle-dependent measurements extend typically from k|| = -0.1 

Å
-1 

to k|| = 0.3 Å
-1 

with a momentum resolution of 0.03 Å
-1

 in the energy range available 

by TPPE. Here, k|| is the momentum component of an electron parallel to the surface.  

The effective mass, and thus the extent of electron delocalization, is determined 
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by measuring the angular dependence of the photoelectron kinetic energy. Since k|| is 

conserved upon photoemission, its value is obtained from  

 

qsin
2

|| �
kineEm

k =  

where me is the electron mass in vacuum, Ekin is the kinetic energy of the photoelectron as 

it leaves the sample and 	  is the emission angle relative to the surface normal. Using the 

values obtained for k|| in Equation 2.4 and fitting Ekin(k||) to a parabola given by Equation 

2.5, affords the effective mass meff and the band structure. 
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Figure 2.11. Illustration of sample angle relative to analyzer in AR-TPPE experiments. a) 
The substrate and detector are parallel, electrons travel in direction of surface normal to 
reach detector. b) The substrate is rotated by angle 	  with respect to detector, only 
electrons with k|| as shown reach detector (Yang).63 
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CHAPTER 3 

ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY OF VANADYL 
NAPHTHALOCYANINE ON HIGHLY ORDERED PYROLYTIC GRAPHITE 

3.1 Introduction 

 As discussed in Chapter 1, the interplay between molecular and interfacial 

electronic structure is far from clear and depends sensitively on the thin film 

organization, making predictive control of interfacial energy level alignment still a 

challenge. Thus, systematic investigations of single systems are important in order to 

assess the evolution of the electronic structure and molecular organization at the 

interface.  

The properties of VONc are well-suited to this purpose as will be shown here: 

Like Pcs, VONc can be vacuum-deposited, allowing the growth of well-defined 

interfaces from sub-ML to multiple ML coverage.21 The molecule is near-planar with a 

permanent dipole moment of 2.7(4) D in the thin film phase. VONc is structurally related 

to the phthalocyanines,22–24 with a considerably larger polarizability providing high 

sensitivity to the local electrostatic environment. The substrate of highly ordered 

pyrolytic graphite (HOPG) is a surface which does not possess reactive dangling bonds 

and therefore is unlikely to induce any molecular decomposition of the adsorbate. 

Furthermore, the electron density close to the Fermi edge is very low, permitting high 

resolution spectroscopic band analysis of VONc and revealing subtle changes to the 

electronic structure. In addition, VONc has a large absorption cross-section in the near-

infrared and an optical gap of 1.5 eV,25 making it suitable for photovoltaic applications.  
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In this chapter, core and valence band photoelectron spectroscopy is used to study 

interfacial thin film structure and growth. Spectroscopic data suggests that VONc 

organizes in different orientations on the surface, providing a range of local electronic 

environments. These populations can be controlled by annealing at modest temperatures, 

with a profound influence on the electronic structure. Importantly, the interface dipole is 

predominantly controlled by molecular packing density, polarizability and dipole 

moment, representative of weak intermolecular electrostatic coupling.17 This allows a 

predictive comparison of the interface dipole across a class of dipolar organic 

semiconductors, offering an avenue towards determining energy level alignment at 

interfaces that is potentially applicable to a wide range of systems. The detailed 

knowledge of the interfacial electronic structure can also be used to assess the growth 

mode of VONc on HOPG. Finally, this core-level and valence band study lays the 

foundation for the excited state investigations in the remainder of the thesis. 

This chapter is organized as follows: Section 3.2 gives a discussion of the 

experimental procedure, followed by photoelectron spectroscopy results of thin VONc 

layers in both the core and valence region in Section 3.3. In section 3.4, the origin of the 

interface dipole in dipolar phthalo-and naphthalocyanines on HOPG will be discussed as 

well as the spectroscopic evidence to investigate growth of thin VONc films on HOPG. 

The chapter concludes with a brief summary in Section 3.5. 
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3.2  Materials and Methods 

HOPG was purchased from SPI (grade SPI-1), freshly cleaved, introduced into a 

UHV chamber pumped with a combination of turbomolecular and ion pumps to a base 

pressure of 5·10
-10 

mbar, and annealed for 12 h at 450 °C. A work function (� ) of 4.5 eV 

indicates that the HOPG surface is clean. If this was not obtained upon first treatment, the 

HOPG was annealed an additional 12 hours at 450 oC or until this work function was 

achieved. VONc was purchased from Sigma-Aldrich and 20 mg of VONc in powder 

form were loaded into a home-built Knudsen cell without further purification. Upon 

initial introduction of the cell into vacuum, it was slowly ramped to the deposition 

temperature of 470 oC over the course of about 6 hours in order to promote degassing of 

VONc. Upon reaching this deposition temperature, the cell was held there for 20 minutes, 

and then ramped back down. Once the cell was initially degassed, it was kept 

continuously at a temperature of 200 oC. For regular depositions, VONc was brought 

from 200 oC to 470 oC over the course of 1 hour. No signs of thermal decomposition were 

found using XPS, as will be discussed further in section 3.3. Sample deposition occurred 

at 0.2 Å/min in a custom-built deposition chamber, with a base pressure of 1·10-9 mbar. 

Film thicknesses were determined using a water-cooled quartz crystal microbalance.  

3.2.1  Photoelectron spectroscopy 

 3.2.1.1  VG 

The sample was introduced into the photoelectron spectrometer (VG EscaLab MK 

II, base pressure 5·10-10 mbar) equipped with an integrated sample heater. All non angle-
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resolved UPS spectra were collected at room temperature using He(I) emission from a 

SPECS/UVS 10/35 lamp oriented at a 30o angle of incidence from the sample surface 

normal, with a -5 V bias, 10 eV pass energy, an analyzer acceptance angle of ± 12.5o, and 

a take-off angle of 22o with respect to normal. The off-normal take-off angle did not 

affect the spectral peak positions, in agreement with recent findings for TiOPc on 

HOPG.64 For angle resolved UPS (ARUPS) spectra, an additional aperture was 

introduced restricting the analyzer acceptance angle to ± 1.5o for angle-resolved UPS 

(ARUPS) spectra, the take-off angle was modified for each scan, and a pass energy of 5 

eV, with no sample bias was used. A resolution of 96(8) meV was determined for the 

angle-integrated UPS configuration. These resolution values are the result of convolving 

a Fermi-Dirac distribution function at room temperature (fixed) with a Gaussian of finite 

width (spectrometer resolution, adjustable) until the least-squares fit matched the 

experimentally acquired Fermi edge of a polycrystalline gold sample acquired with the 

same instrumental settings. Note that the precision to which a spectral peak position can 

be determined is much higher (approximately 15 meV) and is determined by the 

experimental repeatability and the standard deviation on the least-squares fits of the peak 

center position. The vacuum level was measured by calculating the slope of the 

secondary electron cut-off (SECO) at the inflection point, and then determining where the 

tangent line intercepts the spectral baseline. All experimental energies are reported as 

binding energies with respect to the Fermi energy EF, unless stated otherwise. 
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3.2.1.2  Kratos 

Core level spectroscopy of VONc on sputter-cleaned Au foil and freshly cleaved 

and annealed HOPG was performed in a Kratos Axis XPS/UPS system using the 

monochromatized Al K�  anode with a pass energy of 20 eV. Peak positions were 

determined in accordance with the NIST XPS calibration protocol and based on nearby 

photoemission lines such as the Au 4f line where possible. A Shirley background was 

subtracted from all XPS spectra. 

3.2.2  Calculations 

3.2.2.1  DFT calculations 

Computations and geometry optimizations for isolated VONc molecules were 

carried out by Nahid Ilyas using NWChem 65 by DFT at the unrestricted PBEh level, 

using a 6–31 g** basis set for C, H, N and O and an extended SDD (Stuttgart RSC 1997 

ECP) basis set for V.66–69 This level of theory has been demonstrated to give a reliable 

DOS, ground state structure and reasonable optical gap for CuPc and other metal-

containing systems.70,71 

3.2.2.2  Electrostatic simulations 

Electrostatic simulations of a simple sheet of dipoles were developed by Michael 

Blumenfeld in a series of Matlab codes called Brute Force. In these programs, the 

electrostatic potential is modeled by a square array of dipoles represented by point 

charges separated by a distance of 5 Å. The point charges are given values at the zero 

coverage limit such that the dipole moment is equal to the experimental value of 2.7(4) 
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D. In the 2D gas simulation, the initial dipole is allowed to change as a function of 

coverage according to the Topping model and the experimentally determined 

polarizability. In the island cluster simulation, depolarization was applied numerically 

until convergence was achieved. For more details and Matlab code, see Michael 

Blumenfeld’s thesis.58 

3.2.3  UV/Vis 

 A VONc derivative of VONc, vanadyl 2,11,20,29-tetra-tert-butyl-2,3-

napthalocyanine, was used for UV/Vis studies in order to enhance solubility. The solution 

was prepared by dissolving 10 mg of the butyl terminated VONc in 1 mL of toluene.  

UV/Vis spectra were acquired using an Ocean Optics S2000 spectrometer with a 50 ms 

integration time. A halogen light source was used for absorption measurements from 480 

to 1100 nm, and a deuterium light source was used for absorption measurements between 

290 and 480 nm. Measurements were referenced to a blank sample of pure toluene. 

3.3  Results 

3.3.1  The VONc molecule 

3.3.1.1  Molecular structure 

Fig. 3.1a) shows a calculated molecular gas phase structure of VONc. The 

molecule is slightly puckered with a C4v symmetry induced by the VO-group located 

above the molecular plane. The molecule has a calculated dipole moment of 2.8 D, in 

excellent agreement with experiment as shown below. The molecular structure and 

Kohn–Sham orbitals strongly resemble those of the related Pcs such as VOPc or 
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TiOPc.22,64 Fig. 3.1b) shows the VONc HOMO with the characteristic node at the metal 

center found also in all Pcs. This suggests that the ground state electronic structure should 

be comparable across a set of Pcs and Ncs with different metal centers. The calculations 

reproduce the molecular density of states reasonably well when compared to the UP-

spectrum of a 10 monolayer equivalent (MLE) VONc film (Fig. 3.1c)). The term MLE is 

used to allow for the possibility that although 10 ML’s worth of molecules were deposited 

on the surface, the thickness may be more or less than 10 ML in different regions based 

on molecular arrangement: Tall patches of molecules could exist in one region and bare 

patches in another. In Fig 3.1c), the calculations show clearly that the HOMO is separated 

noticeably from the lower-lying MOs, with a large electronic DOS only appearing below 

2 eV relative to the Fermi energy.  
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Figure 3.1. a) Molecular structure of VONc obtained by DFT at the PBEh level. b) 
VONc HOMO. c) Comparison of experimental UP-spectrum of 10 MLE VONc on 
HOPG, unannealed, and DOS from DFT, convoluted with a Gaussian of 0.4 eV width. 
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3.3.1.2  UV/Vis 

While the addition of butyl groups to the four terminal rings of VONc has a 

strong effect on its solubility, it has very little effect on the molecule’s absorption 

properties. This is primarily due to the fact that the butyl groups are not electron 

withdrawing groups, they are not in conjunction with the macrocycle and do not alter the 

conjugated ring system where the delocalized molecular orbitals reside. Unlike the butyl 

terminal groups, the central VO, does alter the molecular absorbance properties, shifting 

the absorption maximum from that of 2,3-napthalocyanine (H2Nc � max = 788 nm). The 

presence of the VO group leads to a slight change in electron density of the four inner 

Nitrogen atoms compared to 2,3-napthalocyanine and induces a change in molecular 

symmetry from D4h to C4v. The observed absorption maximum at VONc � max = 808 nm as 

seen in Fig 3.2 corresponds to the S0 �  S1 transition (Q-band) and indicates an optical 

gap of 1.54 eV. In the Soret band region, three peaks were observed at 332 nm, 358 nm, 

and 443 nm.  
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Figure 3.2. UV/Vis absorption spectrum of a butylated VONc derivative dissolved in 
toluene. Spectrum obtained with halogen light source (480 – 1100 nm) and deuterium 
light source (290 – 480 nm). 
 

3.3.2  VONc thin films 

3.3.2.1  Core level spectra 

The elevated sublimation temperatures require evidence of successful deposition 

without molecular decomposition. To this end and in order to characterize the electronic 

structure of VONc/HOPG completely as necessary for a comparison with the Pc systems, 

we performed XPS measurements. In order to be able to observe the C 1s bands free from 

interference by HOPG, we acquired Al K�  XP-spectra of a 5 nm thick VONc film on 

polycrystalline Au. Aside from obtaining electronic structure information, this also helps 
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with verifying intact deposition under the required elevated sublimation temperatures. 

Fig. 3.3a) shows the C 1s region, where the solid line represents a non-linear least-

squares fit of the spectrum using a series of Voigt profiles. The two principal features, 

located at 284.4 eV and 285.5 eV with widths of 0.95 eV and 0.90 eV, are assigned to the 

two chemically distinct types of carbon atoms present, i.e. the naphthalene and pyrrole 

carbons. The integrated intensity ratio of 5.2:1 is in good agreement with the expected 5:1 

ratio of the respective carbon atoms in VONc. The spectra show that VONc films can be 

successfully grown without measurable decomposition either in the process of 

evaporation or on the substrate surface. The slightly different chemical environment of 

the different naphthalenic carbon atoms cannot be distinguished in the XPS spectrum, but 

manifests itself in a slightly larger peak-width. � –� * shake-up satellites to both the 

pyrrole and the naphthalene carbon atoms are also observed,72 corresponding to a band 

gap of 1.58 eV. This is in excellent agreement with our measured optical gap of 1.54 eV 

in solution, and the DFT value of 2.00 eV. It is well known that calculations based on the 

PBEh functional slightly overestimate the optical gap.71 

 In Fig. 3.3b) the N 1s level shows a single feature at 398.4 eV with a small 

shake-up satellite around 400 eV, again corresponding with the � –� * gap. The somewhat 

broadened full-width at half-maximum of 0.95 eV results from the two slightly different 

nitrogen atoms in the heterocycle. Also observed was a weak V 2p3/2 and 2p1/2 spin–orbit 

doublet at 515.5 eV and 523.0 eV with a spin–orbit splitting of 7.5 eV, characteristic for a 

vanadium oxidation state between +III and +IV. We attribute this observation to only 

modest electron donation from the heterocycle and a predominantly ionic character of 
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VO. In agreement with this interpretation, the relatively weak O 1s was found at 530.2 

eV, indicative of O2� . No other peaks were observed in the XP-spectrum, and similar 

spectra were obtained on HOPG. We note that the core level electronic structure of VONc 

is quite similar to that of phthalocyanines.73,74 

 

Figure 3.3. a) C 1s region of XP-spectrum of 5 nm VONc on polycrystalline, sputter-
cleaned Au foil. Shake-up satellites yield a bandgap of 1.58 eV for VONc. b) N 1s, O 1s 
and V 2p region of XP-spectrum of 5 nm VONc film on Au foil. 
 

3.3.2.2  Valence band region and vacuum level 

3.3.2.2.1  Evolution of film structure with annealing 

Fig. 3.4a) shows a He(I) survey spectrum of ½ MLE VONc on HOPG after 

deposition (upper panel) and compared to clean HOPG (lower panel). Note that the clean 

HOPG has only one prominent feature, at 13.7 eV on the binding energy scale. This 

feature can be attributed to the unoccupied � * state.75 Converting to the appropriate 

energy scale (binding energy is not applicable for a state that falls above the vacuum 
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level), results in a peak at 3.1 eV above the vacuum level (8.3 eV above EF). This is in 

good agreement with the � * state shown in the calculated band diagram of HOPG that is 

presented in Chapter 6. As seen in Figures 3.4a) and 3.4b), the presence of VONc is 

evident from a series of strong molecular bands below EF, in conjunction with a 

diminished intensity of the HOPG � * band. A small to non-existent interface dipole is 

present upon deposition of VONc, as can be seen from the negligible vacuum level shift 

of the as-deposited film (~10 meV). This is consistent with the weak interaction between 

VONc and HOPG and permits a detailed line-shape analysis in the VONc HOMO region 

as there is no broadening due to chemisorption.   

At 0.7 to 1.4 eV below EF features assigned to the VONc HOMO appear, shown 

at high resolution in Fig. 3.4b). These features undergo significant spectral change upon 

annealing at 150 °C. In Fig. 3.4c), the VONc HOMO region is shown after annealing for 

12 h. A vibronic progression of Voigt profiles was used to fit the asymmetric band shape. 

The Gaussian FWHM was fixed to the instrumental resolution of 96 meV, and the 

Lorentzian component was fit using a non-linear least-squares method. The intensity of 

each peak in the vibronic progression was found using a Poisson distribution representing 

the 1D effective high-temperature limit Frank-Condon factor for each vibrational 

transition, v’’ = 0 to v’ =  n upon ionization, with v’’  the neutral ground state vibrational 

quantum number and v’ the vibrational quantum number of the cation:  

S
n

n e
n
S

I -=
!

 

where S is the Huang-Rhys factor and In is the peak height. Note that this fit is consistent 

3.1 
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with all fully annealed spectra from 0 to 1 MLE coverage, with only the band position 

shifting as a function of coverage. From this fit, a Huang–Rhys factor of 0.25(5) was 

obtained at normal emission. The Huang-Rhys factor varies as a function of 

photoelectron take-off angle, a finding that has also been reported for several Pc’s.76  

Only taking into consideration the contribution from the single observed vibrational 

progression, an estimate of 75(8) meV is obtained for the reorganization energy using  

i
i

i hS nl �= 2     

where Si is the Huang-Rhys factor of the i th vibrational mode and � i is the i th vibrational 

frequency.77,78 An average value of S over all emission angles was used in Equation 3.2.  

The results are in good agreement with structural relaxation in Pcs and confirm 

the similarity of Pcs and Ncs. The photoemission process accesses predominantly three 

vibrational states, with an energy separation of 155 meV. The fit of the Lorentzian width 

in the Voigt profile fluctuated slightly with emission angle, but on average was 120 meV.  

Since the Lorentzian component contributed to the majority of the Voigt FWHM, this 

suggests hole lifetime-broadening as a major contribution to the peak-width.79 

3.2 
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Figure 3.4. a) Survey He(I) UP-spectrum of ½ MLE VONc/HOPG prior to annealing 
(upper panel, red) and clean HOPG (lower panel, black). b) Close-up of the low binding 
energy region in the UP-spectrum prior to annealing. c) Low binding energy region 
(HOMO) UP-spectrum of fully annealed ½ MLE VONc/HOPG film. The spectrum 
shows a narrow single band with a vibronic progression of three peaks separated by 
0.16(1) eV and with a Huang–Rhys factor of 0.25(5). 
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In order to understand the HOMO structure further, the spectral evolution was 

measured as a function of annealing time. As can be seen in Fig. 3.5a), a large change 

occurs within the first 30 min, where the main feature shifts by approximately 280 meV. 

Subsequent annealing increases the intensity of this feature further until after 4 h little 

spectral change is observed. On the SECO side, these changes are accompanied by a shift 

towards higher kinetic energy (Fig. 3.5b)), a shift of only 60(10) meV, which is 

significantly less than in the HOMO region. In the core-electrons, a similar shift during 

annealing as for the HOMO is observed in the N 1s XPS spectrum, as can be seen in Fig. 

3.5c). The much broader width of this peak masks the detailed band evolution visible in 

UPS. The broad band in the unannealed film supports at least two features separated by 

0.3(1) eV, with full conversion upon annealing to a single feature within the experimental 

resolution. In contrast, the much lower atomic abundance of V and O relative to N did not 

allow identification of any spectral changes in the O 1s and V 2p features at 0 – 1 MLE 

coverages during annealing. Both UPS and XPS spectra point to an overall change in the 

molecular electronic structure upon annealing.  

  The complex HOMO band structure may be attributed to the existence of three 

different configurations on the surface.80 The three different configurations in the 0.3 

MLE film in Fig. 3.5a) are identified as: Oxygen pointing away from HOPG (“O up”) at 

0.82(1) eV, oxygen pointing toward HOPG at 1.10(2) eV and a third configuration “O 

paired” at 0.95(2) eV, representing onset of the bilayer structure. This indicates that the 

two features in the N 1s XP-spectrum correspond to “O down” at 400.55(8) eV and “O 

up” at 400.28(3) eV. This interpretation is supported by a diverse set of experimental 
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observations in related Pc systems: Scanning tunneling microscopy and spectroscopy of 

VOPc on Au(111) found an “O up” configuration as the most likely adsorption 

geometry,81 as also confirmed by metastable induced electron spectroscopy for ClAlPc on 

HOPG.82 These findings are also similar to UPS for PbPc and TiOPc on HOPG, as well 

as UPS and computational results for SnPc on Ag(111).83–85 Finally, our interpretation is 

consistent with the observed increase of the vacuum level upon annealing, since for 

photoelectrons the “O up” molecules generate a larger potential step at the surface when 

compared to the “O down” or “O paired” species.  

We use the line-shape analysis of the fully annealed HOMO in Fig. 3.4c) to 

examine the structural evolution of the 0.3 MLE film during annealing in Fig. 3.5a). 

Three separate bands, each asymmetric due to a vibronic progression, are sufficient and 

necessary to analyze these spectra in a satisfactory global fit of all experimental spectra at 

all coverages and annealing times. The same vibrational progression as used in the fully 

annealed spectrum in Fig. 3.4c) was found to give satisfactory fits to all three bands. 

Despite spectral congestion, we were able to distinguish between vibrational 

contributions and different orientations, since the binding energies and intensity ratios for 

the latter are subject to change with increased coverage and upon annealing. In contrast, 

the vibrational envelope is expected to remain constant. Fitting fewer spectral features or 

neglecting the vibronic progressions leads to underdetermined global spectral fits that do 

not yield a consistent analysis of all the spectra measured. Note also that our analysis is in 

agreement with previous reports.80  
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Figure 3.5. Spectral evolution of 0.3 MLE VONc/HOPG in the low binding energy 
region as a function of annealing time. a) HOMO and b) SECO region evolution at three 
different times (� : work function). Each feature in the low binding energy region was fit 
with three bands consisting of a vibronic progression identical to that obtained in Fig. 3.4 
c). The three bands are identified as “O up” at 0.82(1) eV, “O down” at 1.10(2) eV and 
“O paired” at 0.95(2) eV. c) Al K
  XPS in N 1s region of 0.2 MLE VONc/HOPG before 
and after annealing. The “O down” feature (400.6(1) eV, A converts quantitatively to the 
“O up” feature (400.3(1) eV and B in both spectra), causing the band to narrow and shift 
to lower binding energies by 0.3 eV. The band is too broad (0.95 eV FWHM) to identify 
unambiguously the contribution of “O paired” and only two populations were fit. 
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In unannealed films of VONc on HOPG, the “O down” configuration is favored 

upon deposition, in contrast to dipolar Pcs such as TiOPc, ClAlPc or PbPc on HOPG,80,86 

even though thermodynamic arguments predict a stronger interaction between the near-

planar � -system of VONc with HOPG. The reason for this is at present unclear, but might 

reflect preferential nucleation at step edges and other defect sites on HOPG. 30 min of 

gentle annealing at 150 °C results in a major population transfer to the “O up” 

configuration, without significant formation of the “O paired” species. Further annealing 

progressively increases “O up”, although residual amounts of the other species may 

remain after 4 h (Fig. 3.6). This is also in agreement with long-term experiments that 

showed slow spontaneous conversion to “O up” over many days. We speculate that the 

barrier to inversion from “O down” to “O up” is relatively small and that the molecular 

mobility on HOPG is high enough to permit formation of a film with parallel dipole 

moments. While evaporation of surface-bound VONc may be observed for films of many 

MLE thickness, the molecules in the first monolayer appear to be firmly bound and do 

not sublimate measurably under the chosen annealing conditions: The integrated spectral 

intensity remains constant throughout the annealing process.  
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Figure 3.6. Surface population of the three orientational species obtained from UP-
spectra. For some annealing times, error bars derived from fits are smaller than the 
symbols. 
 
 

As seen in Figure 3.7 spectrum B, deposition of 10 MLE results in a spectrum 

dominated by VONc prior to annealing. Annealing at 150 °C leads to a drastic change in 

the spectrum, with a conspicuous reemergence of HOPG features such as the � * band. 

Further inspection of this spectrum in conjunction with high resolution scans in the 

HOMO region (inset, Fig. 3.7) identify the annealed spectrum as that of a full ML, 

consistent with the overall significantly lower spectral intensity and binding energy when 

compared to the unannealed spectrum. It is therefore possible that layers beyond the 



 

 

105 

 

initial layer are more weakly bound, and the annealing treatment could lead to 

resublimation and reemergence of the 1 MLE film. More likely because of the large 

temperature difference between sublimation and annealing, mild annealing conditions 

may lead to formation of tall VONc “crystallites” with only limited contribution to the 

spectrum at thicknesses much above 1 MLE due to the small electron escape depth in this 

energy range. Consequently, the spectral appearance is dominated by the thinnest patches 

with an overall appearance of that of a 1 MLE film. 

 

 

Figure 3.7. Survey UP-spectrum of 10 MLE VONc/HOPG prior to annealing (blue, B) 
and after annealing at 150 °C (A, red). Inset: Close-up of HOMO region. 
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3.3.2.2.4  HOMO angular intensity dependence 

 In order to gain additional insight to the molecular orientation of VONc in 

annealed films, we obtained a full set of He I HOMO spectra for electron emission polar 

angles ranging from -8o to 48o for 0.6 ML and 1.0 ML films. The He lamp can fluctuate 

in intensity based on warm-up time and very slight changes in He gas pressure.  

Therefore in order to take these measurements, the lamp was allowed 30 minutes of 

warm-up time. Further the counts per second at normal emission angle were checked 

periodically to ensure that the lamp flux was constant. The intensity of the HOMO peak 

was found to have a strong angular dependence. In the past, both the independent atomic 

center (IAC) and single-scattering (SS) approximations have been successfully used with 

molecular orbital calculations to give quantitative information on the orientation of large 

� -conjugated molecules.63 In the IAC approximation, a molecule is considered as a set of 

independent atomic emitters with different path lengths to the detector. The total 

photoelectron intensity is the sum of the contribution of the partial waves emanating from 

each atom. If molecules are arranged in an organized manner on the surface, an intensity 

interference pattern as a function of angle is observed due to constructive and destructive 

interference of the photoemitted partial electron waves. On the other hand, if the 

molecules are arranged completely randomly on the surface, no intensity dependence as a 

function of polar angle is expected, as all interference effects cancel. Fig 3.8a) shows a 

comparison of the UPS spectra of the 1 ML HOMO at 40o off-normal emission angle and 

at normal emission angle. Fig 3.8b) shows the intensity of the 1 ML HOMO vs. emission 

angle presented in a polar plot with lines to guide the eye, and Fig 3.8c) shows a 
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comparison of polar plots for 0.6 and 1.0 ML. It is evident that a strong angular 

dependence exists, and that this dependence is the same for both 0.6 ML and 1.0 ML 

coverage within experimental resolution. Without speculating how the molecules are 

oriented (this will be discussed in Section 3.4), it is apparent from their strong angular 

intensity dependence that the VONc molecules are oriented quite uniformly on the 

surface and that this orientation does not change upon increasing the coverage from 0.6 to 

1.0 ML. 
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Figure 3.8. a) Comparison of photoemission intensity from annealed 1 ML HOMO peak 
at normal take-off angle and 40o take-off angle, the two spectra are vertically offset for 
clarity. b) Normalized photoemission intensity from a HOMO peak at 1 ML as a function 
of photoemission polar angle (black line to guide the eye). c) Comparison of HOMO 
angular intensity dependence at 0.6 ML and 1.0 ML. 
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3.3.2.2.2  Evolution of the work function with coverage 

The change in vacuum level for VONc on HOPG can be interpreted in the 

framework of the Topping model, as used previously by a number of groups for SAMS in 

particular. 17,87,88 Briefly, the growing density of largely “O up” facing VONc molecules 

leads to an increased electrostatic potential step e� V at the surface, with an associated 

increase of the vacuum level and hence work function:  
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where e is the elementary charge, � 0 the molecular permanent dipole moment, � dip the 

dipole density per area, � 0 the vacuum permittivity, 
 zz the polarizability tensor 

component perpendicular to the surface and f = 9.03 a numerical factor representing the 

square lattice of VONc on the surface, as derived by Topping.88 The dipole density at 1 

ML is 1 molecule per 1.7 nm × 1.7 nm, as observed by an STM study in ultrahigh 

vacuum of a near-ML thin film of H2Nc on HOPG.89 Note that the metal center has little 

impact on the lattice constant in Pc and hence Nc systems.81,90 A fit to this model (shown 

in Figure 3.9) yields � 0 = 2.7(4) D and 
 zz = 3.4(11)·10�28  m3 for VONc with only mild 

correlation between 
 zz and � 0. The value of � 0 calculated using this model may be 

slightly different from the dipole of a gas phase VONc molecule. This is due to the fact 

that this model gives the value of the net dipole of VONc on the HOPG surface i.e. � 0 =  

� gp +  � im, where � gp is the dipole moment of a VONc molecule in the gas phase and � im is 

the image dipole (opposite direction) induced upon bringing a VONc molecule into close 

proximity with the HOPG surface.   

3.3 
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The simple picture underlying this model is that depolarization diminishes the 

permanent molecular dipole moment, � 0, to an apparent dipole moment, � , 
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 thereby reducing the coverage-dependant rate of increase in the potential step 

representing the vacuum level, while the step itself continues to grow with coverage.  

 

 

Figure 3.9. Work function as a function of VONc coverage on HOPG. Topping fit of 
these data results in a polarizability of 3.4·10-28 m3 and a dipole moment of 2.7(4) D. 
Work function error bars determined from repeatability of measurements within a given 
day. Coverage determined directly from QCM. 

3.4 
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A decrease in the vacuum level is observed with the addition of the second ML of 

VONc molecules; this is consistent with a film in which molecules of the second ML are 

arranged with their dipoles in the opposite direction of the first ML. If the second layer of 

VONc atoms are oriented with their oxygen atom facing the surface (“O down”), then 

Eqn. 3.3 predicts that the vacuum level decreases from 1 to 2 MLE, since eventually the 

dipole moment from each “O up” molecule will be largely cancelled by the preferred 

combination with an “O down” molecule in the second layer, forming mostly “O paired” 

with a net zero dipole moment. The work function of clean HOPG should be recovered at 

2 MLE. This is indeed the case for the annealed film, as is seen in Fig. 3.10. This is 

consistent with the notion of different configurations of VONc on the surface and 

supports our model. However, this process requires a coverage of slightly more than 2 

MLE, possibly because of incomplete termination of the second ML. In the case of planar 

phthalocyanines, a transition towards the bulk structure occurs within a few ML,91 the 

onset of which might also cause the apparent need for >2 MLE coverage to achieve 

complete cancellation of dipole-layer-induced vacuum level shifts in VONc/HOPG.  
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Figure 3.10. Evolution of the work function of fully annealed 0 – 2 MLE films of 
VONc/HOPG. Work function error bars determined from repeatability of measurements 
within a given day. Coverage determined directly from QCM. 
 
 

3.3.2.2.3  Evolution of the HOMO with coverage 

Contrary to the notion that the molecular energy levels “follow” the vacuum level, 

the HOMO peak moves instead to progressively higher binding energies with coverage, 

as shown in Figure 3.11. This is in contrast to reports on TiOPc, in which the HOMO 

binding energy remains unchanged.17 
The immediate consequence of this finding is that 

the IE is not just not constant but increases beyond changes in the vacuum level, with an 

additional shift of the 0 - 0 transition over approximately 60 meV between 0.2 and 1 ML. 
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Such stabilization of the molecular energy levels cannot be explained by coverage-

dependent polarization energy effects or changes in photohole screening since these 

mechanisms either lead to lower apparent binding energy in UPS or do not apply to sub-

ML coverages. Furthermore, van der Waals interactions are unlikely to be the source of 

the observed HOMO shift due to their short-range nature, in contrast to the gradual 

energy shift observed in the data. Additionally, changes in molecular density do not lead 

to shifts caused by changes in molecular orientation as molecules pack tighter, since 

ARUPS data indicate that the molecules in 0.6 ML and 1.0 ML films have the same 

orientation. Instead, we propose a model discussed in the next section 3.4. 
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Figure 3.11. SECO progression with coverage (left side) and HOMO progression with 
coverage (right side). Vertical line to guide the eye (black dashed), actual shift (red). 
SECO and HOMO shift in different directions. 
 

3.4  Discussion 

3.4.1  Origin of interface dipole 

Before we turn our attention to the implications of the spectroscopy for the film 
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growth, we discuss the origin of the interface dipole in VONc/HOPG. Given the weak 

interaction between VONc and HOPG, we investigate the origin of the interface dipole in 

a series of related dipolar organic semiconductors. We compare VONc, VOPc and 

TiOPc, three organic semiconductors with large but different dipole moments, 

polarizabilities and molecular sizes (Table 3.1). As was discussed in Section 3.3, the 

electronic structure of these molecules is expected to be quite similar.  

 

Table 3.1. Polarizability tensor component 
 zz, molecular area, work function shift, 
molecular dipole moment and coverage for TiOPc and VONc compared with 
experimental and predicted shift for VOPc. aExperimental data22; bExperimental data17; 
cEstimated from experiment in this chapter; dCalculated from data in this table. 

 

 

When annealed, VOPc has been reported to yield a work function shift of 250 

meV at a nominal thickness of 2 Å or ½ MLE.23 No dipole moment or zz-component of 

the polarizability tensor was reported. For an annealed 1 MLE of TiOPc, a molecular 

dipole moment of 1.77 D and an 
 zz of 8·10�29  m3 were obtained, with a vacuum level 

shift of 290 meV at 1 MLE.17 Ueno and coworkers assumed a molecular surface area for 

TiOPc of 1.88 nm2 in the close-packed arrangement, identical to that of CuPc.17,92 Barlow 
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et al. measured a molecular footprint of 2.02 nm2 for VOPc on Au(111).81 We assume 

this footprint to be identical for VOPc on HOPG; furthermore, we assume that VOPc has 

an 
 zz identical to that of TiOPc but a dipole moment of 2.7 D identical to that of VONc. 

If the interfacial interaction is indeed weak, these data permit a prediction of the work 

function shift for VOPc at ½ MLE, verifiable by the experimental observations. As 

shown in Table 3.1, a vacuum level shift of 241 meV is obtained, in excellent agreement 

with the reported value. This suggests that in the absence of strong coupling to the 

surface e.g. through partial charge-transfer, electrostatic effects dominate the difference 

in vacuum level shifts among VOPc, TiOPc and VONc. This is also in good agreement 

with rather small vacuum level shifts observed at the 0 – 1 MLE level for the nonpolar 

CuPc on HOPG.91 Therefore dipolar Ncs and Pcs on HOPG form a class of organic 

semiconductors where the interfacial electronic structure can be predicted accurately on 

the basis of molecular properties such as dipole moment, polarizability and size. Such a 

level of predictive power is essential for accurate engineering of interfaces in organic 

electronic devices. It is important to assess how universal this observation is for surfaces 

that tend to interact more strongly with the molecular layer. This will be addressed for the 

Au(111)/VONc system investigated in Chapters 7 and 8.  

3.4.2 Thin film structure and growth 

3.4.2.1 Comparison with IAC/MO approximation for TiOPc 

Earlier it was shown from DFT calculations that VONc has a C4v molecular 

geometry, and that the HOMO is delocalized over the Nc ring with a2 symmetry. DFT 



 

 

117 

 

calculations by Kera et al.63 result in the same molecular geometry and HOMO symmetry 

for TiOPc. Therefore, as a first step we analyzed our angle resolved UPS data in the 

context of the IAC/MO approximation for TiOPc. In Figure 3.12, our VONc ARUPS data 

is compared with predictions for flat lying TiOPc molecules using the IAC/MO approach. 

Although our VONc angular intensity dependence is not a perfect fit with the IAC/MO 

predictions, it is quite close and would likely be an even better match with VONc specific 

calculations. It is clear from our ARUPS data i) that we have a well organized surface, ii) 

that molecular orientation does not change between 0.6 ML and 1.0 ML, and iii) that the 

VONc molecules are lying flat on the HOPG surface with some minor speculation that is 

well supported by literature and can be confirmed through future calculations. 

 

Figure 3.12. 1 ML VONc HOMO intensity compared with IAC/MO predictions for 
HOMO of flat lying TiOPc molecules63, which contain the same molecular geometry and 
HOMO symmetry. 
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3.4.2.2 Model for HOMO shift as function of sub-ML coverage 

 As was shown in Section 3.3, the binding energy of the HOMO increases as a 

function of sub-ML coverage. This cannot be explained by changes in orientation with 

coverage, because in the last section it was shown that HOMOs at 0.6 ML and 1.0 ML 

have the same angular intensity dependence. Further, such stabilization of the molecular 

energy levels cannot be explained by coverage-dependent polarization energy effects, 

changes in photohole screening, or van der Waals interactions. Instead, we propose the 

following empirical model: In the absence of depolarization, photoelectrons from the “O 

up” HOMO experience a binding energy Eup that differs by an amount 
0

2 mm=DE  from 

electrons originating from the “O down” HOMO (binding energy 0mm=
downE ), as 

experimentally observed at coverages approaching 0 ML. However, as depolarization 

diminishes � 0 to � , 
0

2 mm=DE  is reduced accordingly, resulting in an “O up” binding 

energy Eup 

( )
2/31

0

0

0

dipzz
downup f

E
EEE

ra
mm

mm
mm

+

D
-D-= =

=
=    

Notice that Equation 3.5 expresses the “O up” binding energy in terms of i) the “O 

paired” energy, immune to depolarization because �  = 0, and ii) a shift 
0mm=DE  with 

respect to this “O paired” energy and subject to depolarization. The solid line in Figure 

3.13b) shows a successful fit to Eqn. 3.5 using the values of � 0 and 
 zz obtained from 

Eqn. 3.3 for the vacuum level, yielding 
0mm=DE = 0.17(4) eV and 0mm=

downE  = 1.15(7) eV. 

3.5 
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Intriguingly, 
0mm=DE + 0mm=

downE  may be confirmed independently by the UP spectra of 

unannealed VONc/HOPG, Figure 3.5a). The separation between “O up” and “O down” at 

½ ML is 0.32(2) eV, slightly smaller than 
0

2 mm=DE obtained from the fit to the HOMO 

shift. This is expected, since at ½ ML depolarization has diminished � 0 by ~18%. The “O 

down” configuration was found at a binding energy of 1.14(2) eV, again slightly less 

bound than predicted for molecules with the full dipole moment � 0. Incidentally, the “O 

paired” configuration corresponds to a species with �  �  0 D and was found at E = 1.00(2) 

eV, approximately halfway between “O up” and “O down”, as predicted by the model. 

Note that this agreement between UPS and the model suggests that “O up” and “O down” 

are predominantly clustered separately on the surface. 

 

 

Figure 3.13. a) Work function change of annealed VONc/HOPG as a function of 
coverage and fit with Eqn. 3.3. b) Evolution of the HOMO binding energy of annealed 
VONc/HOPG films as a function of coverage and fit with Eqn. 3.5. Work function and 
binding energy error bars determined from repeatability of measurements within a given 
day. Coverage determined directly from QCM. 
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3.4.2.3  Thin film growth and electrostatic potential 

In order to understand the physical underpinnings of the empirical model 

presented in the previous section, we use an electrostatic model of the dipolar interface 

generated by VONc molecules aligned in an annealed film. VONc molecules were 

approximated as 5 Å dipoles with a molecular dipole moment of 2.7 D and a maximum 

density of one dipole per 1.7 nm × 1.7 nm.89 The electrostatic potential and electric fields 

were then calculated at various heights above the surface as a function of surface density 

and packing arrangement.  

Using this approach, we investigate a scenario where molecular packing density 

increases linearly with surface coverage, as implied by the Topping model and Equation 

3.3.88,93 Briefly and as already shown by Kronik and coworkers,87 the electrostatic 

potential tens of Å above an infinite sheet of dipoles increases with molecular packing 

density in a manner consistent with the Topping model in Eqn. 3.3. This is seen in Figure 

3.14c) and d). Those aspects of the electrostatic field and potential that track the local 

dipolar nature decay exponentially with distance from the surface, quickly approaching a 

uniform potential above the surface in the far-field regime, i.e. for heights >10 Å (Figs. 

3.15a) and c)). This exponential damping of the local electrostatic environment is 

ultimately responsible for the success and wide-spread application of the Topping model 

in the context of self-assembled monolayers 93–96 and thin molecular films.17 

 The electrostatic potential in the near-field regime at heights much closer to the 

dipolar layer decreases with coverage, in contrast to the far-field potential (Figure 3.14a) 

and b)). This is representative of the environment experienced by molecular electrons 
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promoted to a final state well above the vacuum level energy such as e.g. from the 

HOMO and N 1s orbitals. Both sign and magnitude of this change are in good agreement 

with the different evolution of the experimental vacuum level and the HOMO and N 1s 

binding energies. In contrast to secondary electrons, molecular photoelectrons are not 

sensitive to the potential step at the surface, but rather to the local potential in proximity 

of their point of origination. Since the photoelectron energy and hence the molecular 

electronic structure at surfaces must be measured with respect to a reference such as the 

analyzer or the Fermi energy, a lower electrostatic potential reflects in fact the larger 

work required to remove an electron, equivalent to a stronger binding energy and hence 

an increased ionization energy. The change in the molecular dipole moment translates 

therefore into a change in the molecular electronic structure. In contrast, the slow 

secondary electrons respond predominantly to the interfacial potential step as described 

by Eqn. 3.3. This model immediately predicts different binding energies for “O up”, “O 

down” and “O paired” as well as an increase in the far-field potential (vacuum level) 

upon annealing, in excellent agreement with experiment. Moreover, in the near-field, the 

potential is strongly laterally modulated, reporting on the local electrostatic environment. 

The results of the electrostatic simulations are thus in quantitative agreement with our 

experimental observations of changes to the vacuum level, N 1s and HOMO binding 

energies as a function of coverage and annealing time.  
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Figure 3.14. a) Near-field electrostatic potential 2.7 Å above HOPG as a function of fully 
annealed VONc coverage and lateral position. b) Near-field lineout as indicated in a) at 0 
nm lateral displacement. c) Same as a) but for the far-field region measured 100 Å above 
HOPG. Regions of high potential correspond to molecular dipoles. d) Lineout in c) at 0 
nm lateral displacement. 
 

This model is in agreement with a series of recent reports by Koch and coworkers 

that demonstrated a strong dependence of the ionization energy on the molecular 

orientation in the thin film.9,97–99 These observations were interpreted in the context of 

different electrostatic potentials immediately above the molecular layer for lying vs. 

standing molecules, owing to the existence of polar bonds or the spatial anisotropy of the 

� -electron distribution in molecules such as sexithiophene or perfluoro-pentacene. 
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The near- and far-field model provides a theoretical underpinning for the 

experimental findings. It implies however a uniform average coverage of the molecules 

across the surface in a disordered fashion akin to a 2D-gas. Results from scanning 

tunneling microscopy on nearly 1 MLE of VOPc on Au(111) report the formation of well 

ordered domains,81 in contrast to the notion of a 2D-gas. Thus, we used our electrostatic 

model to explore the effect of island formation with a coverage-dependent size as an 

alternative to the 2D-gas model. Note that in this case, the potential above a single finite 

island will tend toward 0 V at very large distances, in contrast to the 2D-gas model; this 

effect is however not relevant in the height ranges investigated here. Figs. 3.15b) and d) 

show the average potential experienced above the molecular dipoles calculated for a 

series of heights above the surface and as a function of island size, which is expressed in 

terms of the number of molecules per island. We assume a molecular square lattice and 

an intermolecular distance of 1.7 nm within the island.89 Clearly, these calculations 

mimic qualitatively the observed behavior: In the near-field regime close to the molecular 

layer, the average potential inside an island drops as a function of island size as 

depolarization diminishes the molecular dipole moment; conversely, in the far-field 

regime, developing at heights in excess of 10 Å, the average potential increases with 

island size. Moreover, the far-field potential shows little variation on molecular length-

scales, just as in the 2D-gas model. Quantitatively though, this model appears less 

satisfactory: The majority of the near-field potential decrease occurs within aggregation 

of less than 100 molecules, corresponding to islands no more than about 20 nm in 

diameter. Furthermore, as can be seen in Fig. 3.15b) and d), the majority of the 
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experimentally observed change in far-field potential occurs within less than 1000 

molecules, also corresponding to a small island. Such an aggregation model is thus 

predicated on nucleation at a large number of sites, followed by growth of the relatively 

large number of small islands upon further deposition. Once these islands have reached a 

size of a few hundred molecules, the film fuses to form a complete ML. The near-field 

potential may be used as a suitable metric to estimate the nucleation density, since 

molecular photoelectrons only emanate from islands. This is in contrast to the secondary 

electrons whose origin may be either HOPG or, at least in part, also VONc. From the 

experimental data, we estimate the nucleation density to be approximately 1011 cm�2  by 

assuming that aggregation of the first 100 molecules in a single island completes the 

evolution of the near-field potential and that islands of that size fuse to form the full ML. 

Nucleation is expected to occur predominantly at defect sites on HOPG such as e.g. step 

edges. The calculated nucleation density seems thus rather high, as is also confirmed with 

typical nucleation densities of 106 cm�2  for growth of metal nanoparticles on HOPG.100 
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Figure 3.15. a) Normalized electrostatic potential as a function of coverage measured at 
several different heights for a 2D-gas model. b) Normalized electrostatic potential as a 
function of island size measured at several different heights for a nucleation and growth 
model. The abscissa is in terms of the number of molecules, proportional to island size 
and hence coverage for ease of comparison with part a) of the figure. c) Electrostatic 
potential as a function of height above the HOPG surface measured for increasing surface 
densities of VONc. d) Electrostatic potential as a function of height above the HOPG 
surface measured for increasing island sizes for a nucleation and growth model. 

 

Further difficulties arise from the lack of quantitative agreement between the 

island growth model and the experimental data: Although the nucleation and growth 
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model reproduces the trends observed in the spectroscopic data, the functional shape of 

both near and far-field potentials is significantly different. The near-field potential drops 

much more steeply with island size and hence coverage than observed experimentally.  

Similarly, the far-field potential grows rapidly with island size and the potential saturates 

already at small islands. Note that the results presented here use the experimental values 

� 0 = 2.7(4) D and 
 zz = 3.4(11) ·10�28  m3; varying � 0 by a factor of 10 and 
 zz by a factor 

>2 does however not affect the conclusions. These findings suggest therefore that while 

both models are in qualitative agreement with the spectroscopic observations, the 

nucleation and growth of small islands is less likely at least for VONc on HOPG. Instead, 

the molecular and interfacial electronic structure can be understood on the basis of a 

surface density linearly increasing with coverage. 

3.4.3 Molecular polarizabiltiy calculations including image dipole effects 

 By fitting the Topping model (Equation 3.3) to the experimental work function 

shift with VONc surface coverage, a polarizability of 3.4·10-28 m3 was obtained.  

However, this value may be too high because the Topping model only includes direct 

nearest neighbor interactions and neglects the role that the HOPG surface plays in 

depolarization with coverage. The additional terms due to image dipoles as a function of 

coverage (	 ) are: 
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where Rf are the two-dimensional lattice vectors of the adlayer and d is the distance 

between the dipole layer and the image plane.101 Equation 3.6 accounts for indirect 

interactions between nearest neighbors, and Equation 3.7 accounts for screening by the 

HOPG surface. The addition of these terms into equation 3.3 gives: 
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 A closed form expression for V(	 ) cannot be obtained; however V was calculated 

using a system of 2500 molecules, for several different coverages and fit to an empirical 

analytical expression for ease of use. For a given d, an exponential shape fit V(	 ) well, 

and could be subsequently used in equation 3.8. Figure 3.16 shows such a V(	 ) curve fit 

for a 3 Å distance between the dipole layer and image plane. 
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Figure 3.16. Fit of V(	 ) term for 2500 molecule system and d of 3 Å. The exponential 
shape from this fit was used in Equation 3.8. 
 

 A fit to the vacuum level shift vs. VONc coverage using equation 3.8 (shown in 

Figure 3.17), results in the same dipole moment of 2.7(3) D obtained using the Topping 

model. However, the polarizability of the molecules decreases slightly from 3.4(11)·10-28 

m3 to 1.9(6)·10-28 m3. This is an expected outcome because the Topping model attributes 

all depolarization effects to the highly polarizable molecules, whereas the inclusion of the 

image dipole terms attribute some of the depolarization effects to the surface and some to 

the polarizable molecules, resulting in a smaller value for the perpendicular molecular 

polarizability. 
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Figure 3.17. Modification to Topping fit of vacuum level shift including image dipole 
effects as a function of coverage on HOPG surface. This fits results in the same dipole 
moment but a reduced molecular polarizability perpendicular to the surface. 
 

3.4.4  Similarities with Muscat-Newns model 

 The observed non-linear shift in work function with adsorbate coverage is 

reminiscent of the well-known work by Muscat and Newns.102 These authors showed that 

in systems with strong chemisorption the work function shifts non-linearly with coverage, 

developed for the case of atomic adsorbates. They showed in a simple quantum 

mechanical model that alkali atom valence levels shift and broaden when approaching the 

surface, followed by electron transfer to the surface. This generates a dipolar species 
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across the surface. Adsorption of subsequent atoms results in shifts of their valence 

energy levels to higher binding energy in the presence of a nearby partially positively 

charged atom. The closer the lateral proximity of the nearby atom, the greater this shift. 

Therefore, when more adsorbate atoms are evaporated onto the surface, electron density 

may be transferred back to the chemisorbed, partially ionized adsorbate atoms. This 

ultimately results in a non-linear shift in work function with coverage.   

There are two primary distinctions between the system presented in this chapter 

and the types of systems described by the Muscat-Newns model: i) Our system is 

composed of large molecules rather than atoms at the interface with large valence 

electron densities, and ii) VONc/HOPG forms a physisorptive interface with built-in 

molecular dipoles. In the Muscat-Newns model, strong chemisorption and therefore 

electron transfer between substrate and adsorbate leads to a dipole across the surface.  

However, the basic features of the Muscat-Newns perspective are still relevant for our 

system. For example, in both types of situations, a surface dipole layer is depolarized 

with coverage, due to the proximity of neighboring molecules. Therefore trends seen in 

our system are expected to be understandable in the context of the fully quantum 

mechanical approach of Muscat and Newns. In Chapter 7, results to such an undertaking 

will be presented.  

3.5  Conclusions 

In conclusion, we have demonstrated that at the VONc/HOPG interface, both the 

vacuum level and molecular energy levels shift, however by different amounts and in 
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different directions. We show that this is a natural consequence of the electrostatic 

potential in the far-field region several tens of Å above the surface and the near-field 

region with its strong lateral variability and decrease with increased coverage owing to 

depolarization effects. Our findings show that interfacial layers used to tune the work 

function of an electrode may develop the complete potential difference sensed by the 

vacuum level position only in the far-field, with a potential gradient extending over 

several monolayers. The change in ionization energy is small and is observable because 

of the relatively sharp photoemission band structure of VONc on HOPG and the large 

polarizability of VONc.  
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CHAPTER 4  

EXAMINATION OF UNOCCUPIED STATES OF VANADYL 
NAPHTHALOCYANINE ON HIGHLY ORDERED PYROLYTIC GRAPHITE 

4.1  Introduction 

In this chapter, I extend the previous studies to include the use of two-photon 

photoemission (TPPE) in order to examine the lowest energy unoccupied state of VONc. 

Although this state presents energetically close to the lowest unoccupied molecular 

orbital (LUMO) of VONc, it is fundamentally different because this state has excitonic 

character intermediate state (as discussed in Chapter 2) and contains in fact an excited 

hole as well. It will however for ease of nomenclature be referenced to as the LUMO. 

In the last chapter, the measurement of ground state polarizability and dipole 

moment at a highly defined interface of oriented dipolar organic semiconductors was 

reported. The choice of dipolar molecules provides a path to measuring the polarizability 

in an internal field established by the dipolar molecules themselves. In this chapter, the 

first measurements of the excited state polarizability and dipole moment of an organic 

semiconductor at an electrode interface are reported. TPPE of VONc, a near-planar 

heterocyclic molecule with a permanent dipole moment perpendicular to the plane of the 

molecule, is used to investigate the evolution of the interfacial excited state electronic 

structure as a function of coverage on highly oriented pyrolytic graphite (HOPG). In this 

chapter, it will be shown that changes in the energy level alignment at this interface can 

be used to obtain an experimental estimate of the vertical molecular polarizability, ex
zza , 

of an excited state. A simple electrostatic model is used to obtain ex
zza  in this excited state 
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of VONc at the interface with HOPG. The procedure outlined here can be used in 

principle to determine these quantities for any observable dipolar interfacial excited state 

with a similar growth mode. 

In the excited state, the molecular polarizability 
  is correlated with the exciton 

size, although the exact quantitative relationship is still not clear: Bässler and coworkers 

used a simplified hydrogenic model for the exciton, excluding electron correlation and 

dielectric screening effects, to show that  

34rXC=
  

where rxc is the exciton radius.103 While this relationship is not quantitatively correct, 

there is nonetheless an approximate, linear relationship between exciton volume and 

polarizability as found, for example, in polymers.104,105 The excited state polarizability 

informs qualitatively on the exciton size at the interface, of critical importance to 

understanding charge-transfer characteristics. This suggests the importance of obtaining a 

quantitative assessment of excited state polarizabilities at interfaces of organic 

semiconductors. 

This chapter is organized as follows: First, a brief description of the materials and 

methods used is given, followed by a TPPE characterization of bare HOPG, in order to 

clearly indicate those states in the spectra that are associated with bare HOPG; next the 

excited state electronic structure of VONc on HOPG is presented for both as-deposited 

and annealed thin films of VONc on HOPG; finally, a thickness progression is shown for 

annealed films between 0 and 1 ML and shifts in the excited state binding energy are 

4.1 
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discussed. 

4.2  Materials and Methods 

HOPG was purchased from SPI (grade SPI-1), freshly cleaved and annealed in 

UHV for 12 h at 450 °C. TPPE spectra were obtained using the attenuated frequency-

tripled output of a 15 W-pumped Ti:Sapphire oscillator (80 MHz repetition rate, 120 fs 

pulse duration) with typical pulse energies of 180 pJ/pulse, in p-polarization and at an 

angle of 53° with respect to the surface normal. All spectra were collected at room 

temperature with a normal take-off angle, angular acceptance of ±12.5o, a -5 V sample 

bias and a pass energy of 1 eV in a VG EscaLab MK II spectrometer (base pressure 5·10-

10 mbar) and the photoelectron kinetic energies were referenced to the Fermi energy EF. 

From deconvolution of the Fermi edge of an Au film, a Gaussian spectral broadening of 

89(8) meV due to spectrometer resolution and laser pulse-width was determined. The 

narrow peak shapes of VONc on HOPG, typical signal-to-noise ratio and negligible day-

to-day variability permit however a peak centroid determination precision of 

approximately 15 meV.  

VONc was purchased from Sigma-Aldrich and used without further purification. 

Prior to evaporation from a home-built Knudsen cell, the cell was slowly ramped to the 

deposition temperature in order to promote degassing without prolonged exposure to 

excessive cell temperatures that would risk thermal decomposition of VONc. Sample 

deposition occurred at 0.2 Å/min in a custom-built deposition chamber, with a base 

pressure of 1·10-9 mbar. Film thicknesses were determined using a quartz crystal 
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microbalance and calibrated against the known vacuum level shift of VONc on HOPG. 

Note that the associated error bars are largest for near-monolayer coverages because of 

the small change of the vacuum level with coverage in this regime. 

4.3  Results 

4.3.1  Characterization of bare HOPG 

Prior to deposition of VONc on the substrate, bare HOPG was characterized by 

two-photon photoemission. As seen in figure 4.1, the TPPE spectrum is quite different 

from the UPS spectrum, with two different features dominant in spectrum. These peaks 

were identified as unoccupied states by observing their change in final state with different 

excitation energies. Several spectra obtained for one of these features using different 

excitation energies are shown in Figure 4.2. The kinetic energy of each feature was 

plotted as a function of laser excitation energy in Figure 4.3. The slope of ~1 indicates 

that photoelectrons from both features originated from transiently populated unoccupied 

states, since Fesfinal Eh�+E=E - , where Ees is the energy of the excited state relative to 

EF. Together with Ees = 3.6 eV, corresponding to a binding energy (EBE ) of 0.9 eV vs. 

VL, the higher energy feature can be attributed to the n = 1 image state in agreement with 

an expected binding energy of 
2)(

85.0
an
eV

EBE -
-=  , and a quantum defect a@0. The second 

peak must be attributed to a transition into the � * band. The calculated HOPG band 

diagram shown in Figure 4.4 shows this situation more clearly. It is interesting to note 

that both transitions must be non-k||-conserving given the energetics involved. These 
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findings are in agreement with previous studies of HOPG using IPES and TPPE.106,107 

 

Figure 4.1. Two-photon photoemission spectrum of clean HOPG. Taken with 4.03 eV p-
polarized light. Sample oriented normal to the analyzer. Features seen are secondary- 
electron cut-off (SECO), � * unoccupied �  band of HOPG and n = 1 image potential state.  



 

 

137 

 

 

Figure 4.2. Image state feature from bare HOPG spectrum. Overlaid spectra collected 
using four different excitation energies. The final state energy of the peak center shifts by 
the same amount as the change in excitation energy. 
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Figure 4.3. The peak center of each of the two features in the bare HOPG spectrum are 
plotted as a function of excitation energy. The resulting slopes of approximately m = 1 
indicates that each of these peaks originate from unoccupied electronic states. 
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Figure 4.4. Theoretical band diagram of graphite. Calculated using full crystal potential.  
�  bands are dashed and �  bands are solid. Adapted from Tatar and Rabii (1981).108 

 

4.3.2  1 ML annealed VONc films on HOPG 

Deposition of VONc on the HOPG surface causes many new spectroscopic 

features to appear. In order to disentangle the complex, congested spectra, the electronic 

structure is discussed first in annealed films. Fig. 4.5 shows a sequence of TPPE spectra 

in terms of final state energy Efinal of an annealed 1 ML film of VONc acquired at photon 
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energies ranging from 4.04 eV to 4.54 eV. In this film, VONc molecules reside on the 

HOPG surface predominantly in the oxygen-terminated "O up" orientation, as discussed 

in Chapter 3. Peaks arising from the highest occupied molecular orbital (HOMO), image 

states and some highly excited unoccupied states are located at approximately 7.5 eV, not 

shown here but discussed in Chapter 5. A broad feature is clearly visible near 5 eV, 

partially overlapping with the secondary electron cut-off (SECO). The intensity of this 

feature shows that it appears to be moving out of resonance at photon energies above 4.3 

eV. The shape of this feature and its width of 270 meV is uncharacteristically broad for 

annealed VONc/HOPG films, where spectral peaks are more commonly around 150 meV 

wide. On closer inspection, it reveals in fact the presence of two close-lying peaks labeled 

L0 and L1. Using two Gaussian features with widths of 180 meV (L0) and 150-170 meV 

(L1), a global fit of the TPPE spectra at all coverages and wavelengths investigated was 

able to identify the final state energies of both features reliably, despite a certain amount 

of spectral overlap between them. The result of these fits is shown in Fig. 4.5. 



 

 

141 

 

 

Figure 4.5. TPPE spectra of 1 ML VONc/HOPG at different excitation energies. The 
colored curves represent global nonlinear least-squares fits of the two features L0 and L1. 
The feature in the topmost spectrum labeled with * is the result of one-photon 
photoemission at this wavelength. 
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Figure 4.6. Photon dependence of final state energy of L0 and L1. 

By measuring the slope of Efinal versus the excitation energy h�  as shown in Fig. 

4.6, L0 (m = 0.99(3)) and L1 (m = 0.99(3)) are identified as unoccupied states. Given a 

HOMO position of -0.81 eV and L0 and L1 energies of 0.98 eV and 1.12 eV vs. EF, these 

peaks can be assigned as molecular Frenkel excitons of VONc. They are unlikely to 

correspond to molecular anion resonances because of the resonant character near 4.13 eV. 

As can be seen in Fig. 4.7, comparison with density functional theory (DFT) calculations 

at the unrestricted PBEh level, using the same basis set as specified in Chapter 3 indicates 

that L0 and L1 correspond to states with one electron promoted to the LUMO, since no 

other states are predicted to be nearby. This yields an optical gap of 1.8 eV, in good 

agreement with the bulk optical gap of 1.5 eV.25 The origin of the two LUMO peaks L0 
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and L1 is at present unclear but may result from a surface-induced splitting of the 

degenerate LUMO.109 At the photon energies of > 4 eV employed here, the observed 

transition is not HOMO �  LUMO but corresponds in fact to (HOMO-n) �  LUMO, 

reflecting the substantial density of occupied states several eV below the HOMO. This is 

also likely the origin of the resonance enhancement at excitation energies below 4.3 eV 

 

Figure 4.7. Theoretical energy level diagrams for VONc and HOPG. The DFT results at 
the PBEh level are referenced to the experimental HOMO in the 0 ML limit. H: HOMO; 
L: LUMO; L+1: LUMO+1. �  band energies shown most closely represent M point values 
in the HOPG band diagram in Fig 4.4. 
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4.3.3  Sub-ML unannealed VONc films on HOPG 

After examination of the origin of the peaks near the SECO in the annealed 

spectra, the interfacial electronic structure in the unannealed spectra is much easier to 

interpret. Figure 4.8 shows three as deposited spectra of a 0.15 ML film, each taken with 

different photon excitation energy. The peak fits near the SECO region (green and 

magenta curves) represent two sets of L0 and L1 peaks in the as deposited films, 

converging to a single set upon annealing. Figure 4.9 shows a background subtracted 

spectrum comparing the LUMO peaks in an as-deposited and an annealed film. It is 

interesting that the splitting between the two sets of LUMO peaks in the as-deposited film 

in figure 4.9 is very similar to the splitting between HOMO peaks in the UPS spectra of 

as-deposited films. This taken together with the observation that the two peaks coalesce 

to one upon annealing indicates that different peaks correspond to molecules with 

different orientations. 
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Figure 4.8. As-deposited films with 0.15 ML coverage. Spectra taken with three different 
excitation energies of a) 4.04 eV b) 4.14 eV c) 4.23 eV. 
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Figure 4.9. (a) Background-subtracted TPPE spectrum in the L0, L1 manifold of 0.15 ML 
VONc on HOPG prior to annealing obtained with a photon energy of 4.3 eV. A non-
linear least-squares fit with four different features is shown, corresponding to L0 and L1 
for both "O down" and "O up" orientations, as already observed for the HOMO. The peak 
splitting for both L0 and L1 between the two orientations is 310 meV, increasing to 350 
meV in the 0 ML limit. (b) Same as (a) after annealing, with only the "O up" component 
remaining. 

 

4.3.4  0 to 1 ML annealed VONc thickness progression 

Shown in Fig. 4.10 is a sequence of TPPE spectra for annealed films ranging from 

0 to 1 ML of VONc, acquired at excitation energy of 4.43 eV and displayed in terms of 

Ees. The SECO around Ees �  0 eV shifts to progressively higher energies, indicating an 

increase of the vacuum level with coverage. This change arises from the increased 

potential step e� V at the surface in the presence of an increased density of dipolar VONc 

with their O atoms directed towards vacuum, and is described quantitatively by the 

Topping model88 as discussed in Chapter 3. Note that the Topping model and the model 

developed below are predicated on the assumption that the intermolecular distance varies 

smoothly with coverage, a situation sometimes referred to as "2D gas". This is indeed 
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supported by spectroscopic findings for VONc/HOPG in the HOMO and vacuum level 

region, the vacuum level shift of TiOPc/HOPG17, and spot profile analysis LEED of SnPc 

on Ag (111).84 

Surprisingly, the intermediate state energy Ees of L0 and L1 decreases with 

coverage between 0 and 1 ML (illustrated in Figure 4.11), in contrast to the common 

assumption that the molecular electronic structure is unaffected by the change in vacuum 

level, which would require a shift in the same direction as the vacuum level. In Chapter 3, 

it was shown that in the case of annealed VONc films the occupied states shift to 

progressively higher binding energies relative to EF, in the opposite direction of the 

vacuum level. A simple electrostatic model showed that in the near-field region at heights 

of < 10 Å above the surface, depolarization causes a 60 meV higher binding energy at 1 

ML and hence an increasing ionization energy with coverage. Remarkably, L0 and L1 

shift also toward higher binding energy in a similar manner as the HOMO. The spectra of 

the excited state region shown in Fig. 4.10 suggest therefore that the excited state 

manifold is also stabilized by depolarization, giving for the first time direct access to the 

excited state polarizability and dipole moment of an interfacial dipolar organic 

semiconductor layer. 
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Figure 4.10. Thickness-dependent TPPE spectra of L0 and L1 in the range of 0-1 ML. 
Displayed in terms of the intermediate state energy Ees and acquired at 4.43 eV. The two 
gray lines serve to guide the eye. 
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Figure 4.11. Diagram illustrating observed direction of shift in vacuum level and L0, L1 
states with VONc coverage on HOPG. 

 

4.5  Interpretation of LUMO Binding Energy Shifts 

A detailed measurement of the intermediate state energy of L0 as a function of 

coverage is shown in Fig. 4.12, showing an overall stabilization of this state by 

approximately 120 meV between 0 and 1 ML. This is larger than the observed HOMO 

shift, consistent with the notion that excited states typically have a higher polarizability. 

In the limit of low excitation probability, the intermediate state energies of the "O up" 

VONc, )( gs
es
upE r , can be fit by a simple phenomenological expression as a function of 

coverage (Equation 4.7), derived in what follows and in analogy to the model developed 

for the ground state electronic structure of VONc on HOPG in Chapter 3. The field of an 

electric point dipolem
�

oriented along z (direction k
�

), calculated at a distance r is given 
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zz = is the zz-component of the polarizability tensor in units of m3. The 

total field from a rectangular lattice of point dipole moments, oriented along z and with 

surface density � , can be written in closed form as 
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with f = 9.03. Using Equation 4.4 in Equation 4.3 gives the magnitude of the depolarized 

dipole moment in the ground state, mgs, in a lattice of identical, molecular ground state 

point dipoles � gs oriented along z: 
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where the vectorial notation was dropped for convenience. 
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In the limit of low excitation probability and to first order, the presence of a very 

small number of excited states does not alter mgs. The impact of the lattice of 

predominantly ground state dipole moments on the depolarized excited state dipole 

moment mes can thus be calculated using Equation 4.3 for an excited state point dipole 

and (Eqns. 4.4 - 4.5) to express the field originating from the ground state dipole moment 

lattice, resulting in 
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where es
zz
~  and gs

zza~ are the zz-components of the ground and excited state polarizability 

tensors, respectively. In accordance with our empirical model in the ground state 

manifold, this suggests that in an annealed film of all "O up" VONc molecules the energy 

( )gs
es
up �E  of the first excited state L0 and L1 can be expressed by 

( ) �
�
	



�
�
�



-D+ = 2/3

2/3

~1

~
)(

00

gs
gs
zz

gs
es
zz

gs

esgses
=�

es
downgs

es
up f�
+

f�


�
�

� E+EE=�E mmm   

where es
dE own is the intermediate state energy of the “O down” configuration of VONc, 

gs� E
0

2 mm= = 0.34 eV and es� E
0

2 mm= = 0.35 eV are the ground- and excited state energy 

splitting between "O down" and "O up" in the absence of depolarization and gs
zz
~  = 

3.4(11)·10-28 m3 and � gs = 2.7(4) D. Note that this model implicitly includes effects from 

image stabilization at the interface, i.e. polarizabilities and dipole moments will be 

4.6 

4.7 
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different from bulk VONc values.  

A non-linear least-squares fit shown in Fig 4.12 yields es
zz
~  = 6.1(6)·10-28 m3, 

larger than the ground state valuegs
zza~  and resulting in a polarizability change of � zza~ = 

2.7(13)·10-28 m3. In addition, � es = 2.7(1) D, indicating a negligible change of dipole 

moment upon excitation. This is consistent with simple excited state DFT calculations 

and agrees also with the nearly identical splitting between "O down" and "O up" peaks 

for the HOMO and in the L0 and L1 manifold (310 meV at 0.15 ML, as expected, slightly 

smaller than es� E
0

2 mm= obtained from the fit; see figure 4.9). The depolarized dipole 

moments at 1 ML, mgs = 1.66 D and mes = 0.89 D, are however quite different due to the 

substantial difference of polarizability in ground and excited states. This indicates a 

considerable change in molecular electronic structure in the VONc film upon excitation. 
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Figure 4.12. a) Thickness dependence of the L0 intermediate state energy and nonlinear 
least-squares fit by Equation 4.7 in red, yielding 2810)6(1.6~ -´=es

zza m3 and � es=2.7(1) D. 
b) Near-field electrostatic model in the low-excitation density limit, with the potential 
measured as a function of coverage in the near field at 2.7 Å at an excited molecule (red) 
and at a ground state molecule (blue). Matlab code is in Appendix A. 

 

Equation 4.7 carries the hallmarks of depolarization and is related to a similar 

expression derived for the HOMO; its physical origin lies in the effects of depolarization 

in the near-field region, where the diminished dipole moments generate an overall 
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decreased local electrostatic potential and hence a larger binding energy of the excited 

state. Consequently, the intermediate state energy Ees of L0 and L1 decreases with 

coverage.  

This situation is closely related to the Muscat-Newns model of alkali atom 

chemisorption, level broadening and dipole depolarization.101 It can be modeled in a 

straightforward manner by calculating the electrostatic potential of a rectangular array of 

polarizable point dipoles, as already discussed in Chapter 3. Fig. 4.12b) (red line) shows 

the resulting electrostatic potential in the near-field of an excited VONc molecule at z = 

2.7 Å above the surface as a function of coverage, assuming that only a small fraction of 

all the VONc molecules are in the excited state with a polarizability es
zza~  and a dipole 

moment � es, while the remainder is in the ground state with gs
zza~  and � gs (blue line shows 

electrostatic potential in the near field of a ground state VONc molecule). Given typical 

pulse energies of 180 pJ, a spot diameter of approximately 150 � m and an extinction 

coefficient of 1215 M-1cm-1 at 275 nm, we estimate at 1 ML that no more than 1 in 105 

molecules are excited per pulse, justifying the assumption of high dilution in Equation 

4.7. These molecules are randomly distributed among the VONc molecules on the surface 

and the potential including depolarization is calculated at an excited molecule as a 

function of coverage (Matlab code included in Appendix A). As can be seen in Figure 

4.12b), the resulting curve agrees well with the experimental fit to Equation 4.7, 

consistent with the notion that depolarization does indeed lead to a lower near-field 

potential and hence stabilization of the excited states of "O up"-oriented VONc 
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molecules. Figure 4.13 shows the calculated corrugated near field potential at 1 ML 

coverage as a function of x-y position on the surface, with equal spacing between VONc 

molecules. The high points in the corrugated potential correspond with the locations of 

molecular centers. The resulting potential is higher at molecular centers of ground state 

molecules than at the molecular centers of excited state molecules as a result of the 

different ground and excited state polarizability input.   

 

 

Figure 4.13. Calculated near-field potential as a function of x-y position on the HOPG 
surface with 1 ML VONc coverage. Peaks in potential correspond to molecular centers.  
Molecular centers with higher electrostatic potential maxima correspond to a 
polarizability of 3.4·10-28 m3 (ground state), and molecular centers with lower 
electrostatic potential maxima correspond to polarizability of 6.1·10-28 m3 (excited state). 
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Several possible alternative models for the L0, L1 intermediate state energy 

changes can be excluded. Most commonly in photoelectron spectroscopy, bands shift at 

increased densities because of increased polarization energies at higher coverages; such a 

shift, induced by an increased density of neighboring molecules, would however lead to 

an overall increase of the kinetic energy and hence intermediate state energy, contrary to 

our observations. Decreased photohole screening by the metal surface, frequently 

observed when increasing thickness, stabilizes the observed peak; all spectra shown here 

fall however into the 0 – 1 ML range, where such an effect is not expected. Finally, 

simple solid-state solvation of the exciton is not capable of explaining the observed 

coverage dependence either,110 as will be explained next. To model solid state solvation, 

the energy of an excited state dipole in the presence of a second, parallel ground state 

dipole moment at a distance r is shifted by 

3
04 � r��

���
=� E gs   

where gses ��=�� - and � is the dielectric constant of the organic semiconductor. For a 

complete lattice of parallel "O up" dipole moments, effects of depolarization need to be 

included. Using the ideas developed in Eqns. 4.2-4.5, eqn. 4.8 is modified to 
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The dielectric constant at an interface with organized organic molecules is given by 
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Combining Eqns. 4.5, 4.6 and 4.10 in the limit of low excitation probability transforms 

Eqn. 4.8 after rearranging into the following expression: 
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This model was used to explore the coverage dependence of L0 and L1 energies. As can 

be seen in Fig. 4.14, a reasonable fit is obtained, however with an unphysically large 

excited state polarizability es
zz
~  = 3.3·10-26 m3. This is 100 times larger than the ground 

state polarizability and approximately 10 times larger than comparable organic 

semiconductors such as pentacene, oligomeric phenylene-vinylenes and porphyrine 

derivatives.111–113 If depolarization of the excited state is excluded from Equation 4.11 or 

the excited state polarizability es
zza~  is fixed to the experimental value determined from 

Equation 4.7, the resulting fit is poor and an excessive dipole moment of almost -70 D is 

obtained. The fundamental reason for the failure of this model to describe the 

stabilization of L0 and L1 in VONc lies in the modest ground state dipole moment and the 

large intermolecular spacing, in itself determined by the large molecular diameter of 

approximately 17 Å.89 

4.10 

4.11 
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Figure 4.14� Non-linear least squares fit of L0 peak positions for 0 – 1 ML coverage 
using the solid state solvation model. Solid red line: Full model as represented by 
Equation 4.11. Dashed blue line: Equation 4.11 without excited state depolarization or 
with fixed es

zza~ = 6.1(6)·10-28 m3. The latter two situations lead to essentially 
indistinguishable fits. 

 

This model yields highly unphysical excited state polarizability and dipole 

moment values. The large number of coverages investigated for this dipolar 

semiconductor permit us to discriminate therefore between different interpretations of the 

observed exciton stabilization and to present a scenario qualitatively different from the 

trends observed in multilayer films.114 

The experimental excited state polarizability permits a simple first-order estimate 

of the exciton radius rXC = 5 Å based on Equation 4.1, assuming that es
zza~  is the dominant 

component in the polarizability tensor. With a molecular diameter of approximately 17 Å, 
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this value for rXC suggests that the excited state is localized completely on the molecule. 

Given the weak lateral interactions between neighboring VONc, expected from the 

absence of valence band dispersion parallel to the surface in phthalocyanines,76 low-lying 

excited electrons are anticipated to be largely localized on an individual molecule. This is 

in agreement with the present estimate of rXC. 

4.6  Conclusion 

In conclusion, in this chapter it was shown that the excited state polarizability and 

dipole moment can be measured in annealed 0 – 1 ML films of VONc on HOPG. The 

polarizability increases substantially upon excitation of the large heterocycle, indicating 

that strong local electric fields present at interfaces significantly alter the molecular 

electronic structure, with potential impact on interfacial charge-transfer dynamics. 

Electron transfer between close lying electron donor and acceptor energy levels could 

either become enhanced or detuned due to energy level shifts caused by depolarization 

effects as a function of dipole density. In the coming chapters, such effects will be 

explored in the case of electron transfer between the n = 1 image state of HOPG and a 

close lying anion state of VONc.   
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CHAPTER 5 

EXAMINATION OF THE IMAGE STATE OF HIGHLY ORDERED PYROLITIC 
GRAPHITE UPON VANADYL NAPHTHALOCYANINE ADSORPTION 

5.1  Introduction 

In Chapter 3, the evolution of the ground state of dipolar VONc molecules at the 

interface with HOPG, a weakly interacting substrate, was investigated. The HOMO was 

found to shift to higher binding energies as a function of surface coverage. This shift was 

in the opposite direction of the vacuum level shift, resulting in an altered VONc 

ionization energy with coverage. This effect was explained by depolarization with 

increased dipole density on the surface. In Chapter 4, this investigation was expanded 

using the TPPE technique in order to gain understanding of the evolution of an excited 

state. Again, similar behavior was observed for this state, although the magnitude of the 

binding energy shift was even greater than that of the HOMO. From these studies, both 

ground and excited state polarizabilities of VONc on HOPG were obtained. In both 

chapters 3 and 4, exclusively molecular states of VONc at the interface with HOPG were 

studied. In this chapter, I extend these investigations to examine the image state of 

HOPG. Image states at the interface of a conductive surface and a molecular thin film are 

particularly interesting, since the molecular structure may greatly influence the properties 

of the image potential. 

Theoretical work by Rous based on the Newns-Anderson model suggests 

considerable enhancement for excitation of image-like states in the event of near-

resonance between molecular affinity levels and the image state.115,116 This idea has been 
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pursued experimentally by several groups: Ertl and coworkers117 adsorbed Xe spacer 

layers on Cu(111) to modify the image state binding energy and hence couple the image 

state more effectively to the affinity level of the subsequently deposited O2, with the 

result that the image state lifetime decreased with increasing number of Xe spacer layers; 

these findings are also in agreement with electron scattering efficiencies for O2 on several 

low-index surfaces of Ag.118 Jensen applied the Rous model to rationalize 

photodissociation product state distributions of CH3Br and CH3I on an n-alkane-covered 

Cu(110) surface;119 a key step was identified to be the dissociative electron attachment 

mediated by an image state. Camillone et al.120 suggested that energy partitioning in the 

photodissociation of CH3Br on GaAs(001) depends on the ion lifetime at the surface and 

is mediated by the position of the molecular affinity level. In all these cases, near-

resonance between an image state and the affinity level of a diatomic or small polyatomic 

molecule has been invoked as a critical component for understanding the chemical 

physics at the surface. However, the influence of a complex molecular system with many 

different affinity levels which may depend rather subtly on the thin film organization has 

not been investigated. Yet this situation has direct implications for a quantitative theory of 

photoinduced electron transfer at the metal/organic semiconductor interface. 

In this chapter, experimental evidence of image state stabilization in the presence 

of a continuously adjustable electric field established in organized sub-monolayer films 

of dipolar vanadyl naphthalocyanine on HOPG is presented and a model to describe this 

process quantitatively is developed. It will be demonstrated that the local electrostatic 

potential can be used to manipulate the interfacial coupling between image states and 
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affinity levels in a complex organic dipolar molecule such as VONc. Progressively 

moving molecular affinity levels out of resonance with the HOPG image state affects the  

electron-transfer cross-section.115,116 The results suggest that the local electrostatic 

environment has a direct impact on the charge-transfer dynamics at the organic 

semiconductor/electrode interface.  

5.2  Materials and Methods 

 All materials used and methods employed were the same as those presented in 

section 4.2.  

5.3  Spectroscopy of Bare HOPG Surface 

 To understand the influence of a molecular adsorbate on the HOPG image 

potential state, this state must first be examined in the absence of an adsorbate. TPPE 

spectra of bare HOPG were presented in section 4.3. As reported in the last chapter, two 

unoccupied states were identified: i) the � * state and ii) the n = 1 image state. The n = 1 

image state was fit with a Voigt peak containing a Gaussian FWHM fixed to the 

resolution of the analyzer and a Lorentzian component making up the remainder of the 

peak width. This fit resulted in a total FWHM of 120 meV as shown in Figure 5.1.   
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Figure 5.1. Fit to bare HOPG image state peak obtained at a photon energy of 4.04 eV. 
The blue line is a Voigt peak with 120 meV FWHM, the black line is an exponential 
decay background, and the red line is the total fit. 
 

5.4  Spectroscopy of HOPG with Addition of VONc 

As discussed earlier, the image state is a very sensitive indicator of the 

electrostatic environment at the surface. For that reason, the image state was monitored 

closely as VONc molecules were successively added to the HOPG surface. In Figure 

5.2a), the bare HOPG image state region acquired with a photon energy of 4.04 eV is 

compared to the same region with the addition of 1 ML VONc after annealing. In order to 

further analyze the spectrum, the data were first background subtracted by removing the 

bare HOPG spectrum in regions where no peaks appeared, and to link the low energy and 
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high energy sides of the background via an exponential decay in the region where the 

image state obstructed the clean HOPG background. A TPPE spectrum of one monolayer 

VONc on HOPG before and after background subtraction is shown in Figure 5.2. Using a 

self-consistent global fitting routine involving all excitation wavelengths and coverages 

in the range of 0 – 1.7 ML, the 1 ML spectra obtained with six different photon excitation 

energies could be reliably decomposed into several different features (Figure 5.3a)). By 

measuring the slope of final state energy of each peak vs. photon energy (Figure 5.3b)), 

the features in Figure 5.3a) could be assigned. These features were labeled H0, IS1, IS2, 

L2 and L3. 
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Figure 5.2. a) TPPE of bare HOPG image state (gray), 1 ML VONc on HOPG (red) and 
background (dashed green) b) 1 ML VONc on HOPG after background subtraction. All 
scans in a) and b) acquired at photon energy of 4.04 eV. 
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Figure 5.3. a) High final state energy side of TPPE spectra of 1 ML VONc on HOPG 
obtained with several different photon excitation energies (indicated on the right side of 
plot). b) Final state energy dependence on photon energy for peaks H0, L2, L3, IS1 and 
IS2 in the 1.0 ML film. The inset shows the expected slope for photoemission from 
occupied (� 2h� ) and unoccupied states (� h� ). 
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L2 and L3, with slopes of 0.98(1) and 1.04(1), respectively, originate from 

unoccupied states and are likely due to excitons (described in chapter 2) with energies 

Eunocc = 2.81 eV and 3.02 eV above EF at 1 ML. H0, with a slope of 2.0(1) and an energy 

of Eocc = -0.89 eV vs. EF at 1 ML, corresponds to the occupied HOMO of VONc. IS1 and 

IS2 with slopes of 1.04(2) and 0.99(1) also result clearly from photoemission out of 

unoccupied levels. Figure 5.4a), acquired at a photon energy of 4.04 eV, shows the high 

final state energy side of a TPPE spectrum of an annealed 1 ML film of VONc on HOPG 

with all of the features labeled. This spectrum is shown in terms of both final state energy 

Efinal and binding energy EB. Note that as the only occupied level observed in this spectral 

region, the “binding energy” for H0 in this figure corresponds in fact to the intermediate 

state energy after absorption of one photon; its true binding energy relative to vacuum 

(ionization energy) is obtained by adding hv to the value shown in the figure. Since H0 

was identified as the HOMO, an asymmetric peak shape was used in all spectral fits 

representing the vibrational envelope of this band (see chapter 3). Figure 5.4b) shows the 

resulting energy level diagram in comparison to DFT calculations using NWChem65 at 

the unrestricted PBEh level. The two states that will represent the focus of the remainder 

of this chapter are IS1 and IS2. 
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Figure 5.4. a) Background-subtracted TPPE spectrum of the high final state energy/low 
binding energy region of 1 ML VONc on HOPG, excited at 4.04 eV. The binding energy 
is referenced to the global vacuum level/SECO. b) Energy level diagram for the VONc 
features observed in the TPPE spectra. 
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IS1 and IS2 appear as image-like states, i.e. states with a significant but not 

necessarily exclusive contribution from the HOPG image state. These states cannot be 

excited directly from the VONc ground state with several of the excitation energies used, 

so they are not associated with molecular excitons: A photon energy of at least 4.3 eV is 

necessary to excite from the HOMO (0.89 eV below EF) to IS1 or IS2 (3.4 or 3.7 eV 

above EF). However, IS1 and IS2 are observed at all photon energies between 4.0 and 4.5 

eV, and they are therefore associated with excitation of HOPG, in agreement with the 

assignment as image-derived states. Further support for this identi�cation comes from the 

dependence of the intensity of the various peaks on the polarization of the incident 

electromagnetic wave, shown in Figure 5.5. IS1 and IS2 are almost completely 

extinguished in s-polarization, indicating that both features have � -symmetry at the 

surface, consistent with the assignment as image-derived states. The weak residual 

intensity is likely due to the contribution from the VONc anion state. 
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Figure 5.5. Polarization-dependence of the high final state energy region TPPE spectrum 
of a ½ ML film at 4.43 eV. 

 

A sequence of spectra of annealed �lms ranging in coverage from clean HOPG to 

1.0 ML VONc on HOPG and excited at photon energy of 4.04 eV is shown in Fig. 5.6. 

The spectra are scaled by aligning their backgrounds as shown in Fig 5.2a) to re�ect 

correctly absolute intensities. Several features of this coverage-series are interesting: the 

global vacuum level, as observed at the secondary electron cut-off around a �nal state 

energy of 4.5 eV, shifts progressively to higher Efinal with coverage. This is in agreement 

the UPS study presented in Chapter 3, indicating that an interface dipole of increasing 

size is established within the �rst monolayer.
 
This was interpreted as the growth of a �lm 
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of oriented VONc molecules with the “O up” orientation and hence the negative end of 

the permanent VONc dipole moment pointing toward the vacuum side of the interface. 

The intensity of the feature labeled � *, associated with a non-k|| conserving �  - �
 

*
 

transition in clean HOPG, decreases gradually, indicating the formation of a complete 

VONc overlayer. While the absolute intensity of IS1 diminishes considerably as the 

VONc surface density is increased, IS2 is only present at higher coverages. This suggests 

that IS2 cannot be identi�ed as the n = 2 image state of HOPG. This is also in agreement 

with the fact that n = 2 was not observed when exciting bare HOPG at approximately 4 

eV.
 121 
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Figure 5.6. 0 - 1 ML thickness dependence of the complete, scaled TPPE spectrum for 
VONc on HOPG, acquired at 4.04 eV. The gray line at Efinal = 4.5 eV serves to guide the 
eye and demonstrates the coverage-dependent increase of the global vacuum level. The 
gray line near Efinal = 7.6 eV is a guide to assess the IS1 position. The high-energy side of 
the spectrum is multiplied by a factor of 35 with respect to the low-energy side. 

 

In contrast to the evolution of the vacuum level, an opposite trend is apparent for 

IS1 and IS2: Efinal decreases clearly with coverage, also the case for the features L0, L1, 

H0, L2, and L3. This can be seen more clearly in Fig. 5.7, where a close-up of the 
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background-subtracted spectra in the image state region is shown together with nonlinear 

least-squares �ts of the spectral features. The molecular features H0, L2, and L3 grow in 

intensity with coverage, consistent with their assignment as VONc-derived molecular 

peaks. Careful inspection of the spectra shows that the �nal state energies of H0, L2, and 

L3 decrease with coverage by differing amounts as expected from depolarization of 

molecular states with differing 
 zz. Meanwhile, at coverages below 1 ML, mostly only a 

single image-derived feature is observed (IS1), evolving smoothly from the image state 

position of clean HOPG toward lower �nal state energy with coverage. The binding 

energy of 0.9 eV on clean HOPG identi�es this state as initially the n = 1 image state of 

HOPG,121
 
subsequently modi�ed by the VONc overlayer. Just below 1 ML, IS2 becomes 

apparent, with slightly decreasing �nal state energies for higher coverages. IS2 persists at 

coverages above 1 ML but is extinguished before 2 ML is reached, while IS1 becomes 

quite weak above 1 ML. Although these spectra do not allow at �rst sight a clear iden-

ti�cation of the origin of IS1 and IS2, the coverage evolution of intensity and �nal state 

energy, with the latter in a direction opposite to the secondary electron cut-off, suggests 

that (i) IS1 is associated with the n = 1 image state of bare HOPG, and (ii) IS2 is an 

image-derived state of the VONc-covered surface. However, a more quantitative analysis 

of the data, presented in the next section, helps with assigning IS1 and IS2 more 

de�nitively.  
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Figure 5.7. Image state region of the coverage-dependent background-subtracted TPPE 
spectra at 4.04 eV. The colored lines represent a least-squares spectral decomposition of 
the spectra identifying IS1, IS2, H0, L2, and L3, using the same peak profiles as in Fig. 5.3 
and Fig 5.4. 
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5.5  Discussion 

The outstanding challenge is to identify the origin of IS1 and IS2 and their 

peculiar coverage-dependent behavior. Their physics are likely dominated by different 

effects, since IS1 is observed mostly at sub-monolayer coverages, while IS2 appears 

largely at 1 ML and above. Therefore each state will be discussed separately.  

5.5.1  IS1 as a HOPG-derived state  

5.5.1.1  Vacuum level pinning  

By their nature, image states are pinned to the vacuum level. However, it is 

conceivable that several different vacuum levels exist.122
 
The notion of a single vacuum 

level at sub-monolayer coverages obtained from the secondary electron cut-off is 

somewhat misleading. Therefore, a brief summary of the growth mode of VONc on 

HOPG and its implications for the vacuum level will be presented before discussing the 

IS1 coverage evolution.  

The global vacuum level, as measured from the secondary electron cut-off, shows 

a continuous increase up to 1 ML, followed by a decrease converging back to the vacuum 

level of the clean HOPG surface at 2 ML.
 
In chapter 3, the spectroscopic data evidenced a 

growth mode of annealed �lms in which VONc grows in the �rst monolayer with the O-

atom pointing toward the vacuum side of the interface, in the “O up” orientation, 

followed in the second monolayer by VONc molecules in the “O down” orientation, with 

dipole moment pairing as the structural pattern.
 
This results in a net increase of the 

surface dipole from 0 to 1 ML, followed by a gradual reduction to that of clean HOPG in 
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the 1–2 ML range. A quantitative evaluation of the global vacuum level shift showed that 

VONc is strongly depolarized with increasing surface density � dip during growth of the 

�rst monolayer, and that the vacuum level change is described well by the Topping 

model.88 This model re�ects the fact that the long-range nature of the electrostatic �eld of 

each dipole induces an image dipole with opposite direction in neighboring molecules, 

ultimately leaving all molecules in the �lm with a net reduced dipole moment. Hence the 

vacuum level increases more slowly with coverage than might otherwise be anticipated. 

The global vacuum level modeled in this way represents the electrostatic potential at 

distances much greater than 10 Å above the surface, where atomistic details are no longer 

sensed and a laterally uniform potential is established.87
 
The height at which the far-�eld 

is established is determined ultimately by the intermolecular spacing in a close-packed 

�lm, 17 Å for VONc.87,89 Growth of islands is not compatible with these and other 

spectroscopic observations and VONc most likely grows in a “2D-gas-like” fashion 

instead. This implies that the average intermolecular distance decreases with surface 

density.
 
However, the concept of a 2D-gas may be somewhat misleading in that the time-

scale for VONc motion on the surface is likely much longer than any electronic processes 

such as photoexcitation and ionization. Given the different timescales, it is helpful to 

consider a stationary average in which the VONc molecules avoid each other in such a 

con�guration so as to cover the maximum surface area available.  

The TPPE spectra at submonolayer coverages are fully consistent with this 

interpretation: If a VONc image state can be excited by TPPE, island-growth would result 

in the observation of two image state peaks, both with �xed �nal state energies and with 
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intensities that change in opposite directions. The �rst image state would originate from 

bare HOPG patches, with a �nal state energy of the image state on clean HOPG and with 

decreasing intensity as the VONc coverage is increased; the second image state, 

associated with VONc islands, would appear with a different, �xed �nal state energy, and 

with increasing intensity with coverage. This type of behavior has been reported for a 

variety of different systems,123–125
 
but is inconsistent with the observations of VONc on 

HOPG: As shown in Fig. 5.7, at coverages below 1 ML a single image-derived feature 

IS1 is observed, shifting progressively to lower �nal state energies and decreasing in 

intensity.  

While a �rst analysis involves the global vacuum level, as de�ned above, it is 

important to remember that image states are sensitive to the local vacuum level.122,123,126 

Such a local vacuum level might be that of the bare HOPG, particularly given the large 

intermolecular distances at low coverages. Therefore it might be argued that the apparent 

shift of IS1 binding energy can be understood entirely by a steady increase of the global 

vacuum level owing to increased coverage, while the local vacuum level remains �xed. 

The binding energy of such a HOPG image state relative to the true HOPG VL, would 

not change, with a net effect of an apparent increase in IS1 binding energy relative to the 

global vacuum level. Moreover, if IS1 were a pure HOPG image state, the intensity 

would be expected to decrease with coverage, as is observed in Fig. 5.6. The effect of dif-

ferent local and global vacuum levels on the apparent image state binding energy has 

already been observed for submonolayer coverages of naphthalene and pyridine on 

Cu(111).127 
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In Fig. 5.8a) the global vacuum level is plotted as a function of coverage, obtained 

from a �t of the Topping equation (Chapter 3) to the secondary electron cut-off. In 

addition to the global vacuum level,
 
Figure 5.8a) shows the local HOPG vacuum level 

above bare HOPG regions, which stays constant with coverage. To identify if IS1 is 

pinned to either of these vacuum levels, the binding energy evolution versus the global 

(Fig. 5.8b)) and versus the local HOPG vacuum level (Fig. 5.8c)) was determined. 

Clearly, in both cases the binding energy increases with coverage, indicating that IS1 is 

not pinned to either of these vacuum levels. This effect is also visible in Fig. 5.6, where 

IS1 evolves toward lower Efinal while the secondary electron cut-off moves to higher 

energies. Again, this is consistent with the absence of island-growth and suggests that a 

qualitatively different explanation for the origin of IS1 is needed.  
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Figure 5.8. a) Global vacuum level obtained from Topping equation fit to the secondary 
electron cut-off (Chapter 3), and local HOPG vacuum level, derived from the work 
function of clean HOPG. b) Coverage-dependent IS1 binding energy (BE) vs. global 
vacuum level. c) Coverage-dependent IS1 binding energy vs. the HOPG vacuum level. 
VL: vacuum level. 



 

 

180 

 

5.5.1.2. Depolarization in the af�nity manifold  

Assignment of IS1 as a VONc-screened image state is likely incorrect: At low 

coverages and in the absence of quantum well formation in which the electron is confined 

to the adsorbate conduction band quantized by the boundary conditions of a 2D film,128 

screening by the dielectric layer typically diminishes the binding energy and hence 

increases the �nal state energy of the image electron above the dielectric island. Quantum 

well formation can lead to a decrease in binding energy with coverage, but a binding 

energy shift would not occur at the sub-ML to ML coverage. In quantum well formation, 

the binding energy decrease is associated with a change in the perpendicular momentum 

of the electrons detected which only changes if the adsorbate thickness in the z direction 

is increased i.e. by adding a second or third ML. Instead, IS1 shifts continuously to lower 

�nal state energies at sub-ML coverage. The decrease in IS1 intensity with coverage and 

the gradual shift in �nal state energy, starting at the bare HOPG image state energy, 

strongly suggest that IS1 originates from bare HOPG. However the addition of the 

dipolar VONc molecules to the HOPG surface alters the HOPG image state 

fundamentally in such a way that it is no longer pinned to the local HOPG vacuum level. 

A possible role of a molecular dipole moment on the nature of an image state has recently 

been reported: The group of Zhu and co-workers129 showed that an image state could be 

localized by a 4 x 4 dipolar lattice of C60 on Cu(111), where the dipole moment stems 

from partial charge-transfer from Cu to C60. This observation, although at �rst 

reminiscent of the situation of IS1, is fundamentally quite different: The negative charge 

in the superlattice con�nes and localizes the image state electron in a potential-well 
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between the partially negative C60 molecules as is visible from Brillouin zone back 

folding and unusual dispersion. For VONc, con�nement by the dipolar lattice as in the 

case of C60 on Cu(111) would result in a narrowing of the potential-well as coverage is 

increased, and hence increase the �nal state energy, contrary to our observations.  

Instead we propose that the extended dipolar VONc lattice helps form a hybrid 

HOPG image state/VONc anion resonance, where the anion state is subject to 

depolarization. In Chapter 3, it was discussed that depolarization does not just affect the 

global vacuum level, i.e., the electrostatic potential in the far-�eld, but also the potential 

much closer to the dipolar layer in the near-�eld region.
 
Moreover, unlike the far-�eld 

potential, this potential is not yet uniform across the surface and is strongly concentrated 

around the location of the dipole moment. Depolarization in the near-�eld leads to clearly 

observable shifts of the VONc HOMO and excited states with coverage.
 
While the far-

�eld potential increases with coverage due to an increased surface density of molecular 

dipoles, the near-�eld potential decreases: Depolarization slowly diminishes the 

molecular dipole moment, thereby stabilizing each state with respect to the Fermi level. 

In order to model this effect, we calculated electrostatic potentials in a lattice of 

polarizable point dipoles at all heights above the surface and for all locations across the 

surface. This simple electrostatic model was able to reproduce the effect of depolarization 

on the molecular energy levels, giving experimental access to the molecular polarizability 

and dipole moment components perpendicular to the surface for each of the observed 

states.
 
In the case of VONc, the excited state polarizability of the �rst few unoccupied 

levels was found to be almost twice as large as that of the HOMO, while the excited 
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state dipole moment changed only by a negligible amount relative to the ground state at 

the zero coverage limit (see chapter 4).
 
Depolarization is of course expected to affect 

anion states as well, with polarizabilities and dipole moments that may differ in principle 

from those of the neutral states.  

If IS1 is indeed a hybrid HOPG image state/VONc anion resonance, neither 

pinned to the global nor the local HOPG vacuum level and with a �nal state energy that is 

strongly in�uenced by VONc coverage, depolarization of the coupled af�nity level would 

directly affect the hybrid state and lead to a change in energy. Therefore, we �t the 

electrostatic near-�eld depolarization model, introduced in Chapter 3 and modified for 

excited states in Chapter 4, to the IS1 intermediate and �nal state energy,
 
where  

2/3
0,

2/3
1,

int 1 dipzz

dipISzz
ermediate f

f
E

ra

ra

+
µ       

1,ISzza is the zz-component of the polarizability associated with the molecular affinity 

level to which IS1 is coupled, 0,zza is the zz-component of the ground state polarizability, 

and dipr  is the dipole density. Intermediate state energy is the energy of IS1 with respect 

to EF, the appropriate scale for investigating depolarization of the molecular component 

of this state. The result of this procedure is shown in Fig 5.9, giving a reasonable �t and 

yielding a zz-component of the polarizability tensor for the hybrid 

state 28
1, 10)10(2.8 -= xISzza m3, approximately 2.5 times larger than 0,zza . This is in 

agreement with the expectation of higher polarizability for an anion and accounts for the 

IS1 stabilization as a function of coverage by approximately 170 meV with respect to 

5.1 
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EF. Strictly speaking, the measured polarizability pertains to the hybrid HOPG 

image/VONc anion state; the nature of depolarization and its interpretation in terms of a 

decrease of the much more local and hence molecular near-�eld potential suggests, 

however, that it is in fact the molecular af�nity level that is stabilized and that 1,ISzza is 

dominated by the contribution from the af�nity level. This will be addressed further in 

Chapter 6.  

 

 

Figure 5.9. Fit of intermediate-(left axis)/final-state (right axis) energy of IS1 vs. 
coverage based on near-field depolarization of IS1, Equation 5.1. 
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The fact that the intensity of the IS1 spectral feature decreases with increasing 

coverage (Fig. 5.6) is consistent with its assignment as a HOPG-derived hybrid image 

state/molecular resonance as suggested by this model. The sharp and narrow image state 

feature on clean HOPG rapidly loses intensity and is barely detectable near 1 ML as the 

af�nity level moves out of resonance. Furthermore, the area of bare HOPG at coverages 

approaching 1 ML VONc is also strongly diminished, decreasing the likelihood of 

exciting a HOPG image state.  

This model predicts that annealed VONc �lms, with the overriding majority of 

VONc in the “O up” con�guration, show different IS1 energies than unannealed �lms, 

where the surface arrangement of the molecules is more complex and depolarization is 

weaker.
 
As can be seen in Fig. 5.10, this is the case for a 1 ML �lm of VONc. Prior to 

annealing, a relatively sharp image state feature at a slightly lower �nal state energy than 

that of clean HOPG can be seen clearly. Upon annealing, this feature shifts progressively 

to lower �nal state energies. During the annealing process the VONc molecules, 

originally present in many different orientations as well as likely in multilayer features, 

convert to a �lm of “O up” VONc molecules, thereby stabilizing the IS1 by depolar-

ization. This observation is not re�ective of resublimation of the VONc molecules during 

the annealing progress, as can be seen by the largely constant intensity of the HOMO 

(H0) and excited state features (L2, L3) characteristic of VONc. The spectrum of the 

molecular features (H0, L2, L3) shifts and changes upon annealing also, as “O down” 

VONc molecules are converted to “O up”, as already reported in chapters 3 and 4 for the 

HOMO and L0, L1 features. 
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Figure 5.10. High final state energy region of background-subtracted TPPE spectrum for 
1 ML VONc on HOPG, acquired at 4.04 eV as a function of annealing time. The colored 
line represents a least-squares spectral fit of IS1. IS1 shifts to lower final-state energies. 
The molecular peaks (H0, L2, L3) increase in intensity and shift, characteristic of 
conversion to a film of all “O up” molecules. 65 min of annealing is less than the full 
annealing time used for all other spectra. The intensity scale is adjusted between the 
different panels for clarity, since IS1 weakens with annealing. 
 
 

Taken together, these data generate a picture of the evolution of the electronic 

structure at the interface of a dipolar organic semiconductor in the image state region. IS1 

morphs from a pure HOPG image state to a hybrid image state/molecular resonance in 
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the presence of VONc, whose binding energy is modi�ed with increasing density of 

VONc on the surface. At low coverages, the HOPG image state is near-resonant with the 

af�nity level, resulting in efficient coupling of the two states. The progressive stabi-

lization of the molecular levels by depolarization with increasing coverage leads however 

to diminished resonance, weakening the coupling between HOPG image state and mo-

lecular affinity level. IS1, an image state with progressively more anion character mixed 

in, can no longer be populated effectively from the HOPG image state and its intensity is 

diminished considerably. This perspective is in good agreement with the model proposed 

by Rous and provides spectroscopic support for the notion of an increased cross-section 

for photoinduced anion formation near a resonance with an image state.115,116 Indeed, the 

image state serves as a very sensitive indicator of the electrostatic environment at the 

interface with VONc.
 

5.5.1.3 Mechanism for HOPG/VONc electron transfer 

The HOPG image state at near resonance with a VONc anion state gives an ideal 

opportunity to study interfacial charge-transfer. The mechanism of coupling between the 

HOPG image state and the VONc affinity level is unknown. The most likely pathway is 

indirect electron transfer by scattering out of the HOPG image state into the affinity level.  

This mechanism can easily occur between delocalized states, such as the HOPG image 

state, and localized states, such as the VONc affinity level due to its incoherent nature. A 

second possible mechanism is direct electron transfer via a hybridized image state and 

affinity level. In order for that mechanism to be efficient, both states must have similar 
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dispersion properties. Such hybridization requires either strong mixing between HOPG 

and VONc states or band formation in the naphthalocyanine to provide sufficient overlap 

between the molecular and the delocalized HOPG wave functions.130 Based on our own 

observations and available data on related phthalocyanines, band formation has not been 

reported in the VONc valence band manifold for thin films.77,131 In the image state 

region, resonant with highly excited anion states of VONc, this situation may be quite 

different: The much more diffuse excited anion wave function of the VONc molecules 

may get delocalized because of the quasi-periodic lattice of the “2D-gas”. This (quasi-

)periodicity of the “2D-gas”, controlled by the molecular density on the surface, could 

permit coupling of the HOPG image state to the otherwise localized molecular affinity 

levels. As a consequence a direct optical transition from the substrate to the delocalized 

mixed image/molecular states becomes possible. The presence of the near-resonant 

affinity level introduces a periodic potential energy contribution in the xy-surface plane, 

leading to additional stabilization of the image state. This potential energy modulation 

increases in magnitude with coverage due to affinity level stabilization by depolarization, 

as discussed above. Such a model predicts a successive evolution of IS1 towards higher 

binding energy by increased stabilization in the xy-plane potential, as observed 

experimentally. Fig. 5.11a) illustrates this concept in a cartoon representation. 

This situation can be modeled using a 2D-Kronig-Penney potential with square 

wells, in which a periodic potential with two levels, V1 and V2 exists. The potential-well 

width with potential V1 is assumed to be the molecular diameter of VONc. This value 

can be obtained from an STM report of H2Nc on HOPG as 17 Å,40 and is well known 
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from phthalocyanines to be largely independent of the metal center and substrate.81-83 V1 

is given by the molecular affinity level which is assumed to shift by a total of 160 meV 

from 0 to 1 ML. The spacing between the wells with potential V2 can then be directly 

derived from the calibrated coverage data assuming that the VONc molecules cover the 

HOPG surface by maximally avoiding each other. Since V2 is the potential at the bare 

HOPG surface, it does not change with coverage, however the barrier widths become 

smaller with increasing coverage.  

The result of this model is shown in Fig. 5.11b): The Kronig-Penney calculations, 

with the assumption that the affinity level shifts by 160 meV as a result of depolarization, 

are in good agreement with the experimental data. Changing the shape of the potential 

well has only a minor influence on the binding energies over the surface densities of 

interest. This robustness of the model towards the precise shape of the periodic potential 

stems from the relatively large width of each well, defined by the molecular size. The 

energy of the image state with respect to the bottom of each potential well is thus quite 

small and largely independent of the well-shape. Note that this model also predicts 

weakening of IS1 with increasing coverage and stabilization during annealing, in the 

same way as the pure depolarization model in the previous section. However, the affinity 

level shift was determined by fitting the experimental data, and the binding energy 

predicted to the Kronig-Penny model is quite similar to V1 which was an experimentally 

determined parameter. 
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Figure 5.11. a) Cartoon representation of periodic Kronig-Penney potential and 
modification of IS1 by mixing a molecular affinity level with the image state. Due to 
depolarization, the affinity level changes by 160 meV. EA at higher coverages, making 
the well deeper. b) IS1 binding energy, BE (green circles) vs. energies obtained from a 
2D-Kronig-Penney potential with well width of 17 Å, the molecular diameter. 
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Confinement of image states in a Kronig-Penney-type potential has been invoked 

previously by a number of groups for stepped metal surfaces and metal islands,126,132 and 

by Wolf and coworkers in the case of C6H6 on Cu(111).125 In their model, the image state 

electron is partially localized between different molecules in the second ML inside a 

potential well created by different electron affinities for standing (lower electron affinity, 

i.e. higher potential energy) and lying (higher electron affinity, i.e. lower potential 

energy) benzene molecules. As coverage increases from 1 to 2 ML, the well size 

decreases, leading again to a decrease in binding energy of the image state, once again 

contrary to these observations. 

Differentiating between the simple depolarization model and the (quasi-)periodic 

lattice amounts to differentiating between indirect and direct photoinduced electron 

transfer. The data presented here do not allow an unambiguous conclusion as to which of 

the two processes dominates. Observations of direct electron transfer from the substrate 

to molecular anion states are quite rare because of the localized character of the wave 

function typical of most molecular thin films.130 In contrast, population of a molecular 

affinity level or molecular resonance has been reported in the past.127,133 However the 

unusual properties of the electrostatic environment at the interface between VONc and 

HOPG and the unusual growth mode of VONc make it possible at least in principle that 

direct photoinduced electron transfer could occur in this system. Momentum-resolved 

measurements presented in Chapter 6 will resolve this issue conclusively. The unifying 

implication of both models is however that the electrostatic environment at the interface 

directly impinges on the interfacial electronic structure and the charge-transfer dynamics 
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to form a VONc anion. 

5.5.2  IS2 as a screened VONc image-derived state  

Above 0.6 ML, a second image-derived state begins to appear, displaying also a 

somewhat decreasing �nal state energy with coverage (Fig. 5.7). Remarkably, the state is 

no longer observed with any major intensity at coverages above 1.7 ML. It resides at 

higher final state energies than the clean HOPG image state or IS1, and is strongest 

around 1 ML. The energy and intensity evolution of IS2 with coverage point to its origin 

as a VONc-screened image-derived state generated at the interface of HOPG with a 

monolayer of VONc. Its emergence only near 1 ML and its disappearance near 2 ML 

indicate that it exists only either when patches with a surface density of 1 ML begin to 

appear, or at least, given the 2D gas-like growth of VONc on HOPG, when the interfacial 

environment starts to resemble that of 1 ML VONc on HOPG. When measured against 

the global vacuum level, IS2 at 1 ML displays a binding energy of 1.00 eV. This is 

considerably larger than the value of 0.85 eV for n = 1, derived from the simple Rydberg-

like model (Chapter 1). This high binding energy suggests that IS2 is not a pure image 

state but instead contains some affinity-level character also. While no value of the VONc 

electron affinity has been reported so far, inverse photoelectron spectroscopy 

measurements on related phthalocyanines suggest that the anion ground state is not 

significantly different from the �rst excited state of the neutral molecule, placing the 

electron affinity at an estimated 3.3 eV.134,135
 
There are therefore likely further af�nity 

levels between this value and the vacuum level, making a contribution to IS2 by some 
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af�nity level with a positive electron affinity likely.  

The effect of an af�nity level on image states has been successfully described by 

the dielectric continuum model (DCM),35,136,137 at least for well-de�ned �lm thicknesses 

of 0,1,2,… ML. The DCM treats the adsorbate layer as a dielectric continuum whose 

conduction band or electron af�nity modi�es the screened image potential inside the 

layer. The complete potential is constructed piecewise from the potential inside the 

dielectric and the potential outside the dielectric. The potential inside the dielectric slab is 

given by128  
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z is the distance from the HOPG surface, �  is the static dielectric constant of VONc, t is 

the thickness of the VONc layer, and EA is the electron affinity. The static dielectric 

constant �  at 1 ML at the interface can be estimated by 138
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where 0,m̂  is the permanent ground state molecular dipole moment component 

perpendicular to the surface and m̂ (� dip) is the dipole moment at a particular molecular 

surface density � dip. In the case of the highly oriented thin �lm of dipolar molecules, 

m̂ (� dip) differs from 0,m̂  because of depolarization as discussed earlier. In Chapter 3, it 

is reported that m̂  (� dip = 1 ML) = 1.7 D and hence �  = 1.62.
 
An effective dielectric 

thickness of 5 Å at 1 ML was chosen, in agreement with previous estimates.
  

The potential outside of the dielectric slab is given by 128
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The potential inside the slab and the potential outside the slab were linearly interpolated 

from the boundaries Vi(t-b/2) to Vo(t+b/2), where b = 3 Å, so as to generate a continuous 

potential from the inside of the dielectric layer to the outside of the dielectric layer. This 

procedure and the interpolation parameters chosen here have been employed successfully 

to investigate energies of image-like states for different dielectrics and 

surfaces.117,128,139,140 The principal free parameter adjusted in the DCM calculations is the 

molecular electron affinity, with all other parameters estimated directly from experiment. 

Using Equations 5.2 – 5.8, the calculated potential energy for 1 ML VONc as a function 

of distance from the surface is displayed at the bottom of Figure 5.12.  

The 1D-Schrödinger equation for the image state in this modi�ed potential was 

then solved using the Numerov method.141 The 1D-Schrödinger equation is 
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The Numerov method allows for the 1D-Schrödinger equation to be solved numerically 

through the use of a Taylor series expansion. For a function )(zf this expansion is 
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Let the point where az º be zn, and the distance szz n º-  (in other words z – a = s). 

Replacing z and a  in terms of zn and s, and carrying out the expansion to 5th order, 

Equation 5.10 becomes 
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Adding Equations 5.11 and 5.12 and neglecting terms in s6 and higher, since s is very 

small, gives 
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Rearranging Equation 5.13 and setting )(1 szff nn -º- , )( nn zff º , and 
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To obtain the ivf  term in Equation 5.14 in terms of ''f , Equation 5.14 can be multiplied 
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by s2 and f can be replaced by ''f . Upon dropping the resulting s6 term and rearranging 

the terms, the resulting equation is obtained 
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Returning to the 1D-Schrödinger Equation 5.9, and rearranging it in the form 
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Substitution of the Schrodinger equation yy G=''  into Equation 5.16 and solving for 
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In order to solve Equation 5.18 for all 1+ny , initial values of ny  and 1-ny  must be 

estimated. The eigenvalue (in G) was found by starting with Eguess, and then revising that 

value until the eigenvalue chosen caused the wave function to return to zero at large z. A 
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further requirement for the n = 1 eigenvalue was that no nodes be present in the wave 

function when plotting 
  vs. z. I experimented with two methods for estimating the initial 

values of ny  and 1-ny : In the first method, the HOPG surface was represented as an 

idealized surface with an infinite potential (hard wall), so that at z £  0 Å, 0=y . In this 

case, 1-ny  = 0 at z = 0 Å. Increments of 0.05 Å were used for s, and at the second point, z 

= 0.05 Å, 0001.0=ny . These initial values resulted in a bare HOPG image state binding 

energy eigenvalue of 0.85 eV. Smaller values of ny between 0.0001 and 0 for initializing 

ny  left the outcome unaffected, i.e. the resulting eigenvalue and probability density 

maximum were the same, only the normalization factor changed. In the second method, 

the same s increments were used, but the wave function was allowed to penetrate slightly 

into the HOPG surface by using a finite potential of 4 eV inside of the HOPG from          

z = -0.1 Å to z = 0 Å. Image state wave functions inside the projected gap have a rapidly 

decaying amplitude into the bulk. In this case 1-ny , was set to zero at z = -0.1 Å and ny  

was set to 0.0001 at z = -0.05 Å. A constant potential of -7 eV was used in G for z = 0 to 

~0.5 Å, switching to ( )zVo  when the potential intersected -7 eV. These initial values 

resulted in an image state binding energy of 0.90 eV, in excellent agreement with 

experiment. This initialization was used for calculations of IS2 at 1 ML. To calculate the 

IS2 binding energy with 1 ML VONc coverage the following potentials were used to 

account for the organic layer: For z = ~0.5 Å to 3.5 Å, ( )zVi  (Equation 5.2) was used in 

G, for z = 6.5 Å to 55 Å, ( )zVo  (Equation 5.6) was used, and for the region z = 3.5 Å to 
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6.5 Å, a linear extrapolation between the potentials in Equation 5.2 and Equation 5.6 was 

used in the form of 
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As seen in Figure 5.12, 
2

Y  approaches zero near z = 15 Å and the corresponding 

eigenvalue (BE) is given in Table 1. This method is general and works also for n = 2, 3… 

eigenvalues by following the same approach, except that for n = 2, an eigenvalue is 

chosen that returns the wave function to 0 at large z and introduces one node, for n = 3 

two nodes, etc.   
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Figure 5.12. IS2 DCM n = 1 probability density (upper panel) and potential for 1 ML 
VONc on HOPG, assuming an electron affinity of 0.80 eV. IS2 is largely located inside 
the molecular layer. 
 

As can be seen in Table 5.1, an af�nity level with an electron affinity of 0.80 eV 

reproduces the observed binding energy of 1.00 eV extremely well.  
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Table 5.1. Image state size and estimated affinity level energies for 1 ML VONc/HOPG, 
obtained from the DCM for two different vacuum levels. 

 |	 |2 (z) 
maximum 

(Å) 

Electron 
Affinity (eV) 

Binding 
Energy (eV) 

Clean HOPG 2.0 NA 0.90 
IS2 1 ML versus global VL 2.7 0.80 1.00 
IS2 1 ML versus local VONc VL 2.7 0.74 0.95 
 
 

The DCM shows that the wave function resides predominantly inside the 

dielectric layer, in keeping with a molecular layer with a positive EA. Estimating the EA 

at 3.3 eV,134,135
 
the EA value obtained here is quite different. Instead, the associated DCM 

EA at 1 ML corresponds to an excited level of the VONc anion. The exact nature of such 

a high-lying excited anion state is experimentally unknown and is currently difficult to 

access computationally because DFT is imprecise for high lying excitations and VONc is 

too large of a molecule for ab initio methods.142 Interestingly, observation of image state 

interactions with higher lying affinity levels (rather than the ground state of the VONc 

anion) hints at the resonant character of excitation at these interfaces, as predicted by 

Rous.115,116 The HOPG image state and affinity levels appear to require a degree of 

coupling not explicitly built into the DCM. Note that the DCM can in principle not 

account for the presence of multiple EA’s such as are present in organic semiconductors. 

The near-resonant character of this interaction suggests that this complication can indeed 

be ignored, as already demonstrated by Wang et al.127
 
 

The question arises whether the global vacuum level is the appropriate reference 

level for IS2, since it is only established in the far-�eld at distances that extend 
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considerably beyond the expectation value of 2.7 Å for the n = 1 screened image state 

size. In order to shed light on this issue the coverage evolution of IS2 was investigated. In 

Fig. 5.13b), the IS2 binding energy is shown relative to the coverage-dependent global 

vacuum level, appropriate if IS2 were pinned to the far-�eld potential. In Fig 5.13c), IS2 

binding energy is shown relative to the �xed 1 ML global vacuum level, appropriate if 

IS2 were indeed pinned to the far-�eld potential of 1 ML patches. In both cases, the IS2 

binding energy drops by several hundred meV over the coverage range investigated. This 

suggests that neither vacuum level is fully appropriate; given a maximum probability 

density of 2.7 Å according to the DCM, the near-�eld potential may in fact be more 

relevant. This potential is referred to hereafter as the local VONc vacuum level, empha-

sizing however its conceptually different character (established in the near-�eld) from the 

global or HOPG vacuum levels (established in the far-�eld).  

In order to estimate the energy of this local VONc vacuum level, the electrostatic 

model is used to calculate as a function of coverage the average near-�eld potential above 

a layer of polarizable ground state VONc molecules with 0,m̂ = 2.7 D. Based on this 

simple estimate, the �rst few molecules deposited onto HOPG raise the calculated 

electrostatic potential by 0.21 V in the near-�eld. As the surface coverage is increased, 

depolarization reduces the near-�eld potential, thus causing a reduction in the estimated 

local VONc vacuum level. At 1 ML, the VONc molecules are fully depolarized since the 

maximum “O up” packing density is reached, and IS2 remains pinned to this potential 

given its character as a screened 1 ML image-derived state.  
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Figure 5.13a) shows a comparison of the evolution of all three vacuum 

levels/potentials discussed, and in Fig. 5.13d) is displayed the binding energy evolution 

of IS2 pinned to the local VONc vacuum level. Despite the somewhat crude ap-

proximations involved in estimating the local VONc vacuum level, the IS2 binding 

energy appears relatively constant over the whole range of coverages, suggesting that an 

image-derived state in a dipolar lattice is indeed pinned to the near-�eld rather than the 

more conventional far-�eld potential. The relatively large scatter at coverages above 1.5 

ML may be expected if domains of varying thickness are formed in this regime.  

If the DCM offers a valid perspective, the location of the af�nity level at 1 ML 

must be reevaluated given a slightly altered IS2 binding energy, now with respect to the 

local VONc vacuum level. Table 5.1 shows that the difference in EA and the maximum 

of |
 |2 is rather minor and beyond the resolution of the approximations used. Moreover, 

the complex electrostatic potential landscape at the surface of a layer of dipolar 

molecules makes the simple form of the potential energy for the image electron and more 

generally the treatment of the adsorbate as a dielectric continuum somewhat dubious. The 

DCM most likely gives a reasonable interpretation of the high IS2 binding energy 

because of the small energy difference between the global and the local VONc vacuum 

level at 1 ML, resulting in only minor differences between the DCM potential and the 

electrostatic potential of the dipolar layer. While the approach discussed here is 

somewhat simplistic, DCM and near-�eld potential still offer a �rst approximation to the 

nature of IS2 despite the complexity of the surface. 
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Figure 5.13. a) Coverage-dependent global vacuum level obtained from a fit of Topping 
equation to the secondary electron cut-off, fixed vacuum level for 1 ML-like domains, 
and local VONc vacuum level calculated from the near-field potential of a VONc film. 
Beyond 1 ML, IS2 is assumed to correspond to the screened image-derived state above 1 
ML domains only. b) IS2 binding energy vs. coverage-dependent global vacuum level. c) 
IS2 binding energy vs. fixed 1 ML global vacuum level. d) IS2 binding energy vs. local 
VONc vacuum level. 

 

5.6  Conclusions 

In this chapter, I investigated the interfacial electronic structure of thin �lms of 

VONc on HOPG in the image state manifold. I observed the formation of two different 

image-derived states existing in different coverage regimes. IS1, found predominantly 

between 0 and 1 ML, is derived from bare HOPG and displays a binding energy 

increased by the presence of a progressively stabilizing near-resonant af�nity level. This 

state constitutes thus an image state/anion hybrid with HOPG image state character and 
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offers an excellent model system for interfacial charge-transfer. In contrast, IS2 is a 

VONc-screened image-derived state, somewhat stabilized by a high-lying af�nity level of 

VONc and present above 1 ML-like areas in the �lm. Both coverage evolution and a 

simple DCM-based estimate suggest that it is pinned to the near-�eld potential of the 

VONc �lm due to its substantial probability density within the molecular layer.  

The oriented VONc molecular dipoles in the thin annealed �lms studied 

demonstrate the direct impact of interfacial electrostatic �elds on the molecular and hence 

interfacial electronic structure. Perhaps even more importantly, these data suggest that 

interfacial charge-transfer—observed here in the guise of electron transfer from HOPG 

into VONc—is strongly modulated by the presence of such �elds. It will be important to 

observe the charge-transfer dynamics directly as well as to investigate the nature of 

dispersion in the spectral region of these hybrid image states. The dispersion properties of 

each of these states will be discussed in depth in the next chapter. 

These results are fully consistent with the notion of enhanced cross-sections for 

anion formation in the case of resonance between molecular af�nity levels and image 

states, as �rst proposed theoretically by Rous.115,116
 
The depolarization induced detuning 

of the molecular af�nity level with the HOPG image state weakens the interaction 

between molecule and substrate, decreasing the intensity of IS1 at higher coverage. The 

coverage-dependent continuous change of the VONc anion energy levels permits 

therefore for the �rst time a detailed observation of the energy dependence of interfacial 

coupling between a large organic semiconductor and the metal surface. In order to test 

this interpretation further, it will be important to develop an accurate theoretical descrip-
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tion of the electron scattering dynamics at interfaces based on a realistic description of 

the interfacial environment.  
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CHAPTER 6  

ANGLE-RESOLVED TWO-PHOTON PHOTOEMISSION OF VANADYL 
NAPHTHALOCYANINE ON HIGHLY ORDERED PYROLITIC GRAPHITE: 

EXAMINATION OF THE IMAGE STATE 

6.1  Introduction  

In Chapter 5, it was shown that the image state of HOPG undergoes alterations as 

the HOPG/vacuum interface is transformed by the addition of VONc. Careful inspection 

of the data indicated that the HOPG image state interacts with a close lying affinity level 

of VONc. As the VONc molecular density at the surface increases, this affinity level, like 

the other molecular states of VONc, becomes depolarized. This depolarization causes it 

to shift to higher binding energies as a function of coverage and appears to pull the 

HOPG image state to higher binding energy with it.  

The question of how the HOPG image state and the VONc affinity level interact 

was left open in chapter 5, but two possibilities were presented: i) Electron transfer 

occurs from HOPG to VONc via scattering, or ii) excitation occurs into a single hybrid of 

the two states. The research presented in this chapter was designed to help decide 

between these possibilities. Each scenario coincides with different electron dispersion 

properties of the states involved, which can be found through the use of angle-resolved 

two-photon photoemission (AR-TPPE). In the electron scattering picture, the electron 

scatters out of the image state and into an affinity level of VONc. Since scattering 

corresponds to an indirect electron transfer, it is not necessary for the electron donating 

state and electron accepting state wave functions to be similarly dispersive. However, for 

direct electron transfer to take place between the image state and an affinity level, or if a 
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single image state/affinity level hybrid state is formed, the dispersion properties must be 

similar to get a significant amount of wave function overlap. Measurement of the excited 

state band structure can therefore help differentiate between the various charge-transfer 

scenarios. Pure image states while bound along the direction of the surface normal are 

freely dispersive in the plane of the surface. Large effective mass meff obtained for IS1 

would point to an indirect charge-transfer path, while small meff  would be more typical of 

delocalized image-like states and hence coherence between the HOPG image state and 

VONc anion state. 

Additionally, it was shown in the last chapter that approaching 1 ML coverage a 

new state, IS2, appears. However, it was somewhat unclear if this state is an image state 

hybridizing with VONc molecules or if it is a pure anion state that becomes accessible in 

the scattering regime due to depolarization. Here, I also examine the dispersion properties 

of this state to determine whether this state originates from an image state or possesses 

the properties of a molecular anion. The observations for thin films between 0 and 1 

monolayer enable clear differentiation between delocalized image states and localized 

molecular anion states formed by interfacial charge-transfer in all these cases.  

This chapter is organized as follows: Section 6.2 presents the experimental 

techniques and methods used. Section 6.3 provides data on the image state of the pure 

graphite surface, followed by a detailed presentation of the spectroscopic results upon the 

addition of VONc, organized separately around the different species observed at this 

interface. Section 6.4 investigates the implications of these results for interfacial charge-

transfer and the chapter concludes with a brief summary in section 6.5. In what follows, I 
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will show by means of AR-TPPE that i) IS1 contains both a localized anion component 

nearly resonant with an image state, ii) that this anion state stabilizes with coverage 

consistent with depolarization and iii)  that IS2 is a mixed image state/affinity level 

localizing at 1 ML.  

6.2  Materials and Methods 

6.2.1  Sample preparation  

HOPG was prepared as described in Chapter 3. Once a clean HOPG surface was 

obtained, evidenced by a sharp image state peak with TPPE, and a work function of 4.5 

eV with UPS, VONc was deposited onto the surface under the conditions described in 

Chapter 3. Throughout this chapter, coverage for the annealed films is given in terms of 

fractions of the full monolayer (ML). The thin films were subsequently annealed 

overnight at 150 °C, resulting in a largely island-free film dominated by the “O up”, i.e. 

oxygen-terminated orientation of the flat-lying VONc molecules on the surface. 

6.2.2  Two-photon photoemission spectroscopy  

The sample was introduced into the photoelectron spectrometer (VG EscaLab MK 

II) equipped with an integrated sample heater, and all spectra were obtained at room 

temperature. Each film was first analyzed using He(I) UPS (SPECS UVS 10/35, 30o 

angle of incidence from normal) in order to confirm coverage and global vacuum level. 

The vacuum level was measured by the procedure outlined in Chapter 3. TPPE was 

initiated using the same conditions as described in Chapter 4, except that the laser power 

was increased to 350 pJ per pulse to compensate for the loss of signal due to the 
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reduction of the sample bias from -5 V to -3 V and from the introduction of an additional 

aperture in front of the hemispherical analyzer lens. The lower bias was chosen in order 

to prevent electron parallel momentum information from becoming obscured by large 

electric fields. The additional aperture was necessary to discriminate between electrons 

emitted from the surface with different parallel momenta. 

6.2.3  Effective mass measurements  

Some unoccupied states were found to have a strongly dispersive nature. In order 

to measure this dispersion, the analyzer acceptance angle was restricted to ± 1.5°, 

resulting in photoelectron signal reduction of a factor of 10. However, this restriction of 

the acceptance angle allowed for greater angular resolution. The sample was rotated in its 

holder along an axis perpendicular to both the principal spectrometer axis and the laser 

beam. Angular measurements extended typically from k|| = -0.1 Å
-1 

to k|| = 0.3 Å
-1 

with a 

momentum resolution of 0.03 Å
-1

.  

The effective mass was determined by measuring the angular dependence of the 

photoelectron kinetic energy. Since k|| is conserved upon photoemission, its value was 

obtained from  

 qsin
2

|| �
kineEm

k =      

where me is the electron mass in vacuum, Ekin is the kinetic energy of the photoelectron as 

it leaves the sample (i.e. before the -3 V bias has accelerated the electron) and 	  is the 

emission angle relative to the surface normal. Using the values obtained for k|| in 

6.1 
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Equation 6.2 and fitting Ekin(k||) to a parabola affords the effective mass meff.  
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6.2.4  Reference energy levels  

Several different choices of reference level are relevant for (sub-)monolayer films 

of VONc on HOPG. The closest connection to Ekin is provided by the final state energy 

Efinal, (Efinal = Ekin + � ), which measures the total energy above Fermi level EF after light 

absorption (see Fig.6.1): As discussed in Chapter 4, photoelectrons originating from 

occupied levels with energy Eocc have a final state energy Efinal = Eocc +2h�  � EF, with a 

slope of 2 when plotting Efinal against photon energy h� , while photoelectrons from 

unoccupied states with energy Eunocc have a final state energy Efinal = Eunocc + h�  � EF, 

with a slope of 1 in a plot of Efinal against photon energy. This procedure was used to 

assign the origin of the different features observed in the TPPE spectra of VONc/HOPG 

as shown in Chapters 4 and 5.
 
For unoccupied levels, the intermediate state energy is the 

energy of the state relative to EF.  

 

6.2 
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Figure 6.1. Illustration of different energy scales, including kinetic energy, final state 
energy and intermediate state energy. Electrons from occupied states (such as HOMO) 
are ejected with two photons. Upon population of unoccupied states (such as L0 and n = 1 
image state), electrons are emitted with one photon. 
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Unlike molecular states, image states are pinned to the vacuum level and several 

different vacuum levels can be envisaged at fractional ML coverages of VONc. The 

global vacuum level is obtained from the work function measurement described above 

using the SECO in the photoelectron spectra. It represents a lateral long-range average 

over both VONc molecules and open HOPG patches in-between molecules. For the 

present studies, the global vacuum level is mainly used to confirm coverage, and is not 

relevant as an image state vacuum level reference at sub-monolayer coverages: Pure 

image states are pinned to the local vacuum level.122,123,126 The local vacuum level is 

short-range by nature and corresponds to the electrostatic potential above a locally 

uniform area on the surface. A HOPG image state, still observable at sub-monolayer 

coverages as demonstrated below, is pinned to the vacuum level of bare HOPG (work 

function � HOPG = 4.48(3) eV), even though the work function as determined by the 

global vacuum level is 200 meV higher with the addition of VONc. 

6.3  Results 

6.3.1  The image state of bare HOPG  

Since a complete analysis of the VONc/HOPG system requires precise knowledge 

of the HOPG image state and its properties, I will first discuss AR-TPPE from the image 

state of a clean HOPG surface. As seen in Chapter 5, the HOPG n = 1 image state was 

observed in single-color TPPE using two 3�  photons with energies above 3.96 eV.
19,28 

The experimentally determined energy of this state, Eunocc = 3.57(3) eV, translates to a 

binding energy of EB = 0.91(1) eV. This is a slightly higher binding energy than that 
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reported in Chapter 5, and is due to the addition of the angular restriction of the analyzer 

aperture. Reducing the acceptance angle to ±1.5o excludes electrons with higher parallel 

momentum from contributing to the peak at normal emission at G. 

A series of full AR-TPPE spectra of bare HOPG acquired at photon energy of 

4.04 eV are presented in Figure 6.2a), and the high kinetic energy region of the spectra is 

shown in Fig. 6.2b). At 	  �  0°, the spectra in Fig 6.2b) show a single dominant feature 

with a predominantly Lorentzian peak shape characteristic of the n = 1 HOPG image state 

with a finite lifetime. This feature is strongly dispersive, developing a somewhat 

asymmetric peak shape at larger emission angles 	  . The asymmetric peak shape was 

approximated using a split Pearson VII profile, a peak shape which converges to 

Gaussian and Lorentzian limits depending on the shape parameter, m. The following 

expression describes the Pearson VII profile, used for fits of symmetric image state 

peaks:  

 

mm

hwhm
xx

Ixf
]))(12(1[

1
)(

20/1
max -

-+
=     

where Imax is the maximum peak height, hwhm is the half-width at half-maximum, x0 is 

the peak center, and m is the shape parameter. The Pearson VII profile becomes 

Lorentzian as 1®m and Gaussian as ¥®m . For asymmetric peak shapes, the split 

Pearson VII was used in which the left and right sides of the peak each have an 

independent hwhm and m. This asymmetric peak profile was necessary for spectra at 

large k||, where the k||-dependent DOS and possibly deformations of the electric field 

6.3 
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between sample surface and analyzer lead to asymmetric broadening of dispersive bands. 

Fitting the image state feature with this function, the image state dispersion could be 

obtained: Fig. 6.3 shows the associated dispersion curve, yielding an effective mass meff = 

1.05(7). Therefore electrons in this state are essentially free in the plane of the surface, as 

expected for an image state. This value of meff is in good agreement with several angle-

resolved inverse photoelectron spectroscopy (ARIPES) reports, both azimuthally 

resolved and domain/orientation-averaged.143–145  
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Figure 6.2. a) Bare HOPG full scans obtained with photon energy of 4.04 eV b) Bare 
HOPG spectra showing only high kinetic energy side from a). Angles between -6 and 
-10 degrees were added to the figure from a later experiment (all other scans were 
obtained on same day). 
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Figure 6.3. a) Image state peak intensity as a function of polar emission angle and final 
state energy. b) Dispersion of the n = 1 image state on clean HOPG. A fit of this curve to 
Equation (2) gives an effective mass of 1.05(7). 



 

 

217 

 

These observations reflect directly on the unoccupied region of the HOPG band 

structure. The HOPG surface is azimuthally disordered since it is not single crystalline. 

The resulting angle-resolved spectra are thus averaged over the GMand GKdirections as 

can be seen in Figure 6.4. It is clear from band structure calculations108,146,147 that the 

image state cannot be directly excited at G with photon energies around 4 eV (Figure 

6.5): The maximum of the � -band lies approximately 4 eV below EF, requiring at least 

7.5 eV to excite the image state, well outside the range of photon energies used here. 

Instead, a non-k-conserving transition from the � -band must be involved, most likely in 

the vicinity of the K and M  points. This is further supported by several other non-k-

conserving transitions observed in a number of different AR-IPES studies of HOPG.144,148  

 
 

 
 

Figure 6.4. Illustration of the 1st Brillouin zone of graphite with 
 , � , and �  points 
labeled. 
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When putting the meff of the image state in the context of the different band 

structure calculations, the observed free-electron-like meff �  1 is most consistent with a 

mid-gap position of the image state: A simple phase-shift model (as discussed in Chapter 

1), successfully used to obtain a qualitative explanation of the observed meff of image 

states on several noble metal surfaces,34,41,42 predicts meff �  1 and EB �  0.6 eV for image 

states far away from band edges. The band structure calculations by Fitton and coworkers 

and Tatar et al. 108,147 find the bottom of the � *-band at approximately 7.5 eV above EF, 

putting the image state towards the center of the gap, as shown in the combined HOPG 

band structure and molecular energy level diagram in Fig. 6.5. In contrast, Holzwarth et 

al.146 obtain a � *-band minimum at approximately 4.5 eV above EF, in close proximity of 

the HOPG vacuum level. Within the phase-shift model, this would place the image state 

close to the upper band edge and result in an effective mass deviating from meff �  1, at 

variance with our measurements. 
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Figure 6.5. Combined molecular energy level diagram for VONc and calculated HOPG 

band structure.
19,33 

The molecular levels (HOMO: ground state; L0, L1: First Frenkel 
excitonic states; L2, L3: Second Frenkel excitonic states) are non-dispersive. HOPG bands 
(IS: n = 1 image band of pure HOPG; � , � * and � *, �

 
bands) are strongly dispersive in the 

GM  and GKdirections. EF: Fermi energy; EVL: Vacuum level.  
 
 
 Referencing the HOPG band structure, strong dispersion in what was labeled the 

� * band in Chapter 4 (see also Fig 6.2a)) may be expected. This feature was identified as 

an unoccupied level according to its slope of ~1.0 when plotting its final state energy 

against photon excitation energy. The spectral position of this level is also in agreement 
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with that of the � * band reported by others using TPPE.149 However, little to no 

dispersion in this band was detected, which further supports the occupation of this level 

via non k||-conserving transitions, along with the fact that the band is not energetically 

accessible at the 
  point. 

6.3.2  Addition of VONc to HOPG 

Fig. 6.6 shows the evolution of the image state region of VONc/HOPG and of the 

global vacuum level as measured by the secondary electron cut-off, acquired at a photon 

energy of 4.04 eV. At coverages approaching 1 ML, a new feature appears, labeled IS2, 

which was previously assigned to a VONc-screened image state from ML-like areas of 

VONc on HOPG.
 
Also shown are two excited states L2 and L3 and the HOMO band, the 

latter asymmetric due to a vibronic progression. 
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Figure 6.6. Overview TPPE spectra obtained at a photon energy of 4.04 eV showing 
secondary electron cut-off region (left panel) and image state region (right panel) for 0 – 
1 ML annealed films of VONc on HOPG. The sharp feature at a final state energy around 
7.6 eV is the image state-like feature IS1. 

 

Full spectra of ¼ ML VONc on HOPG are presented in Figure 6.7. On the low 

kinetic energy side, the new feature composed of L0 and L1 appears due to the addition of 

VONc molecules to the surface (see chapter 4). On the high kinetic energy side, the 

image state is barely visible in Figure 6.7, as the image state intensity has declined 

considerably with respect to the low kinetic energy features in the spectra. In Fig. 6.8a), 

the high kinetic energy/final state energy side is shown before background subtraction 

along with a green line representing the background of an exponential decay plus 
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constant. This empirical procedure was found to represent the AR-TPPE spectra of 

HOPG well and led to robust fits of spectra at all VONc coverages and angles 

investigated. In Fig. 6.8b) the background-subtracted image state region of AR-TPPE 

spectra of a ¼ ML VONc film, in polar angle steps �	  of 4° and acquired at a photon 

energy of 4.04 eV is shown. The complete sequence was taken in 2º increments.  
 

 

Figure 6.7. Full AR-TPPE spectra of ¼ ML VONc/HOPG, acquired with photon energy 
of 4.04 eV. L0, L1 indicated with green and magenta, L2, L3, HOMO, IS, anion peaks 
barely visible just above 3 eV. 
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Figure 6.8. a) High final state energy side of ¼ ML VONc on HOPG spectrum before 
background subtraction. b) AR-TPPE spectra (open circles) and spectral fits (green solid 
line) of an annealed film of ¼ ML VONc/HOPG, acquired with a photon energy of 4.04 
eV. HOMO (red), L2 and L3 (grey and dark navy) band positions show no dispersion and 
their line-shape is unaffected by the emission angle. A dispersive image state (IS, teal) 
and a non-dispersive anion state (magenta) are also detected, forming together the image-
like feature IS1.  
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Compared to the AR-TPPE spectra of clean HOPG in Fig. 6.2b), additional 

features at final state energies lower than the image-like state IS1 can be observed at all 

emission angles. Based on previous UPS and TPPE data, these features can be identified 

as the VONc HOMO and two excited states L2 and L3.
 

6.3.2.1  The image state feature IS1  

In order to investigate the nature of the IS1 further, the intensity, dispersion, and 

energy shifts of this peak in annealed films of 0 – 1 ML VONc will be the focus of this 

section. As can be seen in Figure 6.8b) spectra at points away from G undergo significant 

change over the range of angles investigated. While the molecular features HOMO, L2 

and L3 do not show any dispersion or peak-shape changes, IS1 appears to undergo at first 

somewhat asymmetric broadening; at large polar angles it becomes obvious that it 

contains in fact two features, one dispersive and one non-dispersive. In order to 

understand the AR-TPPE spectra more quantitatively, the spectra were fit in a non-linear 

least-squares procedure. For this purpose, and in agreement with AR-UPS results of the 

occupied manifold, the energies of HOMO as well as L2 and L3 were kept fixed in order 

to reflect their localized, molecular nature. The band-shape for the HOMO is known from 

UPS, consists of a vibronic progression of Voigt profiles with a Huang-Rhys factor of 

0.25(5) and was assumed to be independent of polar angle 	 . The band shapes for both L2 

and L3 are well approximated by Voigt profiles, as already reported in Chapter 5.
 
IS1 

could be decomposed into a non-dispersive or perhaps weakly dispersive Voigt feature 

and an asymmetric peak that is strongly dispersive. As for the image state on clean 
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HOPG, the asymmetry of the dispersive peak was well captured by a split Pearson VII 

profile, symmetric for small k|| and progressively developing stronger asymmetry for 

increasing k||. This combined approach was able to fit successfully all AR-TPPE spectra 

acquired at all polar angles and all thicknesses between 0 and 1 ML investigated despite 

a certain degree of spectral congestion; therefore the resulting fits represent the outcome 

of a global fitting procedure of all acquired spectra.  

The result of these fits for ¼ ML VONc/HOPG is also shown in Fig. 6.8b). 

Around G (
�R

0 ), the spectra are dominated by the two overlapping features making up 

IS1, with HOMO, L2 and L3 forming a broad set of overlapping peaks at lower final state 

energy. At larger k||, IS1 broadens and weakens significantly, slowly developing into the 

two distinct components, one dispersive and the other non-dispersive. These two features 

do not coincide completely at k|| = 0 Å
-1

, and the dispersive feature remains somewhat 

stronger at all values of k||. Similar spectra are observed also at ½ � 1 ML, with the 

notable difference that the dispersive feature weakens considerably and is no longer 

visible at 1 ML, while the non-dispersive feature is observed at all coverages (see Fig. 

6.9, 6.10, and 6.11 for AR-TPPE spectra and fits of ½ , ¾ and 1 ML, respectively).  Note 

that although the dispersive feature is indeed rather weak at ¾ ML coverage, spectral fits 

at large k|| indicate that this feature still contributes to the TPPE spectra in this region. 

Moreover, the intensity of the HOMO, L2 and L3 increases indeed with coverage, as 

expected for molecular features populated directly by transitions within the molecular 

manifold. 
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Figure 6.9. AR-TPPE spectra (open circles) and spectral fits (green solid line) of an 
annealed film of ½ ML VONc/HOPG, acquired with a photon energy of 4.04 eV. HOMO 
(red), L2 and L3 (grey and dark navy) band positions show no dispersion and their line-
shape is unaffected by the emission angle. A dispersive image state (IS, teal) and a non-
dispersive anion state (magenta) are also detected, forming together the image-like 
feature IS1. A second dispersive image state, IS2, (violet) is just beginning to appear. 
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Figure 6.10. AR-TPPE spectra (open circles) and spectral fits (green solid line) of an 
annealed film of ¾ ML VONc/HOPG, acquired with a photon energy of 4.04 eV. HOMO 
(red), L2 and L3 (grey and dark navy) band positions show no dispersion and their line-
shape is unaffected by the emission angle. A dispersive image state (IS, teal) and a non-
dispersive anion state (magenta) are also detected, forming together the image-like 
feature IS1. A second dispersive feature, IS2 (violet) appears on the high kinetic energy 
side.  
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Figure 6.11. AR-TPPE spectra (open circles) and spectral fits (green solid line) of an 
annealed film of 1.00 ML VONc/HOPG, acquired with a photon energy of 4.04 eV. 
HOMO (red), L2 and L3 (grey and dark navy) band positions show no dispersion and their 
line-shape is unaffected by the emission angle. The dispersive image state (IS, teal) is no 
longer visible, but the non-dispersive anion state (magenta) is still detected. The 
previously dispersive feature IS2 (violet) is no longer strongly dispersive. 

On the basis of the spectral fits of all AR-TPPE spectra between 0 and 1 ML 

VONc/HOPG, measured from zone center to k|| �  0.3 Å
-1

, dispersion curves for the 

different spectral features could be obtained. Fig. 6.12 shows the dispersion relationship 

for both features contained in IS1 in the ¼ ML film. One feature is highly dispersive with 

an effective mass meff = 1.00(7), while the other feature corresponds to a largely non-
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dispersive state with meff = 15(12). The immediate implication of this finding is that IS1 

contains a largely localized feature in combination with a state that is delocalized in the 

surface plane; given the delocalized state's energetic position at 3.56 eV above EF (0.92 

eV below the bare HOPG vacuum level) and its effective mass meff �  1, the latter can be 

assigned as the HOPG image state. The largely nondispersive state, with a somewhat 

uncertain effective mass due to spectral correlation with the HOPG image state 

particularly at low angles, corresponds to an excited anion state populated by interfacial 

charge-transfer from the HOPG image state. The VONc/HOPG system allows therefore 

the observation of both the delocalized substrate image state, pinned to the clean substrate 

vacuum level, and an essentially localized state associated with the VONc anion. Given 

the intermediate state energy of 3.54 eV, the state assigned as an anion cannot be due to 

direct excitation from the VONc HOMO (0.8 – 0.9 eV below EF), since an excitation 

energy of 4.04 eV is insufficient to induce such a transition.  
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Figure 6.12. Dispersion and estimated effective masses meff of anion (magenta) and 
image state (teal) for ¼ ML VONc/HOPG.  

 

The observation of an anionic VONc species imposes boundaries on interfacial 

charge-transfer rates and decay rates for both image and anion state: If interfacial charge-

transfer proceeded at a rate much faster than the two-photon photoemission process, 

observation of predominantly the anion would be expected; this is a common observation 

for many different systems.127,133,150 Conversely, if the HOPG image state or the anion 

decayed rapidly through interband scattering or internal conversion, the anion level 

would not be observable.  

Further insight is gained by comparing the evolution of the energy levels and their 

respective dispersion for different coverages between 0 and 1 ML. The evolution of the 
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global vacuum level as a function of coverage is shown in Fig. 6.13a), displaying the 

behavior characteristic of depolarization. The intermediate state energy Eunocc for the 

HOPG image state at k|| = 0 Å
-1 

stays almost constant at 3.56 – 3.57 eV above EF, as 

expected from AR-TPPE of clean HOPG. This indicates also the absence of any lateral 

quantum confinement effects from decreasing intermolecular distances on the image state 

binding energy as e.g. observed for C6H6 on Cu(111) and Ag islands on Pd(111).125,126 

We attribute the lack of quantum confinement in this system to the likely possibility that 

the image state electrons are delocalized over a fairly small region even on bare HOPG. 

Note that the HOPG image state is no longer observed at 1 ML, pointing to the formation 

of a high quality 1 ML film of VONc on HOPG. 
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Figure 6.13. a) Energies obtained from AR-TPPE at k|| = 0 Å
-1 

of HOPG image state (IS), 
affinity level (anion) and VONc-derived image state (IS2). Upper panel: Intermediate 
state energies measured above EF. Also shown is the evolution of the global vacuum 
level. Lower panel: Binding energy measured against the global vacuum level (VL), 
derived from the secondary electron cut-off. A discussion of the relevant vacuum levels 
can be found in Chapter 7. The error bars on the energies are smaller than symbol sizes. 
b) Effective mass of HOPG image state, anion and VONc-derived image state IS2 as a 
function of coverage.  
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Meanwhile, the non-dispersive anion component evolves toward progressively 

lower intermediate state energies Eunocc, in agreement with depolarization on the anion 

level. This conclusion, obtained from complete AR-TPPE spectra, supports the previous 

angle-integrated TPPE study and shows clearly that IS1 contains both a molecular level 

and an image state component.  

The evolution of meff for the various states, obtained from global fits of AR-TPPE 

spectra at all coverages between 0 and 1 ML, shows that the HOPG image state retains an 

effective mass meff �  1 as long as it can be observed (Fig. 6.13b). Therefore this 

component of IS1 stems from bare HOPG areas and represents image state electrons that 

are delocalized in the plane of the surface. In order to support an image state with 

approximately free-electron behavior, the diameter of the bare HOPG surface area must 

be at least on the order of a few Å,126 readily available for average intermolecular 

distances in a 2D-gas at coverages below 1 ML and in agreement with the wave function 

size estimate above. 

In comparison, the anion effective mass stays within the range of meff = 4 – 15, 

well localized at all coverages. The dispersion of this state is minor, leading to large error 

bars on the precise value of the estimated meff. This localization is the hallmark of an 

anion state of weakly interacting VONc molecules, supported also with the binding 

energy somewhat lower than that of the image state. While both image and anion feature 

overlap significantly at k|| �  0 Å
-1

, their different dispersions lead to distinct features in 

the AR-TPPE spectra, clearly distinguishable at high k||.  
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6.3.2.2  The VONc-derived image state IS2  

In annealed films at coverages approaching 1 ML, an additional feature IS2 

emerges (as seen in Figs. 6.9-6.11) at k|| = 0 Å
-1

, converging to a binding energy of 

1.02(2) eV against global vacuum level (Eunocc = 3.66(2) eV) at 1 ML. Careful inspection 

of the TPPE spectra shows that this IS2 feature is first weakly observable at ½ ML. In 

Chapter 5, it was interpreted as arising from an image state at the monolayer-covered 

VONc/HOPG surface (VONc-derived image state)
 
and described well by a dielectric 

continuum model.128 The binding energy, quite high for an image state, arises from 

mixing with a VONc affinity level.
 
However, the data presented in the last chapter, could 

not rule out the possibility that IS2 was purely an excited VONc anion state. Further 

insight into the nature of IS2 can be gained from AR-TPPE spectra and their fits, shown 

for ½ ML – 1 ML VONc/HOPG in Fig. 6.9-11. The IS2 feature, though quite weak at 

coverages below 1 ML, is clearly energetically separated from the HOPG image state and 

anion peaks and responsible for the high final state energy tail of the AR-TPPE spectra. 

The intermediate state energy Eunocc evolution of IS2 is shown in Fig. 6.12a).  

From fits of the AR-TPPE spectra in Figs. 6.9-11, a measurement of the IS2 

dispersion is obtained, resulting in an effective mass meff = 1.1(2) for IS2 at ½ ML and 

meff = 1.2(2) at ¾ ML, indicative of free electron behavior in the surface plane. This 

observation confirms the assignment of IS2 as an image-like state. The effective mass is 

free-electron like for coverages below 1 ML, but shows the signature of localization onset 

at a coverage of 1 ML with 5@effm  (Fig. 6.11). Even though meff �  5 indicates an 
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electron no longer completely free in the surface plane, meff is significantly smaller than 

that of anions in organic crystals.151 Thus IS2 is not a pure anion level. Instead, the IS2 

wave function contains contributions from both the VONc/HOPG image state and the 

anion state. This reasoning is supported by a dielectric continuum model analysis, 

assigning IS2 as a hybrid image state/VONc affinity level (Chapter 5).
 
IS2 remains a 

single feature with a single dispersion behavior, unlike IS1, which could be decomposed 

into a non-dispersive anion component and the free electron-like HOPG image state.  

6.4  Discussion 

The AR-TPPE spectra of VONc/HOPG in the 0 – 1 ML range shed light on the 

subtle interactions at this dipolar organic semiconductor interface, uncovering evidence 

for the charge-transfer mechanism between the image state and molecular affinity level. 

The different image states provide a fingerprint of the different interfacial charge-transfer 

physics at work. The dispersion behavior of the IS1 (HOPG image state and anion level) 

and IS2 features is radically different, even though formally both the HOPG and the 

VONc-derived image state involve coupling to an affinity level.   

Changes in binding energy of the anion level in IS1 and of IS2 as a whole can be 

understood in the context of the influence of interfacial electrostatics.
 
The spectroscopic 

separation of the anion and image state components in IS1 by AR-TPPE together with the 

measurement of their respective meff provides independent confirmation for the presence 

of an anion level and its coverage-dependent stabilization interpreted with the aid of a 

simple electrostatic model. The simultaneous observation of the two near-resonant 



 

 

236 

 

components of IS1, separable only because of fundamentally different dispersion 

properties, offers an opportunity to shed light on the charge-transfer processes at this 

interface.  

The question of how the HOPG image state and the VONc affinity level interact 

can be addressed. Of the two possibilities: i) Electron transfer occurs from HOPG to 

VONc via scattering, or ii) excitation occurs into a hybrid of the two states, the hybrid 

mechanism for charge-transfer can be eliminated. For direct electron transfer to take 

place between the image state and an affinity level, or if a single image state/affinity level 

hybrid state is formed, the dispersion properties must be similar to get a significant 

amount of wave- function overlap. Experimental data reveal that the dispersion properties 

of the two states are not similar, and therefore the electron scatters out of the image state 

and into an affinity level of VONc. Since scattering corresponds to an indirect electron 

transfer, it is not necessary for the electron donating state and electron accepting state 

wave functions to be similarly dispersive.   

A second central question focuses on the influence of electrostatic fields on the 

interfacial charge-transfer rate: Is the image state coupling to the anion state affected by 

the changing electrostatic environment at the interface, and what role is played by the 

changing resonance between image state and anion due to depolarization of the affinity 

level?  

Some insight into this question can be gained by investigating the intensity 

evolution of both features when all spectra are scaled to a common baseline. As can be 

seen in Fig. 6.14, the absolute peak areas, averaged over all k||, display several 
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remarkable features. The pure HOPG image state intensity decreases dramatically upon 

deposition of ¼ ML VONc (Fig. 6.14), a fact already qualitatively observed for even 

smaller coverages.
 
Once the anion state is populated by charge-transfer from the HOPG 

image state (Fig. 6.14 insert), both affinity level and image state intensities continue to 

decrease with higher coverage; indeed, the HOPG image state is no longer detected above 

¾ ML. This behavior might be expected at first sight, since the probability of exciting the 

pure image state of clean HOPG diminishes as the relative fraction of available clean 

HOPG area decreases with higher VONc coverages. In this scenario, a simultaneous and 

correlated decrease of the affinity level intensity would be expected, if this state is only 

populated by charge-transfer from the HOPG image state. This picture appears to be 

insufficient to explain the intensity evolution of the spectral features, since the relative 

rates with which both features decrease is quite different: The image state intensity drops 

very quickly and is barely above the noise floor already at ½ ML, while the anion 

population drops slowly and only by approximately 30 % between ¼ and 1 ML.  
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Figure 6.14. Peak areas for the different spectroscopic features, obtained by normalizing 
spectral background at each coverage. Coverage-dependence of HOPG image state, anion 
and IS2 integrated peak intensities, shown between 0 and 1 ML. Insert: Zoom-in of 
coverage-dependence of HOPG image state (IS), anion feature and IS2 between ¼ and 1 
ML. 
 
 

This observation shows that the relative intensities of the image state and affinity 

level are not governed purely by simple surface area considerations relating the amount 

of “free” HOPG area and the VONc density to the fraction of anions formed. The 

detection of the anion level at 1 ML in the absence of the HOPG image state necessitates 

population via an additional pathway different from charge-transfer from the HOPG 

image state. Given the excitation scheme and relatively low excitation energy of 4.04 eV 

used in this AR-TPPE study, a likely candidate is the decay of the hybrid image/anion 
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state IS2. Neither of these two anion formation processes are sufficient on their own to 

explain both the slow anion intensity decrease with coverage and its finite intensity at 1 

ML.  

It is possible that the coupling between image states and affinity level is affected 

by the interactions at the interface, given the rapid decay of the HOPG image state 

intensity with molecular coverage. The decay rate of an image state due to scattering has 

been shown to become strongly enhanced even at very small molecular coverages.152 

This is evidenced in the VONc/HOPG system by an image state intensity decrease by 

approximately a factor of 5 upon the first incremental addition of VONc, when ¾ of the 

HOPG surface remains bare. The effects of near-resonance at k|| �  0 Å
-1 

and the result of 

depolarization on the anion and IS2 levels may further influence interfacial charge-

transfer efficiencies: A change in coupling strength between image and anion state, 

mediated by resonance between molecular affinity levels and image states as proposed by 

Rous,115,116 or increased driving force for interfacial charge-transfer with growing 

depolarization may be responsible for the observed intensity trends in the image state 

manifold.  

IS2 shows completely different behavior from the near-resonant HOPG image 

state and anion states in IS1, never unfolding into pure image state and affinity level 

contributions at any of the coverages investigated. Instead, IS2 displays the 

characteristics of a coherent mixture of image state and affinity level, with a relatively 

low effective mass typical of image states. The nature of an image-like state above an 
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atomistically complex surface such as 1 ML of VONc on HOPG is quite different from 

the idealized Rydberg-like state on clean metal surfaces, facilitating mixing of a 

molecular state with an image state. This is also reflected in the high binding energy of 

1.01(7) eV against global vacuum level. The mixing is strengthened with increased 

coverage, resulting in a growing IS2 effective mass and hence the onset of localization of 

the image-like electron on the molecular acceptor.  

6.5  Conclusions 

In this chapter, an angle-resolved two-photon photoemission spectroscopy study 

of the image state manifold at the interface of HOPG and the oriented dipolar organic 

semiconductor vanadyl naphthalocyanine in the 0 – 1 ML regime was presented. 

Deposition of submonolayer coverages of VONc results in a drastic reduction of the 

HOPG image state, while simultaneously populating a near-resonant, largely localized 

anion level. The energy of this anion state decreases with increasing coverage due to 

depolarization by the surrounding VONc molecules. AR-TPPE permits disentangling of 

these two states due to their considerably different dispersion properties. The rather 

different coverage-dependent evolution of the image and anion state intensities, obtained 

by AR-TPPE, suggests that the interfacial charge-transfer process is influenced by long-

range interactions at this surface. A different type of image state, IS2, appears at 

coverages closer to 1 ML, displaying the characteristics of a mixed image state/anion 

level, as can be seen from its binding energy and relatively low effective mass. AR- 

TPPE at the weakly interacting interface between VONc and HOPG offers therefore an 
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ideal laboratory to investigate the effect of strong local electrostatic fields on interfacial 

charge-transfer. The presence of a molecular dipole moment and the large polarizability 

of VONc/HOPG is ideally suited to control intermolecular and interface-mediated 

interactions. The initial goal of identifying the charge-transfer mechanism between the 

HOPG image state and anion affinity level was achieved, as dispersion evidence was 

provided for a scattering mechanism. Interestingly, experimental data also suggest that 

the scattering efficiency was dependent on VONc coverage, as the depolarizing affinity 

level came in and out of resonance with the HOPG image state.  
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CHAPTER 7 

 INVESTIGATION OF VANADYL NAPHTHALOCYANINE/AU(111) INTERFACE: 
ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY AND DENSITY 

FUNCTIONAL THEORY 

7.1  Introduction 

 In the last several chapters, vanadyl naphthalocyanine was studied in depth on a 

HOPG substrate in order to minimize substrate/adsorbate interaction. That system was 

ideal for gaining an understanding of an interface dipole formed solely by intrinsic 

molecular dipole effects. In this chapter, interfacial effects are studied in a system with 

the additional complexity of molecule/substrate interactions. For the studies presented in 

Chapters 7 and 8, HOPG was replaced by Au(111) due to its increased density of states in 

the Fermi region, and the presence of potentially reactive surface states including 

Shockley and Tamm states. We anticipated that such an electron rich surface would lead 

to a strong interface dipole upon addition of VONc molecules. The exact nature of this 

interface dipole will be examined in depth in this chapter, taking both a computational 

DFT approach in collaboration with Fabio Della Sala and an experimental approach in 

order to understand the transferability of the electrostatics concept at this interface and 

pinpoint the sources of the interface dipole. From these studies insight for controlling 

electronic structure at organic semiconductor interfaces is acquired. 

 This chapter focuses primarily on the interaction between sub-ML to 1 ML of 

VONc with the Au(111) surface. Much detail is included about the interfacial 

electrostatics, and the causes of the interface dipole. However, the experimental 

investigation was continued beyond 1 ML. The interface was studied upon the addition 
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of several more VONc molecules and trends in ionization energy, work function, and 

HOMO peak widths were tracked from 1 ML to approximately 9 ML. This chapter is 

organized as follows: in Section 7.2 a brief description of the experimental set-up will be 

given; in Section 7.3, both UPS and DFT data will be presented for sub-ML to ML 

coverage of VONc on Au(111), followed by UPS data obtained for multilayer coverage; 

Section 7.4 includes, a discussion of the interfacial interactions between Au(111) and the 

1st surface layer where the largest interface dipole exists, followed by a brief discussion 

of the multilayer trends; and finally the chapter will close with a brief conclusion in 

Section 7.5. 

7.2  Materials and Methods 

7.2.1  Experimental 

The polished Au(111) crystal was purchased from Princeton Scientific (99.999 % 

purity). Upon initial introduction to vacuum, the crystal was annealed overnight at 550 oC 

and then repeatedly sputtered with Ar+ (1.2 keV, 25 � A, Ar pressure 1.2 x 10-6 mbar, 30 

minutes) and annealed (550°C, 1 hr) prior to deposition. The presence of a clean, ordered 

322´ surface was established by the appearance of the sharp Tamm and strongly 

dispersive Shockley states (effective mass meff = 0.27(2)) in angle-resolved UPS and a 

work function of 5.50(1) eV.32,153 

VONc was purchased from Sigma-Aldrich and used without further purification. 

The VONc deposition procedure was the same as that discussed in Chapter 3. The sample 

was introduced into the photoelectron spectrometer (VG EscaLab MK II, base pressure 
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5·10
-10 

mbar) equipped with an integrated sample heater. After deposition of VONc, films 

were annealed for one hour at 125 oC. All UPS spectra were referenced to the Fermi 

energy EF and collected at room temperature using a He(I) lamp (Specs UVS 10/35, 30° 

angle of incidence from normal). Full spectra were recorded with a take-off angle of 0° 

with respect to normal, ±12.5° acceptance angle, -5 V sample bias and 5 eV pass energy. 

In the Fermi/highest occupied molecular orbital (HOMO) region, a 25o off- normal 

emission angle was used for enhanced HOMO intensity and no sample bias was applied. 

The vacuum level was measured from the baseline intercept with the spectral slope at the 

inflection point in the low kinetic energy region (secondary electron cut-off, SECO). 

From deconvolution of the Au Fermi edge, a spectral resolution of 89(8) meV was 

determined.  

7.2.2  Computational methods 

 DFT calculations for the isolated VONc monolayer and the VONc monolayer on 

a 5 layer thick Au(111) slab were performed by our collaborators in the Della Sala group.   

7.2.2.1  Isolated molecule  

DFT calculations for an isolated VONc molecule were performed with the 

TURBOMOLE program using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional.154 We used the def2-TZVPD basis set,155 which was recently proposed for an 

accurate description of polarizability.155 
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7.2.2.2  Periodic monolayer and interface  

DFT calculations for the VONc monolayer on the Au(111) surface were 

performed using the plane-wave Quantum Espresso software package,155 employing PBE 

ultrasoft pseudopotentials. For all calculations an energy (density) cutoff of 30(300) Ry 

was used, in agreement with previous calculations for vanadium containing materials.156 

Higher cutoffs led to unaffordable computational costs given the size of the system under 

investigation. The gold surface was modeled by a 5 layer thick slab with a (6x4) surface 

periodicity. We used a cell of 17 Å in the vertical direction and a dipole correction 

scheme.157 The simulation cell included 322 atoms and 3.3 million G-vectors. 

For geometry optimizations all degrees of freedom were relaxed except for the 

bottom three gold layers, which were fixed to the bulk optimized lattice constant (4.137 

Å, see next subsection regarding dispersion correction) in good agreement with the 

experimental value of 4.08 Å.158 

The adiabatic adsorption energy Eads was calculated from, Eads = - ( ETOT - ESLAB - 

ESAM ) where ETOT, ESLAB and ESAM are the energies of the total system, the gold slab and 

the periodic molecular VONc monolayer, respectively, both of them fully relaxed at their 

equilibrium conformation.  

The work function shift ��  can be decomposed into the vacuum level shift of the 

isolated, relaxed molecular layer (� Vvac ) and a bond-dipole (BD) component,159,160 

� D=
L

dzzzBD
0

)(r     7.1 
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where the z-axis is perpendicular to the gold surface, L is the length of the unit-cell in the 

z direction (i.e. perpendicular to the substrate), and the plane averaged charge-density 

difference )(zrD is 

� D=D ),,()( zyxdxdyz rr     

The charge-density difference is given by 

),,(),,(),,(),,( zyxzyxzyxzyx SAMSLABTOT rrrr --=D     

i.e. the density difference between densities for the total system, gold slab and VONc 

monolayer. We also considered the corresponding electrostatic potential difference 

),,(),,(),,(),,( zyxVzyxVzyxVzyxV SAMSLABTOT --=D     

7.2.2.3  Dispersion correction 

In order to understand the interfacial electronic structure, the precise 

determination of the VONc adsorption geometry on Au(111) is of fundamental 

importance. It is well known that small modifications of the metal-molecule distance can 

lead to significant changes in the electronic properties and as a consequence in a work 

function shift.138,161,162 A key issue in the DFT geometry optimization of metal-molecule 

interfaces is the proper treatment of the exchange-correlation effects. Due to the very 

large size of the molecule under investigation, methods beyond the local density 

approximation (LDA) or the generalized gradient approximation (GGA) are out of reach. 

However these functionals lack the correct treatment of dispersion correction. Recent 

7.2 

7.3 

7.4 
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theoretical investigations show that LDA leads to excessive binding energies,163 whereas 

GGA generally strongly underestimates binding energies.162–164 In order to include 

dispersion interactions in DFT in an efficient way, we used in all our calculations the 

empirical correction scheme of Grimme,165 recently implemented in the Quantum-

Espresso package.166 However, the empirical dispersion correction has been so far mostly 

applied to molecular systems only and no well-defined C6 parameter is available for bulk 

gold. Therefore we investigated different possibilities: Using the C6 parameter derived 

from atomic calculations,162 a somewhat excessive adsorption energy (~ 10 eV) was 

obtained for VONc/Au(111), as also found for pentacene on Au(111).162 In addition, we 

determined that this parameter significantly underestimates the gold lattice constant, 

making it inadequate for determining an accurate interfacial geometry. In a second 

attempt, we used the C6 parameter obtained by Tonigold et al.,164 yielding a dispersion 

correction.167 In addition, the adsorption energy of the VONc/Au(111) interface is 

reduced by about a factor of two (see Section 7.3.3), and is in the correct energy-

range.162,164 A similar value for the C6 parameter has already been used.168 We use this C6 

parameter for all geometry optimizations of periodic structures presented in this work, 

while the default parameters from Grimme165 were used for all other atoms. The 

dispersion corrected PBE method is defined hereafter as PBE+D. 
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7.3  Results 

7.3.1  Spectroscopy of bare Au(111) substrate 

Since a complete analysis of the VONc/Au(111) system requires precise 

knowledge of the Au(111) substrate and its properties, I will first discuss UPS of the 

clean Au(111) surface. Figure 7.1 shows the full scan of a clean 322´  Au(111) 

surface; apparent in the spectrum are a high secondary electron cut-off corresponding to a 

work function of 5.50 eV, the Tamm surface states (d-like surface resonances, residing 

solely in the 322´  reconstructed Au top layer),32 and a strong Shockley surface state. 

The Tamm and Shockley surface states are spatially localized to the surface of the 

Au(111) crystal (as described in Chapter 1). The high work function is indicative of 

electron density tailing out from the surface of Au(111) into the vacuum portion of the 

interface. Therefore these three component features of clean Au(111), are quickly altered 

in the presence of any surface adsorbates.  
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Figure 7.1. UPS spectrum of clean Au(111). Key features include secondary electron 
cut-off (SECO) corresponding to work function of 5.50 eV, Tamm surface resonances 
associated with 322´  Au(111) reconstruction (T1 and T2), and Shockley surface state 
(SS). 

 

A series of ARUPS spectra of bare Au(111) acquired with He I emission are 

presented in Figure 7.2. The experimentally determined binding energy of the Shockley 

surface state is EB = 0.40(1) eV, as can be seen from the fit at 	  = 0° in Fig 7.3a). The 
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Shockley surface state feature is strongly dispersive, leading to a somewhat asymmetric 

peak shape because electrons with non-zero parallel momentum will be detected in the 

1.5o acceptance angle even at G, the asymmetry increases at larger emission angles 	  

where the difference in parallel momenta of emitted electrons is greater across the 1.5o 

acceptance angle. The asymmetric peak shape was approximated using a split Pearson 

VII profile, a peak shape which converges to Gaussian and Lorentzian limits depending 

on the shape parameter, m (as described in Chapter 6). Additionally, in Fig 7.3a) the 

Fermi edge is visible, since Au(111) has a fairly large density of states populating a 

continuum of energy levels up to the Fermi cut-off. This Fermi edge and the background 

were fit with a Fermi function convolved with a linear function, as seen in Figure 7.3a). 

Figure 7.3b) shows the surface state peak fits after subtracting the Fermi function/linear 

background. As the surface state migrated towards the Fermi edge for polar angles 

associated with larger k|| it became necessary to convolve the Pearson VII function with a 

Fermi edge function, as shown in Figure 7.3b) for the surface state fit at 5o polar emission 

angle. Fitting the surface state spectra with these functions, the surface state dispersion 

could be obtained: Fig. 7.4 shows the associated dispersion curve, yielding an effective 

mass meff = 0.27(2). Therefore electrons in this state are strongly delocalized in the plane 

of the surface, characteristic of a Shockley surface state. This value of meff is in good 

agreement with the value of 0.26 reported in Ziroff et al.169 A calculated surface 

projected band diagram of Au(111) can be seen in Figure 7.5.170 
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Figure 7.2. ARUPS of clean Au(111). The Shockley surface state, at a binding energy of 
-0.40 eV at 0o polar angle, shifts to lower binding energy at off-normal emission angles. 
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Figure 7.3. a) Clean Au(111) surface state at 0o polar emission angle fit with split 
Pearson VII (red) and Fermi edge function convolved with linear function (blue). b) 
Clean Au(111) surface state after background subtraction of Fermi edge function/linear 
convolution (shown in blue in a). At 0o and 3o the surface state peak is fit with split 
Pearson VII (red) only, at 5o polar angle, the surface state peak is fit with a Pearson VII 
convolved with Fermi edge function (red). 
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Figure 7.4. Surface state binding energy as a function of parallel momentum. Parabola fit 
results in effective mass of 0.27(5). 
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Figure 7.5. Theoretical projected band structure of Au(111) from Chulkov et al.170 Gray 
region indicates bulk bands, white region indicates band gap, n = 0 is Shockley surface 
state, and n = 1 is image resonance. 
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7.3.2  VONc thin films sub-ML to 1 ML 

7.3.2.1  UPS spectra of the VONc/Au(111) interface 

7.3.2.1.1  Adsorbate induced changes in the Au(111) surface states 

Fig. 7.6 shows a UPS survey spectrum of the clean 322´ surface in comparison 

with that of annealed ¼, ½, ¾, and 1 ML VONc/Au(111). By the time a coverage of ¾ 

ML VONc is reached, the Shockley and Tamm surface states are completely quenched, 

indicative of strong interaction between the VONc molecules and the surface. The 

progression of Shockley surface state quenching can be seen clearly in Figure 7.6c). The 

surface state binding energy shifts with each deposition from EB = 0.40(1) eV for bare 

Au(111), to 0.37(1) eV at ¼ ML, and 0.33(1) eV at ½ ML. Also the intensity of the 

Shockley surface state decreases with VONc coverage and is completely quenched by ¾ 

ML. Although the binding energy of the surface state shifts, the effective mass value 

obtained at ¼ ML coverage is 0.28(2) and at ½ ML coverage is 0.27(2), both within the 

uncertainty limit of the value obtained for bare Au(111). The nature of the Shockley 

surface state binding energy shift will be discussed further in section 7.4. 
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Figure 7.6. a) Survey UP-spectra of bare Au(111) and Au(111) with different VONc 
coverage at �  = 

�R

0 . b) Secondary electron cut-off (SECO) region. c) Close-up of Fermi-
region, showing the occupied Au Shockley surface state and the VONc HOMO. 
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7.3.2.1.2 Interface dipole formation 

With each incremental deposition of VONc, the SECO shifts considerably, as 

seen in Figure 7.6b), indicating the presence of a large interface dipole. The largest 

change in work function occurs with the first ¼ ML VONc deposition, dropping already 

by 0.50 eV. For each subsequent deposition, the work function continues to drop, 

however in a non-linear manner (Figure 7.7). Note that in contrast to VONc/HOPG, the 

work function drops from �  = 5.50(2) eV on clean Au(111) 322´ to �  = 4.77(2) eV at 

1 ML coverage, a net change of ��  = -0.73(2) eV. It will be shown later in this chapter 

that this experimentally observed strong interface dipole is also the outcome of first 

principles DFT calculations. The exact nature of the dipole formation will be discussed in 

depth in section 7.4. 
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Figure 7.7. Work function of Au(111) as a function of VONc coverage from sub-ML to 
1 ML. 

 

7.3.2.1.3  Appearance of the VONc HOMO 

The HOMO band of VONc shows no marked dispersion from k|| = 0 Å-1 to 1.6   

Å-1, but instead a strong angular intensity-dependence (Fig 7.8), indicating a well-defined 

adsorption geometry similar to that of 1 ML VONc on HOPG presented in Chapter 3. A 

considerably improved signal-to-noise ratio may thus be obtained in high-resolution scans of 

the Fermi region at a take-off angle of 25° due to photoemission selection rules and 

molecular orientation. A close-up spectrum of this region in the as-deposited film is shown in 

Fig 7.9a) prior to background subtraction of an exponential decay plus constant offset (navy).  

The background-subtracted spectrum in Fig. 7.9b), shows the presence of two features with 
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comparable integrated intensity. Fitting with Voigt profiles yields a narrow feature (W) with a 

full-width at half-maximum (FWHM) of 
 W = 0.22(3) meV and a binding energy of 0.60(2) 

eV, and a somewhat broader feature (M, 
 M = 0.27(5) meV) with binding energy 0.80(2) eV. 

Mild annealing at temperatures of 125 °C for 1 h has a dramatic effect on the appearance 

of these spectra (Fig. 7.9c)), converting M quantitatively to W (
 W = 0.26(2) meV) at a 

binding energy of 0.62(1) eV. This conversion is also apparent in the increase of intensity 

of the W feature after annealing. In contrast to VONc/HOPG, no conclusive evidence for 

vibronic progressions is found within the W band. At thicknesses above 1 MLE, 

annealing was no longer able to remove the M peak completely, allowing assignment of 

this feature to multilayer structures of VONc; its increased width is consistent with some 

structural disorder expected for a multilayer island phase. Conversely, the W feature 

constitutes the “wetting layer” on the Au surface, overall fairly well-ordered and hence 

with a relatively narrow FWHM at 1 ML coverage. These results suggest that annealing 

affords an ordered 1 ML film of VONc.  
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Figure 7.8. a) ARUPS spectra of HOMO region of 1 ML VONc on Au(111) at 0o, 25o, 
and 45o polar emission angle. b) HOMO peak intensity as a function of emission angle. 
There is an apparent local intensity maximum in intensity near 25o and a global 
maximum at 45o off-normal emission angle. 
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Figure 7.9. a) 1 ML as-deposited HOMO region obtained at a take-off angle of 25°, 
before background subtraction, exponential decay plus linear fit to background shown in 
navy blue. b) Close-up background-subtracted UP-spectrum a), with fit and residuals. 
The HOMO feature could be fit with two Voigt peaks representing the wetting layer (W) 
and the multilayer structure (M). c) Same as b), but for the annealed film, showing only 
the W feature. 
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For VONc/HOPG, several different molecular orientations were observed in the 

unannealed films, characterized as “O up”, “O down” and “O paired” (Chapter 3).
 
The 

unannealed as-deposited spectra of VONc/Au(111) do not show clear evidence of such a 

distribution of orientations on the surface, since an “O paired” feature is missing for all 

surface treatments and coverages between 0 and > 2 ML. Instead, the narrow wetting-

layer peak contains likely only a single orientation, assigned as “O up” based on scanning 

tunneling microscopy and photoelectron diffraction studies for the related VOPc81,82 and 

as modeled below.  

7.3.2.2 DFT (Della Sala group) 

  7.3.2.2.1 Structural and electronic properties of the isolated monolayer 

The PBE+D optimized VONc geometry of the periodic monolayer in the absence 

of the Au surface is shown in Fig. 7.10. The calculated “monolayer” corresponds in fact 

to a true ¾ ML coverage, ensuring that van der Waals type intermolecular forces are 

negligible (see next section for more detail). The naptha-groups are slightly bent, in 

agreement with the shuttlecock geometry of dipolar MPc and MNc:171 The maximum 

distance in the out-of-plane coordinate of the carbon atom is 0.48Å and the VO bond 

length in VONc is 1.59 Å (see Tab. 7.1), in excellent agreement with experimental results 

for VOPc.82 
The total height of the molecule is 2.8 Å. The V-O group creates a permanent 

large dipole moment perpendicular to the plane of the molecule, calculated to be 2.38 D 

in the free monolayer. A corresponding vacuum level shift of about +0.25 eV (see Tab. 

7.1) is calculated in the isolated monolayer. This value is in agreement with experiments 
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of VONc on weakly interacting HOPG, where a work function increase of +0.21(1) eV 

was found (Chapter 3).
 

 

 

Figure 7.10. Optimized VONc molecular geometry in the free monolayer. The 
symmetrically inequivalent atoms are indicated. 
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Table 7.1. Computed energetic and structural data for the isolated VONc SAM, and the 
atop and bridge interface. The first five columns are related to the properties of the VONc 
ML, in different geometrical conformation (isolated or interacting with the substrate) and 
indicate (from left to right): the distance between vanadium and oxygen atom (V-O), the 
maximum distance between the z coordinate of the carbon atoms of the VONc molecule 
(� zC); the vacuum level shift � Vvac resulting purely from electrostatic potential of the 
free layer of molecular dipoles; the intrinsic dipole moment (� ) and polarizability (
 zz) of 
the isolated VONC molecule from PBE/def2-TZVPD calculations. The last five columns 
are related to the properties of the interface (atop or bridge) and indicate (from left to 
right): the adiabatic total adsorption energy of VONc on Au surface (Eads), the averaged 
distance between the VONc carbon atoms and the Au surface atoms ( zD ); the distance 

between the vanadium atom of VONc and Au surface atoms (Au–V); the bond-dipole 
(BD); the total work function shift (�� ). 

 

Note that the aforementioned value of the dipole moment takes into account 

depolarization effects88,172 due to surrounding VONc molecules in the full monolayer. 

Calculations performed for the isolated VONc molecule, i.e. without periodic boundary 

conditions, with the same geometry and the same DFT functionals, yielded a larger value 

of the dipole (2.67 D). This is in excellent agreement with the experimental estimate for 

isolated VONc on HOPG of 2.7(4) D. The computed static polarizability (zz component) 

is also reported in Tab. 7.1, due to polarization of the V-O dipole as well as out-of-plane 

polarization of the � �electron system. Note that the experimental estimate for 
 zz from 
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VONc/HOPG represents an effective polarizability which also includes the effect of the 

HOPG substrate, thus somewhat larger than the value reported in Tab. 7.1.  

7.3.2.2.2  Structural properties of the VONc/Au(111) interface  

Based on the combination of the present UP-spectra and the geometry reported for 

VOPc/Au(111), this flat-lying “O-up” geometry was adopted. Note that the persistence of 

the 322´ reconstruction in the monolayer film cannot be excluded based on the UPS 

data despite quenching the surface states, as suggested for both VOPc and CuPc.81,173 A 

full theoretical treatment of this effect is however beyond currently available 

computational capabilities because of the large size of the required unit cell. Moreover, 

the combination of a large reconstructed surface unit cell and the considerable size of 

VONc are anticipated to make the effects of reconstruction relatively minor. We 

therefore adopted an unreconstructed Au surface geometry and performed geometry 

optimization for two adsorption sites: Atop, where the vanadyl group is exactly above a 

surface gold atom (Fig. 7.11a)), and bridge, where the vanadyl group is at an intermediate 

position between two surface gold atoms (Fig. 7.11b)). For both configurations, the 

orientation of the perpendicular naphthalo-branches of the molecule are chosen along 

[121] and [101] directions. These choices are justified by both experimental and 

computational work on the related MPc molecule class on Au(111): The adsorption 

orientations are in good agreement with STM results of the related DyPc and FePc on 

Au(111),174,175 while the adsorption sites correspond to the preferred sites determined for 

MPc/Au(111) in both computational and STM studies. 
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Figure 7.11. a) Atop and b) bridge unit cell for the VONc/Au(111) interfaces. 

Note that the surface unit cell of VONc/Au(111) is not known. Likely, growth is 

incommensurate as already suggested by MPc on various metal surfaces,17,171 such that a 

combined overlayer and substrate unit cell does not exist or includes instead a very large 

number of molecules. Under these conditions, the configurations reported in Fig. 7.11 

represent the smallest non-reconstructed orthorhombic unit cell with one molecule per 

cell. This unit cell provides also the highest possible molecular coverage while avoiding 
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strong intermolecular repulsion caused by interactions between hydrogen atoms from 

different molecules. The associated coverage is approximately ¾ ML estimated from the 

ratio of molecular to available surface area. In the present theoretical efforts, higher 

coverages can only be obtained with a prohibitively large unit cell (many times the size 

of the one chosen here) and containing multiple VONc, leading to unaffordable 

computational cost. Even though this coverage is lower than the experimental 1 ML, it is 

sufficiently large to capture the relevant physics, as will be evident from the good 

agreement between experimental and computational results.  

The computed PBE+D adsorption energy for VONc on the gold surface and the 

main geometrical parameters are presented in Tab. 7.1. We found an adsorption energy of 

about 5.5 eV and an average metal-molecule distance zD  of about 3.2 Å. This is in 

good agreement with the experimental adsorption energy predicted from the shift in the 

Shockley surface state binding energy. Moreover, previous calculations of large organic 

molecules on Au(111) give adsorption metal-molecule distances of about 3 Å,138 in good 

agreement with our computed zD . We conclude therefore that the dispersion correction 

scheme with a C6 parameter correctly describes the interfacial physics, even though an 

exact non-empirical treatment is out-of-reach for current state-of-the-art theoretical 

methods.164   

When comparing different adsorption geometries, the energy for adsorption at the 

bridge site is slightly lower than for the atop site, with an energy difference of about 0.1 

eV. This is caused by the slightly shorter average distance between the Au surface and 
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the VONc carbon atoms at the bridge site (0.01 Å). Such small energy-differences are 

probably beyond the computational accuracy of the PBE+D method, so that no preferred 

adsorption site can be established with certainty. Interestingly, we found that VONc 

flattens due to relaxation, thereby decreasing the largest vertical distance between atoms 

czD  from 0.48 Å to 0.24 Å in the atop and to 0.10 Å in the bridge geometry. This is in 

agreement with the recent photoelectron diffraction data of VOPc on Au(111).82 
The 

larger flattening of VONc for the bridge site also makes the average distance between the 

Au surface and the VONc vanadium atom shorter by about 0.1 Å. Note that the vanadium 

oxygen bond length remains the same for both sites. Interestingly, flattening of the 

molecule also reduces the intrinsic molecular dipole moment, decreasing to 2.48 D in the 

atop geometry and to 2.11 D in the bridge geometry, with a corresponding reduction of 

the vacuum level of about 0.03 eV.  

7.3.2.2.3  Electronic properties VONc/Au(111) interface 

In this section we will analyze the results for the bridge site, which is predicted to 

be the ground state at the PBE+D level. Results for the atop configuration are very 

similar (see Tab.7.1).  

In Fig. 7.12c) we report the DOS of the full metal-molecule interface projected 

onto different atom types. Figure 7.12a) and b) report the corresponding projected DOS 

(PDOS) of the isolated VONc monolayer and of the isolated gold slab, respectively. Note 

that for a more direct comparison with the full interface, we consider the isolated systems 

in their final relaxed geometry of the interface. The energies are relative to the Fermi-
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level of each system. The PDOS refers to the sum of the two spin channels, since the 

significant spin-polarization is not relevant for the present purposes. Comparing the 

PDOS of the full system (Fig 7.12c)) projected on the V, C, N or gold atoms with the 

data in Fig. 7.12a) and b) shows that no significant modifications occur: Beyond slight 

broadening for the C PDOS, orbital peaks shift less than 0.2 eV, showing that no strong 

chemical bonds are formed.  

 

Figure 7.12. Projected Density of States (PDOS) on V, C, N and Au atoms for a) the 
isolated monolayer b) the isolated gold slab and c) the VONc/Au(111) interface (bridge 
configuration). The PDOS on gold atoms is divided by a factor 20. The energy is relative 
to EF for all atoms. 
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Fig. 7.13 shows the plane-averaged charge density difference (Equation 7.2). Fig. 

7.13 shows that substantial charge reorganization is obtained at the interface, with a 

depletion of electron density near the molecule and a corresponding accumulation of 

charge near the metal surface. Integration of the charge density difference yields a total 

charge of about 0.7 e. Interestingly, the charge originates mostly from the � -electron 

system and vanadium atom, while the O atom seems to be largely acting as a spectator.  

 

Figure 7.13. Computed plane-averaged charge density difference for bridge 
configuration. The dashed lines indicate the average positions for the C, V and O atoms. 
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The interfacial interaction and charge-redistribution generates an adsorbate-

induced dipole in the surface region pointing with the positive end towards vacuum, 

hence lowering the work function. This dipole, created by the variation of the plane-

averaged charge density, is formally identical to a bond dipole and results in a work 

function shift of -0.73 eV at 1 ML (-0.67 eV at ¾ ML). For the total work function shift 

�� , the vacuum level shift from the suspended ML has to be added. Despite geometrical 

relaxation at the interface, the vacuum level shift shows negligible change upon 

adsorption to the Au surface (see Tab. 7.1), as it mainly originates from the VO dipole, 

mostly unaltered by adsorption. The total work function shift for bridge adsorption is thus 

about -0.50 eV. The agreement with experiment is close considering that the metal-

molecule distance plays a key role in the exact determination of the work function 

shift.162  

7.3.3  UPS spectra of VONc multilayers on Au(111) 

 In Figure 7.14, the experimental work function is shown as a function of VONc 

surface coverage in annealed films. As discussed in previous sections, the work function 

drop is quite dramatic, with the formation of a considerable interface dipole upon 

addition of 1 ML of VONc. After the first ML, the work function does continue to 

change, however the rate of decrease slows down with increasing adsorbate coverage. 

The work function drops by 1 eV ( to 4.50 eV) over the first two ML’s. As expected, the 

largest interface dipole occurs from charge redistribution in the region closest to the 

interface between Au(111) and VONc. Ultimately the work function plateaus at 4.30 eV 
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with 26 Å coverage, for a total work function shift of 1.2 eV as compared to bare 

Au(111).  

 

 

Figure 7.14. Summary of work function with VONc coverage (for flat lying molecules 
4Å = 1 ML). 

 

 In Figure 7.15 the UPS HOMO region is shown for 0 - 2 ML coverage. The 

multilayer that was observed in unannealed films (Fig. 7.9a) and b)) is again visible in 

annealed films past 1 ML, validating the idea that the second peak is a signature of the 
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multilayer. The separation of the wetting layer and multilayer peaks on the binding 

energy scale is likely due to final state effects, where the photo holes created in the 

multilayer are not in contact with the polarizable metal surface, thereby decreasing the 

stability of the multilayer photo-ionized cations. Figure 7.16a) shows the HOMO region 

with increasing VONc surface coverage. The visibility of the wetting layer diminishes 

past 8 Å, and it is therefore difficult to quantify the peak area precisely, since no distinct 

wetting layer peak is left at thicker coverages. On the other hand, the intensity of the 

multilayer grows fairly linearly with coverage. The peak area as a function of coverage is 

summarized in Figure 7.16b). Also apparent in Figure 7.16a), the HOMO multilayer 

binding energy increases slowly with coverage, and the peak width broadens. These 

multilayer peak trends are summarized in Figures 7.17a) and b). From the peak centers in 

Fig. 7.17a), a different binding energy is associated with VONc molecules from each 

layer. A broader peak width as the number of layers sampled increases is expected: 

Different molecular environments contribute, each with slightly different binding 

energies. Also likely is that at thicker coverages, a larger variety of molecular 

orientations is present, each with a slightly different binding energy, resulting in an 

overall larger HOMO peak width. The multilayer trend of increasing binding energy with 

coverage, might be thought to arise from compensating the decreasing work function in 

order to maintain a constant ionization energy. However, the decrease in work function 

occurs at a faster rate than the increase in binding energy, as shown in Fig. 7.18. The 

ionization energy is thus not conserved with coverage (it changes by approximately 400 

meV) and the interfacial molecular structure is fundamentally different from that of a 
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thick VONc film.   

 

 

 

Figure 7.15. Comparison of annealed ½ to 2 ML of VONc on Au(111). At coverages 
above 1 ML, a multilayer peak becomes visible. 
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Figure 7.16. a) Growth of the intensity of the HOMO peak with VONc coverage from 2 
Å to 34 Å. b) HOMO peak area of multilayer and wetting layer with VONc coverage. 
The multilayer peak grows linearly with the amount of VONc deposited. 
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Figure 7.17. a) Binding energy of the multilayer HOMO peak as a function of coverage.  
b) FWHM of the multilayer HOMO peak as a function of coverage. 



 

 

277 

 

 

Figure 7.18. Multilayer ionization energy as a function of VONc coverage. The 
ionization energy is the result of adding HOMO binding energy and work function at 
each coverage. 

 

7.4  Discussion 

7.4.1  Shockley surface state binding energy 

 Upon adding VONc to the Au(111) surface, the Shockley surface state shifts by 

70 meV to lower binding energy at ½ ML coverage. At 1 ML, this shift would likely be 

greater, but the surface state is no longer detectable with UPS at VONc coverages past ½ 

ML. In past reports of adsorbates on noble metal surfaces, the binding energy of the 
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Shockley surface state has been reported to shift as well. The source of the shift in 

binding energy is typically attributed to Pauli repulsion in the case of physisorption, 

charge-transfer, in the case of chemisorption, and change of noble metal character in the 

case of noble metal adsorbates.176 Each of these causes comes with a characteristic 

binding energy shift direction. For example, charge-transfer from the noble metal surface 

to an alkali adsorbate reduces the electrostatic potential at the surface, thereby drawing 

electron density towards the surface and stabilizing surface state electrons. Therefore 

these interactions typically shift the binding energy higher (away from the Fermi level). 

On the other hand, Pauli repulsion from an electron rich adsorbate pushes electron 

density at the surface of the noble metal towards the bulk, thereby destabilizing the 

surface state and causing it to shift to lower binding energies.   

The experimentally observed shift of the Au(111) surface state towards lower 

binding energy upon adsorption of VONc is consistent with the charge reorganization 

predicted from our DFT calculations, where an accumulation of charge near the metal 

surface was shown as a result of VONc adsorption. While the direction of the surface 

state binding energy shift gives insight to the type of charge redistribution taking place at 

the surface, the magnitude of the shift can supply quantitative values for the adsorption 

energy of VONc on Au(111). Figure 7.19 shows the results of a relation by Ziroff et al.169 

that )(SSED BDµ , where D is the molecular adsorption energy. In this relation, the 

repulsive interaction of the Shockley surface state with an adsorbate is estimated by a 

laterally averaged physisorption potential. The depth of this potential at equilibrium is 

equated to the molecular adsorption energy, D. By fitting adsorption energies against 
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surface state binding energy shifts in several adsorbates on noble metals, they obtained 

the relation D = 1.06 Å-1 · )(SSEBD . The binding energy shifts obtained in our system at 

¼ and ½ ML are overlayed in red. Using this relationship, an adsorption energy of 3.35 

meV/Å2 is obtained at ¼ ML and 7.5 meV/Å2 at ½ ML.  Assuming that at each coverage, 

the VONc molecules occupy the maximum space available, an adsorption energy of 4.05 

eV/molecule is obtained at ¼ ML and 4.32 eV/molecule at ½ ML. Assuming that 

adsorption energy is constant with coverage, we average the two values to obtain 4.2 

eV/molecule, in fairly good agreement with the value of 5.5 eV obtained from DFT 

calculations. 

 

Figure 7.19. Relationship between shift in surface state binding energy and adsorption 
energy, Ziroff et al. Red lines indicate surface state binding energy shift observed for 
VONc on Au(111) at ¼ and ½ ML surface coverage. 
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7.4.2  Interface dipole 

The experimental ��  is -0.73(2) eV, i.e. large and in the opposite direction of the 

corresponding change of +0.21(1) eV for VONc/HOPG, where a simple 

microelectrostatic picture of oriented molecular dipoles was sufficient to rationalize the 

experimental finding. The theoretical analysis in Fig. 7.13 predicts that a push-back effect 

is mainly responsible for this modification of the work function. The sizable change of 

the work function is indicative of the qualitatively different physics at the Au and HOPG 

interfaces; therefore, a model of the VONc/Au interface as a simple addition of an 

oriented dipolar layer to an inert surface as used for VONc/HOPG is not sufficient. 

VONc interacts with Au(111) with a strong wave function overlap and significant charge-

transfer towards the Au surface, but no specific chemical bonds are formed. Taken 

together, these effects lead to a strong interface dipole and a substantial decrease of the 

work function, dominating any anticipated effects from the permanent molecular dipole 

moment. While the presence of a molecular dipole moment can still be used to influence 

�� , explicitly interfacial interactions dominate in the case of large, flat organic 

semiconductors on surfaces with a large density of states near the Fermi level.  

Note that in contrast to MPcs,177,178 there is no significant charge-transfer from the 

V d-orbitals to the substrate. Table 7.2 reports the total atomic net changes from 

population analysis for the isolated VONc and the bridge configuration. The charge 

difference on vanadium decreases by only 0.01e. This can be traced back to the relatively 

large distance (3.8 Å , see Tab.7.1) between the vanadium atom and the surface. 
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Table 7.2. Net charge (in e) from population analysis for atoms indicated in Fig. 9.4 for 
the isolated VONc SAM and the bridge configuration. 

 

Even though the conventional analysis presented in Fig. 7.13, generally used to 

understand the effect of SAMs on interfacial electronic structure,159 captures the total 

work function shift, it is based on the density integrated across the whole xy plane, thus 

averaging out all in-plane effects. These turn however out to be extremely important for a 

molecule as large as VONc in particular and likely for many other flat-lying organic 

semiconductors. Further insight into the nature of the surface density modifications can 

be obtained by considering the charge difference map,
5 
calculated both in the xy-plane at 

z = 1.4 Å above the Au surface (Fig. 7.20a)) – corresponding to the maximum positive 

peak in Fig. 7.13 – and in the zx-plane containing the vanadyl group (Fig. 7.20b)). Fig. 

7.20 shows that there are regions of large electron density increase (white) below the 

center of the molecule, below hydrogen atoms, and in the interstitial space between 

neighboring VONc molecules. At the same time, there are regions with a net electron 

density decrease (brown) in other regions of the molecule, below external nitrogen atoms 

(N2 in Fig. 7.10) and below the naphthalo-branches. At first sight, Fig. 7.20 appears to 

show that the push-back effect is dominated by the molecular-backbone repelling the 
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electronic density towards the area between the molecules. However, careful inspection 

of Fig. 7.20 reveals that the push-back effect is quite different at different points of the 

molecular backbone (e.g near the external nitrogen N2); moreover, the density is 

increased in the center of the molecule, precluding a simple interpretation dominated by 

the molecular backbone.  

 

Figure 7.20. Charge difference map for bridge configuration in a) the xy-plane at z = 1.38 
Å above the Au surface (see horizontal line in panel b)) and b) in the zx-plane containing 
the vanadyl group (see horizontal line in panel a)).  

b) 

a) 
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The overall rationale of using dipolar molecules such as in SAMs or organic 

semiconductors with intrinsic molecular dipole moments is to influence energy level 

alignment and electronic structure at the interface. The presence of a layer of oriented 

molecules with sizable molecular dipole moment at an electron-rich surface such as 

Au(111) is thus expected to have a significant influence on the interfacial electronic 

structure. Fig. 7.20b) shows however that the induced electronic density below the 

vanadium atom is quite small and comparable in magnitude to the density induced 

between molecules as well as below hydrogen atoms. This is quite surprising considering 

the strong V-O dipole, expected to attract large electronic density in the interfacial space. 

This suggests the molecular dipole moment is not fully developed in the interfacial 

region. Indeed, even in the isolated monolayer, the electrostatic potential does not display 

the two-lobed structure of a classic electrostatic dipole, as can be seen in Fig. 7.21a) in a 

cut through the zx plane. While the negative lobe due to the oxygen charge is clearly 

visible above the molecule, the positive charge of the vanadium atoms is screened below 

the molecule by the quadrupole moment of the � -electron system, and the corresponding 

positive lobe is missing. This screening by the Nc ring system destroys the notion that a 

dipolar MNc can to first order be adequately represented as a point dipole.
  

Importantly, when the molecular monolayer is connected to the gold substrate 

(Fig. 7.21b)), the profile of the electrostatic potential hardly changes. The difference of 

the two potentials, with and without Au surface, is shown in Fig. 7.21c). This potential is 

slightly positive on the gold side of the interface and decreases above the surface to 

negative values. The overall appearance of this potential profile resembles that of an 
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extended dipole, creating in effect the appearance of the bond-dipole as presented in Fig. 

7.13. Note that there is a significant potential “corrugation” along the molecular plane 

due to the local electrostatic effects. It is in this sense that VONc retains some of the 

point-dipole character used successfully to understand the interfacial electronic structure 

of VONc/HOPG. Clearly, higher multipoles have a significant contribution to the 

electrostatic potential as well. 
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Figure 7.21. Electrostatic potential in the zy-plane containing the vanadyl group for the 
isolated monolayer a), the VONc/Au(111) interface b). c) The potential difference 
between isolated monolayer and the monolayer on Au(111).  

  

 

a) 

b) 

c) 
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Looking back, it is remarkable that for an extended conjugated molecule such as 

VONc a simple perspective of vacuum level change plus bond dipole, the latter obtained 

from the plane-averaged charge-density difference, yields a good description of the work 

function change upon VONc adsorption. This perspective appears to permit a discussion 

of the interfacial electronic structure of dipolar organic semiconductors such as VONc in 

the context of the body of work on SAMs even though such molecules are in extended 

contact with the surface. Crucially, charge-density difference and electrostatic potential 

maps show that control of interfacial energy level alignment may in fact be better 

obtained by tuning aspects of the molecular structure within the molecular plane, rather 

than by adjusting multipole moments perpendicular to the molecular plane, in contrast to 

the dominant design paradigm. Targeted modifications of the local electrostatic fields 

generated by partially charged atoms within the molecular plane have thus the potential 

to control the interfacial electronic structure even in the event of negligible charge-

transfer upon adsorption, and many different molecular architectures can be envisaged to 

accomplish this goal.  

7.5  Conclusions 

In this combined experimental and theoretical study we investigated the 

interfacial electronic structure of the dipolar organic semiconductor VONc on Au(111). It 

was experimentally observed that the interface dipole is largely affected by the 1st ML of 

adsorbate, whereas increasingly adding adsorbate does continue to change the vacuum 

level, but at a much slower rate. Therefore near 1 ML coverage is the most applicable 
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adsorbate thickness to study the interface dipole in this system. Adsorption of 1 ML 

VONc on clean Au(111) results in an experimental lowering of the work function by 

0.73(2) eV. The intensity profile of the HOMO as a function of angular emission at 1 ML 

is consistent with that of a layer of flat-lying molecules. For dispersion-corrected DFT 

calculations of this interface with molecules of the same orientation, the work function 

shift is in good agreement. The observed work function change is made up from a minor 

electrostatic component, generated by the array of oriented VONc, and a bond-dipole 

component reflecting negligible charge-transfer and extensive push-back. The VO dipole 

moment does not show significant interaction with the metal substrate since it is 

substantially screened by the Nc ring itself. 
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CHAPTER 8 

 INVESTIGATION OF VANADYL NAPHTHALOCYANINE/AU(111) INTERFACE 
USING TWO-PHOTON PHOTOEMISSION SPECTROSCOPY 

8.1  Introduction 

 In Chapter 7, it was shown that vanadyl naphthalocyanine molecules on an 

Au(111) surface interact through the presence of an electrostatic push-back effect rather 

than strong charge-transfer interactions. VONc adsorption energies were estimated using 

the surface state peak shifts for coverages up to ½ ML using ultraviolet photoelectron 

spectroscopy. At larger coverage, the UPS technique was no longer able to detect the 

presence of the surface state. In this chapter, with the use of two-photon photoemission, 

the surface state was detectable at VONc coverages to 1 ML allowing for more accurate 

calculations of the VONc adsorption energy on the Au(111) surface. Furthermore two-

photon photoemission can be used to examine unoccupied states in addition to occupied 

states. One unoccupied state of interest is the Au(111) image resonance, since this state 

acts as a sensitive probe to the chemical environment just above the bare Au(111) 

surface. In this chapter, the Au(111) image resonance is examined on both bare Au(111) 

and as a function of VONc surface coverage on Au(111). 

 This chapter is organized as follows: In Section 8.2 a brief description of the 

experimental set-up is given; in Section 8.3, TPPE data bare Au(111), sub-ML to ML 

coverage of VONc on Au(111) is presented; Section 8.4 includes a discussion of trends 

observed for several of the interfacial states detected in the spectra; and finally the 

chapter will close with a brief conclusion in Section 8.5. 
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8.2  Experimental 

The polished Au(111) crystal was purchased from Princeton Scientific (99.999 % 

purity). Upon initial introduction into vacuum, the crystal was annealed overnight at 550 

oC and then repeatedly sputtered with Ar+ (1.2 keV, 25 � A, Ar pressure 1.2 x 10-6 mbar, 

30 minutes) and annealed (550°C, 1 hr) again prior to deposition. The presence of a 

clean, ordered 322´ surface was established by the appearance of the sharp Tamm and 

strongly dispersive Shockley states (effective mass meff = 0.27(2) ) in angle-resolved UPS 

and a work function of 5.50(1) eV as shown in the last chapter.  

The sample was introduced into the photoelectron spectrometer (VG EscaLab MK 

II) equipped with an integrated sample heater, and all spectra were obtained at room 

temperature. Each film was first analyzed using He(I) UPS (SPECS UVS 10/35, 30° 

angle of incidence from normal) in order to confirm coverage and global vacuum level. 

The vacuum level was measured by the procedure outlined in Chapter 5. TPPE was 

initiated using the same conditions as described in Chapter 6. The analyzer acceptance 

angle was restricted to ± 1.5° for both normal electron emission and dispersion 

measurements. To measure dispersion, the sample was rotated in its holder along an axis 

perpendicular to both the principal spectrometer axis and the laser beam. Angular 

measurements extended typically from k|| = -0.1 Å
-1 

to k|| = 0.1 Å
-1 

with a momentum 

resolution of 0.03 Å
-1

. Here, k|| is the momentum component parallel to the surface.  

The effective mass was determined by measuring the angular dependence of the 

photoelectron kinetic energy. Since k|| is conserved upon photoemission, its value was 
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obtained from  

 qsin
2

|| �
kineEm

k =      

where me is the electron mass in vacuum, Ekin is the kinetic energy of the photoelectron as 

it leaves the sample (i.e. before the -3 V bias has accelerated the electron) and 	  is the 

emission angle relative to the surface normal. Using the values obtained for k|| in eq. (1) 

and fitting Efinal(k||) to a parabola affords the effective mass meff.  

8.3  Results 

8.3.1  Bare Au(111) 

 Prior to deposition of VONc on the Au(111) surface, clean Au(111) was first 

characterized with TPPE. In Fig. 8.1, several spectra of clean Au(111) are shown each 

taken with different photon energies (intensities are not to scale) and in Fig. 8.2 the 

photon dependence of the TPPE features is plotted. The features seen are the unoccupied 

n = 1 image resonance (IR), the occupied Shockley surface state (SS), the unoccupied 

upper band edge (UBE), and several unoccupied levels in the upper band (UB). At 5.1 eV 

excitation energy the intensity of the Au(111) surface state is strongly enhanced as seen 

in Fig. 8.3a) and b). This is consistent with the photon dependence in Figure 8.2 which 

shows that at this wavelength the image state and the surface state are resonant: The 

Au(111) Shockley surface state located at -0.4 eV below the Fermi level is in resonance 

with the image resonance located at 4.7 eV above the Fermi level, leading thus to 

resonance enhancement of the two features. Figure 8.3b) shows surface state to 

8.1 
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background intensity ratios, illustrating the resonance enhancement at 5.1 eV photon 

energy and an abrupt drop in surface state intensity on either side of the resonance.  

 

Figure 8.1. High final state energy side of TPPE spectra of Au(111) obtained with 
several different photon excitation energies (indicated on the right side of plot). The 
features shown are the Shockley surface state (blue), the upper band edge/upper band 
(green), and the n = 1 image resonance (red). 
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In figure 8.2, the image resonance peak center is not shown below 4.7 eV photon 

excitation because it is not accessible at these photon energies. From the spectra where it 

is accessible, a slope of m = 1.03(5) was obtained. In contrast, the bare Au(111) surface 

state can be observed with all photon excitation energies employed in this experiment, 

resulting in a slope of m = 1.99(1). The slope of the upper band edge with respect to 

photon energy changes abruptly at an excitation energy of 4.60 eV. This energy 

corresponds to the energy difference between the projected lower and upper bands (seen 

in Chapter 7). Once the upper bulk band becomes accessible from the lower bulk band, 

transitions to states above the upper band edge are favored. There is also an 

accompanying intensity increase, since the coupling matrix element is larger between the 

bulk band levels. The slope of the upper band vs. excitation energy has a value of m = 1.6.  

Such a slope can be obtained if electrons are promoted from the lower band edge to the 

upper band and hot electrons relax to a state slightly lower in energy before 

photoemission. A second possibility is that electrons are originating from lower energy 

levels in the lower band with the use of greater excitation energies.  
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Figure 8.2. Final state energy dependence on photon energy for peaks SS, IR, UBE/UB; 
m = 1.03(5) for unoccupied IR state, m = 1.99(1) for occupied SS, and m = 1.04(6) for 
unoccupied UBE, and m = 1.60(4) for UB.   
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Figure 8.3. a) Two-photon photoemission spectra of clean Au(111) obtained with  
photon excitation energies of 5.10 eV (black) and 4.97 eV (red). Peaks seen are UBE: 
upper band edge, SS: surface state, and IR: image resonance (shoulder in red spectrum). 
b) Surface state to background peak intensity ratio as a function of photon excitation 
energy. 
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The energetic origin of each of the bare Au(111) bands shown in Figure 8.4 were 

determined based on their occupancy (slope m of 1 or 2 in figure 8.1b)) and their final 

state energy. The values obtained in this experiment are in close agreement with literature 

values,179,180 confirming the assignment. 

 

 

Figure 8.4. Energy level diagram of the electronic states of bare Au(111) observed using 
TPPE.    
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Using AR-TPPE, an effective mass for both the SS and UBE were determined, as 

shown in Figure 8.5. The angle resolved spectra were fit the same way as descibed in 

chapter 7, using a split Pearson VII profile for peaks obtained near normal emission 

angles that are easily resolved from the Fermi edge, and a Pearson VII convolved with 

the Fermi function for angles where the peak merges into the Fermi edge. 

 

 



 

 

297 

 

 

Figure 8.5. a) AR-TPPE spectra of bare Au(111). Photon excitation energy 4.66 eV. b) 
Upper band edge kinetic energy as a function of parallel momentum, parabolic fit gives 
effective mass of 0.18(4) me. c) Surface state kinetic energy as a function of parallel 
momentum, parabolic fit gives effective mass of 0.22(3) me. 
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As can be seen in figure 8.5a) from the change in the final state energy of the peak 

centers with emission angle, both of these states are quite delocalized. A parabolic fit of 

the peak centers versus parallel momentum using Eqn. 8.1 results in a surface state 

effective mass of meff  = 0.22(3) and UBE meff  = 0.18(4). However, since these AR-TPPE 

spectra were obtained with a photon energy of 4.66 eV, the dispersion value assigned to 

the UBE is more likely for a level in the upper bulk band that lies close to the upper band 

edge. The true effective mass of this state may differ from the value obtained because this 

value is only a measure of the parallel momentum component. Using the parallel 

momentum only, an accurate measure of effective mass can only be obtained for surface 

states, because they do not have a perpendicular momentum component. In contrast, bulk 

bands are not confined in the surface-perpendicular direction and the true effective mass 

contains a perpendicular momentum component as well. 

8.3.2 Addition of VONc to Au(111) 

 Figure 8.6 shows TPPE spectra of increasing coverage of VONc on Au(111) 

obtained with 4.83 eV excitation energy. The interfacial states that will be the primary 

focus of this chapter; the Shockley surface state, n = 1 image resonance, and n = 2 image 

resonance, are highlighted in the spectra. As can be seen in Figure 8.6, the deposition of 

¼ ML on Au(111) suppresses the surface state and upper band edge, both of which are 

associated with the underlying gold substrate. At ½ ML coverage, the Au(111) Shockley 

surface state is further suppressed and a definite shift in binding energy is detected. 

Simultaneously, the n = 1 image resonance begins to grow in intensity, presumably 
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because its lifetime is increasing as it begins to dissociate from the bulk band of Au(111) 

(discussed in Section 8.4). By 1 ML, the n = 1 image resonance has grown considerably 

in intensity, and an n = 2 image state, which becomes energetically accessible at ¾ ML is 

also apparent in the spectra.  

 

Figure 8.6. TPPE spectra obtained at a photon energy of 4.83 eV and k|| = 0 Å-1 for 0 – 1 
ML annealed films of VONc on Au(111).  

 

 Since the n = 1 and n = 2 IR are most clearly visible at ¾ and 1 ML, peak fits are 

shown as a function of photon excitation for 1 ML in figure 8.7. Peak assignments based 
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on photon energy dependence are shown in Figure 8.8. The features observed at 1 ML 

VONc coverage and their accompanying photon dependencies are: m = 1.05(1) for 

unoccupied n = 1 IR state, m = 2.04(2) for occupied SS, m = 1.94(2) for occupied 

HOMO, and m = 1.09(7) for unoccupied n = 2 IR. 
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Figure 8.7. High final state energy side of TPPE spectra of 1 ML VONc on Au(111) 
obtained with several different photon excitation energies (indicated on the right side of 
plot). The features shown are the n = 1 image resonance (orange), the n = 2 image 
resonance (violet), the Shockley surface state (blue), and the VONc HOMO (red). 
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Figure 8.8. Final state energy dependence on photon energy in a 1 ML VONc/Au(111) 
film for peaks SS, n = 1 IR, and n = 2 IR; m = 1.05(1) for unoccupied n = 1 IR state, m = 
2.04(2) for occupied SS, m = 1.94(2) for occupied HOMO, and m = 1.09(7) for 
unoccupied n = 2 IR. 

 

 In Figure 8.7, most of the assigned states are apparent, however, the n = 2 IR is 

much more difficult to detect. Therefore spectra were obtained in smaller photon energy 

increments, � h� , using photon energies in which the n = 2 IR is accessible. These spectra 

are shown in Figure 8.9. 
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Figure 8.9. High final state energy side of TPPE spectra of 1 ML VONc on Au(111) 
obtained with high photon energies in small � h�  increments (shown on right side). 

 

 In the next section, binding energies and dispersion of each of the interfacial 

states, SS, n = 1 IR, and n = 2 IR, will be examined individually. 

8.3.2.1  Shockley surface state 

Consistent with UPS spectra presented in Chapter 7, the bare Au(111) surface 

state peak shifts to lower binding energy with increasing VONc coverage (Figure 8.6). 

This is evidence of a push-back effect taking place on the surface and will be further 

discussed in section 8.4. The Au(111) surface state was observed at 0.4 eV below the 
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Fermi edge on the clean gold surface. Between 0 and ½ ML coverage, the surface state 

profile changes quite dramatically as seen in figure 8.6. The principal spectral changes 

are: i) The bare Au(111) surface state diminishes greatly in intensity, and ii) the bare 

Au(111) surface state shifts to a lower binding energy. The intensity depletion of the 

Au(111) surface state is not surprising considering that the pristine gold surface is 

modified by the presence of VONc. The shift in energy is also expected for systems with 

a strong push-back effect such as that modeled for VONc on Au(111) in the last chapter.  

Figure 8.10 shows an intensity map of ¼ ML VONc on Au(111) obtained with a photon 

energy of 4.83 eV as a function of k||. At ¼ ML coverage, the surface state is still the 

primary feature on the high final state energy side of the spectra (see also Fig. 8.6). The 

binding energy shifts to 0.37 eV and the effective mass of meff = 0.28(3) me is obtained. 
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Figure 8.10. a) Intensity map of ¼ ML VONc/Au(111) obtained with 4.83 eV photon 
energy vs. k||. Au(111) surface state, parabolic fit results in meff = 0.28(1) me. Binding 
energy is -0.37 eV at k|| = 0.  

 

Figure 8.11a) shows AR-TPPE several spectra obtained at a photon energy of 

4.15 eV of ¾ ML of VONc on Au(111). As seen in Figure 8.7, the image resonance and 

surface state overlap at this excitation energy. However, the less dispersive image 

resonance can be seen to separate from the more dispersive surface state at off-normal 

angles associated with higher parallel momenta, and an effective mass of meff  = 0.23(3) 
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me is fit to the surface state. Since the dispersion of the Shockley surface state is left 

largely unaltered from 0 to 1 MLE VONc coverage, the most noticeable change in the SS 

with the addition of VONc is the decrease in binding energy. The stability of the noble 

metal effective mass with adsorbate coverage has also been observed in several other 

systems.169,181,182 Table 8.1 summarizes the binding energy and dispersion observed of 

the surface state between 0 ML and 1 MLE VONc on Au(111). 
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Figure 8.11. a) Angle-resolved TPPE surface state spectra at ¾ ML VONc coverage on 
Au(111). At angles furthest from 0 deg, the less dispersive image resonance shoulder 
becomes visibly separated from surface state peak. b) Effective mass fit for surface state 
peak centers as a function of parallel momentum in the region where dispersion is 
parabolic, beyond this region peak widths broaden and increase in asymmetry to an 
extent that peak centers are difficult to identify. 
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Table 8.1. Summary of binding energy and effective masses observed for Shockley 
surface state at different VONc coverages. 

 

8.3.2.2 Image resonance 

The work function shift associated with ½ ML VONc coverage from that of clean 

Au(111) is almost 600 meV. The image resonance on bare Au(111) is found at 4.7 eV 

above the Fermi level, while at ½ ML VONc coverage, the image resonance is detected at 

4.0 eV above the Fermi level. This corresponds largely with the vacuum level shift, but 

indicates also that the binding energy of the image resonance increases from 0.8 eV on 

bare Au(111) to 0.9 eV with ½ ML VONc coverage.   

 To determine the extent of localization of the image resonance, AR-TPPE spectra 

were obtained using a photon energy of 4.83 eV, in order to observe the image resonance 

dispersion when not resonant with the surface state. Only a tentative spectral fit of this 

severely spectrally congested region is possible. From this, an meff »  0.6 is obtained for 

the n = 1 IR. Overlapping spectral features of this region also include the non-dispersive 

HOMO (gold dashed line) and the upper band edge (green dashed line); the latter is quite 

dispersive prior to addition of VONc, but appears localized at VONc coverage of ½ ML.  

A blue curve indicating the approximate surface state position is also shown. At points 
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other than 
 , the surface state intensity diminishes considerably, and a quantitative 

dispersion could not be obtained at 4.83 eV.   

 

 

 

Figure 8.12. AR-TPPE of ½ ML VONc on Au(111) obtained at 4.83 eV. Tentative fit of 
image resonance peaks resulted in effective mass of meff = 0.6 me. 
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 From ½ ML to 1 ML VONc coverage, the vacuum level continues to decrease by 

a further 140 meV, for a total shift of 740 meV. The image resonance continues to be 

pinned to the vacuum level between ½ ML and 1 ML VONc coverage, as seen in figure 

8.6, maintaining a binding energy of 0.9 eV  

By 1 ML coverage, the new spectral position of the image resonance is 3.88 eV 

above the Fermi level. In order to determine the extent of image resonance delocalization 

at 1 ML VONc coverage, AR-TPPE was obtained using a 4.90 eV photon energy, leaving 

the image resonance spectrally well-separated from the other features. Figure 8.13 shows 

the corresponding intensity map of 1 ML VONc on Au(111) as a function of k||. An 

effective mass of meff = 0.51(4) me is obtained. Intensity from the n = 2 image resonance 

is also detectable in figure 8.13. The effective mass value assigned to the n = 2 image 

resonance is tentative because as shown in Figure 8.7, the n = 2 image resonance overlaps 

with the surface state at an 4.90 eV excitation energy. Since the intensities of both peaks 

are very weak, it is not possible to separate the two spectral components even at k|| ¹ 0.  

However, at other excitation wavelengths, an effective mass of meff = 0.25(3) me was 

obtained for the surface state, leading to the likelihood that the meff value obtained of 

0.78(4) me is largely due to the n = 2 image resonance. 
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Figure 8.13. AR-TPPE spectra of 1 ML VONc/Au(111) obtained with photon energy of  
4.90 eV with parabolic dispersion fit to n = 1 image resonance resulting in meff = 0.51(4) 
me and parabolic dispersion fit to surface state overlapping with the n = 2 image 
resonance resulting in meff of 0.78(4) me. Since a surface state effective mass of 0.25 me 
was obtained from those 1 ML AR-TPPE spectra where surface state is isolated from 
other peaks, the n = 2 image resonance makes the larger contribution to these dispersion 
data. 

 

Table 8.2 summarizes the binding energy and dispersion trends observed of the 

image resonance as a function of VONc coverage. Note that the dispersion was 

unobtainable from bare Au(111) due to the very short lifetime of the image resonance 

coupled to the bulk band.   
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Table 8.2. Summary of binding energy and effective masses observed for image 
resonance at different VONc coverages. 

 

 Figure 8.14 summarizes the change in energy of each state upon transitioning 

from bare Au(111) to 1 MLE VONc on Au(111). It can be seen in this diagram that the 

image resonance largely tracks the vacuum level, and that the surface state binding 

energy decreases with VONc coverage. The n = 2 IR and the VONc HOMO are both 

states that appeared after the addition of VONc. 

 

Figure 8.14. Summary of electronic energy levels observed with TPPE of bare Au(111) 
and of 1 ML VONc on Au(111). 
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8.4  Discussion 

8.4.1  Shockley surface state binding energy 

The binding energy of the Shockley surface state was observed to decrease with 

increasing VONc coverage up to ½ ML in the last chapter, and was then no longer 

detectable. Using TPPE, the detection of the surface state was extended to 1 ML 

coverage. This is likely due to the larger electron escape depths at lower energies, since 

electrons emitted using TPPE have lower kinetic energies than those emitted using UPS. 

From the surface state binding energy at 1 ML, a VONc adsorption energy of VONc on 

Au(111) can be estimated. As discussed in the last chapter, Pauli repulsion from an 

electron rich adsorbate pushes electron density at the surface of the noble metal towards 

the bulk, thereby destabilizing the surface state and causing it to shift to lower binding 

energies. While the direction of the surface state binding energy shift gives insight to the 

type of charge redistribution taking place at the surface, the magnitude of the shift can 

supply a quantitative estimate for the adsorption energy of VONc on Au(111). Following 

the relation presented in the last chapter, from Ziroff et al.,169 which relates the shift in 

surface state binding energy to molecular adsorption energy, an absorption energy of 16 

meV/Å2 for 1 ML of VONc on Au(111) can be inferred based on the observed surface 

state binding energy shift of 150 meV between 0 and 1 ML. Using 1 ML packing 

densities from STM measurements,81 a single molecule occupies 289 Å2. Combining 

these values results in an adsorption energy of 4.6 eV per molecule, in respectable 

agreement with the value of 5.5 eV obtained from dispersion-corrected DFT calculations 

for this system and reported in the last chapter. This adsorption energy estimate is more 
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accurate than the values obtained in the last chapter from surface state shifts at ¼ and ½ 

ML, since no packing density assumptions have to be made for 1 ML; rather the density 

is obtained directly from STM data at this coverage.   

8.4.2  Shockley surface state effective mass 

In agreement with UPS data presented in the last chapter, the Shockley surface 

state observed with TPPE remains delocalized upon adding VONc to the Au(111) 

surface. This delocalization persists to 1 ML VONc coverage. The observation of 

dispersive surface states despite adsorption has been reported for several other 

Au(111)/adsorbate systems, including Xe, Ar, PTCDA, and NTCDA.169,183,184,185 The 

consistency of the Au(111) Shockley surface state effective mass before and after 

adsorbate absorption can be attributed to the proximity of this state to the bottom of the 

surface projected band gap in accordance with the phase shift model which correlates 

band position with effective mass.34,182  

8.4.3  n = 1 Image resonance binding energy 

 The bare Au(111) image resonance has a binding energy of 0.8 eV, increasing to 

0.9 eV upon initial adsorption of VONc. Similar Au(111) n = 1 image resonance binding 

energy changes have been observed previously with 1 ML adsorbate coverage.186 The 

VONc film is not acting as a simple dielectric layer on top of Au(111), since the 

measured BE should have decreased due to screening regardless of the thickness of the 

film.136 The observed increase in binding energy must therefore be due to coupling of the 

image resonance to an affinity level of VONc, as already observed for VONc on HOPG.  
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Affinity level coupling effectively “pins” the binding energy of the image potential state 

level, drawing electron density into the molecular film and resulting in unusually large 

binding energies of the image resonance.12 However, the image resonance is not 

completely decoupled from the vacuum level in this system, since it largely follows the 

vacuum level shift of 740 meV between 0 and 1 ML VONc coverage.   

8.4.4  n = 1 Image resonance effective mass 

 The image resonance observed in the Au(111)/VONc system is surprisingly 

dispersive when compared to other studies of the properties of the Au(111) image 

resonance upon adsorption.186,187 A fit to the Au(111)/VONc at an excitation energy of 

4.90 eV at 1 ML coverage results in an effective mass of meff = 0.5 me. At this photon 

energy, the n = 1 image resonance peak was the most isolated from other spectral 

features. However, AR-TPPE data were obtained at two other excitation energies for 1 

ML coverage, as shown in Figure 8.15 and 8.16. The effective mass values obtained 

using these excitation energies, 4.66 eV and 4.49 eV, were 0.9(1) me and 1.0(2) me, 

respectively. These values are more similar to other studies with similar systems which 

have reported effective masses closer to 1 me. One possible explanation for the strongly 

dispersive image resonance is that at 1 ML coverage, it is in close proximity to the 

Au(111) upper band edge. The upper band edge of bare Au(111) was found to be highly 

dispersive as shown in figure 8.4a). However, by ½ ML VONc coverage, the upper band 

edge appears to be completely non-dispersive. It is possible that these states are in close 

spectral proximity, and their dispersion assignments are less separable than initially 
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anticipated. Another possible reason for the image resonance to appear more dispersive 

could be the proximity of a vastly spectrally up-shifted surface state, as recently claimed 

in the Au(111)/C60 system.188 Such a large shift would imply however extremely high 

VONc adsorption energies, which seems rather unlikely based on the assignment of the 

observed 1 ML surface state and dispersion-corrected DFT calculations for this system. 

 

 

Figure 8.15. AR-TPPE spectra of 1 ML VONc/Au(111) obtained with photon energy of  
4.66 eV with parabolic dispersion fit to n = 1 image resonance resulting in meff = 0.9(1) 
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me. Red dot indicates single observation of n = 2 image resonance at k|| = 0 Å-1. 

 

 

 

Figure 8.16. AR-TPPE spectra of 1 ML VONc/Au(111) obtained with photon energy of  
4.49 eV with parabolic dispersion fit to n = 1 image resonance resulting in meff = 1.0(2) 
me.   

 

 The n = 1 IR intensity pattern as a function of k|| with excitation energy is highly 

unusual and somewhat puzzling. The oscillations with k|| hint at possible quantum 
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interference effects, perhaps also affecting the effective mass. 

 

8.4.5  n = 2 Image resonance  

 A second image state is visible in spectra taken with photon energy > 4.66 eV at 

¾ and 1 ML, as can be seen in Figure 8.6. This state has a binding energy of 0.15 eV at ¾ 

ML and 0.11 eV at 1 ML with respect to the vacuum level. By 1 ML, the vacuum level 

decreases to 4.77 eV, making this state more generally accessible with the available 

photon energies. In Figure 8.4, it can be seen that this state lies close in energy with 

respect to the Fermi level to the clean Au(111) image resonance. However this peak 

cannot be assigned as the bare Au(111) n =1 image resonance for two reasons: i) It grows 

in intensity with VONc coverage and ii) the peak width is quite narrow. A bare Au(111) 

IR is expected to become suppressed with coverage much like the surface state and upper 

band edge peaks. It is however possible that the decay route to bulk Au(111) becomes 

less efficient with adsorbate coverage, leading to a longer lifetime of the image resonance 

and thus an increased intensity. If however the coupling of the IR to the bulk band were 

altered, it would follow logically that the associated IR is no longer that of pristine 

Au(111). It seems more likely that indeed the decay route to the bulk is altered by the 

adsorbate, and the small binding energy of this state is likely due to the absence of 

coupling with an affinity level. In this case, VONc acts as a dielectric, screening the 

image charge and hence pushing the wave function toward the vacuum side of the 

interface. Consequently, this results in a lower binding energy with respect to vacuum 
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and longer lifetime of this state. This explanation also accounts for the narrow peak width 

of about 150 meV. The upper bulk band of Au(111) extends above the vacuum level, 

thereby making this state an image resonance. Typically, image resonances have very 

broad peak widths associated with their short-lived nature since there exists a very 

efficient route for electron transfer to the bulk bands. However, the n = 2 image 

resonance demonstrates a very narrow peak width, consistent with that of an image 

resonance that is no longer coupled to the bulk due to dielectric screening by an adsorbate 

layer.  

8.4.6  Fano resonance 

The various possible resonant excitation pathways of the n = 1 IR at 1 ML (see 

Fig. 8.8) suggest a potential role of quantum interferences in the n = 1 properties. Both n 

= 1 and SS are resonant with bulk bands while strictly corresponding to 2D-confined 

surface resonances. Such effects, perhaps already hinted at in the k|| dependent intensity 

maps, should manifest themselves in non-Lorentzian resonance profiles as a function of 

excitation energy. Particularly, a Fano resonance might be expected potentially visible in 

the shape of the intensity dependence of both the surface state and the image resonance 

on excitation wavelength.189 A Fano resonance occurs when the transition matrix 

elements from a ground state,i , to both a discrete excited level,n , and an excited 

continuum band, ES , are of similar magnitude.190 Additionally, the continuum band 

must be coupled to the discrete level. In this case it can be populated via two competing 

pathways: i) Direct photo-excitation from the ground state and ii) Excitation of the 
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(strongly) coupled discrete unoccupied level, the n = 1 IR. A diagram of this situation is 

shown in Figure 8.17. Upon passing through the resonance, there is an accompanying 

phase shift of �  between the discrete and continuum band. Depending on how the phases 

are aligned initially, constructive interference will occur on one side of the resonance, 

and destructive interference on the other, leading to an asymmetric intensity profile.  

Equation 8.2 gives the well-known resulting asymmetric intensity profile caused by such 

a Fano resonance:       
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where Er is the resonance energy, �  is the natural width of the resonance, q is the Fano 

parameter describing the contribution from a single occupied initial state to a continuum 

of unoccupied final states, � a represents the cross-section of the continuum of final states 

that interact with the with the single initial state, and � b represents the cross-section of the 

continuum of final states that do not interact with the initial state. As a result of the 

quantum interference in a Fano resonance, the excitation energy that induces the 

maximum peak intensity is offset and thus does not equate with the resonance energy (the 

resonance energy is equal to the energy separation between i  and n ) .  

In Figure 8.18a), the image resonance peak intensity as a function of photon 

energy is fit with such an asymmetric Fano profile. The n = 1 IR peak intensities are 

scaled from spectra at different wavelengths by comparing the peak to background 

intensity, where the background intensity is determined at a photon energy where 

8.2 
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coherent emission from the Au(111) substrate is observed.  This method relies on the 

assumption that the transition matrix element of the bulk gold band is moderately 

insensitive to small changes in excitation energy. The Fano fit to the intensity profile 

results in an intensity maximum at 4.12(3) eV excitation energy, corresponding closely 

with the resonance energy between the surface state (-0.25 eV) and image resonance 

(3.89 eV). The lack of offset between these energies indicates that interference may only 

play a minor role. The shape of the Fano profile results in a fairly good fit, however, the 

error bars are too large to assign a high degree of certainty to this fit.  Additionally, an 

equally reasonable fit is attainable using a symmetric peak profile with very large value 

of the Fano parameter (minimal Fano resonance) approaching the Lorentzian limit, 

shown in Fig. 8.18b).  It would be helpful to have data for photon energies < 3.9 eV for a 

better determination of the symmetry of this profile; however this is outside of the 

accessible range of the current laser set-up.  If the n = 1 IR was accessible only from the 

surface state, the intensity of the image resonance would be expected to approach zero for 

excitation energies that differ significantly from the SS to n = 1 IR energy difference.  As 

seen in Figure 8.18, this is not the case. It is feasible that the residual n = 1 IR intensity at 

excitation energies off of the SS to n = 1 resonance energy difference is coming from 

non-k||-conserving transitions from the Au(111) lower bulk band.  It can be seen that the n 

= 1 IR intensity increases slightly just above 4.8 eV excitation energy, at this energy, the 

n = 1 IR becomes accessible at k|| = 0 from the lower bulk band.  The idea that the n = 1 

image resonance is coupled to the lower bulk band could be support for a 2D Fano 

resonance.  However in the case of a 2D resonance, the Shockley SS should be coupled to 
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the lower bulk band as well.  This is however unlikely, considering that the Shockley SS 

resides energetically in the bulk band gap. 

 

 

Figure 8.17. Interference of two different pathways for excitation, giving rise to a Fano 
resonance.191 Excitation can occur from discrete ground state,i , to discrete excited 

level, n ; and simultaneously from discrete ground state, i , to bulk band, ES . n  

and ES  are coupled and Vn is the overlap integral between the two. 
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Figure 8.18. a) Asymmetric Fano profile fit to IR n = 1 peak intensity as a function of 
photon excitation energy. Fit with fixed q = 5. b) same as in a), but symmetric fit with     
q = -800 reaching Lorentzian limit. 
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8.5  Conclusions 

 Using TPPE, the Shockley surface state was observed past ½ ML coverage, 

allowing a better estimate of the adsorption energy of VONc. Additionally, the presence 

of n = 1 image resonance and n = 2 image resonances were detected. These are largely 

pinned to the vacuum level, with mild mixing of the n = 1 image resonance with a VONc 

anion state as seen by the slight binding energy increase in the presence of VONc. The 

Shockley surface state retained its highly dispersive nature with the addition of VONc, 

however, the binding energy did shift as a result of Pauli push-back effect. The n = 2 

image resonance was screened from the Au(111) by the VONc film acting as a dielectric 

layer. This effect resulted in a lower n = 2 binding energy and a longer life-time leading 

to a narrower peak width. 
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CHAPTER 9 

 CONCLUSIONS AND FUTURE DIRECTIONS 

9.1  Conclusions 

The studies presented in this work were aimed towards a better understanding of 

the fundamental physics of the electrode/organic molecule interface in both the ground 

and excited state manifolds. Systematic investigations of single systems were undertaken 

in order to assess the evolution of the electronic structure and molecular organization at 

the interface. The adsorbate molecule vanadyl naphthalocyanine (VONc) was used whose 

properties are well-suited to this purpose. I have shown that molecular electronic levels in 

both the ground and excited state manifolds can shift independently of the vacuum level, 

thus influencing the interfacial charge-transfer process between close lying substrate and 

adsorbate energy levels. 

The progression of my work began with the study of ground state adsorbate 

interfacial electronic structure as a function of film thickness on a non-reactive substrate 

in Chapter 3. It was demonstrated that at the VONc/HOPG interface, both the vacuum 

level and molecular energy levels shift, however by different amounts and in different 

directions. It was shown that this is a natural consequence of the electrostatic potential in 

the far-field region several tens of Å above the surface and the near-field region with its 

strong lateral variability and decreased potential with increased coverage owing to 

depolarization effects.  

In Chapter 4, I examined the excited state regime of the adsorbate electronic 

structure to determine if these levels were also influenced by depolarization effects. It 
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was shown that the excited state polarizability and dipole moment can be measured in 

annealed 0 – 1 ML films of VONc on HOPG. The polarizability increases substantially 

upon excitation of the large heterocycle, indicating that strong local electric fields present 

at interfaces significantly alter the molecular electronic structure, with potential impact 

on interfacial charge-transfer dynamics. The connection was made that electron transfer 

between close lying electron donor and acceptor energy levels could either become 

enhanced or detuned due to energy level shifts caused by depolarization effects as a 

function of dipole density. In the next two chapters, such effects were explored in the 

case of electron transfer between the n = 1 image state of HOPG and a close lying anion 

state of VONc.   

In Chapter 5, I investigated the interfacial electronic structure of thin �lms of 

VONc on HOPG in the image state manifold. I observed the formation of two different 

image-derived states existing in different coverage regimes. IS1, found predominantly 

between 0 and 1 ML, is derived from bare HOPG and displays a binding energy 

increased by the presence of a progressively stabilizing near-resonant af�nity level. This 

state constitutes thus an image state/anion hybrid with HOPG image state character and 

offers an excellent model system for interfacial charge-transfer. In contrast, IS2 is a 

VONc-screened image-derived state, somewhat stabilized by a high-lying af�nity level of 

VONc and present above 1 ML-like areas in the �lm. Both coverage evolution and a 

simple DCM-based estimate suggest that it is pinned to the near-�eld potential of the 

VONc �lm due to its substantial probability density within the molecular layer.  

The oriented VONc molecular dipoles in the annealed thin �lms studied 
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demonstrate the direct impact of interfacial electrostatic �elds on the molecular and hence 

interfacial electronic structure. Perhaps even more importantly, these data suggest that 

interfacial charge-transfer—observed here in the guise of electron transfer from HOPG 

into VONc—is strongly modulated by the presence of such �elds. The coverage-

dependent continuous change of the VONc anion energy levels permitted a detailed 

observation of the energy dependence of interfacial coupling between a large organic 

semiconductor and the metal surface.  

In Chapter 6, AR-TPPE was used to identify the charge-transfer mechanism 

between the HOPG image state and anion affinity level. From dispersion data, I 

concluded interfacial charge-transfer was occurring via a scattering mechanism.  

Interestingly, experimental data also suggest that the scattering efficiency was dependent 

on VONc coverage, as the depolarizing affinity level came in and out of resonance with 

the HOPG image state. 

In Chapters 7 and 8 interfacial effects were studied in a system with the additional 

complexity of molecule/substrate interactions. For the studies presented in these chapters, 

HOPG was replaced by Au(111) due to its increased density of states in the Fermi region, 

and the presence of potentially reactive surface states including Shockley and Tamm 

states. The electron rich Au(111) surface led to a strong interface dipole upon addition of 

VONc molecules. The exact nature of this interface dipole was examined in depth in 

Chapter 7, taking both a computational DFT approach in collaboration with Fabio Della 

Sala and an experimental approach in order to understand the transferability of the 

electrostatics concept at this interface and pinpoint the sources of the interface dipole. It 
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was determined that the observed work function change is made up from a minor 

electrostatic component, generated by the array of oriented VONc, and a bond-dipole 

component reflecting negligible charge-transfer and extensive push-back.  

In Chapter 8, the Au(111)/VONc system was examined using TPPE. The 

Shockley surface state showed significant destabilization confirming the strong Pauli 

push-back effect and allowing for a better estimate of the VONc adsorption energy.  

Additionally the n = 1 and n = 2 image resonances were examined because these states 

act as sensitive probes of the chemical environment just above the bare Au(111) surface.  

The n = 1 image resonance appeared largely pinned to the vacuum level with mild mixing 

with a VONc anion state while the n = 2 image resonance was screened by the VONc 

acting as a dielectric layer. 

9.2 Future Directions 

9.2.1 Time-resolved measurements 

The interface between VONc and HOPG offers an ideal system to investigate the 

effect of changing electrostatic environment on interfacial charge-transfer rates. Some 

insight has already been obtained by examining relative intensities as a function of 

coverage. Charge-transfer rates between the close lying HOPG n = 1 image state and 

VONc affinity level can however be obtained directly by using time-resolved two-photon 

photoemission. As the VONc affinity level shifts in energy as a function of coverage, 

thus tuning and detuning energetically from the HOPG n = 1 image state, the influence on 

interfacial charge-transfer can be monitored as a result of the changing resonance 
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between the image potential state and anion. These measurements can be made using 

time-resolved pump-probe fs-TPPE with minor modifications to the existing 

experimental apparatus.   

9.2.2  Molecular engineering 

In Chapter 7, it was shown that the extensive push-back influencing interface 

dipole formation is controlled by strong local electrostatic fields induced by various 

heteroatoms in the molecule, giving rise to a net bond dipole; at the same time, the VO 

dipole moment is substantially screened by the Nc ring. This suggests that interfacial 

electronic structure at electron-rich surfaces such as Au(111) may be more efficiently 

controlled by manipulating the local electrostatic fields within the plane of the molecule 

rather than along the surface normal, the currently preferred strategy. It would therefore 

be interesting to study the interface dipole formation on Au(111) using a series of 

naphthalocyanine derivatives with differently substituted side groups.  
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APPENDIX A: ELECTROSTATIC SIMULATION CODE 

Matlab code to calculate potential as function of coverage 

size=5; 
array=150; %number of molecules (per dimension) to include in calculation 
pixels=100; %number of points per axis 
perpixel=size*1E-7/pixels;  %spacing between pixels 
potential=zeros(1,pixels);  %initializing output array 
A=rand(2*array+1);  %random number generator between 0 and 1 
B=round(A-0.45) %round to zero for random number below 0.95, to one above 0.95 
alpha=(((B)*0.8)+1)*3.4E-22;%5 percent of dipoles are alpha*1.8 and 95% are alpha*1 
z=2.7; %plane to take a slice through in A above bottom of dipole 
x=0;  %plane to take a slice through in A from the origin dipole 
y=0;  %plane to take a slice through in A from the origin dipole 
d=5E-8;  %length of the dipole in cm 
for theta=1:pixels 
     a=17E-8/((theta/pixels)^.5);  %spacing between molecules at full coverage 
        for l=-array:array 
             for k=-array:array 
              q=(4/5)*6.75E-11*(1+9*alpha(k+(array+1),l+(array+1))*((1/(a^2))^(3/2)))^-1; 
%charge separation of the dipole in statcoulombs 
              potential(theta)=potential(theta)+q/((x*perpixel-l*a)^2+(y*perpixel-
k*a)^2+(z*1E-8-d)^2)^.5-q/((x*perpixel-l*a)^2+(y*perpixel-k*a)^2+(z*1E-8)^2)^.5; 
             end 
        end 
         potential(theta)=(potential(theta))*299.8*2; %convert potential from statvolts to 
volts 
end 
potential=potential/max(potential); 
xaxis=1:pixels; 
xaxis=xaxis/pixels; 
plot(xaxis,potential); % create plot 
hold(‘all’ ) 
ylabel(‘Electrostatic Potential (V)’,’FontSize’,14,’FontName’,’Arial’ ); % create y label 
xlabel(‘Coverage’,’FontSize’,14); % create x label 
potential=transpose(potential); 
 

 

 

 

 



 

 

331 

 

Matlab code to calculate potential as a function of x-y position at a given coverage 
 
array=50; %number of molecules (per dimension) to include in calculation 
pixels=256; %number of points per axis 
size=10.8; %size of plot in nm 
perpixel=size*1E-7/pixels;  %spacing between pixels 
potential=zeros(pixels,pixels);  %initializing output array 
ground=zeros(pixels);  %initialize a value for ground (optional) 
A=rand(2*array+1);  %assigning random number between 0 and 1 to every dipole 
B=round(A-0.45); % round to zero for random number below 0.95, to one above 0.95 
alpha=(((B)*0.8)+1)*3.4E-22;%95 percent of dipoles are alpha*1 and 5% are alpha*1.8 
z=2.7; %plane to take a slice through in A above bottom of dipole 
d=5E-8;  %length of the dipole in cm 
theta=1; %coverage in ML 
for x=0:pixels-1 
    xequation=x*perpixel;  
    a=17E-8/((theta)^.5); %spacing between molecules as function of coverage 
          for y=0 :pixels-1 
         yequation=y*perpixel ; 
         for l=-array:array 
             for k=-array:array 
              q=(4/5)*6.75E-11*(1+9*alpha(k+(array+1),l+(array+1))*((1/(a^2)))^(3/2)))^-1; 
%charge separation of the dipole in statcoulombs 
              potential(x+1,y+1)=potential(x+1,y+1)+(q/((xequation+.85E-7-l*a)^2+ 
(yequation-k*a)^2+(z*1E-8-d)^2)^.5-q/((xequation+.85E-7-l*a)^2+(yequation-
k*a)^2+(z*1E-8)^2)^.5); 
             end 
         end 
         potential(x+1,y+1)=(potential(x+1,y+1))*299.8*2;%convert potential from statvolts 
to volts 
     end 
end 
xaxis=(0:pixels-1); 
xaxis=xaxis*perpixel*1E7; 
yaxis=(0:pixels-1); 
yaxis=yaxis*perpixel*1E7; 
surf(xaxis,yaxis,potential) 
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