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ABSTRACT 

 

 Understanding organic semiconductor interfaces is critical to developing organic 

photovoltaics (OPV). OPV interfaces are disordered due to weak intermolecular 

interactions, resulting in diverse charge transfer micro-environments. I present 

experimental data isolating high-order intermolecular interactions controlling interfacial 

energy level alignment and describe new instrumental capabilities providing access to the 

local electronic and kinetic landscape at organic semiconductor interfaces. 

 Interface formation between vanadyl naphthalocyanine (VONc) and highly 

ordered pyrolytic graphite (HOPG) is investigated. Ultraviolet photoemission 

spectroscopy (UPS) shows that the VONc binding energy (BE) decouples from the work 

function, shifting in an opposite direction and contradicting the standard interface dipole 

model. This effect is quantitatively described using an electrostatic depolarization model 

and confirmed by simulations which show an inhomogeneous potential at the interface. 

New data and literature values suggest orthogonality between polarizability and 

molecular dipole in polar porphyrazines. Their potential for interface engineering is 

discussed. 

 The electron-rich Au(111)/VONc interface is investigated. The organic layer 

induces a large interface dipole in Au(111) which can be fit to a depolarization model.  

Ionization potential and depolarization data suggest that the second VONc layer on 

Au(111) adopts a tilted geometry. Electrostatic differences between Au(111)/VONc and 

HOPG/VONc are discussed, demonstrating that interface dipole contributions are not 

interchangeable. 
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 The surface states of the Au(111)/VONc interface are characterized by angle 

resolved 2-photon photoemission to determine the magnitude of the perturbation. The 

measured free-electron-like effective mass and BE destabilization of the Shockley state is 

attributed to step edges caused by lifting the Au(111) (   √ ) reconstruction.  The 

Shockley state is accessible primarily through resonance with the n = 1 image state.  

Another resonance between the image state and a molecular state of VONc is tentatively 

identified. 

 Design and construction of a confocal fluorescence microscope capable of single 

molecule detection in ultrahigh vacuum is described.  Initial images and fluorescence 

trajectories demonstrate the ability to measure charge transfer kinetics between an 

individual organic semiconductor molecule and well-characterized insulating surfaces.  

 Progress towards completion of a scanning photoionization microscope is 

presented.  The microscope demonstrates diffraction-limited imaging capabilities using 

fs-laser-generated photoelectron current as contrast.  Recommendations are given 

towards achieving spectral resolution and for future experimental systems. 
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CHAPTER 1 

 

ORGANIC SEMICONDUCTOR INTERFACES: 

  

 

1.1 Outline 

 This dissertation describes research dedicated to investigating the electronic 

structure of interfaces relevant to organic photovoltaics (OPV). The electronic structure 

of these interfaces plays a critical role in determining both the kinetics and 

thermodynamics of device performance, and is critical to their success as viable sources 

of renewable energy.  In order to further the understanding of these devices I have 

developed new experimental techniques for investigating energy level alignment and 

charge transfer kinetics in model systems and revealed new physical insights concerning 

the role of electrostatic interactions at interfaces which have the potential to improve the 

accuracy and scope of device engineering. 

 In this chapter I provide an overview of the current physical understanding that 

has guided my investigations. This represents a general overview of the physics required 

to interpret the following chapters; a more specific review is provided at the beginning of 

each chapter.  I begin with a description of OPV, their global importance and the current 

state of device development.  I then describe the condensed matter physics that is 

essential for an understanding of the complexity that exists at organic semiconductor 

interfaces.  The chapter is concluded with a description of the format of this dissertation 

and a brief summary of the included chapters. 
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1.2 Motivation: Organic Photovoltaic Cells 

 The need for clean, renewable and inexpensive energy sources has created 

renewed interest in developing technologies dedicated to solar power conversion.
1-5

  

Although many technologies will ultimately be required to fill the gap left by fossil fuel 

combustion, one particularly attractive route to sustainability is the development of OPV.  

While OPV are unlikely to achieve the high energy conversion efficiency of crystalline 

silicon solar cells, they have the potential to reduce the cost per watt dramatically and 

make widespread adoption of the technology economically feasible.   

OPV make use of the still recent discovery of a growing library of organic small 

molecules and polymers with the properties of conductors and semiconductors.  Alan 

Heeger, Alan MacDiarmid and Hideki Shirakawa shared the 2000 Nobel prize in 

chemistry for their discovery in 1977 that the conductivity of polyacetylene increased by 

over seven orders of magnitude when dosed with I2 vapor.
6
  Less than a decade after this 

breakthrough, the first binary-mixture small-molecule OPV was created using a 

combination of Cu phthalocyanine (Pc) and a perylene derivative.
7
  Although this 

prototypical OPV had a power conversion efficiency < 1%, the proof-of-principle has led 

to a great deal of activity in the field of organic electronics. 

Despite the large investment in OPV technologies (a simple ISI search for 

“Organic Photovoltaic” yields almost 16000 publications since 1987), the field has 

suffered from high expectations and slow progress.   While recent reports have claimed 

power conversion efficiencies in the range of 6-7%,
8-10

 these cells often have small active 

areas and their performance is notoriously difficult to reproduce and to measure 
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accurately.
8
  While the on-going progress and immense value of OPV’s merit continued 

research, a more targeted application of resources is obviously needed.  

It is widely acknowledged in the device community that recent advances in OPV 

conversion efficiencies are due to a combination of new device architectures that harvest 

a greater portion of the solar spectrum and new material processing techniques that 

promote “beneficial” ordering of the films.
1,11

 In order to demonstrate why these 

improvements in particular have been singled out, a brief description of the physics of 

OPV is warranted and presented below. 

 

1.3 Physics of Organic Photovoltaics 

 Like traditional inorganic solar cells, the purpose of an OPV is to convert light 

energy into electricity. The charge carrier generation and transport properties of silicon 

are such that it can generate energy at a rate that is near the theoretical maximum given 

by the Shockley-Queisser
12

 limit; however, these devices are expensive to produce due to 

the energy required for silicon refining.  OPV bypass this cost, using small molecule and 

polymer based semiconductors that do not require energy-intensive processing. Organics 

are also far more suitable for large-scale production due to their compatibility with high-

volume manufacturing techniques such as reel to reel processing.  Their high extinction 

coefficients allow for thinner, more flexible devices, opening up previously cost-

prohibitive applications.  Unfortunately, these advantages come at the cost of a steep drop 

in performance due to differences in the physical process of solar energy conversion 

between organic and inorganic cells. These differences are described below. 
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1.3.1 Charge Carrier Generation 

 In inorganic semiconductors, photons with energy greater than the semiconductor 

band gap can promote an electron from the valence band to the conduction band.  The 

dielectric screening of the free electrons within the inorganic semiconductor is 

sufficiently large that the Coulombic potential between the excited hole and electron is 

lower than the thermal energy available.  Bound states, so-called Mott-Wannier excitons, 

may exist at low temperatures, with spatial extent that is greater than the lattice parameter 

of the semiconductor and a binding energy typically less than 10 meV.
13

  Free charge 

carriers are therefore produced directly upon photon absorption at room temperature. 

 Organic semiconductors on the other hand, have a much lower dielectric constant 

(ε ≈ 3-5) than their inorganic counterparts. Excited states produced within these materials 

are highly localized in the form of Frenkel excitons - hydrogenic states produced by the 

attraction between electron and hole.  While their exact binding energy depends on the 

specific dielectric environment of the organic semiconductor, Frenkel excitons can be 

bound by over 1 eV
14

 and a strong driving force is required therefore to produce free 

charge carriers.   

It is now widely accepted that this driving force is provided by strong local 

electric fields that occur at material interfaces.  Therefore, the neutral exciton must 

diffuse to one of these interfaces before it is dissociated.  The charge carriers then migrate 

away from the interface along a concentration-dependent chemical potential gradient, but 

must still penetrate the organic/electrode interface before a trapping or recombination 

event occurs. 
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Figure 1.1: Plots showing model excitonic (hydrogenic) potentials.  In A the dielectric 

constant is 25 and simulates the inorganic semiconductor environment.  The electric field 

of the hole is sufficiently screened such that the first bound state of the exciton is higher 

than the 25 meV available at room temperature. Plot B (ε = 5) represents the dielectric 

environment within an organic semiconductor.  Here electric fields are poorly screened, 

leading to a much broader potential and very deep energy levels.  Note the scale change 

in the ordinate axis of B (left).  The size of the potential also explains why recombination 

events between free holes and electrons are common in organic materials 
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Figure 1.2: Plot of a representative excitonic potential on an organic semiconductor (ε = 

5) in the presence of an electric field.  As shown from the plot, large electric fields are 

required to distort the potential and produce free charge carriers.  Fields of this magnitude 

are typically provided by heterointerfaces. 

 

1.3.2 Charge Carrier Transport 

In an inorganic photovoltaic made of crystalline silicon, the Si valence electrons 

are highly delocalized. The strong coupling between neighboring atoms combined with 

the orbital degeneracy leads to an energy level splitting from discrete states to bands that 

offer a near-continuum of states.  Charge carrier transport proceeds therefore in the form 

of free-electron-like waves with a well defined momentum vector. In the absence of 

electron-phonon (i.e. lattice scattering) and electron-electron interactions the charge 

carriers travel unimpeded.  
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The situation is very different in organic semiconductors, where intermolecular 

coupling is weak and charge carriers are generally localized on individual molecules.  

Carrier localization leads to significant deformation of the nuclear coordinates of both the 

host molecule and the surrounding lattice.  This nuclear relaxation is referred to as 

polaron formation which acts as a localized potential well and provides an energetic 

barrier to transport within the organic semiconductor.  Charge carriers in organic 

semiconductor are considered to “hop” from one polaron to another along the electric 

field gradient within the OPV.
15

  Hopping transport is much slower than band transport 

and leads to the low charge mobilities commonly found within organic semiconductors. It 

is therefore unsurprising that the measured transport properties of organic semiconductors 

strongly depend on molecular ordering, which is a proxy for intermolecular coupling and 

hybridization.  

  

1.3.3 Coupling and the Role of Disorder 

 A reoccurring theme in describing the performance of high-efficiency OPV 

devices is the coupling of states within an individual organic semiconductor phase, within 

neighboring phases, and between the organic material and an electrode.
16

  It is this 

coupling that leads to preferential transfer of charge carriers along the path to charge 

collection. When the coupling is optimized, charge carriers can be collected from a 

device at a rate that exceeds those of the many energy-loss pathways available.  In its 

simplest form, the nature of this transport/charge transfer is described by first order 

perturbation theory and Fermi’s golden rule, whereby spatial and energy overlap 
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determine the coupling matrix element.  From a statistical perspective, as captured by 

Marcus theory
17

, the interfacial charge transfer rate kif between states   〉 and   〉 is given 

in the high temperature limit, T by: 

 
    (

 

        
)

   

   
    (

           

       
) 1.1  

where λij is the reorganization energy, Vif is the coupling matrix element and Eif is the free 

energy change associated with the charge transfer. While this treatment can be 

generalized to metal surfaces, the morphological complexity of organic semiconductor 

interfaces has limited the ability to predict this charge transfer and transport a priori in a 

manner that is scalable to the device level.
18,19

 

At present, many organic photovoltaic devices are designed around the paradigm 

that when two materials are brought together, the interface between the devices is 

described as a discrete discontinuity between the bulk properties of the component 

materials. This has led to the widespread use of single-particle energy level diagrams in 

device development that cannot accurately capture the interfacial physics involved.
1,20,21

  

OPV materials are typically polymorphic and contain large defect densities and grain 

discontinutities.
2
  The need for both donor and acceptor organic semiconductor materials 

provides concentration gradients and mixed phases - particularly in blended devices.  The 

organic semiconductor/electrode interface often possesses large surface roughness
22

 

which leads to inhomogeneous electron transfer rates depending on the coupling between 

the specific phases involved.
23

 Reports of correlations between device morphology and 

device performance
24,25

 are now ubiquitous in the literature and clearly demonstrate that 



 26 

new methods are needed to: (i) measure and understand the variations in molecule-

molecule and molecule-substrate interactions that occur at the mesoscale from a 

molecular standpoint and (ii) develop new techniques and theories that allow for control 

of the interface at a fundamental physical level. 

 

1.4 The Physics of Condensed Matter 

1.4.1 The Electronic Structure of Materials 

 As described earlier, the difficulties facing the development of commercially 

viable OPV rely on an improved understanding of the physics at interfaces, which 

naturally extends from the physics of bulk materials.   Ultimately charge carriers must 

penetrate the electrode/organic interface and couple into bulk states in order to generate 

usable current.   

The most obvious starting point for a discussion of the properties of materials 

begins with an electron confined to a flat potential.  Within the free electron model, 

electronic states are described as a non-interacting Fermi gas. Solutions to the Fermi gas 

Hamiltonian (i.e. particle in a periodic 3D box) are given therefore by plane wave 

solutions that correspond to the electron wave vector k, of the form: 

             1.2  

with allowable energies, Ek given by: 

 
   

     

   
 1.3  
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The allowed values of k are limited only by the boundary conditions, and this simple 

model is all that is required to correctly predict the parabolic dispersion of ideal 2D 

image state electrons.  

However, the free electron model is unrealistic in that it neglects the potential 

generated by the positive nucleons within the crystal. In most metals and inorganic 

semiconductors, delocalized electrons are therefore well-described by the nearly-free 

electron model.  According to Bloch’s theorem, the states ψ(r) that are solutions to the 

Schrodinger equation in a periodic potential, V(r), must possess the same periodicity as 

the potential: 

 
( 

  

  
       )           1.4  

The periodicity of the crystal is determined by the symmetry of the lattice under 

translation by vector R, which is given by an integer combination of the primitive lattice 

vectors a1, a2, and a3: 

                  1.5  

where n1, n2 and n3 are integers.  A single particle solution to an electron traveling 

through a crystal lattice must therefore have the form: 

                  1.6  

where       are periodic functions indexed in k having the translational symmetry of the 

lattice: 

               1.7  
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It follows that the allowed energy E(k), corresponding to electron wave vector k is also 

invariant upon translation by a reciprocal lattice vector, G: 

             1.8  

where a G exists for each lattice vector R, such that: 

        1.9  

While the Bloch formalism holds only for infinite periodic potential, these results 

have a profound impact on the treatment of surfaces and interfaces.  The single particle 

solutions in a periodic potential are simply free-electron waves that have been modulated 

by the crystal potential. These plane waves tunnel into the potential barrier at the surface 

leading to an exponentially decaying electron probability density at the potential step 

generated by the metal-vacuum interface.
26

  Electron tunneling heavily influences both 

the electronic structure and the electrostatic environment at surfaces.  Additionally, the 

Bloch formalism in combination with degenerate perturbation theory immediately gives 

rise to the 3D band structure of solids, the existence of band gaps and the distinction 

between semiconductors and conductors.
27

  

 

1.4.2 Surface Geometries 

 As discussed earlier, lattice periodicity plays a major role in determining the 

electronic structure of materials.  It is therefore unsurprising that annealing of organic 

semiconductor films in OPV has been shown to greatly influence device performance;
1
  

however, the periodicity of the lattice is broken at the surface. The plane that defines the 

interface between crystal and vacuum is given by the Miller indices h, k and l. Crystals 
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have multiple possible surface terminations depending on the point group of the crystal 

and the plane of the cut creating the surface.  The relationship between the surface plane 

and the bulk crystal is described by these Miller indices, which represent the primitive 

inverse lattice vectors b1, b2, b3 of the inverse lattice vector Ghkl orthogonal to the surface.  

Knowledge of the relationship between the surface plane and the bulk of a 

material is important for a number of reasons.  As mentioned previously, the crystal bulk 

is made of a 3D band structure of allowable energies Ek, that correspond to crystal 

momentum wave vectors. The complete set of bulk states is not, however, accessible 

from any given surface plane. The 3D band structure must be projected onto the plane 

that defines the surface, leading to a number of interesting phenomena such as the 

existence of surface-specific band gaps that prevent coupling of states between surface 

and bulk. For example, the Au(111) surface which has been investigated in this 

dissertation, has a band gap that spans from 0.6 eV below the Fermi level to 3.6 eV above 

the Fermi level.
28

  Surface band gaps are responsible for the long photohole lifetime of 

Shockley surface states and the lifetimes of some image states as will be discussed when 

dealing with localized surface states.
29

 Knowledge of these gaps is also required in 

determining the coupling element and therefore the rate of electron transfer from an 

organic semiconductor film to a metallic electrode.
30

 

 

1.4.3 Surface Reconstruction 

 The breaking of periodicity at the surface can lead to very high surface energies 

depending on the crystal and surface geometry.  In these cases the surface termination 
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will undergo a reorganization of the surface atoms to minimize free energy. When this 

occurs, the surface geometry relaxes and is no longer a representation of the bulk 

geometry. Metallic Au has a face-centered-cubic (fcc) structure and the (111) termination 

is therefore hexagonal close packed (hcp). At room temperatures, the surface will 

spontaneously reconstruct to a (   √ ) geometry consisting of three “herringbone” 

domains angled at 120° with respect to one another.  In the case of Au(111), the 

reconstruction is thought to arise due to competition between an energetically favorable 

contraction of the surface bond distance and the energetically unfavorable loss of register 

with the bulk lattice.
31

  As a result, the Au(111) (   √ ) reconstruction presents both 

fcc and hcp stacked domains in alternating rows, providing multiple adsorption sites for 

deposited molecules/atoms.  Preferential adsorption and island nucleation has indeed 

been observed at the stress points or “elbows” of the herringbone geometry for elemental 

adsorbates such as Ni, Co, Fe and even molecular adsorbates such as porphyrins.
31-33

  

While the Au(111) reconstruction is spontaneous, many surfaces reconstruct upon 

adsorption of ad-molecules due to the potential change induced on the surface. As will be 

shown in Chapter 6, adsorbates are also capable of lifting reconstructions due to 

perturbations of the surface as is commonly seen during application of alkane thiols.
34,35

 

  

1.5 Surface States 

 The discontinuity in the bulk potential that occurs at a crystal surface gives rise to 

states that are confined to the 2D plane of the surface.  These states may or may not 

couple into the bulk states, however, they provide a sensitive and local probe of the 
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electronic structure at the surface and at interfaces. There are several flavors of surface 

states that arise naturally from the crystal potential and are relevant to this dissertation.  

These states are described below. 

 

1.5.1 Shockley States 

 Shockley surface states are occupied 2D electronic states below the Fermi energy 

that arise from hybridization and the special boundary condition that exists at the 

discontinuity between the bulk and vacuum.
36

  They occur energetically within the 

projected band gap of the surface and are confined to the interface in the nearly free 

electron model. Shockley states are generally highly dispersive and are considered 

intrinsic in nature; therefore major perturbations to the surface in the form of adlayers can 

localize and/or destroy the states.
37-39

 However, the surface state can also be used to 

determine the preferred adsorption sites on single crystalline substrates and the state itself 

has been demonstrated to play a role in the physisorption of some noble gases.
40

 

 

1.5.2 Tamm States 

 Tamm states are extremely localized surface states caused by perturbations to the 

crystal potential that occurs at interfaces.
36

  The tight binding approximation formalism is 

used to describe the properties of Tamm states and they can often be modeled as a linear 

combination of atomic orbitals.
27

 As the coordination of the surface layer is reduced by 

the vacuum interface, these atoms have no analog within the crystal bulk and are 

therefore not considered in the Bloch wave formalism and are not necessarily intrinsic in 
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nature.  For example, Tamm states can result from dangling bonds that exist at the 

surface termination and can also be caused by defects and adsorbates.
41,42

  While Tamm 

states are often expected at the surface of inorganic semiconductors due to their covalent 

nature and the broken bonds produced at surfaces, they can also be found in the more 

delocalized electronic structure of metal surfaces.
31,43

   Tamm states can occur both below 

and above the Fermi level and can therefore be occupied or unoccupied at 0 K.
43

 In 

Chapter 6 the Tamm states of the Au(111) surface are used to demonstrate the presence 

of the (   √ ) reconstruction.  

 

1.5.3 Image States 

 From basic electrostatics, it is well known from Gauss’ law that the electric field 

lines within a perfect conductor vanish and the electric field lines outside a perfect 

conductor are normal to the conductor surface.
44

 This classical generalization has a 

profound impact on the quantum mechanical states that exist near a metallic surface. An 

electron lifted just outside of a conductor sees a Coulombic image potential V(z) that 

scales with distance along the surface normal, z as: 

 
     

   

  
 1.10  

where e is the electron charge. This is equivalent to the potential felt by an electron 2z 

away from a proton symmetric across the surface plane; hence the name image potential. 

The electron is bound within the plane of the surface because the image charge follows 

the electron and the allowed wave functions cannot be radially symmetric. The allowed 
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states are, however, hydrogenic in the sense that the allowed energy levels, En follow the 

Rydberg series: 

 
   

        

      
 1.11  

where n is any positive integer and a is the quantum defect used to account for the many-

body effects missing in the simple hydrogenic model. Like all Rydberg states, the higher 

n, the further the electron density is from the crystal surface, leading to low-penetration 

into the bulk and extended lifetimes.
45

  Lifetimes can be shortened, however, by an 

energetic resonance between the image state wave function and the projected band 

structure at the surface, leading to rapid decay rates thought to occur due to electron-

electron interactions.
46

 

 The utility of the image state as a surface probe lies in the simplicity of the fore-

mentioned model. The image state potential is very soft/long-range and susceptible to 

modification by adlayer adsorption.
30,47

  Additionally, unlike other surface states, image 

states are referenced to the vacuum level and not the Fermi level.  An explanation for this 

interesting behavior will be described in the next section.    
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Figure 1.3: A) Cartoon describing the electric fields of an electron outside of a conductor 

showing the origin of the image potential.  While the potential is equivalent to a positive 

charge equidistant from the surface, this is only a convenient model as electric fields 

vanish within the conductor due to the equipotential condition. B) An example energy 

level diagram showing the hydrogenic nature of image potential states. The Coulombic 

potential (blue) depends to first order only on the distance of the electron from the 

surface and the electron is therefore delocalized in the plane of the conductor.  The 

probability densities of the first two image potential states are drawn to show that the 

spatial separation (coupling) of the electron from the surface increases with the principal 

quantum number, n. 
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1.6 Surface Properties 

1.6.1 Fermi Level 

A concept that takes on special importance in the condensed phase is the Fermi 

level.  The Fermi level is only defined for extended man-body systems in thermal and 

electrical equilibrium.
27

  A molecule in the gas phase is not considered to be in electrical 

equilibrium with its surroundings and therefore an absolute/direct measure of the Fermi 

level in the gas phase is ill-defined.  The Fermi level is the primary reference available in 

the condensed phase and most measurements are given with respect to this energy.
23

 

 

1.6.2 Ionization Potential and Electron Affinity 

Two of the most commonly measured electronic properties are the ionization 

potential and the electron affinity which report on the carrier levels in solids.  In the gas 

phase, the ionization potential is the energy required to remove an electron from a neutral 

molecule.  Likewise, the electron affinity is given by the energy gained by adding an 

electron to a neutral molecule to form an anion.  While these properties are routine 

measurements in the gas phase, they must be redefined for the condensed phase. This 

complexity arises naturally from the Bloch wave description of delocalized electrons in a 

crystal lattice.   

As mentioned earlier, the electron density at the crystal-vacuum interface decays 

exponentially outside of the crystal.  This electron tailing causes an electrostatic potential 

gradient, or dipole, at the surface.
26

  The magnitude and extent of this dipole depends 

critically on the projected band structure of the crystal as well as the geometry of the 
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surface termination.
26

  The electron density leaking from the crystal results in a higher 

electrostatic potential at the crystal/vacuum interface.  This potential stays constant in the 

region near the interface, similar to the potential near a charged sheet, and then decays to 

the common vacuum potential due to the finite dimensions of the crystal face.
27,48

 Due to 

the extra work required to remove or add an electron from the surface, the ionization 

potential and electron affinity in the condensed phase are referenced to the potential 

immediately outside of the crystal.
48

 Therefore the vacuum level of a crystal depends on 

the specific surface geometry of the crystal investigated.   

 

 

Figure 1.4: Cartoon of electron density and electrostatic potential near a surface
49

 based 

on the jellium model, after Lang et al.
26

 z = 0 is taken as the location of the terminating 

nuclei.  
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1.6.3 Work Function 

 A condensed phase measurement that has no analog in the gas phase is the work 

function, defined as the difference between the Fermi level and vacuum level of a 

material.  While the Fermi level can be expected to remain constant within a material that 

is at chemical and electrical equilibrium and does not change as an electron is removed, 

the vacuum level of a crystal is surface-dependent as stated earlier.  Therefore, the work 

function of a material is also surface-dependent and depends critically on the electronic 

structure and surface condition.
38

   

One subject of continued debate in the literature is the relevant dimension of the 

work function.  While the preceding description holds at large distances from the surface 

or “far-field”, the topography of the work function in the “near-field” is currently an 

important question in surface physics.
50,51

  Pioneering work by Wandelt et al. has shown 

that a “local” work function can be deduced by measuring the binding energy of the Xe 

5p1/2 line of adsorbed xenon atoms since the orbital binding energy and work function are 

linearly related by the electrostatic potential.
52

 The adsorbed Xe is thought to act as a 

local probe of the electrostatic environment, and can therefore distinguish between 

surface features such as defects and step-edges.
53

  The confocal microscopy of single 

molecules under surface science conditions described in Chapter 3 provides equally local 

probe of the surface electronic structure using optical rather than photoelectron detection 

and provides a direct route to investigating charge transfer kinetics.
54,55

 

Another method of accessing the local work function is through the use of image 

states as described earlier.  These states have significant density outside of the surface in 
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the region that determines the work function and report therefore on the local electrostatic 

environment.  Image states when used in this manner have been successfully used to 

determine the growth mode of Ag on Pd(111), as the image state of the pristine surface 

and the covered surface have been shown to coexist at intermediate coverages.
56

  Reports 

have also emerged describing a quantum size effect concerning the work functions of 

small Pb films when measured by STM.
57

 The implications of the local work function 

will be described below in the discussion on hetero-interfaces. 

 

1.7 The Interface Dipole 

 While the nature of the crystal/vacuum interface is important for topics such as 

thermionic emission, successful OPV development is far more dependent on the interface 

at the metal/organic junction.  Initially, the interface between an organic film and a metal 

was thought to obey the Schottky-Mott rule whereby the barrier between the Fermi level 

and the organic HOMO, Φp, is given by: 

          1.12  

where υm is the work function of the metal and Φn is the barrier between the Fermi level 

and the organic affinity level (ground state of the anion).
58

 These quantities are of critical 

importance in semiconductor device performance as they determine the energy cost when 

moving charges across interfaces.  This relationship was very successful at predicting the 

energy level alignment at metal/inorganic semiconductor interfaces and implicitly 

assumes alignment of the vacuum level between the two materials. It has since become 

evident that the interface between an organic semiconductor and a metal does usually not 
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obey the Schottky-Mott rule, and the resulting vacuum level offset at the interface has 

been modeled with the presence of a dipole generated by interfacial contact. 

 One of the most exciting topics of the past decade has concerned the development 

of a theory describing the origins and effects of the interface dipole (ID) that occurs at 

metal/organic and organic/organic interfaces.  As stated earlier, the electric field due to 

this dipole is thought to play a major role in the driving force of exciton dissociation at 

interfaces.  The ID introduces an additional discontinuity in the electrostatic potential at 

interfaces in addition to the electron tailing described above, altering the energy level 

alignment and resulting in changes to the rate and efficiency of charge carrier transfer. 

 In contrast to the Schottky-Mott description, the interface dipole model of energy 

level alignment implies that the vacuum levels at an interface are not aligned, but are 

offset by a potential step Δ that produces an equivalent offset in the molecular energy 

levels of the organic film.  This offset can be described as: 

            1.13  

in contrast to Equation 1.12.  A large number of experimental studies have investigated 

the magnitude of the ID that occurs at various metal/organic interfaces; however most of 

these studies have been interested in qualitative trends of specific OPV-relevant 

interfaces.  Initial studies lacked a quantitative rigor which would provide the predictive 

power necessary to determine a priori the energy level alignment, coupling, and charge 

transfer efficiency of a given metal/organic interface.  Recently the community has begun 

to separate and quantify the interactions/effects that lead to ID formation. These can be 
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summarized as exchange correlation effects, the introduction of interfacial states and the 

presence of molecular dipoles as described in detail below.   

 

1.7.1 Exchange-Correlation (Pillow Effect) 

 The so-called pillow effect (also called “push-back”) is brought about by 

exchange effects that occur between the electronic wave function of a metal and the 

electronic wave function of an adsorbate, resulting effectively in a compression of the 

metal electron density at the interface. This effect can be generalized to any system since 

the generated dipole results from orthogonalization of the respective electronic wave 

functions as required by the Pauli principle.  The pillow effect dipole, D
pillow

 is extremely 

sensitive to the interfacial separation but can, in principle, be calculated by summing over 

the dipoles produced by the interaction (i.e. spatial overlap) between individual metal and 

organic orbitals: 

         ∑    
      

   

 1.14  

where the sum is over all metal orbitals, µ, and organic orbitals µ’. The existence of the 

interface dipole can then be inferred by the work function change at the interface: 

 
   

    
      

 
 1.15  

where A is the area of the substrate and   
      

 is the projection of the interface dipole 

normal to the surface.  Bagus et al. initially proposed this model using a frozen orbital 

treatment to explain the large IDs generated at seemingly inert interfaces such as Xe on 

Cu.
59

  Since then, experimental results have validated this model in more complex 
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systems such as alkanes on noble metal surfaces, and their treatment has been combined 

with additional interactions to arrive at a more complete description of interface 

dipoles.
60,61

  

 

1.7.2 Induced Density of Interfacial States 

 The induced density of interfacial states (IDIS) model has been successfully 

imported from the treatment of inorganic semiconductors to organic-metal 

heterojunctions, adding the notion of the charge neutrality level (CNL) for organic 

materials.  The IDIS model quantifies the hybridization that occurs between the wave 

functions of the organic and metal.  This effect, which is partly responsible for the 

broadening of organic states at interfaces, leads to a density of states inside the 

semiconductor bandgap that cannot exist in the isolated components of the interface.  

Charge is then transferred into or out of this density of states, depending on the alignment 

of the organic CNL with respect to the metal Fermi level.  The CNL must be determined 

from quantum mechanical calculations and is defined such that the integral of the induced 

density of states up to the CNL yields the number of electrons of the isolated molecule.
62

 

These states serve as a barrier to Fermi level alignment and can be responsible for Fermi 

level pinning at interfaces.
63

 In Fermi level pinning, the transfer of charge to/from 

interfacial states cause the valence and conduction bands to decouple from the Fermi 

level at a semiconductor surface, leading to a depletion of charge carriers at the 

interface.
64

 While the IDIS/CNL formalism has aided tremendously to our understanding 
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of energy level alignment at organic semiconductor interfaces, it does not include any 

atomistic detail, and therefore still relies on a generalization of bulk properties.  

 

1.7.3 Molecular Dipole 

 The source of interface dipoles most relevant to this dissertation is the presence of 

molecular dipoles.  Molecular dipoles are a particularly attractive route to controlling 

interface dipoles (thereby modifying the work function and energy level alignment) due 

to the immense library of dipolar molecules that self-assemble into ordered layers under 

appropriate conditions.
47

 The potential step ΔV due to an ordered layer of molecular 

dipoles can be calculated to first order using the Helmholtz equation in analogy to the 

potential across of a parallel plate capacitor: 

    
      

   
 1.16  

where    is the component of the molecular dipole perpendicular to the surface,      is 

the molecular density and ε is the effective dielectric constant of the surface environment. 

This treatment was initially applied to self assembled monolayers (SAMs) of alkane-

thiols on gold
65

 which are well known for their strong surface interactions. In one such 

study, the degree of fluorination of the alkane-thiol was systematically altered, leading to 

a clear relationship between    and the vacuum level shift.
66

  A more recent report by the 

same group has shown that a similar trend can be achieved by reducing      using 

mixtures of fluorine-terminated and alkyl-terminated SAMs.
67

  While these studies have 

been effective in showing the legitimacy of the Helmholtz equation to molecular systems, 

they can only provide information on the global work function or far field electrostatic 
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environment and a more quantitative picture of the local near-field physics is difficult to 

discern.  Some principal concerns of using SAMs for this purpose are the lack of 

information on the precise geometry of the SAM phase, their wet-chemical application 

and the effects of the strong Au-S interaction.  DFT calculations have shown, however, 

that the near-field electrostatic potential at the gold/SAM interface is computationally 

accessible and that the potential step due to the molecular dipole is largely localized at 

the SAM head group.
68

  These studies have also hinted at a peculiar alteration of the 

SAM binding energy as a function of coverage which will be revisited in Chapter 5. 

 A more controlled manner of generating interface dipoles at interfaces is through 

the use of small molecules that can be deposited in-vacuo and are not as susceptible to 

disorder as SAMs. A large number of metal/small-molecule organic semiconductor 

interfaces have been characterized and therefore a large body of literature exists to draw 

correlations between interface geometry, molecular properties and interface dipole 

generation. One such molecule that has been extensively researched due to its 

demonstrated utility in organic electronics is tris(8-hydroxyquinolinato) aluminum 

(Alq3).  Alq3 can occupy two different geometries on metal surfaces, each with a 

different    projection. In early works, the overall ΔV produced by the Alq3 molecular 

dipoles was considered to sum to zero due to the cancelling of opposing dipoles.
69

  It is 

only recently that the collective near-field effects of these dipoles have been investigated 

computationally and shown to play a major role in the interface dipole produced at the 

metal/Alq3 interface.
70

 The earlier assumption of a net-zero molecular dipole for Alq3 

has since been revised and attributed to IDIS and pillow effects.
61
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 Porphyrazines are another class of small molecules that show great promise for 

interface dipole engineering and fundamental studies of the near and far field electrostatic 

potential of an ordered dipolar array. This class of compounds includes the 

phthalocyanines and naphthalocyanines which were of initial interest due to their use in 

prototypical organic electronics; however, their tendency to form ordered films as 

demonstrated by STM makes them a well-defined system for the study of fundamental 

physics at interfaces.
71

 Additionally, this class of molecules forms a diverse array of 

organometallic complexes without significantly altering the valence structure of the 

organic ring, allowing for controlled studies of the synergistic effects of a variable 

molecular dipole. Publications relevant to metal-porphyrazine interfaces will be further 

discussed in the introductions to Chapters 5, 6 and 7. 

One question that has yet to be settled concerns the effects of the finite nature of 

molecular dipoles. Unlike IDIS and exchange induced dipoles, molecular dipoles are 

highly localized and their generalization to parallel plate capacitors is questionable in 

light of their atomistic nature. The divergence between the near-field electrostatic 

environments in these structures and the far-field concept of the work function has been 

investigated computationally by a number of groups demonstrating remarkable near-field 

complexity.
72,73

 

The Helmholtz model of the ID can be improved by considering the self-

interaction between molecular dipoles in an ordered layer. At each point r, referenced to 

the location of the molecular dipole, µ an electric field Edip, is produced such that: 
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     ̂  ̂   

        
 1.17  

where  ̂ is a unit vector in the direction of r. A significant result of Equation 1.17 is that 

the resulting electric field is anti-parallel to µ where r is orthogonal to µ, i.e. in the plane 

of the surface for µ =   .  This electric field can polarize neighboring molecules, 

resulting in a net reduction of   . An alternate perspective producing identical results is 

that each molecule induces an electrostatic image of itself in its neighbors.  These images 

are of opposite direction to   , and the induced dipole reduces the effective dipole of its 

neighbors. The resulting electrostatic problem can be solved in closed form
74

 to give a 

vacuum-level shift eΔV: 

     
       

  (          
   

)
 1.18  

where αzz is the zz-component of the molecular polarizability tensor and f is a numerical 

factor representing the molecular arrangement on the surface.
74

  While this equation is the 

solution for point dipoles, it is in numerical agreement with finite dipoles consisting of 

separated charges as will be demonstrated in Chapter 5. This concept of collective 

depolarization was initially applied in the context of surface adsorption energies,
75,76

 

however recent investigations have successfully used this behavior to quantify the ID 

produced by densely-packed arrays of molecular dipoles.
47,77

 

 

1.8 Conclusions 

 Improving our understanding of organic semiconductor interfaces is currently of 

immense importance to OPV and our energy future. A key to their commercialization is 
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the availability of a quantitative theory of the local electronic structure and coupling at 

organic semiconductor interfaces.  This understanding will come from the development 

of new experimental techniques that can access the meso- and nano-scale physics, and 

through the investigation of highly ordered systems that allow quantitative correlations 

between organic semiconductor morphology and electronic structure/electron transfer 

rates.  This dissertation describes a series of investigations aimed at developing this new 

model of the physics at OPV-relevant interfaces; a summary of the chapters is provided 

below.    

 

1.9 Dissertation Outline 

 In this chapter I have given an overview of the importance of OPV development, 

the physical properties required for their commercialization and the motivation for my 

research. I described the heterogeneous nature of organic semiconductor interfaces and 

the difficulty associated with a quantitative description of their electronic properties. The 

solid state physics of bulk materials and surfaces that I used as a framework for this 

dissertation were described, and the importance and origins of the ID were introduced.  

Special attention was given to the role of the molecular dipole in determining energy 

level offsets and establishing the local (near-field) and global (far-field) electrostatic 

environment. 

 In Chapter 2 I describe the general experimental techniques used to complete this 

research, including the rationale of performing experiments in ultrahigh vacuum (UHV) 

under “surface science” conditions. The instrumentation used to perform these 
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experiments is described, and a laboratory primer is given for the continuation of this 

research by my successors. 

 Chapter 3 presents the concept, design and implementation of a novel confocal 

fluorescence microscope capable of measuring the electron transfer kinetics of individual 

molecules on wide-band gap surfaces. The mechanical, optical, hardware and software 

designs are described in detail, and the instrument is demonstrated as capable of 

determining the local electronic environment of fluorescent organic semiconductor 

probes, allowing a new distinction to be made between static and dynamic heterogeneity 

of electron transfer rates at pristine interfaces.   

 In Chapter 4 I describe the development of a novel scanning photoionization 

microscope capable of directly accessing the local electronic structure at organic 

semiconductor interfaces.  The experimental challenges I overcame as part of this 

research are described, and an initial demonstration of photoelectron imaging with sub-

micron spatial resolution is reported. Recommendations are provided for further 

improvements, particularly regarding resolution of kinetic energy measurements. 

Additionally, the design and performance of an eddy current damped vibration isolation 

stage is reported for the inclusion of a UHV-compatible atomic force microscope (AFM).    

  In Chapter 5 I investigate the local electronic structure of the electrode/organic 

semiconductor interface using the well-defined system of ultrathin films of vanadyl 

naphthalocyanine (VONc) deposited onto highly ordered pyrolytic graphite (HOPG).  I 

report a decoupling of the ionization potential from the vacuum level that contradicts the 

ID model.  I then explain this decoupling quantitatively by developing a theory of near- 
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and far-field electrostatic effects in polarizable molecular thin films. The model implies 

the formation of a molecular 2D-gas on the HOPG surface, with a variable intermolecular 

spacing. I show that this effect can be used as a tuning knob for energy level alignment at 

interfaces and then demonstrate that the molecular dipole and polarizability of oxo-

porphyrazines are sufficiently orthogonal that IDs can be predicted on weakly-interacting 

surfaces. These results are confirmed through electrostatic simulations. 

 In Chapter 6 I report ultraviolet photoelectron spectroscopy measurements of thin 

films of VONc on the electron-rich Au(111) surface.  Measurements of the ionization 

potential at sub-monolayer coverages suggest that the near-field/far-field model may be 

applicable to molecular dipoles on more strongly interacting surfaces. The reconstruction 

of the Au(111) surface is lifted at sub-monolayer coverages implying a significant 

perturbation of the local potential landscape. I argue that the electron-rich nature of the 

Au(111)/VONc interface leads to a lack of O-down oriented VONc molecules on the 

surface and sufficiently alters the growth mode of the second monolayer such that the Nc 

ring is no longer parallel to the surface, a conclusion supporting the importance of 

electrostatic interactions in mediating energy level alignment in OPV interfaces. 

 In Chapter 7 I investigate the unoccupied image resonance and occupied Shockley 

surface state of the VONc covered Au(111) surface by two-photon photoemission. The 

image resonance follows the global vacuum level and maintains a free-electron-like 

dispersion; however the Shockley state is significantly destabilized and is shown to 

undergo some localization. Surprisingly, the data suggests significant coupling between 

the image resonance and both the surface state and molecular HOMO.  This is explained 
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by localization of the Shockley state at step edges generated from the lifted 

reconstruction. 

 Finally, in Chapter 8 I summarize the impact of this research on our current 

understanding of the local electronic structure of organic semiconductor interfaces.  I 

provide recommendations for future investigations and give an outlook on applications of 

this research to OPV development. 
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CHAPTER 2 

 

GENERAL EXPERIMENTAL CONSIDERATIONS 

 

2.1 Introduction 

Several novel experimental surface science techniques have been developed and 

implemented over the course of this dissertation research. These include the ultrahigh 

vacuum single molecule fluorescence microscope described in detail in Chapter 3, and 

the scanning photoionization microscope described in Chapter 4. However, surface 

science may be unique in that the complexities of the systems under study require a 

tremendous amount of preparation by multiple techniques in order to achieve confidence 

in the system under study.   

Surfaces are highly reactive features and require the isolation of vacuum to persist 

in their pristine state.  Additionally, despite their macroscopic size, surfaces are in reality 

very dilute systems when compared against the volume of the bulk.  Consider that while 

there are over 30 million graphene sheets that comprise a 1 mm thick single-crystal 

graphite sample, only the top few dominate the surface interaction.
78

 While a 1 cm
2
 

sample may sound generous, the typical surface area of a gram of activated carbon is on 

order 5,000,000 cm
2

 (Ref. 79).  Surface science techniques are required to have therefore 

exceptional sensitivity.  This chapter will describe the instrumentation and techniques 

that were used in the completion of this dissertation research.  
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2.2 Ultrahigh Vacuum 

 Achieving and maintaining vacuum is imperative for many reasons; however the 

two most important issues pertaining to vacuum quality are related to the principles of 

surface contamination and mean free path.  In practice the former offers a far more 

stringent condition than the latter.   

 

2.2.1 Vacuum Theory 

As discussed earlier, electronic structure and atomic surface-arrangement are 

highly sensitive to the surface termination; therefore surface contamination interferes 

strongly with the experimental system.  From the kinetic theory of gases it can be shown 

that the number of collisions X per unit time dt between gas molecules and a surface area 

A is given by 

  

  
 

 

  
   2.1 

where N is the number of gas particles, V is the chamber volume, and   is the average 

velocity of the gas particles derived from the Maxwell-Boltzmann distribution.  When 

Equation 2.1 is integrated and the average velocity is solved in terms of Boltzmann’s 

constant k, the temperature T, the molecular cross section σ and the molar mass m it 

becomes apparent that the percentage of area contaminated A/A0 scales linearly with time 

as shown in Equation 2.2.  

  

  
 

 

√     
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As an example, nitrogen gas at standard temperature and pressure undergoes 3.6 x 10
27 

collisions m
-2

s
-1

. Solving Equation 2.2 in terms of the time necessary for complete 

coverage yields: 

 
  

√     

  
 2.3 

As molecular nitrogen has a cross section of 13.8 Å
2
 in the solid phase, the time 

necessary for total coverage is approximately 2 ns.  If the surface system is susceptible to 

either physisorptive or chemisorptive interaction then the entire experimental system has 

been modified.  

As is also evident from Equation 2.3 the time to coverage increases as the 

pressure decreases, and so for every decade of pressure reduction, the time available for 

experimentation increases by a factor of 10.  Thus a background pressure of 10
-9

 mbar 

will allow approximately 2000 seconds of experimentation.  In practice the time available 

is often considerably longer, since our calculation assumed that every collision was 

interactive (i.e. sticking coefficient = 1) and that none of the collision areas overlap – 

neither of which are realistic assumptions.
80

 

In addition to minimizing transformative interaction with the surface, the second 

motivation for achieving the lowest pressure possible is to maximize the mean free path 

of the electrons, atoms and ions that are used to prepare and interact with the sample.  

The mean free path, l, is related to the density of particles and collision cross section σ by 

 
  

 

  
 2.4 
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where n is the number density of the background gas.  It is again immediately obvious 

that as the pressure decreases, the mean free path increases as its inverse.  When 

depositing films or performing ion spectroscopy a minimum pressure is required to 

ensure a flux of particles can make it to/from the sample without significant interaction 

with background gas. 

 

2.2.2 Vacuum Generation and Measurement 

Vacuum quality is coarsely divided into several ranges based on pressure.  Most 

of the experiments described in this dissertation hinge on the ability to achieve and 

maintain an ultrahigh vacuum environment, defined as 10
-9

 mbar and below. A summary 

of relevant pressure ranges and the pumps used to achieve these pressures is presented in 

Figure 2.1.  The following is a summary of the pumps used in this research and a brief 

description of their applications and limitations.   

Rotary vane pumps (RVP) were used for initial evacuation of the UHV chamber 

as well acting as the backing pump for turbo-molecular pumps and the primary 

differential pumping stage in the SPECS UVS 10/35 ultraviolet source.  The wet-nature 

of RVPs presents the unique danger of severe vacuum chamber contamination and a 

combination of foreline traps and vent valves was used to avoid backstreaming during 

routing operation and power outages.  Additionally, the mechanical nature of RVPs made 

them incompatible with vibrationally sensitive equipment such as the confocal scanning 

optical microscope in Chapter 3. 
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Figure 2.1: Summary of the pumps and gauges used during the course of this dissertation 

and the pressure ranges in which they operate.   

 

Turbomolecular pumps (TMP) are capable of operating in the range of 10
-3

 mbar 

to 10
-9

 mbar.  As these pumps operate exclusively in the molecular flow regime they 

cannot operate without assistance from a backing pump such as an RVP.  Because of the 

constant compression ratio (approx 10
6
 depending on MW) between the fore and aft of 

the pump significant benefits were achieved using low base-pressure backing pumps and 

pressures of 10
-9

 mbar were achieved routinely.
81

 The TMP protects the vacuum chamber 

from backstreaming oil and was particularly useful in quickly pumping inert gases such 

as argon used in sputtering and helium from the VUV lamp.  Although TMP produce far 
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fewer vibrations than RV pumps, they were also incompatible with microscopy 

operations and were employed in easily separable configurations. 

Ion pumps (IP) provide a relatively slow but reliable path to UHV conditions in 

the range below 10
-5

 mbar.  Three different electrical/mechanical geometries of IP were 

used depending on the expected gas load; diode when no noble gas load was expected, 

noble diode when some noble gas load was expected and triode geometry when 

significant noble gas load was expected. Due to the low pressure under which these 

pumps operate their slow pumping speeds are rarely an issue and their lack of moving 

parts makes them particularly robust and amenable to microscopy.  The pumps are 

entirely enclosed and require no backing once brought into operation; however 

occasional regeneration of the titanium surfaces may be required and is typically 

achieved through either generation of an oxygen plasma or mechanical polishing.
82

 

In addition to the titanium getter produced by ion pumps, a more substantial 

titanium film was produced by directly sublimating a large quantity of titanium onto the 

inert surfaces of the vacuum chamber using a titanium sublimation pump (TSP).  The 

very reactive Ti(0)  reacts quickly with most residual gases such as H2, N2, O2 producing 

hydrides, nitrides and oxides respectively. 
83

  

A summary of commonly employed gauges is also shown in Figure 2.1.  For the 

most part, high pressure gauges such as Pirani gauges and thermocouple gauges were 

rarely employed except to ensure that chamber evacuation proceeded in normal fashion.  

On the other hand, ion gauges which operate between 10
-5

 mbar and into the UHV regime 
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gave an important measure of the background gas load and yielded important information 

on the validity and lifetime of the experimental sample. 

Ion gauges come in both “hot” and “cold” varieties which differ in their operating 

principles.  Hot ion gauges or Bayard-Alpert gauges produce a thermionic electron 

emission which ionizes background gases and produces an ion current that is both 

measurable and proportional to pressure.  These gauges, while widely used have the 

unfortunate side effect of producing significant quantities of CO which has been 

demonstrated to interfere strongly with surface preparation.
84,85

 For this reason. cold ion 

(CI) gauges or “Penning” gauges were used exclusively in the vacuum chambers created 

for this dissertation.  While CI gauges are far cleaner than their hot counterparts, they do 

require significant magnetic fields, which make their operation in the proximity of 

electron spectroscopy problematic in the absence of sufficient magnetic shielding.  

Therefore, care was taken to place these gauges away from the electron path, and residual 

fields were checked by magnetometer. 

While monitoring pressure is important when performing UHV experiments, a far 

superior capability is to measure the chemical composition of the background gas.  This 

is achieved using a residual gas analyzer (RGA).  An RGA is a mass spectrometer, 

typically using quadrupole geometry, optimized for the low molecular weight regime 

encountered in background gases.  Throughout this research, a dedicated RGA was 

employed to check for atmospheric leaks (through monitoring the ratio of O2:N2), 

chamber contamination and decomposition of heated samples. 
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2.2.3 UHV Materials 

The need for UHV in surface science places drastic constraints on the materials 

available for the construction of an experimental apparatus and greatly increases the 

complexity of UHV experimentation.  As the ultimate base pressure of a UHV system is 

determined by the total outgassing rate, and is dominated by the material with the highest 

outgassing rate, UHV materials must have a low vapor pressure and minimal surface 

area.
86

 Additionally these materials must be capable of elevated temperatures above 100C 

to remove adsorbed gases. The UHV chambers used over the course of this dissertation 

make use of mechanically polished 304 stainless steel vessels with conflat (CF) junctions 

sealed by oxygen-free high conductivity (OFHC) copper gaskets. These materials have 

extremely low outgassing rates and are capable of reaching base pressures below 10
-10

 

mbar.
87

  When choosing materials for construction the LIGO Vacuum Compatible 

Materials List (currently V.5) was used as a primary resource when selecting materials.
88

   

Because a majority of the in-vacuo scaffolding required for this dissertation was 

designed and machined in-house, an additional consideration when building components 

became the surface finish and UHV preparation.   Most in-vacuo parts were constructed 

of 6061 aluminum due to its low density, high machinability and low outgassing rate.  

Although several finishes were considered it was ultimately determined that mechanical 

polishing produced the lowest outgassing rate.
89

 Aluminum parts were machined using 

little to no machine oil.  Machined parts were given a quick clean in acetone to remove 

excess oil and allowed to dry.  All external surfaces of the parts were polished using a 

three-step dual-orbit sanding treatment that proceeded from coarse-grained to ultrafine-
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grained wettable aluminum oxide sand paper.  The treated parts were sonicated for 

approximately 5 minutes in a detergent solution, rinsed thoroughly with reverse osmosis 

(RO) water and then sonicated for another 5 minutes in a bath of clean RO water.  

Finished parts were towel dried using lint-free cloth and immediately wrapped in 

aluminum foil to maintain cleanliness prior to vacuum use. 

 

2.3 Sample Preparation 

Sample preparation is one of the most time consuming and integral aspects of any 

surface science experiment.  As the topic of this dissertation involves the measurement of 

interfaces, these samples are composed of two separate components, the substrate and 

organic thin film, which combine in a manner that is usually unknown.   Although every 

system requires a different preparation scheme, general preparation procedures applicable 

to a majority of samples in this thesis are elaborated below. 

 

2.3.1 Substrate Preparation Techniques 

A typical experiment begins with the use of a substrate or bottom contact of the 

interface which often represents the electrode in the model junction.  When initially 

inserted into vacuum, the substrate is invariably coated with water and other reactive 

ambient gases that render the surface undefined. Regeneration of the pristine surface 

ultimately requires a combination of annealing, reactive gas treatment or sputtering by 

ion bombardment. Despite the fact that numerous procedures exist in the literature for the 

preparation of a diverse array of surfaces, the sheer volume of seemingly contradictory 
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reports suggests that these processes are exquisitely sensitive to measurement imprecision 

and the unique construction of each experiment.
90

  For these reasons, literature 

procedures often act as a convenient starting point but invariably require significant 

modification based on each individual setup. 

For relatively inert substrates such as HOPG, annealing will result in the physical 

desorption of adsorbed contaminants as the thermal energy is increased over the 

activation energy for desorption, and elevated temperatures alone are sufficient to 

regenerate the surface.
91

 For this reason a sample stub with an integral heater was 

developed that allowed reproducible annealing to temperatures above 600 °C and allowed 

for free transfer between the various chambers of the experiment.  The embedded 

tantalum coil within the stub is pressed against a 1 mm thick graphite square that acts as 

the principal resistive element.  Heating through a graphite intermediary provides several 

advantages such as contacting the sample over a large area, lowering the current required 

at high temperatures, localizing the thermal load near the sample and minimizing thermal 

loss through the sample stub holder.   

Thermal treatment alone is often insufficient to clean reactive surfaces, 

particularly metals that readily form alloys. Impurities in the bulk of metals such as gold, 

silver, platinum and copper tend to migrate and concentrate on the surface to minimize 

free energy.
92

 In these cases material from the sample surface was removed using a beam 

of fast ions, typically Ar
+
. The VG AG-6 sputter gun used throughout this dissertation 

research is a penning-style gun which operates essentially as a cold cathode ion gauge 

operated in reverse.
93

  Electrons are produced by field emission and magnetically trapped 
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in a cyclotron resonance to collide and ionize gas molecules.  However, rather than 

collect and measure this current, a variable voltage is applied to propel the ions at the 

surface with an energy ranging from between 0.8 keV and 10 keV.  Ultrahigh purity 

(UHP) argon gas was metered into the cyclotron region using a variable leak valve at a 

pressure sufficient to produce ion currents greater than 25 μA.  While this procedure 

produced a significant gas load, the neutralized argon is quickly pumped out of the 

system and does not significantly adsorb to surfaces at 25 °C.  An anneal cycle was 

typically performed following each round of sputtering to remove embedded argon and 

allow the pitted surface to relax into its lowest energy configuration.
94

 Between 5 and 20 

sputter/anneal cycles are often required to prepare a sample immediately after 

introduction into vacuum, subsequently far fewer (1-2) cycles are typically required to 

regenerate the pristine surface. 

 

2.3.2 Thin Film Growth by Physical Vapor Deposition 

Physical Vapor Deposition (PVD) is one of the most versatile methods of growing 

thin films of organic small molecules on surfaces and was used exclusively over the 

course of this dissertation research for the deposition of organic semiconductors. Thin 

films of organic and organometallic semiconductors spanning classes such as polyacenes, 

thiophenes, fullerenes, phthalocyanines and porphyrins among others have all been 

successfully deposited by PVD.
95-97

 The principal requirement of thin film growth by 

PVD is that the deposited organic must have a low vapor pressure at room temperature 
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and significant vapor pressure at elevated temperatures to produce the desired deposition 

rates under conditions well below the decomposition temperature.   

The organic sample is heated using a Knudsen or effusion cell which contains a 

cavity for the solid organic and its vapor, a resistive heating wire, a thermocouple 

junction, and an effusive orifice that is smaller than the mean free path of the organic 

vapor in the cavity.  This last condition ensures that effusion of the vapor from the orifice 

proceeds under molecular flow conditions and the deposition is described by the standard 

cosine distribution, as opposed to the isotropic distribution expected from a point 

source.
98

  

An effusion cell developed during the course of this dissertation is given in Figure 

2.2.  This effusion cell was developed such that the cell could function in an inverted 

orientation with the effusive orifice in the direction of gravity.  The cell was constructed 

from three pieces of high-purity boron nitride machinable ceramic from Aremco and 

fastened using 304 stainless steel threaded rod, nuts and washers.  The body of the cell 

was perforated with an even number of small-diameter thru-holes such that a thin piece of 

tantalum wire could be threaded as the resistive element, with both leads emerging on the 

same side of the cell.  A type-K thermocouple junction was pressed into a small cavity 

just beneath the organic sample chamber and secured using Aremco 503 UHV-

compatible ceramic paste. The completed cell was mounted to a 2.75” CF 

instrumentation feedthrough with an adjustable in-vacuum length as determined by the 

length of threaded rod used as support. 
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Figure 2.2: Effusion cell developed during the course of this dissertation (A) and 

cutaway (B) of the boron nitride cavity of the cell.  The cavity is comprised of 3 separate 

components that are removable when changing out the deposition material. 

 

In order to keep the sample situated above the effusive orifice, a small piece of 

quartz wool was inserted on top of the organic material and held in place using the cell 

cap.  In addition to holding the organic charge in place, the quartz wool provided a 

chromatographic scaffolding that allowed in-situ purification of the deposited organic.   

A thin sheet of tantalum was dimpled using a ball-peen hammer and spot welded 

around the cell assembly.  This shielding provided thermal insulation that allowed the cell 

to achieve temperatures greater than 500 °C, which is sufficiently high to accommodate 

most thermally evaporable organics.
99

 

Deposition rates were monitored by a water-cooled quartz crystal microbalance 

(QCM).  The QCM consists of a 6 MHz quartz crystal and a frequency generator which 
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monitors the resonant frequency as the microbalance is exposed to the effusive flux.
100

 

The rate of change in the resonant frequency of the crystal can be mapped onto thickness 

using two parameters, the density of the material and its acoustic impedance.  These 

values, while well defined for bulk materials, must be estimated for thin films since the 

physical properties of thin films rarely resemble those of the bulk.
101

  A third parameter, 

the tooling factor, is used to account for differences (i.e. distance, angles) between the 

sample and the QCM positioning.   

The tooling factor can be estimated prior to deposition based purely on the 

experimental geometry as illustrated in Table 2.1 based on the geometry in Figure 2.3.  

Each of the ports in the symmetric focal multiport flange that holds the effusion cells will 

provide an equivalent dosing to the sample but not to the QCM.  Based on the effusive 

cosine distribution and the relevant solid angle that is shadowed by the QCM the relative 

tooling factor between the various ports can change significantly based on the geometry.  

A summary of the parameters determined for the deposition setup in Figure 2.3 is given 

in Table 2.1.  The calculation shows that port 4 on the multiport flange would be a poor 

choice for an effusion cell due to the low flux to the QCM.  

It also becomes apparent from Table 2.1 that regardless of which port is used the 

vast majority of the material deposited arrives somewhere other than the QCM or sample. 

This makes contamination a serious issue and prompts the need for separate vacuum 

chambers for deposition and analysis as well as relatively frequent decontamination of 

the deposition chamber. 
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Figure 2.3: The geometry of the deposition chamber provided four options for placement 

of the effusion cell with respect to the quartz crystal microbalance (right).  In order to 

determine the tooling factor relating the sample deposition thickness to the QCM 

deposition thickness a Solidworks model was developed that allowed the angles and 

distances to be measured (left).  θ is the angle between effusive flux and the target and φ 

is the angle between the target normal and the effusive orifice. 
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Cell  (deg)  (deg) r (in) %Mass %Mass/ in
2
 

Tooling 

Factor 

Quartz Crystal Microbalance 0.24 in
2
  

1 31.8 44.78 4.05 .28% 1.2% 1.62 

2 42.6 40.59 4.68 .19% 0.8% 2.34 

3 42.8 40.48 4.69 .19% 0.8% 2.35 

4 49.0 35.9 5.24 .15% 0.6% 3.10 

1”  Diameter Sample 0.79 in
2
  

1,2,3,4 13.0 0 4.04 1.5% 1.9% 1.00 

 

Table 2.1:  A summary of the angles θ, φ and the distance r describing the geometry of 

the sample, QCM and effusion cells given in Figure 2.3.  The percent of the total effusive 

mass deposited as well as the relative thickness as (as mass per unit area) are given.  

Once these are determined the tooling factor is simply the ratio of the thickness deposited 

on the sample to the thickness deposited on the QCM.  The table shows that based on 

tooling factor ports 1 and 4 would be the best and poorest choice for effusion cell 

placement respectively. 

 

 While QCMs are very useful for monitoring and developing a thin film process, 

they should only be considered a semi-quantitative measurement of thin film growth.  

Complexities such as those presented above, along with thermal drift and crystal 

degradation require that an independent calibration be performed, for example by 

electron spectroscopy.  

 

2.4 Photoelectron Spectroscopy 

Photoelectron spectroscopy (PES) is an old technique that traces its development 

back to Einstein’s discovery of the photoelectric effect.
102

 In the photoelectric effect a 

material system interacts with a quantized light field to form a free-electron/hole pair 

with a probability that is governed by dipole selection rules, density of states and wave 
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function overlap between the initial and final states.
103

  Photoelectron spectroscopy is 

particularly suited to the study of surfaces as the escape depth of an electron at typical 

PES energies is on the order of nanometers and photoelectrons from the bulk are heavily 

discriminated against.
104

   

 

Figure 2.4: Overview of the experimental setup of the refurbished Escalab MKII 

spectrometer used in majority of photoelectron spectroscopy experiments performed in 

this dissertation.  Highlighted are the photon source (purple) and the path of the electrons 

(red) as they are passed through the electron optics from the sample to the detector. 

 

PES experiments are often divided into categories depending on the photon 

source, which determines the states accessible by the experiment.  However in each 
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experiment detection of the emitted electrons was effectively identical to the 

configuration shown in Figure 2.4.  Photoemitted electrons were first guided by an 

electrostatic Einzel lens operated in 3:1 magnification geometry to allow for greater 

access to the sample and larger collection efficiencies.  The electrons were then 

decelerated by a retarding mesh or “Herzog” plane which behaves as a high pass filter 

and brings electrons into a kinetic energy range suitable for analysis.  Electrons are 

admitted to the analyzer through a physical aperture and analyzed using a 100 mm radius, 

150° hemispherical sector analyzer, typically operated in constant analyzer energy (CAE) 

mode.  CAE allows for a flat resolution across all measured energies at the expense of a 

more complex transmission function.  The hemispherical analyzer behaves as a narrow 

bandpass filter and selects for a single kinetic energy while slower or faster electrons are 

trapped in collisions with the graphite coated hemispheres.  Electrons passing through the 

analyzer are constrained by an exit aperture that minimizes transmission of scattered 

electrons and detected by a single Channeltron channel electron multiplier (CEM) 

operated in pulse counting mode.  The CEM counts are discriminated and shaped by an 

AMPTEK 101 preamplifier assembly and then counted using a home-built software 

package developed as part of this dissertation and described in detail in Chapter 4. 

As mentioned previously, the diversity in photoelectron spectroscopy experiments 

is primarily due to the availability of a wide array of photon sources.  The details of these 

experiments are given below. 
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2.4.1 X-ray Photoelectron Spectroscopy
 

X-ray photoelectron spectroscopy uses photons with sufficient energy to ionize 

the localized atomic core orbitals.  This makes the technique particularly suited to 

elemental analysis, and information concerning oxidation state or chemical environment 

can often be extracted.
105

  The technique is one of the least surface-sensitive of all PES 

techniques due to the longer escape depth of fast electrons, however surface sensitivity 

can be improved using a grazing incidence geometry. 
106

 

All XPS studies presented in this dissertation were performed in a Kratos Axis 

Ultra instrument using a monochromatized Al Kα source (1486 eV) and multi-channel 

detection.  The base pressure of the instrument was approximately 5x10
-9

 mbar which, 

while sufficient for most of the experiments performed was not ideal and led to time 

restrictions on experiments due to contamination.   

XPS data was Shirley-background-subtracted and binding energies were 

calibrated using a NIST-accepted XPS calibration protocol when possible.
107

  

Instrumental resolution was determined from the Voigt fit of Au 4f doublet as shown in 

Figure 2.5.  
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Figure 2.5:  XPS resolution determination using the Au 4f doublet of a clean gold sample 

showing the raw data (A), the data after background subtraction, calibration and fitting 

using two identical Voigt functions (B), and the residuals of the fit (C).  The Voigt fits 

have a FWHM of 750 meV with a 550 meV Gaussian component.  Notice that the 

calibration shows a binding energy error of 1.1 eV which is likely attributable to a change 

in the analyzer work function since the last calibration. 
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2.4.2 Ultraviolet Photoelectron Spectroscopy 

Unlike XPS, Ultraviolet Photoelectron Spectroscopy (UPS) provides state 

information on valence electronic states.  States with this character are often far more 

delocalized and extremely sensitive to the physical and chemical environment, and for 

this reason they are a primary measure of the interactions that occur at interfaces.   A 

source of ultraviolet photons is generated in-vacuo using a differentially pumped SPECS 

UVS 10/35 helium lamp capable of producing both He Iα (21.218 eV) and He IIα 

(40.814 eV) ionizing radiation.  Although non-monochromatized, the small amount of He 

Iβ (23.085 eV) produced in the source rarely interferes with spectral interpretation and 

will be indicated when visible.   

 One of the primary goals of the completed research was to apply more 

quantitative treatment of surface photoelectron spectroscopy than is commonly found in 

the chemical literature. Therefore the interpretation of UPS spectra performed for this 

dissertation requires significant elaboration. 

 While spectral features in XPS are often sufficiently sharp and isolated to 

determine an instrumental resolution, the same is rarely the case in UPS due to the strong 

mixing of valence states.  So while the instrumental resolution is ultimately much greater 

in the case of UPS, due primarily to the significantly slower electrons, this is difficult to 

discern from the spectra.  For this reason it is important to determine the instrumental 

resolution from a mathematically well-behaved spectral feature.  The Fermi energy is the 

only reliable reference in a UPS spectrum, since the system must maintain a dynamic 

equilibrium between emitted photoelectrons and restorative current. 
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 As part of this dissertation a Labview virtual instrument (VI), Fermi Resolution 

Finder was developed to convolve a variable-width Gaussian function with a variable 

temperature Fermi Function. The Fermi regions of experimental spectra were then 

imported and iteratively shifted in both energy- and count-space until an acceptable 

overlay is found as shown in Figure 2.6. Sample temperature and energy resolution are 

then given by the reconvolution of a Gaussian with a Fermi-Dirac distribution of a fixed 

temperature.  The resolution of the spectrometer changed substantially depending on the 

choice of entrance and exit slits and the pass energy used, therefore the resolution was 

measured on a regular basis.    

 

Figure 2.6: Front panel of the Labview VI Fermi Resolution Finder.  This program was 

used to determine the spectrometer resolution by overlaying the convolution of a Fermi 

function (upper left) and a Gaussian function (upper right). The convolution is shown in 

red in the lower right with experimental points overlayed.  In this example the FWHM 

resolution was determined to be 100 meV. 
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In addition to the instrumental resolution, another point of consequence when 

interpreting UPS spectra is the definition of the work function, which is the difference 

between the photon energy and the spectral width.  While this is one of the most routine 

UPS measurements made in the literature, it is often measured imprecisely. In an effort to 

standardize the manner in which the Fermi edge is measured over the course of this 

dissertation, a Labview VI was developed called Spectrum Analyzer which provides a 

robust measurement of both the secondary electron cutoff (SECO) and the Fermi edge as 

shown in Figure 2.7. 

 

Figure 2.7: Front panel of the Labview VI Spectrum Analyzer. This program was used to 

determine the positions of SECO (left) and the Fermi edge (right) with quantitative 

reproducibility.  Data plots are shown in white and derivative plots are shown in red. 
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 The Fermi energy is defined as the inflection point measured by the minimum in 

the derivative spectrum.  This provides a reference that is well-defined regardless of 

temperature or resolution.  Faithfully establishing the SECO is a more challenging 

measurement as slow electrons are poorly resolved and the transmission function is zero 

of an electron as KE approaches zero.  For this purpose, a small negative bias is applied 

to the sample to accelerate the electrons into a measurable range. The SECO 

measurement is made by determining the intersection of the baseline and a tangent to the 

SECO at its inflection point.  This gives a reliable and consistent measurement of the 

vacuum level.
48

 

 

2.4.3 Two-Photon Photoemission Spectroscopy 

          Traditional photoelectron spectroscopies are limited by their ability to access only 

occupied electronic states, while charge transport properties at interfaces depend 

critically on the availability and character of unoccupied states. This shortcoming is 

overcome by using two-photon photoemission spectroscopy (2PPE) which is capable of 

interrogating both occupied and unoccupied states. 

 2PPE spectra are superior in their information content to traditional PES due to 

the multiple excitation pathways that can be accessed.  These pathways are coherent, 

resonant, and indirect as illustrated schematically in Figure 2.8 and are manifested as 

superimposed spectra. Other experimental variables such as pulse energy and wavelength 

can be used to separate these component spectra. 
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 Coherent 2PPE is a non-linear process and has an excited state transition 

probability proportional to the fourth power of the electric field. Unlike 1PPE, the 

transition is no longer simply related to the transition dipole moment and very large 

electric fields (photon densities) are required to sufficiently activate the coherent 

pathway.   Much like Raman spectroscopy, the electron passes through a zero-lifetime 

virtual intermediate state and all symmetry-allowed transitions can, in theory, be 

populated.
108

  As a result, the coherent portion of the spectrum appears identical (not 

including intensities) to a 1PPE spectrum with excitation energy of 2hν. 

 A resonant 2PPE excitation occurs when the photon energy is able to resonantly 

populate an intermediate excited state with a non-zero lifetime.  This process occurs 

through the standard one-photon transition dipole matrix element from the initial state to 

the intermediate state.  A second photon is now capable of ionizing the excited state 

through an additional one-photon process given by the transition dipole element from the 

excited state to a free electron wave-like state and an ion.  The probability of this 

transition is the product of the probability of the individual transitions.  Resonant 2PPE 

excitations may be intramolecular (excitonic) or intermolecular (charge transfer) in 

nature, however intermolecular resonances are far less common due to the requirement of 

significant wave function overlap. 

 The most interesting 2PPE pathway from an electron dynamics perspective is the 

indirect ionization pathway.  This occurs when either the intermediate state or final state 

undergoes a spontaneous transition from a finite-lifetime excited state to a “dark” or an 

excited state not accessible via a direct excitation pathway.  These transitions constitute 
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formal charge transfer events and are of critical importance in organic electronics.
109

 

Spectrally, these states appear as having either a zero- or one-photon final state energy 

character depending on whether the transfer occurred in the final or intermediate state 

respectively.  The flavor of 2PPE used in this dissertation is single-color, single-pulse 

2PPE which preserves the technique in its most basic configuration.   

   

 

Figure 2.8: A summary of the primary photoemission pathways available in 2PPE.  

Depending on the pathway accessed the kinetic energy measured in the experiment will 

show different wavelength dependence when the photon energy is changed.   The kinetic 

energy dependence is twice the photon energy difference in the direct coherent pathway, 

the photon energy difference in the direct resonant and indirect intermediate pathways, 

and constant in the indirect final pathway.  
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As 2PPE relies on large photon densities to drive photoemission a pulsed laser is 

required to achieve sufficient peak powers without damaging the sample. The most 

efficient light source for 2PPE is a femtosecond (fs) laser that uses a broadband, 

optically-pumped titanium-doped sapphire (Ti-Saph) laser.  Mode-locking is 

accomplished passively due to Kerr-lens-effects inside the lasing medium and high 

intensity pulses are generated at a repetition rate determined by the cavity length.  

 Two different fs lasers were used in the completion of this dissertation: a cavity-

dumped KM-labs Cascade and a Spectra-Physics Tsunami were used for the SPIM and 

2PPE experiments respectively.  The Cascade is a Ti-Saph oscillator pumped by a 5 W 

Coherent Verdi Nd:YVO4 laser and is capable of very short (< 30 fs) pulses with a 

variable repetition rate achieved by using acousto-optic cavity-dumping.  The Tsunami is 

a higher power oscillator pumped by a 15 W Spectra Physics Millenia Nd:YVO4 laser 

and capable of a very wide (700 nm - 1050 nm) range of central wavelengths at the 

expense of longer (100 fs) pulses. The broad tunability was particularly useful for 

determining 2PPE assignments by manually scanning the central wavelength.  Pulse 

durations were measured at the output of the lasers using either a MiniOptic Delta single-

shot autocorrelator or a home-built Michelson interferometer using a 2-photon response 

photodiode. 

The fundamental output of a femtosecond laser has insufficient energy to ionize 

most materials, even through multi-photon processes. A Minioptic Time-Plate Tripler 

was used to up-convert the fundamental frequency ν into its 2ν and 3ν harmonics 

allowing photoemission using central wavelengths from 525 nm – 360 nm and 350 nm – 
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240 nm respectively.  The up-conversion process produced significant pulse-broadening 

due to the finite length of the nonlinear crystal and a folded fused silica prism-pair 

dispersion compensator (DC) was used to recompress the pulses.  The tripler employs a 

type II nonlinear harmonic generation scheme which results in a p-polarized output pulse 

from the s-polarized input.  In order to prevent substantial reflection losses at the 

interfaces of the Brewster-cut DC prisms, the pulse was rotated to s-polarization before 

the DC and then back again to p-polarization before entering the vacuum chamber.  This 

was accomplished using a pair of right-angle periscopes which avoided bandwidth issues 

associated with zero-order /2 wave plates. 

 

2.4.4 Angle-Resolved Photoelectron Spectroscopy 

Angle resolved photoelectron spectroscopy (ARPES) is a technique that takes 

advantage of momentum conservation rules to directly observe the band structure of 

dispersive states.  During the photoemission process from surfaces, the initial state’s 

electron momentum component in the direction perpendicular to the surface is altered by 

the potential difference between vacuum and the crystal lattice.  However, due to 

symmetry rules and the negligible momentum of the photon, the momentum components 

of the initial states parallel to the surface are conserved. 
110

  

 In practice ARPES is performed by systematically changing the angle between 

the analyzer and the surface normal with respect to a distinct crystallographic direction.  

Spectra are converted from real space to k-space by:  
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√       

 
     2.5 

where me is the mass of the electron, θ is the angle of detection from the surface normal, 

k|| is the momentum of the initial state parallel to the surface and Ekin is the kinetic energy 

of the electron measured from the vacuum level.  Once the spectra are converted, the 

effective mass of the state meff can be determined by a parabolic fit:  

 
        

    
 

     
 2.6 

assuming free electron behavior, a good approximation in many cases.
111

  An example of 

the highly dispersive Shockley surface state from the Au(111) (   √ ) surface is 

presented in Figure 2.9. 
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Figure 2.9: A compilation of 34 ARPES spectra of the low-binding energy region of a 

single crystal Au(111) (   √ ) sample using a He Iα excitation source.  These spectra 

were taken as a reference for work described in Chapter 6.   The Shockley surface state of 

Au(111) (   √ ) is strongly dispersive and only visible at angles close to the surface 

normal.  Once the state has dispersed above the Fermi level it is no longer occupied and 

cannot be detected by a one-photon process. The dispersive feature at binding energy 

≈1.75 eV is a He Iβ satellite of a gold d-band. 
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 All ARPES measurements taken during the course of this dissertation were 

performed using a home-built aperture that could be inserted into the path of the electrons 

emitted from the sample with a rotary feedthrough.  The analyzer in its native 

configuration has an acceptance angle of ±12.5° which is advantageous for low signal 

experiments but far too large for angle-resolved measurements.  The inserted aperture has 

a 5 mm diameter which reduces the angular acceptance to approximately ±1.5°.  Insertion 

of the aperture also reduces the spectrometer transmission efficiency by a factor of ≈ 10, 

which is less than expected from simple geometric considerations.  This is most likely 

due to the anisotropic emission pattern of the photoelectrons from the sample.  

 The sample was manually rotated with respect to the analyzer with a repeatability 

of approximately ±0.5°.  The angle corresponding to coincidence between the sample 

normal and the axis of the spectrometer was calibrated using the energy-minimum in the 

dispersion curve of the surface state of Au(111) (   √ ). Spectra were area normalized 

to account for the changing spot size and electric field vector of the excitation source. 

 

2.4.5 Scanning Photoionization Microscopy 

Experimental details pertaining to the development of a scanning photoionization 

microscope are presented in Chapter 4.
 

 

2.5 Sample Handling and Metrology 

 A critical aspect of experimenting in UHV is the transfer, storage, and routine 

metrology that must occur on a daily basis. As the preparation of experimental samples is 
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such a time-consuming endeavor, it is important that every sample be protected and 

characterized to the fullest extent.  Removal of a sample from UHV typically results in 

destruction of the surface; therefore in-vacuo transfer and storage capabilities were 

developed and are described below. 

 

2.5.1 Sample Transfer and Storage 

 Sample transfer between stations of the UHV chamber is performed using 

magnetically coupled linear transfer arms (Transfer Engineering and Manufacturing) that 

have been fitted with custom sample-holding forks.  The forks contain low-force-constant 

spring clips that provide a passive grip and prevent excessive sample loss during transfer. 

The sample stubs used in this dissertation are VG-style pucks that have a single groove-

cutout for gripping. 

 For a general deposition, the mounted substrate is placed in the vented load-lock 

chamber directly into the fork of the 36”-travel arm.  The load lock is pumped-down 

using a combination of RVP and TMP, and then baked overnight at 100 °C.  Once the 

chamber pressure is sufficiently low (≈ 10
-8

 torr), the chamber is cooled resulting in a 

pressure ≈ 10
-9

 torr.  The gate valve connecting the load lock chamber from the sample 

deposition chamber is opened and the sample is brought into the UHV environment. 

Sample surfaces require preparation and characterization before deposition, therefore 

upon initial entry the sample puck is brought through the sample deposition chamber to 

the sample storage chamber. 
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 The sample storage chamber consists of a custom sample carousel supported by a 

rotary-linear feedthrough capable of raising/lowering and rotating the samples.  For initial 

introduction of the samples, the carousel is first lowered to allow clearance for the 

transporter.  The carousel is then rotated such that sample-holding dugout is aligned 

underneath the sample puck and then raised so that the carousel makes contact with the 

sample pucks lower flange.  The sample transfer arm can then be pulled away from the 

sample puck and the puck will stay situated.  The operator monitors the transfer through a 

4.5” viewport situated above the sample carousel chamber while operating the carousel 

and transfer arm. Six dugouts are available for sample storage on the carousel, however 

only two are designed for storage of pucks with integral heaters. 

 A similar procedure is followed when removing a sample from the carousel using 

the 48”-travel analyzer transfer arm.  The analyzer transfer arm is equipped with a port 

aligner (McAllister) that allows adjustment of angular alignment. The puck is removed 

from the carousel and brought into the analyzer chamber for transfer into the VG Omniax 

sample stage.  The sample stage is equipped with a high-force constant gripping 

mechanism to allow for inversion of the sample and provide ohmic contact for pucks 

equipped with integral heaters.  The sample stage spring must be disengaged by pressing 

the front of the sample stage against a custom “bumper” mounted in the opposing port 

before a puck can be inserted.  The puck is lowered into the Omniax mechanism using 

the port aligner and then the analyzer transfer arm can be withdrawn.  
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2.5.2 Temperature Measurement 

 Temperature measurement is a challenging task during UHV surface science 

experiments, as only the surface temperature is critically important.  While 

thermocouples are often used for temperature measurements, they cannot be affixed to 

the sample surface without damage.  Placing the thermocouple on the sample holder 

provides an estimate of the temperature, but does not account for the thermal gradients 

that exist due to thermal conductivity limitations. Thermocouple measurements were 

required in several instances during the course of this dissertation research.  In these 

cases, the sample-holder thermocouple was calibrated by affixing a second thermocouple 

to the surface of a “dummy” sample or through the use of a pyrometer.   

 A more local method of measuring surface temperatures is through the use of a 

non-contact pyrometer (Raytek, Marathon MM Series).  The pyrometer compares the IR 

(8-14 μm) emission of the surface against a black body spectrum, thereby determining the 

temperature.  A ZnSe viewport must be used to access the sample due to IR absorption by 

quartz and glass.  The pyrometer is programmed to account for the emissivity of the 

sample and the transmission of the viewport, therefore enabling a very precise 

measurement of the surface temperature.  Emissivities can be determined by ex-vacuo 

calibration or using tabulated values. The pyrometer is limited however to surfaces with 

emissivity greater than 0.1, prohibiting temperature measurement of some highly 

polished metal surfaces. 
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 CHAPTER 3 

 

UHV SINGLE MOLECULE FLUORESCENCE MICROSCOPY 

 

3.1 Introduction 

The advent of room temperature single molecule spectroscopy
112

 has opened 

unprecedented opportunities to study molecular behavior in complex environments.
113

   

The overriding advantage of observing single molecules lies in the ability to: (i) 

distinguish between static and dynamic heterogeneity and (ii) obtain the distribution of an 

observable, completely removing the effects of ensemble averaging. Measurement of 

charge transfer kinetics of individual molecules reveals dynamics and fluctuations in 

nano-environments normally obscured by inhomogeneous broadening, often leading to 

the observation of new and surprising phenomena.  

Prominent among these is fluorescence intermittency or “blinking,”
114

 observed 

from small molecules embedded in crystalline matrices at cryogenic temperatures
115

 or 

polymer matrices at room temperature,
116,117

 fluorescent proteins,
118

 and single polymer 

strands.
119

  Single molecules may serve as nonclassical photon sources,
120

 report on 

photoinduced charge transfer processes,
121,122

 and provide deep insight into the stochastic 

nature of biological processes.
123

  The origins of blinking have been extensively debated 

in the literature
124

 but a definitive picture is still missing.  Beyond posing an intriguing 

puzzle about single quantum emitter physics, transitions to molecular dark states may be 

used advantageously to achieve sub-diffraction-limited optical imaging in live cells.
125

 

Despite these advances, there are however to date no reports of single molecule 

fluorescence microscopy under highly defined surface science conditions.  This chapter 
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will describe the design and performance of a novel confocal fluorescence microscope 

capable of observing single molecules on crystalline insulating surfaces under ultrahigh 

vacuum (UHV) conditions.  The combination of standard surface science techniques with 

the ability to perform single molecule spectroscopy has the potential to afford 

unprecedented insight into the dynamics at well-defined interfaces of critical importance 

in areas such as catalysis or solar energy conversion.  

This chapter is organized as follows: Section 3.2 gives an introduction to single 

molecule fluorescence and the advantages of confocal microscopy; Section 3.3 presents 

the design of a novel UHV confocal fluorescence microscope capable of single molecule 

detection; Section 3.4 presents several methods for analysis of fluorescence trajectories 

and their implementation; Section 3.5 demonstrates the performance of the microscope 

by way of example fluorescence images and single molecule fluorescence trajectories; 

and Section 3.6 provides a brief summary and outlook for UHV single molecule 

spectroscopy. 

 

3.2 Single Molecule Fluorescence Microscopy 

The most challenging aspects of single molecule fluorescence microscopy of 

organic molecules are achieving a sufficient ratio of signal-to-noise and signal-to- 

background to make meaningful observations, and a collection efficiency (duty cycle) 

high enough to maximize the rate of data acquisition.  Meeting these criteria requires a 

careful consideration of the experimental design of all system components.  
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The highest possible collection efficiency and duty cycle are required to prolong 

the useful lifetime of fluorescent molecules.  Organic fluorophores are, in general, highly 

susceptible to photochemical degradation.  While this was initially thought to result from 

reaction between triplet excited states and molecular oxygen, photochemical degradation 

has been observed for so-called “photostable” organic molecules in inert atmospheres,
126

 

embedded in crystals
127

 and potentially even in UHV environments, although long 

intermittency off times may be mistaken for photodegradation.
55

 The precise mechanism 

of degradation is currently unknown and represents a possible research avenue for single 

molecule fluorescence microscopy in UHV.  In order to delay photochemical destruction 

it is critical that the maximum number of photons is collected and non-radiative decay 

events are minimized. A lower irradiance and higher collection efficiency translates 

directly into an increase in the useful lifetime of a molecule and the availability of 

chemical information. 

The fluorescence yield of an individual emitter is determined entirely by 

molecular properties such as absorption cross section and quantum yield. A 

representative energy level diagram of a fluorescent probe on a wide band gap 

semiconductor and its decay pathways is presented in Figure 3.1.  While higher 

irradiance will increase the fluorescence signal, it will also increase the probability of a 

destructive photochemical event as well as increase the fluorescence background. It is 

therefore necessary to reduce the background to achieve sufficient contrast for the 

identification of an individual molecule. Minimizing background generally requires the 

use of a combination of ultrapure solvents, ultraclean surfaces and optical techniques that 
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restrict the focal volume and filter out unwanted photons.  These techniques are described 

below. 

 

Figure 3.1: Energy level scheme with excitation and decay pathways for a single 

fluorescent molecule on a wide band gap semiconductor surface. kexc: excitation rate. ktrip: 

triplet excursion rate. kphos: phosphorescence rate. kET: electron transfer rate. kBET: back 

electron transfer rate. knrad: non-radiative decay rate. krad: fluorescence rate. CBM: 

conduction band minimum. VBM: valence band maximum. S0, S1 and T1: ground, excited 

and triplet states of the fluorescent molecule.   

 

  Several different experimental techniques are used routinely to perform this task 

in single molecule fluorescence microscopy.  The first of these techniques is total internal 

reflection fluorescence microscopy (TIRFM).
128

  In TIRFM the excitation laser is 

introduced through a glass slide or prism at an incidence-angle sufficient to produce total 

internal reflection at the glass/probe interface.  An evanescent wave is produced at the 
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reflection point which decays exponentially into the sample. Fluorescence is excited 

therefore only in the proximity of the evanescent wave which extends ≈ 100 nm into the 

sample. Emission is collected using standard wide-field fluorescence microscopy 

techniques, however the ratio of signal: background is improved due to the limited 

excitation volume, which eliminates fluorescence from the bulk of the sample. While 

TIRFM has been very successful with biologically relevant systems, the use of a standard 

cover glass and backside illumination renders the technique incompatible with surface 

science conditions i.e. UHV because the sample must be an optical component of the 

microscope. 

A second, related technique is near-field scanning optical microscopy (NSOM).
129

  

In NSOM the excitation source is coupled into an optical fiber that is tapered to a 

diameter that is less than the wavelength of the excitation light. The tip of the NSOM 

probe may or may not contain an aperture, but will usually serve dual-use as an AFM tip 

in the experimental setup. The NSOM probe is sufficiently small that propagating 

electromagnetic waves cannot pass the tip, resulting in a near-field evanescent wave 

similar to TIRFM.  The near-radial nature of this excitation decays rapidly with distance 

and provides both surface sensitivity and sub-diffraction-limited lateral resolution.  

Fluorescence can be excited locally and then collected using wide-field optics or coupled 

back through the probe tip. While the technique is compatible with UHV environments, 

NSOM suffers from several severe experimental limitations.  The probe tips can be 

fragile and non-uniform, resulting in an experimental resolution that changes with tip 

quality and artifacts that are introduced by the tip geometry.  The energy transmission 
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through an NSOM probe is also low, leading to a thermal drift caused by the excitation 

source.   

Confocal detection is another technique commonly used in single molecule 

fluorescence microscopy and was chosen as the experimental technique most suitable for 

UHV adaptation. In confocal scanning optical microscopy (CSOM) the excitation is 

brought to a diffraction-limited focus at the sample using a high numerical aperture (NA) 

objective. The NA specifies the range of angles over which light can be collected or 

emitted by an objective and is given by: 

          3.1 

where θ is the maximum angle of collection and n is the refractive index of the medium 

in which the objective works.  Biologically relevant single molecule fluorescence 

experiments commonly use immersion oils with n > 1.5 and in these experiments 

objectives routinely achieve NA > 1.25.  However, in vacuum where n = 1, the maximum 

NA possible is 1, implying collection of 2π sr.  In practice, collection occurs over a solid 

angle << 2π sr due to the requirement of a working distance between the objective and 

sample.  A high NA objective can produce the highest irradiance at the focus ensuring 

excitation of the probe molecule occurs using the minimum excitation power.   It also 

provides collection over the greatest range of solid angles, maximizing the intensity of 

the fluorescence signal. 

Best-focus of a Gaussian beam is determined laterally by the Rayleigh criterion w 

and axially by the Rayleigh length zR of the excitation source and optics, given by 
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 3.2 

and 

 
   

   
 

   
 3.3 

where NA is the numerical aperture of the objective, λex is the excitation wavelength and 

ω0 is the beam waist.  While these conditions produce the greatest probability of 

excitation in the fluorophore, fluorescence is also excited in the substrate region beyond 

the focal plane. Fluorescence from outside the focal plane is a major contributor to 

background in a single molecule fluorescence measurement.  In order to discriminate 

against this background, the emission signal is imaged onto a point-like detector or 

“confocal pinhole” as shown in Figure 3.2a.  Simultaneously imaging the sample and 

detector in a confocal geometry yields a point spread function hcon for a confocal 

microscope that is given by the product of the excitation hex and emission hem point spread 

functions (PSFs):   

                            3.4 

using optical coordinates u for the excitation, optical coordinates v of the emission, 

excitation wavelength λex and emission wavelength λem.  The dimensionless optical 

coordinate transformation is performed for algebraic simplicity and is based on the 

rotational symmetry of the optical axis, the distance with respect of the focus, and optical 

elements involved.
130

 The overlap criterion between the two optical paths (excitation and 

emission) reduces the PSF of the detected signal, allowing for optical sectioning of the 

sample and an increase in lateral resolution.  In the confocal setup shown in Figure 3.2a 
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the excitation beam (green/solid) is focused onto the sample surface using a microscope 

objective to maximize the local irradiance.  Fluorescence from the probe molecule 

(red/solid) is collected by the objective and passes through a dichroic beamsplitter to the 

detection arm of the microscope.  A collector lens (tube lens) filters the fluorescence 

through a confocal pinhole which ensures that only photons originating from the focal 

plane of the objective reach the detector.  While background fluorescence (red/dashed) is 

produced from the excitation cone beyond the focal plane of the objective, it is not 

confocal with the pinhole and is therefore discriminated against.   

While calculating the full 3D PSF is computationally challenging, the radial PSF 

at the focal plane (z = 0) is given by: 

 
         (

     

 
)

 

 3.5 

where J1 is the first order Bessel function of the first kind and x is related to the radial 

distance r by: 

   
  

  
 3.6 

with f-number of the objective F which is approximately twice the inverse of the NA.  

The radial amplitude of the excitation, emission and confocal PSFs are plotted in Figure 

3.2b for an ideal confocal fluorescence microscope using a 488 nm excitation source, a 

0.65 NA objective and a fluorescence emission at 550 nm.  As can be seen from the 

Figure 3.2b, the diffraction-limited excitation and emission PSFs are significantly broader 

than the confocal PSF, which is much narrower than would be expected from a 

convolution of the two PSFs. Convolution would result in a broadening of the feature, 
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however in this instance the product of the PSFs is used because the two optical paths are 

independent.  One rule of thumb
131

 is that an ideal confocal microscope can achieve 

lateral resolution according to a modified Rayleigh criterion of 

 
  

      

   
 3.7 

which is significantly smaller than the Rayleigh criterion used in a conventional 

microscope (Equation 3.2).  In practice, the detection path for a confocal microscope 

often differs from ideality due the size of the confocal pinhole required for adequate 

signal intensity. However, demonstration of lateral resolution lower than the diffraction 

limit of a conventional microscope is a key indication of a successful confocal 

microscope design. 

 

3.3 CSOM Design and Implementation 

  As seen in the previous section, the detection of single molecules requires the 

combination of a high NA microscope objective and a sensitive detector to achieve 

sufficient signal. Additionally, fast counting electronics are needed to avoid biasing the 

photon-count statistics.  It is well known that long binning intervals can mask the 

presence of short-duration states and distort the measured kinetics.
132

  While nowadays 

these requirements can be routinely met for single molecule microscopy under ambient
133

 

or cryogenic conditions,
134,135

 integration into an UHV system poses a number of unique 

challenges, with larger mechanical loops, lower NA objectives available for UHV, and 

substantial additional complexity.  Beginning with a description of the overall 
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experimental apparatus that supports the UHV CSOM, a solution to each of these issues 

is presented below. 

 

 

Figure 3.2: A: Diagram of the confocal geometry.  B:  Radial extents of the excitation, 

emission and confocal PSFs at z = 0.  The emission PSF is slightly broader than the 

excitation PSF due to the fluorescence Stokes shift.  The simultaneous imaging of sample 

and detector in the confocal geometry produces a PSF that is narrower by a factor as large 

as √2 . 
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3.3.1 The UHV System 

The microscope has several experimental stations and is easily extendable to 

include additional surface characterization capabilities. The stations implemented in the 

original version are described in what follows.  All components are made of 304 stainless 

steel unless noted otherwise. Figure 3.3 shows an overview of the complete system. 

Sample substrates are mounted onto a VG-style sample stub and introduced through a 

fast-entry door into a load lock (B) and onto a manipulator fork with a soft retaining 

spring. The load lock consists of a 2.75 in. conflat (CF) six-way cross equipped with: (i) a 

sample transfer arm (24 in. range, DV Manufacturing) mounted on a port aligner (A, 

McAllister); (ii) a high temperature substrate heater with integrated thermocouple 

(temperature up to 1200 °C, HeatWave Laboratories) mounted onto a linear shift with 2” 

of vertical travel, capable of receiving and passively holding the sample stub; (iii) a 

viewport for sample inspection; and (iv) pressure gauges. The viewport can be exchanged 

for a sputter gun when sputter-anneal cycles are needed for sample preparation. Attaching 

Auger spectrometer and reflection high-energy electron diffraction sample stations is 

straightforward when necessary. After sample entry, the load lock is pumped and baked 

at 100 °C for 12 hours. At this point, the sample is introduced through a gate valve into 

the sample preparation chamber (C, 2.75 in. CF six-way cross) pumped by a 35 l/s ion 

pump and equipped with a home-built Knudsen cell to evaporate dye molecules. The 

Knudsen cell is thoroughly degassed prior to deposition and only fairly low temperatures 

are necessary to evaporate typically 5 molecules per 55 μm
2
, the image size used in this 

work. The microscopy chamber consists of an 8 in. CF five-way cross (D) pumped by a 
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200 l/s differential ion pump (F, Ultek TNB-X) equipped with titanium-sublimation 

capabilities. The chamber has an 8 in. CF viewport for visual inspection during sample 

transfer, covered with blackout material during fluorescence microscopy. A rotary 

wobble stick (E, Transfer Engineering and Manufacturing) is used for securing the 

sample in the retainer (see Figure 3.4). The base pressure inside this chamber is 10
−10

 

mbar. 

 

 

Figure 3.3: Overview of UHV confocal fluorescence microscope. (A) Port aligner. (B) 

Load lock and sample heater. (C) Sample deposition chamber with Knudsen cell. (D) 

Analysis chamber with optical microscope. (E) Rotary wobble stick for locking sample to 

the retainer. (F) Ion pump. (G) Confocal optics including dichroic, emitter filters, tube 

lens, and confocal pinhole. 
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 The complete vacuum chamber assembly is bolted onto a compact steel frame 

supported by three passive vibration isolation legs. During microscope operation, 

turbomolecular pumps and other equipment directly coupling the chambers to the 

laboratory floor are disconnected and the legs suppress floor vibrations present in the 

laboratory. 

 

3.3.2 Microsope Design 

The core of the microscope, shown in Figure 3.4, resides inside the microscopy 

chamber and is designed to achieve diffraction limited performance while eliminating 

interference from vibrations and acoustic noise. The confocal microscope operates in 

raster-scanning mode, provided by a 5050 μm
2
 closed-loop UHV-capable nonmagnetic 

two-dimensional (2D) piezoelectric translation stage (G, MadCityLabs). A UHV-

compatible open-loop low-mass piezoelectric z translator (F, AttoCube) capable of 

translating the sample over 5 mm in 50 nm steps is used for focusing the laser beam. A 

sample retainer (D) is bolted to the piezoelectric translator, both of which are firmly 

mounted to the 2D closed-loop translation stage. The stage is supported by four, 0.5” 

diameter rods (A) that provide rigidity while still permitting visual and mechanical access 

to the sample. This open arrangement also ensures efficient pumping in order to reach 

UHV rapidly. The entire assembly, designed for high mechanical stiffness, is mounted 

from a single 8” CF flange to minimize mechanical coupling to any other components of 

the vacuum system. The sample stub holder and all mating plates were machined from 

low density aluminum to minimize low-frequency resonances in the assembly. During 
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sample mounting, the transfer arm holding the sample stub is carefully adjusted using the 

port aligner to slide the sample into the microscopy sample retainer, which is equipped 

with a set screw and a small piece of UHV compatible Viton elastomer. A linear rotary 

wobble stick (B, Transfer Engineering and Manufacturing) mounted 90° with respect to 

the transfer axis introduces a titanium ball-end hex blade into the set screw on the retainer 

and the sample stub is pushed against the Viton elastomer and secured by gently 

tightening the set screw. Then the transfer arm is retracted and the microscopy chamber    

 

Figure 3.4: Close-up of microscope. (A) Mounting assembly attaching microscope to 8” 

CF flange. (B) Rotary wobble stick with hex blade for locking sample to the retainer. (C) 

Reflective microscope objective. (D) Sample retainer with set screw. (E) Sample storage 

brackets. (F) Piezoelectric stepper for sample focusing. (G) Closed-loop translation stage 

for sample scanning. 
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gate valve is closed. Several samples can be stored inside the analysis chamber by means 

of a sample holder bracket (E) attached to the microscope cage. These can be retrieved 

using the sample transfer arm in conjunction with the port aligner and facilitate e.g., 

microscope optimization. 

 

3.3.3 CSOM Optical Setup 

A schematic of the optical setup is shown in Figure 3.5. A continuous-wave air-

cooled multiline Ar
+
-ion laser is used to excite single molecule fluorescence. A 

computer-controlled home-built shutter is placed at the output of the laser in order to 

control optical excitation of the molecules. The beam is spectrally separated by a prism, 

passed through a neutral density filter bank to adjust to the desired intensity, and coupled 

into a single-mode optical fiber to provide excellent optical mode quality for the 

remainder of the optical setup. These components are mounted on a breadboard not 

attached to the vibration isolation platform supporting the UHV system. This ensures that 

vibrational noise from the laser cooling fan is not transmitted to the microscope. 

A second breadboard is mounted to the vibrationally isolated frame supporting the 

microscope. Here, the output from the optical fiber is passed through a linear polarizer 

and, depending on the desired polarization in the focal plane, a half-wave plate, followed 

by a narrow bandwidth exciter filter (Chroma). An 8 telescope expands the beam prior 

to passing into a home-built rigid periscope inside a light-tight enclosure. Turning mirrors 

for this periscope are mounted on high-quality optical mounts (Newport Ultima) bolted to 

platforms inside the periscope frame. A light-tight pipe introduces the beam from the 
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periscope into the confocal optics train. A pellicle intercepts the retro-reflection from the 

sample surface and images this spot onto a small charge-coupled device camera, 

providing an eyepiece to the UHV microscope.  

 

Figure 3.5: Optical layout of microscope and light path. Ar+ :Ar+ multiline laser. F1: 

neutral density filter bank. PBC: polarizing beamsplitter cube. HWP: halfwave plate. F2: 

exciter filter. PBS: pellicle beamsplitter. DBS: dichroic beamsplitter. QVP: quartz 

viewport. Obj: microscope objective. F3 and F4: emitter filters. L1: tube lens. PH: 

confocal pinhole. L2: relay lens. APD: avalanche photodiode. DAQ: data acquisition. 

 

The beam is reflected by a dichroic mirror (Chroma) through an optical quality 

quartz viewport (2.75” CF) into the vacuum chamber, overfilling the back aperture of a 

custom-modified vacuum compatible reflective Schwarzschild microscope objective 

(Ealing Catalog, 0.65 NA, 74, working distance 1 mm, infinity corrected). I found that 
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this objective can withstand repeated pump-down cycles from atmosphere to 10
-10

 mbar 

followed by bake-out to 100 °C without any marked deterioration of the optical 

performance. Occasional mild realignment of the elements is carried out during routine 

maintenance of the microscope. The objective focuses the excitation beam to a near-

diffraction-limited spot on the sample. Note that the PSF for a reflective objective is 

Airy-like but with a less pronounced primary feature (51% versus 84% for a refractive 

objective).
136,137

 Typical excitation intensities used range from 500–2000 W/cm
2
.  

Fluorescence from single molecules is collected in the epi-detection geometry by 

the same objective, passed through the viewport, and spectrally separated from the 

excitation source using a dichroic beamsplitter. The confocal optics train contains in 

addition to the beamsplitter several more optics in a compact, light-tight arrangement 

mounted on top of the viewport: two emitter filters, each with optical densities of greater 

than 5 at the excitation wavelength (Chroma), a tube lens mounted on a translation stage 

for focus adjustment, and a confocal pinhole (20 μm diameter). For many of the oxide 

substrates used so far [Al2O3 (0001), Sc2O3 (111) on GaN (0001), cover glass], tube lens 

and confocal pinhole were necessary to improve the signal-to-noise ratio by rejecting out-

of-focus background from impurities or inelastic scattering. The fluorescence was 

subsequently detected by a single-photon counting avalanche photodiode (APD; EG&G 

Perkin Elmer, SPCM-AQRH-14, 65 dark counts/s) fiber-optically coupled to the top of 

the confocal optics train.  

The in vacuo microscope assembly as well as the confocal tower can be removed 

as a single unit and operated as a stand-alone microscope for coarse alignment on the 
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bench top. A typical alignment procedure makes use of fluorescent polystyrene spheres 

and includes corrections to the centricity of the objective and alignment of the confocal 

pinhole and tube lens. Once the functionality of the optical and mechanical components 

has been verified the assembly can then be inserted into the vacuum chamber for final 

adjustments before pump down. 

 

3.3.4 Instrument Control and Data Processing 

 Two data-acquisition boards (National Instruments 6602 Counter-Timer and 6229 

M-Series) are used in synchrony to communicate with the scanning stage, shutter and 

APD as shown in Figure 3.6.  Communication with the z-stepper controller is by serial 

port directly from the computer. Scanning proceeds in the usual raster-scanning fashion, 

where counts may be collected in the forward and reverse direction. Scanning in the 

reverse direction improves the imaging duty cycle of the scanning routine, and makes full 

use of the closed loop operation of the scanner.  

A Labview-based software suite called Master Raster was developed to control 

and monitor the experiment.  In addition to the desired image parameters such as number 

of pixels, image location and size, the operator determines bin time, scan speed, and the 

rate at which position is sampled from the capacitive feedback element of the translation 

stage (vide infra). At the start of a fluorescence experiment, the stage is moved rapidly to 

the corner of the image and image acquisition is delayed for 100 ms to allow any 

vibrational transients caused by the move to dissipate. Next, the laser shutter opens and 

the counter is armed to accept photon counts from the APD. 
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Figure 3.6: Hardware connections used for control of the UHV CSOM. (a) Shutter 

control signal. (b) Fast axis output. (c) Slow axis output. (d) Fast axis feedback input. (e) 

AI trigger input. (f) AI trigger output. (g) Counter input. (h) Fast axis input. (i) Slow axis 

input. (j) Fast axis feedback output.  

 

For each line, the desired voltage ramp on the fast scan axis is triggered and a 

pulse train with a period given by the bin time latches a value from the counter to the 

first-in-first-out memory on the counter-timer data acquisition board. In addition, a high 
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frequency pulse train (typically ten times faster than the binning frequency) is initiated, 

sampling the capacitive feedback position sensor on the fast axis. This synchronizes the 

counter and the position of the stage without having to wait for the much slower active 

feedback components of the stage controller to settle, and allows scanning at a rate that is 

only limited by the mechanical bandwidth of the stage assembly. The motivation and 

details for the timing and synchronization scheme of these tasks are described below. In 

this manner, the counting duty cycle is determined entirely by the timing characteristics 

of the APD, maximizing fluorescence collection efficiency during imaging. The fast axis 

scan continues until the analog waveform output has completed and then pauses for twice 

the characteristic stage settling time given by the bandwidth of the stage controller to 

ensure that the stage has indeed reached the end of the line scan. Once a line acquisition 

is completed the slow axis is stepped and the preceding series of counts and analog 

position measurements are pixelated by a pixilation routine described in section 3.3.6 

below. Finally, the pixelated line is displayed and the next line-scan begins. Typical bin 

times are 1 ms for images, however additional off-line resampling of the images to 25 

ms/pixel may be used to improve contrast if necessary.  

 

3.3.5 Synchronization and Scanning Routine 

 The primary concern while developing the synchronization and scanning routine 

for the CSOM was maximizing the collection duty cycle.  As stated in the introduction to 

this chapter, individual organic fluorophores may have a finite lifetime.  It is therefore 
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imperative that an image be acquired as quickly as possible so as to decrease the 

probability of a photobleaching event.  

 During initial implementations of the scanning routine, images were generated in 

a step, aquire, step, aquire, etc. fashion.  However, due to the mechanical bandwidth 

limitations of the stage (≈500 Hz) the stage amplifier is equipped with a low pass filter of 

cutf-off frequency ≈ 50 Hz.  This leads to a 90% rise time for a voltage step from the 

amplifier of approximately 20 ms per step for any magnitude step.   An image of 128  

128 pixels would require therefore a minimum of 16384 (20 ms) = 328 seconds of “dead” 

time in addition to actual counting time. This duty cycle is clearly unacceptable and a 

more efficient scanning routine was developed. 

 The developed solution made full use of the capacitive feedback of the closed-

loop stage.  Rather than step each individual pixel, the entire row of pixels was stepped. 

This reduced the theoretical minimum of the time per row to approximately 20 ms and 

was accomplished by decoupling the stage ramp-program output on the fast axis from the 

counter, making the number of counter gates per line undetermined. While non-

determinism is generally undesirable in programming, here it allows both the counter and 

stage to each perform at their maximum rate.  The rate limiting aspect of image 

acquisition is therefore given by the experimental signal which is precisely the desired 

outcome.  Rather than instructing the stage on exactly how to get from point A at the 

beginning of a row to Point B at the end of the row, we instruct the stage to go from A to 

B and monitor its path using the capacitive feedback. 
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 In order to accommodate the undetermined number of gates per line needed to get 

from A to B, the counter is operated in continuous acquisition mode. This can lead to 

potential issues such as counter overrun.  While perhaps unlikely for a 32-bit counter, a 

solution was developed that allows for unlimited continuous acquisition without the need 

for software intervention.  This is performed by programming the hardware for a period-

measurement task.  In a standard period-measurement task the counter adds the number 

of edges of a hardware clock falling within adjacent edges of a digital signal.  The period 

is then given by:  

 
       

          

               
 3.8 

The period measurement task can be made to function exactly like a standard gated 

counter if the edge source is replaced by a periodic digital signal with a frequency given 

by the gate time and the hardware clock is replaced with the signal from the APD. This 

method of counting has the distinct advantage that the counter is reset by hardware after 

each gate.  In a standard gated counter task the counter does not reset to zero when it is 

polled.  This leads to an increase in software processing time and the potential for counter 

overruns.  Both of these are avoided in the chosen approach. 

 Once the counting routine and the analog output corresponding to the stage 

motion profile were determined, it was necessary to develop a method of synchronizing 

the stage position with each gate time.  This was accomplished by using the rising edge 

of the gate to trigger a finite periodic pulse train with a rate determined programmatically 

by the length of the desired gate.  This finite pulse train is then routed as the sample clock 

of an analog input that monitors the fast axis feedback. The total number of AI events per 
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line is therefore related to the number of gates per line by the number of pulses generated 

in each finite pulse train.  This allows the measurements to be indexed together in post-

processing.  There are several distinct advantages to oversampling the position of the 

stage.  First, by taking multiple measurements the impact of noise/ripple on the stage 

position is reduced.  Second, position of the stage is more precise since the position is not 

just measured at the beginning or ending of a gate, but during the entire motion profile 

throughout the gate.  Finally, having access to multiple AI measurements facilitates the 

pixilation process, as discussed next. 
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Figure 3.7: Timing diagram of the Master Raster synchronous counting routine.  The 

gate is generated by a periodic digital pulse train (A) that continues until stopped by 

software.  25 ns pulses indicating individual photon detection events (B) are counted 

within each period of the gate. This is sufficient to generate a fluorescence trajectory (E).  

The gate signal triggers a finite periodic pulse train (C).  In this example three pulses are 

generated at a frequency three times faster than the gate.  The falling edge of each of 

these pulses triggers an AI event.  The AO clock (D) runs independently from the other 

timing signals, faster and trailing by a software delay.  The AO clock generates a triangle 

wave (G) with software-timed delays at each maxima/minima. The measured AI signal 

(F) shows the true amplifier-limited motion profile of the stage. 
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3.3.6 CSOM Image Pixelation  

 Several pixelation challenges were introduced by scanning the stage in a non-

predetermined fashion to generate lines for the fluorescence images.  While the overall 

time to scan the fast axis can be estimated, it is the instantaneous rate at each gate that 

determines how much time was spent within a given pixel.  Ensuring that each pixel 

contains at least one gate is problematic, as is distributing counts that spanned multiple 

pixels.  

 These issues were solved using a pixelation routine developed as part of this 

dissertation. This pixelation routine does not rely on a stage velocity that is known a-

priori or even remains constant. As discussed in the previous section, the stage position is 

measured synchronously with the counter, but at a rate generally 10  the counter rate.  

At the end of the line scan, this leads to an AI array that is 10 larger than the count 

array.  In transforming these arrays into pixels one option is to average the AI input 

values, reducing the AI array size to the gate array size and resulting in the average 

position over which the counts were acquired.  However, if the average position of two 

adjacent gates falls greater than one pixel-length apart this could lead to a pixel assigned 

zero counts even though counts were most likely generated within that pixel.  Slowing 

the stage would reduce the number of anomalously “dark” pixels, however this would 

considerably increase the scan time. 

 A better solution is to expand the count array, rather than contract the AI array.  

The AI hardware can function at a far higher clock speed than the counter and can be 

used to distribute the counts from an individual gate among the measured sample 
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positions. This eliminates the possibility of dark pixels and allows gates to span multiple 

pixels without limiting the stage bandwidth.  One effect of this pixelation routine is that 

pixels can contain a non-integer number of photons.  This may result, for example, if a 

single gate contains one count but the stage spent 80% of this gate in one pixel and 20% 

of the gate in a different pixel.  The first pixel would therefore receive 0.8 counts and the 

second pixel would receive 0.2 counts from the gate.   

Additionally, this pixelation routine intrinsically flattens the line intensity profile.  

During line scans, the stage spends more time at the image boundaries (turning points) 

than at the center of the image area where its velocity is maximum.  Without flattening, 

the image would appear brighter at the image boundaries where the stage was moving 

slowly. Note that flattening the image does however lead to skew of the noise statistics. 

The programmatic flow of this pixelation routine is described in Figure 3.8.   
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Figure 3.8: Programmatic flow of the pixelation process.  The AI stage position is 

sampled faster than the counter is polled leading to an AI array size that is an integer 

multiple of the count array size.   The count array is then expanded such that the arrays 

are the same size (B).  The arrays are then passed to a pixilation routine that cuts the 

array into pixels (C).  The value of each pixel is scaled by the number of measurements 

that fall within the pixel to flatten the motion profile (D).  These flattened pixels are 

equidistant and form a row in the image (E).   
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3.4 Fluorescence Trajectories  

Once a particular single molecule has been identified and located in a confocal 

microscopy image, the scan stage is moved to bring the molecule back into the laser focal 

spot. The shutter is opened and a near-shot-noise-limited fluorescence trajectory is 

collected by continuously counting fluorescence photons in 500 μs time bins. The 

trajectory is terminated after a sufficient number of photons have been collected or the 

molecule has undergone what appears to be a permanent photophysical change. Given the 

significantly lower NA of the UHV-compatible objective, the presence of additional 

optical surfaces in the light path compared to typical microscopes operating in ambient 

conditions and the different point-spread function for a reflective objective, a robust data 

analysis approach had to be developed. The commonly employed intensity thresholding 

is difficult to use when fluorescence is weak or multiple fluorescence levels are 

present.
138

  A more sophisticated approach to trajectory analysis was therefore required to 

extract the signal from the trajectories.   

 

3.4.1 Implementation of a Chung-Kennedy Filter for Trajectory Analysis 

 In several spectroscopic studies, such as those described in Chapters 5,6 and 7 a 

simple moving average filter was used to reduce noise and aid in spectroscopic 

assignments.  The moving average filter:  
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converts an array of k data points y(k) into a filtered array x(k) by taking the arithmetic 

mean over the symmetric window of M data points around each point y(k).  This 

technique is appropriate for photoelectron data because the spectrum can be sampled at 

an interval that is much finer than the experimental resolution.  In this case the running 

average filter reduces noise without significantly altering the resolution of the 

measurement.   

However, the situation is very different in fluorescence trajectories.  The temporal 

resolution of a fluorescence trajectory is determined precisely by the sampling interval.  

Rebinning of the data, as is performed to achieve sufficient signal for analysis, reduces 

the resolution of the data in a linear fashion i.e. a rebin multiple of two increases the 

signal by a factor of two but halves the temporal interval.  While not quite as severe, 

application of a simple running average of length M would reduce the appearance of 

noise but also reduce the temporal resolution of the data, obscuring the change point 

statistics.   

One option for the analysis of fluorescence trajectories is the application of a non-

linear filter which can discriminate between the noise and the signal in a trajectory.
139

  

This requires programming the filter with assumptions about the nature of the signal that 

can be used in decision-making.  One such filtering routine with precedence in single-

molecule fluorescence experiments
140

 is the Chung-Kennedy-style running average filter 

(CK filter).
141

 CK filters are biased towards preserving discrete steps in signal intensity 

such as those expected in a single molecule fluorescence trajectory.  The mathematical 

formalism of applying a CK filter to fluorescence trajectories is presented below. 
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The CK filter consists of a set of causal (forward-looking) and acausal 

(backwards-looking) predictor banks generated uniquely for each individual trajectory.  

These predictor banks provide a measure against which the points of the trajectory y(k) 

can be judged.  If a point in the trajectory resembles a value in the predictor bank 

associated with that point, then the point is weighted as “signal,” otherwise it is weighted 

as “noise.”  If the predictors reflect the reality of the original signal, then a “prediction” 

of the signal x(k) can be generated a posteriori. 

 The fluorescence signal is expected to consist of discrete intensity levels obscured 

primarily by shot noise.  There exists also the potential for high frequency signal 

oscillations due to mechanical vibrations.  These noise sources obscure the signal’s 

change-points which are used to extract rate information of the physical process under 

study.  The goal of the predictors is to average over the noise and provide the true 

intensity levels. We use the running average filter in Equation 3.9 to define therefore a 

causal predictor x
f
(k) and an acausal predictor x

b
(k) for each y(k): 
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of predictor interval m.  However, as the interval between change-points is expected to be 

power-law or exponentially distributed, the appropriate predictor length cannot be 
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determined a priori. In order to allow for intervals of varying length, a bank of predictor 

values   
     and   

 
    is generated with a distribution of lengths i = m1, m2, etc… 

Once the predictors are generated, a weighting must be determined based on the 

proximity of each point y(k) to a given predictor value.  These weights are calculated as: 
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for the causal predictor weights fi(k) and: 
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for the acausal predictor weights bi(k) using the exponential weighting coefficient –p to 

accentuate the relative weights over a comparison window of length M.  The comparison 

window in these equations is analogous to the window used for the simple running 

average filter shown in Equation 1.7, but with a non-linear weighting.  In order to ensure 

that the overall signal amplitude is not altered by application of the filter, the predictor 

weights are subject to the normalization condition:  

where the sum is over all K predictors in the predictor bank. Once the predictors and 

weights have been calculated, all that remains is to generate the “predicted” signal x(k) 

according to the summation: 
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over all predictor and weighting values. 

 The CK filter is implemented using a Labview VI called Trajectory Rebin-Filter 

developed as part of this dissertation.  The program can import a raw trajectory and then 

rebin the data with the option of applying a CK filter.  The bank of K predictor lengths, 

the exponential weighting coefficient, p and the comparison window length, M, are all 

adjustable from the front panel so the variables of the CK-filter can be optimized as 

shown in Figure 3.9.  The trajectories often consist of over 1,000,000 data points in raw 

form due to the extremely long lifetime of the fluorophores in UHV.  It is therefore often 

prudent to rebin the spectra while experimenting with filter values to minimize the 

calculation time. 

An example of a CK filtered trajectory is presented in Figure 3.10.  This trajectory 

consisted of multiple intensity levels and displayed frequent transitions between emissive 

and dark states. The raw data is shown at the top of Figure 3.10 with a 5 ms bin time. 

While the trajectory is shot-noise limited, the intensity change points are difficult to 

extract by eye.  A simple rebinning of the trajectory using a rebin multiple of 500 is 

obviously unacceptable and destroys much of the information content of the data. 

Application of a simple running average filter with a 500 point window greatly 

reduces the noise contribution, but also leads to the appearance of gradual transitions 

which are entirely artifactual.  The CK filter with the same window length, however, 

reduces the noise while maintaining much of the temporal resolution of the trajectory.    
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Figure 3.9: Front panel of the Trajectory Rebin-Filter program.  The program opens a 

fluorescence trajectory (.trj) along with the image (.iso) used to locate the trajectory 

target.  The raw data is displayed in the upper panel and the rebinned/filtered data is in 

the lower panel. Two cursors are available for choosing a section of the trajectory to 

histogram (right panel) for evidence of discrete levels.  The CK filter is an option of this 

program where the user can choose predictor lengths, exponential factor and comparison 

window.  The rebinned/filtered trajectory can be saved as a tab delineated text file (.rbn). 

 

  While the CK filter is superior to a hard rebinning or simple moving average 

filter, it is still somewhat lacking from the standpoint of statistical rigor. The weighting of 

the predictors is consistent but arbitrary, and the length of the predictor banks lead to a 

bias in the measured intensity levels.  Additionally the experimenter must decide on the 

appropriate filter parameters, the intensity levels, the number of different intensity levels, 

and the interval between change points. All of these are subject to the bias of the 

experimenter. 
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Figure 3.10: Comparison of several manipulations used in fluorescence trajectory 

analysis.  (A) A raw trajectory of C4-PTCDI on glass at 5 ms/bin.  (B) Trajectory A 

rebinned (500) to 2.5 s/bin. (C) Trajectory A smoothed with a simple running average 

filter with a window of M = 500.  (D) Trajectory A filtered with the CK filter described in 

the text using causal and acausal predictor banks of length m = 32, 64, 128, 256 and 512 

points, a comparison window of M = 500, and an exponential weighting factor of p = -30.  

Notice how the CK filter using the same window length is far more successful at 

reducing the noise while maintaining the sharp edges of intensity changes. 

 

3.4.2 Implementation of a Change-Point Detection Algorithm 

In an effort to remove experimenter bias from application of the CK filter and the 

subsequent thresholding of trajectories, a model-free change-point detection (CPD) 

algorithm developed originally by Watkins and Yang
142

 for time-correlated single photon 

counting was adapted to our experimental setup. Under the assumption of Poisson-
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distributed inter-photon arrival times, CPD operates by calculating the log-likelihood 

ratio of a change point having occurred versus the null hypothesis of no change point 

detected. Once change points and confidence intervals have been identified to the 95% 

statistical level of certainty, the number of statistically different intensity levels is 

assessed. CPD does not rely on somewhat arbitrary thresholds or predictors and offers an 

unbiased estimate of durations and intensity levels present in a trajectory. In our 

modification, the fluorescence trajectory of binned photon counts is broken into 

overlapping segments of 1000 photons or less in order to preserve the relatively uniform 

weighting in the log-likelihood ratio approximation used for hypothesis testing. The CPD 

approach is still useful even when using binned data, since the mathematical form of 

photon waiting-time distributions and photon-count distributions are both exponential. 

This approach was tested rigorously with synthetic trajectories and it was found that the 

Watkins and Yang formalism provides accurate estimates of change-points and intensity 

levels even when binned data are used, provided the trajectory was analyzed in segments 

with considerable overlap.  

 

3.5 CSOM Performance 

Figure 3.11 shows a 22 μm
2
 confocal fluorescence microscopy image of a 20-

nm-diameter dye-stained bead excited at 488 nm. The full width half maxima, Γhorizontal = 

343(3) nm, and Γvertical = 400(2) nm, are close to the expected spot size of  

dconfocal ≈ 0.4 λ/NA for a confocal microscope,
134,138

 demonstrating near-diffraction-

limited performance as discussed in the introduction. The image elongation is a result of 
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the linearly polarized excitation field interacting with the unpolarized bead emitter and is 

consistent with the asymmetry expected for a medium-aperture objective.
131

 Notice the 

pronounced secondary feature in the Airy-like PSF. Also observable are intensity 

variations in this feature typical for the Schwarzschild design and caused by partial 

obscuration of the laser beam in the microscope objective by the mechanism holding the 

small, dispersive mirror element at the front of the objective. In Figure 3.12 two 55 

μm
2
 images of N,N’-dibutylperylene-3,4,9,10-dicarboxyimide (C4-PTCDI) molecules 

prepared and recorded in the UHV setup are shown. These molecules were deposited in 

the sample preparation chamber onto an ozone-cleaned glass cover slip in Figure 3.12a 

and in Figure 3.12b onto a 45 Å, atomically flat layer of Sc2O3 (111) grown 

heteroepitaxially on GaN (0001).
143

 Most spots correspond to single C4-PTCDI 

molecules, although in each image a bright feature originating from a cluster of multiple 

molecules inside the laser excitation and detection area can also be seen. Characteristic 

fluorescence intermittency and transitions to long-lived dark states are observed in both 

images. 

Fluorescence trajectories and CPD analysis of C4-PTCDI on bare ozone-cleaned 

glass cover slips, sapphire Al2O3 (0001), and Sc2O3 (111)/GaN (0001) are shown in 

Figure 3.13, obtained at 800 W/cm2 and counted in 500 μs bins. After acquisition, these 

trajectories were rebinned to 25 ms and show average count rates of about 200 – 400 cps 

above the background level. This points to a detection efficiency of approximately 0.5%, 

comparable with values typically obtained for confocal fluorescence microscopes using 

non-immersion (dry) objectives.
144

  While only two fluorescence levels are detected in 
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each trajectory in addition to the “shutter closed” level visible in all three trajectories, the 

intensities vary significantly from substrate to substrate and molecule to molecule, even 

though the excitation polarization is kept constant for all trajectories. This may indicate 

specific interactions and dynamics between C4-PTCDI and each surface. 

 

 

Figure 3.11: 22 μm
2
 confocal fluorescence microscopy image of a 20-nm-diameter 

dye-stained bead excited at 488 nm, and lineouts showing near-diffraction-limited 

performance. Γhorizontal=343(3) nm and Γvertical=400(2) nm. The arrow indicates the 

polarization of the laser field in the plane of the sample. 
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Figure 3.12: 55 μm
2
 images of C4-PTCDI molecules prepared and recorded in UHV 

setup at 488 nm. A) C4-PTCDI on ozone-cleaned glass cover slip. B) C4-PTCDI on 45 Å 

Sc2O3 (111)/GaN (0001). Most fluorescence spots correspond to single PTCDI molecules 

except for the brightest feature in each image which is likely due to a cluster of 

molecules. Images courtesy of Laura Schirra. 

 

Ongoing UHV single molecule spectroscopy studies will permit isolation of the 

origin of these variations. Notice also that different background contributions are clearly 

visible for each surface, possibly resulting from different impurities and defect sites in the 

different substrates. Most strikingly though, molecules on the different substrates show 

completely different fluorescence dynamics: on Al2O3, multiple transitions between dark 

and bright states occur with sojourn times of several seconds to several tens of seconds; 

in comparison, C4-PTCDI on glass does not appear to transition to any short-lived dark 

states until it enters a long-duration dark state at about 160 s, while on Sc2O3 the 

molecule spends extended time in both “bright” and “dark” states and switches between 

these states over hundreds of seconds. A comprehensive comparison of the single 

molecule fluorescence dynamics on these different substrates is beyond the scope of this 
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dissertation. Nevertheless, it is clear that the advantage of the UHV microscope 

demonstrated here lies in the ability to investigate the origin of these differences, likely 

based on the specific interactions between the molecule and the different surfaces. This is 

possible because molecules survive extended periods of time, do not require embedding 

in polymer matrices and can be prepared on surfaces in a controlled manner. In 

combination with other surface analysis techniques, the ability to observe single molecule 

fluorescence on insulating surfaces will ultimately permit a detailed investigation of the 

influence of surface states and defects on molecular dynamics on surfaces. This opens 

avenues for understanding molecular electronic structure on a range of previously 

unavailable surfaces with single-molecule-scale spatial-resolution.  
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Figure 3.13: Fluorescence trajectories (black) of a single C4-PTCDI molecule, excited at 

488 nm, together with CPD analysis (red) on (A) ozone-cleaned glass cover slip, (B) 

Al2O3 (0001), and (C) 45 Å Sc2O3 /GaN. Three fluorescence intensities are observed: 

bright, dark, and shutter closed. Note the very different time axes for the three 

trajectories, with the molecule on Sc2O3 /GaN never permanently switching to a dark 

state over the observation period.  Trajectories courtesy of Laura Schirra. 
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3.6 Conclusions and Future Directions 

 The UHV CSOM described herein has demonstrated single molecule power-law 

behavior on the crystalline Al2O3 (0001) surface.
55

  This study showed that both forward 

and back electron transfer rates of C4-PTCDI were power-law distributed, even on a 

highly ordered substrate; and the observed behavior was described in terms of activated 

formation of localized small polaron states in Al2O3. The absence of a single, well-

defined rate constant in this system may imply that distributed rates are unavoidable and 

result from complex interactions between the molecule and localized states within the 

substrate. 

 Future applications of this microscope toward investigating electron transfer rates 

on well defined surfaces are broad in scope.  One investigation, already alluded to in this 

chapter, is the use of heteroepitaxially grown insulator layers to systematically decouple 

the fluorophore from the substrate.  The insulator, Sc2O3 can be grown layer-by-layer on 

the wide band gap semiconductor GaN, thereby increasing the distance between probe 

molecule and substrate, presumably leading to a decrease in forward and back electron 

transfer rates. This investigation may shed light on the role of tunneling in electron 

transfer, as the tunneling probability should fall of exponentially with distance. 

 Further instrumental capabilities can also be obtained by the addition of a 

spectrometer to measure λem for spectral diffusion, a sensitive probe of environmental 

fluctuations experienced by the fluorophore.
115

  The addition of a pulsed fs light source 

(readily available in the laboratory) and a multichannel scalar would allow the 
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implementation of time-correlated single photon counting, providing fluorescence 

lifetime information and a method of tracking competition by non-radiative pathways. 

In conclusion, I have demonstrated the successful construction of a confocal 

fluorescence microscope capable of single molecule detection in a UHV environment, 

permitting investigations of local molecule-surface interactions at the single-molecule 

level under surface science conditions.  Several methods for the analysis of fluorescence 

trajectories were compared and data was presented that highlights the capabilities of the 

microscope.  This microscope holds great promise for investigating the local environment 

of surfaces relevant to OPVs, leading to new discoveries of device-relevant physics. 
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CHAPTER 4 

 

DEVELOPMENT AND IMPLEMENTATION OF A SCANNING 

PHOTOIONIZATION MICROSCOPE  

 

4.1 Introduction 

As discussed in Chapter 2, Photoelectron spectroscopy (PES) is one of the most 

useful techniques available for measuring interactions and dynamics at surfaces and 

interfaces.
30,145

  However, while PES is very capable of discriminating surface from bulk 

features, it is unable to provide high lateral spatial resolution.
146

  The excitation source 

typically illuminates an area ranging from 100’s of μm
2
 to 10’s of mm

2
, slightly less than 

the lateral resolution of most electron kinetic energy analyzers.
147

 The resulting 

photocurrent is therefore a spatial average over the entire region of illumination.  For this 

reason PES investigations are typically performed on large, single crystalline substrates 

that are substantially free of disorder.
148-150

  

Recently, it has become apparent that some of the most important questions in 

interfacial physics take place in laterally disordered systems.
5
  One particular case is that 

of the bulk organic heterojunction solar cell.  These cells are made of a meso-structured 

blend of organic semiconductors and contain an extensive interface.
3,4

 PES of these 

blends often shows little more than a linear combination of the spectra of the component 

semiconductors.
151

  However, when a technique with sub-micron spatial resolution such 

as scanning Kelvin probe microscopy (KPM) is used to investigate similar films, it 

becomes apparent that remarkable interactions are occurring at the blend interfaces.
24

  It 

is spatially resolved studies such as these that have played a critical role in determining 
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that blend interfaces are responsible for the bulk of charge carrier generation in organic 

photovoltaics.  

Another technique, photoelectron emission microscopy (PEEM) can resolve 

lateral features on the order of several nm using large area illumination and advanced 

electron optics.
152

 Unfortunately, neither PEEM nor KPM can provide the dynamic 

spectroscopic information and broad applicability that is available from PES.   

Recent attempts have been made to improve the spatial resolution of PES.  

Microspot XPS has become commercially available and can attain a resolution of under 

100 μm, however this resolution is typically limited to elemental analysis.
153

  Far greater 

resolution enhancements are possible (< 25 nm) but require undulator beam lines which 

are impractical for the majority of investigations.
154

  Munakata et al. were the first to 

demonstrate sub-μm resolved laser-based PES using a frequency up-converted pulsed 

YAG laser.
155

  The Munakata group has since moved on to using fs lasers, however their 

efforts have been hampered by difficulties in sample scanning.
156,157

  Additional 

investigations were performed by Monti et al. in the Nesbitt lab, however their 

instrument was limited to a pressure of 10
-7

 mbar and lacked spectral resolution which is 

unsuitable for the majority of surface science investigations.
137

  Further development is 

needed therefore to permit photoelectron imaging of the local electronic environment at 

interfaces.  In the following sections I will discuss the design and construction of a novel 

UHV scanning photoionization microscope (SPIM). 

This chapter is structured as follows:  An initial design of the SPIM experiment is 

discussed in detail and analyzed in light of experimental results.  A second design is then 
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introduced which capitalizes on lessons learned from the first iteration and demonstrates 

high spatial resolution photoelectron imaging.  Finally, the future of the technique is 

considered and recommendations are made for further development. 

 

4.2 Concept 

  The overall concept of a SPIM is presented in Figure 4.1. While similar to a 2PPE 

setup, there are several technical hurdles that have to be overcome to achieve spatial 

resolution.  These are described in the following sections. 

The SPIM experiment consists of a laser, typically pulsed, that is focused to the 

diffraction limit using a UHV-compatible microscope objective. The sample is raster-

scanned under the focal spot, and the position of the sample is then combined with the 

emitted photocurrent to form an image.  After image acquisition, the stage can be moved 

to areas of interest and the full photoelectron spectrum can be collected. 
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Figure 4.1: An overview of the SPIM instrument showing the optical and UHV setup.  

For a description of the laser system used in this experiment see Chapter 2. For details on 

the experiment see text.  PM: power monitor, SP: spectrometer, AC: autocorrelator, 

2x/3x: doubler/tripler, DC: dispersion compensator, ND: neutral density filter bank, EXP: 

beam expanding telescope, EA: electron kinetic energy analyzer, SS: scanning sample 

stage, DAQ: data acquisition hardware.  

 

4.3 Initial Design 

 The initial design of the SPIM included four UHV chambers connected by 

Conflat flanges; these were the load lock, the sample preparation chamber, the analyzer 

chamber and the scanning probe microscope (SPM) chamber.  The assembly included a 

long linear transfer arm that could traverse the length of instrument and shuttle samples 

from the load-lock to the analyzer with an active grabbing mechanism for sample 
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removal.  The entire UHV system was supported by a home-built aluminum rack, 

primarily comprised of 1.5” x 1.5” aluminum square tube with ¼”-walls that rested on 

four Newport pneumatic vibration isolators.  The overall design of the instrument and 

rack are included in Figure 4.2.   

 

Figure 4.2: A schematic of the initial SPIM instrument UHV setup (black) showing the 

location of the component chambers. The substrate is introduced through the fast entry 

lock and held by the linear transfer arm.  The linear transfer arm translates the sample to 

the sample preparation chamber where thin film deposition occurs.  Once the sample has 

been prepared it is introduced into the analyzer chamber where SPIM takes place.  An 

SPM microscope is parked in the SPM chamber and translated to the analyzer for 

topology investigations.  The entire system is supported on a custom aluminum rack 

(blue) and mechanically isolated using pneumatic isolators (red).  
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Mechanically, the initial design of the SPIM analysis chamber was divided into 

three sub-sections; the electrostatic analyzer assembly, the optical focusing assembly and 

the sample stage as shown in Figure 4.3.  These assemblies are described independently 

in the following sections. 

 

Figure 4.3: Experimental setup of the initial SPIM analyzer chamber showing the three 

assemblies required for operation. These are the electrostatic analyzer assembly (red), the 

optical focusing assembly (blue) and the sample stage assembly (green).  

 



 131 

4.3.1 Optical Focusing Assembly 

The optical focusing assembly was designed to raise and lower the UHV 

compatible microscope objective so that a diffraction limited spot-size could be achieved. 

This required having the ability to translate the objective collinearly with the axis of 

excitation to avoid misalignment while focusing.  Additionally, the resolution of the 

translation had to be within the Rayleigh depth of ≈10 μm given by the 0.5 NA of the 

objective and the expected wavelength range of photoexcitation.  The greatest obstacles 

to this precision were the mass of the objective and the large in-vacuo length of the 

optical focusing assembly. The electrostatic analyzer assembly required a significant 

portion of the chamber volume, which necessitated actuating the objective translation 

over a considerable distance.  However, this design did include the significant benefit of 

translating the objective rather than the sample so that the optical and electrostatic paths 

could be optimized independently.   The optical path and its mechanical actuation are 

described below. 

The excitation source entered the chamber through a fused silica viewport held by 

an aluminum flange bracket that was attached to a heavy-duty Aerotech ATS25 manual 

positioner capable of holding a 9 kg load over 25 mm of travel.  The viewport was 

connected to the top flange using a compressible edge-welded bellows. A 2.75” double-

sided flange with custom internal threading was inserted between the bellows and the 

viewport to support the lens tube. The lens tube was a 1.5” diameter 20” length aluminum 

tube that had been threaded at top to mate with the double-sided flange.  Additionally, the 
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bottom of lens tube was fitted with internal RMS threads to accommodate the 0.5 NA 

reflective Schwarzschild objective (Ealing Catalog 25-0555).   

The entire optical assembly was guided on four 5/8” centerless ground stainless 

steel posts that supported the flange bracket using a set of four linear bearings.  A pair of 

HBG30-21 flat pulley bearings from Misumi USA and four 3X50-SH12K36 Negator 

constant force springs applying 6 lbs of force each were used pairwise in a laminar 

configuration to balance the expected 21 lbs of force on the viewport from vacuum.  The 

entire optical focusing assembly was mounted to the top flange by a reinforced L-bracket 

made of ¾” thick aluminum. 

 

Figure 4.4: A mechanical drawing of the optical focusing assembly with the component 

parts labeled. In-vacuo parts are labeled in black.  See text for details.  



 133 

4.3.2 Electrostatic Analyzer Assembly 

 Although not part of this thesis, a modified cylindrical mirror analyzer was 

designed to allow for high photoelectron collection efficiencies despite significant 

occlusion of the region above the sample by the microscope objective.  The simulated 

high collection efficiencies required a precise sample-analyzer distance.  In order to 

accommodate samples of different thicknesses a vertical shift mechanism was developed 

that allowed for considerable translation of the analyzer.  

The shift-mechanism was modeled after common port-aligner designs and made 

use of a manually activated chain mechanism to drive three gear-mounted leadscrews.  

The leadscrews were held by rotary bearings fastened to tabs welded onto the top flange.  

An additional two guide posts were bolted to the top flange with sprockets attached for 

chain management.  A large single-piece aluminum lifting plate rode on the assembly 

using three leadscrew nuts and two oil-impregnated bronze bushings.   The analyzer was 

lifted by three support rods with vacuum integrity maintained by three 1.33” edge-welded 

bellows.   Schematics of the analyzer are included in Appendix A. 
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Figure 4.5: A mechanical drawing of the electrostatic analyzer assembly with the 

component parts labeled.  See text for details.   
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4.3.3 Eddy Current Damped Vibration Isolation Stage 

In its initial design the SPIM instrument was intended to serve as a combination 

SPIM – atomic force microscope (AFM) such that regions of chemical significance 

identified by SPIM could be matched with regions of morphological interest identified by 

AFM. In keeping with this goal, a UHV compatible eddy current damped sample stage 

was designed and built that would serve the dual purpose of allowing SPIM 

measurements to occur when the stage was parked, and SPM measurements to occur 

when the stage was vibrationally isolated.   

The basic setup of the eddy current damped vibration isolation stage is given in 

Figure 4.6.  The setup consisted of a stage platform which held the scanner stage for 

sample scanning and image acquisition.  The stage platform was suspended by four 

springs connected to the top of the chamber.  The conductor assembly of the eddy current 

damper was suspended below the stage platform, where it was magnetically coupled to 

the magnet assembly.  

For SPIM measurements parking occurred through the use of a modified poppet 

mechanism within the Ultek ion pump.  The poppet mechanism was originally designed 

to actuate an elastomer sealed flange that could separate the lower and upper portions of 

the ion pump during venting.  This mechanism provided a coarse linear translation that 

was stabilized using a custom made poppet-guide bushing and modified to lift the  

bottom-plate magnet assembly by translating a rigid rod.  By raising the magnet assembly 

mechanical contact could be initiated between the tapered guide rods and the conductor 

assembly.  This contact was determined by measuring the electrical continuity between 
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the UHV chamber and the stage platform.  The following describes in detail the design, 

experimental realization and performance of the eddy current damped vibration isolation 

stage. 

 

Figure 4.6: A mechanical drawing of the eddy current damped vibration isolation stage 

with components labeled.  16” double-sided flange and springs not shown.  See text for 

details.   

 



 137 

While vibration isolation through passive pneumatic isolators is sufficient for 

optical microscopy, the sub-nm resolution of AFM often requires multiple stages of 

isolation to achieve the desired damping, as each successive stage of damped isolation 

provides an extra factor of 1/f suppression in the high frequency range.
158

  A multipole 

matrix method was used to model the desired characteristics of the second stage of 

isolation.
159

 Characteristics that were considered desirable included the lowest possible 

resonance frequency, minimum amplification at the resonance frequency, and the greatest 

isolation at high frequencies.  

Using the multipole technique each component of the mechanical system was 

represented as a 2x2 matrix as shown in Equations 4.1, 4.2 and 4.3: 
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where M is a matrix describing each component, ω is the angular frequency, Q is the 

quality factor of the spring, m is the mass and d is the damping coefficient. The matrices 

describe how each component transforms a given displacement according to  
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with input force F1,  input velocity  ̇1, output force F2 and displacement velocity  ̇2. 

The utility of this method lies in its generality, as the transfer function of a series 

of isolators is simply the matrix product of its components where the matrix on the left 
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mechanically supports the matrix to its right.  Components in parallel (such as the 

damper/spring pairs) are given by Equations 4.5 and 4.6 where anm and bnm are the matrix 

elements of components Ma and Mb respectively where: 
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and: 

                                      

                      

4.6 

Once the overall transformation matrix has been constructed, the relationship between an 

output force and a known input force can be derived from equation 1.4. 

 
   

 

   
   

   

   
 ̇  4.7 

In an elastic system the output displacement is proportional to the output force.  

Additionally, the output velocity  ̇  is zero at peak displacement (turning points).  

Therefore the amplitude transmission function of the system as a function of input 

frequency is simply given by the reciprocal of the first element of the product matrix M11.  

The design parameters of the system were determined through iterative simulation 

in Mathematica. The vertical resonance of the Newport isolator legs was estimated from 

the specification at maximum loading of 1.1 Hz.  Although the quality factor of the 

Newport legs was unavailable, it was estimated from experimentally determined 

transmission curves to be Q ≈ 3.   

The damping ratio ξ is a constant that determines how the oscillations of a 

damped harmonic oscillator decay after an impulse.  It is given by 
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where d is the viscous damping force and relates the natural frequency of the system to 

the decay of the oscillation.  The system is considered to be overdamped with ξ > 1, 

underdamped with ξ < 1 and critically damped at ξ = 1.  While critical damping 

corresponds to the minimum time to zero amplitude at resonance, it is not very effective 

at dissipating high frequency vibrations. 

Based on the matrix method outlined above the transmission of an impulse as a 

function of angular frequency T(ω) for the damped stage is given by 
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 4.9 

The transmission functions of the Newport Isolators, the stage without damping, the stage 

with damping and the combined system were all simulated in Mathematica as shown in 

Figure 4.7.  The code for these simulations is included in Appendix B.  Using these 

simulations it was ultimately decided that the stage be designed to underdamp the 

assembly with a damping ratio of approximately 0.2 to allow for the greatest isolation at 

high frequencies. 
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Figure 4.7: Simulations of transmission function behavior based on the multipole matrix 

method described in the text. The individual curves are on a log-log scale and represent 

the Newport vibration isolation legs (green), the designed sample stage without damping 

(black), the designed sample stage with damping (blue) and the combined system of the 

damped stage and the Newport isolation legs (red).  Notice how addition of the damper 

suppresses the transmission of the undamped stage at its resonance frequency.  

 

As discussed earlier, an eddy current damped stage was determined to provide the 

best overall stability due to its limited mechanical connection to the chamber and 

straightforward UHV compatibility.
160

   Eddy current damping is a technique that uses a 

Lenz force to oppose the motion of an oscillating system.  The Lenz force is a viscous 

force produced when a conductor is passed through a magnetic field.  The time-varying 

magnetic field generates a current in the conductor and a force that is proportional to, but 
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opposed, to the velocity of the conductor.
44

  As the conductor moves through the 

magnetic field, kinetic energy is dissipated in small closed loops of current called eddys.  

Eddy currents dissipate heat Ohmically and prevent kinetic energy from being stored in 

the oscillatory motion of the damper. 

 

Figure 4.8: A simplified cartoon description of the eddy current damping mechanism.  

As the conductor is moved at velocity V through a magnetic field B a Lorentz current J is 

produced according to Maxwell’s equations. The induced current interacts with the 

magnetic field to oppose the motion of the conductor in accordance with Lenz’s law. 

 

The eddy current damped stage was hung from a set of four springs attached to 

small tabs welded onto a 316 stainless steel 16” double-sided CF flange in order to allow 

for a static elongation of 342 mm.  The static elongation is the difference in length 

between the springs under loaded and unloaded conditions.  The resonant frequency of 

the damping assembly ω0, is entirely determined by the static elongation of the springs 

used for suspension according to:   
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with the acceleration of gravity, g the static elongation z, the force constant of the spring, 

kspring and the mass of the suspended portion of the stage mstage.  Therefore the longest 

possible static elongation was desired as this gave the lowest possible resonance 

frequency and the greatest vibration isolation at high frequencies. 

The open ends of the springs were threaded through a small hole bored into the 

side of an 8-32 1” overall length stud which was held by the double-sided flange using a 

set of ceramic spacers and washers to achieve electrical isolation.  Fifty low-

magnetization stainless steel extension springs (part # U096.080.1150.I) were purchased 

from Vanel Corporation due to their low cost and wide tolerances on each individual 

spring.  A matched set of four springs were separated from the group based on 

performance under static load.  The mass of the stage was adjusted to give the proper 

static elongation using a bored 316 stainless steel disk as well as several fender washers 

for fine adjustment. 

One of the benefits of an eddy current damped stage is that it is only in 

mechanical contact with the springs that suspend its upper or “floating” portion, thus the 

paths available for transmission of vibration are limited.  There is, however, a second 

damper component, the magnet assembly, which provides the current-producing 

magnetic flux for the “floating” conductor assembly.  The magnetic fields from this 

assembly posed a risk of interfering with photoelectron trajectories in the SPIM 
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experiment, therefore the magnet assembly was situated deep within the supporting ion 

pump to allow sufficient distance for any magnetic fields to decay.   

The magnet/conductor assembly was designed to meet the damping ratio of 0.2 

using a set of 18 equally spaced magnet housings placed radially at 2.5” from the 

cylindrical axis of the UHV chamber.  The magnet housings were placed on a ¾” thick 

aluminum disk with their axes of magnetization tangent to the disk and their directions 

near-parallel. This component was considered the magnet assembly.  The upper part of 

the damper assembly (the conductor assembly) held a mating assembly of eighteen, 1/8” 

thick OFHC copper conductors press-fit into a 0.5” aluminum plate such that each 

conductor was equidistant from a pair of magnets.  The magnet and conductor assemblies 

are further described in Figure 4.9. Each magnet housing held three 1/8” thick nickel-

coated NdFeB magnets (K&J Magnetics) with a ¾” diameter and a residual flux Br of 

approximately 1.2 T. 

The resultant magnetic flux Bz from a cylindrical magnet can be calculated 

analytically along the axis of magnetization as  
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with length L, radius r, and the distance from the nearest face of the magnet x. The 

damping force per unit velocity d of the assembly can then be determined by  

          
  4.12 
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where a, b, c and σ are the length, width, thickness and conductivity of the conductor 

respectively. The parameter β is a correction factor due to the mismatch between the 

cylindrical magnets and the rectangular conductors given by   
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where α=a/b is the aspect ratio of the conductor.
161

 

 

Figure 4.9: A detailed drawing of the damping component of the eddy current damped 

vibration isolation.  Components are labeled.  The magnet assembly has been lowered 

below the conductor assembly for clarity.  When the magnet assembly is raised the 

copper plates enter the magnetic flux normal to the magnet faces and the stage is damped.  

If the magnet assembly is lifted further the conductor assembly will rest on the guide 

posts and the stage will be “parked.” 
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 In order to test the designed stage, a testing setup was built to verify the properties 

of the assembled eddy current damper.  The components were mounted to the laser table 

such that the magnet assembly rested on the table top. The double sided flange with the 

suspended sample stage/damper assembly was lifted on six, 5/16” threaded rods with 

adjustable nuts for leveling the assembly.   

In order to convert the stage oscillations into an analog signal, an LED was 

attached to the sample stage directly above a photodiode mounted to the laser table.  The 

LED was powered by a 9 V battery with ballast resistor to minimize brightness 

fluctuations and contact with external noise sources.  Over the short range of motion of 

the stage the output of the photodiode showed a nearly linear response and was fit to an 

empirical third-order polynomial to calibrate the voltage signal to a vertical displacement 

as shown in Figure 4.10.  A directional impulse was produced in the stage by quickly 

removing a mass of approximately 100 g centered on the platform. 

The first tests were conducted without the damper magnet assembly in place to 

determine whether the springs performed to specification.  Stage displacement curves 

were fit to a solution of a damped harmonic oscillator:  

                          4.14 

with the characteristic decay time τ, frequency f and phase υ. As shown in Figure 4.11a, 

the assembly had a resonance frequency of 0.86571(2) Hz which was slightly better the 

target frequency of 0.9 Hz. The decay time of the oscillation was determined to be 291(1) 

seconds in air.  The long decay time confirmed the assumption of ideality for the chosen 

spring set and would likely be far higher in vacuum.   
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Figure 4.10: Calibration used to convert the photodiode voltage into a vertical 

displacement of the eddy current damped vibration isolation stage.  This curve was used 

to calibrate all of the experimental ring-downs. The experiment was performed using the 

test setup described in the text with the photodiode mounted on a pair of stacked 

micrometer driven optical translation stages.   

 

 When the damper assembly was introduced, the behavior of the system changed 

dramatically due to the restorative force of the damper.  Based on a fit to Equation 4.11 

the damped oscillator demonstrated a frequency of 0.8544(2) Hz.  This frequency is 

slightly lower than the undamped case as expected for an underdamped oscillator.  The 

decay time of the system was 1.19(1) seconds.    
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Figure 4.11: Experimental ring-down curves of the undamped (A) and damped (B) 

vibration isolation stages showing both data (black) and fits (red).  The fitting equation is 

also shown for reference. 

 

Additionally, when the damped displacement curve is Fourier transformed an 

estimate of the transmission function can be obtained by normalizing the spectral 

amplitude to 1 as the frequency approaches 0.  This technique implies that the impulse is 

a delta function, which is a reasonable approximation in this case. The resulting spectrum 
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was fit to a linear combination of two transmission curves from equation 4.9, one major 

component with the characteristics of the damper and one minor component with a 

characteristic frequency of 1.504(6) Hz.  This component was later identified to be a 

torsion mode of the eddy current damper assembly. 

 

Figure 4.12: Approximate transmission function of the damped stage showing the 

impulse transmission amplitude as a function of frequency in a log-log-plot.   

 

Using the data above, the experimental damping ratio ξexp and damping 

coefficient dexp can be calculated as 0.156(3) and 1.89(2) kg/s respectively.  These 

numbers are very close to the values used in the design of the stage (0.2 and 2.4 kg/s) and 

demonstrate the successful design and construction of the eddy current damper for in-

vacuo vibration isolation.  These values are likely lower than the design specifications 

due to the difficulty in determining the magnetic field inside the conductor.  In the design 
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calculations, the flux inside the conductor was approximated as uniform and equal to the 

flux at the center of the conductor.  Additionally, the 10° angular deviation between the 

magnets and the conductors was considered negligible as the magnetic flux was largely 

constant around the magnet ring. 

The design of the eddy current damper focused on the symmetric vibrational 

mode of the assembly normal to gravity; however many other vibrational modes 

(pendulum, torsion, asymmetric…) could be activated.  While higher in frequency, these 

modes were predicted to be far less active than the principal mode.  This prediction was 

largely born out except for the torsional mode at 1.504(6) Hz that contaminated the 

experimentally determined transmission curve.  Due to the motion profile of the torsion 

mode, in essence parallel to Bz, this was the only mode that had a damping coefficient of 

effectively 0 kg/s.  Once activated, the torsional oscillation would continue indefinitely 

because there was no way for it to dissipate energy. When the eddy current damper gains 

use as an SPM stage it is likely that the torsion mode will have to be addressed in some 

manner. 

 

4.3.4 Magnetic Shielding Design 

 Electron spectrometers are very sensitive to magnetic interference due to the low 

mass of the detected electrons.   The same Lorentz force that provided eddy currents in 

the damper assembly can alter electron trajectories – reducing spectrometer resolution 

and transmission.  The magnetic Lorentz force,  ⃗  is given by: 
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  ⃗     ⃗   ⃗⃗  4.15 

With charge, q electron velocity,  ⃗ and magnetic flux density,  ⃗⃗   Neglecting relativistic 

effects, a 1 eV electron has a velocity of 600 km/s. If the electron is traveling 

perpendicular to the Earth’s magnetic field (≈ 0.3 G) then it will experience an 

acceleration of 310
12

 ms
-2

.  If the 1 eV electron travels 2 m to the detector, the path will 

take approximately 3 μs and the magnetic field will have resulted in a lateral 

displacement of over 14 m, completely missing the detector.  This situation is obviously 

unacceptable when designing electron spectrometers.  

 Accelerating the electrons through a known potential (increasing velocity) is one 

technique to minimize the effect of stray magnetic fields.  While the Lorentz force 

increases linearly with velocity, the residence time of the electron decreases as v
-1

 and 

lateral displacement is ultimately proportional to the square of the residence time.  

Despite its effectiveness, pre-acceleration decreases resolution in hemispherical analyzers 

and the potential must be applied precisely to prevent aberration. 

 Another solution is to reduce the magnetic flux density within the spectrometer 

using magnetic shielding.  This generally consists of surrounding the experimental 

apparatus with a high relative magnetic permeability, μ, material such as μ-metal, 

permalloy or soft iron alloys such as those used in transformer cores.
162

  While there is no 

way to stop magnetic flux, it can be redirected using these high-μ materials, which 

behave as magnetic field conductors.  Energy is minimized through the interaction 

between the flux and shielding, concentrating the flux within the high-μ material and 

reducing it elsewhere. 
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 In addition to magnetic permeability, the expected field magnitude and saturation 

level of the magnetic shield must be considered.  Once the magnetic flux density reaches 

saturation, the effective permeability of the material decreases and causes flux to “leak” 

into shielded volumes.  This can be avoided by creating layered shields of alternating 

high-permeability/high-saturation materials.  Even materials with saturation levels on the 

order of 1 T can become overwhelmed by the 300 mG of Earth’s magnetic field. While 

the Earth’s magnetic field has a relatively low flux density, the energy content is 

enormous. This requires using an appropriate shielding cross section to account for the 

volume of diverted flux. For example, if the shielded area normal to the Earth’s field is 3 

m
2
, then for a 1 T saturation material, the area of the shield should be much greater than 1 

cm
2
 to avoid leakage.  

 Both the Earth’s magnetic field and stray fields from the eddy current damper 

were of concern when designing a magnetic shield for the SPIM experiment. COSMOS 

EMS was used to investigate the magnetostatic properties of various shielding geometries 

and their effectiveness in minimizing field penetration.
163,164

  COSMOS EMS uses a 

finite element methodology to solve Maxwell’s equations for a given mesh size and 

boundary conditions.  It was determined from electron trajectory analysis that a | ⃗⃗| of 

less than 10 mG within the experimental chamber would be required for spectrometer 

operation.
165

  This value was used as a metric throughout the simulations below. 

 Initial simulations were performed to determine whether the magnet assembly of 

the eddy current damper would perturb electron trajectories within the analyzer.  A model 

of the chamber, magnets and proposed shielding design was generated and meshed with 
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over 300,000 linear-tetrahedral volume elements as shown in Figure 4.13. The magnetic 

permeability of the “vacuum” and “shielding” were set to 1 μ0 and 75,000 μ0 respectively. 

75,000 μ0 represents a very conservative estimate of the μ-metal capabilities as the 

effective relative permeability of the material increases as a function of flux density. 

 

Figure 4.13: Simulation geometry for finite element calculations of magnetic shielding 

performance.  This model (A,B) and mesh (C,D) was used to solve Maxwell’s equations 

for the magnetostatic simulation. Magnets are red and magnetic shielding is grey.  Mesh 

density is four times higher inside the μ-metal and UHV chamber walls to accommodate 

the thin material. 
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 Figure 4.14 shows a comparison of the resultant flux density for the magnet 

assembly in the UHV analyzer chamber without (A) and with (B) magnetic shielding.  

The simulation without magnetic shielding shows that the magnetic field from the 

damper assembly has a considerable reach.  The field decreases linearly in the log-linear 

plot which shows a decay that is approximately exponential on these length scales.  

However, the field inside the bottom half of the analyzer chamber is greater than the 10 

mG threshold, reaching nearly 30 mG at the sample location. 

 This situation changes dramatically when the μ-metal shield is included in the 

simulation.  As can be seen from the red outline of the shield in the contour plot, the 

magnetic field is now concentrated within the μ-metal.  At about 20” from the bottom of 

the simulation the field magnitude in the lineout increases to almost 10 G as shielding 

material is crossed.  Once inside the analyzer region, the field rapidly drops below 1 mG 

and does not return above 10 mG until the lineout passes outside of the chamber.  It was 

concluded from these simulations that the analyzer chamber required shielding from the 

small permanent magnets and that the shielding would be highly effective in reducing the 

magnetic flux density at the analyzer. 

 The primary purpose of magnetic shielding in electron spectrometers is to reduce 

the effects of the Earth’s magnetic field.  As stated earlier the Earth’s magnetic field 

ranges from 300 mG to over 600 mG depending on location.  The field is a vector 

quantity which can greatly impact the preferred orientation of an electron spectrometer. 
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Figure 4.14: Finite element calculations of magnetic shielding performance. Efficacy of 

shielding against the damper magnet assembly was examined.  Contour plots (left) show 

the magnetic field in the symmetry plane of the analyzer chamber and line outs (right) 

show the field magnitude along the chamber’s vertical axis. Simulations are for no 

magnetic shielding (A, top) and μ-metal shielding (B, bottom).  Magnets were simulated 

according to NIB magnet specifications.  Shielding thickness = 1/16” and μ=75,000 μ0.   

  

For instance, placing an electron flight tube parallel to the Earth’s magnetic field 

would greatly reduce the need for magnetic shielding as the cross product of the Lorentz 

force would approach 0 N.  The magnitude of the Earth’s magnetic field in Tucson, AZ is 
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approximately 470 mG with an East-West declination of approximately 10° and an 

inclination of approximately 58°.
166

 In order to accurately simulate the performance of 

the magnetic shielding design, the field magnitude and inclination were included in the 

geometry, however the declination was considered negligible and omitted for the 

computational benefits of higher symmetry.   

 A model of the proposed magnetic shielding geometry was generated as shown in 

Figure 4.15. Due to the larger volume of the simulation and the associated meshing 

limitations small holes in the shield were omitted.  The Earth’s magnetic field was 

simulated by including a permanent magnet larger than the chamber in the simulation.  

The simulated volume was given by a half cylinder, where the boundary conditions were 

chosen such that the field was constrained parallel to the cylinder edge and normal to the 

cylinder ends, approximating a constant flux density. The coercivity of the magnet was 

iteratively adjusted to 900 A/m such that the flux density was approximately equal to 470 

mG within the analyzer region.  The magnetic shield was inclined by 58° to the magnet to 

mimic the direction of Earth’s field.   

Several lineouts were plotted for each simulation to get a quantitative picture of 

the flux density characteristics within the shielded region.  The relative positions of these 

lineouts are shown in Figure 4.15c and included: a line parallel to the field (Field Axis), a 

line in the region of the electrostatic analyzer running parallel to the laboratory plane in 

the North-South direction (High - NS), a line in the region of the sample running parallel 

to the laboratory plane in the North-South direction (Low - NS), a line parallel to the 

laboratory plane in region of the sample the East-West direction (Low - EW) and a line 
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collinear with the chamber axis (Chamber Index).   The Low-EW and Low-NS were 

expected to show the highest magnetic flux densities as these lines are collinear with the 

chamber’s 8”-port axes and discontinuities in the shielding geometry (holes, edges) lead 

to regions of concentrated flux. 

The first simulations were performed with the magnetic shielding defined as μ = 

μ0.  This provided a measure of the magnetic flux density in vacuum and was used to 

determine whether the Earth’s magnetic field had been simulated effectively.  Figure 

4.16a shows a plot of the magnetic flux density along the reflection plane of the 

simulation.  In the absence of shielding, the simulation is also rotationally symmetric 

along the magnet axis and is fully defined by this plane. 

From the Field-Axis lineout (Figure 4.16b), it is evident that the flux density 

decreases slightly within the first 20” of the magnet face but is remarkably flat thereafter. 

All of the lineouts show a vey constant magnetic flux density that ranges between 440 

and 600 mG in conservative agreement with the magnitude of the Earth’s magnetic field.  

Based on these simulations it was concluded that the Earth’s magnetic field had been 

simulated successfully. 

The second set of simulations examined the effectiveness of a simple μ-metal 

insert in reducing the flux density within the analyzer region to below the 10 mG target.  

This insert consisted of a cylindrical shield with caps and 6” cutouts for the four ports of 

the analyzer chamber.  Sleeve inserts and port-caps were used in an attempt to reduce 

flux-leakage into the sample region.  As before, the shield was modeled as 1/16” thick μ-

metal to aid in meshing, however below saturation the shield thickness is inconsequential.  
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The shield was given a permeability of μ = 75000 μ0 which is a conservative estimate of 

the shield capabilities as stated earlier. 

 

Figure 4.15: Finite element geometry for investigation of magnetic shielding 

performance in a simulated Earth’s magnetic field. A) Perspective view of the mesh of a 

simple magnetic shield insert and a magnet used to simulate the Earth’s magnetic field.  

B) Entire mesh volume used for the simulation. The contained volume is effectively a 

cylinder due to symmetry.  C) Lineouts used for quantification of the simulations.  
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Figure 4.16: Simulation of the Earth’s magnetic field.  All shielding components have 

been set to μ=μ0.  A) Contour plot of the simulation.  B)  Field Axis linout (perpendicular 

to magnet surface).  C) Chamber Index lineout.  D) High-NS lineout.  E) Low-NS 

lineout. F) Low-EW linout. Notice how the field is extremely constant within the mesh 

volume. Minimum flux density magnitude measured is 440 mG.  Dashed line represents 

10 mG target.  See text and Figure 4.15 for details. 
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 Results from the shield-insert simulation are shown in Figure 4.17.  As can be 

seen from the contour plot, the magnetic flux is concentrated inside the shielding, 

producing large flux densities in the shield at the positions closest-to and furthest-from 

the magnet.  It is also evident that the volume enclosed by the 8”-ports have far higher 

flux densities than the analyzer volume. 

 The field penetration is also evident from the lineout plots.  In the chamber-index 

plot (Figure 4.17b) the field is approximately 16 mG at the chamber bottom, goes through 

a maximum of 20 mG when passing through the port axes and then decays sharply to < 1 

mG before reaching the top of the chamber.  The impact of the ports on the field 

penetration is confirmed by the Low-NS (Figure 4.17d) and Low-EW (Figure 4.17e) 

plots, neither of which is below the 10 mG threshold.  The implications of the chamber 

orientation are however, highlighted by these lineouts; the Low-NS line goes through a 

minimum at the center of the analyzer chamber (sample location) while the Low-EW line 

is at a local maximum. 

 Despite the field penetration in the lower half of the chamber, these simulations 

show that the simple insert would be a promising option for magnetic shielding.   While 

the flux density at the sample is > 10 mG, the conservative approximations used in the 

simulation suggest that the target residual flux density would likely be met.  Additionally, 

it is promising that the flux density in the simulations remains lowest near the center of 

the analyzer where the electron trajectories originate and the upper half of the chamber 

(analyzer location) is also effectively field-free.   

  



 160 

 

Figure 4.17: Simulation of the Earth’s magnetic field interacting with a simple magnetic 

shield insert.  All shielding components have been set to μ=75000 μ0.  A) Contour plot of 

the simulation.  B) Chamber Index lineout.  C) High-NS lineout.  D) Low-NS lineout. E) 

Low-EW linout. The analyzer region has been shaded for clarity.   Dashed line represents 

10 mG target which is met only in the upper half of the chamber.  See text and Figure 

4.15 for details. 
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A final simulation was performed to determine whether the field penetration of 

the chamber ports could be reduced by using a pair of nested shields, whereby the inner 

shield could rotate with respect to the outer shield.  In this design the inner and outer 

shields were identical cylinders with four 6” circular cutouts at the port locations.  During 

operation of the analyzer, the inner shield would rotate with respect to the outer shield, 

occluding the holes in the outer shield.  During sample transfer the inner shield would be 

rotated such that the holes in the inner and outer shield overlapped and the sample would 

be accessible.    

Figure 4.18 shows that this design is highly effective at reducing flux leakage; 

particularly in the sample region at the port axes. The resulting field is < 1 mG in the 

entire electron flight region, which would greatly improve the transmission of low-energy 

electrons. While the nested shield design is obviously superior from a shielding 

perspective, the additional complexity of a mechanically-actuated inner shield makes it 

doubtful that the benefits would outweigh the development cost required for a functional 

prototype.   
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Figure 4.18: Simulation of the Earth’s magnetic field interacting with a nested rotating 

magnetic shield insert. All shielding components have been set to μ=75000 μ0.  A) 

Contour plot of the simulation.  B) Chamber Index lineout.  C) High-NS lineout.  D) 

Low-NS lineout. E) Low-EW linout. The analyzer region has been shaded for clarity.   

Dashed line represents 10 mG target which is met by an order of magnitude in each 

simulation.  See text and Figure 4.15 for details. 
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4.3.5 Initial SPIM Results 

 Prior to completion of the electrostatic analyzer assembly, the initial SPIM design 

optical assembly was tested using the confocal microscope, software and hardware 

described in Chapter 3. The performance of the optical and stage components of the 

experiment could then be optimized independently.  1.1 μm diameter fluorescent 

microspheres were imaged using a 488 nm excitation wavelength. As can be seen in 

Figure 4.19 these images, while recognizable, displayed significant periodic intensity 

fluctuations.  Additionally, fluorescence intensity trajectories acquired above these 

microspheres demonstrated large signal oscillations that did not decay, in stark contrast to 

the trajectories in Chapter 3 which were shot-noise limited.  Fourier transform of the 

fluorescence trajectories showed significant resonance components in the seismic (<20  

Hz) and low-acoustic frequency ranges (20-100 Hz). After several iterative attempts at 

component isolation, these resonances were determined to be independent of the 

vibration isolation setup, as discussed in the previous section, but instead belonged to the 

pendulum and internal modes of the optical focusing assembly.  The extended length of 

the lens tube combined with the large mass of the objective produced a very low and 

robust pendulum frequency which was beyond the isolation capabilities of the isolator 

legs. Additionally, the length of the lens tube served to amplify vibrations in the optical 

focusing assembly by converting small angular deviations into large lateral 

displacements.  It was determined therefore that the initial SPIM design would be 

unsuitable for attaining the desired sub-micron resolution and a new design was 

developed. 
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Figure 4.19: Fluorescence image (A), trajectory (B), and trajectory Fourier transform (C) 

of a 1.1 μm fluorescent microsphere acquired using the initial SPIM setup with confocal 

tower attached.  Notice the intensity fluctuations present in both the image and trajectory.  

The Fourier transform confirms the presence of multiple large frequency components in 

the trajectory. 

 

4.4 SPIM Version 2 

Building on lessons learned from the initial SPIM design, the second version of 

SPIM emphasized short mechanical loops and kept translational motion to a minimum.  

For greater versatility, the overall concept was modified such that SPIM would act as an 

experimental module that could be inserted and removed at will from a refurbished VG 

Escalab MKII, to allow for the additional experimental functions of UPS and traditional 

2PPE.   The key features of this design are described below.   
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4.4.1 VG Escalab MKII 

 The VG Escalab MKII is a self contained surface-science suite acquired from 

IBM Research Labs in non-functional condition.  All of the internal non-conductive 

surfaces of the experiment, including the hemispherical analyzer, were cleaned and re-

coated with conductive graphite. Hemispherical analyzers have a far larger focal depth 

than cylindrical mirror analyzers and this eliminated the requirement of a mechanical 

analyzer focus.
167

  Additionally, the analysis chamber was made out of μ-metal which 

eliminated the need for magnetic shielding design.  Diffusion pumps were replaced with a 

combination of turbo and ion pumps to attain UHV with low probability for sample 

contamination.  Furthermore, custom sample deposition, loadlock and sample storage 

chambers were designed and added to the spectrometer.  UPS capability was added to the 

instrument through the addition of a UV source.   

 

4.4.2 Experimental Modules 

In order to maximize flexibility, two experimental modules were designed with 

different sample geometries – one with the sample normal to the optical axis and one 

with the sample normal to the analyzer axis.  The geometry normal to the optical axis is 

ideal for imaging because the excitation area is circular and the spatial resolution is 

identical in both x and y axes.  However, focused normal-incident light has a minimal 

electric field vector component normal to the sample even though this component is 

necessary for photoionization of conductors and symmetric surface states.
168,169

  For this 

reason, a second module with the sample normal to the spectroscopic axis was developed.  
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The spectroscopic axis is 57.5° from the optical axis and the excitation using this module 

can be chosen as either s- or p-polarized.   

Both modules were inspired by the successful design of the CSOM described in 

Chapter 3.  As shown in Figure 4.20 short mechanical loops were emphasized by 

attaching both the objective and the sample stage to a single 6” CF flange, and compact 

rigid structures were used throughout.  An aluminum post adapter plate was bolted to the 

6” – 2.75” reducing flange that carried the fused silica viewport. A set of eight 316 

stainless steel posts were used to extend the length of the insert and place the sample at 

the analyzer focus.  The posts were attached to a second aluminum objective-sample 

connector plate with a central RMS thread for the microscope objective.  The 0.5 NA 

reflective objective was modified for UHV by the removal of its anodized casing and 

solvent cleaning of all accessible non-optical components.   

An aluminum cage structure was developed for each module that could be 

mounted to the objective-sample connector plate.  Each module held the XY-scanner, a 

non-magnetic Mad City Labs Nano-UHV200 capable of 200 μm of closed-loop travel, 

such that the scan plane was parallel to the sample surface.  A custom mating plate was 

made for each module (ramped for spectroscopic and planar for imaging) to attach the Z-

stepper to the XY-scanner.  The Z-stepper used for focusing is an Attocube ANPx-101 

capable of 5 mm of open-loop travel in variable steps.  Closed-loop focusing was 

unnecessary due to the long Rayleigh length (≈ 10 μm) of the excitation source and large 

acceptance volume (several mm
3
) of the analyzer.  The Z-stepper was mounted in both 

modules such that its axis of travel was parallel to the optical axis, allowing for focusing 
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to occur without translation of sample features.  The sample stub holder (ramped for the 

spectroscopic module and planar for the imaging module) was mounted to the Z-stepper 

using ceramic screws and a thin mica sheet to allow for biasing and current measurement 

of the sample.   

The VG-style sample stub (puck) was held in place in each case using an 8-32 

holding screw actuated from a magnetically-coupled linear-rotary feedthrough (Transfer 

Manufacture and Engineering) with a ball-end hex blade. The blade was retractable to 

prevent stray electric fields near the analyzer entrance, interaction with the reflected 

excitation beam and interference from the transporter magnet.   For the imaging module, 

stubs were clamped directly by the holding screw and pressed into a small piece of Viton 

to prevent over-torque on the stage.  In the spectroscopy module a Viton-backed stainless 

steel washer was used to clamp on the sample stub and hold it in place during scanning.  

Detailed illustrations of both sample holders are shown in Figure 4.21.  The outer 

surfaces of all non-conductive components, including the objective, were coated with 

conductive graphite to prevent charging and minimize secondary emission from scattered 

electrons.    
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Figure 4.20: Mechanical drawings of the imaging (A) and spectroscopy (B) SPIM 

modules. The imaging module places the optical axis normal to the sample and the 

spectroscopy module places the analyzer axis normal to the sample.  One wall has been 

removed from each of the modules to show the internal design.  A detailed illustration of 

the respective sample holders is presented in Figure 4.21. 
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Figure 4.21: A detailed illustration of both the spectroscopy (top) and imaging (bottom) 

puck holders.  See text for details.  In both puck holders the sample puck surface is 

parallel to the Mad City Labs (MCL) scanning axis and the Attocube translation axis is 

collinear with the optical axis.    
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4.4.3 Vibration Isolation 

As described in Section 4.3.3, it is critical to maintain rigidity between the sample 

and optical path to avoid differential motion.   This was achieved in the case of the design 

centered around the VG spectrometer by using two Newport I-2000 pneumatic isolator 

legs placed inside the existing VG support frame (rack).  A pair of 2” x 2” square steel 

tubes with ¼” walls was bolted on both sides of the existing rack to provide a platform 

for the isolators to support.   The VG was mounted to the laser table using a large surface 

area custom steel structure to distribute the torque on the laser table as much as possible.  

The connection was made by bolting directly into the underside of the table as shown in 

Figure 4.22.  Accelerometer measurements were made on the VG rack and laser table 

showing peak displacements less than 10 nm.  These spectra are included in Appendix C. 

 

Figure 4.22: Vibration isolation scheme of the SPIM experiment.  The VG rack is lifted 

off the floor by a pair of Newport vibration isolation legs and coupled to the laser table 

using custom steel struts.  
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4.4.4 Control Hardware 

A new data acquisition scheme was developed to interface with the multiple 

independent components of the SPIM experiment. Most of these tasks were handled by a 

NI PCI-6733 high-speed analog output card and a NI PCI-6259 multifunction card.  Due 

to the limited number of counters on each card (two), and the need for the AI pulse train 

to trigger off of the counter gate, the cards were linked externally to achieve 

synchronization. A detailed description of the synchronization of the counter and the 

scanner is given in Chapter 3. 

 The Z-stepper was controlled by an Attocube ANC100 controller accessed 

manually or by a standard DB-9 serial cable from the computer.  The XY scanner made 

use of a Mad City Labs NanoDrive amplifier which converted the 0-10 V analog control 

signals from the PCI-6733 into voltages suitable to drive the piezo-stage.   Capacitive 

feedback on the fast axis was sampled by the PCI-6259 for stage position information and 

image generation. The PCI-6259 also was responsible for counting pulses from the CEM 

preamp and communicating with the VG control rack.  The VG 362 spectrometer 

controller has a digital interface which allows computer-controlled acquisition. Several of 

the spectrometer features are accessible in this manner such as retardation mode, pass 

energy and retardation voltage.  These are communicated by the PCI-6259 by way of a 

custom DB-25 to 32-way socket connector as only 24 of the lines are in use.  The 

reference for these levels is applied externally by bridging the computer ground to the 0 

V terminal located on the back of the spectrometer controller.  See Figure 4.23 for 

additional details on the hardware setup. 
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Although communication between the computer and spectrometer controller was 

handled digitally, many of the instruments used analog communication signals. Analog 

signals are far more susceptible to contamination from ambient noise sources such as 

electromagnetic interference, mechanical vibrations and ground loops.  Avoiding noise 

sources becomes especially critical for amplified signals such as the control signal to the 

XY-scanner.  In addition to using twisted shielded wire pairs and common mode rejection 

techniques when available, these lines required judicious placement, often through trial 

and error, to determine their optimal placement.  It was, however, commonly found that a 

reduction in noise could be achieved by using the minimum cable length needed, and 

carefully securing the cable at multiple points to prevent motion. 
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Figure 4.23: Wiring diagram of the SPIM experiment.  Analog lines are colored blue and 

must be laid strategically to prevent noise from interfering with the experiment. The NI 

PCI-6259 has two breakout boxes labeled (1) and (2). a: fast axis output, b: slow axis 

output, c: AI clock output, d: AI clock trigger input, e: AI clock trigger output, f: AI 

clock input, g: fast axis monitor input, h: sample bias, i: counter input, j: VG digital 

control output, k: digital reference output, l: fast axis input, m: slow axis input, n: fast 

axis monitor output, o: serial port input, p: digital reference input, q: VG digital control 

input, r: lens voltage output, s: inner hemisphere voltage output, t: CEM back-end voltage 

output, u: CEM front-end voltage output, v: Herzog (retarding) plane voltage output, w: 

outer hemisphere voltage output, x: TTL (counts) output, y: CEM back-end voltage input. 
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4.4.5 Control Software 

Since the experimental module made use of a similar sample scanning stage to 

that used in the CSOM, the image acquisition software could be adapted to the new 

experiment with minimal modification (see Chapter 3).  The program still made use of 

the synchronous counting and analog input routine which allowed for duty cycles limited 

only by the mechanical resonance of the stage and the pulse-pair resolution of the 

preamp.    The program was, however, altered to interact with the different NI hardware 

and optimized for software timings appropriate for the larger scanner.   

In order to allow for the greatest flexibility, two independent programs VG 

Microscopy Static and VG Microscopy were developed to perform the focusing and 

spectral acquisition tasks respectively. VG Microsopy consists of a front panel which 

allows selection of scan parameters such as dwell time, scan range and step size, as well 

as most experimental parameters such as the pass energy, retardation mode (constant 

analyzer energy or constant retardation ratio) and sample bias as shown in Figure 4.23.  

The scan can be aborted at any point without loss of information and the acquired 

spectrum is continuously updated on the front panel with an indicator of the current 

kinetic energy and the most recent value of the counts.  The program has the option to be 

looped with software timing so that multiple scans can be summed. For example, rather 

than acquire one scan with 500 ms dwell per point the program can sum five scans with 

100 ms dwell. Using this option allows for easier monitoring of the scan progress and the 

impact of some noise sources is minimized; however duty cycle is considerably reduced 

because the spectrometer retardation voltage is changed more frequently. In the example 
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given above the retardation voltage is changed five times as many times in the summed 

scans than in the single scan. Therefore the duty cycle of the single scan is approximately 

500 ms / 550 ms or 91% while the duty cycle of the summed scans is 100 ms / 150 ms or 

67%.   Another version of VG Microscopy called VG Movie Maker was developed for 

situations where spectral change is anticipated. VG Movie Maker saves each scan to an 

individual file that can then be summed or sequentialized in post-processing using tools 

like Matlab and Fityk.   

Additionally, VG Microscopy Static was developed to aid in the focusing and 

alignment of PES experiments when maximum counts are desired. Unlike VG 

Microscopy this program keeps the analyzer parameters in a single state that can be 

altered by the operator at any point during acquisition.  

The heart of the VG control software is a 32-bit integer-to-binary conversion 

routine which allows the front panel values to be combined and transmitted to the VG 

using inverted logic.  This conversion and transmission must occur in a sequential fashion 

with the monitoring of the counter input.  The control parameters and 32-bit conversion 

are included in Appendix D.   
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Figure 4.24: Front panel of the VG Microscopy spectrometer control program used for 

PES spectrum acquisition.  Scans are displayed in real-time in the left-hand panel and 

summed in the right-hand panel.   

 

4.4.6 Results 

In order to determine whether the mechanical design provided sufficient vibration 

isolation for optical microscopy, the confocal tower of the CSOM was temporarily 

mounted to the imaging SPIM module for testing. These initial experiments also allowed 

validation of the control setup without the complexity of photoelectron collection. 100 

nm fluorescent microspheres were successfully imaged (Figure 4.25) showing the near-

diffraction-limited behavior of the microscope objective with a FWHM resolution of 

530(5) nm.   As discussed in Chapter 3, the diffraction limit of 488 nm light using a 0.5 

NA objective is 595 nm, however, the confocal geometry provides additional filtering 

and ultimately a resolution of approximately 390 nm is possible.
170

  The limited benefit 
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of the confocal geometry in this instance was due to the size of the pinhole employed 

(100 μm) and the significant diameter of the microspheres.
130

  Observable in the Airy 

feature are intensity variations typical for the Schwarzschild design and caused by partial 

obscuration of the laser beam in the microscope objective by the mechanism holding the 

small, dispersive mirror element at the front of the objective. 

 

Figure 4.25: Fluorescence image (top), and lineout (bottom) of a 100 nm fluorescent 

microsphere acquired using the SPIM imaging module with confocal tower attached.  As 

can be seen clearly in the image the vibrations that were present in the initial SPIM 

design were successfully eliminated.  A near-diffraction limited excitation was achieved 

as evidenced by the FWHM resolution of 530(5) nm.     
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Once the optical performance of the microscope was demonstrated to achieve the 

design specifications the system was placed under vacuum.  A suitable test sample was 

found in a Quantifoil “holey carbon” substrate.  These samples consisted of a 10 nm 

amorphous carbon film deposited onto a 10 nm plastic substrate with a square array of 2 

μm holes with 4 μm spacing.  The film was mounted on a 200 mesh Cu transmission 

electron microscope (TEM) grid which was applied to the sample stub using conductive 

tape.  It was expected that the carbon film would supply a suitable source of 

photoelectrons for contrast while the holes would appear dark.   

 The experiment was performed using 2 mW of an 80 MHz – repetition rate 266 

nm excitation source with a fundamental pulse width of approximately 80 fs.  The beam 

was coupled into the VG analysis chamber using a periscope with the top mirror angled 

at the 27.5° needed for normal incidence on the sample.   

 In order to detect appreciable signal, it was necessary to increase the pass energy 

to 200 eV, well above what would typically be used for the expected kinetic energy 

range.  This had the effect of decreasing the spectrometer resolution such that it 

performed a crude integration over all kinetic energies. Additionally, the signal was 

increased by an order of magnitude as the transmission function is proportional to pass 

energy.   Once these steps were taken, an image became visible as shown in Figure 4.26.  

While no evidence for the carbon film was detected, the TEM grid underneath was 

clearly visible.  The TEM grid is listed as having a bar thickness of 37 μm which is very 

close to the experimentally determined 35(2) μm bar.  The gap width is listed as 90 μm 
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and the measured as 91(2) μm.  Spectroscopy was attempted on this sample but proved 

unsuccessful.   

In the image, several “hot spots” are visible, presumably due to roughness 

features on the copper grid or metallic “whiskers”.  As the roughness is increased so does 

the surface area available for photoemission, thus a rougher feature would show 

enhanced photocurrent over a smooth feature.  Some of these features have widths of 

under 2 μm, placing an upper bound on the excitation spot size. Without further 

knowledge of the origin of photoemission, however, an exact deconvolution is 

impossible. 

An additional observation was that areas could be “primed” for photoemission.  

An area that had been previously scanned appeared brighter than those that had not been 

scanned before.  This was most likely a cleaning effect. The film could not be cleaned in-

vacuo, and a layer of adsorbed water was likely to have decorated the surface. As the 

escape depth of low energy electrons is several nm at these energies, any adsorbed water 

would have greatly decreased the signal.
171

  However, energy from the laser pulse is 

capable of producing enough local heating to desorb water molecules from the film and 

allow for greater photoemission over time.
172

  An additional source of the enhanced 

photocurrent could be photolysis of organic material on the sample. 

In order to determine the cause of the low photoelectron counts, UPS was 

attempted on a similar sample, still keeping the SPIM imaging module in the chamber.    

UPS allowed for a far greater photoelectron yield and a much broader range of kinetic 

energies over which to test the analyzer behavior. 
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Figure 4.26: SPIM image of the Quantifoil sample described in the text. The underlying 

TEM grid is clearly visible, along with “hot spots” of photoemission intensity which are 

presumably roughness features on the grid.   

 

 Spectra from this set of experiments were easily recognizable but showed an 

unusual response to sample bias.  The sample bias is typically used to provide enough 

energy for the slowest electrons to overcome the work function of the analyzer and 

provide a clear measurement of the secondary electron cutoff (SECO).  Because of the 

bias between the sample and lens assembly, no electrons emitted from the sample can 

have a kinetic energy lower than the bias value.  However, these spectra show 

photoelectrons that are considerably below this boundary as shown in Figure 4.27.   

These electrons are attributed to inelastically scattered electrons from a surface in 

between the lens and sample, since the kinetic energy increases by a fractional amount as 
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the bias is increased.  Additionally, it was determined that the intensity of the spectrum 

decreased as a function of applied bias.  This is contrary to the normal transmission 

behavior where the count rate increases as the photoelectrons are further accelerated, 

since the detector measures the rate of electron incidence and faster electrons are counted 

at higher rates. 

 

Figure 4.27: Photoelectron spectra of a carbon test sample mounted on a Cu TEM grid as 

a function of applied bias.  The red line gives the approximate position of the SECO and 

has a linear slope indicating that the spectra shift by an amount identical to the bias as 

should be the case.  However, notice the feature tracked by the blue line, and appearing in 

a spectral region that should be inaccessible.  This feature is due to scattered electrons 

emanating from between the lens and sample as shown by the fractional slope.  The 

decrease in spectral intensity as the bias increases indicates that stray electric fields are 

being generated within the chamber. 
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 From these data it can be concluded that the microsope objective is interfering 

with spectroscopy from occurring in two different manners.  Firstly, the objective is 

acting as a physical obstacle to the emitted electrons, creating a plume of secondary 

electrons capable of being transmitted by the analyzer.  While it was expected that some 

of the collection angle of the analyzer would be obscured by the objective as shown in 

Figure 4.28, it was hoped that the non-emissive graphite coating on the objective would 

suppress secondary electron emission.  This was clearly insufficient.   

Secondly, the objective is interfering with the electric fields within the analysis 

chamber.  The sample bias is meant to create a radial potential gradient between the 

sample and the electrically neutral electrostatic lens aperture.  By having the objective at 

the same potential as the lens assembly, the potential gradient between the microscope 

objective and the sample was actually diverting electrons towards the objective.  This 

diverting force becomes greater as the bias increased, which led to the diminished 

photoelectron yield and spectral resolution. 
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Figure 4.28: Geometry of the SPIM imaging module in relation to the electrostatic lens.  

The full collection cone of the lens (yellow) is obscured by the objective and electrons 

from the sample are scattering off its surface.  Additionally, biasing of the sample causes 

the unobscured electrons (green) to accelerate into the objective.  In order to achieve 

spectroscopic resolution the lens must be extended such that it shields the unobscured 

electrons while not interfering with the excitation/reflection cones. 
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4.5 Conclusions and Future Directions 

 While further improvements will be necessary to achieve faithful spectroscopic 

imaging, several distinct accomplishments were made in the development of SPIM as a 

novel surface science technique.  These achievements have overcome a majority of the 

technical hurdles associated with spatially resolved PES. 

 Firstly, an eddy current damped vibration isolation stage was designed from first 

principles and proved to function according to design specifications.  The stage 

demonstrated a resonance of 0.85 Hz with fast temporal decay characteristics to be a 

useful platform for future UHV SPM experiments.  Additionally, the mechanical 

experience gained while working on this stage was invaluable in tackling remaining 

issues with vibrational noise. 

 Secondly, the VG Escalab MKII spectrometer was refurbished and converted for 

computer control.  This spectrometer, software and hardware developed were proved 

very successful in further PES interface studies as demonstrated in Chapters 5, 6 and 7.   

 Additionally, the vibrational issues that hampered development of the initial 

SPIM design were isolated and removed. This lead to the design of the functional CSOM 

described in Chapter 3 as well as the SPIM module which showed diffraction limited 

fluorescence imaging.  

 Finally, photoelectron imaging was demonstrated using the Quantifoil test grid.  

Despite the lack of spectral resolution, photocurrent imaging in this manner may still 

prove useful in local work function measurements by scanning the energy of the 

excitation source. 
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 In future SPIM development it is obvious that the spectroscopic hurdle must be 

overcome.  This will likely be performed by moving the electrostatic lens aperture much 

closer to the sample – in essence below the objective – so that the electric field between 

the sample and lens is much greater than the field between the sample and the objective.  

This will remove the potential for scattering and decrease interaction between the sample 

and objective.   A second possibility is a move to back-side illumination, which would 

place the objective and lens on opposite sides of the sample, remove interference, but 

limit applicability to opaque samples.   

 While the Quantifoil test grid was sufficient for demonstrating imaging 

capabilities, a superior sample would provide greater spectroscopic contrast, be prepared 

in vacuum, and have greater surface science applicability.  One such test sample is the 

sub-monolayer deposition of pentacene on native oxide silicon wafers.  Under suitable 

deposition conditions already determined in our lab, these samples show a sparse 

nucleation density leading to islands of approximately 2 μm width with even larger gaps 

of SiO2 as shown in the AFM image in Figure 4.29.  Samples such as this will be very 

interesting targets for future SPIM investigations. 
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Figure 4.29: AFM image of sub-monolayer pentacene growth on a native-oxide silicon 

wafer.  The lineout shows that the island thickness is 1.5 nm which is equal to the length 

of a pentacene molecule with its long axis normal to the surface.  Samples grown in a 

similar manner have potential as SPIM test samples.  AFM image courtesy of Stefan 

Kreitmeier.  
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CHAPTER 5 

 

UPS OF VANADYL NAPHTHALOCYANINE ON HIGHLY ORDERED 

PYROLYTIC GRAPHITE 

 

5.1 Introduction 

The process of interfacial charge transfer plays a critical role in determining the 

efficiency of organic photovoltaic cells. Consequently, a fundamental understanding of 

the interfacial electronic structure is necessary in order to optimize device design. In 

particular, the formation of interfacial dipoles has drawn significant attention, with the 

majority of studies concentrating on the organic/electrode interface.
173-179

 The source of 

this dipole appears to depend strongly on the specifics of the interfaces involved. Its 

magnitude, reflected in the position of the vacuum level, can be measured sensitively 

using ultraviolet photoelectron spectroscopy (UPS). While still the subject of intense 

debate, possible origins of the interface dipole include “push-back” of the surface 

electron density,
59,180

 an induced density of states,
181,182

 charge transfer across the 

interface,
183

 chemisorptive interactions
184

  and fields induced by dipolar molecules.
185

 

The notion of an interface dipole implies a change in the electrostatic potential across the 

interface while leaving the molecular electronic structure unaffected: The molecular 

ionization potential stays constant and the binding energies of electrons originating from 

molecular levels such as the HOMO shift rigidly by an amount identical to the shift in the 

vacuum level.
186

 This assumption is however not necessarily correct, as shown in cases 

where image potential, molecular polarization energy, orientation on the surface, 

molecular packing and strong interfacial fields can cause significant changes in the 
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ionization potential (IP).
51,58,187-191

 The interplay between molecular and interfacial 

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

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

challenge. 

Systematic investigations of single systems are therefore important in order to 

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

interface. In this chapter I investigate 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-ML to many ML 

coverage.
192

 The molecule is near-planar with a permanent dipole moment perpendicular 

to the plane of the molecule in the thin film phase.
47,51

 VONc is structurally related to the 

phthalocyanines,
193-195

 with a considerably larger macrocycle structure and hence 

polarizability capable of providing high sensitivity to the local electrostatic environment. 

VONc is predicted to interact weakly with highly ordered pyrolytic graphite (HOPG) and 

other van der Waals surfaces, permitting high resolution spectroscopic band analysis and 

revealing thus subtle changes to the electronic structure.
51

 In addition, VONc has a large 

absorption cross-section in the near-infrared and an optical gap of 1.5 eV,
196

 making it 

suitable for photovoltaic applications. 

While phthalocyanines have been extensively studied by UPS, investigations of 

the electronic structure of naphthalocyanines are far less common. Core and valence band 

photoelectron spectroscopies are used therefore to investigate interfacial thin film 

structure and growth of VONc on HOPG.  



 189 

I show that VONc organizes in different orientations on the surface, providing a 

range of local electronic environments, and then demonstrate that these populations can 

be controlled by annealing at modest temperatures, with a profound influence on the 

electronic structure.  

I show experimentally that in the case of dipolar molecules interacting weakly 

with the substrate, changes in the interfacial electronic structure are experienced 

differentially by the vacuum level and the molecular energy levels within the dipole 

layer. A simple model of the near- and far-field surface potential is developed to 

demonstrate that this behavior is a natural consequence of the electrostatic potential 

formed by an interacting array of molecular dipoles.  

The interface dipole is shown to depend predominantly on molecular packing 

density, polarizability and dipole moment, representative of the weak intermolecular 

electrostatic coupling regime investigated.
51,185

 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. These findings have 

direct implications for efforts aimed at tailoring interfacial energy level alignment in 

organic devices.   

The chapter is organized as follows: Section 5.2 starts with a brief discussion of 

the experimental procedure, followed by photoelectron spectroscopy results of thin 

VONc layers in both the core and valence region as a function of annealing conditions 
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and coverage. I then discuss the origin of the interface dipole in dipolar phthalo- and 

naphthalo-cyanines on HOPG and demonstrate a quantitative connection between 

molecular and thin-film properties in the weak coupling regime. Based on these 

observations, I develop a model that shows that interfacial electronic structure changes 

are experienced differentially by the vacuum level and the molecular energy levels within 

the dipole layer. The spectroscopic evidence and electrostatic simulations are then used to 

investigate the growth of thin VONc films on HOPG. 

 

5.2 Materials and Methods 

VONc was purchased from Sigma-Aldrich and used without further purification 

by sublimation from a home-built shuttered Knudsen cell. VONc Purity was tested by 

matrix assisted laser desorption mass spectrometry and showed little contamination.    For 

degassing, the cell was slowly ramped from 100 °C to 450 °C over 3 hours and kept at 

this temperature for approximately 20 minutes to establish a consistent evaporation rate. 

This procedure was found to minimize the risk of thermal decomposition of VONc prior 

to and during evaporation at 450 °C. HOPG was purchased from SPI (grade SPI-1, 

similar to ZYA), freshly cleaved and annealed in UHV for 12 hours at 450 °C on a VG-

style heater stub. Sample deposition occurred at 1 Å/min in the custom-built deposition 

chamber described in Chapter 2, with a base pressure less than 810
-10

 Torr. Film 

thicknesses were determined using a quartz crystal microbalance calibrated by XPS and 

the vacuum level shift in the annealed film,
51

 with 1 MLE corresponding to 5 Å for a 

complete monolayer of oriented VONc. The sample was introduced into the 
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photoelectron spectrometer (VG Escalab MK II, base pressure 510
− 10

 Torr, described 

in detail in Chapter 4) equipped with an integrated sample heater. 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) with a take-off angle of 22° 

with respect to normal, − 5 V sample bias and 10 eV pass energy. The off-normal take-

off angle did not affect the spectral peak positions, in agreement with recent findings for 

TiOPc on HOPG.
197

 The vacuum level was measured from the baseline intercept with the 

spectral slope at the inflection point in the low kinetic energy region using the UPS 

Spectrum Analyzer program described in Chapter 2. From deconvolution of a Au Fermi 

edge, a spectral resolution of 96(8) meV was determined using the Fermi Resolution 

Finder program also described in Chapter 2. Note that the precision with which a spectral 

peak position can be determined is however much higher as determined by both 

experimental repeatability and the quality of spectral peak-fits (centroid determination). 

For peaks near EF this uncertainty was found to be less than 10 meV. Core level 

spectroscopy of VONc on sputter-cleaned Au foil and freshly cleaved and annealed 

HOPG was performed in the LESSA Kratos Axis XPS/UPS system using the 

monochromatized Al Kα 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. 

Computations and geometry optimizations for isolated VONc molecules were 

carried out by Nahid Ilyas using NWChem
198

 by DFT at the unrestricted PBEh level, 
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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.
199-202

 This level of theory has been demonstrated to give a reliable 

density of states, ground state structure and reasonable optical gap for CuPc and other 

metal-containing systems.
203,204

 

Electrostatic simulations were performed using a family of Matlab codes called 

Brute Force developed as part of this dissertation that describes a square array of finite 

dipoles consisting of point charges separated by 5 Å yielding μ0 = 2.7 D as obtained 

experimentally.  For the 2D-gas simulations, the dipole is allowed to change as a function 

of coverage by adjusting the value of the point charges in accordance with the Topping 

model and a polarizability of 3.410
-28

 m
3
 as determined by experiment. For the island-

geometry electrostatic simulations, depolarization was applied numerically and allowed 

to converge iteratively through an approximation of the collective electric field 

experienced by each individual molecule. The electric field due to neighboring molecules 

was estimated at each finite dipole by (i) removing the dipole from the simulation, (ii) 

calculating the electrostatic potentials V+ and V- at the positions vacated by the point-

charges, and then (iii) estimating the magnitude of the electric field,    parallel to the 

dipole as: 

 
   

     

 
 5.1 

where d is the distance between the point charges used to generate the dipole.  In both 

simulations, Coulomb's Law was used to calculate the electrostatic potential at a given 

point in space by using a linear sum of the contributions of the individual point-charges.  

Matlab codes for these programs are provided in Appendix E. 
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5.3 Molecular Structure 

 Figure 5.1a shows a calculated molecular gas phase structure of VONc 

determined by DFT. 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, very close to experimental measurements described in the next section. 

The molecular structure and Kohn–Sham orbitals strongly resemble those of the 

related phthalocyanines such as e.g. VOPc or TiOPc.
194,197

 Figure 5.1b shows the VONc 

HOMO with the characteristic node at the metal center found also in all phthalocyanines. 

This suggests that the ground state electronic structure should be comparable across a set 

of phthalocyanines and naphthalocyanines with different metal centers. The calculations 

reproduce the molecular density of states reasonably well when compared to the UP-

spectrum of a 10 MLE VONc film shown in Figure 5.1c. They show clearly that the 

HOMO is separated noticeably from the lower-lying MOs, with a large electronic density 

of states only appearing below 2 eV relative to the Fermi energy.  These calculations 

confirm VONc as a suitable comparison element within the class of dipolar 

porphyrazines. 
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Figure 5.1:  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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5.4 Core Level Spectra 

The elevated sublimation temperatures used to deposit VONc require evidence of 

successful deposition without molecular decomposition. To this end and in order to 

characterize the electronic structure of HOPG/VONc completely as necessary for a 

comparison with the Pc systems, XPS measurements were performed. In order to be able 

to observe the C 1s bands free from interference by HOPG, spectra of a 5 nm thick VONc 

film on polycrystalline Au were acquired using a monochromatized Al Kα x-ray source.  

Figure 5.2a 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 a 

5:1 ratio of the respective carbon atoms in VONc. The spectra show that VONc films can 

be successfully grown without measurable decomposition in the process of evaporation 

or due to interaction with 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. π–π
*
 shake-up 

satellites to both the pyrrole and the naphthalene carbon atoms are also observed,
205

 

corresponding to a bandgap of 1.58 eV. This is in excellent agreement with a measured 

optical gap of 1.47 eV in a disordered thick film
196

 and in reasonable agreement with the 

DFT value of 2.00 eV.  It is well known that calculations based on the PBEh functional 

slightly overestimate the optical gap.
204
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 In Figure 5.2b the N 1s level shows a single feature at 398.4 eV with a small 

shake-up satellite around 400 eV, again reporting on the π–π
*
 gap. The somewhat 

broadened FWHM 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. This observation is attributable to only modest 

electron donation from the heterocycle and a predominantly ionic character of VO. In 

agreement with this interpretation, the relatively weak O 1s was found at 530.2 eV, 

indicative of O
2−

. No other peaks were observed in the XP-spectrum, and similar spectra 

were obtained on HOPG. These spectra demonstrate conclusively that the core level 

electronic structure of VONc is quite similar to that of phthalocyanines.
206,207
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Figure 5.2: 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.  These spectra 

demonstrate that VONc can be successfully deposited without measurable 

decomposition. 
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5.5 Valence Band Region and Vacuum Level 

5.5.1 Evolution of Film Structure with Annealing 

 Figure 5.3a shows a He(I) survey spectrum of 0.5 MLE VONc on HOPG after 

deposition (upper panel) and compared to clean HOPG (lower panel). The presence of 

VONc is evident from a series of strong molecular bands below EF, in conjunction with a 

diminished intensity of the HOPG σ
*
 band at 13.7 eV. The small site dispersion and 

surface coupling on HOPG result in a small interface dipole upon deposition, as can be 

seen from the negligible vacuum level shift (≈10 meV) of the as-deposited film. This is 

consistent with a weak interaction between VONc and HOPG and permits a detailed line-

shape analysis in the VONc HOMO region. 

 Approximately 1 eV below EF a small feature assigned to the VONc HOMO 

appears, shown at high resolution in Figure 5.3b. This feature undergoes significant 

spectral change upon annealing at 125 °C. In Figure 5.3c, 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. Note that this fit is consistent with all fully annealed spectra 

from 0 to 1 MLE coverage, with only the band position shifting as a function of coverage. 

As seen in Figure 5.3c, the feature is dominated by the 0−0 transition between the neutral 

molecule and the cation, and this value will be reported as the peak position in the 

remainder of this chapter. From this fit, a hole-vibration coupling constant of 0.16(1) eV 

and a Huang–Rhys factor of 0.25(5) were obtained, allowing in principle a simple 

estimate of the reorganization energy upon charge transfer.
208,209

 Note that Huang–Rhys 

factors may be sensitive to the photoelectron take-off angle;
210

 however, integration over 
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a wide range of polar and azimuthal angles and the use of an unpolarized light-source 

minimize these effects in our experimental set-up. 

 

Figure 5.3: a) Survey He(I) UP-spectrum of 0.5 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 0.5 MLE VONc/HOPG film. The spectrum 

shows a narrow single band with a vibronic progression of three Voigt peaks separated by 

0.16(1) eV and with a Huang–Rhys factor of 0.25(5).  
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The results are therefore in good agreement with structural relaxation in 

phthalocyanines and confirm the similarity between phthalocyanines and 

naphthalocyanines. The photoemission process accesses predominantly three vibrational 

states, with each mostly Lorentzian vibrational peak quite narrow with a FWHM of 

0.19(1) eV. This has been suggested to contain hole-lifetime-broadening as a major 

contribution to the peak-width, however, interference effects on photoelectron bands 

make such an interpretation however potentially problematic.
211

 

In order to understand the HOMO structure further, the spectral evolution was 

measured as a function of annealing time. As can be seen in Figures 5.4a, a large change 

occurs within the first 30 min, where the main feature shifts by approximately 0.28 eV. 

Subsequent annealing increases the intensity of this feature further until after 4 hours 

little spectral change is observed. On the SECO side, these changes are accompanied by a 

shift towards higher kinetic energy of only 0.06(1) eV (Figure 5.4b), which is 

significantly less than in the HOMO region. In the core-electrons, a similar shift during 

annealing for the HOMO is observed in the N 1s XPS spectrum, as can be seen in Figure 

5.4c. 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. Taken together, these spectra indicate an overall change in 

the molecular electronic structure upon annealing. 
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Figure 5.4: Spectral evolution of 0.3 MLE HOPG/VONc in the low binding energy 

region as a function of annealing time. a) HOMO and b) SECO region evolution at three 

different times (φ: 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 Figure 

5.3c. 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 Kα XPS in N 1s region of 0.2 MLE HOPG/VONc 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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 The complex band structure changes in the valence and core data may be 

attributed to the existence of three different configurations on the surface.
51,212

 The three 

different configurations in Figure 5.5c are identified as: Vanadyl oxygen pointing away 

from HOPG (“O-up”) at 0.82(1) eV, vanadyl oxygen pointing toward HOPG (“O-

down”)at 1.10(2) eV and a third configuration “O-paired” at 0.95(2) eV, representing 

onset of the bilayer structure with largely canceled dipole moments. 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 as would be expected at very low coverages.  

Three separate bands, each asymmetric due to a vibronic progression, are both 

sufficient and necessary to analyze these spectra in a satisfactory global fit of all 

experimental spectra at all coverages and annealing times. A detailed spectral 

decomposition of these features is shown in Figure 5.5c.  The same vibrational 

progression as used in the fully annealed spectrum in Figure 5.4c was found to give 

satisfactory fits to all three bands. This is justified by the intrinsically molecular nature of 

the HOMO feature, as manifested by the small interface dipole (Figure 5.4b) and narrow 

HOMO feature in the fully annealed film (Figure 5.3c). The spectra and fits shown in 

Figure 5.5c represent a statistically robust model with minimal correlation despite some 

spectral congestion.  

This interpretation of three populations, with “O-up” the most stable is supported 

by a diverse set of experimental 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,
71

 as also confirmed by photoelectron diffraction for 
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VOPc on Au(111).
213

 UPS and metastable atom electron spectroscopy unambiguously 

identified the same molecular orientations for AlClPc on HOPG,
214

 similar to UPS for 

PbPc and TiOPc on HOPG, as well as UPS and computational results for SnPc on 

Ag(111).
212,215,216

 The observation of voltage-induced flipping of the Sn
2+

 ion in SnNc on 

graphite(0001) also demonstrated the existence of several possible molecular orientations 

on a closely related surface.
217

 Finally, this 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. 

The line-shape analysis of the fully annealed HOMO in Figure 5.3c was used to 

examine the structural evolution of the 0.3 MLE film during annealing (Figure 5.4a). 

During the fitting of this annealing progression, only band intensity and Gaussian width 

were adjusted to allow a varying distribution and dispersion on the surface, while band 

position and vibrational envelope were kept fixed. Despite spectral congestion, 

vibrational contributions and different orientations were distinguished, 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 spectra 

measured. Note also that this analysis is in agreement with previous reports.
212
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Figure 5.5: (a) Ball-and-stick model of VONc showing the direction of the molecular 

dipole. (b) UP-spectrum and fit of a vibrational progression of Voigt profiles for 0.5 ML 

VONc/HOPG after annealing, resulting in O-up molecules. Energies are given in terms of 

binding energies relative to EF. Residuals for the fit are shown in the lower panel. (c) 

Same as in (b) but prior to annealing, with features assigned to O-down, O-paired, and O-

up. Spectral decomposition is based on the asymmetric peak shape obtained in (b). All 

peak centers were obtained from the fits with an accuracy of better than ±10 meV. 
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Surprisingly and in contrast to dipolar phthalocyanines such as TiOPc, AlClPc or 

PbPc on HOPG,
212,214

 VOPc on Au(111)
71

 and SnPc on Ag(111),
218

 the “O down” 

configuration is favored upon deposition, even though thermodynamic arguments predict 

a stronger interaction between the near-planar π-system of VONc and the HOPG surface. 

The reason for this is at present unclear, but might reflect preferential nucleation at step 

edges and other defect sites on HOPG. 30 minutes of gentle annealing at 125 °C results in 

a 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 hours (Figure 5.4a). This is also in 

agreement with long-term experiments that showed slow spontaneous conversion to “O-

up” over many days. Remarkably, the conversion to “O-up” does not proceed via any 

significant bilayer formation, as evidenced by the largely constant contribution of “O-

paired” to the HOMO band in Figure 5.6. This is somewhat surprising, since parallel 

dipole moments generate a repulsive though weak force in contrast to the formation of 

energetically favorable configurations with paired dipole moments. It is likely therefore 

that the barrier to “flipping” 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 or more likely vertical stacking of non-surface-bound 

VONc may be observed for films of many MLE thickness (vide infra), the molecules in 

the first monolayer appear to be firmly bound under the chosen annealing conditions: The 

integrated spectral intensity remains constant throughout the annealing process. 
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Figure 5.6:  Surface population of the three differently-oriented species obtained from 

UP-spectra. For some annealing times, error bars derived from fits are smaller than the 

symbols.  The “O-up” population is clearly the preferred orientation, however the initial 

population consists predominantly of “O-down.” 

 

 Deposition of 10 MLE results in a spectrum dominated by VONc signal prior to 

annealing as shown in Figure 5.7. Annealing at 150 °C leads to a drastic change in the 

spectrum, with the conspicuous reemergence of HOPG features such as the σ
*
 band. 

Further inspection of this spectrum in conjunction with high resolution scans in the 

HOMO region (inset, Figure 5.7) 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 

initial layer are more weakly bound, and the annealing treatment could lead to 
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resublimation and reemergence of the 1 MLE film. However, because of the large 

temperature difference between sublimation and annealing, it is more likely that these 

annealing conditions may lead to ripening and 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.  It 

is clear however that despite the weakness of the VONc-HOPG interaction the first 

VONc layer is qualitatively very different than subsequent layers. 

 

Figure 5.7:  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.  The 

reemergence of HOPG features and reduction in VONc features suggest that a structural 

change is occurring in the film. 
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5.5.2 Evolution of the Work Function with Coverage 

 In order to determine how the work function of the HOPG/VONc system would 

change with coverage a sequential deposition was performed.  In the sequential 

deposition 1 Å was deposited as measured by QCM, followed by a 12 hour anneal to 

yield quantitative conversion to the O-up species in the sub-ML regime.  The thin film 

produced in this manner was characterized by UPS over the course of 11 separate 

depositions. 

 Figure 5.8 shows the SECO region of the spectra as a function of coverage for the 

HOPG/VONc system through completion of the first ML. The work function of the film 

increases by 0.21(2) eV as can be readily seen from the movement of the SECO to lower 

binding energies.  This reduction in the spectral width indicates that secondary electrons 

that penetrated the HOPG/vacuum interface are not capable of penetrating the 

HOPG/VONc interface. 

The change in vacuum level for VONc on HOPG (Figure 5.9) can be interpreted 

in the framework of the Topping model, as used previously by a number of 

groups.
51,74,174,185 

 Briefly, the growing density of largely “O-up” VONc molecules leads 

to an increased electrostatic potential step eΔV at the surface, with a concomitant increase 

of the vacuum level and hence work function: 

where e is the elementary charge, μ0 the molecular permanent dipole moment, ρdip the 

dipole density per area, ε0 the vacuum permitivity, αzz the polarizability tensor component 

     
       

             
   

 
 5.2 
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perpendicular to the surface and f = 9.03 a numerical factor representing the geometry of 

the square lattice of VONc on the surface, as derived by Topping.
74

 

 

Figure 5.8: Spectral evolution of the SECO region observed by UPS on annealed 

HOPG/VONc ≤ 1 ML. Dashed (fixed energy) and solid line (actual shift of SECO) act as 

a guide to the eye only. 
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Figure 5.9:  Work function change of annealed VONc/HOPG as a function of coverage 

fit to a Topping model (Equation 5.2).  

 

The dipole density at 1 ML is 1 molecule per 1.7 nm × 1.7 nm, as observed by a 

STM study in ultrahigh vacuum of a near-ML thin film of H2Nc on HOPG.
219

  Note that 

the metal center has little impact on the lattice constant in phthalocyanine and hence 

naphthalocyanine systems.
71,220

  A fit to this model yielded μ0 = 2.7(4) D and 

αzz = 3.4(11)10
-28

 m
3
 for VONc with only minor statistical correlation between αzz and 

μ0.
51

  Depolarization diminishes however the permanent molecular dipole moment to an 

apparent dipole moment, thereby reducing the rate of increase in the potential step, while 

the step itself continues to grow with coverage.
221

  The effective dipole, μ as a function of 

coverage is therefore: 
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 5.3 

This model predicts that the vacuum level will decrease 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 HOPG should be 

recovered at 2 MLE. This is indeed the case for the annealed film, as is seen in Figure 

5.10. This is therefore consistent with the notion of different configurations of VONc on 

the surface and supports our assignment. Note however that this process requires a 

coverage of slightly more than 2 MLE, possibly because of minor sublimation of VONc 

in the second ML during the annealing step or marginally incomplete termination of the 

second ML. In the case of planar phthalocyanines, a transition towards the bulk structure 

occurs within a few ML,
222

 the onset of which might also cause the apparent need for 

greater than 2 MLE coverage to achieve complete cancellation of molecular-dipole-

induced vacuum level shifts.  
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Figure 5.10: Evolution of the work function of fully annealed 0–2 MLE films of 

VONc/HOPG.  The work function change goes through a maximum at 1ML where the 

film consists of the highest density of “O-up” molecules.   

 

5.5.3 Evolution of the Binding Energy with Coverage 

 Figure 5.11 shows the evolution of the HOMO region of the spectra over the 

sequential deposition for coverages ≤ 1 ML.  Contrary to the notion that the molecular 

energy levels “follow” the vacuum level, the HOMO peak moves instead to higher 

binding energies, in contrast to reports on TiOPc.
185

 The immediate consequence of this 

finding is that the IP is not just dynamic but increases beyond changes in the vacuum 

level, with an additional shift of the 0−0 transition over 60 meV between 0.2 and 1 ML. 

Such stabilization of the molecular energy levels cannot be explained by coverage-
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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.  A detailed explanation for the apparent contradiction 

between the binding energy and work function data will be provided in section 5.6.2. 

 

Figure 5.10: a). Spectral evolution of the molecular energy level (HOMO) region as 

observed with UPS on annealed VONc/HOPG. The red solid lines are non-linear least-

squares fits to the HOMO spectra using the same vibrational progression as in Figure 

5.3c). Dashed (fixed energy) and solid lines (actual shift of HOMO peak) act as a guide 

to the eye only. 
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5.6 Discussion 

5.6.1 Origin of the Interface Dipole 

Before discussing the apparent ionization potential change and the mechanism of 

film growth, the origin of the interface dipole in the HOPG/VONc system will be 

examined. The weak interaction between VONc and HOPG allows for a comparison of 

the interface dipole in a series of related dipolar organic semiconductors on HOPG at 

monolayer and sub-monolayer coverages. VONc, VOPc and TiOPc are three 

porphyrazine-type organic semiconductors with different dipole moments, polarizabilities 

and molecular sizes (Table 5.1) that have been characterized in our laboratory and others. 

The interface dipoles produced between HOPG and these molecules are entirely due to 

molecular dipoles, as non-polar phthalocyanines do not generate a significant work 

function change on HOPG.
222

  This is indicative of the negligible roles of Pauli repulsion 

(push-back), interfacial states, and charge transfer in these systems. As was demonstrated 

in Sections 5.3 and 5.4, the electronic structure within this class of molecules is 

remarkably similar. 
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VOPc

a
 TiOPc

b
 VONc

c
 VONc

c
 VOPc

d
 

 

Coverage 

(Thickness) 

 

0.53 MLE 

(2 Å) 

1 MLE 

(3.8 Å) 

0.53 MLE 

(2.5 Å) 

1 MLE 

(5 Å) 

0.53 MLE 

(2 Å) 

Molecular Dipole μ0 (D)  1.77  2.7  2.7  2.7  

Molecular Area (nm
2
)   2.89 2.89 2.02 

Polarizability αzz (m
3
)  810

-29
 3.410

-28
 3.410

-28
 810

-29
 

Work function Shift (meV) 250 290 150 210 241 

 

Table 5.1:  Polarizability tensor component αzz, molecular area, work function shift, 

molecular dipole moment and coverage for TiOPc and VONc compared with 

experimental and predicted shift for VOPc. 
a
Experimental data

195
; 

b
Experimental data

77
; 

c
Estimated from experiments described in this chapter; 

d
Calculated from data in this 

table. 

 

 When annealed, VOPc has been reported by the Ueno group to yield a work 

function shift of 250 meV at a nominal thickness of 2 Å or 0.5 MLE on HOPG.
193

 

However, no dipole moment or zz-component of the polarizability tensor was reported. 

For an annealed 1 ML of TiOPc on HOPG, they obtained a molecular dipole moment of 

1.77 D and a αzz of 810
-29

 m
3
, with a vacuum level shift of 290 meV at 1 ML.

185
 Ueno 

and coworkers assumed a molecular surface area for TiOPc of 1.88 nm
2
 in the close-

packed arrangement, identical to that of CuPc and a reasonable assumption.
185,223

 Barlow 

et al. measured a molecular footprint of 2.02 nm
2
 for VOPc on Au(111).

71
 It is reasonable 

to assume that this footprint is identical for VOPc on HOPG; furthermore, as the 

polarizability is likely due to the macrocycle, it is reasonable to assume that VOPc has an 

αzz identical to that of TiOPc. As the molecular dipole of these porphyrazines is primarily 
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due to the metal-oxo bond, it is likely that VOPc has a dipole moment of 2.7 D - identical 

to that measured here for VONc. If the interfacial interaction is indeed weak, these data, 

along with the premise that the polarizability, dipole moment, and molecular size of these 

molecules are orthogonal, permit a prediction of the work function shift for VOPc at 0.5 

ML.  This prediction is verifiable by experimental observations as shown in Table 5.2. 

For 0.5 ML VOPc on HOPG a vacuum level shift of 241 meV is predicted, 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 or specific binding motives to the surface, 

electrostatic effects dominate the difference in vacuum level shifts among VOPc, TiOPc 

and VONc. Dipolar naphthalocyanines and phthalocyanines on HOPG form therefore a 

class of organic semiconductors where the interfacial electronic structure can be 

predicted accurately on the basis of the molecular properties of dipole moment, 

polarizability and size. Such a level of predictive power is essential for accurate 

engineering of interfaces in organic electronic devices. Although similar proposals have 

been made for SAMs, this represents the first time that small-molecule work function 

engineering has been proposed using this set of molecular properties.  It will be important 

to assess how universal this observation is for surfaces that tend to interact more strongly 

with the molecular layer as is commonly found in interfaces relevant to photovoltaic 

devices. Such measurements will be reported in Chapter 6. 
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5.6.2 Explanation of Opposing Work Function and Binding Energy Changes 

 In the previous section it was demonstrated that electrostatic interactions 

dominate the interfacial electronic structure of the HOPG/VONc interface. It follows that 

the apparent contradiction between the increasing work function and the increasing 

binding energy has an electrostatic origin. The following model is therefore proposed: In 

the absence of depolarization, photoelectrons from the “O-up” HOMO experience a 

binding energy Eup that differs by an amount 2ΔEμ=μ0 from electrons originating from the 

“O-down” HOMO (binding energy      
    ). However, as depolarization diminishes μ0 to 

μ,        
 is reduced accordingly, resulting in an “O-up” binding energy Eup 

 
    (     

           
)  

      

          
   

 5.4 

Notice that Equation 5.4 expresses the “O-up” binding energy in terms of the “O-paired” 

energy, immune to depolarization because μ0 = 0, and a shift       
 with respect to this 

“O-paired energy” and subject to depolarization. The solid line in Figure 5.12 shows a 

successful fit to Equation 5.4 using the values of μ0 and αzz from Equation 5.2, yielding 

      
= 0.17(4) eV and      

     = 1.15(7) eV. Intriguingly, these quantities may be 

confirmed independently by the UP spectra of unannealed HOPG/VONc from Figure 

5.5c. The separation between “O-up” and “O-down” at 0.5 ML is 0.32(2) eV, slightly 

smaller than        
 as expected, since at 0.5 ML, depolarization has diminished μ0 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 μ0. 

Incidentally, the “O-paired” configuration corresponds to a species with μ0 ≈ 0 D and was 
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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 the UPS and the model 

suggests that “O-up
”
 and “O-down” are predominantly clustered separately on the 

surface. 

  

 

Figure 5.12: Summary of the electronic changes observed during the sequential 

deposition of 1 ML VONc on HOPG.  The work function increases according to the 

Topping model (black).  The binding energy also increases (red) and is well-described by 

an empirical model (equation 5.4) that includes a Topping depolarization factor.  This 

leads to an ionization potential (work function – binding energy) that reaches a maximum 

at 1 ML.  

 

As can be seen from Figure 5.12, the coverage-dependent binding energy of 

VONc is functionally well-described by this empirical model using a Topping 

depolarization factor. In order to determine whether this explanation is physically 
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reasonable, an electrostatic simulation was developed that modeled the interaction of a 

uniformly spaced array of depolarizable “O-up” dipoles with μ0 = 2.7 D, size d = 5 Å, 

and αzz = 3.4 × 10
−28

 m
3
.  Figure 5.13a shows the electrostatic potential in the far-field as 

a function of coverage and lateral distance, measured above a dipole at a height of 100 Å.  

As the coverage increases (left to right), the electrostatic potential increases as predicted 

by the Topping model. As can be seen by the uniformity in the lateral dimension the 

finite size of the dipoles in the simulation is inconsequential 100 Å from the HOPG 

surface.  

From these calculations, it can be concluded that the vacuum level represents a 

surface potential step to be overcome by secondary electrons; the height of this step 

increases steadily with dipole density, with a coverage dependent rate modified by 

depolarization effects, as shown in Figure 5.13b and in quantitative agreement with the 

experimental findings in Figure 5.12. This potential is only established in the far-field 

and is no longer sensitive to the local variations caused by distinct molecular entities. 

This effect is well-known from work function measurements on self-assembled 

monolayers
224

 and potential distributions in tunneling junctions.
225

 The vacuum level 

describes thus the global work function. 

In contrast, Figure 5.13c shows the near-field potential (2.7 Å above HOPG) as a 

function of coverage. This height corresponds to the approximate location of the 

naphthalocyanine ring on which the HOMO is localized.
226

  Note that the choice of 

height is however not critical for the general properties of the near-field regime, whose 

characteristics extend approximately 10 Å above HOPG as shown in Figure 5.14.  The 
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binding energy of electrons from the HOMO is modified by the dipole density-dependent 

near-field potential. Due to depolarization, the near-field potential decreases with 

coverage, thereby lowering the HOMO energy with respect to the reference potential. 

This in turn results in higher binding energies and hence ionization potential. The near-

field potential is highly “corrugated”, with maxima at the location of the dipolar 

molecules. Molecular levels sense the local environment. 

  

 

Figure 5.13: (a) Far-field electrostatic potential 100 Å above HOPG as a function of 

fully annealed VONc coverage and lateral position. (b) Far-field lineout as indicated in 

(a) at 0 nm lateral displacement. (c) Same as (a) but for the near-field region measured 

2.7 Å above HOPG. Regions of high potential correspond to molecular dipoles. (d) 

Lineout in (c) at 0 nm lateral displacement. 
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This is in agreement with the concept of a local work function, as has been 

evoked in the past, for example, in the photoemission of adsorbed xenon technique by 

Wandelt and co-workers
52

 and UPS on nanostructured substrates.
227,228

 Uniquely, these 

data permit however analysis of the interfacial electronic structure in terms of the 

influence of the near-field potential on the molecular energy levels. 

The potential as a function of height above the surface shows a strong sensitivity 

to the local charge distribution in the near-field region but converges to a constant beyond 

approximately 20 Å, thus defining the far-field region as shown in Figure 5.14. The 

model calculations presented here are quantitatively independent of position in the far-

field regime and qualitatively independent of position in the near-field regime.  

As already shown by Kronik and coworkers,
174

 the electrostatic potential tens of 

Å above an infinite sheet of dipoles increases indeed with molecular packing density in a 

manner consistent with the Topping model: Those aspects of the electrostatic field and 

potential that report on 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 (Figure 5.14). 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
184,229-231

  

and thin molecular films.
51,185
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Figure 5.14: Characteristic behavior of near- (pale pink box) and far-field (pale blue box) 

potential for coverages from 0 to 1 ML measured at x = 4 Å, away from a dipole.  Notice 

that high above the surface the potential decreases as coverage increases, and near the 

HOPG the potential decreases as coverage increases.  At approximately 8Å above the 

surface the potential goes through an isosbestic-like point where the electrostatic 

potential is independent of coverage.  These plots do not go through the dipole axis as the 

point charges used in the simulations lead to infinities in the potential. 

 

 Here it is shown that the HOMO binding energy also changes as a function of 

coverage. Since the HOMO and hence the IP report on the local environment while the 

work function is an average property, it is not necessarily surprising that there should be a 

different shift in magnitude for SECO and HOMO. Strikingly, the direction of the shift is 

also different, pointing to a qualitatively different interpretation.  The electrostatic 

potential in the near-field regime at heights much closer to the dipolar layer and 
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representative of the environment experienced by fast molecular electrons e.g. from the 

HOMO and N 1s orbitals decreases with coverage, in contrast to the far-field potential. 

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 IP. 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 Equation 5.2. 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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5.6.3 Thin Film Structure and Growth 

The near-field/far-field model presented above implicitly presumes a uniform and 

linearly increasing molecular density, consistent with the formation of a 2D gas.
215,232

 

However, many organic semiconductor thin films grow by nucleation of densely packed 

domains on the surface.  Results from scanning tunneling microscopy on nearly 1 MLE 

of VOPc on Au(111) report the formation of well-ordered domains,
71

 in contrast to the 

notion of a 2D-gas.  In order to determine whether the near-field/far-field model can 

distinguish between these different growth modes a more advanced electrostatic model 

was developed.  This model simulated the dipolar interface generated by VONc 

molecules, aligned in an annealed film, but following a domain-growth motif. VONc 

molecules were again approximated as 5 Å dipoles with a molecular dipole moment of 

2.7 D and a constant density of one dipole per 1.7 nm × 1.7 nm.
219

  However, in this 

model the explicit use of the Topping formalism was abandoned to allow for variable 

depolarization due to edge effects and the finite size of the domains. The electric field 

component normal to the surface due to the molecular layer was calculated at each 

molecule of the island. Each dipole was adjusted according to: 

           5.5 

The process was repeated iteratively until the system reached self-consistency. 

Electrostatic potential and electric fields were then calculated at various positions of the 

model as a function of domain size.   Note that in this case the potential above a single 

finite island tends toward 0 V at very large distances, in contrast to the 2D-gas model 

which assumes an infinite-size domain; this effect is however not relevant in the distance 
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ranges investigated here. Figure 5.15 shows 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 compared 

against 2D-gas-like simulations.  

 

Figure 5.15: 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. 
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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 Figure 5.15, the majority of the 

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, the nucleation density can be estimated to be approximately 10
11

 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 
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edges. The calculated nucleation density seems thus rather high, as is also confirmed with 

typical nucleation densities of 10
6
 cm

-2
 for growth of metal nanoparticles on HOPG.

233
 

Further difficulties arise from the lack of quantitative agreement between the 

island growth model and the experimental data: Although the nucleation and growth 

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.
51

 

Similarly, the far-field potential grows rapidly with island size and the potential saturates 

already at small island sizes. Note that the results presented here use the experimental 

values μ0 = 2.7(4) D and αzz = 3.4(11)10
-28

 m
3
; varying μ0 by a factor of 10 and αzz by a 

factor greater than 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 are less likely 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 as assumed initially. 

Recent STM observations of TiOPc on Ag(111), SnPc on Ag(111), DyPc on 

Au(111) and CuPc on Cu(111) confirm the existence of the 2D-gas phase at room and in 

some cases even at cryogenic temperatures.
218,232,234,235

 In the case of TiOPc on Ag(111), 

nucleation of ordered overlayers was only observed at coverages of higher than 0.4 ML at 

deposition rates similar to those used in these experiments.
232

 Similarly, temperature-

dependent electron diffraction measurements point towards a 2D-gas formation at room 

temperature in the case of SnPc on Ag(111) due to repulsive intermolecular 
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interactions.
215,216

 At lower temperatures however, growth changes to close-packed 

ordered islands through electronic interactions with the Ag(111) surface. Both dipole–

dipole repulsion and backbonding to the metal surface in conjunction with weak surface 

interactions have been invoked to explain the possible existence of a 2D-gas. Neither of 

those options seem entirely satisfactory for VONc/HOPG: Backbonding from VO to 

HOPG seems unlikely given the slight puckering of the molecule and weak interaction 

with the substrate; for interdipole distances of more than 17 Å (VO–VO distance in a 

close-packed 1 ML VONc film), dipole–dipole pair repulsion amounts to interaction 

energies of less than 1 meV, even when image dipoles in the HOPG are included. This is 

insufficient to account for the formation of a 2D-gas. An alternative suggestion stems 

from 2D-gas-like growth in the low- and medium-coverage regime of CO on Cu(100).
236

 

This was interpreted as resulting from oscillations in the local density of states at the 

surface and thus causing enhanced or suppressed adsorption in the vicinity of a 

molecule.
237

 Such Friedel oscillations are a direct manifestation of dielectric screening 

and are caused by HOPG electron scattering at the adsorbate sites in a manner directly 

proportional to the molecular surface density. It is at present not clear if in the case of the 

much larger VONc molecules Friedel oscillations extend far enough beyond a molecule 

to explain the thin film growth and organization, and further work will be necessary to 

settle this question. 
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5.7 Conclusions 

In this chapter I have presented comprehensive spectroscopic characterization of 

the VONc/HOPG interface in the valence and core region and in the range of zero to a 

few monolayers. The weak coupling to HOPG permits a detailed UPS line-shape analysis 

yielding a vibronic progression caused by molecular reorganization upon ionization. 

Several different adsorption geometries exist on this surface, with a preference for 

forming predominantly the “O-up” configuration upon annealing to moderate 

temperatures. I have demonstrated that at the VONc/HOPG interface, both the vacuum 

level and molecular energy levels shift, however by different amounts and in different 

directions. I have 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 decrease with increased coverage owing to depolarization 

effects. These findings show that interfacial layers used to tune electrode work functions 

may only 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 IP is small and is observable because of the relatively sharp band structure of 

VONc on HOPG and the large polarizability of VONc. 

A simple electrostatic model is consistent with the experimental observations and 

suggests that VONc forms a disordered 2D-gas on HOPG at room temperature.  The 

implied coverage-dependent spacing of VONc molecules permits the use of an analytical 

solution of the potential step generated at the HOPG/vacuum interface. These data 

represents a new opportunity for predictive understanding of the formation of an interface 
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dipole based on molecular area, dipole moment and polarizability. Such predictive 

strength is essential for improved engineering of interfaces in organic electronic devices. 

However, it will be important to understand how these observations translate to surfaces 

that couple more strongly to the adsorbed organic semiconductors. 
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CHAPTER 6 

 

UPS OF VANADYL NAPHTHALOCYANINE ON AU(111) (   √ ) 

 

6.1 Introduction 

 The HOPG/VONC system described in Chapter 5 was used to characterize the 

evolution of an interface in a system with a molecular dipole where surface interactions 

are minimal.  As seen from the UP-spectra presented therein, HOPG has a limited DOS 

near the Fermi level.
238

  Without states for hybridization, there is little probability of 

electronic interaction between the substrate and a molecular film and adsorption occurs 

through van der Waals interaction. By focusing on film rather than substrate, I was able 

to develop a theory of the higher-order intermolecular electrostatic interactions that 

emerge during interface formation. 

 However, most interfacial systems relevant to organic semiconductors used in 

OPV are far more complex and the substrate actively participates in interface formation.  

The potential step due to the interface dipole is known to be a sum of effects which 

include contributions from Pauli repulsion, direct electronic coupling sometimes 

described by the induced density of interfacial states (IDIS), as well as molecular 

dipoles.
59,61,239,240

  It was decided therefore to investigate the interaction of VONc with 

the reconstructed noble metal Au(111) (   √ ).  The reconstructed Au(111) surface 

contains a highly dispersive Shockley surface state near the Fermi edge, which has been 

seen to influence strongly the adsorption characteristics of the metal surface.
40

 The 

Shockley state consists of electron density confined to the surface and is caused by the 

discontinuity at the Au(111)/vacuum interface.
28

  The state has therefore a high 
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interaction potential due to the spatial and energetic overlap with the valence states of 

molecular overlayers.   

 

6.2 Materials and Methods 

VONc was purchased from Sigma-Aldrich and used without further purification 

by sublimation from a home-built Knudsen cell (see Chapter 2). For degassing, the cell 

was ramped from 250 °C to 470 °C several times while the sample preparation chamber 

was monitored by RGA.  The cycling was repeated until the RGA showed a neutral 

response to the heating.  Depositions were performed at approximately 470 °C.  It was 

found that the cell could be brought to deposition temperature very quickly as long as 20 

minutes were allowed to elapse before the start of rate measurement. This allowed for 

multiple depositions in a single day, without having to maintain the cell at high 

temperatures which could lead to decomposition.   The deposition rate was monitored by 

a retractable water-cooled quartz crystal microbalance.  The microbalance was left 

exposed to the source prior to deposition to minimize the time necessary for thermal 

equilibration of the QCM due to IR radiation and the flux of VONc gas.  Once 

equilibrated, 5 Å of VONc were deposited and the time elapsed between each individual 

Angstrom was recorded.  Rates from 2-4 min/Å were considered acceptable, otherwise 

the current to the cell was modified and a new equilibration/rate setting period was 

begun.  Once the rate was established, the QCM was retracted and the sample was 

brought in to position for deposition using the measured rate.   
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The polished Au(111) single crystal (99.999%) was purchased from Princeton 

Scientific.  The sample underwent >10 cycles of sputtering (1.2 keV,  25 μA, θ ≈ 30°) 

and annealing (550 °C, 1 hour) when first introduced into the vacuum chamber. 

Thereafter, two sputter/anneal cycles were sufficient to regenerate the pristine surface 

after deposition. All spectra are given in terms of the binding energy and referenced to 

the Fermi energy EF and collected at room temperature using the VG Escalab MKII 

spectrometer and SPECS 10/35 He source described in Chapters 2 and 4.  

The following conditions were used for spectral acquisition unless stated 

otherwise.  Full-spectrum and SECO scans were taken at normal collection geometry 

with an acceptance angle of ±12.5°, a bias of -5 V and B3 (lowest signal/highest 

resolution) slits. These scans were used to determine the vacuum level and monitor the 

condition of the Au(111) crystal. Normal-collection Fermi region scans were taken with 

an acceptance angle of ±1.5°, 0 V bias and A4 (highest transmission/lowest resolution) 

slits. The higher transmission was required to increase signal while using the angle-

resolved aperture. These scans monitored the highly dispersive Au(111) Shockley surface 

state.  25° off-normal Fermi region scans were taken with an acceptance angle of 12.5°, 

no bias and B2 (intermediate transmission/intermediate resolution) slits. These scans 

were used to monitor the behavior of the VONc HOMO.  The off-normal take-off angle 

did not affect the spectral peak positions, in agreement with recent findings for TiOPc 

and VONc on HOPG.
51,241

  Constant analyzer energy mode and a pass energy of 5 eV 

were used exclusively.   
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The vacuum level was measured using the UPS Spectrum Analyzer VI described 

in Chapter 2. The instrumental resolution was determined using the Fermi Resolution 

Finder VI, also described in Chapter 2. The instrumental resolution was found to be 

approximately 150 meV, 110 meV and 90 meV for the normal incidence, off-normal, and 

full/SECO scans respectively.  The energy resolution for some experiments was impacted 

by the need for higher angular resolution.   Note that the precision with which a spectral 

peak position was determined is however much higher and determined by both 

experimental repeatability and the quality of spectral peak fits (centroid determination). 

For peaks near EF this uncertainty was found to be < 20 meV.  

Core level spectroscopy and low energy electron diffraction (LEED) of Au(111) 

were performed in a separate laboratory.  LEED images were acquired using an Omicron 

Spectraleed. Core level spectra were acquired using a Kratos Axis XPS/UPS system 

using resistive strip detection, a monochromatized Al Kα anode and a pass energy of 

100 eV. Peak positions were determined in accordance with the NIST XPS calibration 

protocol using the Au 4f7/2 line.  

 

6.3 Results 

6.3.1 Substrate Characterization 

Several steps were taken to characterize the Au(111) system prior to VONc 

deposition. Many literature reports exist with vastly different UP-spectra of the Au(111) 

surface, indicating questionable surface quality; this variability casts unnecessary doubt 

on their conclusions.  Initially it was attempted to ascertain the reconstruction of the 
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Au(111) by LEED.  The gold surface was sputtered and annealed as described in Section 

6.2 until contamination was absent from the XP-spectrum shown in Figure 6.1a. A LEED 

image was obtained of this surface at 121.8 eV as shown in Figure 6.1b.  The LEED 

image shows the hexagonal symmetry expected of a (111) surface.  Due to the large 

periodicity of the (22 x √3) reconstruction the diffraction pattern is not expected to be 

significantly altered. As can be seen, diffraction spots indicative of the desired 

reconstruction cannot be easily distinguished, in agreement with several other reports of 

high quality Au(111) surfaces.
32,35

 

 

Figure 6.1:  (A) XP-spectrum of the sputter/annealed Au(111) surface.  No 

contamination features are present in the spectrum.  (B) LEED image of the Au(111) 

showing the hexagonal symmetry characteristic of the (111) surface.  The diffuse nature 

of the LEED spots may be an indication of the (22 x √3) reconstruction.   
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Evidence in support of the reconstruction is available, however, from the Tamm 

surface resonances localized at the uppermost reconstructed layer and absent in 

unreconstructed Au(111).
242

  While Shockley surface states are due to the discontinuity in 

the crystal potential at the surface and are well-described by the nearly-free-electron 

model, Tamm states are due to the reduced coordination of surface atoms and are more 

aptly described by a tight-binding model.  The Au(111) (22 x √3) Tamm states are 

located at binding energies of 4.20 eV and 5.65 eV (Figure 6.2a) and are considered 

resonances because they are energetically degenerate with bulk states.
31

  As shown in 

Figure 6.2b, these states were not detected in the experimental apparatus used for LEED 

analysis due to the brief but necessary exposure to the load lock chamber with base 

pressure of 10
-8

 mbar during sample transfers. However, these states are easily identified 

in spectra taken using the refurbished VG instrument as shown in Figure 6.2a.  

Additionally, the Shockley state at ≈ 0.4 eV binding energy is evidence of the long range 

ordering of the surface.  This state is also absent in the spectra from the LEED-equipped 

system.  The absence of these peaks as well as the low work function 5.18(1) eV support 

the conclusion that a pristine Au(111)     √   surface was not achieved in the LEED-

equipped instrument. While this was most likely due to surface contamination accrued in 

the insufficient vacuum, the different annealing capabilities may have contributed. All 

subsequent experiments were performed in the VG instrument. 



 237 

 

Figure 6.2: (A) UP-spectrum of sputter annealed Au(111) acquired using the VG system 

(A) and the LEED-equipped system (B).  The VG spectrum shows the two Tamm surface 

states local to the (22 x √3) reconstruction and the Au(111) Shockley surface state which 

are absent in the spectrum from the LEED-equipped system. The work function measured 

in the VG system is 0.3 eV higher than the work function measured in the LEED-

equipped.  Despite the absence of contamination features in the XPS shown in Figure 

6.1a (also from the LEED-equipped system) the surface is not pristine. sat: He Iβ 

satellite. 

 

In the VG instrument a work function of 5.48 eV was regularly attained on the 

Au(111) surface.  This is in the high range of reported values (5.2 - 5.5 eV)
240,243-245

 and 



 238 

suggests a high quality surface since the (111) surface has the highest work function of 

any Au crystal orientation.  

 As a confirmation of the surface order and a validation of the experimental setup, 

the dispersion of the Shockley surface state was also characterized. The surface state is 

quickly quenched by chemisorptive interactions and offers thus strong evidence for the 

cleanliness of the surface.
246

  Figure 6.3 shows the conversion of 13 individual ARPES 

spectra taken at 1° spacing into inverse space on a point by point basis using  

 
   

√       

 
     6.1 

with parallel momentum k||, kinetic energy Ekin and angle of detection from surface 

normal θ. The resulting points were converted into an intensity matrix using a Renka-

Cline gridding algorithm.
247

 The gridding algorithm maps 2-D data with non-uniform 

separation onto a rectangular grid using interpolation.  This approach must be used 

because k|| is a function of both θ and Ekin and the spacing between points is nonlinear.   

The surface state was then fit to a free-electron-like dispersion using:  

 
        

    
 

     
 6.2 

with effective mass           .  The band origin at the  -point, E0, was measured 

as 0.36(2) eV; on the low end of reported values which range from 0.5 eV to 

 0.35 eV.
248-250

  The low value measured here can be explained by both the pronounced 

temperature dependence of the surface state due to lattice expansion as well as the limited 

angular resolution of the experiment (±1.5°).  Lattice expansion of the Au(111) surface 

yields a shift to lower binding energy of approximately 0.26 meV/K due to the 
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periodicity change in the wave function which is not often considered in the literature, as 

some measurements are reported at cryogenic temperatures.
29

 The limited angular 

resolution introduces an asymmetric broadening of the highly dispersive surface feature 

which biases the spectral fits towards lower binding energy and results in a slightly offset 

parabola.  The systematic broadening also biased the fit of meff to 0.358(15) me, which, 

while higher than the theoretically determined effective mass of 0.25 me,
251

 is still well 

within the range of reported measurements of 0.25-0.40 me.
 252,253

   

 

Figure 6.3:  ARUPS band-map of the Au(111) (22 x √3) Shockley surface state showing 

an effective mass meff = 0.358(15) me and band origin E0 = 360(20) meV at  ̅ (normal 

incidence). The measured behavior is in agreement with previous measurements and is 

evidence of the pristine nature of the surface. 
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6.3.2 Film Growth and Annealing Behavior 

 After fully characterizing the substrate I turned my attention to the interactions 

that occur between Au(111) and the VONc thin film. Phthalocyanines and 

naphthalocyanines have displayed a diverse range of surface geometries depending on 

substrate, deposition rate, and annealing treatment.
254-257

  As seen in Chapter 5, sub-

monolayer coverages of VONc deposited on a room temperature HOPG substrate exist as 

a mixture of O-up, O-down and O-paired geometries with a pronounced effect on 

molecular binding energy and other electronic properties.
 47,50,239

  Annealing for one hour 

at 125 °C was sufficient to drive the mixture to a configuration consisting of only O-up 

species.  However, the nature of forces at the Au(111)/vacuum interface is far more 

complex due to the electron-rich, polarizable nature of the substrate and the presence of 

the Shockley surface state.  Therefore the annealing parameters and deposition geometry 

of the VONc films had to be investigated for the Au(111) system. 

 Upon initial deposition of approximately 1 MLE, two different peaks were 

identifiable near EF reminiscent of the spectral features observed on HOPG (Figure 6.4b).  

The lowest binding energy feature (peak W) was situated at 0.61(1) eV with respect to EF 

while the higher binding energy feature (peak M) was found at 0.81(1) eV. Sequential 

one hour anneal cycles were performed on the system and it was found that anneal 

temperatures at or below 100 °C led to an increase in the work function, but no 

appreciable change in the Fermi region.  However, once the anneal temperature was 

brought to 125 °C the different binding energy components consolidated into a single low 

binding energy feature (Figure 6.4b).  This indicates that the features originate from 
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different adsorption geometries, environments, or configurations on the surface, 

consistent with a single HOMO feature within 2 eV of EF as predicted by DFT.
47

 

Temperatures above 125 °C caused additional increases to the work function 

shown in Figure 6.4a, while also leading to a decrease in the HOMO signal and a gradual 

reemergence of the pristine Au(111) features.  It was therefore concluded that VONc on 

Au(111) is capable of the same temperature-induced loss mechanism as VONc on 

HOPG. The loss of intensity in the HOMO signal may be due to formation of tall islands 

or decomposition/desorption of VONc. Regardless of the mechanism, a 1 hour anneal 

cycle at 125 °C was used for subsequent experiments to avoid changes in coverage while 

still allowing for film ordering. 
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Figure 6.4:  (A) Work function of a 0.5 MLE VONc deposition on Au(111) (22 x 

√3)followed by a 1 hour anneal treatment at the stated temperatures.  The work function 

rises as the temperature is increased – most likely a result of activated island formation.  

(B) Fermi region spectra of 0.5 MLE VONc on Au(111) (22 x √3) as deposited (black) 

and annealed 1 hour at 125 °C (red).   The 1 hour, 125 °C anneal was the minimum 

needed for the spectral rearrangement shown.  Higher temperatures reduced the area of 

the HOMO feature. 

 

 

 



 243 

6.3.3 VONc HOMO Fitting 

 While using the pristine Au(111) spectrum as a background subtraction to isolate 

the VONc film contribution is an appealing idea, it is impossible in the current study due 

to the rapidly changing nature of both the film and the substrate, brought about by the 

quenching of the surface state. Several background subtraction schemes were considered, 

however the scheme that produced the least correlated residuals across all depositions 

was the use of an exponential decay plus constant offset. The exponential decay was 

necessary to reproduce the curvature of the background near the gold d-band features, 

particularly for thicker films with higher binding energy. The background was 

determined by assigning no weight to the points in the region of the HOMO feature and 

allowing the decay parameters to optimize the fit in the regions assigned to the Fermi 

region of Au(111).  The background was then fixed, Voigt profiles introduced, and all 

points re-weighted for a second optimization.  A sensitivity analysis on the fit parameters 

was performed using several backgrounds, and while the ratio of the Gaussian to 

Lorentzian contribution was affected by the choice of background, the positions and 

FWHM of the fits were largely unchanged.  

VONc on HOPG demonstrated a pronounced vibronic character which was 

quantifiable due to the extremely narrow feature width of approximately 150 meV.  

Therefore a Poisson distributed Voigt series was used for fitting of those data.  However, 

for unannealed VONc on Au(111), the HOMO features are significantly broader (≈ 250 

meV) - though still remarkably narrow for an organic semiconductor on a metallic 

surface. While a fit using these same vibronic parameters for Au(111)/VONc gives 
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satisfactory agreement with the experiment, it does not produce sufficient statistical 

improvement over a simple two-component fit with Voigt profiles to justify its use.  It is 

also doubtful that VONc on the polarizable Au(111) surface would be characterized by 

the same reorganization energy and vibrational frequencies as found on the weakly 

interacting HOPG surface.
47

  The two different fitting results are compared in Figure 6.5. 

 

Figure 6.5:  Background subtracted HOMO region of the 0.5 MLE VONc as-deposited 

on Au(111) (22 x √3)showing the two features M and W. (A) Fit using two Voigt profiles.  

(B)  Fit using two vibronic progressions equivalent to those used in Chapter 5.  While 

both fits show acceptable residuals, the fit shown in (A) has fewer adjustable parameters 

and was chosen as the superior model. 
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6.3.4 Sequential Deposition Series 

 As shown in Chapter 4, a sequential deposition series can be used successfully to 

determine the organic semiconductor/surface interactions. Thus, the collective effects of 

the film on interfacial electronic structure can then be extrapolated over the range from 

nearly isolated molecules to bulk films. 

 A sequential deposition was performed on the Au(111)/VONc system by 

evaporating nominally 1 Å per deposition as measured by QCM. The resulting UP- 

spectra were then acquired, the films annealed to promote ordering and then re-analyzed 

by UPS.  The specific procedure of the sequential deposition is significant as there is 

some evidence that a film produced by a single large deposition provides a systematically 

lower coverage than a film produced by multiple small depositions.   

 

6.3.4.1 Effect on States of Au(111) 

Unlike HOPG in the HOPG/VONc system, the Au(111) was expected to interact 

strongly and play a more participatory role in the formation of the interface due to the 

significant electron density of the Shockley surface state.  After the first deposition, the 

surface state persisted despite shifting to lower binding energy by 50(20) meV and 

diminishing in intensity as shown in Figure 6.6a. The interaction between the Shockley 

surface state and VONc will be discussed extensively in Chapter 7.    

It was additionally apparent that the reconstruction remained largely intact as 

evidenced by the Tamm state at 4.20 eV.  Evidence that the reconstruction in this 

instance was not simply due to regions of bare Au(111) exposed by island formation of 
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VONc will be presented in the discussion. The second deposition was sufficient to 

completely extinguish the surface state from the spectra, as well as lift the reconstruction 

as shown in Figure 6.6b.  The absence of the Tamm states of the reconstruction strongly 

suggests that large islands are not forming on the surface, as island formation would lead 

to the persistence of the Tamm state features from uncovered areas. The Tamm states, 

although delocalized in the plane of the surface, are highly localized within the top-most 

atomic layer of the reconstruction.
31

  Because of their proximity to the surface, Tamm 

states are unlikely to be subject to escape-depth issues from the VONc overlayer. These 

changes also imply a strong perturbation of the surface potential, as both the 

reconstruction and Shockley surface state persist after multilayer deposition in some 

systems.
258

  From this point onward the gold features of the UP-spectra resembled more 

strongly those of a polycrystalline Au(111) surface than the single-crystalline 

reconstructed surface present at outset.  Further depositions eventually extinguished the 

gold features due to the limited escape depth of photoelectrons. 
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Figure 6.6:  (A) UP-spectra of the Fermi region of annealed Au(111)/VONc as a 

function of VONc coverage (normal collection, ±1.5° angular acceptance, offset for 

clarity).  The feature corresponding to the Shockley surface state is suppressed and moves 

to lower binding energy upon adsorption of 1 Å VONc.  At higher depositions the peak is 

undetectable.  At this collection angle the VONc HOMO is barely visible until 4 Å have 

been deposited. (B) Full spectrum scans (normal collection, ±12.5° angular acceptance, 

offset for clarity). The Tamm states of the (22 x √3) reconstruction are absent in the 2 Å 

spectrum.  Notice the relative intensity increase in the SECO region at higher coverage 

due to increased adlayer scattering. Emergence of VONc-derived states at high binding 

energies is visible, as well as movement of the SECOs to higher binding energy.  
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6.3.4.2 Fermi Region Behavior at (Sub-)Monolayer Coverages 

 As seen previously, the as-deposited VONc on Au(111) displayed two distinct 

populations in the Fermi region; peak W at lower binding energy and peak M at higher 

binding energy. Additionally, feature M could be converted quantitatively into feature W 

upon annealing at low coverage.  Both of these populations were present in the 

sequentially prepared sub-monolayer films prior to annealing, however only feature W 

was present after annealing.   

After the first annealed deposition, little spectral density assignable to feature W 

was detected.  This feature was not able to be fit within physically reasonable errors. 

However, in the second annealed deposition, peak W was prominent, particularly in off-

normal collection geometry due to the angular dependence of photoemission and lack of 

interference from the surface state.
259

  This feature was successfully fit with a binding 

energy of 0.51(1) eV, more than 0.5 eV below the binding energy of the bulk VONc film.  

This peak did not, however, remain static with respect to EF upon further deposition as 

shown in Figures 6.7 and 6.8. The binding energy continued to rise, reaching a value of 

0.61(1) eV at 1 ML.  Subsequent depositions had little effect on this feature’s position 

with respect to EF.  Although the feature continued to be weakly detectable beyond a 

thickness of 20 Å, the peak’s binding energy was fixed after 12 Å due to weak signal and 

spectral overlap with peak M.   
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Figure 6.7:  UP-spectra of the Fermi region of annealed Au(111)/VONc as a function of 

VONc coverage (25° collection, ±12.5° angular acceptance, offset for clarity).  Peak W is 

visible at 2 Å VONc.  A second feature (peak M) appears at 5 Å VONc. Notice also the 

shift in peak W as a function of coverage and the decreasing slope of the baseline due to 

Au(111) surface perturbation. 
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Figure 6.8:  Binding energy of peak W as a function of coverage.  At 5Å of VONc the 

binding energy of this peak changes negligibly.  The energetic position of peak W was 

fixed after 12 Å due to low signal and spectral overlap with peak M.  The change in 

behavior between 4 and 5 Å likely indicates completion of the first ML.  Lines act as a 

guide to the eye only. 

 

The area of peak W also increased nearly linearly from 2-4 Å VONc deposited as 

would be expected from an increasing molecular density on the surface.  Again, the trend 

stopped between 4 and 5 Å; at which point the area of the peak began to decrease with 

subsequent depositions as shown in Figure 6.9.  The FWHM of the peak also broadened 

considerably up to the fourth deposition, but then sharpened again after the 5 Å was 

deposited.  The HOMO fit of the 2 Å deposition had a relatively narrow Voigt profile 

FWHM of 230(10) meV which increased to 270(20) meV at 4 Å before decreasing to 
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210(10) meV at 5 Å. This narrowing at 5 Å is most likely due to a decrease in site 

disorder upon completion of the full monolayer as has been observed by STM of CoPc on 

Cu(001).
260

  

 

Figure 6.9:  Area of peak W as a function of thickness.  Between 2 and 4 Å the area 

increases as more VONc is deposited.  After 4 Å (completion of 1 ML) the area decreases 

due to the limited photoelectron escape depth.  Notice that appreciable area is still visible 

even at high coverages.  This observation will be addressed in the discussion. Line acts as 

a guide to the eye only. 

 

While area, FWHM and binding energy of peak W changed monotonically from 

2-4 Å, trend discontinuities were observed in plots of each of these quantities as a 

function of coverage between the 4 and 5 Å deposited.  5 Å also corresponded to the 

thickness after which peak M could no longer be removed by annealing.  These data are 
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consistent with the interpretation that 4 Å represents the completion of the first ML and 5 

Å is the initiation of a second layer.  It was therefore concluded that 1 Å as measured by 

the QCM represented 0.25 MLE.  

 The presence of only peak W in the sub-monolayer range suggests that the feature 

is due to photoemission from the “wetting layer” in close contact with the Au(111) 

surface.  Peak M, which appears in all unannealed films and annealed films above 1 ML, 

is assigned therefore to multilayer VONc molecules uncoupled from the Au(111) surface.   

These assignments will be used for the rest of the chapter. 

 

6.3.4.3 Fermi Region Behavior at Multilayer Coverages 

 Both the multilayer and wetting layer peaks were observed in the Fermi region of 

annealed multilayer VONc films, although the area of the wetting layer peak was reduced 

by multilayer coverage due to the limited escape depth of photoelectrons. The multilayer 

peak maintained a Voigt profile and also shifted to higher binding energy as depositions 

were performed between 1 MLE and 15 MLE.  A near-linear shift of the multilayer peak 

was measured (Figure 6.10) until the thickness reached what was considered a bulk-like 

deposition of 15 MLE.  This shift translated into a 310(20) meV binding energy 

difference between the start of the second layer and “bulk.” 
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Figure 6.10:  Binding energy of the multilayer VONc HOMO as a function of coverage. 

The binding energy increases near-linearly until reaching bulk-like values of 

approximately 1.1 eV.   

 

 The area of the multilayer feature grew in a linear fashion over the course of the 

sequential deposition as shown in Figure 6.11. This trend suggests that film integrity was 

maintained over the course of the two-week period needed to acquire the data, and that 

the deposition parameters were sufficiently robust to provide uniform depositions.  A 

sudden break can be seen in the trend at the seventeenth deposition.  While this deviation 

may be the result of a phase transition in the film, a systematic drop in collection 

efficiency cannot be ruled out due to a lack of direct experimental control over the 

luminosity of the He Iα source and the detection efficiency of the electron multiplier. 
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Figure 6.11:  Area of the VONc multilayer HOMO (peak M) as a function of coverage. 

The area increases nearly linearly as a function of coverage as expected.  A break in the 

trend is seen between 16 and 17 Å. This may be due to a phase transition or a change in 

photoelectron detection efficiency of the spectrometer. See text for details. 

 

6.3.4.4 Work Function Change at (Sub-)Monolayer Coverage 

  As discussed in Chapter 5, the work function is a measure of the far-field 

electrostatic potential at the interface.  In the VONc/Au(111) system the work function 

dropped by 450(30) meV during the first 1 Å deposition, more than half of the overall 

work function shift of the 1 ML film and indicative of a strongly non-linear process. The 

work function continued to drop, more gradually with subsequent depositions, until a 

discontinuity (≈ 80 meV) was reached at 1 MLE as shown in Figure 6.12.  The SECO in 

each of the sub-monolayer spectra is very sharp with a clearly defined, single slope seen 
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from the derivative spectra in Figure 6.13a. This indicates that VONc domains were not 

present on Au(111) after annealing and that the far-field electrostatic environment above 

the surface remained homogeneous throughout the formation of the first monolayer, since 

island formation would give rise to a vacuum level from Au(111) domains and a separate 

vacuum level from VONc/Au(111) patches. 

 

Figure 6.12:  Work function change of Au(111) as a function of VONc coverage.  Three 

different regions are identified by color. The first region (green) consists of monolayer 

growth, in agreement with the HOMO data.  The second region (red) is characterized by 

a near linear change in the work function and will be described in Section 6.3.4.5.  The 

third region (blue) represents the onset of bulk-like behavior. 
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6.3.4.5 Work Function change at Multilayer Coverages 

Multilayer VONc films demonstrated more complex growth behavior than the 

first VONc monolayer.  The work function continued to decline, and another ≈ 4 MLE 

were necessary to reach a steady state at approximately 4.15 eV (Figure 6.12).  This 

suggests that the while the first MLE of VONc formed an ordered ML film on Au(111), 

similar in density to the first layer on HOPG, the second layer had a much more densely 

packed adsorption geometry. Additionally, this layer demonstrated an inhomogeneous 

growth mode as is evident from the derivative spectra shown in Figure 6.13a.  The 

spectra of the first 7 Å (≈ 1.75 MLE) show a single well-defined peak in the SECO 

derivative, indicating that no long-range disorder larger than the characteristic lateral 

dimension needed to establish a far-field work function exists on the surface.  However, 

rather than showing the completion of the second layer as was expected, the spectrum of 

the eighth deposition  (≈ 2 MLE) shows a well-defined second feature emerging in the 

SECO derivative. This strongly suggests domain formation and the non-uniform growth 

continued until 5 MLE of VONc had been deposited, at which point the film began to 

take on the uniform character of bulk VONc.   
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Figure 6.13: (A) SECO derivative spectra of a sequential deposition of VONc on 

Au(111). Notice the sharp peak in the derivative spectra during monolayer growth (0-4 

Å) indicating that the VONc is not segregating on the surface.  The SECO derivative 

signal shifts discretely from 4-5 Å with the onset of multilayer growth.  The SECO 

derivate spectra remain well-defined from 5-7 Å.  From 9-14 Å the SECO consists of 

multiple components indicating phase segregation on the surface.  After 15 Å the SECO 

derivative begins to reconsolidate, moving towards a bulk-like value of the work 

function. (B) Raw SECO spectra shown for comparison.  Note the benefits of the SECO 

derivative spectra for acquiring additional chemical information. 
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6.3.5 Surface Dynamics of Multilayer VONc on Au(111) 

 The growth of multilayer VONc films on Au(111) became inhomogeneous 

between depositions of 2 – 4 MLE, as evidenced by the multiple inflection points in the 

derivative spectra shown in Figure 6.13a. Surprisingly, the SECO moved to lower energy 

as a function of time after annealing.  In order to account for this movement, all SECO 

measurements were obtained at 30 minutes after annealing (sample at room temperature) 

and again after an additional 90 minutes.  These two measurements were then averaged, 

contributing to the measurement uncertainty reflected by the larger error bars around 10 

Å thickness in Figure 6.12.   

 In order to further investigate this phenomenon, a series of scans were taken at a 

thickness of 10 Å using the Moviemaker VI described in Chapter 4.  The resulting 36 

scans were approximately 2 minutes apart and showed a gradual shift in both the work 

function as measured by the SECO as well as the inflection points of the SECO as 

measured by the derivative spectra.  Snapshots of the spectra are shown in Figure 6.14 at 

0, 35 and 70 minutes.  

 To maintain measurement rigor, the work function of these spectra was 

determined using the highest binding energy inflection point and using the protocol 

described in Chapter 2.  While this approach provided the most consistent measurement, 

the work function of a phase-segregated binary mixture is not a well-defined quantity in 

UPS, as discussed in Chapter 1. The spectrum represents a linear combination of its 

components and these are analytically inseparable without the use of a spatially resolved 

technique as described in Chapters 3 and 4.  While these measurements cannot be 
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considered true work function values, they do reflect the film composition as the overall 

“work function” will appear to decrease as low work function domains grow in relative 

area.   

The measured work function determined in this manner changed from 4.49(1) eV 

to 4.45(1) eV within the first 35 minutes and then changed by an additional 20(10) meV 

after 70 minutes.  Changes after 70 minutes were negligible.  As shown in Figure 6.14b, 

these SECOs were composed of two different inflection points, both of which moved to 

lower binding energy at different rates.  The higher binding energy inflection moved by a 

total of 70(10) meV while the lower binding energy inflection moved by 40(10) meV.  

This behavior was found to be completely reversible and reproducible as additional 

anneal cycles would reset the work function to its freshly-annealed value and the shift of 

the SECO to higher binding energies would recommence with identical magnitude and 

over similar duration.  The repeatability of the measurement indicates that in these films 

the anneal cycle would drive the film away from its equilibrium composition; providing 

sufficient energy to populate unfavorable confirmations.  This behavior may be 

analogous to a temperature-induced phase transition, and is in stark contrast to the effect 

of annealing on sub-monolayer VONc films which consolidates populations.   
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Figure 6.14:  (A) SECO spectra of annealed 10 Å VONc on Au(111) immediately after 

returning to 25 °C (0 minutes, black), after 35 minutes (red) and after 70 minutes (blue). 

The measured SECO is indicated by a black bar. (B) SECO derivative spectra of the same 

showing the movement of the inflection points.  Note that the inflection points are 

moving at different rates as indicated by the dashed lines. 
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6.4 Discussion 

6.4.1 VONc Film Growth on Au(111) 

 As shown in Chapter 5, UPS can give insight into the geometric arrangement in 

thin films of organic semiconductors on weakly coupled surfaces, as these arrangements 

often have a profound influence on energy level alignment and photoemission behavior.   

In the HOPG/VONc system, multiple surface orientations were found that included in 

order of decreasing stability O-down, O-paired, and O-up populations. On the Au(111) 

surface, only two populations were identified and these were assigned to a wetting layer 

and a multilayer phase.   Molecules in the VONc monolayer adopt most likely an O-up 

configuration based on scanning tunneling spectroscopy reports of the closely related 

VOPc on polycrystalline Au(111) by the Barlow group.
261,262

  These assignments have 

since been corroborated on single crystalline Au(111) (22 x √3) by photoelectron 

diffraction studies.
263

  

 It is therefore necessary to rationalize the absence of O-down states on the 

Au(111) surface since the second population (peak M) corresponds to multilayer 

formation.  With a work function of 5.5 eV, the Au(111) surface has a far higher 

electrostatic potential than the vast majority of metallic surfaces, Ir(111), Os(111), 

Pd(111) and Pt(111) being the only exceptions.
264

  This results in a work function change 

of 0.74(2) eV between the pristine surface and the 1 ML VONc film.  As this potential 

change is to first order tracked by the binding energy of the VONc HOMO, it is occurring 

locally in the molecular near-field which has a dimension on the order of 1 nm.
265,266

  

This potential gradient implies an electric field of greater than 7.4 MV/cm. 
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Assuming that the molecular dipole is equivalent to its value on HOPG, the 

difference in energy between an O-up and O-down molecule, neglecting any specific 

differences in surface/molecule interaction energies, would be over 120 meV as given by: 

        6.3 

with a potential difference ΔU, a molecular dipole μ and an electric field magnitude E. 

The energy difference is much greater than the thermal energy at room temperature (≈ 25 

meV), anneal temperatures (≈ 35 meV) or sublimation temperatures (≈ 65 meV).  As 

demonstrated on both HOPG and Au(111), the barrier to reorientation must be on the 

order of 35 meV to be accessible under such mild (≈100 °C) annealing conditions.  In the 

classical electrostatic picture, the potential energy of a dipole in an electric field is given 

by: 

        6.4 

The potential energy is minimum when the dipole is parallel to the field, zero when the 

dipole is parallel to the field and at an unstable maximum when the dipole is anti-parallel 

with the field. The angle-dependent potential gradient introduces a torque on the dipole, 

and the magnitude of the torque is proportional to ΔU from Equation 6.3. Since ΔU is 

much greater for Au(111)/VONc than HOPG/VONc, the torque on the molecular dipole 

is sufficient to overcome the reorientation barrier and prevent formation of a stable O-

down population. The lack of O-down states is therefore attributed to the interaction 

between the molecular dipole and the surface potential gradient.   

Also different from HOPG/VONc, the multilayer feature of Au(111)/VONc is not 

immediately assignable to a true “paired” state as observed e.g. in Chapter 5. In some 
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cases, “paired” polar phthalocyanines on inert surfaces form strongly coupled dimers, 

where the coupling is strong enough to split the degenerate dimer energy levels.
267

  The 

generation of a paired state relies on the degeneracy of one O-up and one O-down VONc 

molecule such that the photoelectron spectrum of the resulting dimer behaves as a single 

entity.  Here, however, the molecular electronic structure in the wetting layer is 

sufficiently altered by the Au(111) surface that no such degeneracy is expected to exist. 

The low apparent binding energy of the first VONc ML when compared to the 

HOPG/VONc system suggests that electron density may have been transferred from the 

Au(111) surface to the molecule. It is also likely that greater photohole screening is 

provided by the Au(111) surface; however, as photohole screening is a final state effect, 

it does not alter the coupling between neutral molecules, and partial charge transfer is 

more likely in this instance. In either case it is not surprising that the wetting layer and 

the second layer are distinct in the UP-spectra.  

This argument does, however, include the implicit assumption that the second 

molecular layer lies inverted with respect to the wetting layer, as found on HOPG.
47

  In 

many cases such as NiPc and CuPc on Si(100)(2x1) the porphyrazine adopts a different 

geometry on the surface once a wetting layer has been deposited.
257

  

(Naph)phthalocyanines are commonly polymorphic and adopt a range of stable crystal 

structures. The α-phase is a herringbone structure which can place the ring axis 

orthogonal to the surface.
268

  CuPc has also been shown to adopt a tilted geometry as 

early as the second monolayer on HOPG.
222
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As seen from the multiple inflection points in the SECO in Figure 6.13, the region 

between 1.75 MLE and 4 MLE is likely dominated by polymorphism including the 

nucleation and growth of small VONc crystallites.  These multiple growth regimes are 

also visible when one considers the change in FWHM of the wetting and multilayer 

HOMO features as a function of coverage as shown in Figure 6.15.  The wetting layer 

HOMO broadens by over 25% from its initial width as the first monolayer is grown, 

indicating an increase in disorder.  It is not until the first monolayer is complete and the 

second monolayer has begun that this disorder is reduced back near its original value.  

A similar effect is visible in the widths of the multilayer feature shown in Figure 

6.15b.  This feature showed significant FWHM broadening between depositions of 2 and 

4 MLE, in agreement with the polymorphism visible in the derivative spectra.  Disorder 

in the multilayer feature also begins to decrease as the film approaches bulk character in 

agreement with the SECO data.  
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Figure 6.15: (A) FWHM of the wetting layer feature (peak W) as a function of coverage. 

The width of the feature increases until the start of the multilayer growth; likely due to 

the ordering associated with a complete monolayer.  Peak W is still visible as thickness 

increases but broadens considerably.  This implies that (i) there are patches of surface 

accessible covered only the wetting layer and (ii) multilayer VONc is interacting with the 

wetting layer and broadening the feature.  (B) FWHM of the multilayer feature (peak M) 

as a function of coverage. Three growth regimes can be assigned in conjunction with 

SECO derivative data in Figure 6.13.  The first regime (red, corresponding to a well-

defined SECO derivative) shows a very narrow FWHM.  The second regime (blue, 

poorly-defined SECO derivative) corresponds to disordered growth and the third regime 

(green, well defined SECO derivative) corresponds to the transition towards bulk 

behavior. 



 266 

 

6.4.2 Ionization Potential of Multilayer VONc on Au(111) 

 As shown in Figure 6.10, the binding energy of multilayer VONc on Au(111) 

increased by 300(20) meV between the fifth Å deposited (1.25 MLE) and the sixtieth Å 

deposited (15 MLE). However, the global work function decreased by 540(20) meV over 

the course of these same depositions.  As the work function and binding energy must shift 

by identical amounts to maintain the IP of the organic semiconductor, this discrepancy 

immediately demonstrates that the IP of the VONc multilayer did not stay constant over 

the course of the experiment. 

The IP of the multilayer feature as a function of deposition thickness is presented 

in Figure 6.16.  Here it becomes apparent that two distinct IP regimes exist:  A regime in 

which the IP is falling approximately linearly as a function of coverage, and a regime in 

which the IP rebounds asymptotically towards a value slightly below 5.3 eV, in 

agreement with reports for the related ZnNc.
269

    

 In understanding this behavior it is helpful to consider the experimental system of 

tris-(8-hydroxyquinoline) aluminum (Alq3) on polycrystalline Ag.
190

  In the Ag/Alq3 

system it was shown that the binding energy decreased as a function of coverage during 

completion of the first ML and then increased in subsequent depositions.  The initial 

decrease was explained as a stabilization of the final state by the intermolecular 

polarization energy.  The subsequent increase in the binding energy was attributed to 

decreased photo-hole-stabilization energy when compared to the close proximity to the 

metal surface of the first monolayer.  In that study the IP rebounded by approximately 
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200 meV, in agreement with the photo-hole stabilization energy difference seen between 

19 Å of VONc and bulk films.   

 However, it is difficult to reconcile the distance from the surface at which this 

reversal occurs. In the Alq3/Ag system the increase in binding energy began at the 

second monolayer.
190

  In the VONc/Au(111) system the surface-hole stabilization energy 

does not begin to decay until approximately 19 Å or 4.75 MLE have been deposited.  

These data can be rationalized only when one considers that the second monolayer is now 

standing with the ring plane tilted with repsect to the surface.  A simple calculation of the 

ratio of the width of the ring system, ≈1.7 nm, to the “height” of the molecule normal to 

the ring, ≈4 Å, shows that in a standing geometry the lateral packing density would be 

approximately four times higher than in a planar geometry.   This would result in a 

discontinuity at 5 MLE when the third monolayer is begun, precisely as observed. The 

units of MLE have been therefore somewhat misleading.  In this case, due to the different 

molecular densities between the wetting layer and the second layer, MLE refers to the 

number of wetting-layer equivalents.   

As the third ML is begun, photo-hole stabilization from the metal surface is 

reduced, leading to an increase in the IP.  This effect is described by the image potential 

between the final-state cation and the metal and has been well characterized in thin films 

on metal surfaces.
190,270

  In an amorphous film, the magnitude of this effect can be 

calculated using a classical dielectric continuum model (DCM) of the interaction.
271

  

However, application of the DCM to the ordered anisotropic film used in this study is 

problematic.
270
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Figure 6.16:  Ionization potential of the VONc multilayer determined by adding the peak 

M binding energy to the work function.  The binding energy starts at 5.48(2) eV, 

decreases steeply from 5 - 19 Å reaching a minimum at 5.08(2) eV and then recovers to 

5.26(2) eV at 60 Å. The minimum of the IP is most likely a final state effect due to 

screening of the photohole near the metal surface. 

  

6.4.3 Applicability of the Near-Field/Far-Field Model 

As seen from Chapter 5, the applicability of the Topping fit to the work function 

of sub-monolayer VONc on HOPG implied a coverage-dependent molecular spacing. It 

was however, unknown whether this 2D-gas-like behavior would carry over to the 

Au(111) system. Phthalocyanines have been shown by STM to diffuse on the 

polycrystalline Au(111) surfaces at room temperature, however the strong interaction 

between VONc and the current system makes free lateral diffusion of the molecules at 

room temperature uncertain.
272

  2D-gas like behavior has, however, been observed with 
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both SnPc and chloro[subphthalocyaninato]boron(III) on the more reactive metal 

Ag(111) surface.
273,274

  Additionally, CuPc has been demonstrated to diffuse rapidly on 

the single crystalline Au(111) (22 x √3) surface at room temperature leading to a lack of 

any appreciable domain formation before a full ML is reached.
256

 The single inflection 

point found in the SECO derivative spectra of sub-monolayer films as shown in Figure 

6.13b is indeed consistent with a 2D-gas of VONc on Au(111). Domain formation would 

have shown two well-separated inflection points as the work function of monolayer 

Au(111)/VONc is 0.74(2) eV lower than the work function of pristine Au(111) (22 x √3).  

In order to test the possibility of a 2D gas on Au(111), a Topping fit was 

attempted on the work function change as a function of VONc coverage as shown in 

Figure 6.17. The result shows excellent agreement between the data and the Topping 

model. The resulting fit of two free parameters, the intrinsic dipole normal to the surface 

   and the zz-component of the polarizability αzz, using the five data points available 

provides a robust fit.  The model suggests an intrinsic dipole of -18.1(6) D and a 

polarizability tensor element of 1.18(7) nm
3
. This is of course very different from the 

values of 2.7 D and 0.34 nm
3
 measured for VONc on the HOPG surface.     

 This disparity is due to electronic changes of the Au(111) precipitated by VONc 

monolayer formation. In the current system both the surface/molecule potential and the 

molecule/vacuum potential are changing simultaneously.  This is in contrast to HOPG 

where only a molecule/vacuum change was produced.  For the non-polar CuPc on 

Au(111), work function changes have been reported in the range of 1.1-1.2 eV.
275,276

  The 

interface dipole in that instance was due entirely to push-back and charge transfer effects 



 270 

as no molecular dipole exists.  This Topping fit is determining the sum of the Au(111) 

dipole and molecular dipole contributions.  Using the assumption that these interactions 

are orthogonal and sum linearly implies that the effective dipole generated per VONc 

molecule deposited is -21(1) D, a calculation easily testable through the deposition of a 

non-polar naphthalocyanine on Au(111).  However, it is also possible that the image 

dipole produced in Au(111) is also a significant contributor in which case the non-polar 

case would yield -24(1) D, since the molecular dipole would in effect be doubled.  These 

values are separated by a sufficient amount to yield a quantitatively testable hypothesis.  

In fact, it appears very likely that the image dipole is playing a significant role as the 1 

ML work function shift in this study is only -0.74(2) eV, and would require the 

subtraction of twice the work function shift of VONc on HOPG (0.21(2) eV) to reach the 

range of values found for non-polar Pc’s on Au(111). 

 While the dipole contributions of Au(111) and VONc can be reasonably expected 

to sum linearly, the same is not immediately clear for the polarizability.  While the 

molecular polarizabilities of simple molecules such as polyacenes
277

 increases 

approximately linearly with the number of fused benzene rings, the complexity of the 

Au(111)/VONc interface makes a generalization to this system problematic, as the 

polarizability of the metal is an undefined quantity. However, the value of 1.18(7) nm
3
 

measured here is four times larger than the molecular polarizability measured for VONc 

and is likely due to the very polarizable gold surface.  Again, in order to separate out the 

effects of the molecular polarizability from the substrate polarizability further 

investigations are required. In this case, however, rather than eliminate the molecular 
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dipole it would be more prudent to proceed by systematically changing the porphyrazine 

ring size and hence the molecular polarizability. 

 The successful fit of a Topping model to the work function change of VONc on 

Au(111) does, however, imply a somewhat troubling conclusion.  While it is reasonable 

that the molecular dipole and its image behave to a good approximation as point dipoles, 

the same is not immediately obvious for dipoles produced by push-back and charge 

transfer effects.  It has been shown however, that the Topping model will still hold 

functionally in cases where finite size effects operate, as is the case with SAM’s.
278,279

  

The molecular polarizability in these cases must be considered effective local 

polarizabilities and are no longer representative of the true molecular polarizability tensor 

element.
280

 

 

Figure 6.17:  Topping fit to the (sub)monolayer work function change of 

Au(111)/VONc. 



 272 

  The potential change occurring at the Au(111)/VONc interface is very different 

from the change at the HOPG/VONc interface.  For VONc on HOPG the work function 

change occurs in the far field due to the synergistic effects of molecular dipoles, with 

little potential change due to the surface interaction. This is evident from spectra of non-

polar phthalocyanines on HOPG, which produce negligible work function changes.   

In the present study the surface itself is highly polarizable, and most of the 

potential change due to interface formation is localized in a reorganization of the surface 

wave function, i.e. through exchange effects and charge transfer.  The high-dielectric 

nature of the metal-molecule interface leads to a contraction of the length scales relevant 

to the near-field/far-field argument. Localization of the interface dipole between the 

metal and adlayer couples the molecular energy levels to the work function change, an 

effect manifested by equivalent shifts in molecular binding energy and work function.  

The preceding evidence for coverage dependent depolarization implies that near-

field electrostatic effects should still be active in altering molecular energy levels at the 

VONc/vacuum interface.  In the HOPG/VONc system described Chapter 5, it was seen 

that the binding energy of the VONc molecular HOMO changed as a function of 

coverage according to a depolarization-style model.    

The more appropriate application of near-field modification in the current system 

is to the IP of VONc which effectively subtracts the Au(111)/VONc interface 

contribution of the potential change.  The second deposition (0.5 ML, first deposition 

with visible HOMO density) has an IP of 5.34(2) eV, followed by a gradual increase in 

the IP until the complete ML is formed.  The HOMO depolarization fit used in Chapter 5 
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relies on three free parameters; the HOMO position of a molecule with full dipole Eμ=μ0, 

the difference in HOMO position between a molecule with full dipole and zero dipole 

ΔEμ=0, and the molecular polarizability αzz. With only three data points, the fit to the IP of 

VONc on Au(111) (0.5 ML, 0.75 ML, 1 ML) will obviously be over-parameterized.  

However, if the values of αzz and ΔEμ=0 are replaced with the values from the 

HOPG/VONc study, 0.34 nm
3
 and 0.17 eV respectively, then the fit relies on a single 

parameter and useful chemical information can be extracted.  

 As shown in Figure 6.18, the fit is successful and yields an IP for a VONc 

molecule on Au(111) with zero dipole of 5.48(2)  eV.  This IP is precisely the value 

measured for the initial stage of growth of the second monolayer.  This result also 

suggests that the second monolayer of the VONc/Au(111) system is either of the paired 

variety or sufficiently tilted as to make the net molecular dipole component perpendicular 

to the surface approximately 0 D.   
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Figure 6.18:  Near-field depolarization treatment of the IP of (sub)monolayer VONc on 

Au(111).  The fit uses αzz = 0.34 nm
3
 and ΔEμ=0 = 0.17 eV measured from VONc on 

HOPG to correctly predict the 5.48(1) eV IP of the low-coverage multilayer film. MLE 

corresponds to the density of the first ML. See text for details. 

 

 The presented model of (sub)monolayer VONc on Au(111) is summarized in 

Figure 6.19 and can be described as follows:  ML growth of VONc on Au(111) occurs 

with a coverage dependent spacing, inducing effective dipoles in the electronic spill-out 

of the Au(111) surface. These effective dipoles, while very different from point dipoles, 

still follow a Topping-style depolarization model due to the similar nature of the physics 

involved.  Despite the proximity of the molecules to the surface, the fine-grained and 

polarizable nature of the spill-out brings the potential change induced by all molecules 

into the frame of each individual molecule (far-field behavior). The Au(111) spill-out is 

reduced, and interacts with the VONc molecules as if they were in the homogeneous and 
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un-corrugated potential of the far-field. However, as the intermolecular spacing between 

VONc molecules decreases, the molecular dipoles interact in a manner identical to that 

found in the HOPG/VONc system.  The molecules depolarize at the VONc/vacuum 

interface leading to a binding energy that deviates from that expected of a non-polar 

molecule.  This effect is visible in the molecular IP because a binding energy change due 

to the Au(111)/VONc interface is occurring simultaneously.    

 

Figure 6.19:  Cartoon summarizing the electrostatic interactions occurring at the 

Au(111)/VONc interface. See Section 6.4.3 for details. 
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6.5 Conclusions 

 In conclusion, I have presented a detailed study of the energy level changes that 

occur during the growth of VONc thin films on the reconstruction of Au(111).  The 

agreement of the work function change with a Topping polarizability model suggests a 

coverage dependent effective dipole and significant mobility of the first monolayer. The 

model also shows that push-back and charge transfer effects are the dominant 

contributors to interface dipole generation.  Analysis of the binding energy of multilayer 

films shows that the second monolayer forms a highly tilted structure with limited 

stability during growth. Additionally, near-field depolarization effects have been 

identified in the ionization potential of the first monolayer, identical to those found in 

HOPG/VONc.  This agrees with the conjecture in chapter 5 that depolarization effects 

indeed alter molecular energy levels, and that this argument is also applicable to strongly 

interacting substrates. 
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CHAPTER 7 

 

2PPE OF THE AU(111)/VONC SURFACE INTERACTION 

 

7.1 Introduction 

In the previous chapters I have shown that subtle intermolecular interactions can 

cause profound changes to the interfacial electronic structure of the metal/organic 

interface. In Chapter 6, the occupied manifold of states localized at the Au(111)/VONc 

interface was examined using photoelectron spectroscopy. In that study, it was 

demonstrated that both the Au(111)- and VONc-derived states were affected by interface 

formation.  The Au(111) electronic structure was sufficiently altered by adsorption to lift 

the surface reconstruction, as evidenced by suppression of the Tamm surface state. 

Additionally, the Au(111) Shockley surface state (SS) was undetectable after depositions 

≥ 0.5 ML of VONc in coincidence with the surface geometry change.  The HOMO 

binding energy of a complete VONc ML was measured as 0.61(1) eV on Au(111) – far 

more destabilized than the 0.86(1) eV binding energy measured for 1ML VONc on 

HOPG.   

 The question of the nature of the VONc/Au(111) interaction remains.  The 

inference of a 2D-gas in Chapter 6 is consistent with a weakly-bound physisorptive 

interaction, as the repulsive regime of the intermolecular interactions must be greater than 

the local attraction between the molecule and the surface.   However, the destabilization 

of the VONc binding energy by 250 meV, the lifting of the Au(111) reconstruction and 

the large interface dipole formation of 0.74(2) eV all suggest a more complex interaction. 
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Image states (IS) are sensitive probes of interactions at interfaces and in particular 

of electrostatic interactions because image states are of a purely electrostatic origin.
30

 

These unoccupied states are freely dispersive in the surface plane, but are confined to the 

interface in the surface-normal direction by a hydrogenic potential.  IS at the interface of 

a metal surface and a molecular thin film can, however, be profoundly altered by an 

adsorbate layer. The sign and magnitude of the adsorbate EA alters the potential of the IS 

electron.  IS have been used to successfully investigate the coupling of molecule- and 

metal-derived states.
281

    

In this chapter I use angle-resolved two-photon photoemission (AR2PPE) to 

investigate the occupied and unoccupied surface states of the Au(111)/VONc interface.  

The 1 ML VONc-covered Au(111) n = 1 image resonance is shown to maintain a free-

electron-like dispersion and a binding energy equivalent to that of a hydrogenic  

potential.  The orientation of the VONc ML is discussed in light of the negligible 

perturbation of the image potential.  Surprisingly, the Shockley surface state is shown to 

persist beneath the adlayer.  Its binding energy and effective mass are, however, 

significantly altered.  These results are compared against literature reports of 

Au(111)/organic interfaces and the VONc physisorption energy is determined.  Finally, 

the population mechanism of the image resonance is examined. 
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7.2 Materials and Methods 

 The Au(111) (22 x √3)/VONc system was prepared in a manner identical to that 

used in Chapter 6.  The surface quality and deposition thickness were tested extensively 

by ARUPS before starting single-color angle resolved AR2PPE.   

 The laser and optical path are described in detail in Chapter 2.  An autocorrelation 

of the fundamental wavelength of the Ti:Sapph laser was taken at the beginning of each 

day to ensure temporal stability, with a typical result of ≈ 80 fs in duration.  The power 

and spectrum of the tripled beam were recorded before and after data acquisition. When 

integration times greater than one hour were required, the laser power was checked 

intermittently to keep tripled power within the range of 20-25 mW (250-310 nJ per 

pulse).   

 Scans were acquired using the Moviemaker application described in Chapter 4 

which saved each individual scan for manual summation.  This allowed for monitoring of 

spectral changes on the timescale of 3-5 minutes.  No evidence for space charge or beam-

induced photo-damage was observed. 

All TPPE spectra were collected at room temperature and the photoelectron 

kinetic energies were referenced to the Fermi energy EF.  For the spectra shown here, a 

lens aperture provided an angular resolution of ±1.5°.  A 3 V sample bias and a pass 

energy of 5 eV were used in all spectra. From deconvolution of the Fermi edge of the 

Au(111) surface, a Gaussian spectral broadening of 110 meV was determined using these 

conditions. This is the result of spectrometer resolution and the spectral width inherent to 

the fs-laser pulse. 
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 For this set of experiments, EF was determined by fitting spectra to a Fermi 

function.  The “temperature” of the function was allowed to vary to accommodate 

broadening due to the spectrometer.  In order to determine whether this method of EF 

determination was appropriate, a plot of excitation energy vs. measured kinetic energy 

was produced.  As can be seen in Figure 7.1 the slope of linear fit is 1.99(1), which is 

very close to the value of 2 expected for coherent 2-photon excitation from the occupied 

Fermi edge.  Based on the success of this method, it was determined that peaks near the 

Fermi edge could be more accurately represented by multiplying all functions by a Fermi 

function. Sometimes multiple peaks were close enough to the Fermi edge to warrant 

modification by Fermi functions.  When multiple Fermi-modified fitting functions were 

used, the temperatures and EF values used to define the Fermi functions were all linked 

programmatically so that they would be identical. 
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Figure 7.1: Plot of photon energy vs. kinetic energy of the Fermi edge electrons using a 

Fermi function fit methodology.  The plot has a slope, Δ = 1.99(1) due to the 2-photon 

nature of the photoemission process.  The fit is linear and implies that both the 

photoelectron and laser spectrometers are well-calibrated.  This plot also demonstrates 

that the Fermi edge fitting methodology is robust. 
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7.3 Results 

7.3.1 2PPE of Pristine Au(111) (   √ ) 

On pristine Au(111) the upper edge of the surface projected L-gap is located 3.6 

eV above EF.
282

 Image states above this energy can couple with the Au(111) bulk states 

forming an image resonance.  This strong coupling from surface to bulk leads to a very 

fast decay pathway and hence a short lifetime of the image resonance.  This is manifested 

in the spectra as a broad feature of relatively low intensity.  Additionally, the work 

function of Au(111) is 5.45 eV, placing the energy of the n = 1 IS (IS1) of pristine 

Au(111) at approximately 4.6 eV above EF (0.80 eV below Evac).
56

  It is therefore 

impossible to promote an electron into IS1 using an excitation energy < 4.6 eV as shown 

in Figure 7.2.  This is in contrast to coherent 2PPE of occupied states where any two 

photons that sum to a value greater than the ionization potential or work function are 

capable of producing photoelectrons.  A populated image state can only be detected from 

the bare Au(111) surface using excitation energies > 4.6 eV; however, transitions to the 

image state at these high excitation energies are near-resonant with the occupied SS 

(denoted as n = 0).  This makes resolving the overlapped SS and IS1 in spectra of pristine 

Au(111) very difficult due to spectral interference.   
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Figure 7.2: (A) Excitation schemes for the unoccupied image state and the occupied 

Shockley surface state.  Population of the image state requires an excitation energy > 5.45 

eV – 0.80 eV = 4.65 eV.  The Shockley surface state can be ionized as long as the photon 

pair has a total energy > 5.45 eV + 0.36 eV = 5.81 eV.  Energies given are for normal 

emission. (B)  Expected final state energies for the first image (n = 1) and Shockley (n = 

0) states of Au(111).  The image state is only accessible using photon energies that give a 

final state energy very near that of the Shockley state.  A resonance occurs where the two 

lines cross. At this wavelength the image state can be populated from the Shockley state 

and the two are spectrally indistinguishable.   

 

As shown in Figure 7.3 the image state of Au(111) was resolved by taking 

advantage of the large dispersion of the Au(111) SS and acquiring the spectrum at an 

angle of 6° with respect to the surface normal.  As the SS has an effective mass of 0.36(2) 

me (measured in Chapter 6), it is far more dispersive than IS1 with its effective mass of 1 

me.
56

 Values of k|| that would lead to photoemission at this angle are not populated for the 

SS.  In contrast, the image state has only dispersed by approximately 100 meV. As 
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expected, the image state feature is quite broad with a FWHM of 0.46 eV, indicative of 

the image resonance character of the state.  

 

Figure 7.3: AR2PPE spectrum of the image state (n = 1) and Shockley state (n = 0) of 

pristine Au(111) (22 x √3)taken using an excitation wavelength of 760 nm (4.9 eV) at an 

angle of 6° from normal emission. Peaks are fit using a Gaussian function multiplied by a 

Fermi function.  The baseline is a constant multiplied by a Fermi function.  While the 

image state is near-resonant with the SS at this excitation energy and k|| = 0, the greater 

dispersion of the SS separates the features. The residuals of the fit are shown at bottom. 

 

7.3.2 2PPE of 1 ML VONc on Au(111) 

 In order to identify features in the AR2PPE spectra of 1 ML VONc on Au(111), 

multiple excitation energies were used to probe the interface as shown in Figure 7.4.   
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Figure 7.4: AR2PPE spectra of 1 ML VONc on Au(111) from 740 nm to 930 nm at 0° 

emission showing fits to three populations.  Note the different intensity scales. See text 

for details. 

 

Only a single feature, shown below to correspond to IS1, was visible in the Fermi region 

of the spectrum when exciting with 5.16 eV.  As the excitation energy was lowered, 

Feature IS1 skewed towards higher final state energy and two additional features became 

evident. The first of these features had a binding energy consistent with that of the 
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HOMO of 1 ML Au(111)/VONc measured by UPS in Chapter 6 and was assigned as 

such.  Located very close to EF, the third feature was immediately suspected as emission 

from the modified SS and was assigned accordingly.  These assignments can be seen in 

Figure 7.4 and will be further justified below.   

 The three features were successfully fit using a global fitting routine of all eight 

spectra using the Fermi-modified Gaussian functions described in the experimental 

section.  IS1 was better-fit using split Gaussians at the three highest excitation energies to 

account for skew in the feature. This skew can be attributed to a resonant interference 

between multiple accessible excitation pathways (i.e. Fano profiles); although 

interference between group velocity dispersion and third order dispersion of fs pulses has 

also been shown to produce asymmetric peak shapes.
283

  Widths and positions of the 

features were allowed to vary to account for resonant enhancement at spectral feature 

overlap and wavelength dependence except for the distance between the VONc HOMO 

and the Fermi edge which was fixed at 0.61 eV given the higher resolution afforded by 

UPS.   

 When the final state energies of IS1 and SS are plotted as a function of excitation 

energy (Figure 7.6), it becomes apparent that the feature with a slope of 1.09(5) and 

assigned as IS1 corresponds to photoemission from an unoccupied state and the feature 

with a slope of 2.05(4) and assigned as the SS corresponds to photoemission from an 

occupied state. The states cross at an apparent resonance at approximately 4.1 eV, which 

agrees with the apparent signal-to-background gain seen in the spectra when exciting near 

that energy (Figure 7.5).   



 287 

 

Figure 7.5: Signal-to-background measurements of the AR2PPE spectra shown in Figure 

7.4.  Signal was determined as the maximum in each spectrum associated with IS1 and 

not the height of the peak associated with IS1 to account for indistinguishability between 

the absolute contributions of overlapping peaks.   
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Figure 7.6: Photon energy dependence on the final state energy of peaks SS and IS1.   

Peak IS1 has a dependence of Δ = 1.09(5) corresponding to photoemission from an 

unoccupied state and peak SS has a dependence of Δ = 2.05(4) corresponding to 

photoemission from an occupied state. 

 

A set of spectra were taken as a function of photoelectron collection angle to 

determine the dispersive characteristics of each state.  An excitation energy of 4.89 eV 

was chosen for the experimental series as this spectrum at 0° showed adequate separation 

and intensities of all spectral features.  Examples of these spectra are shown in Figure 7.7.  

Little to no dispersion was identified in the HOMO feature in agreement with ARUPS 

data
284

 of VONc on Au(111), however both IS1 and SS were seen to move to higher final 
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state energies at high photoemission angles, giving rise to free-electron-like parabolic up-

dispersions as shown in Figure 7.8 and Figure 7.9.   

From these fits, an effective mass of 0.90(9) me is obtained for IS1 and a band 

origin at k|| = 0 corresponding to a final state energy of 8.77(2) eV.  However, image 

states report on the local electrostatic environment and are therefore referenced to the 

vacuum level, yielding a binding energy of 0.87(2) eV.  Both the band origin and 

effective mass of the peak are therefore in excellent agreement with the physical 

characteristics of a freely dispersive image state possessing a near-zero quantum defect.   

Surprisingly, the SS also has an effective mass near unity with a value of 0.97(11) 

me and a band origin with a binding energy of 0.23(2) eV, which is consistent with the 

assignment of a modified Au(111) SS.  The unusually high effective mass of this state 

will be discussed below. 
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Figure 7.7: Representative AR2PPE spectra and fits of the angular dependence on the 

spectral shape. IS1 and SS are seen to shift to higher final state energies at higher angles, 

indicative of dispersive states.  The HOMO feature is localized and does not disperse. 

Both the IS1 and SS peaks appear to be broadening due to the steepening of the parabolic 

dispersion at high collection angles, leading to a greater range of energies that fall within 

the ±1.5° collection range of the analyzer.  
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Figure 7.8: AR2PPE band-map of the Au(111)/VONc SS (n = 0) and IS1 (n = 1) region 

showing the free-electron-like dispersion of both states. The image was generated using a 

Renka-Cline gridding algorithm to map 13 individual spectra.  Data points correspond to 

peak fits such as those shown in Figure 7.7.  A close-up of the parabolic fits is given in 

Figure 7.9. 
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Figure 7.9: Dispersive behavior of the SS (A) and IS1 (B) of 1 ML VONc on Au(111).  

Fits are to a free-electron-like parabola. Residuals are given beneath each fit. The 

residuals of the IS1 fit appear to be somewhat correlated, an effect likely due to 

approximation of the background and spectral interference with the VONc HOMO.  
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7.4 Discussion 

7.4.1 Binding Energy of the n = 1 Image State  

 Because image states are referenced to the vacuum level and Shockley states are 

referenced to EF, interface dipole generation can alter the energy separation between the 

states and facilitate detection.  Interactions between the Au(111) image state and organic 

molecules have been previously studied by Zhu et al.
16,97

  A summary of these findings is 

presented in Table 7.1.  For planar polyacenes (i.e. benzene, naphthalene, anthracene…) 

they found that the binding energy of IS1 does not appear sensitive to the molecule-

specific interaction. This was explained by an absence of coupling between IS1 and 

molecular affinity levels, as well as the planar adsorption geometry of polyacene 

overlayers, providing a several-Å-thin dielectric spacer.  However, a greater perturbation 

of the image potential was seen for 1-hexanethiol on Au(111), where the binding energy 

of IS1 was shown to decrease substantially. 1-hexanethiol forms a S-bound self-

assembled monolayer on Au(111) with the alkane chain projected away from the surface.  

The densely packed alkane layer repels the IS1 potential away from the metal surface, 

decreasing the binding energy of the state due to a screening of the image charge by the 

alkane dielectric.  In the current study, the VONc ML increases the binding energy of IS1 

to 0.87(2) eV from its reported value on pristine Au(111) of 0.80 eV.   

Clearly the VONc is not acting as a simple dielectric, since regardless of the 

thickness of the film, the measured BE should have decreased due to screening.
285

 The 

observed increase in binding energy must therefore be due to coupling of the IS1 state to 

an affinity level of the VONc film as observed for VONc on HOPG.
281

  Affinity level 
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coupling effectively “pins” the binding energy of the Image state level, drawing electron 

density into the molecular film and resulting in stabilization of the BE.
30

  The reported 

BE for IS1 in HOPG/VONc was 1.00 eV, significantly larger than the 0.87(2) eV 

measured here for Au(111)/VONc.
281

  This difference is most likely due to the image 

resonance character of IS1 on Au(111), which couples IS1 more strongly to the bulk and 

limits the IS1-molecule interaction.   

  

7.4.2 Effective Mass of the n = 1 Image State 

In the work of Zhu et al., the Au(111) IS1 effective mass retained free-electron-

like behavior for all of the polyacenes under study except for pentacene.
97

  They reasoned 

that pentacene can form multiple geometric arrangements on the Au(111) surface, and 

that a distortion from coplanar geometry was responsible for introducing corrugation into 

the image potential.  Corrugation of the image potential is well known to increase the 

effective mass of IS1 from unity.  In the current work, the measured 0.90(9) me effective 

mass of the 1 ML Au(111)/VONc IS1 is not significantly altered from the effective mass 

of the pristine surface, indicating that 1 ML VONc is well-ordered and highly coplanar 

with the Au(111) surface.
97
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 Binding Energy vs. 

Vacuum (eV) 

Effective Mass (me) 

Pristine Au(111)
56

 0.86(1) - 

Au(111)/1-hexanethiol
16

 0.60(1) 1.0(4) 

Au(111)/Benzene
97

 0.82(10) ≈1 

Au(111)/Naphthalene
97

 0.92(5) 1.3(3) 

Au(111)/Anthracene
97

 0.90(5) 1.3(4) 

Au(111)/High  Density Pentacene
97

 0.94(5) 3.8(6) 

Au(111)/Low Density Pentacene
97

 0.96(5) 1.9(3) 

Au(111)/VONc 0.87(2) 0.90(9) 

Table 7.1:  Binding energies (E-Evac) and effective masses for adlayer-modified Au(111) 

n = 1 image states.  References are given in the table.  Au(111)/VONc was measured in 

this work.  All values are for 1 ML coverage. 

 

 

7.4.3 Detection of the Shockley Surface State 

 In Chapter 6, the SS of Au(111)/VONc was probed by UPS and undetectable at ≥ 

0.5 ML coverage.  This led to the conclusion that the Shockley state had been destroyed 

by the interaction potential of the VONc adlayer.  However, it is evident from 2PPE that 

the Shockley surface state is present, although shifted to higher binding energy and with a 

larger effective mass. This contradiction is most likely explained by the energy 

dependence on the photoelectron mean free path.
171

 Electron-electron and electron-

phonon scattering limits the escape depth of photoelectrons and gives rise to the surface-

sensitivity of condensed-phase electron spectroscopies (see Chapter 2).  The probability P 

of a photoelectron escaping from a depth d is given by: 
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               7.1 

where λ(E) is the mean free path as a function of energy E.  The mean free path is 

determined by the dielectric tensor of the crystal among other quantities; however 

tabulated values of crystal-specific mean free paths are available.  As can be seen from 

Figure 7.10, which has been plotted using values for Au,
286

 the mean free path of a UPS 

excited SS electron ( E ≈ 21 eV, λ ≈ 9.7 Å) is almost half that of a 2PPE excited SS 

electron (E ≤ 10 eV, λ ≥ 16.4 Å).  As the photoemission probability decays exponentially 

with 1/λ, electrons emitted from the Shockley state are efficiently scattered leading to the 

absence of the SS feature in UPS data reported in Chapter 6.  This logic also supports the 

conclusion of a coverage-dependent spacing (i.e. 2D-gas) for VONc on Au(111) because 

the surface state was absent after coverage of only 0.5 ML.  As the SS was obviously still 

present on the surface, island formation would have led to bare patches where 

photoelectrons could penetrate. 

 However, there is a second possibility: As will be shown later, there is 

considerable evidence for resonant excitation between either the VONc HOMO or the SS 

and IS1.  While the IS1 electron density is primarily outside the gold surface and the SS 

electron density is primarily inside the gold surface, there may exist some spatial overlap 

between the two near the Au(111)/VONc interface. The portion of the SS that overlaps 

IS1 may be resonantly enhanced at the 2PPE excitation energies investigated here. At 

near-resonant energies, the photoemitted electrons would have an enhanced probability of 

originating near the Au(111) surface, leading to fewer scattering events and an increased 

photoelectron yield when compared against UPS.  
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Figure 7.10:  Inelastic mean free paths of an electron in Au as a function of energy above 

EF.  Literature values extracted from a modified dielectric function model were used to 

generate the plot.
286

 The pink bar shows the range of energies accessible by 2PPE.  These 

energies correspond to a higher mean free path than is accessible with a He Iα source at 

21.218 eV. 

 

7.4.4 Binding Energy Change of the Shockley Surface State 

The SS can give a great deal of insight into the nature of the VONc – Au(111) 

interaction when compared to literature reports of other adsorbates on Au(111).  

Literature values of the effective mass and binding energies of adsorbate-modified 

Au(111) Shockley states are summarized in Table 7.2.  An interpretation of the binding 

energy change of the SS upon adsorption of VONc is relatively straight-forward. 

Physisorption introduces a potential that repels the SS from the surface, resulting in 
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destabilization. The destabilization ΔEB of the SS is therefore linearly dependent on the 

physisorption energy per unit area of the adsorbate D: 

   (          )    7.2 

with 0.106 Å
-2

 an empirical proportionality constant for any noble metal (111) surface.
287

  

The area of a VONc molecule has been previously estimated to be 289 Å
2
 in agreement 

with STM reports of 2,3-naphthalocyanine.
51,288

 The binding energy of the SS of pristine 

Au(111) (22 x √3) was measured as 0.36(2) eV in Chapter 6, therefore in the present 

study ΔEB = 0.13(3) eV. The physisorption energy of an individual VONc molecule on 

Au(111) can therefore be calculated as 4.0(9) eV/molecule. While this value may seem 

large, it is primarily due to the large area of the VONc molecule, since ΔEB ≈ 0.16 eV for 

PTCDA and NTCDA on Au(111).
287

  The physisorption energy of 1 ML of 

PTCDA/NTCDA is greater than the physisorption energy of 1 ML VONc, however the 

lower molecular density of the VONc leads to a greater interaction per molecule. The 

adsorption energy calculated here is indicative of the high sublimation temperature of 

VONc and testable by temperature programmed desorption mass spectrometry. It is 

probable; therefore, that the large interface dipole measured in Chapter 6 is due to 

repulsion of the SS into the bulk by the large physisorption potential.  

Reinert et al. have shown that a quantitative correlation can be drawn between the 

physisorption energy and ΔEB (Equation 7.2), and that ΔEB is due primarily to repulsion 

of the SS away from the metal surface through long-range exchange interactions. 

Similarly, the interface dipole is also due to the “push-back” of electron density at the 
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surface. It is therefore feasible that a quantitative correlation may be drawn between ΔEB 

and the interface dipole.  

  

 Binding Energy (meV) Effective Mass (me) 

Au(111)/Xe
289

 340(2) 0.28(1) 

Au(111)/Ar
290

 422(2) 0.27(1) 

Au(111)/0.1 ML Na
289

 >800 <0.25 

Au(111)/Ag
289

 337(2) 0.33(1) 

Au(111)/PTCDA
287

 322(3) 0.29(1) 

Au(111)/NTCDA
287

 320(2) 0.30(1) 

Au(111)/Tetratetracontane
253

 238  ≈1 

Au(111)/VONc 230(20) 0.97(11) 

Table 7.2:  Binding energies (E-EF) and effective masses for adlayer-modified Au(111) 

Shockley surface states.  References are given in the table.  Au(111)/VONc was 

measured in this work.  All values are for 1 ML coverage unless noted otherwise. 

 

7.4.5 Effective Mass of the Shockley Surface State 

The measured effective mass of the Au(111)/VONc SS is more challenging to 

explain.  As can be seen from the table, the effective mass of the SS is largely insensitive 

to the nature of the adsorbates in the majority of these studies.  Reinert et al. found that 

weakly-bound noble gases (i.e. meff = 0.27 me for Ar, meff = 0.27 me for Xe) yield a SS 

effective mass that is unchanged from their measurement meff = 0.27 me for pristine 

Au(111) (22 x √3).
252

  For organic semiconductor adsorbates, they reported slight 

perturbations of the SS effective mass (meff = 0.30 me for NTCDA and meff = 0.29 me for 
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PTCDA).
287

 In contrast, Seki et al. made measurements of tetratetracontane (TTC) on 

Au(111) and observed that the SS effective mass was profoundly altered, leading to a 

free-electron-like meff ≈ 1 me.
253

 Although TTC was not expected to produce a particularly 

strong interaction, they explained their results as an altering of the periodicity of the SS 

wave function that resulted from folding of the Au(111) surface Brillouin zone to 

accommodate the periodic potential introduced by TTC. While the data presented here 

show also nearly-free-electron behavior for the VONc-modified Au(111) Shockley state 

(meff = 0.97 me), there is no evidence of Brillouin zone folding and this argument cannot 

be invoked.   

 One possible explanation for the much larger meff is based on the different 

experimental conditions of each of these studies.  In the measurements of Reinert et al., 

the Au(111) substrates were cryogenically cooled to promote adlayer adsorption and 

higher experimental resolution.
40,252,287,289,290

  Low temperatures can, however, change the 

properties of the Au(111) reconstruction and inhibit lifting of the reconstruction.
31

  In 

their study of the adsorption properties of NTCDA and PTCDA on Au(111), the Reinert 

group reported that the (   √ ) reconstruction is not lifted by adlayer adsorption.
287

  

However, in the data presented here and in the measurement of Au(111)/TTC, the sample 

was maintained at room temperature.  Additionally, I reported in Chapter 6 that the 

Au(111) (   √ ) reconstruction is lifted by sub-monolayer coverages of VONc based 

on the disappearance of the Tamm states.  It is possible, therefore, that the free-electron-

like effective mass of the VONc-modified SS is due to the lifting of the reconstruction 

which was inhibited in the measurements of Reinert et al., but not during our experiments 
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or measurements of Au(111)/TTC. While meff ≈ 1 me implies free-electron-like behavior, 

it still represents a stronger localization of the SS over the highly dispersive character of 

the pristine surface.  This localization may result from lifting the (   √ ) 

reconstruction which produces a large density of step edges and terraces as the surface 

atoms relax.
291

  The presence of such step edges has been demonstrated to localize the SS 

wave function on Cu(111), confining states to individual terraces while still retaining the 

appearance of nearly-free-electron-like dispersion in ARPES measurements.
39

 

 Alternatively, the high effective mass measured here could result from 

hybridization between the SS and VONc derived states. Recent reports of PTCDA on 

Ag(111) found an unoccupied interface state 0.6 eV above EF with significant SS 

character.
292-296

 Although the exact mechanism of the coupling is still under debate, the 

effective mass of the state has been measured and ranges from 0.4 - 0.96 me depending 

on the morphology of the PTCDA film.
292,297

  Ag(111) is well known to draw the 

PTCDA LUMO below EF, resulting in a charge transfer state that takes on significant 

metal character and demonstrates nearly-free-electron behavior.
240

  All available evidence 

suggests that the VONc ground state remains localized and the Au(111)/VONc 

interaction is predominantly physisorptive.  However, it is possible that coupling between 

states of Au(111) and VONc occurs through excited states of VONc or the VONc cation 

and therefore further investigation is required to rule-out hybridization.  
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7.4.6 Population Mechanism of IS1 

Finally, the population mechanism of IS1 through both molecule- and metal- 

derived states is addressed. There is considerable debate in the literature regarding the 

population mechanism of image states, particularly concerning the coupling between 

localized molecule-derived states and the free-electron-like image states. The rate ωif of 

resonant photoemission from an initial state   〉 to a final state   〉 through a resonant 

intermediate state   〉 in a single-color 2PPE experiment (using the continuous-wave 

approximation) is proportional to:  

     |       (     )|
 
 7.3 

where μik is the transition dipole for excitation, μkf is the transition dipole for 

photoemission and E is the electric field due to the laser. The conditions for an optically 

excited resonance are therefore highly dependent on the symmetry and spatial overlap of 

the initial, intermediate and final state wave functions such that both transition dipole 

moments are non-zero.  

Based on the excitation energy progression shown in Figures 7.4 and 7.5, there 

are two possible direct optical transitions (resonances) that correspond to isoenergetic 

final state energies of occupied and unoccupied states. The first occurs at the crossing of 

the VONc HOMO with IS1 (≈ 4.5 eV) and the second occurs at the crossing of the SS 

with IS1 (≈ 4.1 eV).  The spectral intensity (areas) of these peaks was examined in order 

to investigate whether any evidence exists for direct coupling between these states. In the 

absence of absolute photoemission intensity measurements, I normalized each peak area 

(ASS, AIS1, AHOMO) to the sum of all three peak areas (ASS + AIS1 + AHOMO) to account for 
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variations in experimental conditions.  Plots of the relative peak area as a function of 

excitation energy for both SS and the VONc HOMO are shown in Figure 7.11 and Figure 

7.12.  In Figure 7.11 the Shockley state increases in relative intensity as the excitation 

energy decreases, corresponding to higher photoemission probability near the overlap of 

IS1 and SS. Image-state-mediated resonant excitation of the SS was expected, since the 

states have significant spatial overlap at the surface and are similarly dispersive. 

Resonant excitation from the Shockley state to the n = 1 image state of Cu(111) has been 

previously reported.
298

  The relatively weak nature of the resonance in this instance is 

most likely due to the short lifetime of IS1 on the Au(111) surface and due to coupling 

with bulk states.  In Figure 7.12, the VONc HOMO also appears to undergo a relative 

intensity increase as the excitation energy becomes resonant with the energy difference 

between HOMO and IS1.  These data have been fit to a Gaussian profile using a linear 

least squares methodology, resulting in a relative photoemission probability maximum at 

4.48(2) eV; precisely as expected based on the binding energies of HOMO and IS1.  

Following the argument presented in Equation 7.1, this would imply that the VONc 

HOMO is delocalized on the Au(111) surface despite ARPES measurements that show 

no significant dispersion.
284

  These results present a somewhat troubling contradiction, 

that the image state can be populated by both dispersive and non-dispersive states, in 

contradiction to Equation 7.1. There have been reports, however, of localized image 

states (polarons) at the Ag(111)/n-heptane interface explained by a self-trapping 

charge.
299

  While coupling of IS1 to bulk states puts a restriction on the time available for 

dynamic localization, the VONc overlayer might increase the lifetime of IS1 if the 
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probability density of the state is expelled further away from the metal surface as occurs 

with adsorbates possessing negative EA or simple dielectrics.  Further experiments will 

be needed to confirm this result, including time-resolved and two-color 2PPE 

measurements to separate the photoemission pathways. 

 

7.5 Conclusions 

 In conclusion, I have shown that the n = 1 IS of Au(111) is not significantly 

altered by adsorption of 1 ML VONc.  This was attributed to the presence of a well-

ordered thin film with the molecular plane parallel to the surface.  The Au(111) SS, 

although undetectable in UPS, was shown to persist beneath the adlayer and was 

accessible due to the longer mean free path of slow 2PPE photoelectrons.  The VONc 

adlayer increased the effective mass of the SS to 0.97(11) me and destabilized the state by 

130(30) meV corresponding to a physisorption energy of 4.0(9) eV per molecule. The 

large interface dipole produced by VONc adsorption in Chapter 6 was attributed in part to 

the Pauli repulsion of the SS electron density into the bulk.  Finally, evidence was 

presented that the image state may be resonantly populated by both the SS and the VONc 

HOMO. 
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Figure 7.11:  (bottom) Normalized SS peak area showing an increase in relative intensity 

as the photon energy is decreased.  The area as a function of photon energy has been fit to 

a Gaussian curve showing a center of 4.1(3) eV.  (top) Linear regression lines showing 

the final state energy of SS and IS1 as a function of photon energy.  The expected 

resonance coincides with the intensity increase shown below.  This may indicate a 

resonant enhancement of the SS signal. 
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Figure 7.12: (bottom) Normalized HOMO peak area showing an increase in relative 

intensity as the photon energy is changed.  The area as a function of photon energy has 

been fit to a Gaussian curve showing a center of 4.48(2) eV.  (top) Linear regression lines 

showing the final state energy of HOMO and IS1 as a function photon energy.  The 

expected resonance coincides with the intensity increase shown below.  This may 

indicate a resonant enhancement of the HOMO signal. 
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CHAPTER 8 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

8.1 Conclusions 

The motivation for this research was to provide insight into the role of disorder, 

heterogeneity and emergent phenomena on the electronic structure of organic 

semiconductor interfaces relevant to OPV.  I have designed my research under the 

premise that low efficiencies of current OPV are due to averaging mixtures of well-

performing sections and “duds.”  At the outset, it was hoped that this program of study 

would improve the meso-scale understanding of OPV function, and ultimately provide a 

well defined correlation between the local morphology and the probability of constructive 

electron transfer at organic semiconductor interfaces.  With this information, 

morphologies deemed advantageous from a thermodynamic or kinetic standpoint could 

be segregated or actively promoted, yielding more efficient devices in the future.   

In the preceding chapters, I have used this motivation to investigate new 

technologies and new physics that have increased our understanding of disorder and 

intermolecular interactions at organic semiconductor interfaces.  In Chapter 3, I described 

the design and construction of a UHV confocal fluorescence microscope capable of 

single molecule detection under highly defined conditions. This instrument can 

investigate charge transfer between individual molecules and pristine surfaces where site-

disorder is minimized.  The microscope has been used to demonstrate that well-defined 

rate constants may not exist at surfaces, even under the most controlled environments 

imaginable.  This result was explained within current charge transfer theory as the 
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activated formation of localized small polaron states in the substrate leading to power-law 

distributed rates.  This finding is troubling from a device standpoint, however, as 

distributed rates may be intrinsic.  If this finding holds in general, then it may be 

impossible to design a device with a single, well-defined interfacial electron transfer rate. 

In Chapter 4, I described progress towards the implementation of a scanning 

photoionization microscope capable of 2PPE with diffraction-limited spatial resolution. 

While kinetic energy resolution was not achieved, the imaging capabilities of the 

microscope were successfully demonstrated. Techniques such as SPIM have the potential 

to provide a new dimension of understanding for photoelectron investigations of surfaces 

and future spectroscopists will require this spatial resolution to investigate the 

heterogeneous topologies of tomorrow’s devices.    

In Chapter 5, I investigated the uniform interface of HOPG/VONc using UPS.  

These investigations showed that organic semiconductor films, generally thought to form 

only weak van der Waals structures, can generate profound collective interactions based 

on their geometric arrangement.  An interaction between molecular dipoles and electronic 

energy levels was discovered, described and offered as a new route towards modification 

of the hole-injection barrier at organic semiconductor interfaces.  I also proposed that the 

interface dipole could be engineered using small molecules with similar electronic 

structures, but different molecular dipoles and polarizabilities.  The feasibility of this 

paradigm was demonstrated using a group of dipolar pophyrazines as a case study. 

In Chapter 6, I continued my investigation of collective effects at organic 

semiconductor interfaces through a series of ARPES measurements of VONc on the 
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electron rich surface of Au(111).  I found that the first ML generated a large interface 

dipole and adsorbed in a manner consistent with 2D-gas formation.  Surprisingly, the 

interface dipole was well-described by a coverage-dependent depolarization model, even 

though VONc molecular energy levels tracked the work function change.  Using the 

coverage dependent IP of the film, near-field depolarization effects were identified and 

shown to persist on surfaces with a high interaction potential.  The near-field model 

predicted a standing geometry in the second layer, which was then confirmed by the IP 

change of multilayer films. 

I concluded my investigation of the Au(111)/VONc interface in Chapter 7 by 

measuring the properties of the n = 1 image state and the “rediscovered” Shockley 

surface state using AR2PPE.  The image state was shown to interact minimally with the 

VONc overlayer, indicating the well ordered nature of the film. The Shockley surface 

state on the other hand, showed significant destabilization, confirming the strong 

physisorptive nature of the VONc – Au(111) interaction. 

 

8.2 Future Directions 

 The experimental techniques and results reported here provide a number of 

opportunities for further research into the role of disorder and intermolecular interactions 

at organic semiconductor interfaces.  Some examples of experiments that may provide 

further insight are identified by topic below. 
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8.2.1 Confocal Scanning Optical Microscopy in UHV 

 As stated in Chapter 3, the UHV-CSOM developed in this lab provides a blank 

canvas for novel investigations of interfacial physics. LiF is a promising substrate for 

investigation, as it is commonly used as an electrode passivation layer in OPV. Charge 

transfer measurements between organic semiconductors and LiF would be thus highly 

relevant to the device community. I also would like to see other experimental paradigms 

explored using the unique capabilities of the microscope to provide insight into other 

areas of surface phenomena.  For instance, the mobility of sub-monolayer coverages of 

organic molecules could be determined through bleach-recovery style measurements.  In 

this type of experiment, a diffraction limited “hole” would be burned into the film at high 

laser power, followed by a variable waiting period and a monitoring of the diffusion of 

surface molecules into the bleached region.  Because high molecular mobilities have been 

inferred over the course of these investigations, it would be interesting to determine 

whether these effects are quantifiable through fluorescence measurements. 

 

8.2.2 Scanning Photoionization Microscopy 

 While kinetic energy resolution must be achieved to make full use of SPIM (see 

Chapter 4 for suggested routes), experiments are possible even in its current form. A 

large portion of this dissertation has been devoted to investigating the scale of the local 

interface dipole.  The current incarnation of SPIM in conjunction with a tunable fs-laser 

source is fully capable of quantifying spatial variation in the work function of thin films 

over sub-micron length scales.  By scanning the laser energy and integrating over the 
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photoelectron yield, local variations can be mapped out and may be quantifiable in the 

same manner surface-roughness is quantified in AFM.  This effect would be particularly 

interesting in the context of OPV-relevant films of organic semiconductors, whether 

prepared in-vacuo or through spin-casting. 

 Another relatively new phenomenon which would be interesting to investigate is 

the role of quantum size effects on the work function of thin films. An oscillatory work 

function has recently been observed in thin films of Pb deposited on Si(111), depending 

on the number of atomic layers in the film.
57

 This has been explained as the formation 

quantum-well states which have been observed previously using photoelectron 

spectroscopy.  Pb forms islands approximately 500 nm in diameter and we are in a unique 

position to measure a spatially resolved work function of these films. 

 

8.2.3 Interface Dipole Engineering with Small Molecules 

 In this dissertation, I have demonstrated that interface dipoles can be 

quantitatively modified using ordered films of dipolar, polarizable molecules on weakly 

interacting substrates.  This was shown using a small sample of dipolar porphyrazines, 

but may be extendable to the entire class of porphyrins, many of which are commercially 

available.  I believe the systematic measurement of polarizabilities and molecular dipoles 

through this class of small molecules will provide information concerning basic 

molecular properties, a library of data for OPV device design, and a metric for the 

accuracy of quantum mechanical calculations of interfaces and isolated organometallics.  
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 Taking this experimental framework to the next level will require codeposition of 

dipolar and non-dipolar porphyrazines to achieve a tunable interface dipole within the 

range between complete coverage of the dipolar molecule, and complete coverage of the 

non-dipolar molecule.  This would rely on the level of mixing that occurs between the 

two molecules, and the impact of statistical variations on the local density of a given 

molecule. This idea has been attempted with partially fluorinated alkane-thiol self 

assembled monolayers and shows great promise for a tunable interface dipole.
67

  Using a 

substrate with weaker molecule-substrate interactions (such has HOPG) and cleaner, 

molecular systems may shed light on the feasibility of work function engineering in 

OPV.  Sequential deposition to form mixed phthalocyanines has been attempted, 

however, phase segregation has been observed in the absence of cryogenic cooling.
300

  It 

is unclear whether phase segregation would also occur for (sub-) monolayer films. 

 

8.2.4 Near-field Effects on Molecular Energy Levels 

 The discovery of significant near-field effects on the molecular energy levels of 

small molecules as part of this investigation has opened up a new way of thinking about 

the electrostatic interactions that occur at interfaces.  While I successfully described the 

mathematical form of this effect, a quantitative (i.e. predictive) description must still be 

developed.  For example, why does depolarization lead to a relative stabilization of the 

electronic energy levels, and not a destabilization?   These questions are fertile ground for 

quantum mechanical calculations that incorporate the collective electrostatic effects of 



 313 

molecular films.  Some of these calculations are already underway and have shown 

promising results. 

 Additional experimental systems should take advantage of the massive library of 

dipolar organic molecules in order to increase the polarizability, dipole moment and 

dipole proximity in these films.  For example, tetraazaporphine has a much smaller 

molecular diameter than the naphthalocyanine used in this work. And while its 

polarizability is most likely low, the dipolar density of a uniform film of dipolar 

tetraazaporphines should generate large electric fields, and may shed light on higher 

order effects.  There is also the lingering question of why the exchange-generated 

interface dipole seems to have equivalent near-field and far-field behavior, in contrast to 

molecular dipoles.   This seemingly contradictory behavior is most likely rooted in the 

full quantum mechanical description of the interface and remains for my successors to 

investigate. 
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APPENDIX A: ANALYZER SCHEMATICS 
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APPENDIX B: VIBRATION ISOLATION SIMULATION CODE 
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APPENDIX C: ACCELEROMETER MEASUREMENTS 
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APPENDIX D: VG ESCALAB MKII CONTROL PARAMETERS 

 

NI Designation DB-25 pin SK3 pin Function Energy Integer 

P0.8 1 35 KE bit 0 2.5 meV 256 

P0.9 2 34 KE bit 1 5.0 meV 512 

P0.10 3 33 KE bit 2 10.0 meV 1024 

P0.11 4 32 KE bit 3 20.0 meV 2048 

P0.12 5 31 KE bit 4 40.0 meV 4096 

P0.13 6 30 KE bit 5 80.0 meV 8192 

P0.14 7 29 KE bit 6 160 meV 16384 

P0.15 8 28 KE bit 7 320 meV 32768 

P0.16 9 27 KE bit 8 640 meV 65536 

P0.17 10 26 KE bit 9 1.28 eV 131072 

P0.18 11 25 KE bit 10 2.56 eV 262144 

P0.19 12 24 KE bit 11 5.12 eV 524288 

P0.20 13 23 KE bit 12 10.24 eV 1048576 

P0.21 14 22 KE bit 13 20.48 eV 2097152 

P0.22 15 21 KE bit 14 40.96 eV 4194304 

P0.23 16 20 unused ----------- 8388608 

P0.24 17 19 Pass Energy bit 0 *see 16777216 

P0.25 18 18 Pass Energy bit 1 table 33554432 

P0.26 19 17 Pass Energy bit 2 two* 67108864 

P0.27 20 16 CRR Select ----------- 134217728 

P0.28 21 8 unused ----------- 268435456 

P0.29 22 3 unused ----------- 536870912 

P0.30 23 1 unused ----------- 1073741824 

P0.31 24 2 unused ----------- 2147483648 
 

CAE bit 0 bit 1 bit 2 CRR Integer 

100 meV 0 1 1 100 67108864 

250 meV 0 0 1 40 100663296 

500 meV 0 1 0 20 83886080 

1.0 eV 0 0 0 10 117440512 

2.5 eV 1 0 1 4 33554432 

5 eV 1 1 0 2 16777216 

10 eV 1 0 0 1 50331648 
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APPENDIX E: ELECTROSTATIC SIMULATION CODE 
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