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Abstract

The current challenge in nanoscience consists of understanding and engineering the
functionality of nanostructured materials at the nanoscale, optimizing the control of the
properties of the materials in increasingly smaller time and energy scales. Organic
semiconductors constitute a class of nanomaterials that integrate and expand the performance
of inorganic materials. Aggregation and inter-molecular interactions have a significant impact
on tuning the photo-physical and dynamical carrier properties of the film, affecting the light
absorption, the energy level alignment, the exciton diffusion and the charge transport in the
material. In this regard, time-resolved spectroscopies provide access to information about
charge transfer, charge separation and de-excitation phenomena, demonstrating the intimate
connection between structure and electronic properties. Exciton dynamics, charge transfer and
charge separation are fundamental processes in organic-based devices. For this reason, a deeper
understanding of these processes is necessary.

The influence of the molecular ordering in cobalt phthalocyanine (CoPc) thin films is
investigated by a multi-technique approach (time-resolved photoemission and optical
spectroscopies), demonstrating the connection between the charge transfer (CT) process and
molecular structure. Competitive de-excitation through internal conversion (IC) and
intersystem crossing (ISC) processes is observed. However, relaxation from triplet excited
states (populated by ISC) is the preferential relaxation pathway, resulting in long-living CoPc
excited states (a highly desirable characteristic in many device applications). Enhanced CT
exciton lifetime is observed in CoPc film with herringbone structure (decay time of tens of ps)
with respect to the brickstone structure (decay time of a few ps).

The surface photovoltage (SPV) process arises whenever photo-generated charge carriers
are separated in space, modifying the electronic structure at the interface over time. In a device
based on heterojunction, the efficiency of charge separation and the interface energy level
alignment are crucial aspects in determining its performance. The SPV effect in the copper
phthalocyanine (CuPc)/SiO,/p-Si(100) heterojunction is investigated using time-resolved
photoemission spectroscopy. The CuPc thin film shows a transient SPV effect with identical
magnitude and relaxation dynamics of the SiO,/Si(100) substrate, highlighting a direct
connection between the SPV relaxation dynamics in the two materials. The new
Light/Electron Induced Non-Equilibrium phenomena Calculator (LEINEC) code has been
developed to get a more clear understanding of the SPV dynamics in semiconductors. It
successfully modelled the transient SPV effect in the studied systems.

Among X-ray-based techniques, X-ray absorption offers the advantage to probe both the
electronic and morphologic structure of the system. With the aim of better understanding the
structural evolution in the dynamics of electronic properties, we developed a new experimental
end-station for time-resolved X-ray absorption spectroscopy, in which excited state dynamics
can be characterised with 80-100 ps resolution. A discussion of preliminary experimental
results of the chamber commissioning is reported.

The results presented in this thesis demonstrate the valuable contribution of time-resolved
spectroscopies in providing detailed information on carrier and interface dynamics in organic
and inorganic semiconductors.
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Introduction

The current challenge in nanoscience consists of understanding and engineering the
functionality of nanostructured materials at the nanoscale, optimizing the control of the
properties of the materials in time and energy scales increasingly smaller. Organic
semiconductors constitute a class of nanomaterials that complement and expand the
performance of inorganic materials. Their use is increasingly widespread for several
technological applications such as microelectronic, spintronic, photovoltaic and
photoelectronic devices'™.

The study of excited state dynamics by using time-resolved spectroscopies is
strongly benefiting of new light sources (lasers with ultra-short pulse duration) and
large-scale facilities (free electron lasers and synchrotrons)®*®. The use of energy-
tunable and high-intensity light sources is providing access to new information not
previously observable about charge transfer and de-excitation phenomena,
demonstrating the intimate connection between structure and electronic properties.
Many studies have been carried out on molecules in solution'*?°. However, only
recently the field of investigation has been extended to molecular solids and thin films,
revealing substantial differences to the liquid phase. Molecular aggregation in the solid
state as well as the formation of molecular crystals induce unique properties, which
differ from those of the single molecule or their liquid phase, influencing the optical
and electromagnetic properties?°. In molecular solids, the excitation to high energy
excited states leads to relaxation dynamics through meta-stable states, in which the
excess energy is partly dissipated through phonons and intra-molecular vibrations. This
situation leads to exciton and charge dynamics dependent on the molecular
arrangement. Electron-phonon coupling and similar phenomena can strongly influence
the charge and exciton transport in the molecular film, affecting the efficiency of the
device itself*>?®. Moreover, charge separation effects, i.e. the ability of a system
(inorganic and organic semiconductor interfaces) to separate charges upon light
absorption, are crucial characteristics of an efficient device?’. The detailed
understanding and control of the processes determining the dynamical properties of
organic semiconductors are crucial factors for further developing and engineering
organic-based technological applications. However, still significant work is necessary
to understand and control exciton transport and dissociation mechanisms in molecular
solids to fully benefit from the advantages offered by organic semiconductors and
rationally design functional optoelectronic devices.

Aim of the thesis

The main objective of this thesis work was to get a deeper insight into the carrier
and interface dynamics in organic thin films and organic-inorganic semiconductor
heterojunctions. A study of the influence of molecular aggregation and ordering on the
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excited state dynamics in organic thin films as well as the characterization of the
surface photovoltage effect in organic heterojunctions is here reported. One major task
of this thesis work was the development and commissioning of an experimental setup
for time-resolved X-ray absorption spectroscopy (TR-XAS endstation). In recent years,
increasing attention has been given to the investigation and deeper understanding of
dynamic properties in organic films, as a real benefit to their commercial use in various
technological applications. Pump-probe spectroscopies are a class of techniques widely
used to study electronic dynamics in materials science, though the majority of
laboratories solely rely on lasers. By using X-ray photons as a probe, the core levels are
accessible providing additional elemental information which complements the excited
states dynamics picture provided by optical transient techniques. As will be shown in
the following chapters a multi-technique approach, combining laser and X-ray-based
time-resolved techniques, provides a clearer and detailed understanding of the
relaxation dynamics in materials, in many cases not achievable by solely using a single
experimental approach.

Chapter 3 reports the study of the influence of molecular ordering on the cobalt
phthalocyanine (CoPc) thin film excited state dynamics. The impact of different
structures (herringbone and brickstone) on the energy level alignment and dynamical
electronic properties of CoPc thin films was characterized using a multi-technique
approach. Transient absorption spectroscopy (TAS) measurements show enhanced CT
exciton lifetime in CoPc film with herringbone structure (decay time of tens of ps) with
respect to the brickstone structure (decay time of a few ps). The de-excitation pathways
of the excited states were addressed, demonstrating the competition between internal
conversion and intersystem crossing (ISC) processes. However, complete de-excitation
is observed in the ns time scale states through triplet excited states populated by ISC.
The complementary use of TAS and time-resolved photoemission (TR-PES)
measurements point out a new fast dynamic of hundreds of fs directly involving the Co
3d,? atomic orbital. This relaxation process is tentatively explained by assuming partial
charge density redistribution between the macrocycle and the Co atom.

Chapter 4 reports the characterization of the surface photovoltage (SPV) effect in
inorganic semiconductors and organic-inorganic heterojunctions. During my PhD, |
developed the LEINEC (Light/Electron Induced Non-Equilibrium phenomena
Calculator) code to model the surface voltage?® (SV) and SPV effects in semiconductor
systems®®!. The first step consisted in testing the validity of the code in predicting the
static and transient SPV in a set of inverse photoemission and photoemission
experimental data®***** (SiO,/Si, GaP and GaAs systems). In the second step, TR-PES
measurements were performed on n- and p-Si/SiO, systems to characterize the
dependence of the SPV relaxation dynamics on the doping and photon flux. The
LEINEC code has been able to correctly evaluate their SPV magnitude and relaxation
dynamics. Finally, the copper phthalocyanine heterojunction (CuPc/SiO,/p-Si) was
studied by TR-PES. Transient SPV effect is observed in the molecular thin film with
identical magnitude and relaxation dynamics of the SiO,/p-Si substrate, suggesting a
relationship between the SPV relaxation dynamics between organic and inorganic
materials.



Finally, Chapter 5 describes the new TR-XAS endstation now in commissioning at
the BACH beamline (Elettra synchrotron), in which is possible to perform time-
resolved X-ray absorption (TR-XAS) experiments up to 80-100 ps resolution through
the multi-bunch operation mode of the Elettra synchrotron. The new presented TR-
XAS setup is developed according to the configuration used at the BACH beamline at
Elettra. The experimental chamber allows a variable mutual geometry between the
pump, probe and detector. The feasibility of TR-XAS experiments is strongly
determined by an optimal overlap between pump and probe beams. Differently to TAS,
in X-ray-based time-resolved experiments, the penetration depths between X-ray and
laser may strongly differ, depending on the nature of the sample. For this reason,
variable X-ray-laser geometry is mandatory to optimize the excitation volume,
maximizing the signal-to-noise ratio (S/N). The effect of different geometrical
configurations of the incident beams and detection angle in XAS experiments will be
demonstrated by systematic studies on model samples. A new T-XRES (Time-resolved
X-ray Experiment Simulator) code was developed as an auxiliary tool to the TR-XAS
chamber to a priori optimize the experimental condition. The code can evaluate the
laser-X-ray excitation volume, the detector efficiency (for a given absorption edge), the
signal counts in static mode as well as the S/N in time-resolved operation mode as a
function of the chosen experimental geometry.
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1. Dynamics in solids

In the view of technological applications, the interplay between the generation of free
carriers, charge transport, charge separation and recombination processes plays a key role in
optoelectronic and photonic devices. This chapter will provide a short overview of the
dynamical processes in organic and inorganic semiconductors covered in this thesis.

Surface photovoltage >
Optical To minutes
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lonization [ effects |
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Figure 1.1 Schematic illustration of the possible dynamical processes after
excitation in solid materials.

As shown in Figure 1.1, charge dynamics involve multiple timescales, and different
relaxation pathways of the excited states depending on the chemical and physical properties
of the system (type of semiconductor, structural properties, dopant concentration, defects
etc...). Several factors have to be considered in designing semiconductor-based devices.
Anyway, high charge mobility and low recombination of the carriers are essential
requirements. In solids, an effective way to enhance the charge transport efficiency is the
optimization of the crystalline structure, a complex task especially in organic
semiconductors’®. Due to the localized nature of the states over the molecular site, different
molecular ordering can lead to more favourable intermolecular interactions between

neighbour molecules, potentially increasing the charge separation and transport efficiency™
3,579

The majority of the presently available commercial devices are based on semiconductor
homo/heterojunctions. The semiconductor interface properties can drastically differ from
those of the bulk. Moreover, they are strongly dependent on the type of semiconductors in
contact. The energy level alignment at the interface plays a crucial role in determining the
behaviour and charge transport efficiency in devices. Close to the junction interface, the
energy bands of the materials are bent*®**. In the case of incident light, this condition gives
rise to a peculiar non-equilibrium phenomenon known as surface photovoltage (SPV),
which modifies the energy band positions at the interface over time. As a consequence, the
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charge transport and injection properties at the interface can be affected as well. To address
all these issues, a detailed understanding of the interconnection between the dynamics of
excited states and the material properties is a key factor in designing and optimising the
device performance, implying the possibility to ad-hoc engineer the electronic properties
and the carrier transport in solid films.

1.1 Non-equilibrium: excitation and de-excitations
effects

Light excitation with photons of suitable energy promotes materials from their ground
state to an electronically excited state, causing changes in their electronic structure. As a
consequence, materials in the excited state configuration can be considered as different
species with different chemical-physical properties. Since the excited configuration is a
non-equilibrium condition, the system will tend to dissipate the excess energy relaxing to
the ground state. This fact implies that the excited state is characterised by a lifetime and
several different de-excitation pathways are possible. The relaxation mechanisms of the
excited state involve radiative and non-radiative processes'?. Depending on several factors
related to the nature of the system (organic or inorganic), one de-excitation pathway can be
more favourable than another. In inorganic semiconductors, the excitation process
generates free carriers in the material. This is due to the comparable exciton binding energy
to the thermal broadening (A = 25 meV =KgT at room temperature)*3. On the contrary, in
organic materials, the exciton binding energy ranges from hundreds of meV to 1.5 eV,
and the excitation process generates excitons (bound state of an electron-hole pair by the
electrostatic Coulomb force), leading to a completely different evolution in the time of the
excited states to the case of the inorganic semiconductors. Furthermore, inorganic and
molecular solids are two opposite extreme cases of materials that exhibit substantially
different transport mechanisms. In inorganics, the wavefunctions of the states are
delocalized over the entire volume giving rise to bands (valence and conduction band), and
the transport mechanism is called band transport. On the contrary, in organic
semiconductors, the transport is inter-molecular (transition between localized molecular
sites), or hopping transport. As a consequence, the charge mobility and diffusion length of
the carriers show strong differences in the two cases'*™°.

Systems with long-living excited states and low recombination yield of excitons/free
carriers are highly desirable to achieve high-efficiency devices. Accordingly, to move
toward organic-based technology, several additional factors have to be considered in
optimising the molecular film properties for device applications. One critical issue to
overcome these problems nowadays is the need for thorough control of the molecular
structure during film processing, even though fabrication of low-cost organic
semiconductor crystals and films is still challenging. Depending on the growth method
different molecular structures are obtained, resulting in different excited state dynamics®®
and refs therein  Aggregation and inter-molecular interactions have a significant impact on
tuning the photo-physical properties of the film*#°*’  affecting the light absorption, energy
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level alignment, exciton diffusion and charge transport®®. Therefore, a detailed
understanding of the relationship between structural and dynamical properties is mandatory
to optimise the intermolecular interactions and promote efficient charge transport in
organic semiconductors. Materials showing a high intersystem crossing (ISC) quantum
yield are extremely attractive, since they generate long-living triplet states (that would not
possible to be obtained by direct excitation from the ground state - spin selection rule) from
short-living singlet states, potentially increasing the performance of several optoelectronic
and photonic devices'®. Previous studies in the literature have shown how charge transfer
(CT) states can play an essential role as intermediates in enabling a rapid evolution

between the singlet and triplet configurations’*°.

Pump-probe (PP) spectroscopy is a class of techniques that offers the possibility to
address all those issues, providing a detailed characterisation of the excited state properties.
Depending on the chosen PP technique, it is possible to clarify the electronic and structural
properties of transient states, as well as their relationship in a wide range of temporal
domains®®?*,

1.1.1 Pump-probe spectroscopy

As suggested by the name, in a PP experiment two light beams are used, a pump pulse
and a probe pulse interacting with the sample over a specific time domain. The pump pulse
optically excites the material, creating excited species with transient character. The probe
pulse monitors the evolution in time of the excited states at fixed time delays. Figure 1.2
shows a sketch of the dynamical processes that occur in PP experiments after the excitation
of the sample. Depending on the type of dynamical processes of interest, different transient
techniques can be used. Transient absorption spectroscopy (TAS) is an extension of optical
absorption spectroscopy, which provides information on the optical properties of the excited
states. The technique is based on measuring changes in the absorbance or transmittance in
the sample after the excitation (from the ground state) as a function of the time after
excitation. This technique is highly effective in providing information on the electronic
dynamical properties of the excited states. However, it lacks structural resolution and is not
element sensitive. Time-resolved X-ray absorption spectroscopy (TR-XAS) is more
versatile due to the possibility to probe both the electronic and local structure (within a few
nm) with element sensitivity. Excitation of core orbitals allows probing the unoccupied
density of states. For photoelectrons excited above the Fermi level, in solids, multiple
scattering events occur (with neighbor atoms), giving rise to modulations in the spectrum
which provides information on the surrounding environment of the absorber. Therefore,
TR-XAS can provide information on structural variations during the de-excitations %.

The complementary use of information gained through different time-resolved
techniques is nowadays becoming a powerful tool to provide a complete characterization of
the excited states. Examples are phthalocyanine (Pc) and porphyrin (P) systems, where in
recent years their ultrafast dynamical properties have been extensively studied®’?%’,
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Figure 1.2 Representation of the evolution in time of the excited states after
excitation of the system as measured in PP experiments [courtesy of Prof. F.
Parmigiani].

TAS studies pointed out how the coordination and type of transition metal atom into
the Pc macrocycle lead to ultrafast relaxation of the singlet states’?*. The presence of a
transition metal in the macrocycle origins additional excited states, md* or CT states
which, coupling to intra-molecular exciton states, provides new de-excitation pathways.
The origin of CT states and their role as intermediates in promoting a rapid evolution
between singlet and triplet configuration, in solution and solid state, have been clarified
as well®%. For example, TR-XAS has been used to simultaneously track the electronic
structure and atomic coordinates of Ni-porphyrins along their de-excitation pathways®*.
The comparison between the relaxation dynamics in solution (using different solvents)
and in the solid states (film or embedded in a matrix) helped to rationalize the
relationship between structure and electron dynamics in metal complexes® 2023252729

1.2 The surface photovoltage effect

Charge separation effects, i.e. the ability of a system (inorganic and organic
semiconductor interfaces) to separate charges upon light absorption, are crucial
characteristics of an efficient device. A deeper understanding of charge separation and
transport processes is important for applications in optoelectronics, such as organic light-
emitting diodes and organic solar cells'**%*3 Spv effect arises whenever photo-
generated charge carriers are separated in space. The SPV signal depends on fundamental
processes arising after light absorption such as photo-generation of mobile charge carriers,
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charge transport, recombination and relaxation processes. Related phenomena can be
generally investigated by SPV techniques in photoactive materials™®**%°.

Semiconductors with remarkable bulk electronic properties are a necessary starting
point. However, the majority of the presently available commercial devices are based on
hetero/homojunctions, and in many cases, the function originates at the interface. Therefore,
a detailed understanding of the interfacial electronic structure is an essential requirement to
properly engineer semiconductor-based devices. When two semiconductors (or a metal and
a semiconductor) are in contact the energy level alignment at the interface is modified and
the bands of both materials are bent'***? (Figure 1.3a). The crucial factors of the interfacial
electronic structure can be simplified in two main aspects: The energy level alignment at the
interface determines the carrier injection, and the band bending is essential for the carrier
separation. However, on the semiconductor surface, surface states may exist due to the
termination of lattice periodicity. Typically the density of surface states is larger (~10"
cm ?) than the one due to bulk dopant states (~10°-10% cm™), and the surface E can be
pinned at the mid-gap™®*3. Therefore, in n-type and p-type semiconductors, similarly to the
contact case, band bending at the semiconductor surface may exist (Figure 1.3b)***,
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Figure 1.3 Energy band diagrams of a) n- and p-type semiconductor contacts
(equilibrium condition) and b) near the surface of a clean semiconductor (n-
doped) before and after equilibrium of the bulk and surface Er. Eya IS the
vacuum energy, Ey and Ec are the energy of valence and conduction band
minimum, respectively.

When photons are absorbed or an electron flux (with suitable energy to promote an
excitation in the material) impinges on the surface/interface of a semiconductor system,
electron-hole pairs (excitons) are generated. The presence of an electric field (due to the
unscreened charge close to the surface/interface) leads to the separation of the electron-hole
pair in free carriers, which move in opposite directions'®***°. For example, in the case of n-
type semiconductors with upward band bending, the free electrons move toward the bulk
and the free holes to the surface neutralizing, respectively, the excess of positive and
negative charges. As a consequence, the degree of band bending is partially reduced (Figure
1.4). In other words, a change of the surface potential is induced by the photon or electron
impinging flux. This effect is called surface photovoltage (SPV) in the case of photons or
surface voltage (SV) in the case of electrons. Increasing the photon/electron flux the
SPV/SV saturation can be achieved, completely flattening the energy bands. In this case,
the SPV/SV value equals the band bending magnitude. Since the band flattening is induced
by an external perturbation, the system will tend to restore the original condition and the
SPVI/SV effect decays in time. Temperature, dopant concentration, defects concentration,
surface velocity recombination and the incident photons/electron flux, among others, are the
important parameters in determining the magnitude and relaxation time of the SPV/SV3"33.
The SPV/SV dynamics can occur in an extremely wide temporal range, from ps to seconds
and more, depending on the condition of the system® . As a consequence, the efficiencies
of carrier separation and injection at the interface are dependent on the evolution in time
and magnitude of the SPV/SV.

No illumination Light excitation SPV saturation
Egpeeersess I .......................
SPV .
Ecap=erees = Ec
________ E,
— .§/hv
I e E,

depletion depletion
region region

Figure 1.4 Schematic diagrams of the surface photovoltage effect. Upward
band bending in n-type semiconductor (No illumination); photons excitation
produces free charge carriers resulting in a partial band flattening (Light
excitation). By using intense light flux complete bands flattening is achieved
(saturation SPV).
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In a conventional p-n junction photovoltaic cell made, for example, by silicon, the
semiconductor assumes two roles at the same time: it harvests the incident sunlight and
conducts the charge carriers produced under light excitation. To achieve good efficiency
the photons have to be absorbed close to the p-n interface. Electron-hole pairs produced
away from the junction must diffuse to the p-n contact where the local electrostatic field
separates the charges. As a consequence, to avoid charge carrier recombination during
diffusion the concentration of defects in the solid must be small***°. This imposes severe
requirements on the purity of the semiconductor material, rendering solid state devices of
the conventional type more expensive. In contrast, molecular photovoltaic systems separate
the functions of light absorption and carrier transport. Light-harvesting is carried out by a
sensitizer which initiates electron transfer events leading to charge separation®.

A detailed understanding of SPV/SV relaxation dynamics is fundamental not only in the
view of technological applications but also experimentally. Several studies demonstrated
the sensitivity of photoemission spectroscopy and inverse photoemission spectroscopy to
this process®**. Both occupied and unoccupied states, depending on the photon/electron
flux shifts in energy from the equilibrium position, possibly leading to an incorrect
evaluation of the electronic structure of the semiconductor. Considering its possible huge
impact on steady-state measurements, even more carefulness has to be paid to this effect
during pump and probe experiments. In the case of long-living SPV/SV relaxation
dynamics, the assumption that the equilibrium condition of the system is restored within
consequent pump pulses may lead to a misleading interpretation of the experimental
results.

1.2.1 Transient SPV in pump-probe experiments

The SPV effect in inorganic semiconductors has been well established 30 years ago by
photoemission studies®**”. However, despite the fundamental theory of the SPV, that has
been well known for decades**?, only in recent years it has been possible to provide a
detailed characterization of its relaxation dynamics and how different factors tune its
evolution over time. Ultrafast time-resolved spectroscopy is nowadays a powerful tool in
this field. Detailed characterization of the SPV relaxation dynamics in crystalline Si and its
dependences on the incident photon flux, dopant concentration and surface termination
have been addressed®***. Its dependence on the temperature and adsorbate species in n- and
p-doped GaN samples are reported, as well as the impact on the SPV relaxation dynamic in
a GaP heterojunction®***. One of the critical issues of the SPV dynamics is the extreme
variability of its relaxation dynamics, which can differ by several orders of magnitude for a
given semiconductor system and experimental condition (temperature, photon flux)3.
Since the efficiency of the carrier injection and separation at the interface may change over
time, due to the SPV effect, a careful evaluation of the magnitude and relaxation dynamics
of the SPV is essential. Moreover, a correct evaluation of this effect is also fundamental in
avoiding misleading interpretations of the experimental time-resolved data. For example,
assuming that an SPV dynamic is present in addition to the dynamical process of interest,
several different scenarios are possible in time-resolved experiments (Figure 1.5). In the
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first case, the SPV relaxation dynamic is assumed faster than the time delay between
consecutive probe pulses (or instrumental time resolution). The relaxation processes occur
in two distinct temporal domains and can be easily disentangled between each other,
representing a “safe” situation where the presence of the SPV effect is negligible.

SPV relaxation dynamics faster than At
Pump pulse
Electron relaxation dynamics

SPV relaxlation At | Time
dynamics

Probe pulses

“Slow” SPV relaxation dynamics (constant contribution)

DL PN

Ly
Time
Comparable relaxation dynamics
overlap of the two relaxation processes
\l\r' L*_ N J,l\r'l—\l =
Time

Figure 1.5 Illustration of three possible scenarios performing time-resolved
experiments where SPV dynamics are present in addition to the dynamical
process of interest.

An intermediate situation occurs when the SPV relaxation dynamic occurs in a different
time domain to the main relaxation dynamic. A constant contribution to the relaxation
signal will be observed in the experimental data. Knowing the steady-state SPV magnitude,
the SPV dynamic can be easily disentangled from the main relaxation dynamics. The more
complex scenario is when the two relaxation dynamics are comparable. Without detailed
knowledge of the SPV effects in the system, it would be highly difficult to disentangle and
correctly address the two dynamical processes. From the experimental point of view, those
three different cases may coexist. For a given experimental condition (temperature, photon
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flux used) the sample may not exhibit an SPV effect (or be negligible), initially leading to
the detection of one relaxation dynamics. However, varying the experimental condition, i.e.
lowering the temperature or increasing the incident photon, the SPV effect may occur. As
will be shown in Chapter 4, depending on the experimental condition its magnitude and
evolution over time can be substantially different. As a consequence, not consider nor
properly evaluating the SPV effect may easily lead to a misleading interpretation of the
experimental data.
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2. Methods and experimental details

This chapter reports a brief overview of the experimental techniques and samples
studied in this thesis work. The first part describes the general concepts of spectroscopic
techniques such as X-ray and ultraviolet photoemission, inverse photoemission and X-ray
absorption. A second section introduces the fundamental concepts of pump-probe
techniques and which kind of information can be obtained on the excited state dynamics
using time-resolved spectroscopies. A general overview of time-resolved photoemission,
time-resolved X-ray absorption and transient absorption spectroscopies is discussed.
Finally, the last part describes the preparation methods and the studied samples.

2.1 Photoemission spectroscopy

Nowadays, photoemission spectroscopy is one of the most widely used techniques in
many laboratories and surface science. It is a photon in/ electron out technique based on the
photoelectric effect. When monochromatic radiation, with energy hv>solid sample work
function, is absorbed by the solid, photo-electrons are emitted. Collecting the emitted
electrons by an analyser it is possible to reconstruct the electronic structure of the material.
The resultant spectrum is the distribution of the emitted electrons as a function of their
Kinetic energy, Ek, according to:

EK = hV_EB — & (21)

where Eg is the binding energy of the state from which the photoelectron is emitted and
® is the work function of the analyser. Depending on the photon energy used,
photoemission spectroscopy is divided into two categories: Ultraviolet photoemission
spectroscopy (UPS), when ultra-violet sources are used (10 - 100 eV), or X-ray
photoemission spectroscopy (XPS), if performed with X-ray sources (> 100 eV). The
former allows to determine the electronic structure of the outmost electronic states of a
material, and the latter provides information on the inner shell, the core levels. UPS and
XPS are performed by exploiting conventional laboratory sources such as helium discharge
lamps (He | hv = 21.2 eV) and X-ray tubes (e.g. Al Ka, hv = 1487 eV). However, both
techniques highly benefit of the higher photon flux and energy tunability of synchrotron
light sources. The photoemission process is illustrated in Figure 2.1. It is worth noting that
in photoemission the final state has N-1 electrons, due to the generation of a hole in the
process. XPS measurements are commonly used to obtain information on the sample
composition. Each chemical element has a characteristic set of core levels with distinct
binding energies. Depending on the chemical state and environment surrounding the
emitting atom, slightly shifts in the core level binding energies can be observed for a given
element. By an accurate XPS characterization, a complete description of the chemical state
of the sample can be obtained.
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Figure 2.1 Energy diagram of the photoemission process. In XPS (left) a
monochromatic X-ray beam is used to ionize the core electrons, which are then
detected as a function of their kinetic energy (Ex). UPS (right) is typically used
to measure the valence band of the sample, as photons with energy in the UV
range are not sufficient to eject the core electrons.

UPS spectra, instead, are less element sensitive, because provide information on the
outmost occupied electronic states of a material, which are the results of the mixing of
atomic orbitals in the material. However, it is a fundamental tool for characterizing the
electronic properties (and indirectly the optical properties) of the sample. In particular, the
angular distribution of the UPS signal allows mapping the dispersion of the valence band
states.

A fundamental property of photoemission spectroscopy is the surface sensitivity. Since
photo-emitted electrons are probed, the possibility of their detection, in solids, is related to
the inelastic mean free path, which is in the order of a few tens of A for electrons with Ex =
20 - 1000 eV. In other words, these techniques provide information only on the first few
layers of the samples (for photon energy in the soft X-ray range). For this reason, XPS and
UPS are widely used to characterise thin films and molecular adsorbates. A more detailed
description of these techniques can be found elsewhere®?.

The UPS measurements reported in this thesis were performed at the “Laboratory of
quantum optics” of CITIUS in Nova Gorica. The UPS spectra were obtained using a
commercial Ti:Sa laser source (Coherent, Legend Elite Duo), from which high-order
harmonics were generated and monochormatized®. HH35 (hv = 38.5 eV) was selected: the
overall resolution of the probe beam was 130 meV. The spectra were recorded in normal
emission geometry, by using an R3000 hemispherical electron energy spectrometer from
VG-Scienta. XPS measurements were performed at the ALOISA beamline, Elettra
synchrotron (ANCHOR-SUNDYN endstation)?. The spectra were recorded in normal
emission geometry, by using a 150 mm hemispheric electron analyser SPECS Phoibos 150.
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The UPS and XPS spectra were calibrated by measuring the Er and the Au 4f core level,
respectively, of a polycristalline Au reference in direct contact with the samples.

2.2 Inverse photoemission spectroscopy

Inverse photoemission spectroscopy (IPES), contrary to photoemission, is an electron
in-photon out technique, which provides information on the unoccupied density of states of
a material. For this reason, it is commonly used as a complementary technique to
photoemission. Figure 2.2 shows the schematic representation of the IPES experimental
setup.

Geiger Miiller Preamplifier
electrons detector
e _ g flux (1,+He)
®- @
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Acquisition
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N system
hv
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TTL counter

Figure2.2 Schematic representation of the IPES setup. The emitted photons are
detected by a Geiger-Miller detector. By ionization of the I, gas a pulse is
produced at the anode. The pulse is then transformed in a TTL pulse by a
preamplifier and sent to a TTL counter, which is connected to the acquisition
system.

An electron gun provides a collimated beam of low-energy electrons (5 eV to 20eV).
The electrons impinging onto the sample are coupled to a high energy unoccupied state (Ex)
and relax to a lower unoccupied state (Ew) emitting photons with energy equal to the energy
difference of the empty states. The emitted photons are then detected by a Geiger-Muller
detector which acts as a band-pass detector selecting photons with fixed energy. The
photons interacting with the gas within the detector tube (I, mixed with He) generate a
pulse at the detector anode. The detector pulses are sent to a preamplifier and then
converted into a voltage pulse (transistor-transistor logic signal — TTL). TTL circuits are
also used to reject the noise level of pulses. The number of TTL signals is counted by the
counter and sent to the computer. Knowing the energy of the electrons sent to the sample
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(Ex) and of the emitted photons (hv), the energy position of the unoccupied states is given
by the conservation of energy as:

Ex = Ey + hv (2.2)

The band-pass filter of the Geiger-Mdller tube is given by the combined use of a gas
mixture of I, and He together with an SrF, window (or CaF,), selecting photons of about
9.5 eV energy. The presence of He as quenching gas is necessary to improve the dead time
as well as improve the count rate. The I, acts as a low energy limiter: only photons with
energy higher than ~9.3 eV can trigger the ionization event producing an electric current in
the cathode. The SrF, is the high energy limiter, letting pass only electrons with energy
lower than ~9.7 eV. The maximum transmission combining the two elements is at 9.5 eV.
Due to the low kinetic energy of the incident electrons, the penetration depth is only a few
atomic layers, resulting in a surface-sensitive technique. In IPES the final state corresponds
to an N+1 electronic state. In first approximation the spectrum provide the electronic
density of the empty states of the system.

The IPES measurements of CoPc films, shown in Chapter 3, were performed at the SIPE
laboratory, CNR-IOM in Trieste. The collimated electron beam was provided by a
homemade Erdman-Zipf electron gun. The beam divergence was ~2°. Photons emitted by
the sample were collected by a homemade Geiger-Miller type detector with a He-I, gas
mixture and an SrF, entrance window filtering photons of energy hv= 9.5 eV. The
experimental resolution was below 0.30 eV, as measured by the Fermi level (Ef) onset of a
clean Ta foil. The IPES spectra were normalized at each point to the incident electron beam
current.

2.3 X-ray absorption spectroscopy

Near-edge X-ray absorption fine structure, commonly known as NEXAFS, or just XAS,
is a technique in which by scanning with photon energies around the absorption edge of a
specific element, a spectrum proportional to the absorption coefficient of the sample is
obtained. Therefore, intense and tunable X-ray sources are required, and XAS experiments
are usually performed at synchrotron facilities. According to the Fermi Golden formula,
dipole selection rules and the local character of the initial core state dominate the transitions
detected by XAS. The absorption coefficient for specific photon energy is related to the
absorption cross-section, ox, Which is the number of electrons excited per unit time divided
by the number of incident photons per unit time per unit area. Considering a transition from
an initial state |i) to a final state |f) promoted by a plane electromagnetic wave, under the
dipole approximation it is obtained:

ax < [{fIn - pli)1*pe(E) (2.3)
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where 1 is the polarization unit vector, p is the sum of the linear momentum operators of
the electrons and ps (E) is the energy joint density of final states. In XAS, the initial state |i)
is generally a localized atomic core level, while |f) can represent either a bound or a
continuum state. A picture of the absorption process from a diatomic molecule is shown in
Figure 2.3. In the region below the vacuum level, the absorption spectrum is dominated by
transitions to the unoccupied molecular orbitals (typically the =* transitions in a molecule),
while transitions to the continuum (typically the o* transitions) start contributing as the
photon energy approaches the ionization potential.
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Figure 2.3 Sketch of X-ray absorption spectroscopy on a diatomic molecule.
Scanning the photon energy of the incoming beam through an absorption edge
of the atom A, due to transitions from the localized core level to unoccupied
molecular orbitals, a structured absorption signal is detected.

By analysing the XAS spectra both chemical and structural information on the system
can be extracted. In addition to the element sensitivity, another advantage of this technique
is the possibility to gain information on the geometric structure/orientation of the sample,
as in the case of molecular film. Since the XAS signal is obtained from excitation of a core
level with a defined symmetry, the most intense features are due to transitions to
unoccupied states following the symmetry selection rules (i.e. AL =+ 1). Molecular orbitals
are highly oriented as m and ¢ orbitals (and the corresponding anti-bonding orbitals 7* and
o*), directed orthogonally and along with the atomic bonds, respectively. As a
consequence, by polarization-dependent measurements, the molecular orientation on
surfaces can be readily determined®. Recalling eq. 2.3, the most intense features of a K-
edge are due to core transitions from 1s — p-like final states, while in the Ls-edge the
feature in the spectrum are due to 2p — d-like final states if the polarization vector, 1, of
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the incoming beam is oriented along the final state orbital direction (being the channel 2p
—s-like state less intense of a factor 5). Therefore, in these cases, the intensity of XAS
resonances is a function of the incidence angle of the incoming polarized X-ray beam. Like
the photoemission case, in XAS measurements a core hole is generated. In the single-
particle approximation, the final state is described by a core hole and an excited photo-
electron. The core hole can be filled by an electron from an “external” shell followed by a
radiative (photon) or Auger process. Therefore, in XAS measurements the signal can be
measured by fluorescence photons, Auger electrons, or inelastically scattered photo-
electrons (i.e. the current from the sample or the secondary electrons) with different
sampling depths. Depending on the detection mode, XAS mode is called fluorescence yield
(FY), total or partial electron yield (TEY or PEY) and Auger electron yield (AEY). One
detection mode can be more suitable than another depending on the case. For example, in
few layer low-Z molecules adsorbed on a surface, the most suitable approach is to measure
the AEY (sampling depth about 1 nm). After the absorption of an X-ray photon, the system
is left with a core hole, and the Auger decay is the most favourable recombination process
for K-edge absorption in low-Z atoms. FY can be useful to overcome the high surface
sensitivity of the photo-electron detection (sampling depth in the tens-hundreds of nm
range in the soft X), having a signal related to the absorption length of the photons’ in the
material rather than the mean free path of electrons. For a complete review of principles,
techniques and applications of XAS spectroscopy see Stohr’s book®.

2.4 Pump-probe applied to spectroscopies

As suggested by the name in pump and probe (PP) techniques two beams are used, the
pump beam and the probe beam, both interacting with the sample. In conventional PP
experiments, a laser pulse (pump) excites a transient state while a probe (light in the UV-
Vis or X-ray energy range), at a fixed delay time relative to the pump pulse, At, probes the
evolution over the time of non-equilibrium states. In laser-based time-resolved
measurements, the pump and probe pulses are generated by splitting the output beam of a
single laser source, and the synchronization between the two beams is automatically
achieved. The delay time is easily varied through motorized translation stages. A more
complicated scheme is required for the synchronization of the beams in laser pump-X-ray
probe experiments, as different sources are required to generate them. In this case, X-ray-
based PP techniques strongly benefited from synchrotron facilities”™*, exploiting their high
brilliance and high repetition rate (multi-bunch operation modes®). Depending on the
dynamic process to study, different time scales and PP techniques may be required or
preferred. X-ray-based time-resolved experiments performed at the synchrotron, despite the
great advantages in the beam properties, are limited by the time resolution of tens of ps,
due to the intrinsic pulse duration of the probe. At laser-based time-resolved facilities, as
free-electron lasers (whose use is out of this thesis work), a higher temporal resolution of
10-100 fs is achievable***®. However, the photon energy range available is usually more
limited than for synchrotrons. In many cases, a multi-technique approach may be the best
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solution to completely clarify the excited states dynamics picture of the material, providing
complementary information from both these classes of techniques.

2.4.1 Time-resolved X-ray and ultraviolet
photoemission spectroscopies

In time-resolved photoemission spectroscopies, the probe can be either an X-ray or a
laser beam. In the former case it is called time-resolved X-ray photoemission (TR-XPS),
and in the latter time-resolved ultraviolet photoemission (TR-UPS). Similarly to steady-
state photoemission, they provide information on the sample electronic structure.
Depending on the technique chosen, the evolution in time of the core levels or valence band
can be probed in different time domains. TR-UPS is a technique particularly convenient in
characterizing the excited state dynamics in organic materials. Electron dynamical
processes are generally extremely fast, occurring in the fs-ps time scales. Moreover, due to
the localized nature of the frontier orbitals, the optical pump pulse selectively promotes
transitions from specific molecular orbitals (MO). TR-UPS experiments directly probe the
evolution in time of the states excited by the pump pulse, gaining direct information on the
highest occupied MO (HOMO) and lowest unoccupied MO (LUMO). After pump
excitation the LUMO is populated and photoelectrons from this state can be detected. Since
the frontier orbitals originated from the mixing of atomic orbitals of different elements in
the sample, UPS usually is not an element-sensitive technique. However, in some cases,
exploiting the different dependence of the element cross-section on the probe photon
energy, it is possible to discriminate the specific contribution of the elements to the
dynamical processes. By changing the probe photon energy, the cross-section of one atomic
orbital (which contributes to the MO of the material) may be drastically enhanced or
quenched with respect to other elements. In this case, the different atomic contributions to
the MO can be distinguished, allowing to highlight an eventual predominant atomic
character in the excited state dynamics.

The TR-UPS measurements reported in this thesis were performed at the “Laboratory of
quantum optics” of CITIUS in Nova Gorica. A commercial Ti:Sa laser source (Coherent,
Legend Elite Duo), from which high order harmonics were generated and
monochormatized3. HH35 (hv = 38.5 eV) was selected as the probe pulse: the overall
resolution of the probe beam was 130 meV. The spectra were recorded in normal emission
geometry, by using an R3000 hemispherical electron energy spectrometer from VG-Scienta.
The excitation (pump) pulses were generated from an OPA (Coherent OPerA) set at 610 nm
(2.0 eV). A detailed description of the experimental setup can be found in ref. 3.

TR-XPS spectroscopy has the intrinsic advantage of being element-sensitive. It is used to
characterize phase-to-phase transitions, chemical and photo-reactions, as well as charge and
surface photovoltage effects. However, as mentioned above TR-XPS experiments at
synchrotron facilities suffer from a low time resolution of 50-100 ps, which implies
limitations in the detectable dynamical processes. Furthermore, due to the finite flight time
of low-energy electrons in the hemispheric analyser used as probe detector, usually, it is not
possible to completely discriminate the electrons emitted from the consecutive pulses
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normally delivered in the multi-bunch (MB) operation. To overcome this limitation, a single
bunch is used synchronized with the laser pulse. Hence, special filling modes of the storage
ring are required, the single bunch (SB) or the hybrid bunch mode (HB). In HB a single
electron bunch is placed in the dark gap of the multi-bunch distribution. On the other hand,
in SB only one bunch per revolution is injected. However, the low ring current in SB to HB
represents an issue for most of the users at a synchrotron facility, who typically apply the
high photon flux. The HB is therefore the preferred operation mode. In both cases, the count
rate when detecting only the single bunch will be roughly 100 times lower if compared to
standard multi-bunch measurements.

TR-XPS measurements reported in this thesis were performed at the ALOISA beamling,
Elettra synchrotron (ANCHOR-SUNDYN end-station). The end-station is equipped with a
Yb:YAG fibre laser (Amplitude Systémes, Tangerine HP), with a fundamental wavelength
of 1030 nm. Non-linear beta barium borate (BBO) crystals were used for generating 3rd
harmonics up to the 4th (343 nm) as pump pulse. Synchrotron X-ray, hv=400 eV and
hv=650 eV of photon energy, were used as probe pulses. A detailed description of the
experimental setup can be found in ref. 4.

2.4.2 Time-resolved X-ray absorption spectroscopy

As X-ray based technique, time-resolved X-ray absorption spectroscopy (TR-XAS)
requires a source of intense and energy-tunable X-ray pulses as in the case of synchrotron
facilities. As discussed in section 2.3, XAS can provide information about the unoccupied
states, and the chemical and structural properties of the system. Since TR-XAS is an
“extension” of XAS, similar information is obtained for the sample in the excited state
configuration as a function of the time. TR-XAS experiments probe core level transitions to
unoccupied conduction band (or antibonding) states. The region above the edge, up to 30-
60 eV, is called NEXAFS (near edge X-ray absorption fine structure). NEXAFS can be
interpreted as the local joint density of states or in the framework of real space scattering
theory, being both frameworks analytically equivalent®’. In this case the NEXAFS signal is
due to the interference of the outgoing photoelectron wave, generated from the absorbing
atom, with the wave that is backscattered by the neighbouring atoms. For this reason, XAS
provides structural information and by TR-XAS it is possible to study the evolution in time
of photo-induced lattice (or molecular in the case of organics) distortion and expansion as
well as heating effects'®. The promotion of an electron from core levels to a “bound”
unoccupied state implies the possibility to gain specific information on the unoccupied
states involved in the relaxation processes. Furthermore, in the case of samples with highly
oriented orbitals, by exploiting their dependence on the X-ray polarization it is possible to
selectively enhance specific resonance peaks allowing better detection of the relaxation
dynamics. As an X-ray-based technique, all these advantages can be additionally exploited
in an element-sensitive way.

The multi-bunch mode operating at synchrotrons allows observing the complete
dynamical evolution at once between consecutive pump pulses. By choosing different
detection modes AEY or FY it is possible to selectively study the sample surface or gain
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information on the bulk properties of the system. Moreover, the FY detection approach
fully exploits the available X-ray photon flux at a high repetition rate providing continuous
snapshots of the transient state. TR-XAS experiments shown in this thesis were performed
on the new TR-XAS end-station currently in commissioning at the BACH beamline, Elettra
synchrotron. The commissioning of this novel experimental chamber was one of the main
goals of my PhD. TR-XAS measurements were performed in FY mode using a micro-
channel plate, Hamamatsu F4655-13. A detailed description of the end-station setup and
preliminar results are discussed in the Chapter 5.

2.4.3 Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) is a laser-based pump-probe technique, in
which after pump excitation the optical probe pulse measures the linear absorption
spectrum of the excited state'®. The TAS spectra are then obtained by the difference
between the excited state and the ground state absorption spectra (measured before the
pump excitation). Usually, the pump pulse photon energy corresponds to a strong optical
absorption feature of the sample. The probe pulse is a continuum range of wavelength
which scans the sample over the spectral region of interest (UV-Vis) over time. The
measurement can be performed in reflection or transmission mode depending on the
sample characteristic (for opaque samples reflection mode is necessary).

Wavelength (nm)

16
Time Delay (ps)

Pump excitation (define the zero time)

AOD signal along probe energy axis
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Figure 2.4 Raw data obtained in a TAS experiments as 3D matrix where the
AOD signal is plotted in false color scale as a function of the probe photon
energy and time delay between pump and probe beam (top). By extracting the

25



AOD along the energy axis the differential spectra can be visualised for fixed
time delay (bottom left). By extracting the AOD along the time delay axis it is
shown the decay curve for fixed probe energy (bottom right)

Figure 2.4a shows an example of raw data obtained by TAS measurement. In TAS
spectra, the differential optical density (AOD) signal is represented as a function of the time
delay between the pump and probe beams and the spectral energy region mapped by the
probe pulse. The differential spectrum of the sample is obtained according to the equation:

I(t
AOD = —log (%) (2.4)
where I(t) and I, are the detected probe intensity signal with and without sample excitation
by pump pulse, respectively. By extracting the AOD signal along the probe wavelength (or
energy) range axis the differential spectra at a fixed time delay can be visualized. Negative
and positive signals can be observed, called absorption bleaching and induced absorption
signal, respectively. As general rule, absorption bleaching signals are due to the bleaching
of the ground state after pump excitation: the depopulation of the ground states by the
pump pulse reduces the transition probability and the excited state of the sample absorbs
less in that spectral region. On the other hand, the population of unoccupied states by the
pump pulse may lead to additional absorption processes not directly possible from the
ground state configuration (at fixed pump photon energy). Therefore, additional transitions
from the excited state to a high energy excited state may occur, leading to higher sample
absorption of the probe pulse in a specific spectral range. This is called induced absorption.
An illustration of the two processes is shown in Figure 2.5.
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Figure 2.5 Sketch of the absorption bleaching and induced absorption. After
pump excitation the population of the ground state is reduced and electrons are
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promoted to the first unoccupied excited state. As a consequence, the transition
probability of excitations from the ground state is lower (lower absorption), and
according to eq. 2.4 a negative signal is observed (absorption bleaching). On
the other hand, the occupancy of excited states (previously empty) leads to the
possibility of new transitions from the first excited state to a higher excited state
(higher absorption) and a positive AOD signal is detected (induced absorption)

By extracting the AOD signal along the time delay axis, it is obtained the decay curve of
the AOD signal for fixed probe energy. The analysis of the decays curve provides
quantitative information on the relaxation dynamics of the system, such as the number of
processes that occurred and the relative decay time. The decay time, namely t in the
following, is defined as the time in which the differential signal decreases of a natural
exponential factor e (Euler’s number). The t value is obtained fitting the AOD decay curves
as a function of the time delay by mono or multi-exponential function according to:

t
AOD = Y, A, e m+ C (2.5)

where A, and 1, are the contributions and decay time of the n-th exponential decay
process and C is a constant value which describes a slower dynamics in a longer time
domain to the experimental time window. The number of detected dynamical processes is
given by the number of exponential functions used to fit the decay curve. However, it
should be stressed that eq. 2.5, in some cases, could be an approximation of the effective
relaxation dynamics. The fitting of decay curves by using eg. 2.5 implies assuming that the
decay of all dynamical processes starts soon after the pump excitation, which is not always
true.

TAS measurements in the Vis/IR range (from 1.12 eV to 2.34 eV) were performed at the
“Ultrafast Laser Micro and Nano processing” laboratory of the Foundation for Research
and Technology — Hellas research facility in Crete, Greece. The Femtosecond laser pulses
were generated using a (Yb:KGW) femtosecond laser source with a pulse duration of 170
fs, 1 kHz repetition rate, and 1.21 eV of fundamental wavelength. An OPA was used to
select photon energies of 1.21 eV, 2.41 eV and 3.1 eV for the pump pulses. For the probe
pulses, a supercontinuum white light in the 1.12 eV to 2.34 eV range of wavelengths was
generated using a YAG crystal. The time resolution was 250 fs. The experiments were
performed either in reflection or transmission geometry mode.

2.5 Samples preparation

The experimental procedures used to obtain the samples studied in this thesis work
are reported in the following.

2.5.1 Organic thin films: cobalt phthalocyanine and copper
phthalocyanine
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Metal phthalocyanines exhibit two important polymorphs called o— and -phases. Both
have similar herringbone structures but differ in their tilt angle of the b-axis to the
molecular plane. The B-phase can be easily differentiated from the a-phase by structure,
magneto-optical and morphological properties. The a-phase can have a brickstone or
herringbone structure® (see Chapter 3).

The cobalt phthalocyanine (CoPc), B-form powder, was purchased from Sigma Aldrich,
dye content 97%. CoPc deposition was performed by thermal sublimation from resistively
heated quartz crucibles in ultrahigh vacuum UHV conditions (<10”° mbar). CoPc thin films
were grown onto three different substrates, Au(111), graphene (Gr) and indium thin oxide
(ITO). Before the deposition, the Au(111) surface was reconstructed by several Ar
sputtering and annealing cycles in UHV. The Gr substrate was produced by the polymer
transfer method of commercial Gr, purchased from Graphenea S.A., on a bulk Si wafer?'.
The ITO surface was rinsed using acetone and distilled water. The CoPc film growth was
performed at a low deposition rate of 2 A min™. The film thickness was measured via
oscillating quartz microbalance after a degassing of the source at T lower than the
sublimation temperature, obtaining CoPc films of 40 nm nominal thickness. A detailed
characterisation of the structural and electronic properties of the films is reported in
Chapter 3. XAS, XPS, UPS, IPES, TAS and TR-PES measurements were used to
characterise the properties of the CoPc films. The relative laboratories and experimental
setup used for each technique are reported in the previous section “Experimental Methods™.

The copper phthalocyanine (CuPc), B-form powder, was purchased from Sigma Aldrich,
dye content >99%. Similarly to the CoPc growth, the CuPc thin film was grown by thermal
evaporation in ultrahigh vacuum (10° mbar) conditions on a SiO,/p-Si(100) substrate at
room temperature. The thickness of the films was monitored in situ using a quartz
microbalance, obtaining a CuPc film of 2.2 nm nominal thickness. SiO,/p-Si(100) substrate
(details on the substrate properties are discussed in the next section 2.5.2 and Chapter 4)
was annealed at 800 K before the deposition to remove the contaminant of the controlled
oxide layer (obtained by standard Kirachi procedure) of about 2 nm. A detailed
characterisation of the CuPc thin film and the SiO,/p-Si(100) substrate electronic properties
was performed by high-resolution XPS and TR-XPS at the ALOISA beamline, Elettra
synchrotron (ANCHOR-SUNDYN end-station).

2.5.2 Si0O,/Si(100) systems

The commercial p-doped (B) and n-doped (As) SiO./Si(100) samples have dopant
concentration of 8x10* cm?® (16.85 Qxcm) and of 1.6x10* cm® (0.004 Qxcm),
respectively. The dopant concentration was calculated from the sample resistivity®’. Both
samples were annealed at 800 K for 3 hours. The SiO,/p-Si(100) sample after a detailed
characterisation (see Chapter 4 section 4.4) by high-resolution XPS was used as the
substrate for the growth of the CuPc thin film described in the previous section 2.5.1.

High-resolution XPS and TR-XPS of the SiO,/Si(100) systems were performed at the
ALOISA beamline, Elettra synchrotron (ANCHOR-SUNDYN endstation). A detailed
discussion of the characterisation of the samples is reported in Chapter 4 sections 4.4.
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3. The influence of molecular ordering in the
CoPc dynamical properties

As previously discussed, one critical issue to overcome nowadays toward highly-
efficient organic film-based devices is the need for thorough control of the molecular
structure during film processing. Aggregation and inter-molecular interactions have a
significant impact on tuning the photo-physical and dynamical carrier properties of the
film'*, affecting the light absorption, energy level alignment, exciton diffusion and
charge transport (CT) in the material®”. This chapter demonstrates how different
molecular arrangements affect the CT dynamics in ordered CoPc thin films. The
characterization of the electronic structure and dynamical electronic properties of CoPc
films with disordered, herringbone and brickstone structures is carried out by a multi-
technique approach.

3.1 Structural and energy level alignment
characterization of the CoPc films

The CoPc represents a particular case of great interest since the single occupied out-of-
plane Co 3d,? orbital induces a strong coupling between adjacent molecular planes
(Figure 3.1). As a consequence, it is proposed that it may give rise to a band of
delocalized CT exciton states, allowing an efficient excitation energy transfer along the
stacking axis in the CoPc film®'°. Previous studies show how CT states can play an
essential role as intermediates in enabling a rapid evolution between the singlet (S) and
triplet (T) configurations via coupling of the m-system with the 3d electron of the
metal***?. Materials with high intersystem crossing (1SC) quantum yield are extremely
attractive since they generate long-living T states (that would not be possible to obtain
by direct excitation from the ground state, spin selection rule) from short-living S
states, potentially increasing the performance of several optoelectronic and photonic
devices®™.




Figure 3.1 (left) Schematic sketch of the Co 3d orbital splitting from the SO3
spherical symmetry to the Day, tetragonal distortion in the CoPc molecules, and
(right) graphical representation of the a-CoPc phase stacking in solid films.

An effective way to control the molecular orientation and obtain different film
structures is to exploit the templating effect using different substrates. As demonstrated
by ref. 14 it is possible to grow a specific molecular arrangement avoiding the
admixture of the ordered phases. Scanning tunnel microscopy (STM) studies have
shown that the first CoPc layer adopts a square or a hexagonal lattice when grown on
graphene (Gr) or Au(111) respectively>"", leading to different molecular stacking for
subsequent layers depositions. In this way, we have grown thin films with predominant
herringbone or brickstone structures on Gr or Au(111) substrates, respectively. CoPc
deposition on ITO leads to a disordered film'®. A detailed description of the sample
growth is provided in the section “Methods and experimental details” of Chapter 2.
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Figure 3.2 Co L3 edge of a) CoPc/Au(111) and b) CoPc/Gr as a function of the
X-ray incidence angle (Reported from ref. 19); c) (top) Dependence of the
Co3d,” peak intensity as a function of the X-ray incidence angle of the CoPc/Gr
and CoPc/Au(111) samples; (bottom) schematic representation of the
herringbone and brickstone structure

Before studying the dynamical electronic properties of the films, it was necessary to
have a detailed understanding of the film structures and the molecular orbitals involved in
the excited state dynamics. The characterization of the molecular structure in the CoPc/Gr
and CoPc/Au(111) samples has been carried out by exploiting grazing X-ray diffraction®
and the polarization dependence of the out-of-plane Co 3d,? orbital of the CoPc. Its
assignment as the first resonance peak of the Co Lz XAS was known from literature®.
Figure 3.2 shows the polarization dependence of the Co 3d,* peak intensity as a function of
the X-ray incidence angle as measured by Co Lz XAS. A well-defined molecular
orientation is confirmed in both cases, though the two trends strongly differ. The
monotonous decrease of the Co3d,? intensity in the CoPc/Au(111) sample suggests a
predominant brickstone structure, whereas the symmetric trend in the CoPc/Gr sample
indicates a predominant herringbone structure®.

The study of the electronic structure of the ordered films has been performed by
combined PES-IPES measurements (Figure 3.3a). Four main peaks representing two
occupied and two unoccupied states are labelled a, b, ¢, and d. In PES and IPES spectra
several factors affect the energy level positions®! 2™ " therein peak broadening is due to the
instrumental resolution, limited angular resolution and inelastic scattering processes. Peaks
can be slightly shifted in energy because of the incomplete screening of holes/electrons
induced in the system during the measurement and by polarization energy induced by
molecular cations and anions originated during PES and IPES measurements. As a
consequence, the energy level positions are better represented by the edges of the peaks
after a proper deconvolution with the instrumental broadening®* as shown in Figure 3.3b. In
Figure 3.3a the so obtained values are reported as vertical dashed lines. From previous
studies reported in the literature, the peaks a and b are assigned to the HOMO-1 and
HOMO, respectively?>?*. Concerning the unoccupied states, namely ¢ and d, several
theoretical works are reported in literature®#**?’. However, a general agreement on the
correct sequence of the empty states is still missing. The calculated electronic structure of
the CoPc is very sensitive to the simplified theoretical functional used to model the
exchange-correlation interactions and the nature of the first empty state results of Co 3d,*
(localized on the Co atom) or ligand character (nn* states delocalized over the macrocycle).
Furthermore, most of them are performed in the isolated molecule approximation.
Although a definitive assignment of the unoccupied states is beyond the scope of this study,
we were able to draw some conclusions by combining IPES and XAS measurements from
literature to our PES-1PES spectra. Xiao et al.?® report IPES spectra of a CoPc/Au(111) thin
film where the first unoccupied state, assigned to the LUMO, is located at 1.7 eV similarly
to our peak d.
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Figure 3.3 a) Combined PES-IPES spectra of the CoPc/Gr and CoPc/Au(111)
samples; b) Schematic of the procedure used for the determination of the peak
edges from PES and IPES spectra. In the IPES spectral region the dots are the
measured data and the continuous line (blue and red) the best fit obtained
without deconvolution with the instrumental broadening. The fit components
(continuous black curves) are those obtained after deconvolution and the
dashed line the respective deconvoluted experimental fit; ¢) PES spectra of the
CoPc/Gr and CoPc/Au(111) in the energy region close to Er in logarithmic
scale.

However, the low-lying peak at 1.3 eV (peak c) is not observed. Such difference may be
explained considering their lower experimental resolution of 0.4 eV than the present case
(0.25 eV), leading to the superimposition of the two features in a broad single peak. On the
other hand, Betti et al.?° from linear polarization XAS measurements of the Co L3 edge of a
CoPc/Au(110) thin film, assign the first resonance peak to the Co 3d,? orbital and the
second one to Co 3d orbitals with eg symmetry (orbitals mixed to the ligand nn* states). As
shown in Figure 3.3a, the CoPc optical gap (calculated from the optical absorption spectra
of ref. 8 by Tauc method®**®) is 1.65 eV, a value higher than the energy difference (edge to
edge) between the HOMO and the first unoccupied state (1.3eV), the peak c. Representing
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the CoPc optical gap, HOMO-LUMO transition, as a solid black line centred on the
HOMO edge (estimated by fitting procedure, Figure 3.3b), the final state of the transition
(LUMO) is located close to the edge of the unoccupied state labelled d. It can be seen that
the optical gap does not precisely match the peak d. This is because the combined PES-
IPES spectra measure the transport band gap, which differs from the optical band gap. The
energy difference to exactly match the peak d corresponds to the exciton binding energy.
Accordingly, similarly to ref. 20 we assign the first unoccupied state, c, to the single
unoccupied molecular orbital (SUMO) originating from the single occupied Co 3d,* orbital.
The presence of additional states with Co 3d character in the CoPc band gap is also
supported by DFT calculations based on the B-CoPc crystal phase?’. Aliabad et al.?” point
out the presence of two additional electronic states in the HOMO-LUMO gap at 1.13 eV
and 1.39 eV with mostly Co3d character, estimating an indirect gap of 2.125 eV (without
considering the middle gap states) compatible to our spectra.

An additional feature at about -0.5 eV, marked as h’, can be observed as a shoulder of
the peak b in Figure 3.3c. Broadening of the HOMO (peak b) induced by radiation damage
in the CoPc thin films can be safely excluded. Figure 3.4 shows the CoPc/Au(111) VB
spectra as a function of the irradiation time by using 38 eV photons energy. The broadening
of the HOMO peak together with the smearing of the HOMO-1 induced by radiation
damage start to be effective after half an hour of measurements.

== 3 min
== 35 min

™% HOMO-1 Oo=1h

HOMO
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30 20 -0 00
Binding Energy (eV)

Figure 3.4 The CoPc/Au(111) VB spectra as a function of the irradiation time
by using 38 eV photon energy.

Since the photon energy is smaller than the Co 3p ionization energy (~55 eV), the
observed changes in the peaks should not be originated from the partial dissociation of the
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CoPc molecule, but more likely from a higher molecular disorder induced by the photon
flux. The spectrum just after the irradiation (3 min) is the one reported in the combined
PES-IPES spectra in Figure 3.3a. Concerning the origin of this feature, previous STM
measurements’’ and VB spectra of CoPc thin films?*?*3! point out the presence of a low-
lying state to the HOMO and assigned it to the Co 3d,? orbital. Accordingly, we assign h' to
the single occupied molecular orbital (SOMO) originating from the Co 3d,? orbital.
However, in the CoPc/Gr case h’ is broader and barely observable; it is worth noting that
all its peaks are broader than in the CoPc/Au(111) sample, suggesting a higher molecular
disorder.

3.2 CoPc thin films excited state dynamics

Before discussing the excited state dynamics in the CoPc films, for the sake of clarity
the CoPc optical properties will first be briefly reported. Figure 3.5 shows the UV/Vis
absorption spectrum of a CoPc film on quartz from ref. 8. The UV/Vis absorption of CoPc
shows three bands, the Q band, the B-band (Soret band) and the N-band, all involving nn*
excitation of the macrocycle®*°. The Q-band is split into two peaks since in the solid state
the exciton coupling lifts the double degeneracy of the LUMO (nn* states). The two peaks
are located at about 1.8 eV and 2 eV, A and B respectively*®*®. However, the presence of a
transition metal with half-filled d shell origins additional excited states, =d* or CT states on
the high-energy side of the Q-band®’. Inter-molecular CT states are often coupled with
intra-molecular exciton states gaining an appreciable intensity in the optical absorption
spectra from excitation of the n* states'? " e therein38 Thig fact may be a first suggestion
that the 3d orbitals of the transition metal are directly involved in the degree of mixing
between CT and intra-molecular excitons.

N-Band
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Figure 3.5 CoPc/quartz thick film optical absorption spectrum from ref. 8.

The excited state dynamics of the CoPc were studied by transient absorption
spectroscopy (TAS) in two different time domains (15 ps and 7 ns) and time-resolved
photoemission spectroscopy (TR-PES). To have comparable results with the literature® and
point out the CoPc relaxation dynamics independently of the influence of molecular
ordering, the disordered CoPc/ITO film was first studied as a reference. Figure 3.6a shows
the TAS spectra in transmittance mode obtained by using three different pump pulse
energies, 3.1 eV (Soret band excitation), 2.41 eV (Q-band excitation) and 1.21 eV
(excitation into the CoPc band gap) at two different time delays, 0.25 ps and 15 ps.
Independently of the pump energy, all the spectra in the Q-band region show two transient
bands with negative signals (I and 111) and one with a positive signal (11). Negative signals
in TAS spectra correspond to absorption bleaching (see section 2.4.3. of Chapter 2). In this
case, the band I and Il represent the ground state bleaching due to the depletion of the
ground state by the excitation pulse which promotes electrons from the HOMO to the
LUMO (A and B components of the optical spectra, respectively). As a consequence, the
excited configuration of the CoPc absorbs less in that spectral range than the ground state.
The positive signal 11 is called induced absorption (see section 2.4.3. of Chapter 2), i.e.
excited states give rise to an additional absorption not possible from the ground state (for
fixed photon energy). In other words, the bands | and Il represent the excitation from the
singlet ground state (So) to the first singlet excited states (S;). The band Il corresponds to
the transition from the first triplet excited state (T1) to the second triplet excited state (T>).
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Figure 3.6 a) TAS spectra in transmittance mode of the CoPc/ITO sample using
three different pump pulse energies; b) Decay curves of the transient bands I, 11
and 11l using a pump pulse of 2.41 eV and of H’ using a pump pulse of 1.21 eV;
c) TAS spectra using a 2.41 eV pump pulse at time delays of 15 ps and 7 ns; d)
Decay curves of the transient band I, 11 and 111 using a 2.41 eV pump pulse.

Decay time Probe photon energy

1.27 eV (H") 1.75 eV (I) 2.08 eV (III) 1.92 eV (IT)
T1 208 f5 285 fs 422 fs ns
T2 = 1.78 ps 2.92 ps

Table 3.1 Decay times as a function of the probe photon energy of the
CoPc/ITO sample estimated by using eq. 2.5 (see section 2.4.3 of Chapter 2).

These assignments are further confirmed by the relative decay curves of each transient
band (figure 3.6b). The bleaching signals I and Il show decays occurring in two distinct
timescales: an initial ultrafast relaxation which involves two dynamical processes (with
decay times of hundreds of fs, 11, and of few ps, 1, - Table 3.1), and a longer decay of the
residual signal evolving over the ns time domain (Figure 3.6¢c and d). The induced
absorption signal Il evolves over the ns time scale, as characteristic of triplet state
dynamics. All three pumps show the same kinds of decay times. Since the 3.1 eV pump
pulse excites the system into the Soret-band, (S,), Kasha’s rule predicts ultrafast inter-band
(S vibrational cooling) and intra-band relaxations (S,—S1) should be the first dynamical
processes to occur (Figure 3.7). However, no differences are observed in TAS spectral
feature and relaxation dynamics by exciting the system to S; (pump 2.41 eV) or S, (pump
3.1 eV). This fact allows us to point out that:
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1) Intra-band relaxation of S, (vibrational cooling) and inter-band process (S,—S;) are
faster than our experimental time resolution and not responsible for the initial ultrafast
relaxation of the bands I and I11 (11)

2) T, is populated through intersystem crossing (ISC) by S; rather than S,. The process
is faster than 0.25 ps (the band Il has completely developed within 0.25 ps) and not
assignable to t; (Figure 3.7).

As we will demonstrate in the following of this section, T, corresponds to the relaxation
of S; to the ground state by the internal conversion (IC) process. The ultrafast ISC in the
CoPc is rationalized supposing that the coupling between the transition metal 3d orbitals
and the phthalocyanine-based exciton states provides additional channels for the relaxation
of the excited states, leading to high 1SC quantum yield*****!. The involvement of CT
states, originated from the 3d half-filled shell, acting as intermediate in the evolution
between ‘nn* and *nn* configurations may obviate the need for an unfavourable spin-orbit
coupling (3S (*nn*)—2CT—?T (ra*))™. In summary, the CoPc exciton dynamics in the Q-
band energy region can be rationalized as shown in Figure 3.7.
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1.21 eV = F S e
: 1= ns time domain
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Figure 3.7 Jablonski diagram of the relaxation excitation and relaxation
processes in the system, discussed in the text. I, 11, Il refers to the transient
bands observed in TAS spectra.

After excitation by the pump pulse, the first singlet excited states, Si, (transient
bands I and I1l) have two possible de-excitations pathways over the first ps: directly
relax to the ground state by IC (S1—So) or populate T, through ISC (S;—Tj). In any
case, the complete relaxation of S; is not achieved over the first 15 ps and a long-
lasting bleaching signal persists over the ns time domain. The induced absorption
signal at 1.92 eV (T;—T,), similarly to the residual signal of S; states, is almost
constant over a time scale of about 7 ns (Figure 3.6¢ and d). This fact suggests that no
further relaxation of S; states occurs as long as the population of T, states decays to the
ground state. Since no fluorescence is reported in the CoPc***? it can be concluded that
the coordination of the Co into the macrocycle drastically enhances the I1SC yield and
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the de-excitation through the triplet states becomes one of the main relaxation channels
in the CoPc thin film.

In Figure 3.6a it is possible to note another feature at about 1.3 eV, marked H’. By
using a 1.21 eV pump pulse (excitation energy below the CoPc optical gap) it becomes
the predominant transient band in the spectra. It will be shown that the dynamic process
associated with H’ may specifically involve the Co 3d,? orbital. We recall that the
single occupied Co 3d,? orbital gives rise to a SUMO with HOMO-SUMO energy
separation of about 1.3 eV (Figure 3.3a). The lack of H’ by using a 2.41 eV pump pulse
may be due to its superimposition to the broad positive induced absorption signal
ranging from 1.3 eV to 1.6 V (whose intensity is highly enhanced at this excitation

energy).

The TAS spectra using a 2.41 eV pump pulse of the ordered CoPc/Gr and
CoPc/Au(111) films are shown in Figure 3.8a.
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Figure 3.8 a) CoPc/Gr and CoPc/Au(111) TAS spectra in the Q-Band energy
region; b) Estimated decay times, t1 and 72, as a function of the probe photon
energy in the Q-band energy region. c) Decay time 13, attributed to CT exciton
dynamics, as function of the probe photon energy and the bleaching signal IlI

from TAS spectra is shown for comparison.
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In this case, the measurements were performed in reflectance mode (opaque
substrate) and the spectra can result mirrored with respect to the transmittance mode**,
However, the physical meaning of the transient bands in the two cases is qualitatively
the same. For this reason, the spectra in Figure 3.8a have been multiplied by -1 to
facilitate the graphical comparison with the CoPc/ITO sample previously discussed.
Both samples have TAS spectra qualitatively identical to those of the CoPc/ITO thin
film in the Q-band region; the bleaching signals | and Il show an ultrafast double
exponential relaxation dynamics with decay times t; and t, over the whole Q-band
(Figure 3.8b), and the induced absorption Il decays in the ns time domain (the origin of
the bands I, 11, and III has been previously discussed). The decay time 13 is independent
of the film structure: the ordered and disordered systems have values nearly identical.
This fact suggests that t1 iS due to an intra-molecular relaxation process. The decay
time T2, as shown in Figure 3.8c, in both samples shows a maximum value at about 2.1
eV of photon energy. However, it has a clear dependence on the CoPc thin film
structure, going from 4 ps in the brickstone structure to tens of ps in the herringbone
structure. Gadalla et al.® from TAS measurements on a CoPc/quartz system report, as in
our case, a relaxation dynamics centred at 2.04 eV of photon energy, tentatively
attributed to the presence of a delocalized CT exciton band. Inducing a strong coupling
between adjacent molecules, the perpendicularly oriented Co 3d,> may originate a band
of delocalized CT exciton states allowing an efficient excitation energy transfer along
the molecular stacking axis (additional relaxation channel). Considering that CT states
are located in the high-energy side of the Q-band*®’ (2.2 eV) and the relaxation dynamic
at 2.1 eV is dependent on the molecular structure, we assign 1, to the CT exciton
dynamics. Accordingly, the observation of a decay time t, in both transient bands | and
11 (Figure 3.8b) can be rationalized by taking into account hybridization effects
between CT and S; states. The degree of mixing between states is strongly related to
their energy separation®®. Due to the small energy difference between the S; states of
the LUMO (0.2 eV), a partial CT character is expected over the whole Q-band energy
region, even though with a lower degree of mixing at the low-energy side (the transient
band 1). Due to the rapid ISC, faster than our experimental time resolution, here it is not
possible to discern if CT states effectively play an active role as intermediate in
enabling the evolution from S to T configurations. Nevertheless, the comparison with
TAS spectra in the literature of a-CuPc films highlights the possibility of a significant
contribution of the out-of-plane Co 3d,? orbital to the CT dynamics of the CoPc. We
recall that in the case of the CuPc, the single occupied metal orbital is the 3dx2_y2 (in-
plane oriented). The TAS spectra of both systems show the bleaching signals | and
11133, However, in the CuPc case only the band | show an initial ultrafast relaxation
similarly to the CoPc, whereas the band 111 decays in hundreds of ps*. In CuPc films
has been pointed out that, after an initial excitation along the molecular plane, the
transition dipole polarization of the intermixed S;-CT excitations turns by 65° aligning
along the molecular stacking axis. Such reorientation is interpreted as the dynamics and
the direction of the charge separation process'?. We believe that in the CoPc case the
perpendicular orientation of the Co 3d,? orbital along the molecular stacking axis
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direction may highly enhance the efficiency of the CT and charge separation dynamics,
giving rise to an additional channel for a faster relaxation of the band Ill. In any case,
future femtosecond TAS measurements could be useful to clarify those points.

Finally, as in the CoPc/ITO case, both samples also show the band H’ (Figure 3.9a),
even though its relaxation dynamic differs. It has a decay time of sub-ps in the
CoPc/Au(111) and of ns CoPc/Gr sample (Figure 3.9b). In the CoPc/Au(111) film is
observed an additional negative peak at 1.6 eV. The transient spectra of the Au(111)
substrate show the same intense negative band at 1.6 eV. We recall that TAS
measurements in reflectance mode are also sensitive to the dynamical processes of the
substrate. Similarly, the CoPc/Gr sample shows a broad negative band ranging from
1.25 eV to 1.5 eV not observed neither in the CoPc/Au(111) nor in the CoPc/ITO
samples. The comparison between the decay curve of H’ of the CoPc/Gr sample and
the decay curve of the dynamics observed in the Gr substrate at the same photon energy
of H” (1.27 eV) is shown in Figure 3.9c. The relaxation dynamics are identical.
Therefore, in the CoPc/Gr case the origin of H’ is due to the long-living dynamics of
the Gr substrates and not to the molecular film.
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Figure 3.9 a) TAS spectra of the CoPc/Gr and CoPc/Au(111) samples using a
2.41 eV pump pulse; b) Comparison between the decay curves of the transient
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band H’ of the CoPc/Gr and CoPc/Au(111) samples; c¢) Comparison between
the decay curves at 1.27 eV of the photon energy of the CoPc/Gr sample and Gr
substrate.

To clarify the nature of the decay time t; and of the band H’ (in the CoPc/ITO and
CoPc/Au(111) samples) we exploited the sensitivity to the states of TR-PES. The
CoPc/Au(111) TR-PES spectra using a 2 eV pump pulse are shown in Figure 3.10a.
The CoPc/Gr spectra are not reported since, as mentioned in discussing Figure 3.3c,
due likely to the higher molecular disorder, the SOMO was barely observable without
providing any additional information. After the pump pulse excitation two effects are
observable, the HOMO bleaching, due to the promotion of electrons into the LUMO,
and a shift in energy toward Er of the SOMO. In the former case, we found a decay
time of 298 fs (Figure 3.10b), that matches t1 in the TAS spectra. Considering the lack
of fluorescence of the CoPc***® and that the de-excitation of triplet states occurs in the
ns time domain, we assign t; to the non-radiative relaxation of the singlet excited states
to the ground state by IC (S1—Sy). Noteworthy, the SOMO shift shows a decay time of
148 fs. Comparable values are observed in the decay curves of H’ in the CoPc/ITO and
CoPc/Au(111) TAS spectra. The comparison is shown in Figure 3.10c. The comparison
between TAS and TR-PES decay curves is meaningful even in the case of opposite
signs. The TAS spectra signal is dependent on the mode used (transmittance or
reflectance) and the chosen unit measure (AOD, AT or AR). We recall that using a 1.21
eV pump pulse H’ becomes the predominant band in the TAS spectra (Figure3.6a).
Furthermore, combined PES-IPES spectra show a HOMO-SUMO energy separation of
1.3 eV which corresponds to the photon energy of H’ (1.27 eV). However, safely
addressing the origin of such dynamics is far away to be trivial. The low intensity of
the SOMO makes it difficult to detect a possible SOMO-LUMO transition promoted by
the excitation pulse. The CoPc optical absorption spectra in the literature do not report
any direct evidence of possible intra-gap absorption at 1.3 eV due to SOMO-LUMO or
HOMO-SUMO excitations. Furthermore, it is not possible to safely exclude the
involvement of trap-states due to film defects or other types of intra-gap states.
Nevertheless, we hypothesize that a partial redistribution of the charge density between
the different atomic sites of the molecule may lead to a shift in the energy of the
SOMO peak. We recall that the HOMO has mostly atomic orbital contribution from the
C and N atoms of the Pc macrocycle, whereas the SOMO and SUMO are localized on
the Co atom??*. The promotion of electrons from the HOMO to the SUMO by the
pump excitation would imply the complete occupancy of the single occupied orbital
and the charge redistribution toward the Co atomic site, possibly justifying the energy
shift toward Er. Calculations show that, due to the repulsion between electrons, the
complete occupancy of the Co 3d,” orbital should cause an energy increase of the
corresponding state by 0.2 eV%.
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Figure 3.10 a) CoPc/Au(111) sample TR-PES spectra before and after the
pump pulse; b) decay curve of the HOMO repopulation (Al is defined as the
difference between the PES intensity with and without the excitation pulse); c)
comparison between the decay curves of the SOMO shift in the TR-PES spectra
(top) and of the transient band H’ of the CoPc/ITO (middle) and CoPc/Au(111)
(bottom) samples in the TAS spectra.
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4. The SPV effect in semiconductor systems

The characterization of the surface photovoltage (SPV) effect in technologically
important inorganic semiconductors and organic-inorganic heterojunctions is discussed in
this chapter. | developed the code LEINEC (Light/Electron Induced Non Equilibrium
phenomena Calculator) to model the static and transient SPV effect in semiconductor
systems. The code uses two models based on the thermoionic field emission theory to
simulate the experimental results™. The validity of the code in predicting the static and
transient SPV has been tested in inverse photoemission and photoemission data sets from
the literature*>® (SiO,/Si, GaP and GaAs systems). In the second step, TR-PES
measurements were performed on n- and p- doped SiO,/Si(100) systems to study the
dependence of the SPV relaxation dynamics on the doping and photon flux. The LEINEC
code has been able to evaluate their SPV magnitude and relaxation dynamics correctly.
Finally, the copper phthalocyanine (CuPc)/SiO,/p-Si(100) heterojunction was studied by
TR-PES. Transient SPV effect is observed in the molecular thin film with identical
magnitude and relaxation dynamics of the Si/SiO, substrate, suggesting a relationship
between the SPV relaxation dynamics in the two materials.

4.1 The SPV effect

As briefly mentioned in section 1.2 of Chapter 1, close to the interface or surface of
inorganic semiconductor systems a perturbation of local charge balance may be present and
the energy bands are bent. The band bending at the interface or surface of semiconductors
may arise in two cases: when a semiconductor is in contact with a metal or a second
semiconductor (Figure 4.1a), or when surface states are present at the surface of a clean
semiconductor (Figure 4.1b). The perturbation of the energy levels at the interface is due to
the equilibration between the Fermi levels (Ef) of the semiconductor and the metal (or the
second semiconductor) when are in contact’°. Similarly, the equilibration of the bulk Er
(Eruiky) with the surface Eg of the surface states (Ereurr)) induces band bending at the
surface of a clean semiconductor. For sake of clarity to the terminology used in the chapter,
a short overview of the band bending is given in the following. The case of the
semiconductor in contact with metal is first discussed. When a semiconductor and a metal
are in contact, the Er of the two materials must coincide at thermal equilibrium. If the work
function of the semiconductor is lower than that of the metal (Figure 4.1a, n-type
semiconductor with ¢s<dn), electrons will flow from the semiconductor to the metal to
equilibrate the Ers. As a consequence, the region close to the interface of the metal is
negatively charged and, due to electrostatic induction, an equal and opposite charge must
exist in the semiconductor. Because of the low concentration of free carriers in the
semiconductor, the induced electric field at the interface is not effectively screened.
Therefore, the positive charge excess is distributed over a barrier region near the
semiconductor interface, called depletion layer (lack of electrons) or more generally space
charge region (SCR)"™.
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Figure 4.1 Energy band diagrams of a) n- and p-type semiconductor contacts
(equilibrium condition) and b) near the surface of a clean semiconductor (n-
doped) before and after equilibrium of the bulk and surface Eg. Eys is the
vacuum energy, Eyv and Ec are the energy of valence and conduction band
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minimum, and Evgv and Ecgm are the energy of valence and conduction band
maximum. See the text for more details.

In other words, over the whole SCR the energy band edges are continuously shifted
(upward in this case). This is called band bending (Vgg). As a consequence, a barrier is
formed at the semiconductor interface, called Schottky barrier (¢psg). In the second case (p-
type semiconductor with ¢s>dwm), the Er equilibrium will be achieved by electron flow from
the metal to the semiconductor and the SPR is called accumulation layer (downward band
bending). A conceptually identical scheme is adopted for the clean doped semiconductor
case (Figure 4.1b). The semiconductor bulk Er has to equilibrate with the surface states Er.
Usually, the surface Ef is pinned by the surface states in the mid of the gap. This is because
the density of surface states is larger (~10" cm™) than that of the bulk dopant states
(~10°-10" cm?). Therefore, the bulk dopant concentration does not alter the surface E¢"
10

The SPV effect can be schematized in three steps (Figure 4.2)®'*. When photons (with
enough energy to promote a band-to-band transition) are absorbed by a semiconductor
system, electron-hole pairs are generated. In the second step, the photo-excited electron-
hole pairs are separated by the induced surface/interface electric field, generating free
carriers. Depending on the direction of the electric field the free charges will move in
opposite directions. As a consequence, an accumulation of charges (positive or negative)
will be present near the surface/interface, generating a voltage called SPV. The generated
SPV lowers the degree of band bending™>#**. In the final step, the equilibrium is restored
by the transport of electrons through thermoionic emission over the surface/interface
potential barrier. In other words, the absorption of photons induces a change in the surface
potential which causes band flattening. A similar effect is observed using electron fluxes, in
this case, is called surface voltage (SV)***.

a) b) C) Thermoionic emission

SCR

Figure 4.2 Schematic representation of the SPV effect by a three step model in
a n-type semiconductor: a) and b) evolution of the SPV in a n-type
semiconductor, and following relaxation through c) the thermionic effect. Ey
and Ec are the energy of valence and conduction band minimum, and Eygy and
Ecewm are the energy of valence and conduction band maximum.
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The Er position is the most important bulk parameter in determining the degree of band
bending. However, several additional factors determine the SPV magnitude and relaxation
dynamics as the temperature, dopant and defects concentration, surface velocity
recombination and the incident photons/electron flux, among others'*®* As a
consequence, the SPV/SV dynamics can occur in an extremely wide temporal range, from
ps to seconds, depending on the condition of the system™*>***". Unlike many relaxation
dynamic processes, the SPV decay is not a simple exponential. The potential barrier at the
surface/interface is itself a function of time. After the generation of free carriers (non-
equilibrium situation), the majority carriers start to restore the equilibrium by recombining
with the accumulated charges close to the interface/surface via thermoionic emission
(restoring the band bending). This is the step with the highest decay rate. Since the degree
of band bending is gradually restored, (Vgg increases) the decay time becomes slower until
the barrier is completely restored (SPV=0). The SPV can be seen as a continuously
decelerating process.

4.2 The LEINEC code

During my PhD, | developed the LEINEC (Light/Electron Induced Non-Equilibrium
phenomena Calculator) code to model and evaluate the SPV/SV effect in semiconductor
surfaces and interfaces. LEINEC uses two different theoretical models based on a priori
calculations'. Both models are based on the thermoionic field-emission theory developed
by Schottky and Mott in 1938, used to explain the current transport in metal-semiconductor
contact at thermal equilibrium’. The thermoionic field-emission theory is based on three
fundamental assumptions:

1. The barrier height is much larger than KgT (where Kg is the Boltzmann
constant and T the temperature).

2. The thermal equilibrium is achieved at the plane of emission, hence the
current-limiting process is the actual transfer of electrons across the interface
between the semiconductor and the metal. The effects of drift and diffusion in the
depletion region are assumed to be negligible, which is equivalent to assuming
infinite mobility. It follows that the quasi-Fermi level (E£*) of electrons remains flat
throughout the depletion region and coincides with the Ef in the bulk.

3. The existence of a net current flow does not affect the equilibrium condition.
This implies the possibility to consider two opposite currents in balance from the
semiconductor to the metal and form the metal to the semiconductor, with different
Er*. Furthermore, the barrier shape becomes irrelevant: the current flow depends
only on the barrier height value.

Accordingly, the net current is given by the relation:
-qd qV
] = A*Tze( KB;B)e(m) (4.1)
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where A* is the Richardson constant, ®gg is the Schottky barrier, g is the elemental
electron charge, and V is the induced difference of potential (SPV/SV) due to the external
perturbation. However, several factors are not considered. The carrier diffusion, tunnelling
current, image charge effect and leakage current are neglected. The surface recombination
velocity is considered small or negligible (generally not true). Anyway, despite the
simplicity and the drastic approximations, the model well predicts the behaviour of many
semiconductor systems. The first of the two models, namely model 1, calculates the steady-
state SPV effect by using eqg. 4.1. (the SPV magnitude soon after the photon or electron
flux excitation). Following the Hecht’s model of Schottky barrier® it has been proposed a
derivation of this equation able to model the evolution in time of the SPV:

SPV )

7(SPV) = TDe<_’7KBT (4.2)

Where 1p is the “dark” carrier lifetime and 1 is the ideality factor of a Schottky diode. The
amount of charge carriers at the surface is connected to the SPV by the expression (valid
for KgT <« SPV « |Vgs|)":

SPV (—SPV) n ('VBB|)
2= p\KBT) = P p\ KT (4.3)
KpT Ny

where no is the doping carrier concentration, and n, is the photo-excited carrier
concentration (ny/no=Ap). The dependence of the SPV decay time leads to a decay equation
for the surface charge given by':

dby _ _—Ap
dt  T(SPV)

(4.4)

Combining the eq. (4.3) and (4.4) the differential equation is solved:

SPV(t) = —mKgTIn <1 — <1 - e(fﬂl:\g)) e(_%)> (4.5)

where SPV, is the maximum value of the SPV magnitude after excitation.

The second model, namely model 22 @ refs therein a5 the first approximation considers
only the SPV due to excitation of surface states and photon absorption in the space charge
region, assuming negligible the contribution from the bulk (diffusion of photo-generated
free electrons and holes from the bulk). It assumes that the SPV is primarily caused by a
variation in the negative charge density at the semiconductor surface and that the total
density of the acceptor and donor states is located at the interface. The sources of surface
charges can be due to absorbed species on the surface or to semiconductor contacts and
interface states. In the first case, the charge is considered fixed and the exchange of
electrons is very slow. In the second case, the photo-generated carriers quickly interact with
the surface charge, and transitions via surface states are assumed to be fast. The capture and

emission of electrons close to the surface/interface in the two cases are considered by an
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electron capture coefficient. Accordingly, a general equation that describes two situations,
steady-state condition and SPV decay, is obtained:

SPV

20 SV _ R e7KsT — Ry — R* (4.6)

- P
2Vgp /1—517‘; dt

Where ny(0) is the initial surface charge of the semiconductor, Ry is the bulk to surface flow
of carriers in dark conditions and R* is the bulk to surface flow of photo-generated
electrons/holes.

Under continuous illumination the steady-state situation is achieved and the SPV reach a
“saturation” (SPVy) value (dSPV/dt=0) and the eg. 4.6 can be written as:

SPVy = 11KsT In (= + 1) (4.7)
0

This equation can be compared to the one derived within the classic thermoionic emission
theory:

SPVy = nKpT In (22 +1) (4.8)
Jo

Where Iy is the current due to photo-generated carriers, and jo is the saturation current in a
Schottky diode. However, in this model have been introduced terms that specifically
consider the carrier diffusion, the surface velocity recombination as well as the attenuation
of the incident photon flux passing through the semiconductor.

Switching off the illumination, the SPV from the saturation value SPV=SPV, (at t=t;=0)
after a certain time (t;) will decrease to SPV=0. The bulk to surface flow of photo-
generated electrons/ holes stops, therefore R*=0. And from the eq. 4.6, in the case of
SPVK Vg, It is obtained:

SPVo(tl)
KpT _
t, ~ = 5Py (t,) — SPVy(ty) + nKsT In | Spro— (4.9)
2VpBRo enK—B%—l

From the comparison of the two models (eq. 4.5 and 4.9), it is possible to note that
in model 1 the SPV decay can be modelled just by using two parameters tp and n (for a
fixed T). On the contrary, model 2 considers several additional parameter characteristics of
the semiconductor system. The calculation of ny(0) involves the dopant concentration and
the degree of band bending. In the R* calculation are included the SPR width and the
photon flux (as well as its intensity decrease passing through the sample). In Rq are
included the surface velocity recombination, the density of donor/acceptor states and the
shift of EF due to the dopant concentration. All these additional parameters offer a more
versatile model to reproduce the experimental data, involving a larger set of properties of
the system studied in the calculation. As it will be shown in the following of this chapter,
the model 1, due to its simplicity presents critical aspects to be overcome. The ideality
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factor, 7, is intended as a phenomenological parameter'® which in many cases becomes a
“corrector factor” to accurately reproduce the experimental data. In literature are reported

simulations which use n values completely out of the optimal range of 0.5-2 (>10)

11,1421
H

leading to questioning its effective physical meaning in these cases.

Figure 4.3 shows the interface of the LEINEC code and the two types of output obtained
by performing a simulation, the steady-state SPV 3D map and the SPV decay curve for a
fixed SPV magnitude. LEINEC allows simulating the SPV steady-state dependence in a
wide range of parameters (dopant concentration, temperature, band bending and photon
flux) producing a graphical 3D output. An example is shown in Figure 4.3b where the SPV
magnitude is modelled as a function of a range of Vg and photon fluences.
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Figure 4.3 a) Graphical interface of the LEINEC code; examples of graphical
outputs of b) a steady state SPV simulation as a function of the photon flux and the
barrier height and of c) the SPV relaxation dynamics for a fixed SPV initial shift of
300 meV. In Figure 4.3b X is the photon fluence, Y is the barrier height and Z is

the SPV magnitude.

Once determined the SPV magnitude after photon or electron excitation, it is possible to
simulate its evolution in time (Figure 4.3c). However, several additional chemical-physical
properties are considered to correctly evaluate the SPV effect, such as the dielectric
constant, effective electron/hole mass, exciton binding energy, the density of the states of
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the valence and conduction band, band gap, intrinsic carrier concentration and absorption
coefficient. All these parameters can be included in the calculation by compiling an
external file, which LEINEC automatically recall during the simulation. In this way, it is
possible to create a virtual library and simulate every desired semiconductor system.

4.2.1 SPV parameter dependence

The most important parameters which strongly influence and determine the SPV
magnitude and the relaxation dynamics can be summarized in the band gap, surface
velocity recombination, dopant concentration, number of defects, temperature and incident
photon/electron flux'. The role of the incident photon flux is the more intuitive among all.
The magnitude of the SPV is determined by how many free charges are generated in the
semiconductor. Higher fluxes will increase the possibility to generate more free electrons
and holes increasing the SPV magnitude. However, the number of generated free charges is
also related to the absorption coefficient of the material. Depending on the temperature the
recombination of the free electrons and holes can be more or less effective. Lowering the
temperature the diffusion length of free charges is enhanced and there is a higher
probability that they reach the surface/interface without recombining. The effect of the
dopant concentration is more complex.
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Figure 4.4 Simulation of the SPV decay time (1) as a function of the
temperature (top left), dopant contrantion (top right), surface recombination
velocity (bottom left) and ideality factor (bottom right) in a p-Si/SiO; system
with SPV magnitude of 300 meV after photon excitation. For a given variable,
the other parameters were set as T= 298 K, dopant concentration=10" cm=,

surface velocity recombination= 10% cm s™ and ideality factor= 1.

Band bending is due to the lack of free carriers in the semiconductor to screen the
induced electric field. The doping of a semiconductor provides free electrons or holes. As a
consequence, the width of the SCR is reduced as the dopant concentration increases. When
the SCR is thin the charges can tunnel through the barrier and increase the recombination
efficiency lowering the SPV effect’?*. On the other hand, increasing the dopant
concentration the Eg is shifted toward the conduction or valence band, tuning the difference
in work function between the materials in contact. In this case, the degree of band bending
may be enhanced or lowered. Concerning the surface recombination velocity, it is clear that
a low value (low recombination rate) leads to higher SPV magnitude and vice versa.
Finally, the defects can influence two of the parameters above discussed. Defects lead to
the formation of trap states which enhance the probability of recombination of the free
carriers. On the other hand, defects can act as a dopant in semiconductors. Anion or cation
vacancies lead to intrinsically n- or p-doped semiconductors, representing a similar case of
the dopant concentration effects.

A simulation of the influence of these parameters on the SPV relaxation dynamics is
shown in Figure 4.4 (SiO,/p-Si sample with SPV magnitude= 300 meV after irradiation).
In all cases, the SPV relaxation dynamic shows a strong variability. Differences of several
orders of magnitude are observed by varying only one parameter. However, the most
important difference can be noted as a function of the temperature. The SPV decay time (1)
ranges from ns to hundreds of s by varying the temperature from 1000 K to 80 K,
respectively. Finally, Figure 4.4 shows the SPV decay time as a function of the ideality
factor. In the models is introduced as a phenomenological factor in terms of describing the
capture of free electrons by surface states, having a similar meaning to the ideality factor in
Schottky diodes’. But unlike for Schottky diodes, where 1 varies between 1 and 2, here 1
ranges from 0.5-2 for different models of a free surface®. For example, 1<l when trapping
occurs at the surface/interface and n~2 when significant trapping occurs in the SCR?.

4.3 LEINEC simulations of SPV and SV effects in
GaAs, GaP and SiO,/Si systems

The validity of the code in predicting the static and transient SPV has been tested in inverse
photoemission and photoemission data sets from the literature*>® (Figure 4.5). The reported
IPES spectra of GaP and GaAs samples were recorded out of this thesis work. The n- and p-
GaAs(110) wafer have 2x10™® cm?® (S doped) and 5x10'" cm® (Zn doped) dopant
concentration. The n-GaP(110) sample (S doped) has 3x10*" cm™ dopant concentration.
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Figure 4.5 a) Au/n-GaP(110) and b) n- and Au/p-GaAs(110) IPES spectra at
RT and 140 K; c) n- and p-doped Ag /GaP(110) PES spectra from ref. 4.

The clean GaP(110) and GaAs(110) surfaces were obtained by cleaving in situ pre-
notched bars of section 5x5 mm?. Thin layers of Au (few A) were grown on the GaP and
GaAs surfaces by thermal evaporation in UHV from a resistively heated tungsten basket
keeping the samples at room temperature. The SV effect was detected by IPES on both
systems and a thermoionic field emission model for the GaP system was published in the
past’. The n- and p-doped GaP spectra are reported from PES measurements of ref. 4. The
n-GaP(110) (S doped) and p-GaP(110) (Zn doped) samples of ref. 4 have dopant
concentrations of 2x10*"-2x10™ cm™®and 3.7 x10'" cm™®, respectively. The SPV shifts in the
PES data (Ga 3d and VB) were recorded for a metal deposition equivalent to 5 A at room
temperature for both (Figure 4.5c). The corresponding spectrum of the Au Ef reference is
shown on the right side (Au reference). An SPV shift of -0.46 eV and +0.26eV to the Er of
the Au reference was observed for the n- and p-doped Ag/GaP(110) systems, respectively.
The IPES spectra of n-GaP, n-GaAs and p-GaAs samples with Au deposition 1 nm are
shown in Figures 4.5a and b. Depending on the temperature different shifts, due to the SPV
effect, are observed. In the case of the Au/n-GaP system shifts of -0.25 eV and -0.5 eV are
detected by measuring at RT and 140 K, respectively. The Au/GaAs systems show shifts of
—0.2 eV in the n-doped and of +0.35 eV in the p-doped sample at 140 K. No shift is
observed at RT for both. As expected an increase in the SPV magnitude is observed by
decreasing the temperature.

56



n-GaP Model 1 n-GaP Model 2

X 1e+17
Y 1.02
Z 0.4488

10"

Barrier Height (eV) 08 4o'7 Barrier Height (eV) 08 4917
Dopant concentration (cm'?')

p-GaP Model 2

Dopant concentration (cm'l)

p-GaP Model 1
c)

10" 10
10"
Barrier Height (eV) 06 4912
Photons flux (ph em? s")

Barrier Height (eV) 06 412
Photons flux (ph cm? s")

Figure 4.6 LEINEC evaluations of the SPV effect in PES spectra of a) b) n-GaP
and c¢) d) p-GaP samples of ref. 4. The simulations are performed as a function
of the barrier height and photon flux by using the models 1 and 2. X is the
photon flux, Y is the barrier height and Z is the SPV magnitude.

PES SPV shift th?ratuTe N!odel?. N.Iodellz
Sample (eV) barrier height barrier height barrier height
(ev) (ev) (eV)
n-GaP 0.45 0.9-1.1a 1.15 1.05
p-GaP -0.26 0.76-0.88a 1 0.92

Table 4.1 Summary of the SPV shifts observed in PES spectra (ref. 4), barrier
height values from the literature and the calculated barrier height of the n-GaP

and p-GaP samples. °refs. 27,28.

Lowering the temperature the efficiency of the recombination processes is reduced and
the charge mobility enhanced. The LEINEC simulations of the steady-state SPV shift of the
PES and IPES spectra are shown in Figures 4.6 and 4.7, respectively.

The PES data from ref. 4 are accurately reproduced. The SPV shifts observed in PES
spectra and the results of the code simulations are summarized in Table 4.1. An Sgy value
of 10® cm s™ and unitary 1 were used in the model 2 simulations. It should be noted that in
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this case by adjusting the 1 it is possible to obtain a more accurate value of ®sg for a fixed
SPV shift.

The SV shifts observed in IPES spectra and the results of the code simulations are
summarized in Table 4.2. The reported LEINEC simulations (Figure 4.7) were performed
only by the model 1, because the model 2 is not able to calculate SV effect induced by
electron fluxes. The reference values of the barrier height at RT for the GaP and GaAs
samples were known from literature?” . No reference was reported for the low temperature
case of 140 K. However, as a general rule the Schottky barrier dependence on the
temperature can be approximated by*"%:

sp = HE; —2) + 6, (4.10)

where Eg is the semiconductor indirect band gap, A the spin-orbit splitting and dm IS a
parameter that depends on the metal deposited over the semiconductor surface. Considering
the increase of Ey lowering the temperature, the barrier height of both n- and p-type
samples should equally increase with decreasing temperature. However, from 300 K and
140 K, the decrease of Eg4 in both samples is very low, from 1.48 eV to 1.42 eV in the GaAs
and from 2.42 eV to 2.36 eV in the GaP. Accordingly, assuming comparable values of ®gg
at 140 K and RT should not be a drastic approximation. As can be seen in Table 4.2,
the model 1 well reproduces the IPES data.
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Figure 4.7 LEINEC evaluations of the electron-induced SV effect in IPES
spectra of the GaAs and GaP samples. The code calculates the SV magnitude in
fixed ranges. In this case the SV degree as a function of the temperature and
barrier height. X is the temperature, Y is the barrier height and Z is the SV
magnitude.

Sample IPES SV shift (eV) Literature barrier Model 1 barrier
height (eV) height (eV)
RT 140K RT 140K RT 140K
n-GaP -0.25 -0.5 0.9-1.13 - 0.94 0.80
n-GaAs 0 -0.2 0.65-0.8" - 0.6 0.5
p-GaAs 0 0.35 0.6-0.70 - 0.62 0.64

Table 4.2 Summary of the SV shifts observed in IPES spectra (ref. 6), barrier
height values from the literature and the calculated barrier height using the model
1 of the n-GaP, n-GaAs and p-GaAs samples. °refs. 27,28 and °refs. 29,30.

For a barrier height of about 0.6 eV, no SPV effect is predicted for both n- and p-GaAs
samples at RT. In the p-GaAs case, the assumption of a similar ®sg value at 140 K to RT is
valid. For a shift of +0.35 eV, it is estimated a 0.64 eV barrier. In the n-GaAs case, a slight
deviation is observed. For low temperature, the code predicts a barrier height of 0.5 eV. In
the n-GaP sample, for an SPV shift of -0.25 the code estimates a ®gsg in agreement with the
literature (0.94 V), but also in this case a slightly lower ®sg is predicted at 140 K (0.8 eV).
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Figure 4.8 a) Si 2p XPS of the SiO,/Si(100) sample with and without
synchronized laser illumination (A= 1064 nm, laser fluence 10 pJ/cm™, At= 50
ps) from ref. 5; b) Si 2p peak shift of the Si02/Si(100) sample (15 A oxide layer)
as function of the time delay (ref. 5). The inset shows the data on a logarithmic
time scale; c) LEINEC simulations of the Si 2p peak shift (SPV effect) by means
of the model 1 and of the model 2 (by using two different set of parameters, set
1 and set 2).

Model n Tp (ps) N (cm3) SRV (cm )
1 1.3 12
2(set1) 1.25 - 5x1016 4.4x10°
2 (set 2) 1.25 - 1x1015 3x10%

Table 4.3 Summary of the parameters used in the model 1 and 2 to reproduce the
SPV decay curve of the Si2ps, core level shift of ref. 5. Set 1 and set 2 refer to
different sets of parameters that accurately reproduce the experimental data.

Validated the efficiency of the code in predicting the steady-state SPV effect, a further
test was performed for the transient SPV case. The LEINEC code was used to simulate the
evolution in time of the SPV shift observed in a p-Si/SiO, system of ref. 5. The PES and
TR-PES data are reported in Figure 4.8. They observed an increasing shift of the Si2p peak
energy as a function of the oxide layer thickness, reaching an SPV saturation value of 300
meV for a 1.5 nm SiO, nominal thickness (Figure 4.8a). Figure 4.8b shows the SPV decay
curve of the 300 meV Si2p core level shift (empty dots). The solid curve is the simulated
SPV decay curve of ref. 5 by using the same model, namely model 1 in this thesis. The
parameters used in ref. 5 to model the SPV shift over time are reported in Table 4.3. Since
the model 1 was successfully used to reproduce the experimental data, in the following only
the results of the model 2 are discussed. The model 2 requires more specific parameters
than the model 1, such as the dopant concentration (N), the surface velocity recombination
(Srv), and the degree of band bending (Veg), among others. Unfortunately, in ref. 5 the
sample doping is not reported, and the Sgy value in an oxidized Si system can range from
10% to 10* cm s™ *. Furthermore, the PES spectra are reported in kinetic energy: from the
Si2ps; binding energy, it is possible to calculate the Vgg value'*®***. Therefore, three
variable parameters were present during the code simulations. However, by increasing the
photon fluence no further SPV shift was observed after 300 meV, indicating the
achievement of the SPV saturation. Accordingly, a Vgg value equal to the SPV saturation
was assumed as an approximation (flat band condition). It should stress that this
assumption is not generally true: theoretically, the SPV saturation value should represent
the degree of band bending, but in literature, SPV saturation values lower than the
estimated band bending are observed'*. The decay curves obtained by using the model 2 are
shown in Figure 4.8c together with that one of the model 1 for comparison. The parameters
used to model the SPV decay curve are summarized in Table 4.3. By using the model 2,
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two sets of parameters accurately reproduce the experimental data. This is a consequence
of the presence of two variable parameters, Sgy and N. In both, the SRV ranges in the
possible values reported in the literature. Concerning N, considering the notable SPV shift
of 300 meV it was possible to assume a low dopant concentration. Pierucci et al.'* reported
an SPV shift of about 100 meV for a SiO,/p-Si sample with a dopant concentration of
7.5x10™ cm™. No SPV shift was observed for high doping (4x10™ cm™). Accordingly, an
estimation of the dopant concentration in the range 10*°-10" cm™ seems reliable. It should
be stressed that also n was a possible variable. However, its value strongly determines the
curve shape. To accurately reproduce the shape of the experimental curve it was necessary
to assume an n value of 1.25, a value comparable to that of the model 1 (n =1.3).

4.4 Study of the SPV dependence on the photon flux
and doping in SiO,/Si(100) systems

The dependence of the SPV dynamics on the type of dopant and photon flux in
SiO,/Si(100) systems was studied by TR-PES. The p-doped (B) and n-doped (As) samples
have dopant concentrations (N) 8x10™ cm™ (16.85 Qxcm) and 1.6x10"° cm?® (0.004
Qxcm), respectively. The dopant concentration was calculated from the sample resistivity’.
The steady-states of the samples were characterized by PES. All measurements were
performed at room temperature. From the Si2p core level it was determined the Er position
(Er - Evem) and the degree of band bending (Ves) at the SiO/Si interface as given
respectively**+3°:

(EF - EVBM) = E3512p3/2 —98.74 eV (411)
and

Vgp = (EF - EV) - (EF - EVBM) (4.12)

where 98.74 eV is the energy difference between the valence band maximum and the
Si2pas core level***. Since PES is surface-sensitive, the Er - Ev value (Ey is the valence
band energy position in the bulk) is determined according to”:

(Er — Ey) = K5TIn (") (4.13)

Where N, is the effective density of states in the valence band and N is the density of
acceptors or donors. Figure 4.9 shows the Si2p core level of the n- and p- SiO2/Si(100)
samples after 3 hours of annealing at 800 K. The Si 2p3, peak is located at 99.38 eV and
99.53 eV in the p-doped and n-doped samples, respectively. The PES spectra were
referenced to the Au Eg directly in contact with the samples. Accordingly to eq. 4.11, the
degree of band bending results of -0.37 eV and +0.32 eV in the p-doped and n-doped
sample, respectively. The oxide layer nominal thickness was estimated of about 2 nm
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(calculated by the area ratio between the Si and SiO, peaks). The properties of both
samples are summarized in Table 4.4. The SiO,/p-Si(100) sample will be discussed first.
Figure 4.10a shows the Si2p peak measured before and at t=0 ns (SPV maximum value
after pump excitation) by using 15.5 pJ cm of pump fluence (A= 343 nm). A notable shift
of 95 meV toward lower binding energy, due to the SPV, is observed. Additional TR-PES
measurements using different pump fluencies were performed to verify the SPV saturation
condition. The SPV magnitude varies from 45 meV to 95 meV by increasing the pump
fluence from 0.066 pJ cm™ to 15.5 puJ cm™ However, the SPV saturation of 95 meV is
already achieved with 0.46 pJ cm™ pump fluence (Figure 4.10b). Notably, by using the
higher pump fluence (15.5 pJ cm™), the SPV temporal evolution differs from the others
involving two dynamical processes. This is shown in Figure 4.10c.

400 eV — p-SiISiO,
—— n-SilSio,

Intensity (a.u)

-106 -104 -102 -100 -98
Binding Energy (eV)

Figure 4.9 Si2p core levels of the SiO,/p-Si(100) and SiO,/n-Si(100) samples by
using hv=400 eV of photon energy.

Type p(Qxem) Doping Si2ps,, Er-Evem E--Ey Vg (eV) SCR(nm])
(em3) (eV) (eV) (eV)
p 16.85 8x1014 99.38 0.64 0.27 -0.37 800
n 0.004 1.6x101% 99.53 0.79 1.11 +0.32 5
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Table 4.4 Summary of the SiO,/p-Si(100) and SiO,/n-Si(100) sample properties.
The SCR is calculated from equation’ SCR = /% where ¢ and ¢, are the

material and vacuum permittivity, respectively, and g the elementary charge of the
electron.

The estimated decay times using different pump fluencies are summarized in Table 4.5.
It is necessary to stress that the SPV relaxation dynamics is a non-exponential decay. The
attempt to approximate the data by a sum of different exponential decays has to be intended
only as a rough estimation of reference values for the following discussion. Actually, using
a high fluence, after an initial fast relaxation (t1), the decay curve shows an identical
temporal evolution of the Si2ps, energy shift with comparable decay time (12) to the lower
fluence case.

Figure 4.11a shows the Si2ps, core level of the SiO2/n-Si(100) sample measured before
the pump pulse and at t=0 ns (111 pJ cm™ pump fluence). Also in this case an energy shift,
due to the SPV, is observed. However, despite the use of a higher flux than in the case of
the p-doped sample, it shows a lower SPV magnitude. No SPV is observed for lower
fluencies (not shown). The SPV decay curve (Figure 4.11b) shows a faster relaxation
dynamic, with 7= 1.6 ns (Table 4.5), as compared to the p-doped sample. This is expected
because of the higher dopant concentration. Increasing the doping the SCR width is
reduced. When the SCR is thin the charges can tunnel through the barrier and increase the
recombination efficiency®*?*. Several works in literature report SPV relaxation dynamics
of similar n- and p-doped SiO,/Si systems (comparable dopant concentration and oxide
layer thickness) to this work®>***". However, the SPV magnitude and decay time differ case
by case. Brocker et al.'’ report an SPV relaxation dynamics of a SiO,/p-Si sample evolving
over 800 ns. Pierucci et al.'* observed the complete decay of the SPV in the range of tens
of us. In this study, the p-doped sample shows an even faster relaxation dynamics of about
100 ns. Finally, in the case of SiO./n-Si system**, a relaxation dynamics of hundreds of ns
is reported, in contrast to our observation of about 1 ns. To clarify the origin of such
differences, the relaxation dynamics observed in this study were modelled by LEINEC. In
the following, the simulation results are discussed and compared to the results reported in
the literature.
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Figure 4.10 a) SiO»/n-Si(100) Si2p core level shift after the 15.5 pJ cm™ pump
pulse (A=343 nm) by using hv=400 eV of probe photon energy; decay curves of
the Si2ps, shift by using different pump fluencies b) within 5 ns and c) 300 ns
time delays.

Sample Fluence (pJ cm2) A=343 nm
0.066 0.46 15.5 111
. < _ _ ;= 5.9ns i
Si02/p-Si =88 ns =103 ns =112 ns
Si02/n-Si - - - =1.6ns

Table 4.5 Summary of the SPV decay time of the SiO/p-Si(100) and SiO,/n-Si(100)
samples.
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Figure 4.11 a) SiO,/n-Si(100) Si2p core level shift after the 111 uJ cm™ pump
pulse, hv= 400 eV photon energy and b) the relative decay curve.

The simulation of the relaxation dynamics for the p- and n- doped SiO,/Si(100)
samples at different pump fluences are reported in Figure 4.12. The parameters used in
the simulations are summarised in Table 4.6. Depending on the model, different
parameters are required to fit the SPV decay curves. In model 1, for a fixed temperature
(298 K), the ideality factor () and the “dark™ carrier lifetime (tp) are the two variable
parameters. In model 2, n and the degree of band bending (Vgg) were the most
important parameters in modelling the experimental data. However, several additional
parameters characteristic of the sample were required, such as the dopant
concentration, and the surface velocity recombination (Sgy). Accordingly, the model
2 should provide more insight to address the origin of the differences in the SPV
relaxation dynamics mentioned above for similar samples. Both models accurately fit
the SPV decay curves in case of low fluences (Figures 4.12a and b). From the model
1 were estimated tp= 0.43 ps and n= 0.8. A similar n value (0.9) is obtained by
the model 2. As previously mentioned, in model 2the degree of band bending,
calculated from the Si2p core level (370 meV), highly determines the accuracy of the
SPV relaxation dynamic simulation. In this regard, two different sets of parameters
accurately reproduce the experimental decay curve (Figure 4.12b). The dashed red
curve (set 2) is the simulation by using the experimental value of the band bending
(370 meV). However, as reported in Table 4.6, in this case it is necessary to assume a
high value of surface recombination velocity of 5x10° cm s™. Such a value is reported
for the bare silicon, which is not the case®®. The formation of an oxide layer over the
silicon surface leads to covalent Si-O bonds, drastically reducing the surface dangling
bonds (which act as recombination centres)*%.
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Figure 4.12 LEINEC simulations of the SiO,/p-Si(100) SPV decay curves at
different pump fluencies by using a) c¢) the model 1 and b) d) the model 2. Set 1
and set 2 are different set of parameters used for a given model to simulate the
experimental decay curves. Details on the set of parameters are reported in

Table 4.6.
Fluence Model 1 Model 2
(nJ cm?)
SPV o SPV VBB Sav
(meV) N (us) (meV) N (meV) (cms1)
0.066
16 0.8 0.43 16 0.9 95 700
(setl)
0.066
- - _ 6
(set2) 46 0.4 370 5x10
15.5 75 0.9 0.47 70 0.9 95 450
(setl)
15.5 95 0.9 0.47 95 0.85 95 500
(set2)
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Table 4.6 Summary of the parameters used in the model 1 and the model 2 to
reproduce the experimental SiO,/p-Si(100) SPV decay curves. Set 1 and set 2 are
intended as different set of parameters used to simulate the same SPV decay curve.

As a consequence, in passivated Si sample the surface velocity recombination value is
much lower, in the order of 10%-10* cm s™. The second set of parameters (dashed black
curve of Figure 4.12b) uses a much lower Vgg of 95 meV (the SPV saturation value
observed by using 15.5 pJ cm? pump fluence) and an Sgy of 700 cm s™. This fact
highlights the criticism of those models: multiple sets can graphically reproduce the
experimental decay curves. Therefore, particular attention is required to the correct choice
of the simulation parameters. They must have physical meaning. In this case, accordingly
to the assumptions of the model 2, a Vg value different from the experimental one should
not be formally correct. However, since the model itself is based on approximations, it may
not be able to satisfactory modelling the experimental data, as in this case (an Sgy of 5x10°
cm s is even less realistic). The assumption of a Vg of 95 meV can be partially
rationalized considering that, despite the theoretical SPV saturation value should be 370
meV (degree of band bending), we rather observe the achievement of the saturation at 95
meV. In other words, we tentatively assume as a potential barrier the SPV saturation value
instead of the effective one. The LEINEC simulations for high pump fluence (15.5 puJ cm™)
are shown in Figures 4.12c and d. Two different sets of parameters are used to fit the SPV
decay curve also in this case. Using similar n, tp and Sgy values to the low fluence case,
the decay curves are reproduced (Table 4.6). However, in both models, the shape of the
initial part of the fit does not exactly match the experimental curve. A Slightly deviation is
observed. Also in this case, in the model 2 was necessary to assume a potential barrier
equal to the SPV saturation rather than the experimental value. The LEINEC simulations of
the SiO,/n-Si SPV decay curve are shown in Figure 4.13. Table 4.7 summarizes the
parameters used. A slight deviation of the simulation to the experimental curve is observed
for both models. Moreover, in both cases, the parameters used are questionable.
From model 1 is obtained n= 15 and 1p= 1 ns. High values of n (>10) are reported in the
literature for SiO,/Si and other semiconductor systems™**?*. However, it is a strong
deviation from the ideal range of 0.5-2. The decrease of 1p with increasing doping is
consistent with the established carrier lifetime dependence on the resistivity in Si®’.
However, an tp of 1 ns is anyway surprisingly low: three orders of magnitude lower than
the SiO,/p-Si(100) system and reported values for similar SiO./n-Si samples'* (hundreds of
ns).
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Figure 4.13 LEINEC simulations of the SiO,/n-Si(100) SPV decay curve by
using a) the model 1 and b) the model 2.

Fluence Model 1 Model 2
(nJ cm2)
SPV o SPV VBB Say
(meV) n (ns) (meV) N (meV) (cms?)
111 68 15 1 68 5 68 2.7x103

Table 4.7 Summary of the parameters used in the model 1 and the model 2 to
reproduce the experimental SiO,/n-Si(100) SPV decay curve.

On the other hand, by the model 2 more reasonable values are estimated; n= 5 and
SRV=2.7x10° cm s™. The SRV value, despite the increase to that calculated in the SiO-/p-
Si (about 500 cm s™), still ranges in the values reported in the literature (10%-3x10* cm s™).
Such an increase can be rationalized by considering the higher dopant concentration: when
the depletion region is thin the charges can tunnel through the barrier and the
recombination efficiency increase?”?*. However, it is not possible to safely exclude that the
Si2p peak shift is due to a different dynamical process induced by the high fluence of the
pump. The relaxation dynamic occurs in a time domain highly similar to the initial fast
relaxation observed before in the SiO,/p-Si system (t;= 5.9 ns).

Previous studies show a strong correlation between the SPV relaxation dynamics and the
pump fluence®**"?°. When the laser fluence exceeds a certain threshold (depending on the
sample) the SPV effect saturates. It is shown that by using laser fluence above the
saturation, a modification in the shape of the curves and longer decay time are observed™.
As a consequence, the decay curves cannot be approximated by the thermionic model. In
this case, it is assumed that the thermionic de-excitation process is not efficient enough to
relax the total amount of photo-generated charges. Long et al.?’ show that, at high fluence,
bulk recombination processes become dominant (not considered in the models).

Nevertheless, in the SiO,/p-Si(100) SPV relaxation dynamic it is not observed a longer
decay time by using high fluencies, and the shape of the decay curve differs only in the first
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part (tens of ns). After 100 ns the low and high pump fluence decay curves match, showing
identical relaxation dynamics for long time delays. For this reason, a further simulation was
performed assuming a lower SPV saturation value (about 70 meV). This assumption equals
considering the fast relaxation dynamics of a few ns as a different dynamical process to the
SPV. The corresponding simulation should reproduce only the SPV relaxation dynamics.
The so-obtained curves still accurately fit the experimental data (without considering the
initial fast relaxation). Noteworthy, the fits cross the previous simulation (dashed red
curves) after tens of ns, a time comparable to the complete relaxation of the fast dynamical
process. Accordingly, two scenarios are possible. The experimental decay curve is due to
the contribution of two different relaxation dynamics, in which the “real” SPV magnitude
is about 70 meV and an additional process leads to the further 20-25 meV shift. On the
other hand, it is well established that high fluencies lead to more complex SPV relaxation
dynamics not correctly evaluable by the thermoionic model. A more systematic
characterization is required to clarify this point.

Ref. Type Doping Fluence Oxide |sPv| Decay n Tn
(em3) (pJ cm?) layer (meVv) time (pns)
(nm)
L P 8x10%4 15.5 2 95 100 s 0.9 0.47
study
1015-
5 P 1016 15 1.5 300 400 ns 1.3 12
1015-
17 p 1016+ 0.7 1.5 150 40 ns 2 0.7
14 P 7.5x10%4 0.37 - 120 1-10 ps 5 2.5
This n 1.6x10% 111 2 68 1.6ns 15 103
study
14 n 4x1019 60 - 50 100 ns 3 0.1

Table 4.7 Summary of the parameters used in literature and in this study to simulate

the SPV decay curves of p- and n-doped SiO,/Si systems. *values not reported from

the literature, but estimated by LEINEC (section 4.3).

Finally, the comparison between the results of this study and the literature®**’ is
discussed in the following. Table 4.7 summarises the sample properties and simulation
parameters used in this work and the literature. The SPV relaxation dynamics of literature
were modelled by the same model above discussed, namely model 1. For this reason, the
model 2 results are not reported. In refs. 5 and 17 the dopant concentration is not reported.
However, in chapter 4.3 a reasonable estimation has been provided by LEINEC simulations
(10*°-10" cm™). Similarly, in ref. 14 the oxide layer thickness is not discussed. However,
to grow the oxide over-layer a similar thermal procedure was used. Comparable oxide
thicknesses of a few nm can reasonably be assumed. Considering first the SiO,/p-Si
system, different SPV magnitude and relaxation dynamics are reported for highly similar
systems. In this study and ref. 14 are observed SPV saturation values of about 100 meV
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(using comparable pump fluences). On the contrary, in ref. 5 by using a comparable pump
fluence, to this study and ref. 14, a shift of 300 meV is observed. They report a dependence
of the SPV magnitude on the oxide layer thickness. With lower oxide thickness, the SPV
magnitude decreases. Accordingly, small differences in the oxide layer thickness (which
are an estimation) may justify the different SPV magnitude. However, it is difficult to
address the strong difference between the SPV relaxation dynamics in the three cases: 100
ns in this study (SPV of 95 meV), 400 ns (SPV of 300 meV) in ref. 5 and 1-10 ps (SPV of
120 meV) in ref. 14. According to the theory, a higher SPV magnitude would require a
longer relaxation dynamic. On the contrary, the 300 meV SPV relaxation dynamic in ref. 5
is faster than the 120 meV SPV relaxation dynamic in ref. 14. The same authors of ref. 5
report further SPV characterization of the same SiO,/p-Si sample as a function of the
photon fluence in ref. 17. Using lower pump fluence (than that used in ref. 5) as expected
they observe a lower SPV shift of 150 meV and a faster relaxation dynamic (40 ns).
However, in modelling the SPV relaxation dynamic they assume a lower tp (0.7 Us) to the
high flux case (tp= 12 ps). This is in contradiction with the concept of the thermoionic
process: as the SPV decrease, the band bending at the surface is lowered. This means that
the free charges to recombine via thermoionic emission (restoring the equilibrium) have to
overcome a higher potential barrier and the carrier lifetime is enhanced (higher 1p).
Furthermore, they also use a higher n value (to the high flux case), in contrast to the
observation of ref. 14: increasing n values were required in the simulation for increasing
fluences.

Similarly, the comparison between similar SiO,/n-Si systems in this work and ref. 14
highlights differences, in the SPV relaxation dynamics, difficult explainable. By using
comparable pump fluencies on samples with highly similar dopant concentrations,
comparable SPV shifts (about 50-60 meV) are observed. Nevertheless, the respective
relaxation dynamics evolve in different time domains: 1 ns and hundreds of ns. In
modelling, completely different n and tp values are required.

This final discussion has the aim to stress the limitations to overcome in the actual
models. The “versatility” of n may lead to use it as a correction factor. Despite the
efficiency of the models in reproducing the experimental SPV relaxation dynamic,
discrepancies between different studies are present. In similar samples, pronounced
differences are observed in the SPV dynamics and different parameters are used in
modelling. Better parameterization of the system physical properties has to be included in
the presently available models to correctly address the origin of the differences in SPV
dynamics in different systems.

4.4.1 The CuPc/SiO,/p-Si(100) heterojunction

The characterization of the SPV influence in organic/inorganic heterojunctions has
been performed on a CuPc/SiO,/p-Si system. CuPc thin films of 0.7 nm and 2.2 nm
nominal thicknesses were grown on the SiO,/p-Si sample discussed in the previous
section. Figure 4.14 shows the Si2p, C1s and N1s core levels of the bare substrate and
at the two different CuPc film thicknesses. The presence of C before the deposition is
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due to the normal presence of weak C contaminations also in UHV (after CuPc
deposition the C1s peak shape differs). After the deposition of a 2.2 nm CuPc film the
Si2p peak intensity is low but still observable.

a) : (;B;f::: deposition S|2p b) : :?'ﬁﬁ deposition C1 s C) : (I)B;fz: deposition N 1 s
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Figure 4.14 a) Si2p, b) Cl1s and c) N1s core level of the CuPc/SiO,/p-Si sample
at different film thicknesses.

This is an ideal condition to study both the SPV dynamics of the CuPc and Si and how
the formation of an interface influences the relaxation dynamics. The TR-PES Si2p, Cls
and N1s core levels before the pump pulse (A=343 nm) and at t=0 for the 0.7 nm and 2.2
nm CuPc films, and their relative decay curves are shown in Figure 4.15. Both CuPc core
levels show an energy shift toward lower binding energy, as in p-type semiconductors.
Noteworthy, the C1s and N1s peak shifts magnitude equal that of the Si2p. Furthermore,
their relaxation dynamics are identical within 7 ns and no differences are observed in the
Si2p SPV decay curve before and after deposition. Accordingly, it is assumed that all
relaxation dynamics evolve in the range of hundreds of ns, as in the bare SiO,/p-Si case
discussed in the previous section. Several studies are reported in the literature about the
CuPc excited state dynamics®™*', showing relaxation dynamics from hundreds of fs to
hundreds of ps, i.e. processes much faster than the relaxation dynamics observed in the
present work. The only exception concerns the decay of CuPc triplet excited states whose
lifetime is reported in the 5-8 ns time range®. However, this value is still much faster than
our dynamics, and the assumption of a 100 meV rigid shift of all CuPc core levels due to
the rearrangement of the electronic configuration from singlet to triplet states is
questionable (the C2p and N2p frontier orbital would be mostly affected rather than the
relative core levels).

SPV spectroscopy performed by Kelvin probe force microscopy points out changes in
the surface potential of CuPc/Si(100) and CuPc/ITO films with magnitude and relaxation
dynamics comparable to our case****. Accordingly, we assign the C1s and N1s peak shifts
to the SPV effect. The identical SPV magnitude and relaxation dynamics of the CuPc and
the SiO./p-Si(100) substrate suggest a direct relationship between the two processes.
Rationalizing the energy level alignment at the interface in organic semiconductors by
using the inorganic band bending theory is not completely correct. Several differences are
present between the two types of systems. The molecular ordering, the presence of
molecular dipole and the different types of the carrier transport mechanism, among others,
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are additional factors to consider to correctly modelling the SPV effect in organic
heterojunctions™.
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Figure 4.15 a) C1s, b) Si2p and c¢) N1s core level of the CuPc/SiO,/p-Si sample
before and after pump excitation, and d) e) f) the relative decay curves.

However, several studies report similarities in the behaviour of organic semiconductors
to the inorganic when forming interface systems*®**®. Gorgoi et al.*® by combined PES-
IPES measurements demonstrated the formation of band bending at the CuPc/H-Si(111)
interface. They observed the saturation of the HOMO and LUMO shift (0.4 eV) after
depositing 15 nm thickness CuPc film. However, in CuPc films thinner than 3 nm no band
bending is detected resulting (no shift of the HOMO and the LUMO were observed). Due
to the low film thickness, at the CuPc interface, it is not possible to distribute the excess
charges induced by the equilibration of the energy levels (according to the inorganic
model) over the required SCR width. Accordingly, considering the CuPc film thickness of
2.2 nm, band bending should not be present at the CuPc interface in this study.
Nevertheless, the experimental data suggest a strong correlation between the observed
CuPc relaxation dynamics and the SPV effect. After equilibration at the SiO,/Si interface,
the Si and the SiO; are negatively and positively charged, respectively. Since the SiO, layer
is extremely thin (2 nm), on the other side of the oxide layer, the CuPc/SiO; interface, the
excess of positive charge should not be effectively screened, influencing the CuPc layer
charge distribution. In other words, we tentatively assume that to counterbalance the excess
of positive charge, at the SiO, surface that faces the organic film, negative charging of the
CuPc layers may be induced. As a consequence, the CuPc core levels shift and their
relaxation dynamics would directly reflect the "reorganization™ of the carriers induced by
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the SPV effect in the SiO,/p-Si(100) substrate, leading to identical relaxation dynamics.
This assumption may be an oversimplification, nevertheless, this preliminary study
provided useful insight about the SPV dynamics in organic heterojunctions. To fully
understand their dynamics a more systematic approach is necessary. A detailed
characterization of the formation of the CuPc band bending as a function of the increasing
film thickness and relative SPV dynamics, as well as TR-PES measurements of CuPc thin
films grown on Si substrate with a thicker SiO, layer (enough to screen the SiO,/Si
interface influence), will be performed in the next future.
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5. The TR-XAS end-station

This chapter describes the new TR-XAS end-station, in which X-ray absorption
spectroscopy (XAS) can be performed in a pump-probe fashion by exploiting the pulsed
nature of synchrotron radiation. The optical set-up of TR-XAS offers the possibility of
variable non-collinear laser — X-ray beam geometry, to tune the relative penetration depths
and excitation volumes. In pump-probe spectroscopy the penetration depths must be chosen
to optimize the spatial overlap between the beams, maximizing the pump excitation yield
and the signal-to-noise ratio (S/N)*2. In solids, the X-ray penetration depth may strongly
differ from that of the laser one. For this reason, variable geometry is mandatory to
optimize the excitation volumes, making the TR-XAS feasible for large classes of
materials. The presented TR-XAS set-up is developed according to the configuration used
at the BACH beamline®* (Elettra synchrotron), which provides a time resolution of about
80-100 ps.

5.1 Motivation of a variable geometry

In the TR-XAS experiments performed at branch A of the BACH beamline, the laser
beam enters the experimental chamber at a fixed angle of 22° to the X-ray photon beam
(Figure 5.1a). The X-ray fluorescence emission is detected by an ultrafast micro-channel
plate (MCP) at the angle of 22° in the scattering plane of the sample, introducing the
reflectivity induced by the laser in the MCP signal. Moreover, using a fixed experimental
geometry condition it is not possible to optimize the laser-X-ray excitation volume (Figure
5.1b). To overcome these constraints, a new TR-XAS end-station with variable mutual
geometry between pump, probe and detector has been designed and built.
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Figure 5.1 a) TR-XAS experimental setup of the main chamber at BACH; b) X-ray-laser
surface and volume overlap in X-ray-based pump-probe experiments.

In pump-probe experiments the volume probed should match as closely as possible the
volume of the sample excited by the pump pulse. In UV-VIS laser-based pump-probe
experiments the wavelengths and the optical properties of the two beams are similar, easily
achieving an optimal spatial overlap. On the contrary, by using an X-ray probe the
matching of volumes faces the problem created by the fairly low interaction cross-section
between the pump and probe beams. In opaque solid samples, the X-ray penetration depth
is usually much larger than that of the optical laser, highly depending on the sample
orientation to the X-ray. As a consequence, the typical excitation depth of the pump is in
the order of 50 nm, while in the X-ray case depending on the edge under study, it may
exceed 1 pum. Optimal spatial overlap and homogeneous excitation of probed volume are
mandatory requirements to maximize the pump excitation yield and the S/N % This
experimental condition could be achievable by the new TR-XAS end-station with variable
geometry between laser, X-ray and detector. Figure 5.2 shows an example of a simulation
of the S/N at different experimental configurations at the Ge L3 edge (laser pump A= 400
nm). The optimized S/N is obtained in a non-collinear geometry. Depending on the
configuration used the maximization of the S/N is achieved at different sample angles (o).
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Figure 5.2 Simulation of the S/N as a function of the sample orientation of the Ge
L;edge (laser pump A=400 nm) at two different experimental configurations.

The evaluation of the S/N at different experimental configurations reported in Figure 5.2
was performed by means of the new T-XRES code. The code has been developed as an
auxiliary tool to the TR-XAS chamber to a priori optimize the experimental condition. The
code can evaluate the laser-X-ray excitation volume, the detector efficiency (for a given
absorption edge), the fluorescence signal in steady-state XAS experiments as well as the
S/N in time-resolved mode as a function of the chosen experimental geometry.

5.1.1 The T-XRES code

T-XRES (Time-resolved X-Ray Experiment Simulator) is a code developed as an
auxiliary tool to the TR-XAS end-station. T-XRES is intended as a user-friendly
calculation tool, meant for reliable and precise numerical simulations of steady-state and
time-resolved X-ray measurements. For a given X-ray-laser geometrical configuration, the
code evaluates their spatial overlap as well as the resultant excitation volume by
considering the effective penetration depth in the material of the two beams. The
fluorescence signal in steady-state measurements and the S/N in time-resolved experiments
can be evaluated in different ranges of laser, X-rays and detector geometries, making the
code a powerful tool to a priori optimize the experimental condition®. For a given detection
geometry, the static fluorescence signal is given by?>:

_ Kaps(E) (1_e_Ad)
=K o (5.1)
with:
— Utot(E) + Utot(ES) (52)

sin () sin(¢)

where o is the incident X-rays flux, K describes the detector characteristics and
spectroscopic parameters of the transition due to X-rays absorption, paps and pg: the
absorption coefficients at the incident beam energy (E) and at the fluorescence energy (Es),
(6 and ¢ are the respectively incident beam and fluorescence angles to the sample

surface)®®*.

The S/N in time-resolved experiments is calculated by the equation™?:

/"abs(E)(l_e_AZX)

IoK—; 9 2
— sin ( )2 (5.3)

(A%f)?

S
N

78



where A is given by eq. 5.2, Z is the X-rays penetration depth and A is the relative spectral
difference between excited and ground state. The photo-excitation yield, f (or pump ratio),
induced by the laser is evaluated using the relation:

7y,
— IO—L — —_ _pGOPtcos 0
~ PF(O)Z(0), [1 = R.(0)] [1 © ( R)l (5.4)

where lo is the number of incident laser photons (note that in this case the entry for photon
flux becomes the number of incoming photons, not photons s™), p is the sample density,
F(0) is the focal area impinged by the laser, Z,(0) is the laser penetration depth, R.(6) is
the sample reflectivity, and oo is the optical absorption cross® section of the sample (6 is
the laser incidence angle to the sample surface).

It is possible to use the code in two different ways: evaluating the number of photons
required to have a fixed S/N, or vice versa evaluating the S/N for fixed laser/X-ray fluxes.
As graphical output, it is generated a 3D map of the S/N over all the possible laser-Xray
geometries. A critical factor for an accurate simulation is the excitation yield. It should be
precisely known, but it is rarely measured during X-ray-based time-resolved experiments.
It is important to emphasize that, an estimation of the excitation yield from the sample
characteristics and the laser pulse parameters is not accurate since scattering and nonlinear
absorption contributions are ignored. The relative spectral difference, A, is defined as:

A= (5.5)

Cg

where Cex and Cy4 are the fluorescence counts from the excited and ground state,
respectively. A A value has to be provided as input to the routine. Usually, it is determined

experimentally, however, assuming A values of a few percentages is generally a good
approximation.

Figure 5.3 reports a few examples of graphical output from T-XRES simulations. Figure
5.3a and b show, respectively, the calculated fluorescence signal in steady-state XAS as a
function of the X-ray incidence angle (to the sample surface) and detection angle, and the
calculated S/N as a function of the X-ray and laser incidence angles on a Ge sample (Ge L3
edge, pump 400 nm). The maximum S/N is predicted for X-ray at grazing incidence. As
shown in Figure 5.3c this is due to the comparable penetration depths between the two
beams (hundreds of nm) when X-rays are grazing on the sample surface. However, one
critical aspect of the T-XRES calculations is that the self-absorption effect is not included
in the model, for the moment. This effect dramatically affects XAS measurements
lineshape when the X-rays incidence angle approaches the grazing incidence condition.
Similarly, detection geometries of the fluorescence signal close to the normal emission
enhance the self-absorption effect. Optimization of the program including the self-
absorption effect as a function of the X-ray and detection geometry is planned. This will be
accomplished by using theoretical models proposed in literature>*®*? together with
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experimental data from XAS systematic studies on selected samples. The T-XRES code is
currently in the beta-testing phase.
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Figure 5.3 Example of T-XRES simulations of a) the FY signal in steady state XAS
and b) of the S/N in TR-XAS experiments as a function of the X-ray and laser
incidence angles; T-XRES evaluation of the ¢) X-ray and laser penetration depths as
a function of the incidence angle and of the d) overlap between the spots of the two
beams.

5.2 The TR-XAS setup

The TR-XAS setup is currently operating in commissioning at the branch B of the BACH
beamline at the Elettra synchrotron (Figure 5.4). BACH is designed for light-polarization-
dependent experiments in the energy range 35-1600 eV*. It is based on two elliptical
undulators as photon sources optimized in the low (~50-150 eV) and high (~600-1000 eV)
energy ranges, and it is characterized by high photon flux, high resolution, and the control
of the light polarization. The prefocusing section is based on a Kirkpatrick—Baez system
made of two spherical mirrors, allowing the complete decoupling between the horizontal
and the vertical focusing. Thanks to this configuration an easier and more precise
alignment of the two optical elements is possible. The Padmore monochromator is
equipped with three different higher-solution gratings (SG1-3), which together cover the
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whole available energy range, and a fourth grating (SG4), with a lower groove density,
provides a higher flux in the high-energy range. The first three gratings allow resolving
powers of 20000-6000, 20000-6000 and 15000-5000 in the energy ranges 35-200 eV, 200-
500 eV and 500-1600 eV respectively. The fourth grating operates in the 300-1600 eV
range providing higher flux with reduced resolving power (10000-2000). After the
monochromator, the beamline is split into two branches (A and B) with different refocusing
properties.
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Figure 5.4 Schematic illustration of the BACH beamline at Elettra synchrotron.

The refocusing section of branch B is based on two planes of elliptical mirrors (PEM1B
and PEM2B). The vertical refocusing mirrors are kept as close as possible to the
experimental chambers, to work with a vertical spot size of about 30 um. The spot size on
the sample can be as small as 250x30 pum?. However, when beam damage effects are
critical, the spot size can be increased to 300x300 um?® The flux in the experimental
chamber ranges between 1.2-10" photons s™ at 125 eV and 6x10'° photons s™ between 900
eV and 1250 eV. A complete and detailed description of the beamline layout, the

parameters of the various optics, and the theoretical performances of BACH can be found
in refs 3 and 4.
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Laser

Figure 5.5 a) Photo of the TR-XAS endstation at the BACH beamline of Elettra;
[llustrations of the b) TR-XAS chamber setup and c) top view of the laser optical
setup, by moving the last mirror the incidence angle of the laser can be varied in a
angle corner width of 33°.

The TR-XAS end-station has been designed to perform high-resolution XAS and time-
resolved XAS (TR-XAS) on solid samples. Steady-state XAS can be performed at the same
time in total electron (TEY) and fluorescence yield (FY). The X-ray fluorescence emission
is detected by an ultrafast micro-channel plate (Hamamatsu F4655-13 MCP15) detector
freely rotatable (1° resolution) around the axis chamber. An additional degree of freedom is
provided by the motion along the z-axis (height) and the tilt angle. A scheme of the
experimental setup is shown in Figure 5.5. The MCP (Figure 5.6) is a detector consisting of
millions of very-thin, conductive glass capillaries (4 to 25 pm in diameter) fused and sliced
into a thin plate. Each capillary, or channel, works as an independent secondary-electron
multiplier to form a two-dimensional electron multiplier.

The MCP is sensitive to a wide range of radiation including UV, VUV, soft X-ray
photons and neutrons, offering many advantages over conventional detectors: compactness,
good timing properties due to short length, high gain, and excellent pulse height
distribution. The Z movement of the detector is necessary for TR-XAS measurement in
out-of-plane geometry (away from the scattering plane of the sample) to avoid reflectivity
induced by the laser in the MCP signal and reduce self-absorption in the FY signal. The
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MCP tilt angle is used to maximize the FY signal in the out-of-plane geometry (Figure
5.6Db).

a)
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Figure 5.6 a) Illustration of the MCP for in-plane (left) and out-of-plane (right)
detections: the MCP angle can be adjusted between 0° and 45°; b) detector
geometries along the beams incidence plane (top view) and the z axis (side view),
where 04 and yq4 are the detection and MCP tilt angles, respectively.

The fluorescence emission solid angle and detection solid angle have to match as closely
as possible to reduce signal losses due to the detector-sample distance. A variable
temperature (100 - 300 K) sample holder is mounted on a 4-axis manipulator. A photodiode
is mounted over the sample-holder to measure the incident laser and X-rays flux directly in
the experimental chamber. The polar angle of the manipulator can be rotated (2° resolution)
to vary the X-ray incidence angle on the sample. The chamber setup, the MCP motion
system and the sample-holder were developed in-house. The system operates in ultra-high
vacuum (UHV) conditions, with a typical base pressure of 2x10™° mbar. The laser beam
enters the experimental chamber through a quartz window with a variable incidence angle
on the sample.

The laser optical table is designed to allow an angle corner width of 33° simply moving
the last mirror of the laser optical path (Figure 5.5c¢). Currently, the laser interfaced to this
setup is the MIRA Optima 900-F HP (Coherent), a Ti:Sa with a fundamental wavelength of
800 nm. The laser source operates at a repetition rate of 83.3 MHz and delivers ~25 nJ,
~100 fs, (800 nm) laser pulses. The optical system operates without laser amplification,
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limiting the power of the pump pulse. This constraint strongly affected TR-XAS
experiments during the commissioning. The laser repetition rate can be varied using a pulse
picker selecting up to 1/18 of the laser pulses (30% power loss), enabling a wider
experimental time window in case of “slow” dynamical processes. Non-linear beta barium
borate (BBO) crystal is used for generating the second harmonic (400 nm). The laser is
focused on the sample by a fixed 1000 mm focusing lens, while the focus size is adjusted
operating on the sample position. An essential feature of the laser system is the module for
the synchronization of the oscillator to an external source (i.e. the Elettra storage ring). It is
an integrated phase shifter that allows to vary the delay between synchrotron and laser
pulses. The photon-counting approach adopted*?, allows performing TR-XAS experiments
fully exploits the available x-ray photon flux at the 500 MHz repetition rate of Elettra
providing continuous snapshots of the transient state spectra (multi-bunch mode). A
scheme of the detection and acquisition system'® is shown in Figure 5.7. The pump and
probe synchronization is achieved by exploiting the radio frequency (RF) master clock of
Elettra which provides the time structure of the generated radiation. The RF is divided by a
timing unit allowing the remote control of the relative time delay by phase-shifting the
oscillator frequency to the master RF. The phase stabilization of the laser source is
achieved via a synchronization unit, which locks the laser oscillators to the Elettra master
RF with a time jitter <2 ps.
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Figure 5.7 Schematic layout of the experimental setup of the TR-XAS detection and
acquisitions systems reported from ref. 13. It is based on three main sections: the
beamline environment (UHV chamber, picoammeters, power supplies, undulator,
monochromator, and remote PC), the optical setup (laser sources and controllers),
and the measuring setup (THR02-ST measuring unit, timing unit and embedded PC).

After a trigger signal, the THR02-ST measuring unit** starts recording the arrival time
of all the detected events over a configurable time window (typically a complete
synchrotron revolution period). The MCP analogue output signal is amplified, shaped, and
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widened to about 4 ns so that the signal can be digitized using a constant fraction
discriminator (CFD). The CFD output is finally recorded by the THR02- ST unit. The
timing unit can be used to perform phase-shifted TR-XAS spectra, with 50 ps minimum
step.

—— Synchroton multi-bunch signal —— Synchroton multi-bunch signal
Laser pulses (without pulse picker) Laser pulses (without pulse picker)
= Laser pulses (with pulse picker) — Laser pulses (with pulse picker)
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FY signal
FY signal

|
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|
I
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Figure 5.8 Typical acquisition time histograms (counts vs consecutive photon
bunches) over two synchrotron bunch revolutions of the laser and X-ray pulses (left).
The x-ray fluorescence signal clearly inherits the time structure of the storage ring
filling pattern (2 ns time separation between two consecutive photon pulses), while
the standard deviation (FWHM = 130 ps) of each measured pulse is wider than the
typical width of electron bunches (60 ps). In normal laser operation mode (83.3 MHz
rep. rate), six X-ray probe bunches impinge the sample between two consecutive
pump pulses, allowing to measure relaxation dynamics in a 12 ns time window. By
using a pulse picker the time window is extendable up to 216 ns (right).

Typical acquisition time histograms as a function of photon bunches and photon energy
are shown in Figure 5.8. The detection rate is determined by the maximum dynamical
range of the detector (5x10° counts s or 0.04 photons per bunch). The combination of this
acquisition strategy with an ultrafast MCP detector (rise time ~300 ps™) results in an
acquisition system that is fast enough to isolate the X-ray pulses coming from each
consecutive photon bunch, maintaining a linear response over the entire X-ray flux range.

Finally, the spatial alignment between pump and probe beams is made by using a YAG
wafer placed below the sample. The X-ray and laser spots are superimposed by using a
CCD camera. The laser beam position is moved until an optimal spatial overlap is
achieved. For the temporal overlap, the pump laser scattered from the sample is detected by
the MCP and singled out in the counts versus time histogram (Figure 5.8). From this
picture, the relative time delay between the pump and probe sources can be directly
observed and adjusted by acting on the phase shifter in the timing unit.
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5.3 Results of the commissioning

Steady-state and time-resolved XAS measurements were performed in FY mode by
using the MCP detector described in the previous section. For the chamber setup
optimization, the first step consisted in testing the TR-XAS endstation performances
characterizing the detector efficiency in the photon energy range of 40-1200 eV at different
experimental geometries. All incidence and detection angles of the beams and detector
reported are referenced to the sample surface. The efficiency of the MCP detector was
characterized by measuring the FY signal of absorption edges in model samples, from the
Si L3 edge (100 eV) to the Ge L,3 edge (1270 eV). The incident photon flux was
measured by a photodiode directly mounted on the sample holder. The MCP efficiency at
normal emission resulted in the 10% range, in agreement with MCP specifications™. The
MCP setup allows the free rotation of the detector around the whole emission solid angle of
the sample. In this way, an evaluation of the angular dependence of the FY signal counts as
a function of the MCP detection angle at different edges was performed. An example is
shown in Figure 5.9b for the Ge L, 3 edge. The expected FY intensity was calculated by the
eq. 5.1. The comparison between the FY calculation and the experimental data is quite
good. The disagreement between calculated and measured FY at X-ray angles close to the
normal incidence (90° to the sample surface) is ascribed to self-absorption effects®**** not
accounted for by the T-XRES code.
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Figure 5.9 a) steady state XAS spectrum of the Ge Ls; edge and the FY signal
dependence, at the Ge L3 edge, on the detection geometry along the b) incidence
plane (the dashed curve is the calculate FY dependence by T-XRES code), c) and
the z axis.

Normal emission geometry enhances self-absorption contributions, while grazing
emission is the optimal geometry to avoid self-absorption effects in the XAS spectra.
Optimal agreement between simulation and experimental data is observed at grazing
emission. Exploiting the Z-motion of the MCP, further characterization of the out-of-plane
FY signal solid angle was performed. In the case of in-plane detection, reflectivity induced
by the laser in the MCP signal may be significant, affecting the quality of XAS spectra.

Figure 5.9c show the dependence of the FY signal at the Ge L3 edge as a function of the
detector Z position for different MCP-X-ray geometries. At Z=0 (incidence plane of X-ray,
in-plane detection) the FY intensity is dependent on both the X-ray incidence and detection
angle. By varying the X-ray incidence angle a notable broadening of the emission solid
angle is observed. At 45° the FY maximum is highly peaked at Z=0 (sample plane), while
at 30° a “broadened” distribution of the intensity maximum, up to 2.5 cm below the sample
plane, is observed. This situation suggests constraints in the out-of-plane detection for TR-
XAS experiments. The advantage to avoid the reflectivity induced by the laser in the out-
of-plane geometry, on the other hand, may lead to a low FY signal (depending on the X-ray
incidence angle) compromising the S/N in TR-XAS measurements. Theoretical models to
account for the FY solid angle as a function of Z in the soft X are not reported in the
literature. Further optimization of the T-XRES code will include the modelling of the FY
signal as a function of the Z-axis. Additional sample characterizations (systematic study at
different element edges) will be performed to address this point. The characterization of a
structurally anisotropic sample, 4H-SiC, was performed at different X-ray-detector
geometries (Figure 5.10). For a fixed detection angle (grazing emission, 15°) drastic
changes in the spectral shape are observed going from normal incidence to grazing
incidence (30°) of the X-ray (Figure 5.10a). Figure 5.10b, ¢ and d highlight the importance
of the experimental configuration used. Both the X-ray incidence and detection angles
modify the relative intensity between spectral features. The intensity of the resonance peaks
is enhanced at specific geometries and reduced in other.
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Figure 5.10 Steady state XAS spectra of 4H-SiC sample. a) Dependence of the FY signal
on the X-ray incidence angle, at a detection angle of 15°; b) c) and d) Dependence of the
FY signal on the detection angle for fixed X-ray incidence angle.

By pilot laser on-laser off XAS experiments on a 6H-SiC sample, the dependence of the
FY signal on the experimental X-ray geometry was tested. Figure 5.11a shows the 6H-SiC
C K edge raw data (i.e. without normalization by the structures of the beamline optics as
measured by the Iy, see ref. 5) obtained with (laser On) and without (laser Off) laser
excitation (400 nm, the maximum of the sample optical absorption) at two X-ray incidence
angles, normal incidence (90°) and grazing incidence (20°). Notable spectral differences
are observable between laser on-laser off spectra at grazing incidence, demonstrating a
complex scenario of dynamical processes over the whole NEXAFS region of the 6H-SiC C
K edge. Since in laser on-laser off measurements the FY signal is not discriminated in time
by the MCP, the spectra represent an average picture of the excited state dynamics. In other
words, the laser on spectrum is a convolution of the laser-induced spectral difference
between consecutive pump pulses. This means that the spectral differences observed at
grazing incidence are due to "slow" relaxation dynamics in the time domain of the laser
repetition rate (83.3 MHz, 12 ns). Noteworthy at X-ray normal incidence a dramatic
increase of the FY signal between laser on-laser off spectra is present. Figure 5.11b shows
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the evaluation of the pump ratio as a function of the X-ray incidence angle. Accordingly,
such spectral difference is not purely addressable to the X-ray geometry. In contrast, a
lower pump ratio is predicted at normal incidence. Considering that the spectra were
measured on the scattering plane, reflectivity changes induced by the laser in the MCP
signal may justify such an effect. Finally, a TR-XAS experiment was performed on a 6H-
SiC sample at the Si L,; edge. Figure 5.11c shows the spectra obtain as a function of the
time delay up to 1 ns (X-ray normal incidence). A relaxation dynamics of the resonance
peak at about 103 eV with 210 ps decay time is observed, demonstrating the feasibility of
time-resolved experiments at the TR-XAS end-station. However, the relative spectral
difference, AA, is unexpectedly high (10%). Similarly to the laser on-laser off
measurements, the spectra were acquired in the scattering plane of the sample. A partial
contribution to the FY signal induced by the laser may be present. However, the dramatic
spectral differences observed at the C K edge here are not detected. The data analysis of
both laser on-laser off and TR-XAS spectra is currently in progress. Further experiments
exploiting the out-of-plane detection geometry of the MCP will provide relevant insights to
clarify the effects discussed above.
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Figure 5.11 a) Raw data of the 6H-SiC C K edge with and without laser excitation
at X-ray normal and grazing incidence; b) T-XRES evaluation of the pump ratio,
i.e. the fraction of excited species; ¢) TR-XAS spectra of the 6H-SiC Si L3 edge (X-
ray normal incidence) as a function of the time delay up to 1 ns (left) and decay
curve of the relaxation dynamics of the resonance peak at 103 eV (right). AA is
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defined as the difference between spectra with and without laser excitation,
normalized over the without laser excitiation data.

Further characterization of the CoPc and CuPc systems by TR-XAS experiments is
planned, even by using a different laser source. We aim to get further information on the
possible interconnection between the CoPc long-living excited states and the molecular
ordering. Open questions remain on the CuPc/SiO,/p-Si(100) heterojunction as well as for
the dynamics observed in the bare substrate. TR-XAS measurements of the SiO,/Si will
provide additional information on the substrate dynamics to clarify the origin of the
additional relaxation process observed (with a decay time of 5.9 ns) using high pump
fluence in TR-PES measurements (see Chapter 4 section 4.4), as well as the possible
contribution of lattice deformation and heating effects in the substrate SPV dynamics (they
occur in comparable time scale).
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6. Conclusions

This thesis work provides a deeper insight into the exciton dynamics and charge
separation effects in semiconductor systems through time-resolved spectroscopies. TAS
and TR-UPS have been used to gather information on the de-excitation pathways and
charge transfer in molecular films. TR-XPS provides a detailed understanding of charge
separation processes induced by the SPV. The influence of the molecular ordering in CoPc
thin films is investigated by a multi-technique approach (time-resolved photoemission and
optical spectroscopies), demonstrating the connection between the CT process and
molecular structure. CoPc films were grown onto ITO, graphene and Au(111) substrates
obtaining three different molecular structures, respectively, disordered, herringbone and
brickstone. By using combined PES-IPES measurements, the molecular orbitals involved
in the CoPc excited state dynamics were clarified. To determine the CoPc relaxation
dynamics independently of the influence of molecular ordering, the disordered film was
first studied as a reference. TAS measurements show competitive de-excitation through IC
and ISC processes. However, relaxation from triplet excited states (populated by ISC) is the
preferential relaxation pathway, resulting in long-living CoPc excited states. An additional
ultrafast relaxation process (decay time of about 200 fs) is observed in the transient spectra.
However, its origin was not determinable by solely TAS measurements. The
complementary use of TAS and TR-PES measurements allowed us to point out the direct
involvement of the Co 3d, orbital in this dynamic process. An energy shift of the SOMO
(originated from the Co 3d ,* orbital) is observed in the TR-PES spectra. We tentatively
explain the SOMO energy shift as a partial redistribution of the charge density between the
phthalocyanine macrocycle and the Co atom. The promotion of electrons from the HOMO
to the SUMO by the pump excitation would imply the complete occupancy of the single
occupied orbital and charge redistribution toward the Co atomic site. Calculations show
that, due to the repulsion between electrons, the complete occupancy of the Co 3d ,* orbital
should cause an energy increase of the corresponding state by 0.2 eV.

Since these dynamical processes are intra-molecular relaxation, no differences are
observed in their time evolution in ordered CoPc films. Identical decay times are observed.
At variance, the different molecular arrangement leads to differences in the CT exciton
relaxation dynamics. Enhanced CT exciton lifetime is observed in CoPc film with
herringbone structure (decay time of tens of ps) to the brickstone structure (decay time of a
few ps), demonstrating the possibility of optimizing CT processes in the molecular film
depending on the molecular structure.

Charge separation effects were investigated in the CuPc/SiO,/p-Si(100) heterojunction.
The static and transient SPV at the CuPc/SiO,/p-Si(100) interface were systematically
measured using TR-PES and modelled through the LEINEC code (developed in this thesis
work). The code was able to evaluate their SPV magnitude and relaxation dynamics
correctly, clarifying the role of the sample properties and experimental conditions in the
SPV dynamical processes. The CuPc thin film shows a transient SPV effect with identical
magnitude and relaxation dynamics of the SiO,/Si(100) substrate, highlighting a direct
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connection between the SPV relaxation dynamics of the inorganic substrate with the
organic film. To address the origin of the SPV dynamics in the molecular film, a detailed
characterisation of the SPV effect in n- and p-doped SiO,/Si(100) substrates was
performed. Both samples show a significant SPV effect. The SiO,/p-Si(100) system
(8x10™ cm™ dopant concentration) show increasing Si2p core level shifts (46 meV- 95
meV), due to the SPV, for increasing laser fluences (0.066 pJ cm?-15.5 uJ cm?). The
analysis of the Si2p shift decay curves, measured by TR-PES, reveals an SPV decay time
of about 100 ns. Noteworthy, a second decay time of 5.9 ns is observed by using high
pump fluence. The origin of such decay time may be due to an additional dynamical
process to the SPV relaxation dynamic. A more systematic characterization is required to
clarify this point. In the n-doped SiO,/Si(100) sample (1.6x10*® cm™ dopant concentration)
a Si2p core level shift, due to the SPV, of 68 meV is observed. The SPV relaxation
dynamic shows a decay time of 1.6 ns, many times faster than the SiO,/p-Si(100) case. The
LEINEC code was then used to model the experimental data. Accordingly, we tentatively
explain the presence of the SPV effect in the CuPc by an induced effect from the SiO,/Si
substrate. Since the SiO, layer is thin (2 nm) as compared to the typical SCR width, the
excess of positive charge, due to the energy level equilibration with the Si, should not be
effectively screened at the CuPc/SiO, interface. In other words, we assume that to
counterbalance the excess of positive charge, at the SiO; surface that faces the organic film,
negative charging in the CuPc layers may be induced. As a consequence, the CuPc core
levels shift and their relaxation dynamics would directly reflect the "reorganization™ of the
carriers induced by the SPV effect in the SiO,/p-Si(100) substrate, leading to identical
relaxation dynamics.

Despite the valuable number of information provided by the spectroscopic approach
reported in the studies discussed above, TAS and TR-PES do not provide any information
on the possible correlation between the structural dynamics and the electronic relaxation
processes over time. On the contrary, X-ray absorption offers this advantage by probing
both the electronic and structural properties of the system at the same time. With the aim of
better understanding the structural evolution in the dynamics of electronic properties, we
developed a new experimental end-station for time-resolved X-ray absorption
spectroscopy, in which excited state dynamics can be characterised with 80-100 ps
resolution. The new experimental end-station offers a completely variable geometrical
configuration between pump (laser), probe (X-ray) and detector (MCP). The variable
geometry allows for optimising the laser-X-ray excitation volumes, maximising the S/N,
making TR-XAS experiments feasible for large classes of materials. The complete mobility
of the MCP around the sample plane and along the Z-axis (height position to the sample)
allows to optimise the detection of the fluorescence signal (for a given laser-X-ray
geometrical configuration) and avoids reflectivity induced by the laser in the MCP signal,
as well as self-absorption effect. The T-XRES code has been developed as an auxiliary tool
to the TR-XAS end-station to evaluate a priori the optimal experimental condition.
Preliminary results of the commissioning are shown demonstrating the feasibility of the
TR-XAS experiment. At the moment, the optical system operates without laser
amplification, limiting the performance of the pump pulse. This constraint strongly affected
TR-XAS experiments during the commissioning.
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From the technological point of view, we do believe that all the aspects discussed in this
thesis work are fundamental to optimising the heterojunction-based device. The film
electronic properties (exciton generation, charge transport) and the interface properties
(charge separation and injection), as well as the structural influence in their dynamical
processes, are fundamental in determining the efficiency of the device. As suggested by
this thesis work, a detailed and complete overview of the dynamical properties of the
system can be obtained by combining complementary information from different time-
resolved techniques.

Concerning future perspectives, further characterization of the CoPc and CuPc systems
by TR-XAS experiments is planned. We aim to get further information on the possible
interconnection between the CoPc long-living excited states and the molecular ordering.
Electrical measurements are also planned to determine the CoPc mobility in the three
different structures. Open questions remain on the CuPc/SiO,/p-Si(100) heterojunction as
well as for the dynamics observed in the bare substrate. TR-XAS measurements of the
SiO,/Si will provide additional information on the substrate dynamics to clarify the origin
of the additional relaxation process observed (with a decay time of 5.9 ns) using high pump
fluence in TR-PES measurements, as well as the possible contribution of lattice
deformation and heating effects in the substrate SPV dynamics (they occur in comparable
time scale).

Finally, a detailed characterization of the formation of the band bending as a function of
the increasing CuPc film thickness (and relative SPV dynamics), as well as TR-PES
measurements of CuPc thin films grown on Si substrate with a thicker SiO, layer (enough
to screen the SiO,/Si interface influence) and without SiO, layer, will be performed in the
next future. This is important to get a deeper insight into the SPV effect in organic
semiconductors: a specific model which considers the organic material characteristics is
still missing.
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List of Acronyms

AEY
CB
CCD
CFD
CT

FY
FWHM

MCP
MO
NEXAFS
LEINEC
LUMO
OPA
PES
PEY

PP

RF

SIN

Auger Electron Yield

Conduction Band

Charge Coupled Device
Constant Fraction Discriminator
Charge Transfer

Fluorescence Yield

Full Width Half Maximum
Hybrid-Bunch

Highest Occupied Molecular Orbital
Internal Conversion

Inverse Photoemission Spectroscopy
Infrared

Intersystem Crossing

Multi-Bunch

Multi-Channel Plate

Molecular Orbital

Near-Edge X-ray Absorption Fine Structure
Light/Electron Induced Non-Equilibrium phenomena Calculator
Lowest Unoccupied Molecular Orbital
Optical Parametric Amplifier
Photoemission Spectroscopy

Partial Electron Yield

Pump-Probe

Radio Frequency

Signal-to-Noise ratio

Singlet
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SB
SCR
SOMO
SPV
STM
SUMO
SV

T-XRES
TAS
TEY
TR-PES
TR-UPS
TR-XAS
TR-XPS
TTL
UHV
UPS

VB

XAS
XPS

Single-Bunch

Space Charge Region

Semi-Occupied Molecular Orbital

Surface Photovoltage

Scanning Tunnel Microscopy

Semi-Unoccupied Molecular Orbital

Surface Voltage

Triplet

Time-Resolved X-ray Experiments Simulator
Transient Absorption Spectroscopy

Total Electron Yield

Time-Resolved Photoemission Spectroscopy
Time-Resolved Ultraviolet Photoemission Spectroscopy
Time-Resolved X-ray Absorption Spectroscopy
Time-Resolved X-ray Photoemission Spectroscopy
Transistor-Transistor Logic signal

Ultra High Vacuum

Ultraviolet Photoemission Spectroscopy

Valence Band

X-ray Absorption Spectroscopy

X-ray Photoemission Spectroscopy
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