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ABSTRACT 

In this dissertation, I present the results of my research on a prototypical interface of the 

metal oxide ZnO and the organic semiconductor C60. I establish that the physics at such 

oxide / organic interfaces is complex and very different from the extensively investigated 

case of organic semiconductor / metal interfaces.  The studies presented in this 

dissertation were designed to address and improve the understanding of the fundamental 

physics at such hybrid organic / inorganic interfaces.  Using photoemission 

spectroscopies, I show that metal oxide defect states play an important role in 

determining the interfacial electronic properties, such as energy level alignment and 

charge carrier dynamics.  In particular, I show that for hybrid interfaces, electronic 

phenomena are sensitive to the surface electronic structure of the inorganic 

semiconductor.  I also demonstrate applications of photoemission spectroscopies which 

are unique in that they allow for a direct comparison of ultrafast charge carrier dynamics 

at the interface and the electronic structure of defect levels. 

The research presented here focuses on a achieving a significant understanding of the 

realistic and device relevant C60 / ZnO hybrid interface.  I show how the complex surface 

structure of ZnO can be modified by simple experimental protocols, with direct and 

dramatic consequences on the interfacial energy level alignment, carrier dynamics and 

carrier collection and injection efficiencies. As a result of this careful study of the 

electronic structure and dynamics at the C60 / ZnO interface, a greater understanding of 

the role of gap states in interface hybridization and charge carrier localization is obtained.  

This dissertation constitutes a first step in achieving a fundamental understanding of 

hybrid interfacial electronic properties.
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1 INTRODUCTION AND BACKGROUND 
 

1.1 Introduction / Motivation 

The interface between organic semiconductors and inorganic semiconductors has 

garnered a lot of attention, specifically for its importance in a number of organic 

optoelectronic applications, such as organic photovoltaics (OPVs).
1,2

  Organic devices 

with added inorganic semiconductor layers, included often as charge extraction layers, 

are also referred to as hybrid electronic devices.
2,3

 Organic or hybrid electronics offer a 

number of advantages over fully inorganic devices, specifically in terms of size and 

structural control.
1,4,5

  Since hybrid devices utilize molecular (organic) semiconductors, 

these molecules can be designed and synthesized with specific properties in mind to meet 

device specifications, e.g. solubility for ease of processing or absorption in a certain 

spectral range.
6
  As the active layer in OPVs, organic semiconductors need to be paired 

as donor and acceptor, where the active material absorbs photons and produces an 

exciton, a Coulombically bound electron-hole pair.  This is quite different from inorganic 

semiconductor solar cells, where the exciton immediately dissociates into free carriers 

due to the built-in electric field in a p-n junction and the high dielectric constant.   

For energy generation in an OPV cell to occur, the exciton must diffuse to the 

interface between the donor and acceptor molecular layer, and the electron must diffuse 

to the acceptor layer, while the hole stays in the donor (charge generation), or vice versa 

if the exciton is generated in the acceptor material.  The charges must diffuse through 

their respective organic active layer percolation networks to the electrode (charge 
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extraction).  In organic semiconductors, when an electron (or hole) diffuses through a 

layer, or moves from molecule to molecule, radical anions (cations), or polarons, are 

formed.  These radicals are stabilized by polarization of the solid, leading to new states 

within the band gap.
7,8

  For thin films, charge transfer typically occurs through a 

“hopping” mechanism due to poor charge carrier mobilities (~10
-3

-20 cm
2
/V∙s)

7
 of the 

organic semiconductor and lack of order within the film.  Through this hopping 

mechanism, and without recombining, charge carriers must finally transfer to the 

electrode material.  Within the electrode material, charge carriers are presumed to be 

significantly more delocalized than in the organic layer, and exhibit band-like charge 

transport.  Since electrons (holes) are interacting with a vastly different electronic 

environment at the interface (between organic semiconductor and electrode), charges 

may be trapped and recombine instead of transferring rapidly. As a brief summary, the 

important processes for OPVs, such as charge generation and extraction, are inherently 

interfacial.  Understanding and controlling such interfacial processes is essential, since 

interfaces are also the most abundant site for losses by recombination.   

  

Figure 1-1:  Processes necessary for charge generation in an organic / hybrid photovoltaic device, represented in a one-

electron caricature. 
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Much research has been done on the interface between organic / metal or organic / 

organic semiconductor; an understanding of organic semiconductor / inorganic 

semiconductor interfaces however is lacking due to the large number of complex 

interactions which can occur between inorganic and organic semiconductors. Inorganic 

semiconductors used in OPV devices are largely used as transparent conductive 

electrodes (TCE), charge recombination layers and electron- or hole-selective interlayers.  

These are usually transparent conductive oxides (TCOs) with a wide bandgap, such as 

indium tin oxide (ITO) (3.6 eV), titanium dioxide (TiO2) (3.0 eV) or zinc oxide (ZnO) 

(3.4 eV).   Important properties for these TCOs are the wide band gap, long lived carrier 

lifetimes, and high carrier mobilities.
9,10

  Out of these TCO’s, TiO2 and ZnO are 

particularly interesting since they are also earth abundant and easily processable.  Unlike 

metals, TCO’s have defects, impurities, and surface dangling bonds which may play an 

important role in the interfacial energetics, as I will show in this dissertation.  

While the processes central for power generation in OPV (charge transfer and 

diffusion) necessitate interfaces, interfaces also provide opportunities for competing 

carrier recombination and loss of harvested power (Figure 1-2).  Beyond geminate 

recombination in the photoactive organic material, most recombination processes occur 

via carrier trapping e.g. at defects or near interfaces.  To optimize OPV efficiency, 

recombination and charge trapping needs to be reduced, and charge transfer and diffusion 

needs to be optimized. To tune these properties at the interface, the mechanism, structure 

and dynamics for charge diffusion and transfer need to be better understood.  
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Figure 1-2:  Favorable and unfavorable processes which occur in an organic / hybrid photovoltaic cell to convert light 

to electrical energy.  The favorable processes are indicated in gray, while the unfavorable processes (those which result 

in energy loss) are indicated in white. 

 

Band alignment can give a first indication of the mechanism for charge dissociation 

and transfer at a given interface. Electronic properties such as band alignment are 

unfortunately often predicted for organic semiconductor / inorganic semiconductor 

interfaces using measured bulk values for each individual material.  This method, while 

commonly used, is misleading as properties at the interface can be significantly different 

from those of bulk due to interfacial electrostatic phenomena such as band bending, 

charge transfer, or the formation of an interface dipole, each of which results in a 

potentially significant shift of energy levels at the interface.  Moreover, TCO interfaces 

naturally exhibit gap states from defects, disorder and dangling bonds which may also 

influence the band alignment across the interface.   

In order to develop an understanding of hybrid organic/inorganic semiconductor 

interfaces, I have taken a basic science approach.  I have studied both the structure and 

dynamics at these interfaces, investigating the charge transfer and delocalization of 

electrons as well as the electronic structure changes upon interface formation.  Surface 

defects and dangling bonds are prevalent for inorganic semiconductors, and the role of 

the resulting gap states at the interface is thus far unclear.  Many defects are formed 

during thin-film deposition, and the control of such defects is exceptionally difficult.  I 
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show in this dissertation that defects can be removed and formed through various 

treatments, allowing for a controlled study of defect interaction with surface adsorbed 

acceptor molecules.  As a technologically relevant model semiconductor material, I focus 

on zinc oxide (ZnO) in this dissertation. The properties of ZnO will be discussed in the 

following section. 

1.2 Zinc Oxide 

Zinc oxide is an inorganic semiconductor ideally suited for organic and hybrid 

organic/inorganic optoelectronics due to its large band gap (~3.4 eV), exciton binding 

energy (0.6 eV), earth abundance, large ionization energy and ease of processing.
11,12

  As 

with most metal oxides, the electronic properties of ZnO are not well understood because 

of its rich defect structure.  Native defects as well as defects induced by doping, 

sputtering, and annealing induce states within the band gap of ZnO, providing a complex 

gap density of states and changing the electronic properties despite their low relative 

abundance.  It is still unclear, however, how such defects are linked specifically to the 

ZnO electronic properties.  This is, in part, due to the major challenge of controlling 

defect density and structure at device-relevant densities.  There is an abundance of 

theoretical studies that attempt to understand how defects and impurities influence the 

electronic properties of ZnO.
13–16

  Most of these concentrate on the properties of bulk 

ZnO, and the electronic structure of defective surfaces remains a major challenge. 

Reliable theoretical treatments are however difficult, because unit cells often need to be 

quite large and interactions between electrons are often neglected.  Similarly, 

experimentally there is little known about how defects and impurities affect the electronic 
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properties of ZnO, especially at the surface or interface with another material, since such 

surfaces are notoriously difficult to control. 

The ability to control ZnO surfaces is advantageous for applications such as organic 

solar cells.  In organic solar cells, ZnO has been used either in a traditional geometry as 

transparent electrode or more recently in an inverted geometry as an electron selective 

interlayer.  This geometry makes use of the inherent n-type conductivity of ZnO. 

Interestingly, it is widely accepted that this n-type character is due to defect states.  

Oxygen vacancies, zinc interstitials, and hydrogen have been suggested to produce 

shallow donor states below the conduction band maximum, and have been each 

suggested as the origin of the n-type character of ZnO. There is however at present no 

consensus on this issue, and the source of its n-type conductivity is still highly 

controversial.
12,14,17–19

  From this controversy we must conclude that the electronic 

structure within the bandgap of ZnO is complex.  We can, however, use idealized cases 

and approximations to model the behavior and structure of ZnO.  In the following section 

I present a brief treatment of the theory used to predict electronic structure, including the 

characteristic semiconductor bandgap: tight binding by linear combination of atomic 

orbitals (LCAO) and the nearly free electron model (NFE). 

 

1.2.1 Band Theory 

1.2.1.1 Linear Combination of Atomic Orbitals and Tight Binding 

 We can approximate the wavefunction of a solid crystal by linearly combining the 

wavefunctions of the individual atoms comprising the crystal lattice through linear 

combination of atomic orbitals, or LCAO theory, and imposing the periodic boundary 
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conditions of the crystal.  For the zinc oxide valence and conduction band wavefunctions, 

this requires combining the cation and anion s and p orbitals to form sp
3
-hybrid orbitals, 

forming bonding and antibonding orbitals.
10

  As a result, the valence band maximum is 

mainly derived from anion p states, specifically made up of O 2p and Zn 3d, while the 

conduction band minimum is mainly made of s and p states, primarily Zn 4s and 4p, as 

shown in Figure 1-3. 

 
Figure 1-3:  Band formation in a metal oxide from the LCAO approach. 

 

1.2.1.2 Nearly Free Electron Model 

To discuss the electronic structure of ZnO and interfaces comprised of solid 

materials, a description of the electronic structure for solids must first be introduced.  A 

helpful starting point is provided by the free electron model.  Here electrons feel a 

constant potential energy,  𝑽(�⃗� ) = 𝑽𝟎. 

We can then write the Schrödinger equation as 
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[
−ℏ𝛁𝟐

𝟐𝒎
+ 𝑽(𝒓)]𝚿 = 𝑬𝚿 1.1 

where the eigenvalue to the 3D wavefunction, 𝜓�⃗�  ∽ 𝑒𝑖�⃗� ∙𝑟⃗⃗⃗   , is 𝐸 =
ℏ2𝑘2

2𝑚
.  Here E is 

parabolic and symmetric with respect to k, where k is the electron crystal momentum, E is 

the kinetic energy, and m is the effective mass of the electron.  Consequently, E is 

degenerate at 𝑘 = ±  𝜋 𝑎⁄ .  The notion of a constant potential is however a gross 

oversimplification.  To improve on this model, the periodic potential of the lattice is 

introduced, caused by each lattice site.  This model is aptly called the nearly-free electron 

model (NFE), and is able to capture the electronic structure of many solids and crystals.  

For this model, we now include a weak potential with the periodicity of the crystal lattice, 

i.e.  𝑉(𝑟 + �⃗⃗� ) = 𝑉(𝑟 ), where R is a lattice vector.  The presence of this periodic potential 

has important consequences with regard to the solutions of the Schrödinger equation, as 

expressed by the Bloch theorem: Wavefunctions are products of the form of a plane 

wave, as shown before, and a modulation function which is periodic on the lattice: 

 

𝝍𝒏�⃗⃗� 
(�⃗� ) = 𝒆𝒊�⃗⃗� ∙�⃗� 𝒖𝒏�⃗⃗� (�⃗� ) 1.2 

 

𝒖𝒏�⃗⃗� 
(�⃗� ) = 𝒖𝒏�⃗⃗� (�⃗� + �⃗⃗� ) 1.3 

Note that multiple solutions exist for each �⃗� , requiring an additional quantum number n 

to represent the band index.  In a simple cubic lattice, we now get a periodicity of 

𝑘 =  ±(𝑁𝜋 𝑎)⁄ , where N is an integer value, N= 1,2,3,…, and a is the lattice constant.  

By including this small periodic modulation in the potential felt by the electrons, the band 

E(k) splits in the vicinity of otherwise degenerate points (𝑘 =  ±(𝑁𝜋 𝑎)⁄ ), and a band gap 
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forms. This basic principle can be applied, though with added complexity, to the 

treatment of a realistic 2D or 3D semiconductor.  The electronic structure of realistic ZnO 

is more complex due to the existence of dangling bonds, impurities and defects which 

often emerge as electronic states within the band gap.  Studies in this dissertation focus 

on native defects, which will be briefly discussed in the next section. 

1.2.2 Native Defects 

Native defects in ZnO are crystal lattice imperfections which involve only the 

constituent elements.  These include missing atoms from regular lattice positions 

(vacancies, Figure 1-4b), extra atoms occupying spaces between lattice sites (interstitials, 

Figure 1-4c), and Zn atoms occupying an O lattice site or vice versa (antisites; Figure 

1-4d).  The conductivity of zinc oxide, likely derived from native defects, remains an area 

where control has not yet been well established.  This is mainly due to the fact that small 

concentrations of defects and impurities in ZnO greatly affect its electrical properties 

such as doping, and carrier lifetimes, and optical properties such as luminescence 

efficiency.  It is not well understood to what extent these defects affect electrical 

properties or what concentrations they are present in.  Using first-principles approaches, 

concentrations and probabilities for the formation of native defects can be approximated 

under given conditions.   
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Figure 1-4:  Native defects present in ZnO.  First shown a perfect ZnO wurtzite lattice (A), ZnO with an oxygen 

vacancy (B), with an interstitial zinc (C), and with a zinc antisite (D) 

  

A key quantity of native point defects is the amount of a defect or concentration 

which is present in thermodynamic equilibrium. In a crystal it is determined by its 

formation energy, E
f
, by  

 

𝑪 = 𝑵𝒆𝒙𝒑(
−𝑬𝒇

𝒌𝑩𝑻
) 1.4 

 

where N is the possible number of sites per unit volume, kB is the Boltzmann constant, 

and T the temperature.
10,14

  Defects with high formation energy occur thus only in low 

concentrations, as expected.  This formation energy is the free energy of formation, ΔG, 

with formation volume and entropy frequently neglected since their contributions are 

small or negligible.   

Formation energies for defects depend on the crystal growth or annealing conditions.  

E.g., the formation energy of a zinc vacancy is determined by the relative abundance of 
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Zn and O atoms in the environment, and expressed by the chemical potentials μZn and μO, 

respectively.  The formation energy also depends on the Fermi level (EF), or the electron 

chemical potential, if the vacancy is charged.  In the case of a zinc vacancy in ZnO, the 

formation energy is given by 

 

𝑬𝒇(𝑽𝒁𝒏
𝒒

) = 𝑬𝒕𝒐𝒕(𝑽𝒁𝒏
𝒒

) − 𝑬𝒕𝒐𝒕(𝒁𝒏𝑶) + 𝝁𝒁𝒏 + 𝒒(𝑬𝑭 + 𝑬𝑽𝑩𝑴) 1.5 

 

where 𝐸𝑡𝑜𝑡(𝑉𝑍𝑛
𝑞 ) is the total energy of a supercell containing the zinc vacancy in the 

charge state q, 𝐸𝑡𝑜𝑡(𝑍𝑛𝑂) is the total energy of a perfect ZnO crystal in the same 

supercell and μZn is the zinc chemical potential.
10,14

  Similar expressions for formation 

energy apply to all native ZnO defects.  The experimental conditions for ZnO crystal 

formation can be related to the chemical potential, μZn, such as Zn-rich, O-rich, or 

something in-between.  Increasing the partial pressure of oxygen, or making the 

experimental conditions O-rich, lowers the formation energy for defect reactions that add 

O or remove Zn, promoting the formation of oxygen interstitials or zinc vacancies (Oi, 

VZn) accordingly. The chemical potential is therefore a variable quantity; however there 

are imposed bounds on the chemical potential given by thermodynamic equilibrium and 

stability requirements:  The upper bound comes from the total energy of O in an O2 

molecule, (𝜇𝑂
𝑚𝑎𝑥 =

1

2
𝐸𝑡𝑜𝑡(𝑂2)), corresponding to extreme O-rich conditions, and from 

the total energy of Zn in bulk zinc (𝜇𝑍𝑛
𝑚𝑎𝑥 = 𝐸𝑡𝑜𝑡(𝑍𝑛)), corresponding to extreme Zn-rich 

conditions.
14,19

  The formation energy for native defects in ZnO is a quantity which gives 

information about the likelihood of such a defect to exist.  Using these methods to 
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calculate formation energy, a prediction of the most likely native defects can be 

established, and allows for a better understanding of the defect structure.     

1.3 Interaction of Inorganic and Organic Semiconductors 

The formation of an interface between organic and inorganic semiconductors brings 

about a number of potential interactions such as band bending, chemical reactions and 

hybridization.
20,21

  Such interfacial interactions are reported in relation to a small number 

of key reference levels, which are briefly introduced next.   

For most measurements described in this thesis, the primary energetic reference for 

energy levels is the vacuum level (Evac).  This is sometimes misleadingly described as the 

energy of an electron at an infinite distance from the sample surface.  However, this 

universal standard is never what is measured; instead the surface vacuum level, defined 

as the energy of an electron removed to just above or out of the surface potential, is the 

relevant energetic reference, and is also abbreviated as Evac.  In this thesis, and in general, 

Evac will refer to the surface vacuum level. 

The main energy levels of interest for hybrid semiconductor interfaces are the valence 

band maximum (VBM) and the conduction band minimum (CBM) of the inorganic 

semiconductor, and the lowest unoccupied molecular orbital (LUMO) and highest 

occupied molecular orbital (HOMO) of the organic semiconductor.  The energy of the 

unoccupied states (CBM, LUMO) referenced to Evac is defined as the electron affinity 

(EA).  The difference in energy between Evac and the occupied states (VBM, HOMO) is 

the ionization energy (IE).   



30 

 

1.3.1 Interface Dipoles 

Upon formation of an interface, be it that of a metal and vacuum or an organic with 

an inorganic semiconductor, interface dipoles may be induced.  Interface dipoles arise 

from a charge distribution difference at the interface (surface).  This can be caused by 

various factors, such as permanent molecular dipoles, polarization of surface electron 

density, surface rearrangement, and chemical reactions.
22–24

  This charge distribution 

difference at the interface (surface) will result in an offset in the surface vacuum level, 

and a measured change in the overall workfunction.
23,25

  Unlike band bending, interface 

dipoles do not shift the binding energy of substrate energy levels, while band bending 

produces an overall shift in vacuum level as well as energy levels, as discussed in the 

following section. 

1.3.2 Band Bending 

When charge carriers become unevenly distributed, through formation of surface 

states at surface termination such as dangling bonds or defects, or the adsorption of 

molecules,
26

 they rearrange in a manner that is referred to as band bending (BB).  This is 

a phenomenon that occurs only in materials with weak screening, and as such is limited 

to semiconductors or insulators.  How far BB extends away from the surface depends on 

the screening length and hence the number of mobile charge carriers within the material.  

Dramatic Evac and energy level shifts can also occur due to strong interactions between 

materials, such as chemical reactions or hybridization. 

1.3.3 Chemical Reactions and Hybridization 

When molecules couple strongly to the substrate by charge transfer, chemical 

reactions and hybridization, this can also alter the energy level alignment.  In addition to 
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energy level shifts, new states can emerge as a result of these strong interactions at the 

interface, either as a result of ground state charge transfer, as commonly seen for 

molecules on metals,
25,27

 or hybridization, as has been seen for PTCDA on ZnO.
20

 

Changes  in Evac and energetic levels, commonly measured by photoelectron 

spectroscopy, can be easily confused with each other, and distinguishing the interactions 

can be difficult.
20

 

1.4 Probing Interfacial Electronic Structure and Dynamics 

To fully understand the electronic properties at the interface, both the electronic 

structure and dynamics must be studied.  For solids, a very powerful way to study both 

the electronic structure and the electron dynamics at the surface as well as in bulk is 

photoelectron spectroscopy (PES).  With standard PES one can directly observe the 

occupied bands of ZnO and molecular orbitals, and establish the energy level alignment 

at the interface.  PES utilizes the photoelectric effect, where energetic photons impinge 

upon a sample, exciting and ejecting electrons.  The ejected electrons are then analyzed 

with respect to their kinetic energy Ekin in an electrostatic analyzer.  By performing PES 

with different photon energies, one is able to gain access to a range of energy levels 

within the sample.  In the following sections I present a general background on 4 

photoelectron spectroscopic methods used in this thesis to directly detect ground and 

excited states. 

1.4.1 Photoemission Spectroscopy 

Photoemission spectroscopy, or photoelectron spectroscopy (PES), is based on the 

photoelectric effect.  Here, a photon impinges on a gas or solid (I will focus on solids in 

this thesis), excites and then photoejects an electron from the surface into vacuum.  The 
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energy of this photon can be in one of three ranges: ultraviolet (5 – 100 eV, UPS), soft X-

ray ( 100 – 1000 eV, XPS) , or X-rays (> 1000 eV, XPS).
28

  Photoemission spectroscopy 

also includes techniques where electrons impinge on a surface, relaxe and release 

photons, so-called inverse photoemission spectroscopy (IPES).  Each of these ranges and 

types of PE spectroscopy probe different aspects of the electronic structure, and have 

varying probing depths.  For example, UPS measures only the valence electrons of a 

system, XPS measures both core and valence electrons, and IPES probes unoccupied 

levels in a system.  Used separately or in combination, a great deal of information can be 

gathered about a material or interface.  In the following subsections, a brief introduction 

to each PES technique utilized will be presented. 

1.4.1.1 Ultraviolet Photoemission Spectroscopy (UPS) 

Ultraviolet photoemission spectroscopy (UPS) is an incredibly important and useful 

technique for surface and interface science.  Commonly, UPS utilizes the ultraviolet (UV) 

radiation from a helium discharge lamp, emitting mainly photons of the energy 21.218 

eV.  Further experimental details will be presented in Chapter 2.  Using UPS, one has 

access to valence levels, with high surface selectivity.  From the photon energy used, and 

the inelastic mean free path (IMFP) of electrons in a solid, the surface sensitivity of an 

electron spectroscopy technique can be estimated.  For He(I) emission (21.218 eV), the 

mean free path for an electron is about 1-2 nm.  This surface sensitivity can be extended 

by utilizing He(II) emission at 40.81 eV.   
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Figure 1-5:  The inelastic mean-free-path in nanometers (λn) of electrons represented in a “universal curve” over a 

range of electron kinetic energies (eV) [29] 

 

1.4.1.2 X-ray Photoemission Spectroscopy (XPS) 

Since these photon energies are high, with energies ranging from 100 to many 

thousands of eV, XPS is typically used to study core electrons with binding energies of 

the same order.  From the universal curve, the IMFP for such photoelectrons range from 

2-10 nm or more, making XPS a relatively surface sensitive technique. However, the 

resolution is often not as good as UPS, especially for valence electrons, making the 

combination of UPS and XPS a frequent and common experimental choice.  In exchange 

for diminished resolution, atomic sensitivity is gained, with the ability to monitor changes 

in the chemical environment through observations of chemical shift and satellite 

formation in the spectra.   
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1.4.1.3 Inverse Photoemission Spectroscopy (IPES) 

Inverse photoemission spectroscopy is an electron in, photon out technique which 

measures the unoccupied electronic states at the surface of a given solid state sample.  

Here, using an electron gun, a sample is bombarded by a beam of monochromatic 

electrons of some kinetic energy Ekin.  These electrons make direct transitions into the 

conduction band or other unoccupied levels of the surface, simultaneously emitting a 

continuous Bremsstrahlung (x-ray) spectrum.  This spectrum, to first order, represents the 

density of states of the unoccupied states of the system.  IPES can be done in two modes, 

where the electron kinetic energy is varied and the detected photon energy is held 

constant (isochromat mode), or where the electron kinetic energy is constant, and the 

detected photon energy is measured as a distribution (fluorescence mode).  While one 

might gain in resolution by running experiments in fluorescence mode, the complexity of 

the measurement becomes greater due to the necessity of a monochromator.  Isochromat 

mode is most popular, and will be the mode used in this thesis.   

In isochromat mode, a UV detector with a bandpass is utilized to filter out all photons 

but one specific energy (9.7 eV for experiments in this thesis).  This allows for the fairly 

easy quantification of photons via a photomultiplier type detector.   To this effect, the 

energy of the conduction band or unoccupied levels can be determined by these 

parameters:  Ekin of the electron, which is scanned, and the band-pass selected photon 

energy Ephoton, which remains constant:   

 

𝑬𝒌𝒊𝒏 − 𝑬𝒑𝒉𝒐𝒕𝒐𝒏 = 𝑬𝒍𝒆𝒗𝒆𝒍 1.6 
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It should be noted that the unoccupied levels measured by IPES are actually that of the 

anion, i.e. transport levels.  As such, the comparison of IPES measurements to ground 

state electronic structure can vary drastically depending on the Hubbard U term in the 

Hamiltonian of the molecular solid.   

1.4.1.4 Two-Photon Photoemission Spectroscopy (TPPE) 

Two-photon photoemission (TPPE) spectroscopy utilizes intense ultrafast laser pulses 

to drive a non-linear second order process, resulting in photoemission from a surface.  

This process allows for both ground and excited states to be measured simultaneously.  

Two-photon photoemission is extremely tunable, allowing for polarization, and “color,” 

to be varied in order to probe different states of the surface.  The experiment works as 

pump-probe, where two photons impinge on the sample simultaneously (in steady state 

measurements) or with some time delay Δτ (in time-resolved measurements).  The first 

photon excites an electron from an occupied initial state below EF to an intermediate state 

Eint usually below Evac.  The second photon ionizes the electron above Evac to its final 

state Efinal (Figure 1-6).   

All two-photon photoemission experiments discussed in this thesis have been 

performed with identical energy for both pump and probe photons (monochromatic 

TPPE), however two-color experiments, where the pump photon has a different energy 

than the probe photon, are also possible and allow for further access to resonantly pump 

excited states within a given system. This can be used e.g. to resonantly excite the LUMO 

of an organic semiconductor, followed by probing with a higher energy photon to ionize 

(Figure 1-6). Since TPPE is a laser based technique, polarization is also a variable which 

can be changed.  Single polarization measurements with p-polarized, or parallel to the 
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incidence plane of the sample, are the standard conditions used in this thesis.  

Polarization can be changed, either to pure s-polarization, or for crossed-polarization, 

with either p-s, or s-p pump-probe ordering being the options that allow for the selection 

of specific states.  These capabilities make TPPE a powerful, albeit complex technique 

for studying surfaces and interfaces. 

Since TPPE probes both ground and excited states simultaneously, TPPE spectra are 

reported in terms of final state energy, Efinal,.  This energy is defined as the total energy 

above the Fermi energy after the absorption of two photons.  To identify the nature of a 

given TPPE feature in a given spectrum, the final state vs. photon energy dependence 

must be determined: The photon energy is changed and the resulting final state energy 

change is tracked.  The dependence on photon energy for ground and excited states as 

follows:  when changing photon energy, excited states shift the final state energy with a 

photon energy dependence of Δ =  ℎ𝜈 since Efinal = Eunocc + hν − EF, while ground states, 

ionized by coherent absorption of two photons, shift with a dependence of Δ =  2ℎ𝜈, 

since Efinal = Eocc + 2 hν  − EF.  A plot of peak center (Efinal) vs. photon energy (hν) 

determines thus whether an observed feature corresponds to a ground or an excited state.  
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Figure 1-6:  Possible two-photon photoemission processes 

 

1.4.2 Dynamics 

In order to understand the mechanism for processes which occur at organic / 

inorganic semiconductor interfaces, lifetime measurements must also be taken.  Charge 

transfer at these interfaces can be ultrafast, on the order of femtoseconds, and thus this is 

the time scale that must be accessed.  Using time-resolved two-photon photoemission 

spectroscopy, electron dynamics can be studied.  However, the time-evolution of 

processes is complicated due to coherent interactions between system, environment and 

electromagnetic field.  The time-dependent Schrödinger equation can be recast to 

describe all relevant processes, and the coherences and interactions with the environment 

can be conveniently captured in the density matrix formalism, where a density matrix 

replaces the wavefunction: 
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|𝜓(𝑡)⟩ = 𝑐1|𝜙1⟩ + 𝑐2|𝜙2⟩ + ⋯+ 𝑐𝑛|𝜙𝑛⟩  → 𝜌 

The time evolution of the density operator, �̂�(𝑡), can be expressed using the Liouville-

von Neumann (LvN) equation 

 
𝒅�̂�

𝒅𝒕
= −

𝒊

ℏ
[�̂�, �̂�(𝒕)] 1.7 

 

where the commutator of the Hamiltonian for the system, �̂�, and the density 

operator, �̂�(𝑡),  gives rise to time evolution. After applying the rotating wave 

approximation (RWA), which allows for fast oscillations to be separated, the optical 

Bloch equations (OBE) can be formulated.   

For a simple two state system, the OBE can be written as: 
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where 𝑘1←2 and 𝑘2←1 are the rate constants for going from state 2 to state 1, and from 

state 1 to state 2, respectively, μ is the transition dipole moment, η is the detuning 

frequency, 𝜎11and 𝜎22 are the populations, and �̃�12 and �̃�21the coherences now including 
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a coupling correlation function, C, which incorporates interaction to an external field or 

bath.  Out of the OBE the lifetime (population) and pure dephasing (coherences) rate 

constants, kd, 𝑘1←2, 𝑘2←1, can be obtained: 

 

𝒌𝒅 = 𝒌𝟏
(𝟏𝟐)

+ 𝒌𝟐
(𝟐𝟏)

=
𝟏

𝟐
(𝒌𝟐←𝟏 + 𝒌𝟏←𝟐) + ℏ−𝟐�̃�(𝟎)(𝑽𝟏𝟏

𝑺 − 𝑽𝟐𝟐
𝑺 )

𝟐
 1.12 

 

The lifetime contribution of 𝒌𝒅 has two parts, the population lifetime contribution to the 

decay rate of ρ12, which is the average population relaxation rates out of states 1 and 2:    

𝟏

𝟐
(𝒌𝟐←𝟏 + 𝒌𝟏←𝟐) =

𝒌𝒓

𝟐
, and the pure dephasing, which is of the form ℏ−𝟐�̃�(𝟎)(𝑽𝟏𝟏

𝑺 −

𝑽𝟐𝟐
𝑺 )𝟐, where V

S
 is the system-bath coupling.  The modulation in the system energy 

spacing E21 due to coupling is represented by 𝑽𝒊𝒊
𝑺 − 𝑽𝒋𝒋

𝑺  and �̃�(𝟎), which is the time 

correlation function of the bath at zero frequency, i.e. a property of the equilibrium bath 

only, and is independent of the system. By definition, T2
*
 is thus a measure of system-

bath coupling, given by 

 

𝒌𝒅 =
𝟏

𝑻𝟐
,  𝒌𝟏

(𝟏𝟐)
= 

𝟏

𝟐𝑻𝟏
, 𝐚𝐧𝐝 𝒌𝟐

(𝟐𝟏)
= 

𝟏

𝑻𝟐
∗  1.13 

 
𝟏

𝑻𝟐
=

𝟏

𝟐𝑻𝟏
+

𝟏

𝑻𝟐
∗  1.14 

 

Using the OBE, we can gain access to both the population relaxation time, T1, and the 

dephasing time, T2, of a system as separate quantities.  Further, the pure dephasing time, 

T2
*
 is a quantity which is also accessible, which is of importance for gaining insight to 

interactions. 
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Of course, this becomes more complex for time-resolved two-photon photoemission, 

since a three-level system will be the simplest model useful to describe excitation and 

photoemission by two photons, with transitions first to an intermediate state, then to a 

final state photoemission continuum, where each state can, in principle, interact (Figure 

1-7).   

The three-level density matrix is written as follows:  

 

𝝆(𝒕) = (

𝝆𝒈𝒈 𝝆𝒈𝒊 𝝆𝒈𝒇

𝝆𝒊𝒈 𝝆𝒊𝒊 𝝆𝒊𝒇

𝝆𝒇𝒈 𝝆𝒇𝒊 𝝆𝒇𝒇

) 1.15 

 

And the LvN equation for the temporal evolution of the density matrix can be written as: 

 
𝒅

𝒅𝒕
𝝆 = −

𝒊

ℏ
[𝑯𝟎 + 𝑯𝒊𝒏𝒕

𝒄 , 𝝆] − 𝒊[𝑯𝒊𝒏𝒕
𝒓 , 𝝆] 1.16 

 

We now account for the unperturbed Hamiltonian for the three-level electronic system, 

𝐻0, the coherent interaction with the laser electromagnetic field, 𝐻𝑖𝑛𝑡
𝑐 , and also include 

the random perturbation which acts upon the electronic system and is responsible for 

relaxation of the excited states through a coupling with an external thermal bath, 𝐻𝑖𝑛𝑡
𝑟 .

30
  

After making use of the Redfield approximation and the RWA, the matrix elements and 

OBE take a similar form to (Eqs 1.8-1.11) presented in the two-level system, allowing to 

access population decay lifetimes as well as the coherence decay of a transition, and the 

pure dephasing which introduces interference effects into the dynamic picture. 



41 

 

 

Figure 1-7:  Two-photon process with three levels interacting with laser radiation.  |g> indicates the initial ground state 

of the electrons, |i> the intermediate state above the Fermi level, and |f> the electron final state above the vacuum level. 

 

1.5 Core Level Electronic Structure and Dynamics: Synchrotron-Based 

Approaches 

The theory of synchrotron radiation can be generalized from classical electricity and 

magnetism  by recognizing that electrons accelerated to relativistic velocities in a circular 

orbit emit broadband electromagnetic radiation.
1,2

  The first instance of such emission 

was observed in 1947.
31

  Dedicated storage rings for synchrotron lightsources to be used 

for scientific programs have existed since the 1980s.
31

  Due to the low electron mass and 

relativistic speeds, the emitted radiation is not only broadband, extending from the IR to 

x-ray region, but also very intense and collimated, with very shallow divergence angles 

on the order of 1 mrad.
31

  The wide availability of photon energies and high flux has 
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made various techniques possible, and synchrotrons are home to many state of the art 

instruments and techniques.   

 In this next section I will discuss two such spectroscopic techniques, X-ray 

absorption (XAS) and resonant photoemission spectroscopy (RPES), used extensively in 

this thesis. 

1.5.1 X-ray Absorption Spectroscopy (XAS) 

The ability to probe elemental core level transitions as well as unoccupied states and 

their dynamics for light elements such as C, N and O can be gained by using soft x-ray 

synchrotron light source techniques.  Near-edge X-ray absorption fine structure 

(NEXAFS), commonly referred to as just X-ray absorption spectroscopy (XAS), is a 

powerful technique for studying organic adsorbates on surfaces.
24

  By utilizing a high 

flux, tunable, monochromatic photon beam, one can access the unoccupied electronic 

structure. Since the light used at a synchrotron is elliptically polarized, XAS can also be 

used to access information about bond angles and orientation of organic adsorbates by 

changing the impinging incidence angle, and thus probe the spatial orientation of 

molecular orbitals by monitoring the change in resonance intensity.  Due to its elemental 

sensitivity and optical penetration depth, the unoccupied states monitored can be of the 

surface below the adsorbate or the organic layer itself.   Because X-ray absorption uses 

soft X-rays, it is relatively surface sensitive.  The detection depth for XAS, using 

detection by photoemission as described briefly below, is typically < 50 Å, depending on 

the material under investigation.
32

  This is due, in part, to the effective escape depth of 

electrons in the medium at a given kinetic energy, i.e. the IMFP.   
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Figure 1-8: X-ray absorption mechanism. 

 

Briefly, XAS works as follows (Figure 1-8):  Monochromatized x-rays are scanned 

over a range of energies selected for a certain atomic core transition.  As the photon 

energy is increased from below to just above the absorption threshold, the creation of a 

core-hole results in the appearance of characteristic Auger peak in the photoemission 

spectrum, which remains at constant kinetic energy.  The Auger peak is characteristic of 

the material or adsorbate atom, and arises from the decay of an adsorbate valence 

electron into the core hole by transfer of the excess energy to another valence electron.  

The intensity of this Auger peak changes as the photon energy is scanned, and 

corresponds to the X-ray absorption cross section of the selected atomic transition.
32

  By 

selecting a specific Auger kinetic energy to analyze and recording the photoemitted 

intensity, the X-ray absorption cross section, and thus the unoccupied level or conduction 

band density of states of a material or adsorbate can be measured in what is called Auger 

Electron Yield (AEY) Mode. The scanned photon beam further induces a photoemission 

current from the sample which changes as a function of excitation energy; this current, if 
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not energy resolved, can be measured at the sample and the detection scheme is called 

Total Electron Yield (TEY) Mode.   

TEY is a much more sensitive form of measurement than AEY, as well as a simpler 

experiment to perform since there is no need to energy select the electrons (no pass 

energy required).  With TEY mode, the signal is dominated by low kinetic energy 

electrons which make up the “inelastic tail,” some of which are inelastically scattered 

Auger electrons.
32

  Here the total signal is quite large, since all electrons leaving the 

sample are accounted for, however the signal-to-background ratio is small, since the 

relevant signal competes with that from direct photoemission.  For the photon energies 

used in experiments presented here, within the range of 250 eV ≤ hν ≤ 600 eV and 

specific to adsorbate edges for C, N, or O, electrons have mean free paths typically less 

than 10 Å, making this a very surface sensitive measurement.
32

 

1.5.2 Resonant Photoemission Spectroscopy (RPES) 

A powerful way to access dynamics that has emerged as a result of the tunability of x-

rays at synchrotron facilities is resonant photoemission spectroscopy (RPES).  This 

technique is different from traditional pump-probe spectroscopy in that the measurement 

is not carried out in the time domain, but in the energy domain, and core electrons are 

involved, allowing for atomic specificity.  Here, one can access charge transfer lifetimes 

on the order of hundreds of attoseconds to 100 femtoseconds, due to a dependence and 

reliance on the known lifetime of the core-hole.
33

  The incident photon energy is stepped 

across the x-ray absorption edge.  Resonant absorption of the X-ray photon promotes a 

core electron to an unoccupied level, creating a core-hole.  This excited state decays 

quickly, typically within a few femtoseconds, and can go through many possible 
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channels.  Of these channels, Auger resonant decay, X-ray fluorescence, and resonant 

photoemission are most commonly observed.  I will focus on resonant photoemission in 

this dissertation, as this decay channel provides greatest insight into the interfacial 

electronic structure and physics.   

 

Figure 1-9: Resonant photoemission decay channels 

 

Within the resonant photoemission channel, there are two signal pathways which can 

be used to for monitoring ultrafast dynamic processes shown in Figure 1-9: (B) 

participator and (C) spectator decay.  In the absence of fast charge transfer, upon x-ray 

absorption the core-excited state can decay through either, or both decay pathways to fill 

the core-hole.  For the participator channel, decay of the core-excited state results in the 

ionization of a valence level electron, leaving the system in a final state energetically 

equivalent to valence PES.
34

  As photon energies are being scanned, this results in 

photoemission spectra which resemble valence photoemission spectra, however with 

certain transitions resonantly enhanced by core-hole selective x-ray absorption.  For the 

spectator channel, a valence electron fills the core-hole, resulting in the emission of 
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another valence electron, leaving the final state in a two-hole-one-electron state with the 

excited electron remaining in the conduction band (LUMO+n).
34

  This process results in a 

resonant photoemission spectrum which resembles Auger emission.  Both of these 

processes result in the ultrafast core-hole decay lifetime, 𝜏𝑐ℎ, which can be used to 

determine charge transfer lifetimes.  For both channels, enhancement at specific x-ray 

absorption transitions will be quenched if the excited electron transfers away from the 

core-hole (Figure 1-9A).  In this dissertation, the participator channel will be solely used 

to measure such lifetimes with resonant photoemission.  

Using resonant photoemission, the photoemission signal intensity can be correlated to 

a charge transfer lifetime, 𝜏𝐶𝑇, based on a few simple assumptions, given the following 

few quantities:  the core-hole lifetime 𝜏𝑐ℎ, the resonant photoemission intensity for the 

system of interest in the absence of charge transfer, Ilocalized, and the resonant 

photoemission intensity for the system including charge transfer, Idelocalized.  

Unfortunately, acquiring these three pieces is non-trivial.  Many core-hole decay 

lifetimes are known and can be found in the literature,
33

 though the other two measured 

values require some assumptions, which I will outline below.  In this case, the system 

will be decomposed into a small molecular or atomic adsorbate (small system) coupled to 

a large bath (substrate).    

The core hole decay rate, dN/dt, is given by: 

 
𝒅𝑵(𝒕)

𝒅𝒕
=  −

𝚪

ℏ
𝑵(𝒕) 1.17 
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where 
ℏ

Γ
≡  𝜏 is the characteristic lifetime.  Γ in Eq (1.17) is generally interpreted as the 

imaginary part of the complex self energy and is related to the decay rate by Golden 

Rule.  In the absence of coherence effects and for some given core-excited state, Γ is 

proportional to the total intensity in the measured spectrum, given by 

 

𝑵(𝒕) = 𝑵𝟎𝒆
−𝒕/𝝉 = 𝑵𝟎 𝒆𝒙𝒑(−

𝚪

ℏ
∙ 𝒕) 1.18 

 

N0 is the number of excited states at some arbitrarily chosen time, and N(t) is the number 

of systems left in the excited state after time t.  Using Eq.(1.18), we can derive time-

dependent survival probabilities P(T), i.e. the chance that no decay events occur during 

time T.
34

 

 

𝑷(𝑻) = 𝟏 − ∫
𝚪

ℏ

𝑻

𝟎

𝒆𝒙𝒑(−
𝚪

ℏ
𝒕)𝒅𝒕 1.19 

 

Since we have already connected 
ℏ

Γ
 with the characteristic time for decay, we now define 

ℏ
Γ𝐶𝑇

⁄  as the characteristic lifetime for charge-transfer, 𝜏𝐶𝑇, and the core-hole lifetime, 

𝜏𝐶 ≡ ℏ
Γ𝐶

⁄ .  From here we can relate the two competing processes, charge transfer and 

core-hole decay, through their characteristic times and intensities found in the decay 

spectrum.   

Rewriting the probability now in terms of the characteristic lifetimes, we obtain: 

 

𝑷𝑵𝒐 𝑪𝒉𝒂𝒓𝒈𝒆 𝑻𝒓𝒂𝒏𝒔𝒇𝒆𝒓(𝑻) = 𝟏 − ∫
𝚪𝑪𝑻

ℏ
𝒆𝒙𝒑(−

𝚪𝑪𝑻

ℏ
∙ 𝒕)

𝑻

𝟎

𝒅𝒕 1.20 
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The probability for decay by a core-hole decay process is 

 

𝑷𝑪(𝑻) = ∫
𝚪𝑪

ℏ
𝒆𝒙𝒑(−

𝚪𝑪

ℏ
𝒕)𝒅𝒕

𝑻

𝟎

 1.21 

 

To consider both channels at the same time, in which both have their own separate 

rates, the probability for the combined rates must be considered. Assume that a core-

excited system decays before some time T, and no charge transfer occurs during this time.  

This can be expressed as 

 
𝑷𝑪

𝑵𝒐 𝑪𝑻(𝑻) = ∫
𝚪𝑪

ℏ
𝒆𝒙𝒑(−

𝚪𝑪

ℏ
∙ 𝒕𝟏)

𝑻

𝟎

× [𝟏 − ∫
𝚪𝑪𝑻

ℏ
𝒆𝒙𝒑(−

𝚪𝑪𝑻

ℏ
∙ 𝒕𝟐)

𝒕𝟏

𝟎

𝒅𝒕𝟐] 𝒅𝒕𝟏

= 
𝚪𝑪

𝚪𝑪 + 𝚪𝑪𝑻
[𝟏 − 𝒆−(𝚪𝑪+

𝚪𝑪𝑻
ℏ⁄  )∙𝑻] 

1.22 

 

As 𝑇 → ∞, the excited systems will have definitely decayed, and equation (1.22) can be 

simplified to 

 

𝑷𝑪
𝑵𝒐 𝑪𝑻 =

𝚪𝑪

𝚪𝑪 + 𝚪𝑪𝑻
 1.23 

 

This tells us that there will still be some fraction of the spectral intensity that will come 

from core-hole decay, even when no charge transfer has occurred before the core-hole 

decays, as detailed below.  The remaining fraction of the spectrum (where charge transfer 

does occur before T) is then given by 
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𝑷𝑪
𝑪𝑻 =

𝚪𝑪𝑻

𝚪𝑪 + 𝚪𝑪𝑻
 1.24 

 

We can therefore determine the magnitude of ΓCT through intensity ratios related to these 

combined probabilities. This is particularly straightforward when looking at the limits of 

ΓCT, such that Γ𝐶𝑇 → 0 and Γ𝐶𝑇 → ∞.  Applying the relationships above we can relate I, 

the measured spectral intensity, to the corresponding rates, Γ.   

Specifically, for examining a participator channel, some approximations are required 

since the total Auger-like spectrum is not considered.  The occupied-unoccupied orbital 

spatial overlap which enters the Auger matrix element is only weakly dependent or 

independent of the coupling of the systems.  As long as this is the case, the intensity of 

the participator channel Iiso for the isolated small system, or the uncoupled molecule in 

the currently considered case, can be taken as proportional to the entire resonant spectral 

bandwidth: ΓC+ ΓCT.  The next assumption is that any decrease in intensity of that feature, 

or Iiso – Icoup, will correspond to the charge-transfer rate or tunneling bandwidth ΓCT, for 

which Icoup is the participator intensity for the coupled system, e.g. the coupled molecule-

substrate system.  For this approximation to be valid, the participator matrix element 

must be the same for the isolated and coupled small systems, which may not always be 

true.  Another issue which must be resolved is the intensity calibration, which must 

correspond, ideally, to intensity per unit small system (or molecule).  After all of these 

approximations are applied, the relationship between lifetimes and intensities becomes
34

 

 
𝚪𝑪𝑻

𝚪𝑪 + 𝚪𝑪𝑻
=

𝑰𝒊𝒔𝒐 − 𝑰𝒄𝒐𝒖𝒑

𝑰𝒊𝒔𝒐
 1.25 
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By comparing competing first order decay pathways, that of an isolated core-hole 

decay pathway, and that of ultrafast charge transfer, this relationship (Eq.1.25) is derived. 

Using this simple relationship, ultrafast dynamics are analyzed within the approximate 

range of 0.1∙τc-h> τCT >10∙τc-h, at the limit of ultrafast time resolution. This available time 

window is determined largely by intensity enhancements that can be routinely obtained 

from resonant photoemission spectra. 

 

Figure 1-10:  Carbon K-edge resonant photoemission spectra for multilayer C60.  The spectrum taken pre-resonance 

(red) shows a regular photoemission signal, while the spectrum taken on resonance (black) has enhanced Auger 

(Spectator) and photoemission (Participator) features. 

 

1.6 Dissertation Outline/Overview 

An introduction to my research and methodology was provided in this chapter.  After 

introducing my motivations, I described organic and inorganic semiconductors as well as 
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interfaces composed of the two.  I concluded with some brief theoretical descriptions of 

the techniques and experimental approaches used. 

In Chapter 2, the experimental material and methods used in this body of work, 

ultraviolet photoelectron spectroscopy (UPS), x-ray photoelectron spectroscopy (XPS), 

two-photon photoemission (TPPE), inverse photoemission spectroscopy (IPES), x-ray 

absorption (XAS), and resonant photoemission (RPES), will be explained.  Aspects of 

ultrahigh vacuum, sample surface preparation, and molecular thin film growth will be 

discussed as well. 

In Chapter 3, I characterize the interface of C60 and ZnO as a function of the ZnO 

surface treatment.  Here I show that I control the ZnO defect concentration at the surface, 

and in turn affect the interfacial interactions which occur at the ZnO / C60 interface.  The 

energy level alignment for each surface defect concentration was measured using 

photoemission spectroscopies.  These results are further supported by DFT calculations 

and Hg probe device measurements.   

In Chapter 4, I present a unique application of two-photon photoemission 

spectroscopy (TPPE).  Using TPPE, I strategically examine the bandgap region of ZnO 

bandgap region.  I show that a ZnO gap state is detected, and discuss its behavior upon 

thermal annealing and its interactions with adsorbed C60.  Through comparison to theory, 

the ZnO gap state is identified as surface oxygen vacancies. 

In Chapter 5, I first discuss some steady state TPPE experiments where the growth of 

C60 on ZnO was studied, leading to an understanding of the C60 TPPE spectrum.  I also 

demonstrate the proof of concept of a long awaited technique for the lab: time-resolved 

two-photon photoemission (TR-TPPE).  Here I demonstrate this technique on a model 
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system of multilayer C60 on Au (111), where TPPE intensity autocorrelations were 

acquired on the Au (111) surface state to determine the pulse duration, and the lifetime of 

the C60 LUMO+1 was determined using TR-TPPE.   

In Chapter 6, the ultrafast dynamics of electrons at the hybrid interface between ZnO 

and C60 are tracked using a novel application of core-hole clock spectroscopy, in 

collaboration with my group partner David Racke.  With core-hole clock spectroscopy, 

the ultrafast delocalization of electrons in the conduction band of ZnO can be measured, 

which allows for the analysis of the effect of hybrid interface formation on ZnO charge 

carriers. Interactions between the conduction band of ZnO and the C60 LUMO lead to 

strong coupling and charge trapping at the hybrid interface, which drastically slows the 

rate of charge transfer within ZnO by two orders of magnitude.      

In Chapter 7, I continue my work on the structure and dynamics of the C60 / ZnO 

interface, by using resonant photoemission spectroscopy to track the ultrafast dynamics 

of electrons in the C60 unoccupied levels.  Here I show that the C60 LUMO+1 becomes 

localized upon hybrid interface formation through ground state charge transfer from ZnO.  

This localization can be further enhanced by doping the C60 monolayer with Cs adatoms, 

filling the C60 LUMO and further localizing the LUMO+1.   

In Chapter 8, I discuss the overall conclusions of the work presented in this 

dissertation, followed by future directions and a list of references.



53 

 

2 EXPERIMENTAL MATERIALS AND METHODS 

2.1 Introduction 

Many of the major questions in organic and hybrid electronics in general and OPV in 

particular have to do with understanding the electronic phenomena at surfaces and 

interfaces.  It is important to directly measure the surface and interface electronic 

structure, and to ensure that surfaces are properly cleaned and prepared for such 

measurements.  This is not trivial to accomplish, and to fully understand what is 

happening at these interfaces, proper surface- and interface-sensitive studies are needed. 

As discussed in Chapter 1, photoemission spectroscopy (PES) is one of the most 

useful surface sensitive tools for electronic structure characterization, and there is a wide 

range of photoemission spectroscopic techniques available that can give access to a broad 

realm of electronic levels.  A general overview of the theory of some of these techniques 

has been discussed in Chapter 1, and further experimental details for those techniques 

will be discussed in the following sections.   

2.2 Photoemission Spectroscopy 

2.2.1 Ultrahigh Vacuum Considerations 

When studying the electronic structure of solid surfaces one must consider the 

electron mean free path in nm as a function of electron kinetic energy, or the universal 

curve, as shown in Chapter 1.  In a large range of energies commonly used for 

photoemission spectroscopy, the mean free path is < 1 nm, implying that spectroscopy of 

a solid in that range will involve electrons from a very thin layer of the sample at the 
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surface. Thus, to investigate surface states, bulk properties, or adsorbed molecules 

requires ultrahigh vacuum conditions (UHV) to prevent adsorption and interference of 

contaminants.   

Under ambient conditions, gas molecules are constantly bombarding the surface.  The 

speed with which an adsorbate monolayer forms can be calculated from the flux, F, or the 

number of molecules which impinge upon the surface per unit time per unit area, and is 

directly proportional to the pressure, P, as seen in Equation 2.1: 

 𝑭 =
𝑷

√𝟐𝝅𝒌𝑩𝑻𝒎
 2.1 

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

sticking coefficient accounts for the fraction of molecules that do not bounce off the 

surface but rather adsorb, given as a fraction between 0 and 1. For a simple estimate and 

using a sticking coefficient of 1 and a typical packing density of 10
19 

molecules/m
2
 for 1 

monolayer, one can predict the time needed for the formation of a monolayer of adsorbed 

molecules: 

 

𝒕 =
𝟏𝟎𝟏𝟗

𝑭

𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔

𝒎𝟐
 2.2 

Consequently it takes already < 1 s for 1 ML of contaminants to adhere to the surface at 

pressures of 10
-6

 Torr and higher, using a sticking coefficient of 1. By reducing the 

pressure to 10
-9

 Torr, this time is increased to1000 s.
35

  In reality, sticking coefficients for 

molecules are typically less than one, and therefore this is an extreme minimum time 

estimate for surface contamination by adsorption of a full monolayer. It is, however, clear 

that ultralow pressures are absolutely essential for studies of surfaces and interfaces.  
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Vacuum conditions are also necessary in order for electrons to be collected and 

detected without collision with ambient gas molecules.  Here, a large electron mean free 

path, λp, is desirable, and can be calculated by treating electrons as spherical particles in 

the framework of kinetic gas theory: 

 

𝝀𝒑 =
𝟏

√𝟐

𝒌𝑩𝑻

𝑷𝝈
 2.3 

where σ is the collision cross section.  Under atmospheric conditions, λp is around 10
-8

 m.  

Under UHV conditions, this can exceed tens of kilometers, which permits electrons to 

reach the detector without scattering or colliding with gas molecules. 

2.2.2 Ultraviolet Photoelectron Spectroscopy 

Ultraviolet photoelectron spectroscopy was used to investigate the surface and 

interfacial electronic structure of organic / inorganic semiconductor interfaces.  A non-

monochromatized SPECS UVS 10/35 He discharge lamp was used to emit He Iα 21.218 

eV photons (< 2% of HeI emission consists of the He Iβ satellite at 23.085 eV).  This 

same lamp was also used to emit He IIα (40.814 eV) photons.  The energy of these 

photons is sufficient to photoeject electrons from the valence bands of the surfaces and 

interfaces of interest.  These electrons are then focused into the hemispherical analyzer by 

an electrostatic lens and accelerated or retarded by a Herzog plate to constant analyzer 

energy (CAE) (Figure 2-1).  The CAE or pass energy allows electrons of specific energy 

to pass through the analyzer into the detector (channeltron).  The resulting signal 

collected is plotted as counts (electrons detected by channeltron) vs. kinetic energy, 

where the kinetic energy information for each electron comes from how much 

acceleration / retardation was needed by the Herzog plate to match the CAE.   
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UPS utilizes photon energies which match almost exactly the IMFP curve minimum, 

making it one of the most surface sensitive techniques available.  However, these photon 

energies do not provide a very large spectral window (< 21 eV for He I).  The density of 

states (DOS) accessed by UPS is limited to the valence band region, which is not well 

suited for elemental analysis. It provides however much higher spectral resolution than 

XPS.  To highlight this high spectral resolution, Figure 2-2 shows an example UP 

spectrum acquired for the Au (111) surface.  Here individual d bands of the Au crystal 

are observable (-7 to -3 eV).  

By taking the UP-spectra of a metal, such as gold, the energy of the Fermi level can 

be determined.  This is shown in Figure 2-2A, where the full UP-spectrum for Au (111) is 

displayed, and the Fermi level is indicated.  This Fermi energy is universal for all 

materials which are grounded to the instrument, and is important for the calibration of 

binding energies: 

 

𝑩𝑬 = 𝑲𝑬 − 𝑬𝑭 2.4  

Also important is the workfunction of a material, determined by measuring the 

vacuum level, or secondary electron cut off (SECO) energy.  By measuring the energy of 

the SECO, knowing the instrument Fermi energy, and knowing the photon energy (for 

HeI 21.218 eV), the workfunction can be calculated:   

 

𝑾𝑭 = 𝑬𝒑𝒉𝒐𝒕𝒐𝒏 − (𝑬𝑭 − 𝑬𝑺𝑬𝑪𝑶) 2.5 
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Figure 2-1:  Photoelectron Spectrometer 
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Figure 2-2: Example UP-Spectra for two different materials.  A.) Au (111) and B.) peALD ZnO 

 

2.2.3 Inverse Photoemission Spectroscopy 

Inverse photoemission spectroscopy was performed at Princeton University in the 

Kahn Laboratory in a custom built ultra-high vacuum system.  IPES measurements were 

done in isochromat mode.  Here, a low energy electron gun is used to provide the variable 

energy electron beam, and a fixed-energy photon detector is used.  The detector consists 

of a channeltron coated by 700 Å of potassium chloride, placed behind a strontium 

fluoride window with a cut-off energy of 9.7 eV.36  Overall resolution for IPES 

measurements taken in this set-up is 450 meV.
36

  Exposure time was limited to keep 

organic films from degrading in the electron beam.  
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Figure 2-3: Mechanism for photoemission and inverse photoemission spectroscopies 

 

2.2.4 X-ray Photoelectron Spectroscopy 

A Kratos Axis Ultra Photoelectron Spectrometer located in the Laboratory for 

Electron Spectroscopy and Surface Analysis (LESSA) facility was used for X-ray 

photoelectron spectroscopy (XPS) performed at the University of Arizona.  Samples were 

loaded into the Kratos system in one of two ways:  Single samples which had been 

exposed to air were loaded through a gate valve into the load lock, while air-sensitive 

samples were loaded by way of a glove box.  Once evacuated to high vacuum (~ 10
-6

-10
-7

 

torr), the samples were transferred to the analysis chamber for substrate preparation and 

measurement.  The analysis chamber contains XPS and UPS sources as well as an ion 

bombardment gun for sample cleaning.  Due to the high throughput purpose of this 

instrument, the system’s base pressure is variable, but frequently operated in the range of 

8 x 10
-9

 torr.   

Both Mg and Al sources are available in the Kratos system, however all XPS 

measurements in this thesis used the monochromatic Al Kα anode at a photon energy of 



60 

 

1486.6 eV.  Monochromatized sources provide improved resolution, since linewidths are 

narrower due the removal of satellite lines and reduced background radiation.      

 

Figure 2-4: Full / Survey XP-spectrum for clean peALD ZnO 

 

XPS was also taken in other locations, including the custom UHV set up in the Kahn 

Lab at Princeton University and at Stanford Synchrotron Radiation Laboratory (SSRL).   

2.2.5 Two-Photon Photoemission Spectroscopy 

2.2.5.1 Laser and Optics  

Photon energies ranging from 2.75-5 eV are used for two-photon photoemission 

(TPPE) and obtained from the frequency doubled and tripled output of a mode-locked 

Spectra Physics Tsunami Titanium Sapphire oscillator.  The Ti:Sapph laser is pumped by 

a 15 W Spectra Physics Millenia Nd:YVO4 laser.  The fundamental output of the 
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Ti:Sapph oscillator is tunable from 700-1000 nm (1.25-1.75 eV), producing a pulse train 

at 80 MHz, with the maximum power output at 800 nm and average unoptimized pulse 

duration of 120 fs, compressible to 80 fs.  The fundamental (Ti:Sapph output) pulse 

duration is measured using a single shot autocorrelator (MiniOptic Delta).  To achieve 

laser photon energies capable of photoionizing substrates with workfunctions in the range 

of 3.7 – 5.5 eV, the Ti:Sapph output is sum-frequency mixed in a MiniOptic Time-Plate 

Tripler, where non-linear optical (NLO) processes produce frequency-doubled and -

tripled outputs.  Second harmonic generation (SHG) occurs in a lithium barium borate 

(LBO) crystal, where two photons of the same frequency (fundamental) and polarization 

mix to create one photon with double the frequency and 90° rotated polarization 

(ω1+ω1=2ω1=ω2).  Following second harmonic generation, the combined fundamental 

and second harmonic beams go through a calcite time plate, which plays the role of a 

wavelength-selective delay arm, delaying one wavelength and matching both “colors” in 

time.  Subsequently, a waveplate matches the polarization of both beams.  Finally, a beta 

barium borate (BBO) crystal sum-frequency generates a new beam.  In sum frequency 

generation (SFG), two photons of different frequency combine to form a new photon (ω1 

+ ω2 = 3 ω1 = ω3).  These non-linear optics and processes are most efficient at the 

fundamental wavelength of 800 nm, and drop off dramatically at the high and low ends of 

the available photon energy range.  

After the Minioptic tripler, the tripled and doubled lines are split into separate paths.  

Both go through their own adjustable focal length telescope which keeps the laser beam 

collimated and symmetric.  After the telescope, the vertically-polarized tripled line goes 

into a polarization flipping periscope and is rotated to horizontal-polarization before 
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entering a fused silica prism pair for pulse compression.  Polarization flipping minimizes 

reflection losses in the prism pair. The Brewster angle cut prism pair is used to shorten 

the pulse duration and remove the effects of group velocity dispersion (GVD), or chirp, 

caused by optics prior and further along the optical path.  UV-coated Al mirrors are used 

to steer the tripled pulse train to another periscope where the polarization is rotated back 

to vertical-polarization before being steered by a parallel periscope through a focusing 

lens and quartz fused silica viewport into the analysis chamber.  The beam is now 

incident on the sample in p-polarization at an angle of 53° with respect to the analyzer 

normal.   

The doubled line follows a similar though independent path, without needing 

polarization rotation prior to the prism compressor due to its horizontal polarization at the 

exit of the tripler. The doubled line is then linked with the tripled line by mirrors on 

magnetic mounts, and sent through the same final periscope pair.   

For time-resolved two-photon photoemission, another set of magnetic mirrors are 

used to send the pulse train through a modified non-collinear Mach-Zehnder 

interferometer located after the prism pair and before the final polarization flipping 

periscope.  The beam passes through a 50/50 beamsplitter, and the transmitted pulse train 

is sent through a delay arm mounted on a motorized stage, while the reflected beam 

travels through the stationary arm.  The beams are “recombined” at a D-mirror formed 

from a UV-coated Al mirror cut in half.  Here the beam from the delay arm is reflected 

off the mirror, while the beam from the stationary arm is sent through the hole just above 

the mirror.  This set of two beams is aligned through the same optics as before into the 

chamber.  Finally, the beams are aligned in such a way that they only fully spatially 
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overlap at the surface of the sample, accomplished by monitoring the focus and alignment 

using a CCD camera aimed at the sample in the chamber. 

 

Figure 2-5: Optical set-up for TPPE and TR-TPPE 

 

2.2.5.2 Two-Photon Photoemission Measurements 

Two-photon photoemission utilizes a 2
nd

 order non-linear process as well as the 

photoelectric effect to probe electrons from both occupied and unoccupied levels in a 

material.  There are many pathways for accessing these states in TPPE, as discussed in 
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chapter 1.  For direct two-photon absorption, the photoelectron signal intensity has a 

square dependence on the laser power.  

2.2.6 X-ray Absorption Spectroscopy 

Tunable soft x-rays are utilized to measure the unoccupied electronic structure in x-

ray absorption spectroscopy.  To use this technique, measurements were performed at the 

Stanford Synchrotron Radiation Laboratory.  Here, high resolution monochromatized 

photon energies are achieved with grating monochromators, and the wavelength  can be 

selected following Bragg’s law 

 

±𝒎𝝀 = 𝑫(𝐬𝐢𝐧𝜶 + 𝐬𝐢𝐧𝜷) 2.6 

where α and β are the angle of incidence and exit of the beam with respect to the surface 

normal of the grating, and m defines the order of the diffracted beam.
37

  Focusing the 

beam in a grating monochromator is accomplished with curved gratings or mirrors.  In 

the beamline used for this thesis (SSRL, BL 10-1), spherical mirrors are coupled with a 

grating monochromator, termed a spherical-grating monochromator (SGM).  Many 

reflections are required to keep exit slits and hence resolution constant while the photon 

energy (250-1200 eV) is scanned by rotation of the gratings.     

As explained in the previous chapter, XAS can be performed in a number of modes.  

For the experiments mentioned in this dissertation, total electron yield (TEY) and Auger 

electron yield (AEY) modes were employed simultaneously, where the sample was 

aligned to the cylindrical mirror analyzer and the sample current was measured at the 

same time.  All XAS data reported are collected by TEY due to better signal-to-noise in 

this mode.  Spectral normalization to the changing X-ray flux is accounted for using a 
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gold grid positioned in line with the sample along the beam path.  Spectra are calibrated 

either to a reference sample, positioned near the gold grid, or to a characteristic 

absorption dip at 284.7 eV in the signal collected at the gold grid, due to carbonaceous 

species absorbed onto the X-ray optics.  

 

Figure 2-6:  X-ray absorption spectrum of carbon K-edge for C60 multilayers. 

2.2.7 Resonant Photoemission Spectroscopy 

For resonant photoemission experiments, beamline 10-1 at the Stanford Synchrotron 

Radiation Laboratory (SSRL) at Stanford Linear Accelerator Campus (SLAC) was used.  

This beamline utilizes a wiggler source which provides high photon flux (1 x 10
12 

photons / second) with energies ranging from 250-1200 eV.  High flux is desirable when 

using RPES due to the large number of spectra which need to be taken to fully cover an 

absorption edge.  This in turn means that x-ray beam induced sample degradation may be 
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a problem.  To ensure limited exposure of the sample spot, the sample was moved 

slightly between scans.  It is important to ensure that the sample is uniform, accomplished 

by taking XPS and XAS in multiple spots on the sample, as a wide range of locations on 

the sample will be measured by RPES. 

A double-pass cylindrical mirror analyzer (CMA) was used to collect all 

photoemission spectra. All RPES measurements shown in this dissertation were run with 

the sample at an angle of 20° with respect to the analyzer normal (0°), which translates to 

70° incidence for the x-ray beam.  The photon energy steps and energy ranges were 

determined after taking initial XAS.  A macro with loops included specifically for 

resonant photoemission was used to automate the x-ray monochromator stepping and 

photoemission CMA scans. Resonant photoemission spectra occupy approximately 6 

hours over one absorption edge, depending on the amount of steps and averaging needed 

for a sufficiently high signal-to-noise ratio.  Between loops of two to four scans, fast 

XAS scans were taken to ensure that any possible monochromator drift or sample 

damage could be prevented. 

 

2.3 Sample Preparation 

2.3.1 Au(111) 

After introduction to the sample analysis chamber, the Au(111) crystal was cleaned 

with multiple annealing and Ar
+ 

sputtering cycles.  All cycles began and ended with the 

crystal being heated for 1 hour to 550 °C, using a homebuilt stainless steel heating puck 

(see Mary Steele’s dissertation for design details).
38

  After heating, the crystal was 

allowed to cool slowly before sputtering with ultra-high purity argon gas at a pressure of 
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3.1∙10
-6

 mbar, 2 kV energy, and 15 μA sample sputter current, measured at sample 

ground with a picoammeter.  These anneal-sputter-anneal cycles were repeated ≥3 times 

until a workfunction of 5.49 eV was achieved, and characteristic Tamm and Shockley 

surface states emerged (Figure 2-2A).  

2.3.2 Zinc Oxide 

The zinc oxide surfaces discussed in this dissertation are highly conductive thin films.  

While there are many studies which focus on single crystalline ZnO surfaces, their low 

conductivity prevents them from being used in devices.  Achieving a fundamental 

understanding of processes which occur at interfaces similar to those in realistic devices 

requires the study of thin, typically polycrystalline films.  Since the studies and 

techniques used here are surface sensitive, it is beneficial to have some degree of 

smoothness or order at the substrate surface.  In order to achieve a low root mean squared 

(rms) roughness ZnO surface, first a layer of ultraflat indium zinc oxide (IZO) was 

deposited on a clean glass substrate by RF magnetron sputtering, templating the growth 

of the subsequent ZnO layers.  ZnO was grown on top of the IZO by plasma-enhanced 

atomic layer deposition (peALD), 200 cycles at 100 °C and 0.4 Torr, pulsing diethyl zinc 

as a precursor into the chamber, followed by remote oxygen plasma,  yielding around 20 

nm thick polycrystalline ZnO films.  The film was determined to be oriented toward a 

mix of (100) and (002) faces through grazing angle XRD (Figure 2-7), as reported by 

collaborator A. Sigdel at NREL.
39

  Deposition of IZO was performed by the Berry group 

at NREL, and peALD ZnO growth was performed by the Graham Group at Georgia 

Tech.  
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Figure 2-7:  Grazing angle X-ray diffraction for peALD ZnO / IZO / glass as reported by collaborator A. Sigdel at 

NREL.[39] 

 

The ZnO samples were received as 1x1 inch samples from Georgia Tech, and were 

cut to roughly 0.25 x 0.25 inch (or 0.5 x 1 inch for SSRL) in order to fit onto the sample 

holder for the various PES techniques used. Since the entirety of the sample is not equally 

conductive in the case of the ZnO/IZO/Glass sample, great care was taken to ensure that 

the sample was properly grounded to the stub or stick by clips or carbon tape.  The 

samples were then introduced into the photoelectron spectrometers, each equipped with 

built in sample heater and argon ion sputter gun, and pumped down to UHV.  Since ZnO 

is mildly reactive under atmospheric conditions, samples were always gently Ar
+
 

sputtered, unless otherwise indicated, to clean the surface of adventitious adsorbed 

species. Ar
+
 bombardment can change surface composition in a number of ways 

depending on the material; for compound materials such as ZnO, how the surface 

composition might change depends on the preferential sputtering of elemental species, as 
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well as the kinetic energy of the Ar
+
 ions.

40–42
  Typical ion energies used were 0.7-1 kV 

in LabMonti, 0.5 kV in LESSA and at SSRL with emission currents of 20 mA, and 

sample currents ~4 μA, measured at sample ground. Each sputter cycle was run for 30 

minutes.         

2.3.3 C60 Fullerene Films 

C60 (Fullerene) is a well-studied, highly symmetric molecule which does not degrade 

easily in photoemission and XAS experiments.  C60 (99% pure) was purchased from 

MER Corp. and triply sublimated using a resublimation apparatus built by Jeremy Gantz 

in the Armstrong Group.  Final degassing of the homebuilt Knudsen cell containing the 

purified C60 molecules was performed in UHV before deposition by slowly ramping the 

cell temperature to 300°C.  During this time, the deposition chamber pressure was 

monitored carefully. Once degassed, depositions were carried out in UHV at a base 

pressure of 8 x 10
-9

 torr (in LESSA  5 x 10
-7

 torr), typically at slow deposition rates of 

~0.5 Å/min as determined by quartz crystal microbalance (QCM).       
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3 TAILORING ENERGY LEVEL ALIGNMENT FOR ZINC OXIDE / C60 

FULLERENE INTERFACES 

3.1 Introduction 

As discussed in Chapter 1, a critical physical property studied at the interface of 

organic / inorganic semiconductor interfaces is the energy level alignment.  Studying the 

energy level alignment is often the most accessible way to make assertions as to the 

mechanism for charge transfer or recombination at a hybrid interface. These interfaces 

are quite complex, due to many factors which alter the energy level alignment.
43–47

  

Interfaces involving transparent conductive oxides (TCOs) such as zinc oxide (ZnO) are 

especially difficult to control because of the variety of interactions which can occur at the 

surface due to the complex structure present caused by doping, dangling bonds, and 

native defects.
12,14,47,48

  It is desirable to have control over the energy level alignment at 

hybrid interfaces in order to drive efficient charge transfer, or to slow down 

recombination rates.  In this chapter I show that the interfacial electronic structure of a 

hybrid interface can be tailored, directly altering device properties and revealing 

interfacial hybridization mechanisms. 

The physical and chemical phenomena at the interface between functional oxide 

surfaces and thin molecular films are of fundamental relevance for organic and hybrid 

organic / inorganic electronic applications.
1
 A new generation of thin-film organic solar 

cells relies on a rationally designed organic / inorganic interfacial electronic structure in 

order to facilitate efficient charge extraction. Establishing a first-principles understanding 

of and precise control over this critical region in organic and hybrid photovoltaic (PV) 

devices has the potential to afford light-weight, flexible, and inexpensive alternatives to 
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the prevailing energy conversion technologies.
49

 A significant hurdle towards the rational 

design of more efficient organic photovoltaics (OPV) lies in the efficient extraction of 

photogenerated charge carriers at the contact. Despite numerous attempts to tailor the 

electronic properties of this junction,
50

 a clear chemical and physical picture that is able 

to describe charge-harvesting across this interface is still in its infancy.
46,51

 Such an 

understanding is of paramount importance for the ability to tailor carrier extraction during 

operation and hence device functionality along with overall device performance. 

Inverted architectures, where thin transparent transition metal oxide interlayers are 

utilized at the bottom of the cell stack
52,53

have emerged as particularly promising designs. 

These yield highest efficiencies and prolonged lifetime by avoiding reactive metal top 

cathodes, and partially mitigate the requirement for encapsulation.
54,55

Low work function, 

highly conductive oxides such as TiO2 or ZnO have been tested with reasonable 

success.
56

 Most recently, research efforts have primarily focused on thin films of ZnO due 

to its high natural abundance and inexpensive processing at low temperatures.
57,58 

Depending on the processing technique, steps, and parameters, the resulting ZnO surface 

exhibits a high density of bulk and near-surface defects, which govern carrier density, 

chemical potential and the chemistry with the adjacent organic layers.
59

 

It has been well documented that ZnO is host to many native bulk defects, which 

change the degree of doping and in turn result in a change of the Fermi level position in 

the gap as well as its chemical reactivity.
12,13,59–61

 Studies of the chemical reactivity of 

ZnO and its defects have been performed largely with small adsorbates such as e.g. H2O 

and CO2 on single crystal ZnO substrates. An understanding of the interaction of defects 

in conductive thin film ZnO, used in actual devices, with -conjugated organic 
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semiconductors is however still lacking.
12,60 

Donor defects such as oxygen vacancies 

(OV), zinc interstitials (Zni), and atomic hydrogen are likely to play a large role in the 

interfacial interactions with organic thin films,
61

 with likely major repercussions for 

performance of organic electronic devices. This clearly raises questions of the chemical 

interactions between ZnO contacts or interlayers, defect sites in these layers, and the 

active organic layer. Rational control over and mitigation of the impact of defects in ZnO 

layers in particular and transparent oxides in general promises thus to be a key step 

towards an improved understanding of the critical factors determining interfacial 

electronic structure. 

Here we investigate the interface between an electron harvesting electrode, ZnO, and 

a prototypical acceptor molecule, C60.  C60 closely mimics the most common high-

performing acceptor molecules in organic and hybrid solar cells such as PCBM and 

ICBA.
62 

Unlike other small molecule surface modifiers that typically contain reactive 

functional groups
63

 and unlike linear and planar molecules,
13

 the high molecular 

symmetry enables us to largely neglect the effect of orientation of the adsorbed species at 

the ZnO surface. Robust chemical stability and respectable electrical conductivity allow 

for a clear tracking of electronic alignment in spectroscopic techniques.
64

 

In this chapter, I present a unique approach to dissect the chemical and physical 

interactions at the ZnO / C60 interface. Starting with a high conductivity ZnO film used in 

high-efficiency organic solar cells (OSCs),
65,66 

I am able to tailor defect density and 

composition at the surface, and  study the electronic consequences on the bare ZnO 

surface by direct and inverse photoemission spectroscopy (PES/IPES). Subsequently, C60 

thin-films are evaporated from sub-monolayer coverage to thicknesses of 10 nm. 



73 

 

PES/IPES is used to trace the alignment of the frontier molecular orbitals with respect to 

the valence and conduction bands of zinc oxide as a function of the tailored defect 

structure at the interface. In particular, the offset between the lowest unoccupied 

molecular orbital (LUMO) of C60 and the conduction band minimum (CBM) of zinc 

oxide defines the barrier for electron extraction. Density functional theory methods were 

used to model the interfacial electronic properties of ZnO with various defect sites, 

finding excellent agreement with the proposed configuration from the PES experiments. 

Finally, I introduce simple device stacks consisting of ZnO/C60 films and measure current 

density – voltage characteristics (j-V). This final step allows us to understand and predict 

the impact of the interfacial electronic structure at the tailored ZnO surfaces and the 

respective potential barrier formation on the functionality of OPV devices. The reduction 

of the interfacial barrier for electrons enhances the extraction current and improves 

device ideality and performance. 

This chapter is organized as follows:  In Section 3.2, a description of the experimental 

approach is given.  In Section 3.3, the results for a comprehensive photoemission study is 

presented, compared with theory and device measurements, and the effect of surface 

native defects on the energy level alignment is discussed.  In Section 3.4, I discuss the 

significance of these observations. 

3.2 Experimental 

3.2.1 ZnO Preparation:  

As a highly planar substrate for ZnO film growth, conductive (s > 2000 S/cm) indium 

zinc oxide (IZO) films were prepared by sputter deposition on glass substrates, cleaned 

with acetone and isopropanol prior to thin film fabrication. Subsequently, ZnO was 
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grown on the planarized IZO substrate by plasma-enhanced atomic layer deposition 

(peALD). peALD was carried out at 100°C and 0.4 torr using a Fiji system (Cambridge 

Nano Tech). As a precursor, diethyl zinc was pulsed into an argon carrier gas line and 

delivered into the processing chamber, followed by purging the chamber for 60 sec to 

remove residual precursor. After that, a remote oxygen plasma was created using 30 sccm 

oxygen at 300 W RF power, supplied to the chamber for 20 sec as an oxidizer. 

Subsequently, the chamber was purged for 10 sec. For the  ZnO film fabrication, 200 

cycles were repeated which yielded a ZnO film thickness of approximately 20 nm, 

measured using spectroscopic ellipsometry on a Si witness sample grown simultaneously 

during the process (M-2000, J. A. Woollam Co.). The peALD-ZnO films grown in this 

fashion were found to be polycrystalline, oriented towards both (100) and (002) faces as 

found in X-ray diffraction experiments.
39

 

3.2.2 ZnO Surface Modification:  

ZnO films were Ar
+
-sputtered under various conditions in order to introduce defects 

in a controlled fashion. For soft sputtering, ion energies of 500 eV and sample currents of 

0.4 mA were used, while for hard sputtering ion energies of 1 keV and currents of 10 mA 

were used. In each case, the substrate was sputtered for 45 min. After either treatment, 

the adventitious carbon levels were below the detection threshold of XPS.  

3.2.3 C60 Film Deposition:  

C60 layers were evaporated on top of the in-situ treated ZnO surfaces from a Knudsen 

cell evaporator at a rate of 2 Å min
-1

, monitored on a quartz crystal microbalance. Note 

that a thickness of 10 Å roughly corresponds to a coverage of one monolayer of C60. 

Subsequently, the samples were transferred in-situ to the analysis chamber for recording 
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direct and inverse photoemission spectra. For device studies of the current density versus 

voltage response (j-V measurements), C60 layers were grown at a rate of 0.5 Å s
-1

 and 

transferred under controlled atmosphere to a Hg-probe station placed in a N2 glove box. 

3.2.4 Measurements and Characterization:  

Ultraviolet and X-ray photoemission spectroscopies (UPS/XPS) were performed in a 

custom built ultra-high vacuum system at Princeton University and in a Kratos Axis Ultra 

spectrometer at the University of Arizona. He I (21.22 eV) and He II (40.8 eV) excitation 

lines from a helium plasma discharge lamp were employed for the UPS measurements, 

while Al Ka radiation (1486.7 eV) was used for XPS spectra. Inverse photoemission 

experiments (IPES) were performed in isochromat mode, using a set-up described 

elsewhere.
36

 The instrumental resolution was 150 meV, 850 meV and 400 meV for UPS, 

XPS and IPES, respectively. j-V curves were acquired in double sweep mode with a 

BASi Controlled Growth Mercury Electrode setup, averaging over 20 scans for each 

sample.  

3.2.5 Electronic-Structure Calculations:  

DFT electronic-structure calculations were performed by collaborators at Georgia 

Institute of Technology using the Vienna Ab-Initio Package (VASP).
67

 A 

generalized-gradient approximation (GGA) exchange-correlation functional of Perdew, 

Burke, and Ernzerhof (PBE)
68,69

 was used with the projector-augmented wave (PAW) 

method (energy cut-off set at 400 eV).
70

 The GGA+U approximation
71

 with an effective 

Hubbard U-parameter (Ueff = 8.5 eV)
72

 was implemented to describe the strongly 

localized zinc 3d-orbitals. Earlier work indicates that this parameter results in a 

calculated band gap of 1.8 eV,
13

 smaller than the experimental value of 3.3-3.4 eV.
73 

The 
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band gap calculated for C60 adsorbed on the ZnO surface is however underestimated in a 

similar fashion. While error-cancelation is nontrivial, the relative band offsets for these 

materials are well reproduced. Therefore, the relevant physics are retained at this 

interface. We use a DFT-D approach to include van der Waals interactions, adding an 

empirical potential to the DFT energy.
74

  

Optimization of geometries utilized only the high-symmetry Γ-point; geometries were 

considered converged when the maximal residual force on each atom was less than 0.05 

eV/Å. Energy properties were then calculated using a 2 × 2 × 1 grid of k-points. The 

atomic charges were estimated within the Bader scheme.
75,76

  

The ZnO thin films exhibit several different crystal faces. We examined therefore 

both the nonpolar (100) and the polar zinc-terminated (002) surfaces of ZnO in the 

calculations.  For the (100) surface, an orthogonal unit cell was modeled using ten Zn-O 

layers with dimensions of 13.00 Å × 10.41 Å in the (110) and (001) directions and 36.00 

Å in the (100) direction. The zinc-terminated ZnO (002) surface was considered with a 

surface unit cell with dimensions of 13.00×11.26 Å, containing one zinc vacancy (VZn) 

and six OH groups to ensure surface electron charge neutrality. As prepared samples of 

ZnO films are inherently n-doped, a low concentration of either oxygen vacancies (Ov, 

one per 80 oxygen atoms) or zinc interstitials (Zni, one per 80 zinc atoms) was introduced 

in the near-surface region. The defects included here capture the essential characteristics 

of n-ZnO even though other mechanisms for unintentional n-type doping have been 

discussed,
59

 by providing both prototypical deep (Ov) and shallow (Zni) donors 

previously observed on or near the surface.
11,77–79 

 



77 

 

For each surface, C60 adsorption sites were found by moving the fullerene across the 

surface unit cell, with further geometry optimizations carried out for the lowest energy 

sites. We also assessed the importance of different orientations of the fullerene with 

respect to the surface, i.e., with the 5-membered and 6-membered rings parallel to the 

surface. In the calculations reported here, we use only the lowest-energy structures. We 

anticipate that the non-specific nature of the defect/C60 interaction is dominated by the 

Fermi-level of the films, and that Schottky, Frenkel and other multicenter defects are 

characterized by the energies of their defect level; thus periodic DFT calculations capture 

the essential physics of the composition-dependent and tailored interfacial charge-transfer 

at the C60/ZnO interface. 

In order to fully understand the origin of the observed differences in work function 

and charge transfer, we partitioned the change in work-function into three contributing 

components:
63

 

(1) ΔΦcalc  ≈  ∆𝑉SAM + ∆𝑉int.dip. + ∆𝑉geom.reorg. 

where ΔVSAM is the potential energy difference of an electron crossing the C60 monolayer  

suspended in vacuum at the same geometry as when adsorbed on the ZnO surface; 

ΔVint.dip., the potential energy difference of an electron due to the charge redistribution 

occurring directly at the interface between the monolayer and the ZnO slab (interfacial 

dipole); and ΔVgeom.reorg., the change in potential energy due to geometry reorganization of 

the ZnO surface upon adsorption of the C60 monolayer. 
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3.3 Results 

3.3.1 Bare and Sputtered ZnO Surfaces 

We first discuss the electronic properties of the bare ZnO surfaces and their response 

to Ar
+
 sputtering, and show that we are able to tailor controllably defect densities and 

types in such high-conductivity transparent oxide films.  As a primary indicator for the 

surface electronic properties, the work functions of three thin-film ZnO surfaces with 

different surface treatments (untreated, soft- and hard-sputtered, i.e. no sputtering, 

sputtering at a kinetic energy of 0.5 keV at 0.4 Å ion current on the sample and at a 

kinetic energy of 1 keV with 10 Å ion current on the sample, respectively) were 

determined from the secondary electron cut-off of the UPS spectra (Figure 3-1A, C), 

resulting in values of 3.7(1) eV, 4.0(1) eV, and 4.5(1) eV, respectively, as summarized in 

Table 3-1.   
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Figure 3-1: UPS/IPES spectra of ZnO surfaces with incremental coverage of C60 layers. UPS He I spectra (a) and He II 

spectra (b) spectra yield the work function and valence band region of the plain surfaces. Changes in work function 

upon adsorption of up to one monolayer of C60 is seen from the secondary electron cut-off in the He I spectra (c). The 

valence band region including the C60 HOMO level is tracked in the He I spectra (d). IPES measurements (e) show 

conduction band of the ZnO surfaces and its evolution with adsorption of C60 layers. 

 

Thus, an increase in Ar
+
 sputtering kinetic energy and current yields an increase in 

work function. The valence band onset was determined from the He I and He II UPS 
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spectra (Figure 3-1B, D) to be 3.2(1) eV, 3.2(1) eV and 2.8(1) eV below the Fermi level 

(EF), resulting in an ionization energy (IE) of 6.9(1) eV, 7.2(1) eV and 7.3(1) eV, 

respectively, for the three different ZnO surfaces. This means that while the low-energy 

sputter process increases the work function and ionization energy (IE) of the ZnO 

surface, the position of the valence band onset with respect to EF is only affected by the 

high kinetic energy ion treatment, reflecting a change in the chemical potential by this 

process.  

Figure 3-1E shows the IPES spectrum of each surface, including the extrapolated 

conduction band minimum. The conduction band onset of each surface is found at 0.3(1) 

eV, 0.3(1) eV, and 0.5(1) eV above EF, increasing somewhat with the extent of treatment. 

Here too, the hard-sputtered surface exhibits a pronounced shift of the band onset. The 

respective electron affinities (EAs) calculated from these values in conjunction with the 

work functions are 3.4(1) eV, 3.7(1) eV, and 4.0(1) eV. These results are summarized in 

Table 3-2. 

The observed changes in work function, IE and EA go hand-in-hand with the 

appearance of tail states extending into the bandgap: We observe a valence band tail that 

reaches deep into the bandgap with increased sputtering energy. Changes in tailing of 

both valence and conduction bands can be associated with different concentrations and 

different types of defects in the near-surface region.
13

 The strong tailing visible from the 

valence band suggests the presence of a significant density of deep lying defects in the 1 

keV Ar
+

 sample, with likely consequences for the work function change as well.  At the 

same time, the untreated and soft-sputtered surfaces present a conduction band minimum 

lying close to EF. This suggests the presence of a significant concentration of shallow 
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donor defects in the near surface region probed by our experiments. Given the fact that 

the band gap derived from UPS /IPES measurements amounts to 3.5 eV and is only 

decreased marginally to 3.3 eV in case of the hard-sputtered film, the shift of the Fermi 

level must originate from a change in effective dopant concentration. In this picture, the 

surface sputtered with high kinetic energy ions introduces mild band bending in the near-

surface region (0.3 eV) due to removal of shallow donors.  By sputtering with high 

kinetic energy ions, a less n-type ZnO surface is produced with larger VB tailing, 

indicating a change in defect type and density at the surface.  In order to understand these 

large differences more clearly, DFT calculations were performed.  

Table 3-1: Work function, Φ, for bare ZnO surfaces 

ZnO surface Work function Φ/ eV 

Untreated
§
 3.7 

Soft-sputtered
§
 4.0 

Hard-sputtered
§
 4.5 

(100) Stoichiometric
&

 4.58 

(100) Zinc interstitials (Zni)
&

 3.56 

(100) Oxygen vacancies (Ov)
&

 4.52 

(002) Zinc vacancies (Znv)
&

 3.41 

§
measured for the three prepared surfaces. 

&
calculated for the (100) and Zn-(002) ZnO surfaces 
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Table 3-2:  Band offsets, electron affinity and ionization energy of band surfaces.
§
 

ZnO surface CBM / eV VBM / eV EA / eV IE / eV 

Untreated
§
 0.3 3.2 3.4 3.7 

Soft-sputtered
§
 0.3 3.2 3.7 4.0 

Hard-sputtered
§ 

0.5 2.8 4.0 4.5 

§
measured for the three prepared surfaces. 

 

Due to the mixture of surfaces present (Chapter 2, Figure 2-7), we modeled both the 

non-polar (100) and Zn-terminated (002) surfaces.  The calculated work functions for 

stoichiometric (100) and Zn-(002) surfaces are shown in Table 3-1.  These values are 

qualitatively different from the experimentally observed work functions. We attribute this 

difference to the lack of adequately capturing the high conductivity of the ZnO films 

investigated here: High carrier concentrations are achieved by significant n-doping, e.g. 

by introducing different types of defects (such as oxygen vacancies OV or zinc 

interstitials Zni) or by atomic hydrogen inclusion and hydroxide formation at the 

surface.
13,59,80,81

   

I investigated the effect of including in our models representative intrinsic defects 

suggested to n-dope ZnO, i.e. OV or Zni, and the resulting calculated work functions are 

also shown in Table 3-1. Including deep donor defects such as OV in the (100) surface 

model yields a high work function of 4.52 eV.  This agrees well with the experimentally 

determined work function for the hard-sputtered ZnO film.  The hard-sputtered sample 

also has increased VB tailing.  XPS measurements, shown below in Figure 3-2 and Table 
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3-3, reveal that the Zn/O ratio is increased, which indicates a predominant removal of 

oxygen species from the surface. This invasive procedure leaves a chemically altered 

surface dominated by deep donor defect sites such as OV.
12

 The inclusion of shallow 

donor defects, e.g. Zni, lowers the work function to 3.56 eV, a necessary step to reach the 

low work functions observed experimentally for untreated and soft-sputtered surfaces. 

Low work function polar (002) ZnO surfaces are obtained by the inclusion of ZnV  (at a 

surface density of 6.8×10
13

/cm
2
) and in particular OH groups (at a surface density of 

3.8×10
14

/cm
2
), bringing the work function to 3.41 eV.

13
  

 

 

Figure 3-2: XPS spectra for Zn 2p3/2 (a) and O 1s (b) for as received, soft-sputtered, and hard-sputtered bare ZnO 

films. 
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Table 3-3: Comparison of ZnO surface O:Zn peak ratio from XPS 

ZnO surface O 1s : Zn 2p3/2 

Untreated
§
 1.00 

Soft-sputtered
§
 0.71 

Hard-sputtered
§ 

0.67 

§
measured for the three prepared surfaces. 

We will show below that this surface model is however unable to explain our 

observations of the electronic structure at C60 / ZnO interfaces.  Moreover, since XPS 

reveals a slight excess of zinc over oxygen atoms in the soft-sputtered films, a significant 

contribution of ZnV can be excluded already at this stage. The good qualitative agreement 

between experimental and computational data allows us to attribute the origin of the low 

work functions of the soft-sputtered and untreated ZnO surface to a substantial population 

of shallow donor defects, while the hard-sputtered ZnO surface is dominated by deep 

donor defects. We find the results on the work function change to be consistent with the 

observation of a Fermi level shift in the gap for the different sputter treatments. From 

XPS we find further that the soft-sputter treatment effectively cleans the surface from 

surfactants and leads to a mildly increased work function, while the defect composition is 

not changed significantly. Hence the electronic bands remain at fixed energy with respect 

to EF. In contrast, hard-sputtering introduces in addition deep lying defects such as OV, 

shifting work function, electron affinity and EF. This combined experimental and 

theoretical study provides thus an atomistic model of the surface composition and 

electronic properties of thin conductive ZnO films. ZnO work function and valence and 
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conduction band positions can all be tailored effectively by Ar
+
 sputtering.  Values from 

calculated ZnO surfaces, where the inclusion of shallow or deep donor defects (Zni or 

OV) tailor the work function and other electronic properties of the ZnO, agree well with 

the experimental observations.  The ability to tailor the defect density and character of 

highly conductive ZnO surfaces offers an opportunity to investigate the importance of 

these tail states in determining the interfacial electronic structure and energy level 

alignment at interfaces between this oxide and organic semiconductors.  

 

Figure 3-3: Energy diagram from the UPS/IPES measurements. (a) The soft-sputtered ZnO shows only a small raise in 

work function which increases with additional layers of C60 with the shallow donor sites aligning with the LUMO. On 

hard-sputtered ZnO the first ML of C60 induces a decrease of the work function and barrier formation for electron-

transfer between conduction band of the ZnO and LUMO of C60. Proposed charge transfer mechanism (b) for adsorbed 

C60 molecules on ZnO (b) with strong charge transfer to shallow donors (i.e. zinc interstials, Zni) and rather weak 

charge transfer to deep defects (i.e. oxygen vacancies, OV). 
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3.3.2 C60 on ZnO 

The tailored ZnO surfaces provide different surface electronic properties in terms of 

VBM and CBM positions as well as work function. We show next that these differences 

have immediate consequences for the interactions with a molecular acceptor layer and the 

corresponding interfacial electronic structure, leading to interfacial charge redistribution. 

This fact can be used to tailor the hybrid organic / inorganic interface. The presence and 

absence of charge transfer can be understood from the specific variations in the defect 

composition on the different ZnO surfaces, as shown both by our computational and 

spectroscopic results.  

In Figure 3-1C-E we show the development of the interfacial electronic structure and 

band alignment for the different ZnO films and for C60 thicknesses up to 10 Å, as 

observed by UPS/IPES. Band offsets and vacuum level changes for the partial and 

complete monolayer as well as thicker layers obtained from these and similar spectra are 

summarized in Figure 2. Though starting from different initial values, after adsorption of 

10 Å of C60, the experimental work functions are all rather similar, i.e. 4.1(1) eV 

(untreated), 4.2(1) eV (soft-sputtered) and 4.1(1) eV (hard-sputtered).  This indicates that 

the interfacial electronic structure evolves differently for the three ZnO surfaces: The 

untreated and soft-sputtered sample displays a work function increase of 0.4 and 0.2 eV, 

respectively, whereas the hard-sputtered samples exhibits a work function decrease of -

0.4 eV. A work function increase at an interface with a relatively unreactive, non-polar 

molecule such as C60 is strongly suggestive of charge transfer from ZnO to C60.
25

 Indeed, 

at C60 film thicknesses less than 20Å, a small feature appears in the valence band tail 

region between the HOMO and EF (0.6 eV binding-energy peak center and onset slightly 
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below EF) in the case of soft-sputtered ZnO surface (Figure 3-4), and disappears at higher 

coverage. This feature arises therefore from an interfacial interaction, and its energy is 

indicative of a hybrid interface state with charge transfer character from ZnO to C60. This 

is fully consistent with our assignment of the work function increase to charge-transfer 

across the interface.  

 

Figure 3-4: UPS spectra magnification of the near-Fermi region for C60 deposited on soft-sputtered ZnO. 

 
Table 3-4: Change in workfunction, ΔΦ, and its decomposition for the (100) and Zn-(002) 

surfaces upon C60 monolayer adsorption. 

 / eV ΔV
SAM

 

 / eV 

ΔVint. dip.  

/ eV 

ΔV reorg 

/ eV 

q
§/ e 

(100) Stoic. -0.23 0.00 -0.26 +0.03 -0.00 

(100) Zni -0.19 0.00 -0.21 +0.02 -0.01 

(100) Ov +0.83 0.00 +0.88 -0.04 -0.24 

(002) Zni +0.43 0.00 0.10 0.36 -0.01 

§
charge q on C60 molecule 
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These conclusions are indeed borne out also by the computational results, which 

show a work function increase and significant charge transfer for C60 adsorbed on ZnO in 

the presence of Zni defects (Table 3-4).  An overlap between the C60 LUMO and a state 

with significant Zni character is observed in the calculated density of states (Figure 

3-5(b)), resulting in a hybrid state around EF as observed experimentally (Figure 3-4). 

This suggests further that beyond charge transfer to C60, hybridization is responsible for 

the precise energy of the experimental interface state. Indeed, this hybridization leads to a 

modest charge transfer at the C60-ZnO interface (Table 3-4).  These results also agree with 

charge-transfer observed at the ZnO / perylene diimide (PDI) interface.
61 

On the other hand, the work function decreases for the hard sputtered surface, and no 

interface states near EF are observed.  This is in excellent agreement with calculations for 

the ZnO surface dominated by OV. The adsorption of C60 brings a work function decrease 

of about -0.2 eV, and the C60 LUMO is aligned with the CBM of ZnO in the calculated 

DOS (Figure 3-5). We note further that while hydroxylation and inclusion of ZnV results 

in an increase of the work function as observed experimentally, no interface state and 

only incorrect band alignment is obtained (see Table 3-4 and projected density of states, 

PDOS, in [
39

]). 
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Figure 3-5:  The density of states projected onto the surface and C60 (PDOS) for OV and Zni rich ZnO surfaces. 

 

 

Overall, shallow (strong) donors lead to a moderate electron transfer (0.24 e
-
) to the 

fullerene, while the deep (weak) donor levels (OV) yield no such transfer. Note that for 

stoichiometric surfaces, there is only a minor rearrangement of charge near the interface 

and no significant charge transfer to C60 either. We conclude that tailoring the electronic 

structure of ZnO surfaces has immediate consequences on the extent to which electronic 

states of acceptor molecules such as C60 are able to couple to the ZnO surface, both by 
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interfacial hybridization and changes to the chemical potential. This underlines that 

characterizing the precise nature and density of defects in the near-surface region is 

critically important for developing a fundamental understanding of the factors that 

determine energy level alignment at such hybrid interfaces. 

The differences noted above for interfaces formed on ZnO surfaces treated differently 

are also reflected in the experimentally observed LUMO and conduction band region. In 

Figure 3-1E the C60 LUMO onset is shown for each surface as a function of increasing 

coverage.  In the case of the untreated and soft-sputtered surfaces, the C60 LUMO is 

initially pinned to EF, and continues to be pinned at one monolayer coverage and above 

(Figure 3-3A). Pinning EF to the LUMO level is in good agreement with charge transfer 

across this interface and consistent with the fact that interface states above the C60 

HOMO observed in the UPS spectra are being filled by charge transfer from ZnO. The 

initial sub-monolayer coverage (5 Å) on the hard-sputtered sample yields very different 

energetics:  The C60 LUMO is found 0.9 eV above EF, and at 10 Å thickness shifts 

towards EF, pinned only at higher coverages. The alignment of the LUMO with respect to 

the CBM is qualitatively reproduced in the calculated PDOS (Figure 3-5(a)). 

Changes in work function, IE, and EA for thicknesses larger than 10 Å on the three 

surfaces are also shown in Figure 3-3A.  As the thickness of C60 increases, all three 

surfaces converge towards the same electronic structure, representing as expected the 

properties of a bulk C60 film.  At 100 Å the work function and HOMO / LUMO positions 

for each surface are the same.  This demonstrates clearly the interfacial nature of the 

interactions observed at the different ZnO / C60 interfaces.  
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In summary, we have identified charge transfer between different defect sites on ZnO 

surfaces and C60 molecules as a critical mechanism determining energy level alignment at 

this interface.  Calculations indicate that the shallow donor sites undergo hybridization 

with the fullerene, leading to charge transfer and a good alignment of the LUMO with the 

conduction band minimum of ZnO. Deep donors exhibit almost no charge transfer and 

presumably result in the formation of a barrier for electron transfer from the molecular 

film to the oxide layer. We next use electrical (j-V) characterization to show how such a 

defect-driven barrier formation influences charge injection/extraction processes through 

this interface. 

3.3.3 Electronic Transport across the C60 / ZnO Interface  

The electronic energy level alignment at the various C60 / ZnO interfaces has clear 

implications for charge injection and extraction between the two materials. We 

investigate this impact of the different interfacial energy landscapes by measuring 

transport properties in electron-only device architectures made from a 50 nm thin film of 

C60 sandwiched between a mercury electrode and the different ZnO surfaces. C60 has a far 

lower intrinsic mobility for holes than for electrons,
25

 and for all three surfaces the VBM 

is deep and far below the C60 HOMO, resulting in a potential barrier of at least 1 eV for 

hole extraction from C60 into the ZnO layer. Hole transport in such devices can thus be 

neglected. 

Vertically probed j-V characteristics of such electron-only devices including the 

different ZnO surfaces demonstrate the importance of a barrier-free contact for electron 

transport (Figure 3-6). Curves for the untreated and the soft-sputtered ZnO samples are 

nearly symmetric in forward and reverse bias, indicating the absence of a significant 
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contact barrier with electron injection equally efficient in both directions. Such a behavior 

is expected from the electron spectroscopy results, where the Fermi level was found 

pinned to the LUMO of C60 right at the interface. Moreover, transport is further 

facilitated by hybrid interface states formed between C60 and shallow donor states, which 

chemically couples the molecule to the surface.  

In contrast, the j-V curve for the hard-sputtered ZnO surface exhibits clear 

asymmetry. The current is lower in forward than in reverse bias, indicating the presence 

of an injection barrier for electrons from ZnO into C60. This finding is in excellent 

agreement with the spectroscopic results in Figure 3-3A, revealing an injection barrier of 

0.4 eV.  

In order to fully understand the electrical behavior, a separation of the j-V 

characteristics into three regions is useful: region I accounts for forward bias with the 

positive potential on the mercury, region II spans over the low (< 1V) reverse bias 

regime, and region III is defined for higher values of the reverse bias.  In this way, we 

account for a contact barrier that is spatially confined to the first monolayer, as a result of 

the changing LUMO position in the C60 film as a function of thickness. The entirety of 

the forward bias characteristics (i.e. region I) is described with a constant barrier. For the 

hard-sputtered ZnO surface, the curve shows the same diode behavior as devices 

incorporating untreated and soft-sputtered surfaces, but with current densities lower by 

almost two orders of magnitude. In reverse bias, the barrier is of equal importance for 

low voltages (II), but between 0V and 0.5V the curve switches to a behavior 

characteristic of a field-dependent transfer barrier. Indeed raising the potential on the side 

of the mercury droplet leads to a stronger extraction field and allows for more facile 
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transport through the barrier, a behavior that persists to a bias around 1 V. At larger 

voltages, all three films behave identically (III).  

In summary, the progression of the j-V curves demonstrates directly the impact of the 

formation of a barrier for electron transfer between C60 and ZnO that stems from a 

substantial concentration of deep donor defects, as uncovered by our combined 

spectroscopic and computational approach. Moreover, our results demonstrate how a 

barrier-free ZnO surface leads to efficient charge collection from the active layer. These 

results also provide a precise picture of the potential benefits that the presence of shallow 

donor defects brings to ZnO, permitting greater flexibility in serving as an interlayer 

material for electrodes in organic electronics. Beyond enhancing the ZnO thin film 

electronic structure, the interaction between defect sites and acceptor molecule presents 

an effective avenue to facilitate efficient carrier extraction and to prevent the formation of 

a substantial interfacial barrier. These findings suggest a novel way of tailoring complex 

hybrid organic / oxide interfaces for next-generation energy conversion platforms and 

hybrid optoelectronics. 
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Figure 3-6: j-V curves from mercury probe measurements of C60 on top of the various ZnO surfaces. 

 

3.4 Conclusions 

While this study focuses on a specific interface, the results can generally inform on 

interfacial structure and energy level alignment for hybrid interfaces, and metal oxides in 

particular.  Strong coupling and hybridization of another acceptor molecule to ZnO has 

been documented previously.
20,61

  The results presented here provide necessary 

connections between interface hybridization, surface defect concentrations, and device 

performance.  Taking the result of this study as guidance, it is clear that the electronic 

properties of the hybrid interface are highly affected by the surface electronic structure of 

the inorganic semiconductor, and this should be taken into account when assembling any 

such interface. 
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In conclusion, I have shown that the electronic properties of ZnO can be tailored with 

direct consequences for the hybrid organic / inorganic interfacial electronic structure.  

This is done using a common surface cleaning method, Ar
+
 sputtering, which modifies 

the type and concentration of surface ZnO defects (deep and shallow donors).  Energy 

level alignment with and coupling to C60 is substantially altered by this change in defect 

concentration. The resulting differences in energy level alignment are shown to be 

important for charge injection/extraction from/to ZnO, where high concentrations of deep 

donors produce a barrier for charge injection from C60 into ZnO while shallow donor sites 

enable facile electron transfer. These findings, while for a specific hybrid interface, are 

likely general and can inform a more rational design for carrier extraction at hybrid 

electronic interfaces.  A characterization of the gap state density of states in ZnO must be 

achieved to fully understand their role in hybrid interface electronics.  In Chapter 4, I use 

a novel two-photon photoemission approach to directly measure the gap state density of 

states in ZnO. 
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4 SPECTROSCOPY AND CONTROL OF NEAR-SURFACE DEFECTS IN 

CONDUCTIVE THIN FILM ZNO  

4.1 Introduction 

Important properties for hybrid electronic interfaces, such as energy level alignment, 

are significantly affected by the surface electronic structure of the TCO, as shown in 

Chapter 3.  The surface chemistry of ZnO, a prototypical TCO, is complex due to defects 

such as adsorbed impurities, dangling bonds, and native point defects.  Currently, an 

understanding of ZnO native point defects and how they affect the electronic properties 

of ZnO is lacking, particularly in the surface and interfacial regions.  As discussed in 

Chapter 1, much of our understanding of native point defects comes from theoretical 

predictions for bulk ZnO.
12,14–16,59,82

  Native point defects in ZnO are generally studied 

with respect to their presumed doping of bare ZnO.
10,11,19,83

  Much less is known about 

the energetics of native point defects at the surface of ZnO, or their role in interface 

hybridization.  This is largely because defects exist in very small concentrations, and as 

such are difficult to detect directly.  In this chapter I present a novel use of two-photon 

photoemission spectroscopy to directly characterize gap states.  This is demonstrated on 

highly conductive ZnO films with defect-associated charge transfer and hybridization 

behavior as discussed in Chapter 3.  

Conductive thin ZnO films have attracted significant attention in recent years for use 

in organic and hybrid organic-inorganic electronics because of their wide band gap (~3.4 

eV), high electrical conductivity, earth abundance, and ease of fabrication processes 

compatible with organic semiconductor materials, including sol-gel, atomic layer 

deposition (ALD) and epitaxial growth.
2,66,84

 Inverted organic photovoltaic cells exploit 
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ZnO and its inherent n-type conductivity in combination with the wide band gap to act as 

a hole-blocking / electron-selective layer between an organic active layer and a 

transparent electrode typically made from indium tin oxide (ITO).
2,66,84

  This selectivity 

for charge carrier injection/extraction at the interface is critical for improved device 

functionality and efficiency of organic optoelectronics.
2,85

  Recent results indicate that the 

fundamental interactions that determine energy level alignment at the organic / inorganic 

interface are considerably different from the paradigmatic organic / metal 

interface.
46,61,86,87

  In particular, though defects and dopants are generally thought to 

convey the n-type conductivity observed in ZnO, their precise role and nature is at 

present still controversial and unclear.
11,13,16,88

  

ZnO native point defects have been extensively studied as a means of understanding 

the intrinsic n-type nature of bulk ZnO. Photoluminescence (PL),
11,89

 electron 

paramagnetic resonance (EPR),
89–92

 and deep level transient spectroscopy
93–96

 have all 

been used to uncover the nature and electronic structure of the various point defects. 

Three species in particular have been widely discussed as candidates for the pervasive n-

type nature of ZnO: oxygen vacancies (Ov), zinc interstitials (Zni), and atomic 

hydrogen.
11,15–17,19

   

Much less is known however regarding the electronic structure and role of point 

defects and dopants in the near-surface region of ZnO. Only a few studies have 

investigated the role of surface defects on the electronic structure, and an understanding 

of the impact of surface and near-surface defects on hybrid organic / inorganic 

semiconductor interfacial electronic structure and charge transfer is only starting to 

emerge.
13,20,39,61,97–99

 Most of these studies have relied on indirect methods for 
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experimental detection of near-surface gap states, somewhat impeding a full 

understanding of the importance of gap states on the interfacial electronic structure of 

highly conductive ZnO surfaces functionalized by organic semiconductor 

adsorbates.
39,61,97

  

Here we show for the first time that two-photon photoemission (TPPE) spectroscopy 

can be used on highly conductive, polycrystalline thin ZnO films fabricated by plasma-

enhanced atomic layer deposition (peALD) to directly reveal a density of states (DOS) 

located within the ZnO band gap.  TPPE accesses both ground and excited states, and is 

readily tunable over a range of photon energies that span the band gap. By careful choice 

of excitation energies that make photoemission from the valence band maximum 

impossible, our measurements select uniquely for states within the ZnO bandgap and 

situated in the near-surface region.   

Our study allows a comparison to current models of the surface electronic structure in 

highly conductive ZnO, both bare and functionalized by the prototypical organic acceptor 

C60, suggesting for the first time an assignment of the microscopic origin of the gap state 

DOS.
13

 This chapter is organized as follows.  In Section 4.3, I present the characterization 

of the valence band of high conductivity thin-films by ultraviolet photoemission 

spectroscopy (UPS), followed by an investigation of the gap state DOS with TPPE in 

Section 4.4.  In Section 4.5 and 4.6, I show that this DOS is altered considerably by 

functionalization with C60 or by mild annealing. In Section 4.7, I assign origin and nature 

of the identity of defect states by comparison with state-of-the-art computational results.  

In Section 4.8, I conclude by summarizing and discussing the importance of these 

experiments. 
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4.2 Experimental 

4.2.1   ZnO Preparation 

A detailed description for the preparation of plasma-enhanced atomic layer deposited 

(peALD) ZnO thin films has been given previously.
39

  Briefly, indium zinc oxide (IZO) 

films were sputter-deposited on glass substrates to provide a planar substrate for ZnO 

film growth.  ZnO was then grown by peALD, at 100°C and 0.4 torr, pulsing diethyl zinc 

as a precursor into the chamber, followed by exposure to a remote oxygen plasma using a 

30 sccm oxygen flow rate at 300 W RF power for 20 seconds.  This process was cycled 

200 times for the ZnO samples, yielding approximately 20 nm thick films as measured 

using spectroscopic ellipsometry on a Si witness substrate, present during the thin film 

growth process (M-2000, J. A. Woollam Co.). The peALD-ZnO films grown in this 

fashion were polycrystalline and preferentially oriented towards both the non-polar (100) 

and the polar (002) face as determined by X-ray diffraction.
39

 

4.2.2 C60 Deposition 

C60 (99% pure) was purchased from MER Corp., triply sublimated using a home-built 

resublimation apparatus, and finally deposited using a home-built Knudsen cell.  Film 

thickness was determined using a previously calibrated quartz crystal microbalance 

(QCM).  C60 thin films were grown at a rate of 0.5 Å/min in a deposition chamber at a 

base pressure of 3 x 10
-9 

torr. As film formation is not expected to strictly follow layer by 

layer growth, we report film thickness in terms of monolayer equivalents (MLE), where 1 

MLE corresponds to 8Å. 
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4.2.3 Photoelectron Spectroscopy 

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

base pressure of 3 x 10
-10 

mbar) equipped with an Ar ion sputter gun (5 μA sample 

current, 0.7 kV acceleration voltage) and an integrated sample heater.  When annealing, 

the ZnO/IZO/glass sample was kept at or below 130°C, measured with a pyrometer 

(Raytek, 30 cm from sample), in order to prevent migration alloying of the IZO substrate 

with the ZnO films. The electronic structure was analyzed first by ultraviolet 

photoemission spectroscopy (UPS) to confirm workfunction and surface electronic 

structure.
100

 The measured workfunction of the ZnO films prepared in this manner was 

3.7(1) eV, consistent with previous work and the existence of shallow donor gap 

states.
13,39,61

 Surfaces prepared in this manner were stable over extended periods (14 

days) of exposure to both He(I) and (II) radiation and the ultrahigh vacuum conditions in 

the spectrometer chamber, indicating the absence of hydrogen adlayers metalizing the 

surface, H2O adsorption and photoinduced desorption of weakly bound 

adsorbates.
87,101,102

 We verified the absence of alloying with IZO by x-ray photoemission 

spectroscopy (XPS), taken at normal incidence and grazing angle in a Kratos Axis Ultra 

spectrometer using Al Kα radiation (1486.7 eV). No band bending was observed by XPS, 

consistent with the high carrier concentrations typical for these films.
39

  

4.2.4 Two-Photon Photoemission  

TPPE was performed using the frequency-doubled output of a 15 W pumped 

Ti:sapphire oscillator (80 MHz repetition rate, 90 fs pulse duration, photon energies 1.2 

to 1.7 eV).  Following dispersion-compensation in a prism pair, the pulse train was 

introduced into the UHV chamber through a fused silica viewport, incident on the sample 
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in p-polarization and at an angle of 53° with respect to the surface normal.  Pulse energy, 

typically around 250 pJ / pulse, was controlled by a neutral density filter wheel.  When 

carrying out TPPE measurements on semiconductor surfaces, it is possible for surface 

photovoltage (SPV) effects to alter the spectra.  Here, no SPV could be detected in either 

XPS, UPS or TPPE over a considerable range of excitation densities, consistent with the 

highly conductive and near-degenerately doped nature of the thin ZnO films.
20,39

 No 

evidence of surface photovoltage effects or radiation damage were observed across the 

range of excitation intensities used (250 – 500 pJ / pulse).  

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, the take-

off angle was normal to the surface, and -3 V sample bias and 5 eV pass energy were 

used. The polycrystalline nature of the ZnO films results in the measurement of electronic 

structure averaged over a wide range of possible electron momenta.   

All TPPE spectra are presented in terms of final state energy, Efinal, as shown in 

Figure 4-1.  This energy is the energy above the Fermi energy after absorption of two 

photons. It depends both on the photon energy and the initial occupation of the probed 

state. Efinal is defined as (E − EF) + Δ, where Δ = 2hν for occupied levels which are 

ionized by coherent absorption of two photons, while Δ = hν for unoccupied levels, 

excited by a first photon and subsequently ionized by a second photon. A plot of the peak 

center (Efinal) vs. photon energy (hν) determines whether an observed feature corresponds 

to an occupied or an unoccupied level.  
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Figure 4-1:  Energy diagram of ZnO including shallow defects, and cartoon of the TPPE approach used. EF, VL, Φ, 

CBM, VBM, DS, represent the Fermi level, vacuum level, workfunction, conduction band minimum, valence band 

maximum, and defect state, respectively. 

 

4.3 Valence Band Structure 

We first investigate the near-surface electronic structure of the n-ZnO films by UPS 

(Figure 4-2).  The workfunction 𝛷 = 3.7(1) eV and valence band onset of 3.5(1) eV with 

respect to EF are consistent with previous work on similar thin ZnO films and are in good 

agreement with the strongly n-type nature of the films (carrier concentration of 10
19

cm
-

3
).

13,20,39,61
  Given a bandgap of Eg = 3.4 eV, the valence band onset suggests that these 

films are close to or in the degenerate doping regime.  In addition to the spectroscopic 

features typically observed for UPS of ZnO, we also find a high density of tail states 

extending past the valence band onset deep into the bandgap (Figure 4-2c).  The tail 

states reside on a background created by the satellite HeI β, as indicated in the figure. 
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This density of tail states is typically associated with deep lying defect levels such as Znv 

and bulk Ov. Together with shallow donor defects it confers the low workfunction of 

3.7(1) to these films, as discussed in several  recent combined computational / 

spectroscopic studies.
13,61

 In contrast, pristine single crystalline ZnO surfaces have 

workfunctions around 4.5 eV and do not show significant band tailing into the gap.
100

 

The close-up view of the gap region (Figure 4-2c) also shows that no density of states can 

be detected within 1 eV of EF in UPS, despite the fact that shallow donors must be 

present to explain the n-type character of ZnO.
11,15

 This apparently empty band gap is 

consistent across a range of highly conductive ZnO films prepared in a wide variety of 

ways and oriented towards different crystal faces, as reported previously.
13,39,61

   

 

 

Figure 4-2:  UV Photoemission Spectra (UPS) of peALD ZnO showing (a) secondary electron cut-off, (b) valence 

band region, and (c) close-up of valence band maximum and bandgap region. 
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4.4  Spectroscopy Inside the Gap 

Due to the easily varied and low photon energy, TPPE is ideally suited to probe the 

band gap region in more detail, taking advantage also of potentially different 

photoemission cross-sections in this energy range. In order to restrict spectroscopic 

detection to states inside the bandgap, either from the tail extending above the VBM or 

from a density of states closer to EF, we used a range of photon energies (2.76-3.35 eV) 

below the band gap energy.  Since the ZnO ionization energy for our ZnO films is > 7 

eV, these low photon energies prevent two-photon photoemission from valence band 

states.  We exclude three-photon photoemission (3PPE) due to insufficiently high 

excitation power densities and only moderately short pulse durations. Moreover, in the 

chosen range of photon energies all levels available to electrons excited from the valence 

band are below EF and thus already occupied, excluding resonant 3PPE processes as well. 

The experimental conditions prevent thus photoemission from occupied valence band 

states.   

An overview TPPE spectrum taken with a photon energy of 3.04 eV is shown in 

Figure 4-3a. All TPPE spectra are dominated by the scattered secondary electron 

background at the lowest final state energies, as is typical for TPPE spectra of 

oxides.
103,104

  Beyond these slow electrons, a feature at the highest final state energy, 

approximately 5.70 eV and labeled DS (defect state) in Figure 4-3a and 3b, is 

reproducibly observed at all photon energies used. A close-up of this region of the TPPE 

spectrum is shown in Figure 4-3b, showing a distinct spectral feature emerging as a 

shoulder between final state energies of 5.3 eV and 5.9 eV, and the corresponding fit to a 

Gaussian is shown as well. Figure 4-3a and b show the spectra also in terms of an initial 
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state / binding energy scale, revealing that DS is located within a few hundred meV of 

EF. 

Since TPPE simultaneously probes both the occupied and unoccupied levels, the 

origin of a spectroscopic feature can be identified by measuring the final state energy as a 

function of photon energy. To this end, the excitation energy was varied over a range of 

600 meV. The DS feature is observed at all energies (Figure 4-3c), shifting to higher final 

state energy with increased photon energy.  The mild variation in intensity is likely 

caused by slight spot to spot variation of the inhomogeneous polycrystalline surface, as 

well as wavelength-dependent changes in the laser spot sizes. When plotting Efinal vs. 

Ephoton (Figure 4-3d), we observe a linear dependence of the fitted peak center with a 

slope of 2.03(5). This indicates clearly that DS arises by two-photon-induced 

photoemission from an occupied level. DS was observed on all samples independent of 

excitation intensities which were varied over one order of magnitude. Given that photon 

energies used for these experiments are insufficient to permit excitation from the valence 

band maximum,2 ℎ𝜈 < 𝐸𝑔 + 𝛷, the high final state energy observed is further consistent 

with the identification of an occupied feature located near EF. The binding energy of DS, 

estimated from the center of the fitted peak, is -0.37(3) eV below EF. TPPE of such 

conductive ZnO films reveals therefore a density of states near EF that is not observed in 

UPS and is a likely a contributor to the n-character of these films. 
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Figure 4-3: (a) Full TPPE spectrum taken with a photon energy of 3.04 eV. (b) Close up of region near EF. (c) Stacked 

TPPE spectra for different photon energies. (d) Photon energy dependence plot (final state energy vs. photon energy). 

 

The surface-sensitive nature of TPPE indicates that the species responsible for DS 

resides in close proximity to the ZnO surface. This suggests that the DS density of states 

is amenable to manipulation. We use this next as a means to develop insight into the 

origin of the DS state and to understand the influence of molecular surface 

functionalization. 



107 

 

4.5 Gap State Modulation by C60 Adsorption 

The donor nature of DS can be further confirmed by adsorption of a strong molecular 

acceptor such as C60. Such molecules have been suggested previously to be able to accept 

electrons from shallow donor states in ZnO, resulting in the formation of a hybrid 

interface state observed already at sub-monolayer coverages.
20,39,61,98

  Therefore, 

incremental coverages of C60, from sub-monolayer to bulk, were deposited and monitored 

by both UPS and TPPE. Upon deposition of 1 MLE, the workfunction increases by 0.6(1) 

eV, further increasing by a total of 0.9(1) eV over 6 ML. Such a workfunction increase 

indicates charge transfer from ZnO to C60 (Figure 4a), as reported elsewhere.
20,39,61

 In 

UPS, the spectra are dominated by the emergence of C60 valence band features (Figure 

4-4b).  Careful inspection of the energy gap region by TPPE demonstrates that already at 

4 Å coverage (0.5 MLE), DS is completely quenched (Figure 4-4c).  The hybrid interface 

state, observed in UPS,
20,39,61

 is not however clearly identifiable by TPPE, likely due to 

differences in photoionization cross-section and a higher background of inelastically 

scattered photoelectrons. 

The binding energy of DS and its behavior upon C60 deposition is consistent with the 

view that DS is a shallow donor defect that undergoes charge-transfer with C60.  

Consequently, C60 adsorption removes the occupied gap state density of DS and creates 

instead a hybrid interface state observed in UPS.  As demonstrated by Schulz et al.
39

, 

such interfacial interactions between ZnO and organic layers improve charge extraction 

or act as centers for trapping and exciton recombination. The observation of DS by TPPE 

and its quenching by C60 suggests therefore strongly that this shallow defect level is 
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closely involved in establishing the interfacial electronic structure and energy level 

alignment across this hybrid interface. 

 

 

Figure 4-4:  (a) UP-spectra at the secondary electron cut-off for ZnO with varying coverages of C60. (b) Overview UP-

spectra as a function of C60 coverage. (c) TPPE spectra at a photon energy of 3.04 eV for bare ZnO, 0.5 MLE (4 Å), 

and 1 MLE (8 Å) C60. 

4.6 Gap State Modulation by Annealing 

The near-surface-nature of the observed DS can be further confirmed by photoemission 

spectroscopy of ZnO thin film surfaces whose electronic structure has been manipulated 

in a controlled fashion. In particular, elevated temperatures may alter the concentration of 

kinetically trapped point defects in the near-surface region of the ZnO film. Commonly 

used annealing protocols for single crystalline ZnO surfaces at temperatures in excess of 

500 °C are not appropriate for the peALD ZnO thin films grown on IZO coated glass, 

since they lead to excessive interdiffusion of In from the substrate. We therefore 

restricted annealing temperatures to 130 °C, where no evidence of indium diffusion was 

detected by XPS. After 1 h at 130 °C, noticeable changes in both TPPE and UP spectra 

were observed, as shown in Figure 4-5. Remarkably, the spectral feature of DS is 

completely quenched in the TPPE spectra (Figure 4-5a). In the UP spectra (Figure 4-5b-
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c), we observe a work function increase of 0.5(1) eV (Figure 4-5b), while the valence 

band up-shifts by 0.2(1) eV only (Figure 5c). This indicates the development of a surface 

dipole of ∆𝑆𝐷= 0.3(1) eV, accompanied by mild band bending of ∆𝐵𝐵= +0.2(1) eV. This 

band bending is also confirmed by O 1s and Zn 2p XPS (Figure 4-6).  The emergence of 

band bending and the presence of an interface dipole are shown in Figure 5e and suggest 

together with the TPPE spectra that annealing causes either a removal of dopants or an 

emptying of doping states in the near-surface region. We note that the workfunction 

increase is also consistent with the removal of surface adsorbates e.g. H2O or 

reorganization of hydroxylated surface sites. This interpretation can however be 

excluded, since the surface electronic structure is stable over time under the UHV 

conditions.  Even 72 h after annealing, DS can no longer be detected and the 

workfunction remains at 4.2(1) eV. In summary, the observed changes to the electronic 

structure and the band bending strongly suggest that DS resides indeed near the ZnO 

surface, consistent with its quenching upon adsorption of C60 discussed in the previous 

section.  
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Figure 4-5:  (a) Normalized TPPE spectra of annealed vs. unannealed ZnO. (b) UPS with workfunction change and (c) 

VB shift. (d) Cartoon of changes to surface electronic structure upon annealing. 

 

 

Figure 4-6:  X-ray photoemission spectra for peALD ZnO and annealed peALD ZnO with shifts indicated for (a) Zn 2 

p3/2 and (b) O 1s  

 

4.7 Identification of the Gap State: Comparison with Theory 

All experimental data suggest that DS is likely a donor-type defect state located near 

the ZnO film surface. Donor states in bulk ZnO are usually associated with interstitial Zn 
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(Zni), O vacancies (Ov), or hydrogen impurities, the most common native or impurity 

donor defects in ZnO. We briefly consider each of these possible origins of DS in turn in 

order to suggest an assignment of this gap state. 

It has been well established that Zni are shallow donors, within some meV of the 

conduction band minimum even in the near-surface region.
11,13,15,19

 Surface Zni, 

investigated for the ZnO (002) Zn-terminated surface, have also been shown to have 

density of states just at or below the conduction band minimum.
13

 The DS peak observed 

in the TPPE spectra appears at a binding energy (peak center) of EB = -0.37(3) eV (peak 

onset at 0 eV) and is thus too deep to be readily consistent with Zni. This is further 

supported by the calculated high formation energies of Zni, at least for bulk ZnO.
11,15

  Zni 

have however been suggested to occur in considerable abundance due to formation of 

complexes with Ov.
15,16

  This has been investigated computationally in detail in bulk 

ZnO,
15,16

 pushing Zni-derived levels even closer toward the conduction band minimum 

while Ov-derived levels move towards the valence band maximum. Surface Zni, 

investigated for the ZnO (0001)Zn terminated surface have also been shown to have 

density of states which occur just at or below the conduction band minimum.
13

 The origin 

of DS must be therefore sought elsewhere. 

Doping by hydrogen has been widely discussed as a possible source for the 

unintentional n-type nature of bulk ZnO and its surfaces, since H2 is present in some 

amount under most experimental conditions, including ultrahigh vacuum,
105

 and can be 

cracked to atomic hydrogen generated e.g. by hot filaments inside a vacuum chamber.  

Controlled surface adsorption of H on single crystalline ZnO showed that a partially 

occupied state emerges in the UP-spectra near EF at ~0.1 eV, giving the ZnO surface a 
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metallic character.
87,101,102,106

 The DS observed by TPPE is not observable by UPS, 

exhibits a much larger binding energy, and as discussed above, exhibits no time 

dependent spectral changes consistent with adventitious H. Electronic states arising from 

surface-adsorbed H atoms are thus also unlikely as the origin of DS.  

In bulk ZnO, oxygen vacancies have low formation energies under most conditions 

and are generally acknowledged as the most abundant donor defect in ZnO.
11,12

 In their 

neutral form, Ov
0

, oxygen vacancies in bulk ZnO are deep donor states situated close to 

the valence band maximum, in obvious conflict with the observed binding energy of -

0.37(3) eV for DS.
11,15,82

  More relevant might be however energy levels introduced by 

Ov located near the ZnO surface. This situation, including the interplay with other point 

defects and OH adsorbates, has been recently considered in detail.
13

 Note that surface 

hydroxyls must be included since they are indeed commonly observed on most ZnO 

surfaces even after Ar
+

 sputter treatment, as is evident also from the high binding energy 

shoulder in the O 1s XPS data (Figure 4-6b).
12,13,61

  

On the polar Zn-terminated (002) ZnO surface, oxygen vacancies at the surface, O𝑉
𝑆 , 

cause strong relaxation of nearest neighbor zinc atoms and Zn-Zn bond formation, as 

illustrated in Figure 4-7.
13

 This creates two shallow donor states at -0.08 eV and at -0.35 

eV below the conduction band minimum. These states are much shallower than the 

reported values for bulk Ov,
13

  with the deeper of the two states in perhaps fortuitous 

agreement with the experimentally detected DS at -0.37(3) eV.  Previous calculations 

also confirm that defect bands for surface donor defects indeed tend to be closer to the 

CBM than in the bulk crystal.
39,107

 The calculated formation energy of O𝑉
𝑆  is however 

higher (4.04 eV) than OV in bulk ZnO (3.72 eV).
11,13

 This makes such defects less likely 
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to occur naturally in high concentrations.  The widely used external surface cleaning by 

Ar
+ 

bombardment is however well known to preferentially sputter O vs. Zn atoms,
39

 thus 

leading to increased densities of O𝑉
𝑆  despite the high formation energy needed under 

equilibrium conditions.
13

  Considering the metastable nature of DS, as established by 

annealing of the ZnO film, and its donor character, the assignment of DS as an O𝑉
𝑆  type 

defect offers thus a likely explanation for the observed gap state. We emphasize that such 

defects may be created by a broad variety of commonly used surface treatment protocols 

and may indeed be desirable since they convey a high degree of near-surface doping. 

Thermodynamically more favorable than Ov, is the formation of Znv at the surface, a 

deep acceptor defect common in ZnO.
11

 In the presence of O𝑉
𝑆 , such Znv sites prevent the 

formation of a metalized ZnO surface state (no Zn dimers), in good agreement with our 

experimental results after annealing. Instead, Ov-Znv donor-acceptor pairs are formed, 

with some of the OH molecules filling the neighboring O𝑉
𝑆  (Figure 4-7). The presence of 

Znv is in good agreement with the observation of a large tail density of states near the 

VBM in UPS (Figure 4-2c) and reported XPS data.
11,13

     

The two limiting cases, the metastable surface with OH and O𝑉
𝑆  and the surface with 

OH, Znv and O𝑉
𝑆 ,  provide thus a basis for interpretation of DS as near-surface O𝑉

𝑆  states.  

We speculate that the mild sputtering conditions chosen during surface preparation are 

insufficient to form a large abundance of Zn-Zn dimers that would otherwise metallize 

the surface and create a DOS at -0.08 eV. Instead, the treatment introduces some O𝑉
𝑆  to 

form a metastable surface, modified by annealing, and supporting a shallow donor state 

quenched by charge transfer to C60. During annealing, the surface approaches a more 

stable surface composition (OH, Znv, O𝑉
𝑆 ), also consistent with the increased 
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workfunction.
13

 We note that the non-polar (100) surface, likewise present in the ZnO 

films investigated here, also supports O𝑉
𝑆  which are expected to occur at somewhat 

different energies. 

 

Figure 4-7:  (left) Energy level diagram for the peALD ZnO film prior to (left) and after annealing (right), including 

calculated native point defect levels. Cartoon illustrating the conversion of a metastable ZnO surface with 𝐎𝑽
𝑺  and OH 

(Model 3 in Ref [13]) to a surface with Znv, filled 𝐎𝑽
𝑺 , and OH after annealing (Model 4 in Ref [13]). 

 

4.8 Conclusions 

Using two-photon photoemission I have obtained direct spectroscopic evidence for 

the presence of a shallow donor defect in the near-surface region of conductive ZnO 

films. Based on the electronic structure of model ZnO surfaces with surface-located point 

defects, this density of states is identified as arising from metastable Ov located at the 

surface. Further support for this interpretation stems from the exquisite sensitivity of this 

density of states to the specific surface treatments. I have shown that the defect density is 

altered dramatically by mild annealing, which facilitates a transition from a metastable 

surface with shallow donors (Ov
s
) to a surface that is otherwise dominated by deep 

acceptors (Znv), adsorbed OH, and filled 𝑂𝑣
𝑆. This transition is indicated by a 
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considerable increase in workfunction, mild band bending and an interface dipole, both of 

which suggest the removal of n-type defects within the band gap.  The defect density is 

also quenched by the adsorption of sub-monolayer layers of C60 (0.5 MLE), indicating 

interfacial hybridization and charge transfer between a donor defect and the acceptor 

molecule.   

Beyond the specific assignment of surface gap states in ZnO, the results presented 

here demonstrate that near-surface point defects can be distinguished with surface 

sensitive two-photon photoemission spectroscopy. This study provides improved 

understanding and direct spectroscopic evidence for surface-confined defects in the 

prototypical transparent conductive oxide, ZnO. For highly conductive interlayers and 

carrier harvesting layers, these results increase the ability to control the surface electronic 

structure through both the type and the density of specific defects. This control allows for 

the rational design of hybrid organic / inorganic interfaces with desired electronic 

properties, and is may be relevant to hybrid interfaces beyond ZnO such as other oxides 

or perovskites.   

The results from this study provide an increased understanding of the complex ZnO 

surface gap state structure from that which was established in Chapter 3.  Shallow donor 

defect states are directly interrogated, and are shown to interact strongly with adsorbed 

C60.  Mild sample annealing is shown to drastically change the electronic structure of 

ZnO by removing surface defects through a thermally activated process. This behavior is 

closely matched to two calculated models of surface defects, and a mechanism is 

proposed.   



116 

 

The past two chapters have underlined the importance of inorganic semiconductor 

gap states using ZnO as a model TCO.  Surface gap states are crucial in determining the 

electronic properties of ZnO and its interactions at hybrid interfaces. In the next few 

chapters I also show that gap states alter charge carrier dynamics at the interface.  In 

chapter 5, I start this investigation by presenting a proof of concept for time-resolved 

two-photon photoemission, a new capability in the lab capable of measuring ultrafast 

excited state lifetimes.  
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5 C60 / ZNO TWO-PHOTON PHOTOEMISSION AND C60 / AU(111) TIME-

RESOLVED TWO-PHOTON PHOTOEMISSION: TOWARDS LASER-BASED 

ULTRAFAST DYNAMICS 

5.1 Introduction 

A full understanding of the electronic phenomena which occur at an interface 

requires studies of both electronic structure and dynamics at the interface.  Thus far in 

this dissertation, the focus has been largely on understanding electronic structural 

changes upon interface formation, as well as how electronic structure of ZnO can be 

tailored.  From these studies, it is clear that ZnO native defects play a critical role at the 

interface.  By controlling the defect structure of ZnO, the electronic properties, reflected 

in energy level alignment and charge-transfer at the hybrid interface, are greatly changed.  

These new insights into interactions between molecular adsorbates and defects are key to 

understanding hybrid interfaces overall.  Missing as yet is however a connection of this 

electronic structure to carrier dynamics: How do defects and organic molecules that alter 

the electronic properties of ZnO affect the interfacial dynamics e.g. of charge-transfer and 

excited state lifetimes? 

As discussed in Chapters 1 and 2, TPPE is ideally suited to measuring the 

electronic structure and dynamics of both occupied and unoccupied levels.  Time-

resolved and steady-state two-photon photoemission is, however, not without 

complications, and because of this TR-TPPE is not commonly used on complex systems.  

Much of the TR-TPPE literature is focused on the simplest model systems such as 

surfaces and interfaces involving single crystalline metals and atomic to small molecule 
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adsorbates.
108–112

  Very few studies have involved single crystalline metal oxide surfaces, 

and no (TR-)TPPE studies exist on thin film metal oxides.
87,99,103,104,110,111

   

As a stepping-off point for a better mechanistic understanding of interfaces, pump-

probe two-photon photoemission spectroscopy has been set up in the lab.  I present in this 

chapter first a steady state experiment, where the film growth of the prototypical acceptor 

molecule C60 is studied using TPPE.  As a preface to time-resolved experiments, I then 

characterize the temporal structure of the third harmonic output of the Ti:Sapphire laser, 

how it can be compressed and group velocity dispersion (GVD) compensated and how 

the pulse duration can be measured.  Finally, I present a proof of concept for time-

resolved two-photon photoemission on C60 multilayers grown on Au (111). 

5.2 Experimental 

5.2.1 Sample Preparation 

ZnO was prepared as described in Chapters 2 and 4. 

The Au (111) single crystal (99.999%) was purchased from Princeton Scientific.  The 

single crystal was prepared by repeated cycles of Ar
+

 sputtering (1.2 kV and 9.0 x 10
-7

 

torr for 30 minutes each cycle) and annealing (> 450 °C for 1 hour each cycle).  The 

clean Au (111) surface was evidenced by a sharp Shockley surface state (FWHM 0.24(1) 

eV) with effective mass of 0.25(5), and a work function of 5.49(1) eV. 

C60 was deposited under conditions as described in Chapters 3 and 4.  Spectroscopic 

studies of C60 layer growth upon ZnO were done by depositing C60 in small amounts and 

a layer by layer fashion.  Multilayer growth of C60 upon Au (111) was accomplished by 

first depositing a monolayer equivalent (8 Å) to template the thin film growth, followed 

by depositing 100 Å all at once. 
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5.2.2 Two-Photon Photoemission Spectroscopy 

The sample was introduced into the photoelectron spectrometer (VG EscaLab MKII) 

equipped with an integrated sample heater, and all spectra were obtained at room 

temperature. Each film was first analyzed using He (I) UPS (SPECS UVS 10/35, 30
◦
 

angle of incidence from surface normal) in order to confirm coverage and global vacuum 

level. The vacuum level was measured by the procedure outlined in Chapter 2. TPPE was 

initiated using the same conditions as described in Chapter 4. 

5.2.3 Time-Resolved Two-Photon Photoemission 

Time-resolved two-photon photoemission (TR-TPPE) measurements were carried out 

by steering the frequency tripled output of the laser through the modified Mach-Zehnder 

interferometer set-up, resulting in two slightly non-collinear beams at the entrance to the 

chamber (see optical set-up in Chapter 2).  An autocorrelator LabVIEW program, written 

by Calley Eads in LabMonti
TM

, was used to either select and hold the analyzer kinetic 

energy and scan the pump-probe delay time, or to hold the pump-probe delay time and 

scan the analyzer kinetic energy.  By holding the analyzer kinetic energy steady, an 

intensity autocorrelation (IAC) is measured.  By holding the delay time constant, a full 

photoemission spectrum is measured. The pulse duration for the frequency tripled output 

was determined by measuring an IAC at the Shockley surface state of clean Au (111) 

(whose lifetime is ~ 1 fs) and on the C60 HOMO feature for the multilayer C60 / Au (111) 

surface.  By changing the distance between the fused silica Brewster angle prism pair, a 

third harmonic pulse train with a reproducible pulse duration (at 4.96 eV) ~240 fs was 

achieved.  Once the pulse duration was extracted, the C60 multilayer LUMO+1 lifetime 
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was measured in two ways: (1) taking IAC for the C60 LUMO+1 kinetic energy, and (2) 

by taking full TPPE spectra spanning a large window of delay times. 

5.3 Results 

I start by discussing the overall spectroscopic findings for the occupied and 

unoccupied electronic structure of C60 on ZnO.  I then discuss how the C60 multilayer 

TPPE spectrum is used for the proof of concept for time-resolved two-photon 

photoemission, where I determine the lifetime of the multilayer C60 LUMO+1 on Au 

(111). 

5.3.1 C60 / ZnO:  C60 Unoccupied Levels 

Since peALD ZnO has a low workfunction of 3.6 eV, TPPE of bare ZnO using the 

third harmonic output (3) of the laser system yielded a spectrum dominated by one-

photon photoemission (1PPE).  Due to the prevailing 3-1PPE background for the bare 

surface, only a layer-by-layer study of the C60 / ZnO interface was possible in the 3 

regime.  As already seen in Chapter 3, the valence and conduction band structure for a 

number of coverages of C60 on ZnO has been obtained by inverse photoemission 

spectroscopy (IPES). Note that this measures anion or transport levels and is unable to 

detect excitonic states of C60.  Two-photon photoemission spectroscopy measures both 

cationic/anionic levels and excitionic levels, which is beneficial when studying organic 

semiconductors, since the exciton binding energy is of critical significance for device 

performance.  This makes TPPE a desirable and necessary technique to use, even though 

data collection and analysis is significantly more involved than for IPES. 

A set of TPPE spectra taken at 4.77 eV for the C60 deposition series from 4 Å (0.5 

MLE) to approximately 6 nm are presented in Figure 5-1.  Even for these coverages, and 
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especially for 4 Å, there is a large background due to a significant amount of scattered 

electrons from 1PPE, misleadingly making up the secondary edge.  As the C60 coverage 

increases, the workfunction increases as well (see Chapter 3), which decreases 

interference from 1PPE. To determine the origin of various states in the TPPE spectrum 

of C60 / ZnO, the photon energy was scanned (Figure 5-2).  Clearly, two different photon 

energy dependences are observed in the peak centers of the final state energy.  To extract 

this photon energy dependence more clearly, the spectra were fit using an exponential 

decay to account for the scattered secondary electron background, and Gaussian features 

for each observed feature.  The single feature with a 2ΔEphoton dependence was 

determined to be the C60 HOMO, with a binding energy in agreement with UP-spectra 

(2.6 eV below EF).  Since the C60 HOMO binding energy and FWHM was known from 

previous UPS measurements, these parameters could then be constrained in the next 

round of fitting, keeping in mind that analyzer slits used in TPPE measurements are 

different from those used in UPS.  An example photon energy dependence plot for 2 

MLE C60 / ZnO is shown in Figure 5-3.  This reveals two additional and clearly 

identifiable features originating from unoccupied C60 levels: The C60 LUMO+1 and 

LUMO+2.
113–116

  The LUMO is low in energy, near to EF, and due to the surface work 

function and photon energies used it is not observed clearly.  This has been confirmed 

also for studies of C60 adsorbed on various single crystal metals.
113–116

  From the 

coverage dependence study, only these three C60 levels were clearly identifiable, and no 

ZnO or hybrid interface states were observed by TPPE with 3. 
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Figure 5-1:  Two-photon photoemission deposition series at 4.77 eV from 4 Å to 5 nm 

 

 
Figure 5-2:  Series of spectra taken for 16 Å C60 / ZnO over a range of photon energies. 
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Figure 5-3: Photon energy vs. final state energy dependence to determine occupation of TPPE derived levels. 

 

In this section, the electronic structure of C60 has been characterized using steady 

state TPPE for C60 / ZnO, setting the stage for measurements of the C60 LUMO+1 

lifetime.  First, the ultrafast UV pulse duration must be established to ensure accurate 

lifetime measurements, as shown in the following section. 

5.3.2 Pulse Duration Measurements:  Au(111) Shockley Surface State Intensity 

Autocorrelation 

A cleaned Au (111) crystal was investigated first to ensure alignment, pulse 

compression, and directly measure for the first time the pulse duration of the third 

harmonic of the Ti:Sapphire laser. Note that such measurements have at present not yet 

been reported in the literature. Figure 5-4 shows a TPPE spectrum of clean Au (111), in 

good agreement with a comprehensive TPPE study of Au(111) reported by Ilyas and 

Monti.
13
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 The kinetic energy of the peak center of the Shockley surface state (SS) was used to 

measure intensity autocorrelations and optimize pulse duration by compensating for 

group velocity dispersion (GVD).  Reproducible pulse durations of ~243 fs were 

achieved, as shown by the intensity autocorrelation in Figure 5-5.  The expected 3:1 

signal-to-background ratio is not found, likely due to an imbalance in laser power 

between the two arms in the Mach-Zehnder interferometer set-up, as well as a slight 

difference in the focusing of the two beams on the sample, however with these 

considerations a 1.8:1 ratio was achieved, as shown in Figure 5-5.  In a non-collinear 

optical set-up, any small misalignment causes a decrease in expected intensity 

interference signal. One other aspect of the autocorrelation which should be noted is the 

slight asymmetry in the background.  Asymmetries of this sort in autocorrelations are 

likely due to misalignments in an autocorrelator set-up, which can be very slight.  This 

particular asymmetry has been is attributed to a possible misalignment in the motorized 

stage which facilitates the time delay.  Nevertheless, the FWHM of the IAC can be used 

for optimizing and estimating the 3 pulse duration. 
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Figure 5-4:  Steady state TPPE spectrum of cleaned Au (111) at 4.96 eV.  Indicated are the secondary electron cut-off, 

SECO, the Au (111) upper band edge, UBE, the Shockley surface state, SS, and the Fermi edge, EF. 

 

 

 
Figure 5-5:  TPPE Intensity Autocorrelation using 4.96 eV at the Au (111) Shockley Surface State. 

 

Measuring ultrafast UV pulse durations is a difficult problem which has been 

addressed using TPPE as the second-order process for autocorrelation.  Utilizing this 
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method, the tunable third harmonic output of the Ti:Sapphire laser can be compressed 

and the pulse duration can be measured before and during time-resolved experiments.   

5.3.3 Bulk C60 LUMO Lifetime Measurements:  Time-Resolved Two-Photon 

Photoemission Proof of Concept 

Given the understanding of the C60 multilayer steady state TPPE spectrum, the non-

collinear time-resolved TPPE (TR-TPPE) set-up can now be tested. The lifetime of the 

LUMO+1 for bulk coverages of C60 on Au (111) has been reported to be 350 fs.
113

  The 

pulse duration of ~242(1) fs is long, but is suitable for measuring this lifetime.  Bulk C60 

was deposited on freshly cleaned Au (111) and measured by TPPE.  The spectrum 

(Figure 5-6) is as expected similar to thick C60 films on ZnO in section 5.3.1.  It is 

apparent, however, that there are features that are still observable at high final state 

energy near the Fermi level (Figure 5-6 inset).  These features are likely the Au (111) 

upper band edge (UBE) or the surface state (SS) and a feature near the Fermi edge, 

potentially from the filled LUMO due to ground state charge transfer, known to occur for 

C60 on coinage metal surfaces.
115,116,118,119

  These features were not investigated further 

for the present study, but indicate that the films grown here contain thinly covered 

Au(111) patches as well as patches of thicker C60 film.  
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Figure 5-6: Steady state two-photon photoemission spectrum of multilayer C60 on Au(111) using 4.96 eV photons with 

x10 zoomed inset of high final state energy region. 

 

The intensity autocorrelation centered at the LUMO+1 was taken using 4.96 eV 

photons.  The IAC measured looks somewhat Gaussian, however the wing at long delay 

times continues to tail, indicating that the autocorrelation is actually a mixture of at least 

two contributions.  By looking at a steady state TPPE spectrum at  = 400 fs (Figure 

5-7B) it becomes clear that the LUMO+1 is long-lived and broad, since at this delay time 

both the HOMO and the LUMO+2 intensities are significantly lower, while the LUMO+1 

remains quite intense. Any overall intensity decrease is likely due a significant drop-off 

of the scattered electrons.  The fast decay, therefore, is likely due to coherent 

photoemission, and can be determined by measuring an autocorrelation of an occupied 

state (see above).  This was measured on the C60 HOMO feature, and fits the fast decay 

which is mixed into the LUMO+1 autocorrelation.  Figure 5-7A shows the deconvolution 
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of the intensity autocorrelation measured for the C60 LUMO+1 at the “multilayer” 

coverage.  Here a sum of two fits reproduces the measured autocorrelation quite well.  

With the fast decay, or coherent laser contribution, fit to the LUMO+1 autocorrelation, an 

exponential decay can be fit to the broad remaining background, from which the actual 

LUMO+1 lifetime can be extracted.  The resulting LUMO+1 lifetime is 700(40) fs.   

 

Figure 5-7:  (A) C60 LUMO+1 intensity autocorrelation with fits and (B) two-photon photoemission spectrum of 

multilayer C60 / Au (111) taken at a delay time of 400 fs 
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5.4 Discussion 

The results of this study were compared to those from the literature for similar 

systems, C60 / Au (111) and other coinage metals.
113

  There was about a factor two 

difference in the lifetime measured vs. the value reported in the literature.  Since the 

system measured in this study is the same system, the lifetimes should be comparable and 

such differences indicate residual issues in the setup.   

For a thin multilayer film of C60 on Au(111), the lifetime of the C60 LUMO+1 is 

measured to be two times that of the literature value (350 fs for bulk C60 / Au(111)).
113

  

Longer lifetimes for the LUMO+1 have been reported for C60 on polycrystalline metal 

surfaces, on the order of 1 ps.
120

  Since C60 is known to chemisorb more strongly to single 

crystal Cu than on Au,
119

 it is likely that this large lifetime on the polycrystalline surface 

is due to disorder at the interface, weakening the strength of interaction.  Molecular film 

disorder is thus a likely reason for the factor two difference in my measured lifetime vs. 

that of Dutton et al.
113

  The molecular film was not annealed, as is commonly done to 

form ordered molecular crystals of C60 on single crystal metals. I suggest that this 

measurement be performed again after having annealed the C60 film to roughly 300 °C 

first after 1-2 MLE coverage, and to ~100 °C between subsequent depositions, to fully 

template ordered and crystalline growth.
121

 

5.5 Conclusions 

In this chapter I have presented a characterization of the occupied and unoccupied C60 

levels when deposited on ZnO and Au(111).  I have shown that TPPE is used 

successfully as the second order process for intensity autocorrelation measurements, 

where the pulse duration of the third harmonic of our Ti:Sapphire laser was measured. 
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For a thin multilayer film of C60 on Au(111), the lifetime of the C60 LUMO+1 is 

measured to be two times that of the literature value (350 fs for bulk C60 / Au(111)).
113

  

This lifetime increase is likely due to disordered C60 film growth.  The LUMO+1 lifetime 

measured falls between that of the ordered film on single crystalline Au (111) and that of 

a film deposited on polycrystalline Cu.
113,120

  

This new experimental set-up has been shown to work on the relatively well studied 

and well behaved system of C60 / Au(111), however to be sure that lifetimes measured are 

indeed accurate, further work is needed and a true “gold standard,” measurement on 

annealed films of C60 / Au (111) should be made.  In this chapter I introduced an 

upcoming time-resolved technique (TR-TPPE) in the lab which is able to measure excited 

state lifetimes.  The time resolution of TR-TPPE is dependent on ultrafast laser pulses 

and accurate pulse compression to achieve picosecond to femtosecond time resolution.  

In the following chapters, I present charge transport lifetime measurements which do not 

depend on ultrafast lasers, but instead utilize energy measurements with reference to a 

known decay process, i.e. of the core-hole decay.  In Chapter 6, a novel implementation 

of core-hole clock spectroscopy is used to probe the charge carrier dynamics of ZnO and 

at the interface with C60.  In Chapter 7, I probe the charge carrier dynamics on the other 

side of the interface, i.e. the C60 film, to achieve a full understanding of how interface 

formation affects charge transport for hybrid organic / inorganic semiconductor 

interfaces.
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6 ULTRAFAST INTERFACIAL CHARGE CARRIER PHYSICS IN THE ZNO 

CONDUCTION BAND 

6.1 Introduction 

As discussed in Chapter 5, it is important to measure the dynamics at surfaces and 

interfaces in addition to characterizing the electronic structure, in order to gain a full 

mechanistic understanding of electronic properties and processes at an interface.  For 

hybrid electronics, important processes such as charge transfer, charge recombination and 

charge transport can occur on ultrafast time scales.
122–125

  I have shown in the previous 

chapters that the electronic structure of ZnO plays a major role in determining the ground 

state charge transfer and hybridization behavior at the interface.  The electronic 

properties of the interface have been controlled, for the most part, by altering defect 

concentrations at the surface of ZnO.  The role of these important defect states on the 

interface dynamics is the next piece of the puzzle.  To access such dynamics, 

measurements need to be ultrafast, and likely on the order of a few femtoseconds.   

In Chapter 5, I presented the results of a recent proof-of-concept study where fs 

pump-probe TR-TPPE was established in the lab.  Pump-probe techniques such as TR-

TPPE access excited state dynamics in the picosecond to femtosecond range, often 

requiring significant alignment of optics to achieve compressed, short pulse durations.  

Resonant photoemission is a synchrotron-based X-ray technique that compares the 

process in question to the known lifetime of the core-hole decay, as detailed in chapter 1. 

This is a fundamentally different approach to pump-probe spectroscopy and is 

advantageous because charge transfer lifetimes in the range of femtoseconds to 
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attoseconds can be accessed. This is quite beyond the capabilities of most pump-probe 

spectroscopies. In this chapter I present a novel use of resonant photoemission 

spectroscopy, where the data acquisition was by me and the evaluation by my 

collaborator David Racke.   

Carrier dynamics at hybrid organic/inorganic semiconductor interfaces play a vital 

role in the charge extraction of efficient next-generation optoelectronics,
126

 

photovoltaics,
127

 and sensors.
128

 The use of transparent conductive oxides (TCOs), such 

as ZnO or TiO2, as carrier harvesting contact layers in organic electronics is particularly 

promising due to their low-temperature processability, wide band-gap (3.2-3.4 eV),
129

 

and natural abundance.
130

 However, understanding the complex interface between π-

conjugated organic semiconductors and TCOs remains a formidable challenge: defect and 

dopant sites play an important role in determining the interfacial electronic 

structure,
131,132

 weak screening near the interface can create long-lived bound electron-

hole pairs,
133,134

 and the presence of multiple stable crystallographic orientations at the 

interface causes local variations in the interfacial energy landscape.
135

 This complexity 

gives rise to interfacial carrier dynamics that span timescales in excess of ten orders of 

magnitude, ranging from a few femtoseconds for the fastest charge-injection into TiO2,
136

 

to many hundreds of picoseconds for residence times of Coulombically-bound charge 

pairs at the ZnO/organic interface,
133

 and finally to hundreds of microseconds for 

photoexcited free carrier lifetimes at the ZnO surface.
137

 

 The bulk of time-resolved studies at hybrid interfaces have focused on ultrafast 

photoinduced charge-transfer across the interface, particularly for the purpose of 

photoinduced charge carrier generation in novel hybrid organic/inorganic photovoltaics. 
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For organic/ZnO interfaces, this yields timescales of ~100 fs.
138–141

 However, little is 

known about the fate and ultrafast dynamics of conduction band electrons at the TCO 

interface following e.g. a charge-extraction event from the active layer in an organic 

optoelectronic device. Particularly unclear is the impact of the adsorbed organic 

semiconductor layer on the carrier dynamics in the near-interface region of the oxide. For 

bare ZnO, the 4 eV bandwidth of the ZnO conduction band
142

 and small effective 

electron mass (m*/me = 0.24)
143

 suggests that carrier delocalization dynamics, i.e. site-to-

site hopping within the ZnO conduction band (CB), should be anticipated to occur on 

sub-fs time scales. The extent to which organic adsorbates modify these delocalization 

dynamics directly reveals the coupling of electronic states in ZnO to molecular adsorbate 

states and the consequent creation of a density of states with profoundly mixed 

organic/inorganic character. The resulting increase in residence times at the interface 

ultimately opens undesired pathways for facile recombination and loss of efficiency in 

hybrid organic devices. Here we use core-hole clock spectroscopy, an extension of 

resonant photoemission (RPES) with attosecond time-resolution,
144

 to investigate for the 

first time oxide carrier dynamics at hybrid interfaces. Our approach enables us to monitor 

the site- and element-specific evolution of the wavefunction of conduction band electrons 

at a prototypical hybrid organic/inorganic interface. This allows us to reveal the influence 

of electronic coupling and hybrid interface formation on ultrafast interfacial carrier 

dynamics. 

  By using RPES to investigate oxide carrier dynamics at a hybrid interface, I show 

that that ultrafast charge carrier delocalization in the conduction band of ZnO is strongly 

disrupted in the presence of C60, leading to much longer lived carriers localized at the 
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hybrid organic/inorganic interface. This marked shift in carrier behavior is driven by 

hybridization of the ZnO conduction band with the molecular orbitals of C60, leading to 

strong electronic coupling across the hybrid organic/inorganic interface. This has 

significant implications for the processes of interfacial energy level alignment and carrier 

separation at hybrid interfaces, potentially offering a means for extrinsic control of carrier 

dynamics via tuned electronic coupling at the interface.
132,145–147

 These results on the 

intrinsic dynamics at hybrid interfaces complement previous work on photoinduced 

charge separation with pump-probe spectroscopies
148–150

 by providing access to faster 

timescales, elemental specificity, and unambiguous spatial information.  

This chapter is organized as follows.  In Section 6.2, I describe the experimental 

details.  In Section 6.3, the RPES result for bare ZnO and the effect of C60 deposition on 

the electronic structure of ZnO is described.  In Section 6.5, I discuss the importance of 

these observations for hybrid interfaces.  

6.2 Experimental 

Near-edge x-ray absorption fine structure (NEXAFS) and resonant photoemission 

spectroscopy (RPES) measurements were performed on beam line 10-1 at the Stanford 

Synchrotron Radiation Lightsource (SSRL) with linearly polarized x-rays at an incidence 

angle of 70  from surface normal and with the photoemission spectrometer parallel to the 

e-vector in the horizontal plane (photoemission geometry). Spectra were intensity 

normalized by the photon flux on a freshly evaporated gold grid. Photon energies were 

calibrated using the TEY response of a metal reference sample (primarily TiO2) that was 

isolated from exposure to Ar
+
 sputtering and C60 deposition conditions. See Supporting 

Information for NEXAFS spectra of the reference sample. NEXAFS spectra were 
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collected in the total electron yield (TEY) mode via the drain current. Photoemission 

spectra were collected using a double-pass cylindrical mirror analyzer at a pass energy of 

25 eV, where the resolution of the beamline monochromator was matched with the 

analyzer resolution (0.25 eV) to provide a total energy resolution of about 0.35 eV. 

Ultra-smooth (RMS roughness = 0.2 nm) indium zinc oxide (IZO) films were 

deposited via RF-magnetron sputtering onto clean glass substrates to improve sample 

conductivity. 20 nm of zinc oxide (ZnO) was subsequently deposited by plasma-

enhanced atomic layer deposition (peALD)98, which yields polycrystalline, highly n-

doped ZnO films used as hole-blocking and electron-harvesting layers in organic 

electronic devices.151,152 After introduction to ultrahigh vacuum, samples were cleaned by 

Ar
+
 sputtering at 1 keV and 5  A for approximately 30 minutes. Removal of adventitious 

carbon was confirmed with x-ray photoemission spectroscopy. Immediately after 

measurement of clean ZnO, one monolayer equivalent (1 MLE) of triply sublimed C60 

(MER Corp.) was deposited in-situ with a home-built Knudsen cell that had been 

thoroughly degassed, using a quartz crystal microbalance to calibrate the thickness. To 

avoid contributions from surface adsorbates and other systematic variations, the same 

ZnO sample was thus used for both sets of measurements, and ultrahigh vacuum 

conditions were maintained throughout preparation of the C60 thin film. 

6.3 Results 

We find that ultrafast charge carrier delocalization in the conduction band of ZnO is 

strongly disrupted in the presence of C60, leading to much longer lived carriers localized 

at the hybrid organic/inorganic interface. We show that this marked shift in electronic 

properties is driven by hybridization of the ZnO conduction band with the molecular 
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orbitals of C60, leading to strong electronic coupling across the hybrid organic/inorganic 

interface. This has significant implications for the processes of interfacial energy level 

alignment and carrier separation at hybrid interfaces, potentially offering a means for 

extrinsic control of carrier dynamics via tuned electronic coupling at the interface.
132,145–

147
 Our results on the intrinsic dynamics at hybrid interfaces complement previous work 

on photoinduced charge separation with pump-probe spectroscopies
148–150

 by providing 

access to faster timescales, elemental specificity, and unambiguous spatial information. 

In our RPES experiments, resonant absorption of an x-ray photon promotes an O 1s 

core electron into the ZnO conduction band, which consists of hybridized Zn 4s and O 2p 

levels.
153

 For clarity, we use the notation [Zn4s⨂O2p] to describe the hybridized nature 

of the conduction band and [Zn3d⨂O2p] for the hybridized valence band. X-ray 

absorption creates an O 1s core-hole that decays within a few fs, with several possible 

decay channels.
144,154

 Here, we focus on participator decay. As illustrated in Figure 6-1, 

this process corresponds to core-hole decay via ejection of a valence band (VB) electron 

to release the excess energy. Due to the hybridized nature of the ZnO bands, this ejected 

valence band electron can originate from the occupied O 2p or Zn 3d VB states. This 

results in a final state identical to that of direct photoemission from the valence band, 

yielding resonant enhancement of the measured O 2p and Zn 3d peaks. Other decay 

pathways of the core-hole result in photoemission at lower kinetic energies, enabling 

selective analysis of the participator decay channel. Critically, this participator decay path 

is only likely if the wavefunctions of the core-hole and the excited electron overlap 

substantially, i.e. if the excited core electron is localized in the vicinity of the core-hole 

throughout the core-hole lifetime. Any process whereby the excited electronic 
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wavefunction evolves away from the vicinity of the O 1s core-hole prior to core-hole 

decay, such as hopping/delocalization within the [Zn4s⨂O2p] conduction band, 

suppresses the resonant enhancement of the VB feature. Therefore, changes in the 

resonant photoemission cross-section directly reflect ultrafast dynamics of excited 

electronic wavefunctions. In this paper, we refer to the average time that the excited 

electron remains localized near the core-hole before delocalizing as the residence time. 

Since the core-hole lifetime is largely independent of the surrounding environment, the 

exponential core-hole decay process can be used to “clock” the ultrafast delocalization of 

the excited core electron for residence times ranging from hundreds of attoseconds to a 

few tens of femtoseconds.
155–157

 Here, we apply these principles for the first time to study 

changes in substrate carrier physics as a result of molecular adsorption. As we will 

show, the band diagram presented in Figure 6-1 is sufficient to understand these changes 

to the ZnO carrier dynamics. 
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Figure 6-1: Measurement process and participator decay in resonant photoemission. A, Photon absorption with two 

competing decay processes: delocalization into a continuum of states and participator decay. B, Intermediate state 

following delocalization, where participator decay has been blocked. The only decay possible is of Auger (2-hole) type.  

C, Final state following participator decay, identical to the final state for direct valence band photoemission. D, Part of 

the calculated ZnO conduction band structure probed by the core-hole clock method.158 The strong curvature and large 

bandwidth of the [Zn4s⨂O2p] band point to ultrafast carrier delocalization times 

 

 Since meaningful analysis of participator resonant enhancement requires 

comparison to the NEXAFS spectra, we start by examining the changes in the O K-edge 

absorption spectra of ZnO induced by adsorption of C60 and show that these changes arise 

from interfacial electronic coupling in the manifold of unoccupied states. Figure 6-2 

shows the NEXAFS spectra for both clean ZnO and ZnO with 1 monolayer equivalent 

(MLE) of C60.
98

 The characteristic transition metal oxide pre-edge absorption feature 

arising from excitation to unoccupied [O2p⨂Metal3d] states is predictably absent due to 

the filled d-band of ZnO.
159

 The O K-edge NEXAFS features for ZnO are quite broad, in 

agreement with previous reports,
160,161

 and track the theoretical DOS quite well.
158

 The 

onset of excitation into a continuum of free electron states (vacuum level or ionization 

energy) was calibrated to a photon energy of 534 eV and is consistent with measured 
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workfunctions and electron affinities on these surfaces.
131,147,160,162

 The [Zn4s⨂O2p] 

conduction band of ZnO is thus accessed by photon energies of approximately 530 to 534 

eV.
153

 The core hole created in NEXAFS is localized on the O atom, modifying the Zn 4s 

density of states in the conduction band only minimally.
153,159,160,163

 Thus, an initial state 

description of x-ray absorption and the resulting electron dynamics as probed by resonant 

photoemission is entirely sufficient and will be used for the remainder of the report. 

Independent of the data processing scheme, our results robustly reveal that small yet 

reproducible and structured differences across the conduction band region of ZnO are 

induced by the presence of C60, corresponding to an increase in the density of unoccupied 

states carrying O 2p-character in ZnO. Varying the ZnO surface preparation conditions 

results in an increase or decrease of the observed total electron yield (TEY) in XAS, fully 

consistent with different interfacial electronic coupling regimes reported previously.
162

 

This indicates that at the C60/ZnO interface TEY is proportional to the absorption cross-

section and hence the conduction band density of states over this energy region.
164

 

Notably, since the probing depth of the TEY detection mode is approximately 5 nm, the 

perturbative effect of C60 adsorption on the conduction band density of states is likely 

more significant right at the interface, and the probing-depth-averaged spectra 

underestimate the influence of C60 adsorption on the interfacial electronic structure. We 

note also that the near-degenerate doping of the ZnO sample precludes any band bending 

effects,
165

 as demonstrated by previous results.
162

 These differences give a first indication 

of significant interaction across this hybrid interface. Indeed, a previous computational 

and spectroscopic study has already demonstrated clear evidence for strong electronic 

coupling across the C60/ZnO interface,
162

 further supported by previous studies of other 
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π-conjugated molecular adsorbates on ZnO with significant electronic coupling between 

the ZnO CB and unoccupied molecular states.
141,165–167

 

 
 

Figure 6-2:  O K-edge NEXAFS spectra of ZnO and 1 monolayer equivalent C60/ZnO and difference spectrum. The 

adsorption of C60 increases the x-ray absorption cross-section in the pre-edge conduction band region of ZnO, 

indicating that electronic coupling with molecular orbitals of C60 increases the density of unoccupied states in ZnO. 

Also shown is a representation of the calculated density-of-states of pristine ZnO.158 NEXAFS spectra were energy 

calibrated with respect to a metal oxide reference sample. 

 

Resonant PE spectra, shown in Figure 6-3 for both ZnO and 1 MLE C60/ZnO, were 

obtained by acquiring photoemission spectra while stepping the incident photon energy 

across the O K-edge. For participator decay, the resonantly enhanced valence band 

spectra consist of an intense peak at 12 eV (Zn 3d) and two smaller peaks at binding 

energies of approximately 8 and 5 eV (O 2p).
168

 Intensity enhancement of any of these 

features as a function of photon energy indicates localization of the excited electronic 

wavefunction near the core hole. 
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Figure 6-3: 2-D plots of the O K-edge resonant photoemission spectra for the valence band region of A, bare ZnO and 

C, 1 MLE C60/ZnO. In both spectra the Zn 3d peak shows the same normalized resonance enhancement modulation as 

the less intense O 2p peaks, indicating strong mixing of these bands in agreement with recent theoretical results.153,168 

The resonance enhancement for each photon energy, measured by the Zn 3d peak area (dashed line), is plotted for B, 

bare ZnO and D, 1 MLE C60/ZnO. Deposition of C60 induces strong resonant enhancement in the conduction band 

region (530 to 534 eV), indicating localization of the excited core electron. 

 

These resonant photoemission spectra reveal a striking difference between bare ZnO 

and C60/ZnO upon O K-edge excitation. These changes cannot be explained by 

differences in probing depth in the ZnO, as the relative contributions of surface and bulk 

regions are not affected by the C60 overlayer. Figure 6-4 directly compares the resonant 

enhancement of the Zn 3d peak area as a function of incident photon energy for both 

surfaces, calculated by subtracting the linear background due to nonresonant 
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photoemission from the total observed peak area. Although their normalized resonance 

behavior closely matches for photon energies in excess of 534 eV (continuum excitation 

above the vacuum level), excitation to the CB region (photon energies between 530 eV 

and 534 eV) produces marked differences. In bare ZnO, no participator decay is 

detectable above the direct photoemission background in this spectral region, even 

though NEXAFS spectra clearly show photoexcitation of core electrons into the 

[Zn4s⨂O2p] band. For bare ZnO, O 1s electrons excited into this band therefore 

delocalize on a timescale that is significantly shorter than the core-hole lifetime 𝜏𝑐ℎ of 3.6 

fs.
169

 This is consistent with the strong band curvature at the conduction band minimum 

and large bandwidth of this band (Figure 6-1). In contrast, for the C60/ZnO interface, 

excitation into the ZnO conduction band results in strong resonance enhancement of the 

Zn 3d VB emission that closely follows the measured x-ray absorption in Figure 6-4. For 

the hybrid interface, carriers in [Zn4s⨂O2p] band remain therefore localized near the 

core-hole on the time-scale of its lifetime. This leads to the remarkable conclusion that 

adsorption of C60 strongly perturbs delocalization dynamics in the conduction band of the 

ZnO surface. 
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Figure 6-4:  Direct comparison of the resonant enhancement for bare ZnO and 1 MLE C60/ZnO with the O K-edge 

NEXAFS spectrum of C60/ZnO. The NEXAFS trace provides a measure of core-hole creation. Bare ZnO shows no 

resonant enhancement for photon energies less than 534 eV, indicating ultrafast delocalization of core electrons 

promoted by x-ray absorption into unoccupied bands. The resonant intensity for C60/ZnO closely tracks the NEXAFS 

in the conduction band region (530 to 534 eV), indicating complete localization of the excited core electron near the 

conduction band minimum. 

 

This finding is entirely consistent with the observed changes in the structure of the x-

ray absorption spectra and hence DOS upon adsorption of C60 shown in Figure 6-2. 

Previous RPES studies of hybrid interfaces of π-conjugated organic molecules reported 

photoinduced charge transfer across the interface.
136,156,157

 For our case however, such a 

process is completely inconsistent with the strong resonant enhancement of Zn 3d 

emission, which is the result of participator decay (Figure 6-1). Photoinduced charge 

transfer on the time-scale of core-hole decay would prevent participator decay, at 

variance with our observations. Rather, the marked change in carrier physics and 

localization must be driven by strong electronic coupling across the hybrid 

organic/inorganic semiconductor interface. This hybridization of the O 2p orbitals with 

the localized C60 π-electrons serves in turn to localize the CB electrons, disrupting charge 

transfer within the [Zn4s⨂O2p] band of ZnO. This results in transient trapping of the 
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excited electron at the interface and enhances participator decay. This interpretation of 

the disrupted delocalization dynamics in ZnO is in excellent agreement with a recent 

computational and spectroscopic study of the C60/ZnO interface.
162

 Workfunction 

changes and the formation of a new electronic interface state near the CB edge, as 

supported by DFT, clearly indicate hybridization across this interface. The observed 

coupling of delocalized ZnO CB states to the localized molecular levels provides thus the 

conceptual underpinning for the observed disrupted delocalization dynamics. Alternative 

localization mechanisms, such as adsorbate layer-induced fluctuations and disorder,
170

 

appear less likely as causes for the observed dynamics at the hybrid interface due to the 

substantial concentration of defects (~10
14

 cm
-2

) and dopants conveying the high n-type 

conductivity of the ZnO film.
147,162

 

To quantitatively evaluate the effect of C60 on the charge carrier physics of the ZnO 

CB, we create a simple model where electron delocalization and participator decay 

constitute the main processes on ultrashort timescales. Both processes are in direct 

competition with each other (Figure 6-1). A key advantage to our approach arises from 

the exclusive consideration of participator decay. This allows us to focus on the 

branching ratio between two well-defined final states, reached by well-defined reaction 

pathways: participator decay of the excited core electron with the [Zn3d⨂O2p] VB and 

delocalization of the excited core electron into the [Zn4s⨂O2p] CB. In contrast, more 

commonly used Auger-like processes such as spectator decay result in a wider range of 

possible final states, involve typically broad convoluted spectra, and require thus 

additional assumptions in order to interpret the spectral changes in terms of dynamics.  
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In the limit of low density broad-band excitation, realized in our experiment, both 

charge carrier delocalization and participator decay can then be considered to follow 

classical first order rate laws.
144

 By calculating the conditional probability for both 

processes from the integrated spectral intensities of the Zn 3d VB peak, we obtain the 

electron residence time at the C60/ZnO interface.
98

 We use the difference in resonant 

photoemission intensity of the Zn 3d participator feature, shown in Figure 6-4, to obtain 

an upper limit for charge carrier residence time before delocalization at the C60/ZnO 

interface ( Del ).  Here we assume: i) based on the work by Sakamaki et al.,
140

 the lifetime 

for charge carrier delocalization in bare ZnO is approximately 400 attoseconds. ii) Taking 

0.1 (a.u.) to be the maximum possible value for resonant enhancement of the Zn 3d peak 

area in the conduction band region for bare ZnO; we take 0.89 (a.u.) as the estimate for 

the same resonance enhancement for 1 MLE C60/ZnO. iii) We assume that both the core-

hole decay and charge delocalization process follow first-order rate laws.  We note that 

beyond normalizing for beam flux and subtracting the nonresonant background, the 

resonant peak areas were not adjusted further.    

Given these assumptions, the peak area of the Zn 3d peak is directly related to the 

residence time of the conduction band electron via Equation 6.1:  

 𝟏
𝝉𝑫𝒆𝒍

𝟏
𝝉𝒄−𝒉 𝒅𝒆𝒄𝒂𝒚

+
𝟏

𝝉𝑫𝒆𝒍

=
𝑨𝒍𝒐𝒄𝒂𝒍𝒊𝒛𝒆𝒅 − 𝑨𝒅𝒆𝒍𝒐𝒄𝒂𝒍𝒊𝒛𝒆𝒅

𝑨𝒍𝒐𝒄𝒂𝒍𝒊𝒛𝒆𝒅
 6.1 

where Del  represents the maximum residence time before delocalization, -  c h decay  is the 

known lifetime of the O 1s core hole (3.6 fs)
169

, Alocalized is the area of the resonant 

contribution in the case of a completely localized conduction band electron, and Adelocalized 

is experimentally measured resonant peak area of the Zn 3d state. We use the 
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delocalization lifetime for bare ZnO ( Del  = 400 as)
140

 with our measured resonant 

intensity to predict that the resonant peak area for a completely localized electron would 

be approximately 1.00 (a.u.). From this value and the measured resonant peak area for 1 

MLE C60 on ZnO, we calculate that 29 fs is the minimum possible lifetime for 

delocalization of excited core electrons in the conduction band of ZnO near the interface 

with C60. This represents a greater than 70-fold increase compared to bare ZnO, and is 

near the temporal limit for the core-hole clock technique. 

Both the RPES data and the results of our carrier dynamics model show that the 

attosecond delocalization dynamics in the ZnO CB are disrupted, increasing carrier 

residence time near the hybrid interface by almost a factor of 100. This implies strong 

electronic coupling and hybridization across the interface, as also observed by UPS and 

IPES.
162

 As a strong electron acceptor, such hybridization for C60 is expected, reducing n-

doping near the ZnO surface, and is in agreement with a theoretical treatment of the 

related system of graphene/ZnO.
171

 Our results clearly show that this hybridization across 

the interface fundamentally alters the charge transport physics in the near-surface region 

of ZnO. The strength of this interaction necessitates its inclusion in a complete and 

fundamental understanding of organic/inorganic semiconductor interfaces. Although our 

results agree closely with the work of Sakamaki et al. for the bare ZnO surface, we 

emphasize that we observe a fundamentally different mechanism that drives charge 

carrier localization. Sakamaki et al. observed disorder-induced carrier localization with 

increasing concentration of Al dopants in thin-film ZnO.
140

 In contrast, we exclusively 

observe disrupted carrier delocalization upon adsorption of C60, a process which does not 

significantly alter the physical structure of the highly doped thin film ZnO surface.
162
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This excludes therefore disorder-driven localization at this hybrid interface and 

demonstrates unambiguously that the charge carrier localization near the C60/ZnO 

interface occurs purely as a result of interfacial electronic coupling. 

Though the present study reports directly on the carrier dynamics within the 

interfacial region of the ZnO substrate, the resultant understanding of ultrafast carrier 

dynamics in the presence of organic molecules informs more generally on the mechanism 

of charge extraction at oxide interfaces. Photoinjection of electrons from ZnO into C60 

has been documented by femtosecond spectroscopies,
172

 and our observations strongly 

suggest that the mechanism for such photoinjection may consist of multiple steps, where 

electrons first localize in the near surface region before transferring across the interface. 

The proposed hybridization may not only lead to longer carrier residence times near the 

interface, a direct result of our RPES study, but also facilitate injection due to increased 

wavefunction overlap. Intriguingly, previous work has shown the reverse to be true as 

well: the creation of free charge carriers in ZnO has been shown to lag behind the 

injection of electrons from an organic semiconductor, potentially due to the creation of 

states that transiently trap the injected carriers at the interface.
133,134,138,173,174

 Although 

our observed carrier localization is explicitly not obtained from photoinduced charge 

transfer, we expect the interface hybridization and associated dynamics to play an 

important role in that scenario as well. Our results indicate that interfacial interactions 

more subtle than the typically invoked Coulombic forces caused by poor screening in 

ZnO play a role in carrier trapping. Indeed, recent work by Strothkämper et al. on 

perylene/ZnO indicates that modified electronic states at the hybrid interface play an 

integral role in delaying creation and removal of free carriers from the interface.
175

 Our 
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work further enhances this view by showing that the charge-trapping behavior at the 

ZnO/organic interfaces arises from fundamental changes to the charge carrier dynamics 

in the ZnO CB in the near-interface region, rather than purely from the creation of 

distinct trap states. In a larger scope, our findings describe an experimental method for 

probing the lower limit of charge transfer rates for free charge carriers at interfaces. This 

method is applicable to hybrid interfaces in general, and it will be important to observe 

how our observations extend to semiconductor interfaces involving electron donor 

molecules. 

6.4 Conclusions 

In conclusion, I demonstrate a novel use of core-hole clock spectroscopy to 

investigate the strong perturbative effect of an organic adsorbate on the attosecond charge 

carrier physics in highly conductive ZnO films. The simple utilization of a powerful time-

resolved technique provides unprecedented insight into a previously inaccessible regime 

of charge carrier physics at hybrid interfaces, where strong hybridization significantly 

alters the expected electron dynamics. The elemental specificity provided by x-ray 

excitation makes our approach applicable to a variety of semiconductor systems and 

interfaces, and the high time resolution provides also a basis for the development of 

theoretical models of many-body dynamics on ultrafast time-scales.   

In this study the drastically altered charge carrier dynamics reports on the nature of 

the interfacial interactions. As has been discussed in previous chapters, the ZnO 

electronic structure plays a crucial role in determining the energy level alignment and 

ground state charge transfer behavior at the interface.  From this present study it becomes 

clear that coupling at the interface is strong and has direct consequences for charge 
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carrier delocalization near the hybrid organic/ZnO interface. Since RPES is element 

specific, this approach is likely widely applicable to different systems and interfaces.  It is 

expected that strong coupling at the interface also plays a significant role for charge 

carrier dynamics on the organic side.  For the organic, any change in charge transport 

behavior could lead to a decrease in device efficiencies due to the already weak 

intermolecular coupling and moderate charge carrier mobilities for organic 

semiconductors.
176

  In Chapter 7, I utilize this approach to study the charge carrier 

behavior of C60 at the interface with ZnO.
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7 CARRIER LOCALIZATION BY C60 / ZNO INTERFACE HYBRIDIZATION 

7.1 Introduction 

In Chapter 6, I presented a novel study of the ultrafast charge carrier dynamics of 

thin-film ZnO showing the effects of interface hybridization on charge transport within 

the inorganic semiconductor. I showed that charge transport for ZnO is disrupted, 

indicating strong electronic coupling at the interface between ZnO and C60.  As discussed 

in Chapters 3 and 4, the complex surface of ZnO is host to gap states which interact with 

C60 at the interface.  This interaction is expected to play a significant role for charge 

transport in the C60 layer as well.  C60, like many organic semiconductors, supports 

hopping transport.
177–179

  In this transport model, molecules are weakly coupled to nearest 

neighbors through van der Waals interactions.  For OPV’s, charge transport properties of 

organic semiconductors play an important role.  Specifically, the competition between 

charge carrier recombination and transport processes greatly influences device 

performance.
176

  Here, it is important for charges to transport to the electrode interface 

faster than they can recombine.  In this chapter I present a study of the organic 

semiconductor charge carrier dynamics upon interface formation with ZnO.  For the 

organic semiconductor layer, interface hybridization is also evident.  The excited state 

structure of C60 is altered, and charge carriers become further localized. These effects are 

comparable to doping the interface with Cs and forming C60
-
.  These results provide 

further evidence for the ground state charge transfer which occurs upon C60 / ZnO 

interface formation, and indeed hybridization of the interface through strong coupling.  It 
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is also important to note that as a consequence of this strong interfacial coupling, 

intermolecular coupling is weakening and charges are further localizing within the film. 

Transparent conductive oxides (TCOs) such as ZnO, MoO3, TiO2 or NiOx play an 

important role as electrodes or charge-selective interlayers in organic electronics.
2,84,180–

183
 Improved performance of organic active materials is placing increasing importance on 

the carrier harvesting and injection efficiencies at the organic / electrode and organic / 

interlayer interfaces, which is determined by the unique interactions between organic 

semiconductors and the TCO. An emerging body of work is starting to highlight the role 

of charge redistribution, hybridization and other factors influencing the energy level 

alignment at such hybrid interfaces,
20,39,45,46,61,87

 with direct consequences for the 

efficiency of novel approaches in organic optoelectronics. Beyond photoinduced 

interfacial charge transfer in dye-sensitization experiments,
184

 much less is however 

known about the consequences of interfacial coupling on the carrier dynamics at such 

hybrid interfaces. Indeed, how the consequences of spectroscopically observed ground-

state interactions, manifest themselves in the dynamics of organic semiconductor 

transport levels is at present largely unexplored. 

We showed recently that hybridization at the C60 / ZnO interface disrupts otherwise 

ultrafast carrier delocalization in the ZnO conduction band.
98

 While this sheds light on 

coupling across the hybrid interface, the potential consequences of such interactions can 

be arguably expected to be more severe in the organic semiconductor phase of the hybrid 

structure. Electrons trapped for extended periods of time in the organic layer near the 

electron-harvesting electrode have increased opportunity for enhanced geminate 

recombination with holes present in the active matrix, potentially severely limiting 
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overall device efficiency. This issue is likely particularly serious for the most common 

bulk heterojunction architectures, where organic donor and acceptor semiconductors are 

intimately mixed and hole concentrations near the electron harvesting interface may be 

significant. 

Here we employ resonant photoemission spectroscopy (RPES) to reveal the specifics 

of interfacial coupling and carrier dynamics in the organic semiconductor phase of the 

prototypical hybrid interface of C60 and highly conductive ZnO films. RPES is an 

advanced x-ray spectroscopy that gives access both to the occupied and unoccupied 

electronic structure, with elemental selectivity and with ultrafast time-resolution (core-

hole-clock spectroscopy, CHC). RPES has already been used to investigate ultrafast 

photoinduced charge-transfer for systems such as bi-isonicotinic acid / TiO2 (110) (< 3 

fs), PTCDA / TiO2 (8 fs) and CuPc / Au(111) (~6 fs).
185–187

  In the absence of 

photoinduced charge-transfer ground state electronic interactions may significantly 

influence the interfacial carrier dynamics, particularly in the organic adsorbate layer. 

Such effects are however at present not yet fully explored or understood. 

The working principle of RPES and CHC is summarized in Figure 7-1.  In order to 

collect resonant photoemission spectra, the incident x-ray photon energy is stepped across 

an absorption edge or core-level transition. In the case of C60/ZnO, we investigated the C 

K-edge of C60, thereby exciting from the C 1s core level to the excited state manifold of 

C60. For simplicity’s sake, we label these excitations in the framework of one-electron 

levels as lowest unoccupied molecular orbitals (LUMO, LUMO+1, LUMO+2 etc.). In 

reality, these excitations correspond to core-level excitons, and the presence of the core 
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hole splits the otherwise degenerate lowest excited states (5t1u, 2t1g, 5t2u and 8hg) into 

multiplets, with typically a single state carrying the majority of the oscillator strength.
188

 

In C60, subsequent to x-ray absorption to the LUMO+n (n = 0,1,2), the core-excited 

state has numerous possible decay pathways, with the most important ones shown in 

Figure 7-1. Decay of the excited electron to fill the core-hole may result in ionization of a 

valence level electron, e.g. from the highest occupied molecular orbital (HOMO) of C60, 

terminating in a single hole final state. Such participator decay (Figure 7-1B) results in a 

photoemission spectrum that strongly resembles a valence band photoemission spectrum, 

with certain transitions resonantly enhanced by core-level selective x-ray absorption. 

Alternatively, a valence electron may fill the core hole, accompanied by emission of a 

second (e.g. valence) electron (Figure 7-1C). The final state in this Auger-like spectator 

process is a two-hole-one-electron state, where the excited electron remains in the 

LUMO+n, and the corresponding feature in the resonant photoemission spectrum 

resembles that of Auger emission. Both these processes occur on ultrafast time-scales of a 

few fs, giving rise to a C 1s core-hole lifetime of 6 fs.
33

 

Both participator and spectator decay are however quenched in the event that the 

excited electron transfers to a different site away from the core hole (Figure 7-1A). 

Charge-transfer or delocalization processes that occur on time-scales comparable to the 

core-hole lifetime may compete with core-hole decay. The spectral intensity of the 

participator or spectator feature in the resonant photoemission spectrum represents 

therefore directly the dynamics of the excited electron on ultrafast time-scales, measured 

against the core-hole “clock”. 
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In this communication we use the unique advantages of participator decay CHC 

spectroscopy to uncover the influence of hybrid interface formation between C60 and 

ZnO
98

 and show that interfacial hybridization results in strong localization of electrons in 

the C60 LUMO. We show unequivocally that this localization is the consequence of 

partial interfacial charge-transfer,
20,39,61,98

 and demonstrate for the first time the 

consequence of hybrid interface formation on ultrafast interfacial carrier dynamics in the 

organic semiconductor layer. 

This chapter is organized as follows.  In Section 7.2, I describe the experimental 

details.  In Section 7.3, I discuss the excited state electronic structural changes as a result 

of C60 interface formation with ZnO and doping by Cs.  In Section 7.4, I analyze the 

resonant photoemission spectra using the core-hole clock (CHC) method and discuss 

these results in terms of interfacial interactions.  In Section 7.5, I conclude by 

summarizing the results and their significance.  

 
Figure 7-1:  Resonant photoemission processes: A) Conduction band structure of ZnO and charge-transfer from core-

excited C60 to ZnO. No resonant enhancement of C60 levels is expected. B) and C) If charge-transfer is much slower, 

core-hole decay processes and resonant enhancement in the x-ray photoemission spectra can be observed in either 

participator or spectator channel. HOMO or HOMO-n levels intensity will be resonantly enhanced due to the presence 

of a core-hole (B. Participator), or a new and shifted Auger-like feature will be observed due to the presence of a core-

hole (C. Spectator). 
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7.2 Experimental Methods 

peALD ZnO substrates were prepared as discussed in Chapter 2.
39,98

  Briefly, as a 

template for smooth ZnO film growth, indium zinc oxide (IZO) films were sputter 

deposited on glass substrates.  ZnO films were then grown by plasma enhanced atomic 

layer deposition (peALD) at 100 °C and 0.4 torr with diethyl zinc pulsed into the 

chamber as a precursor, followed by a remote oxygen plasma using a 30 sccm oxygen 

flow rate at 300 W RF power for 20 seconds.  This was cycled 200 times to yield 20 nm 

thick films measured by spectroscopic ellipsometry on a Si witness substrate (M-2000, J 

A. Woollam Co.)  These films were polycrystalline and preferentially oriented towards 

both (100) and (002) faces as determined by X-ray diffraction.
39

  They were cut into 0.5 x 

1 inch pieces and mounted on sample sticks using carbon tape.  The sample sticks were 

loaded into the load-lock chamber on the 10-1 beamline at Stanford Synchrotron 

Radiation Lightsource (SSRL) and pumped to UHV (3·10
-9

 torr).  The samples were 

lightly Ar
+
 sputtered for 45 min at 0.5 keV ion energy and sample current of 20 mA/cm

2
 

to remove adventitious carbon and adsorbed water.  C60 was purchased from MER Corp. 

and triple sublimed to ensure highest purity.  C60 was deposited from a homebuilt 

Knudsen cell and a previously calibrated quartz crystal microbalance (QCM) was used to 

determine the deposition rate and coverage. The peALD ZnO films exhibit some 

roughness,
39,98

 and C60 growth is likely not layer-by-layer; for ease of discussion, we 

refer to the effective coverage nevertheless in monolayers. The Cs deposition was 

performed using a Cs SAES filament at a current of 4.5 A. Sample cleanliness and C60 

and Cs coverages were confirmed using x-ray photoemission spectroscopy (XPS) at 410 

eV and 650 eV.   



156 

 

X-ray absorption (XAS) measurements were performed in both total electron yield 

(TEY) and Auger emission yield (AEY) modes, with the sample aligned to the cylindrical 

mirror analyzer.  Multiple spots and x-ray incidence angles (70°, 40°, and 0° from surface 

normal) were measured for each absorption edge in order to ensure reproducibility and 

interface selectivity of the XAS. A freshly evaporated gold grid was used to measure the 

x-ray photon flux for spectral normalization and to calibrate the photon energy. A dip in 

x-ray intensity measured at the gold grid at 284.7 eV, caused by carbonaceous material 

adsorbed onto the x-ray optics, was used for calibration of the incident photon energy.  

TEY mode XA-spectra were collected using the sample drain current.  Resonant 

photoemission spectra were collected using a double-pass cylindrical mirror analyzer at a 

pass energy of 50 eV, where the resolution of the beamline monochromator was matched 

with the analyzer resolution (0.25 eV) to give a total energy resolution of 0.35 eV. 

7.3 X-ray Absorption Measurements of C60 Unoccupied Levels 

We start by investigating the XAS of various C60 / ZnO interfaces. Figure 7-2D (right 

panel) shows the C K-edge X-ray absorption spectrum for ~15 monolayers of C60 on 

peALD ZnO, recorded at an incidence angle of 70° and representing the well-known C 

K-edge XA-spectrum of solid C60.
34,177,189,190

  The first four sharp absorption peaks are 

assigned to the excitations from the C 1s core level to individual excited states, labeled 

LUMO, LUMO+1, LUMO+2 and LUMO+3, and representing in fact core excitons as 

discussed above.  When comparing this spectrum to the XAS of 1 ML C60 on peALD 

ZnO, shown in  

Figure 7-2B (right panel), some differences are immediately evident:  At the interface 

with ZnO, the LUMO+n shift to lower energies, the LUMO+2 merges somewhat with the 
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LUMO+1, and all three unoccupied levels (LUMO, LUMO+1, LUMO+2) broaden. Such 

changes have also been reported in the case of alkali-doped C60 films, with XAS peaks 

progressively shifting to lower energies and broadening as a function of potassium 

doping in KxC60.
3,4

  The spectral changes between bulk C60 and 1 ML C60 / ZnO offer 

thus a first indication of hybridization at the C60 / ZnO interface, likely accompanied by 

ground-state charge-transfer from ZnO to C60. Hybridization of strong organic acceptor 

molecules with shallow donors near the oxide conduction band minimum has been 

suggested previously on account of photoemission spectroscopy results.
20,39

 In order to 

test this hypothesis, the same monolayer film of C60 was doped with 0.45 ML Cs in order 

to form directly the radical anion C60
-
 at the interface with ZnO. The XAS results are 

shown in Figure 7-2C (right panel). Spectral shifts and broadening are indeed observed, 

and in fact more extensive for the Cs doped monolayer (Cs:C60 ML), with the LUMO+1 

and 2 almost merged. Moreover, the LUMO intensity decreases (Figure 7-3), due to 

partial filling of with electrons donated by the Cs dopants. The XAS offer thus a 

consistent picture, suggesting interfacial hybridization induced charge-transfer from ZnO 

to C60 to partially fill the unoccupied C60 levels. Note that recent models of hybrid 

interfaces suggest that in the limit of coupling to localized substrate states, strong 

hybridization may be masked by charge back-donation from lower lying occupied C60 

levels, giving rise to an overall appearance of weak coupling across the interface.
20

  

In summary, electronic structure changes in the unoccupied manifold of C60 at the C60 

/ ZnO and Cs:C60 / ZnO interfaces are likely due to ground-state charge-transfer across 

the hybrid interface. The question arises then, how such interfacial coupling affects 

carrier dynamics in the excited states of the organic semiconductor. Ultrafast lifetimes of 
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these levels are accessible by resonant photoemission, as discussed in the following 

section. 
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Figure 7-2:  Full resonant photoemission contour plot for 1 ML C60 / ZnO (A), and zoomed in RPES (left) including 

X-ray absorption spectrum (right) for 1 ML C60 / ZnO (B), Cs:1 ML C60 / ZnO (C), and bulk C60 (D). 
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7.4 Resonant Photoemission and Core Hole Clock Spectroscopy 

For each C60 / ZnO film, resonant photoemission spectra were collected in the 

participator channel by stepping the photon energy stepped across the C K-edge, giving 

rise to a series of resonantly enhanced valence band photoemission spectra. We focus on 

the participator channel since the Auger-like C 1s spectator feature is rather broad and 

difficult to analyze quantitatively.  A survey RPES spectral map for 1 ML C60/ZnO is 

shown in Figure 7-2A. Horizontal cuts in this contour plot represent valence 

photoemission spectra, acquired at a specific x-ray photon energy, and reveal the C60 

HOMO (bold dashed line), the ZnO valence band electronic structure (Zn 3d and O 2p 

bands, thin dashed lines) and the C KLL Auger peak at binding energies between -20 to -

13 eV. Vertical cuts correspond to XA-spectra, detected for photoemission from a 

specific valence electronic level. These show the familiar LUMO+n features of the C K-

edge XAS of C60. Also observed is a spectroscopic feature with changing binding energy 

that results from second order diffraction in the x-ray monochromator. In what follows, 

we will concentrate on the C60 HOMO participator channel (binding energy of -2.7 eV 

relative to EF in (Figure 7-2) as a spectroscopic feature that is clearly identifiable at all 

coverages and molecular in nature, and will compare its photon energy-dependent 

resonance enhancement as a function of thin film properties. An analysis of the C60 

HOMO-1 participator channel leads to similar conclusions. 

Figure 7-2B shows a zoomed in contour plot for the first 4 eV of the valence band of 

1 ML C60/ZnO to allow a detailed analysis of the C60 HOMO participator channel. 

Resonant enhancement of this feature at x-ray photon energies that correspond to 

excitation at the C60 LUMO+n is clearly evident, as expected and characteristic of 
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participator decay. Still visible is also the ZnO valence band onset, manifesting as a 

background direct photoemission signal in addition to the C60 HOMO resonant 

photoemission. The same features are also present for Cs:1 ML C60/ZnO and bulk C60 

films, with the ZnO valence band no longer visible in the bulk C60 RPE-spectra due to the 

finite escape depth of the photoemitted electrons. A direct comparison of the resonance 

enhancement and participator intensities requires thus ZnO background subtraction and 

spectral fitting of the HOMO feature. 

The fitted RPES intensities of the C60 HOMO participator channel extracted from the 

complete spectra in Figure 7-2 are shown in Figure 7-3 (dotted lines) and compared to the 

corresponding TEY XAS intensity (solid lines). The XAS intensities are normalized on 

the same scale and represent thus absolute intensities. For ease of comparison, we 

normalized the RPES intensity at the LUMO to the XAS intensities, a procedure that will 

be further justified below, and shifted all spectra to coincide at the LUMO energy. The 

general appearance of the resonant photoemission intensity strongly resembles the XAS, 

as expected for a participator channel. Broadening of the LUMO+n-derived RPES peaks 

is also observed for 1 ML C60 / ZnO and Cs:1 ML C60 / ZnO, as in the XAS. More 

dramatically, the ratio of the integrated intensity of the LUMO-derived RPES feature, 

𝐼𝑅𝑃𝐸𝑆
𝐿𝑈𝑀𝑂, at 284.5 eV to the intensity of the LUMO+1-derived feature, 𝐼𝑅𝑃𝐸𝑆

𝐿𝑈𝑀𝑂+1, at 286 eV 

changes dramatically for the three different films. We use this ratio, 𝐼𝑅𝑃𝐸𝑆
𝐿𝑈𝑀𝑂: 𝐼𝑅𝑃𝐸𝑆

𝐿𝑈𝑀𝑂+1, to 

directly access the carrier dynamics in the C60 LUMO+1 at the interface with ZnO by 

CHC and to reveal interfacial interactions at this hybrid interface.  
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Figure 7-3:  Comparison of x-ray absorption spectra (solid lines) and C60 HOMO participator resonant photoemission 

intensities (dotted lines) for bulk C60 (black), 1 ML C60 / ZnO (blue), and Cs:C60 ML C60 / ZnO (red). 

 

We make use of the known carrier dynamics in thick films of C60 established by 

Brühwiler et al.
177

 First, it is known for bulk C60 that the LUMO is completely localized 

on the time-scale of the core-hole lifetime (𝜏𝐶 = 6 fs),
33

 with an estimated lifetime above 

60 fs. Under the assumption that this localization is not grossly diminished at the 

interface with ZnO, normalization of the LUMO-derived feature in RPES to the XAS 

LUMO provides thus an internal reference for each thin film. Interfacial coupling and 

hybridization to ZnO likely localizes the LUMO even further, justifying the assumption 

and the RPES normalization scheme in Figure 7-3. In comparison and still for bulk C60, 

electrons in the LUMO+1 are strongly coupled to the LUMO+1 conduction band 

continuum and delocalize by hopping to nearest neighbors with an ultrafast hopping time 
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of 6±2.5 fs.
34,177

  In contrast, electrons in the LUMO+2 remain more localized in this 

molecular orbital and on the photoexcited molecule during the core-hole lifetime.
177

  

Ratios of the integrated intensities and calculated LUMO+n lifetimes obtained from 

RPES of our bulk C60 film compare well with the values measured by Brühwiler et al.
177

   

Comparing 𝐼𝑅𝑃𝐸𝑆
𝐿𝑈𝑀𝑂: 𝐼𝑅𝑃𝐸𝑆

𝐿𝑈𝑀𝑂+1 in the measured bulk C60 (black) with the 1 ML C60 / 

ZnO (blue), we note a marked increase for the interfacial 1 ML C60 / ZnO film. Using the 

known lifetime of LUMO+1 electrons in the bulk film and assuming no significant 

change to the localization of the LUMO regardless of the nature of the thin film, we 

calculate a LUMO+1 lifetime of 𝜏𝐿𝑈𝑀𝑂+1 = 12 ± 3 fs at the hybrid interface, 

approximately double that of the bulk C60 film. Confirming this finding, carrier lifetimes 

in the C60 LUMO+1 in Cs: 1 ML C60 / ZnO films (red) are even further enhanced to 

𝜏𝐿𝑈𝑀𝑂+1= 17 ± 2 fs, slightly longer than in the case of 1 ML C60 /  ZnO. All LUMO+1 

lifetimes are collected in Table 7-1. 

Enhanced carrier lifetimes in C60 directly reflect reduced intermolecular hopping and 

delocalization at the hybrid interface. The measured lifetimes are well within the window 

typically accessible to CHC, which realistically extends over 0.1𝜏𝐶 ≤ 𝜏𝐿𝑈𝑀𝑂+1 ≤

10 𝜏𝐶.
34,191

 We interpret the enhanced localization at the hybrid C60 / ZnO interface as 

direct evidence for interfacial hybridization, mixing the molecular wavefunction with 

localized components of the ZnO band structure. Recent computational work has 

suggested that this interaction is driven by shallow donors with energy levels inside the 

ZnO bandgap,
20,39,61,98

 likely originating from point defects with strongly localized 

electronic wavefunctions. Such interfacial coupling would lead to charge donation from 

ZnO to C60. This is indeed consistent with the spectral shift, broadening and diminished 
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intensity of the LUMO feature in the 1 ML C60 / ZnO film, and is further supported by 

the XAS spectra of alkali-doped C60 and our data of Cs:1 ML C60 / ZnO. Coupling at such 

a hybrid interface has thus important consequences for carrier harvesting at electron-

selective contacts such as ZnO: Increased localization leads to carrier trapping in the 

organic semiconductor layer in the interfacial region, providing increased opportunities 

for recombination events and thus overall reduced carrier collection efficiency. It is likely 

that the presence of a core hole shortens the carrier lifetimes, making the localization 

effects at the hybrid interface likely more severe for genuine transport levels.192 

Localization in the organic semiconductor layer may have particularly negative 

consequences for the most common bulk heterojunction design of organic optoelectronic 

devices such as organic photovoltaics, since the proximity of acceptors to donors offers 

efficient pathways for geminate recombination and reduced carrier harvesting.  

We finish by highlighting the power of RPES to reveal ultrafast carrier dynamics in 

an element specific manner. Accessing electronic levels at complex interfaces and 

unraveling the interfacial electronic structure and dynamics is essential for any efforts 

aimed at tailoring hybrid interfaces. The direct influence of interfacial hybridization on 

devices has already been demonstrated for hybrid interfaces.
39

 The present study reveals 

now the consequences of such interfacial coupling for the carrier dynamics. 
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Table 7-1:  Delocalization times for the C60 LUMO+1 level for bulk C60, C60 1 ML / ZnO, and 

Cs: 1 ML C60 / ZnO.   

Coverage LUMO+1 Lifetime (fs) 

Bulk C60
§
 6 ± 2.5 

1 ML C60 / ZnO 12 ± 3 

Cs:1 ML C60 /ZnO 17 ± 2 

§
 Delocalization time from Ref. [177]. 

7.5 Conclusions 

This present study, along with Chapter 6, brings about a greater understanding of the 

effects of hybridization on charge transport at the interface as compared to bulk behavior.  

Such an understanding is important for efficient design of devices such as OPVs, where 

charge diffusion and injection compete with energy loss through recombination processes 

such as exciton decay and charge trapping.  Hybridization has been shown, on both sides 

of the interface, to cause dramatic charge carrier localization.  This localization of 

electrons can provide pathways for recombination, decreasing the charge carrier 

collection at the electrode as a result. 

In conclusion, the degree of ground state charge transfer at the interface as well as the 

dynamics of hopping in the excited state manifold of C60 at the interface with ZnO has 

been probed in the femtosecond regime by resonant photoemission spectroscopy and x-

ray absorption spectroscopy.  Interfacial coupling is revealed by substantially lengthened 

carrier lifetimes in the C60 LUMO+1 region, leading to localized carriers in the organic 

semiconductor layer on ZnO. Comparison with Cs-doped thin films of C60 on ZnO shows 

that as C60 accepts electron density and hybridizes at the interface, intermolecular 

hopping slows by a factor of ~ 2.  
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The previous chapters have illustrated the importance of inorganic semiconductor gap 

states on determining the electronic properties at the hybrid organic / inorganic 

semiconductor interface.  The focus of the research presented in this dissertation was to 

contribute to a full and general physical understanding of such interfaces.   In the 

following chapter I summarize the findings presented in this dissertation, and offer some 

overall conclusions.
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8 CONCLUSIONS AND FUTURE DIRECTIONS 

8.1 Conclusions 

The work presented here establishes an understanding of the physical phenomena 

which occur at hybrid interfaces, exemplified by the prototypical and technologically 

important interface of metal oxides and organic semiconductors.  A large motivation of 

this work is the interfacial nature of hybrid optoelectronic devices, where charge 

separation and injection can only occur at interfaces.  These interfaces provide a wealth 

of complexity, due largely to the fundamental physical differences between the two 

materials.  I have focused on understanding the role of defects in the inorganic 

semiconductor, which lead to electronic states within the bandgap and interactions with 

molecules at the interface.  This understanding comes from indirect measurements of 

defects through energy level alignment and charge carrier dynamics at hybrid interfaces, 

and direct measurements of ZnO gap states using two-photon photoemission.    

The lasting impact of the work presented in this dissertation is an improved 

understanding of the interface between organic semiconductors and metal oxides.  These 

interfaces have been poorly understood due to complex interactions which occur due to 

the complex surface structure of oxides like ZnO, including dangling bonds, surface 

adsorbed species, impurities and native defects.  This dissertation sheds light on the 

major role that native defects have on the electronic structure of ZnO, and in determining 

electronic properties such as energy level alignment and charge transport at the interface.   

In Chapter 3, I began by studying the energy level alignment between ZnO and the 

model acceptor molecule C60 after three different surface treatments to selectively tailor 

the ZnO electronic structure.  By controlling ZnO surface defects with Ar
+
 sputter 
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treatment, I showed that the energy level alignment between ZnO and C60 can be 

carefully tailored.  At low or no sputter treatment, there is a high enough concentration of 

shallow donor defects which transfer electrons to C60.  This ground state charge transfer 

causes the formation of hybrid interface states (UPS) and Fermi level pinning of the 

LUMO (IPES) in the photoemission spectra.  When using a hard sputter treatment, a 

large number of oxygen vacancies, Ov, is created and a barrier for charge transfer to C60 

is formed.  These results are further justified by DFT calculations and have direct 

consequences for device behavior, as observed by Hg probe j-V measurements. 

In Chapter 4, I showed that low photon energy two-photon photoemission (TPPE) 

spectroscopy can be used to uniquely and directly detect the shallow donor gap state 

density in thin-film ZnO.  Using photon energies just smaller than the band-gap, bulk 

ZnO valence band photoemission was prevented, accessing thus only photoemission from 

occupied gap states.  As shown in the previous chapter, I demonstrated with this direct 

measurement that gap states donate electron density to adsorbed C60 layers.  Furthermore, 

mild annealing also controls the presence of this gap state density. The implementation of 

TPPE for investigating disordered thin metal oxide films pushes new frontiers for this 

type of photoemission spectroscopy, and has provided further understanding of shallow 

donor defects at the surface of ZnO.  

In Chapter 5, I presented a proof of concept for time-resolved two-photon 

photoemission (TR-TPPE), a new experimental set-up in LabMonti. As a first target, TR-

TPPE was used to measure the excited state lifetime in C60 multilayers on Au(111).  I 

also discuss the steady-state TPPE spectroscopy of C60 in order to provide an improved 

understanding of the interfacial excited state electronic structure of C60. 
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In Chapter 6, I discussed collaborative work with David Racke, using core-hole clock 

spectroscopy (CHC) to study carrier dynamics at the extreme limits of experimental 

ultrafast time resolution.  Utilizing a novel implementation of CHC, the effects of hybrid 

interface formation on ultrafast charge carrier dynamics in ZnO were characterized.  It 

was found that conduction band electrons in ZnO delocalize on the ultrafast time scale, 

within 400 attoseconds. In contrast, adsorption of a monolayer of C60 dramatically 

localizes these carriers.  The formation of a hybrid interface traps conduction band 

electrons in the near-interface region for at least ~30 fs.  It is clear from these results that 

strong coupling exists at this prototypical interface, altering the electronic properties of 

the inorganic semiconductor substrate and revealing for the first time the consequences of 

the hybrid interfacial electronic structure. 

Building on this work, in Chapter 7 I explored the effects of strong coupling on the 

electronic properties of the organic semiconductor using CHC spectroscopy at the carbon 

K-edge.  Here too, the effect of strong coupling at the hybrid interface induces charge 

localization; importantly, charge localization in the organic semiconductor has likely a 

significantly more severe influence on carrier collection or injection efficiencies in hybrid 

optoelectronic devices. Though carrier lifetimes increase “merely” from ~6 fs to ~12 fs, 

this effect is significant: The weak van der Waals interactions between C60 molecules 

naturally exhibit quite slow molecule-to-molecule electron transfer or hopping, as is 

typical of all organic semiconductors. Localization beyond such hopping times is thus 

likely particularly limiting for the fate of carriers at such hybrid interfaces.  



170 

 

8.2 Future Directions 

I have presented several important case studies which have shown the importance of 

achieving a fundamental understanding of organic / metal oxide interfaces, with specific 

emphasis on the role of defects at these interfaces.  However, in these studies only a 

single model acceptor molecule has been studied, and on the substrate side, only natively 

doped ZnO has been studied.  To understand charge donation from an organic 

semiconductor to ZnO, similar studies of donor molecules on different ZnO films might 

provide some insights to molecular interactions with acceptor defects, or on doped ZnO.  

A full energy level alignment study for the donor molecule MgPc / ZnO was already 

completed by Laura Schirra.
193

  This study took place before a method for surface defect 

tailoring was established, and it could be of interest to study this or a similar molecule on 

hard sputtered ZnO where a higher ZnO workfunction and larger density of deep lying 

defects are formed.  In addition to this study, TPPE on bare hard sputtered ZnO may 

provide some insights to the ZnO electronic structure that was unachievable with the 

lower workfunction ZnO thin films.  Using the low energy TPPE approach that was 

discussed in Chapter 4, an additional in depth understanding of the potential gap defects 

might be found. 

In addition to understanding how the electronic structure and energy level alignment 

is different as a hybrid interface is formed, this dissertation also explores the dynamics at 

the interface.  Core-hole clock spectroscopy is an extremely powerful method for probing 

ultrafast charge transfer, and is element specific.  Pump-probe TPPE probes the lifetimes 

of excited states, excitons, and charge transfer states.  This is just the beginning of new 
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ultrafast science at hybrid interfaces. Already in the works is a CHC study of differently 

doped ZnO thin films. 

Hybrid electron-collection interfaces, while not yet well understood, are by far more 

commonly studied than the equally important hole-collection side.  Metal oxide materials 

such as NiOx and MoOx are commonly used as hole-selective interlayers, or electron 

blocking materials.
2,58,182,183

  A similar comprehensive study on model hole collection 

interfaces comprised of organic semiconductor / NiOx to characterize both the electronic 

structure and excited state dynamics would provide insight towards p-type hybrid 

interfaces.  
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L.; Rabe, J. P.; Henneberger, F. Appl. Phys. Lett. 2008, 92 (19), 193303. 

 

(46)  Xu, Y.; Hofmann, O. T.; Schlesinger, R.; Winkler, S.; Frisch, J.; Niederhausen, 

J.; Vollmer, A.; Blumstengel, S.; Henneberger, F.; Koch, N.; Rinke, P.; Scheffler, 

M. Phys. Rev. Lett. 2013, 111 (22), 226802. 

 

(47)  Li, H.; Winget, P.; Brédas, J.-L. Chem. Mater. 2014, 26 (1), 631–646. 

 

(48)  Transparent Conductive Zinc Oxide: Basics and Applications in Thin Film Solar 

Cells; Ellmer, K., Klein, A., Rech, B., Eds.; Springer Series in Materials Science; 

Springer: New York, 2008; Vol. 104. 

 

(49)  Carr, J. A.; Chaudhary, S. Energy Environ. Sci. 2013, 6 (12), 3414–3438. 

 



175 

 

(50)  Hau, S. K.; Yip, H.-L.; Ma, H.; Jen, A. K.-Y. Appl. Phys. Lett. 2008, 93 (23), 

233304. 

 

(51)  Schlesinger, R.; Xu, Y.; Hofmann, O. T.; Winkler, S.; Frisch, J.; Niederhausen, 

J.; Vollmer, A.; Blumstengel, S.; Henneberger, F.; Rinke, P.; Scheffler, M.; Koch, 

N. Phys. Rev. B 2013, 87 (15), 155311. 

 

(52)  Reese, M. O.; Gevorgyan, S. A.; Jørgensen, M.; Bundgaard, E.; Kurtz, S. R.; 

Ginley, D. S.; Olson, D. C.; Lloyd, M. T.; Morvillo, P.; Katz, E. A.; Elschner, A.; 

Haillant, O.; Currier, T. R.; Shrotriya, V.; Hermenau, M.; Riede, M.; R. Kirov, 

K.; Trimmel, G.; Rath, T.; Inganäs, O.; Zhang, F.; Andersson, M.; Tvingstedt, K.; 

Lira-Cantu, M.; Laird, D.; McGuiness, C.; Gowrisanker, S. (Jimmy); Pannone, 

M.; Xiao, M.; Hauch, J.; Steim, R.; DeLongchamp, D. M.; Rösch, R.; Hoppe, H.; 

Espinosa, N.; Urbina, A.; Yaman-Uzunoglu, G.; Bonekamp, J.-B.; van Breemen, 

A. J. J. M.; Girotto, C.; Voroshazi, E.; Krebs, F. C. Sol. Energy Mater. Sol. Cells 

2011, 95 (5), 1253–1267. 

 

(53)  Kyaw, A. K. K.; Wang, D. H.; Gupta, V.; Zhang, J.; Chand, S.; Bazan, G. C.; 

Heeger, A. J. Adv. Mater. 2013, 25 (17), 2397–2402. 

 

(54)  Pachoumi, O.; Li, C.; Vaynzof, Y.; Banger, K. K.; Sirringhaus, H. Adv. Energy 

Mater. 2013, 3 (11), 1428–1436. 

 

(55)  He, Z.; Zhong, C.; Su, S.; Xu, M.; Wu, H.; Cao, Y. Nat. Photonics 2012, 6 (9), 

591–595. 

 

(56)  Oh, H.; Krantz, J.; Litzov, I.; Stubhan, T.; Pinna, L.; Brabec, C. J. Sol. Energy 

Mater. Sol. Cells 2011, 95 (8), 2194–2199. 

 

(57)  Beek, W. J. E.; Slooff, L. H.; Wienk, M. M.; Kroon, J. M.; Janssen, R. a. J. Adv. 

Funct. Mater. 2005, 15 (10), 1703–1707. 

 

(58)  Sun, Y.; Takacs, C. J.; Cowan, S. R.; Seo, J. H.; Gong, X.; Roy, A.; Heeger, A. J. 

Adv. Mater. 2011, 23 (19), 2226–2230. 

 

(59)  Look, D. C.; Farlow, G. C.; Reunchan, P.; Limpijumnong, S.; Zhang, S. B.; 

Nordlung, K. Physial Rev. Lett. 2005, 95, 225502. 

 

(60)  Lindsay, R.; Michelangeli, E.; Daniels, B. G.; Ashworth, T. V.; Limb, A. J.; 

Thornton, G.; Gutiérrez-Sosa, A.; Baraldi, A.; Larciprete, R.; Lizzit, S. J. Am. 

Chem. Soc. 2002, 124 (24), 7117–7122. 

 

(61)  Winget, P.; Schirra, L. K.; Cornil, D.; Li, H.; Coropceanu, V.; Ndione, P. F.; 

Sigdel, A. K.; Ginley, D. S.; Berry, J. J.; Shim, J.; Kim, H.; Kippelen, B.; Brédas, 

J.-L.; Monti, O. L. A. Adv. Mater. 2014, 26 (27), 4711–4716. 

 



176 

 

(62)  Li, C.-Z.; Chueh, C.-C.; Yip, H.-L.; Zou, J.; Chen, W.-C.; Jen, A. K.-Y. J. Mater. 

Chem. 2012, 22 (30), 14976–14981. 

 

(63)  Li, H.; Paramonov, P.; Bredas, J.-L. J. Mater. Chem. 2010, 20 (13), 2630–2637. 

 

(64)  Tietze, M. L.; Tress, W.; Pfützner, S.; Schünemann, C.; Burtone, L.; Riede, M.; 

Leo, K.; Vandewal, K.; Olthof, S.; Schulz, P.; Kahn, A. Phys. Rev. B 2013, 88 

(8), 085119. 

 

(65)  Wang, J.-C.; Weng, W.-T.; Tsai, M.-Y.; Lee, M.-K.; Horng, S.-F.; Perng, T.-P.; 

Kei, C.-C.; Yu, C.-C.; Meng, H.-F. J. Mater. Chem. 2010, 20 (5), 862–866. 

 

(66)  Cheun, H.; Fuentes-Hernandez, C.; Zhou, Y.; Potscavage, W. J.; Kim, S.-J.; 

Shim, J.; Dindar, A.; Kippelen, B. J. Phys. Chem. C 2010, 114 (48), 20713–

20718. 

 

(67)  Kresse, G.; Furthmüller, J. Comput. Mater. Sci. 1996, 6 (1), 15–50. 

 

(68)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77 (18), 3865–

3868. 

 

(69)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1997, 78 (7), 1396–1396. 

 

(70)  Blöchl, P. E. Phys. Rev. B 1994, 50 (24), 17953–17979. 

 

(71)  Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.; Sutton, A. P. 

Phys. Rev. B 1998, 57 (3), 1505–1509. 

 

(72)  Palacios, P.; Sánchez, K.; Wahnón, P. Thin Solid Films 2009, 517 (7), 2448–

2451. 

 

(73)  Srikant, V.; Clarke, D. R. J. Appl. Phys. 1998, 83 (10), 5447–5451. 

 

(74)  Grimme, S. Chem. Phys. Lett. 1996, 259 (1–2), 128–137. 

 

(75)  Bader, R. F. W.; Larouche, A.; Gatti, C.; Carroll, M. T.; MacDougall, P. J.; 

Wiberg, K. B. J. Chem. Phys. 1987, 87 (2), 1142–1152. 

 

(76)  Tang, W.; Sanville, E.; Henkelman, G. J. Phys. Condens. Matter 2009, 21 (8), 

084204. 

 

(77)  Göpel, W.; Brillson, L. J.; Brucker, C. F. J. Vac. Sci. Technol. 1980, 17 (5), 894–

898. 

 

(78)  Zheng, H.; Kröger, J.; Berndt, R. Phys. Rev. Lett. 2012, 108 (7), 076801. 

 



177 

 

(79)  Zheng, H.; Weismann, A.; Berndt, R. Phys. Rev. Lett. 2013, 110 (22), 226101. 

 

(80)  Sigdel, A. K.; Ndione, P. F.; Perkins, J. D.; Gennett, T.; van Hest, M. F. A. M.; 

Shaheen, S. E.; Ginley, D. S.; Berry, J. J. J. Appl. Phys. 2012, 111 (9), 093718. 

 

(81)  Ratcliff, E. L.; Sigdel, A. K.; Macech, M. R.; Nebesny, K.; Lee, P. A.; Ginley, D. 

S.; Armstrong, N. R.; Berry, J. J. Thin Solid Films 2012, 520 (17), 5652–5663. 

 

(82)  Janotti, A.; Walle, C. G. V. de. Appl. Phys. Lett. 2005, 87 (12), 122102. 

 

(83)  Bjørheim, T. S.; Kotomin, E. J. Phys. Chem. Lett. 2014, 5 (24), 4238–4242. 

 

(84)  White, M. S.; Olson, D. C.; Shaheen, S. E.; Kopidakis, N.; Ginley, D. S. Appl. 

Phys. Lett. 2006, 89 (14), 143517. 

 

(85)  Steim, R.; Kogler, F. R.; Brabec, C. J. J. Mater. Chem. 2010, 20 (13), 2499–2512. 

 

(86)  Verdenhalven, E.; Knorr, A.; Richter, M.; Bieniek, B.; Rinke, P. Phys. Rev. B 

2014, 89 (23), 235314. 

 

(87)  Hofmann, O. T.; Deinert, J.-C.; Xu, Y.; Rinke, P.; Stahler, J.; Wolf, M.; Scheffler, 

M. J. Chem. Phys. 2013, 139 (17), 174701. 

 

(88)  Brillson, L. J.; Dong, Y.; Tuomisto, F.; Svensson, B. G.; Kuznetsov, A. Y.; Doutt, 

D.; Mosbacker, H. L.; Cantwell, G.; Zhang, J.; Song, J. J.; Fang, Z.-Q.; Look, D. 

C. Phys. Status Solidi C 2012, 9 (7), 1566–1569. 

 

(89)  Djurišić, A. B.; Choy, W. C. H.; Roy, V. a. L.; Leung, Y. H.; Kwong, C. Y.; 

Cheah, K. W.; Gundu Rao, T. K.; Chan, W. K.; Fei Lui, H.; Surya, C. Adv. Funct. 

Mater. 2004, 14 (9), 856–864. 

 

(90)  Evans, S. M.; Giles, N. C.; Halliburton, L. E.; Kappers, L. A. J. Appl. Phys. 2008, 

103 (4), 043710. 

 

(91)  Halliburton, L. E.; Giles, N. C.; Garces, N. Y.; Luo, M.; Xu, C.; Bai, L.; Boatner, 

L. A. Appl. Phys. Lett. 2005, 87 (17), 172108. 

 

(92)  Vlasenko, L. S.; Watkins, G. D. Phys. Rev. B 2005, 71, 125210–125215. 

 

(93)  Frenzel, H.; Wenckstern, H. v.; Weber, A.; Schmidt, H.; Biehne, G.; Hochmuth, 

H.; Lorenz, M.; Grundmann, M. Phys. Rev. B 2007, 76 (3), 035214. 

 

(94)  Ellguth, M.; Schmidt, M.; Pickenhain, R.; Wenckstern, H. V.; Grundmann, M. 

Phys. Status Solidi B 2011, 248 (4), 941–949. 

 



178 

 

(95)  Chicot, G.; Muret, P.; Santailler, J.-L.; Feuillet, G.; Pernot, J. J. Phys. Appl. Phys. 

2014, 47 (46), 465103. 

 

(96)  Seebauer, E. G.; Kratzer, M. C. Mater. Sci. Eng. R Rep. 2006, 55 (3–6), 57–149. 

 

(97)  Racke, D. A.; Monti, O. L. A. Surf. Sci. 2014, 630, 136–143. 

 

(98)  Racke, D. A.; Kelly, L. L.; Kim, H.; Schulz, P.; Sigdel, A.; Berry, J. J.; Graham, 

S.; Nordlund, D.; Monti, O. L. A. J. Phys. Chem. Lett. 2015, 1935–1941. 

 

(99)  Deinert, J.-C.; Wegkamp, D.; Meyer, M.; Richter, C.; Wolf, M.; Stähler, J. Phys. 

Rev. Lett. 2014, 113 (5), 057602. 

 

(100)  Ozawa, K.; Sawada, K.; Shirotori, Y.; Edamoto, K. J. Phys. Condens. Matter 

2005, 17 (8), 1271. 

 

(101)  Ozawa, K.; Mase, K. Phys. Rev. B 2010, 81, 205322–205327. 

 

(102)  Ozawa, K.; Mase, K. Phys. Rev. B 2011, 83, 125406–125408. 

 

(103)  Onda, K.; Li, B.; Zhao, J.; Jordan, K. D.; Yang, J.; Petek, H. Science 2005, 308 

(5725), 1154–1158. 

 

(104)  Onda, K.; Li, B.; Petek, H. Phys. Rev. B 2004, 70 (4), 045415. 

 

(105)  Bacher, J.-P.; Benvenuti, C.; Chiggiato, P.; Reinert, M.-P.; Sgobba, S.; Brass, A.-

M. J. Vac. Sci. Technol. A 2003, 21 (1), 167–174. 

 

(106)  Ozawa, K.; Sato, T.; Oba, Y.; Edamoto, K. J. Phys. Chem. C 2007, 111, 4256–

4263. 

 

(107)  Amico, N. R. D’; Cantele, G.; Ninno, D. J. Phys. Chem. C 2012, 116 (40), 

21391–21400. 

 

(108)  Steele, M. P.; Kelly, L. L.; Ilyas, N.; Monti, O. L. A. J. Chem. Phys. 2011, 135 

(12), 124702. 

 

(109)  Blumenfeld, M. L.; Steele, M. P.; Monti, O. L. A. J. Phys. Chem. Lett. 2010, 1 

(1), 145–148. 

 

(110)  Varene, E.; Martin, I.; Tegeder, P. J. Phys. Chem. Lett. 2011, 2 (3), 252–256. 

 

(111)  Hagen, S.; Luo, Y.; Haag, R.; Wolf, M.; Tegeder, P. New J. Phys. 2010, 12 (12), 

125022. 

 



179 

 

(112)  Caplins, B. W.; Suich, D. E.; Shearer, A. J.; Harris, C. B. J. Phys. Chem. Lett. 

2014, 5 (10), 1679–1684. 

 

(113)  Dutton, G.; Quinn, D. P.; Lindstrom, C. D.; Zhu, X.-Y. Phys. Rev. B 2005, 72 (4), 

045441. 

 

(114)  Dutton, G.; Zhu, X.-Y. J. Phys. Chem. B 2002, 106 (23), 5975–5981. 

 

(115)  Dutton, G.; Zhu, X.-Y. J. Phys. Chem. B 2004, 108 (23), 7788–7793. 

 

(116)  Shipman, S. T.; Garrett-Roe, S.; Szymanski, P.; Yang, A.; Strader, M. L.; Harris, 

C. B. J. Phys. Chem. B 2006, 110 (20), 10002–10010. 

 

(117)  Ilyas, N.; Kelly, L. L.; Monti, O. L. A. Mol. Phys. 2013, 111 (14-15), 2175–2188. 

 

(118)  Maxwell, A. J.; Brühwiler, P. A.; Nilsson, A.; Mårtensson, N.; Rudolf, P. Phys. 

Rev. B 1994, 49 (15), 10717–10725. 

 

(119)  Tzeng, C.-T.; Lo, W.-S.; Yuh, J.-Y.; Chu, R.-Y.; Tsuei, K.-D. Phys. Rev. B 2000, 

61 (3), 2263–2272. 

 

(120)  Jacquemin, R.; Kraus, S.; Eberhardt, W. Solid State Commun. 1998, 105 (7), 

449–453. 

 

(121)  Rosenfeldt, A. C.; Göhler, B.; Zacharias, H. J. Chem. Phys. 2010, 133 (23), 

234704. 

 

(122)  Huber, R.; Spörlein, S.; Moser, J. E.; Grätzel, M.; Wachtveitl, J. J. Phys. Chem. B 

2000, 104 (38), 8995–9003. 

 

(123)  Benkö, G.; Kallioinen, J.; Korppi-Tommola, J. E. I.; Yartsev, A. P.; Sundström, 

V. J. Am. Chem. Soc. 2002, 124 (3), 489–493. 

 

(124)  Furube, A.; Katoh, R.; Hara, K. Surf. Sci. Rep. 2014, 69 (4), 389–441. 

 

(125)  Listorti, A.; O’Regan, B.; Durrant, J. R. Chem. Mater. 2011, 23 (15), 3381–3399. 
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