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Chapter 1

Introduction

This section contains: An overview of global electricity production 1980-2013 to

show the justification for further investment in renewable technology especially

solar. The graphs in this section were produced from data publicly available

from the U.S. Energy Information Administration.[1] Later in this section I

present an introduction to and overview of dye sensitised solar cells and a

summary of the subsequent chapters in this thesis.

1.1 Global electricity supply 1980-2013

Since the year before my birth 1980 and 2013 the worlds total net electricity

generation has increased by 175% to 22 trillion kWh per year even outpacing

population growth, Fig.1.1. CO2 emissions have also increased by 75% from

18.4 to 32.2 Billion metric tons per year.[1] Clearly for the long term benefit of

mankind we must be able to utilise our resources to supply our ever increasing

demand for electricity.

Since fossil fuels are causing devastating climate change, these finite re-

sources cannot be part of any long term energy solution. Renewables are the

only viable option, but sustainable sources have a long way to go to catch up

with fossil fuels. The amount of energy from fossil fuels has increased by 180%,

Fig.1.2 and they currently produce more than triple the amount of energy that

renewable sources provide. The relative growth in fossil fuels is also outpacing

renewables, largely due to increased coal use in China.
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Figure 1.1: Relative increase in global net electricity generation, CO2 emissions
and population from 1980 to 2013.[1, 2]

16

12

8

4

0

T
ri
lli

o
n
 k

W
h

2010200520001995199019851980

 Fossil Fuels

 Total Renewable

 Hydroelectric

 Nuclear

 Non Hydro Renewable

Figure 1.2: Break down of world electricity production by fuel type from 1980-
2013.[1, 2]

Within renewable energy sources hydroelectric power produces far more

energy than all other renewable sources combined. However, due to the lim-

ited number of locations available to hydroelectric power it probably cannot

be upscaled at a high enough rate to supply our increasing demand. Biomass

and waste have also been making steady progress for the last thirty years

and in 2013 it made up 10.2% of Global fuel usage.[2] Wind has been making

significant increases, especially in this millennium, while there is some vocal

opposition to wind turbines because of their appearance it seems the majority

of the public are in favour of them.[3] Solar is producing relatively little elec-

tricity, only 0.45% of all electricity produced worldwide in 2012.[1] One of the
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main reasons for the shortfall in solar power is the high cost of the materials.

However, in recent years costs have been reducing and solar generation has

approximately tripled every two years,[1] and is currently the fastest growing

renewable technology.[4].
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Figure 1.3: Breakdown of global non-hydroelectric renewable energy produc-
tion from 1980-2012.[1, 2]

In 2012 the world consumed 5.24×1020J of energy.[5] We can calculate how

long it would take to receive this energy from the sun, since the solar constant

is 1.4 kWm−2[6] and incoming solar radiation on the earth’s surface is 25% of

this value, hence the earth’s yearly requirement for energy is received from

the sun in approximately 50 mins. So the potential for solar energy to provide

a significant proportion of the worlds energy supply is obvious. Photovoltaic

energy also does not require any large scale equipment or infrastructure to

maintain, so it is accessible to the general public as well as the under-developed

regions of the globe. However, one key issue remains that photovoltaic devices

must become economically viable through increased efficiencies and cheaper

fabrication before they can become more widespread.

Most commercial solar cells use polycrystalline silicon as the core material.

This material is expensive[7] but incorporating it into commercial solar cells

provides reasonable efficiencies of around 18%, enough to make it economically

viable, with a thin margin. The majority of costs associated with the silicon

solar cell come from the purification of the raw silicon and machining steps

which require very high temperatures over extended periods of time. The high
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demand for polycrystalline silicon cells reduces costs to some degree through

bulk production. However, we may not see significant improvements in effi-

ciency or cost that can keep up with the ever increasing demand, so a diverse

range of solar technologies and research is essential. In order for photovoltaic

industry to make improvements various avenues of research must be explored.

Instead of using semi-conductors to absorb photons a dye sensitised solar

cell (DSC) uses mostly organometallic, light-absorbing dye molecules. DSCs

offer alternative materials and, since they do not use high temperatures or vac-

uum processes, they offer a cheaper manufacturing process. DSCs are tuneable

aesthetically through the colour of the dye and electrolyte, this allows the in-

stallation of coloured building facades made of solar arrays such as Fig.1.4.

They can also be engineered into flexible sheets making them easier to trans-

port and install, but could also give an opportunity for wearable photovoltaic

devices. While DSCs are currently less efficient than other thin film devices[8]

the lower cost gives much shorter energy payback times and low environmental

impact,[9] which makes them a very competitive alternative in some situations.

Figure 1.4: The coloured transparent dye sensitized solar cells on the west face
of the SwissTech Convention Center, opened in 2014 (image labeled for reuse).

The initial DSC breakthrough led to efficiencies of between 7-8% in

1991,[10] which is far below the standard efficiency of commercial silicon based

cells around 14-20%.[11] A significant step forward for DSCs was the syn-

thesis of the dye molecule N3, (cis-bis(isothiocyanato)bis(2,2-bipyridyl-4,4’-

4
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dicarboxylato)-ruthenium(II), see Fig.1.5 which had a photovoltaic perfor-

mance that was unmatched for 8 years and as such has become the bench mark

for heterogeneous charge transfer in DSCs. When guanidium thiocyanate is

added to the electrolyte, a large reduction in dark current was achieved which

improved the cell voltage, this was due to guandium cations controlling the self

assembly of N3 at the TiO2 surface, as such this cell produced new record effi-

ciencies of 11%[12]. If rapid charge injection can take place out of the molecule

then chemical transformations cannot occur, leading to a highly stable soar cell

arrangement which can operate for approximately 20 years without noticeable

loss in performance[12]. Hence N3 is viable for use in highly efficient and long

lasting DSCs. Only in 2011 was N3 clearly surpassed by zinc porphyrin dye,

which achieved 12.3% [13] and in 2014 13% power conversion efficiency was

achieved by another porphyrin based dye.[14] However, for the zinc porphyrin

after only 220 hours of full sunlight at 30 ◦C there was a 10 to 15% decrease in

the overall efficiency.[13] While SM325 has shown stability only over 500 hours,

it had an initial decrease of 10-20% in efficiency, so it remains to be seen how

durable these porphyrin dyes are in the long term. The increase in lab effi-

ciency of a DSC is now close to the efficiency of commercially available silicon

solar cells but with the DSC at considerably lower cost.

1.2 Operating principles of the DSC

The basic principle behind any solar cell is to inject a photo-excited electron

into a circuit to do work. The typical DSC layout is shown in Fig.1.5 the

red circles in the centre depict a mesoporous, semiconducting, oxide layer

composed of TiO2 nanoparticles. TiO2 is used since it is relatively cheap and

has a large band gap. The nanoparticles are then sintered together to create a

conductive pathway with large surface area, which is then deposited onto the

conducting transparent support, usually plastic or glass substrate to form the

anode of the cell. Adsorbed onto the TiO2 is a monolayer of sensitising dye,

shown as N3 in the large red circle at the top of the diagram. The dye must

have a molecular orbital band-gap designed to absorb specific frequencies of

light from the solar spectrum and form a chemical bond to the TiO2 to improve

5



CHAPTER 1. Introduction

Figure 1.5: The typical DSC layout is shown in centre, the enlargement at
the top shows the active region with the dye molecule, while below show a
schematic for the energy transfers involved, incoming light (1), followed by
electron excitation (2), transfer to substrate (3), to conductive glass (4), work
in the circuit (5), recombination with electrolyte (6), from electrolyte to dye
(7), exciton recombination (8) and recombination between the semiconductor
and the dye cation (9).
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durability.

As well as achieving a high induced photon to current efficiency, the dye

must produce a reasonable voltage. Theoretically the maximum voltage ∆V

is the difference between the Fermi level of the mesoporous TiO2 and the

redox potential of the electrolyte, a pseudo voltage level diagram of the cell

is shown in the lower third of Fig.1.5. When optimising the design of a DSC

for large potential difference and therefore maximum work, the energy levels

of each component should be tuned so that the forward reaction of the cell is

favourable.

The charge transfer processes in a DSC numbered in Fig.1.5 are described

as follows: Visible light passes through the transparent conductive glass (1)

and is absorbed by the dye chemisorbed to a thin film of TiO2. This promotes

an electron from the ground state to the excited state (2). If the excited

state of the electron overlaps with the conduction band on the semiconductor

it can transfer into the TiO2 substrate (3), leaving positive charge on the

surface-adsorbed dye molecule. Once the electron has been transferred to the

semiconductor it diffuses through the TiO2 particles until it reaches the surface

of the conductive transparent glass (4). The potential difference between here

and the counter electrode and the electric charge extracted from the photo

anode as a current can be utilised to do work (5).

Finally in order to close the circuit, efficient charge collection requires

charge recombination between injected electrons at the counter electrode and

the oxidised dye molecule (7), which is achieved via a liquid electrolyte (6),

typically I−3 /3I
−. The electrolyte is reduced via equation.1.1. Since the I−3

and 3I− anions are mobile in the electrolyte the diffusion from the counter

electrode to the dye allows the dye cation D+ to be reduced via Equation.1.2.

I−3 + 2e− → 3I− (1.1)

2D+ + 3I− → 2S + I−3 (1.2)

All these process (2-7) are favourable, However, there are several compet-

ing recombination processes that are unfavourable. After the initial excitation

(2) if the electron does not tunnel away (3) in sufficient time the exciton can

7
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recombine via process (8). Efficient electron transfer to the dye cation requires

the redox electrolyte re-reduction by the dye cation (7) to be faster than re-

combination between injected electrons and photo-generated dye cations (8).

The charge transfer time from the dye into the substate is one of the key el-

ements that this thesis will focus on. Even after the excited electron tunnels

into the semiconductor it can still recombine with either the dye cation or the

electrolyte, process (9). Adding a thin aluminium oxide coating to the TiO2

nano particles can help reduce these recombination effects. Since these process

bypass doing work in the external circuit they reduce the efficiency of the cell.

Hence further understanding charge transfer processes between a dye molecule

and TiO2 (process 2) with an oxide recombination barrier could lead to more

efficient DSCs.

An alternative thin film organic solar cell architecture use a bulk hetero-

junction, which consists of separate electron donor and acceptor. Donors are

usually conjugated pigments, oligomers or polymers such as P3HT (poly-

3-hexyl thiophene-2,5-diyl), while the most common acceptors are organic

fullerene based molecules such as PCBM (Phenyl-C61-butyric acid methyl

ester).[9, 15] Several models predict power conversion efficiencies of 10-15% for

these devices.[9] C60 was introduced into a DSC between porphyrin molecules

and TiO2, which resulted in improved energy conversion and a higher pho-

tocurrent per molecule.[16] Hence C60 is interesting as a potential building

block in future solar cell devices.

1.3 Topics researched in this thesis

This work is intended to give insights into the fundamental architecture and

charge processes in a DSC by creating experimental models of parts of the

device. The following chapter will give an overview of synchrotron radiation

and how it is used in our experiments, as well as the key apparatus, methods

and analysis that form the foundation of the thesis.

The first experimental chapter investigates the charge transfer from N3

through an ultra thin aluminium oxide layer and into the underlying metallic

substrate. The second experimental chapter takes this model closer to a real

8
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DSC by a growing thin alumina layer on TiO2 and investigating the charge

transfer from the N3 ligand bi-isonicotinic acid through different thicknesses

of alumina and into the titania substrate.

Previous work in our research group[17] on the dye ligand bi-isonicotinic

acid revealed a new feature which was described as superspectator decay, which

was thought to occur as a result of charge transfer to the molecule in the ground

state. A set of three features were seen for a monolayer of C60 on Au(111).[18]

In order to further understand this charge transfer mechanism and its possible

links to DSC electron transfer the final experimental chapter of this thesis

presents the study of C60 on four further metallic surfaces. Finally there is a

summary and conclusion to the thesis.

9



Chapter 2

Experimental methods and

analysis

An overview of the key features of a synchrotron and principal experimental

components. A summary of the interactions between X-rays and matter and

the main X-ray techniques used in this work: X-ray photoelectron spectroscopy

(XPS) and X-ray absorption spectroscopy (XAS) and Resonant Photoemission

spectroscopy (RPES) and the analysis used for these techniques including the

core-hole-clock.

2.1 Experimental setup

2.1.1 Introduction to Synchrotron Radiation

One key to understanding electronic and chemical properties of a DSCs is to

look carefully at the interaction between the dye and the surface and how the

system responds to light. By exciting the system with photons we can measure

the effect on the electrons, we can measure the decay process of the excited

species and probe the chemistry of the system. But to do this effectively we

need an intense source of photons, which we can tune to specific frequencies,

hence the need for a synchrotron such as the MAX II ring at MAX-Lab in

Lund, Sweden which was used for all the experiments in this thesis.

A synchrotron such as MAX II is made of various parts which accelerate
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Figure 2.1: Schematic of the most important parts of a modern synchrotron,
diagram edited from.[19]

electrons up to relativistic speed, with a kinetic energy of 1.5 GeV and then

quickly change their direction to generate photons with a range of energies.

Fig.2.1 shows the basic schematic of a synchrotron which consists of: a source

of electrons, normally from thermionic emission from a hot filament e-gun as

on the diagram; a linear accelerator (LINAC) which accelerates the electrons

to approximately 100 MeV; and a booster ring that provides further accel-

eration before the electrons are periodically injected into the storage ring at

relativistic velocity. In the storage ring, electrons are kept in a closed path due

to an array of magnets; dipole or bending magnets change the electrons path,

quadrupole magnets focus the electron beam and compensate for Coulomb

repulsion between electrons and sextuples correct for chromatic aberrations

which arise due the quadrupole focusing.[19] The bending magnets and inser-

tion devices then accelerate the relativistic electrons to produce photons and

send them into a beamline. Optics are then used to filter the radiation to a

specified frequency and direct it to the end station for the experiment.

Since the electrons are losing energy to generate photons this would cause

them to spiral into the walls of the synchrotron if that energy is not replaced.

This replacement is achieved by a radio frequency (RF) cavities. Despite the

storage ring being at UHV pressure there are always electrons being lost in

11
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the machine due to collisions with residual gas. This leads the ring current

to decrease exponentially over time, so a regular replacement of electrons is

required. At MAX II the electron beam is deliberately dumped or crashed in

the storage ring and a new set of electrons injected as previously described.

This means the beam current and therefore photon flux is a variable during

the experiment, to compensate for this measurements are typically normalised

to the beam current in the storage ring.

Figure 2.2: Above indicates how radiation propagates radially from an electron
travelling at non relativistic velocities, compared to the highly intense, tangen-
tially propagated narrow beam of radiation which is emitted from an electrons
travelling at relativistic velocities. Below for the perspective of an observer
an electron travelling towards them emits highly blue shifted radiation, while
the off axis observer see a far less pronounced doppler shift, diagram edited
from.[19].

If an electron is travelling at low speed then it emits radiation isotropi-

cally Fig.2.2(above), however once electrons reach relativistic velocities as in

the synchrotron they emit highly intense radiation along the tangent to their

path. An observer looking at an electron that is turning into their line of sight

will observe a very large doppler shift to the radiation and hence hugely com-

pressed wavelength of light due to the relativistic speed, hence X-ray photons

12
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are emitted. Since the relativistic compression of the waves falls off quickly the

observer sees far more intense radiation here when compared to other points

on the orbit. A bending magnet is used to provide a Lorentz force which acts

on the particle in a direction perpendicular to both the magnetic and velocity

of the electron. Thus the magnet causes the electron to undergo centripetal

acceleration and thus generates X-rays. If the ring current is increased and

therefore greater number of electrons per second then this increase the num-

ber of photons emitted. This system led to first generation beam lines that

piggybacked on accelerator experiments. Later second generation sources still

used bending magnets but rather than parasitic experiments these accelerators

were specifically designed to produce synchrotron radiation.

Third generation sources such as MAX II use insertion devices to generate

the most intense/highest brilliance of radiation. Brilliance of radiation essen-

tially states how the flux is distributed in space and angular range, therefore

it determines the smallest possible spot which the X-ray beam can be focused

onto, it is measured as:

Brilliance =
photons/second

(mrad)2(mm2sourcearea)(0.1%bandwidth)
(2.1)

Brilliance is therefore the flux per unit source area and unit solid angle, the high

the brilliance in general the higher the quality of data than can be extracted

from the beamline.

2.1.2 Insertion devices

Insertion devices are placed in the straight sections between bending magnets,

through the use of multiple magnets they force electrons to execute an oscil-

latory path. An example of an undulator can be seen in Fig.2.3, this device

is approximately 3 m in length and the multiple magnets would be aligned

above and below the electron beam. During operation the distance between

the magnets is typically reduced to between 17 and 35 mm depending on the

mode of operation. Since the electrons are being accelerated multiple times

this leads to higher intensity and brilliance of radiation being produced.

There are two types of insertion device and they are separated by the de-

13
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Figure 2.3: An undulator seen prior to its installation at the MAX-IV labora-
tory.

Figure 2.4: Schematic of and undulator/wiggler(above), how the radiation
cones from each wiggle do not overlap and therefore intensity is added in a
wiggler, while for an undulator has gentler excursion and the radiation cones
do overlap, diagram edited from.[19]

14
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gree to which they make the beam bend as it passes through. For openings

larger than λ−1 the radiation cones from each wiggle do not overlap, every elec-

tron in the bunch radiates independently, hence and the intensities are added,

the resultant radiation is a broad bandwidth, the resulting intensity of the

radiation in a wiggler is proportional to the number of magnetic poles. Gen-

tler excursion less than λ−1 occur in an undulator, for example for photons at

340 eV the excursion is 3.7 nm. Here the radiation cones overlap and interfere

constructively with each other, producing a narrower bandwidth, but higher

intensity of radiation. The intensity of radiation in an undulator scales as the

square of the number of poles in the magnetic array, since the field amplitudes

including phase differences are added.

Only certain wavelengths interfere constructively therefore the undulator

spectrum contains a fundamental frequency and a series of higher harmonics.

Hence the user can adjust the gap between the magnets to vary the frequency

of the most intense radiation or generate the highest brilliance radiation at a

required frequency. A taper reduces the intensity variation of the radiation as

the photon energy was scanned, which is useful for absorption measurements

such as Resonant photoemission spectroscopy (RPES) or X-ray absorption

spectroscopy (XAS), where you want a smooth background as a function of

photon energy.[20]

2.1.3 The beamline

A synchrotron with insertion devices can provide radiation from the far infrared

to the hard X-ray regime. For experiments it is necessary to narrow the region

of photon energies down to a small bandwidth and to focus these photons on

a sample surface. Beam lines, such as I311 at MAX II in Fig.2.5, run linearly

from an insertion device, the other beamline D1011 at MAX II used in this

thesis is at a tangent to a bending magnets. The front end of the beamline

isolates the beam vacuum from the storage ring vacuum and measures the

position of the photon beam. In order to collimate the beam from the real

source at S (Fig.2.5) and absorb the lower energy photons that are away from

the central axis of the beam an aperture is used. These outer parts of the
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beam are more strongly absorbed by matter hence the aperture also suppresses

the number of lower energy photons which are incident on other parts of the

beam line, therefore extending the lifetime of the beamline. The beam is then

focused onto the sample using a series of curved mirrors. M1 is a horizontally

focusing pre-mirror, M2 a rotatable plane mirror which directs light to G, an

in plane grating, which in turn passes photons to M3, a spherical focusing

mirror. In this set up M2, G and M3 comprises the monochromator which

uses a moveable diffraction grating and exit slit so that specific wavelengths of

light can be selected from the diffraction pattern. The I311 beam line enables

photons in the energy range from 30-1500 eV with a resolution of 4 meV-1.4 eV

respectively. Another aperture is used to clean up the beam, before it is finally

incident on the sample in the end station.

2.1.4 The end station

The end station comprises two UHV chambers; one preparation and one anal-

ysis chamber (see Fig.2.6). A manipulator allows controlled movement of the

sample between chambers, and in x, y, z and θ to allow sample positioning

in front of the light in the analysis chamber and the molecule sources in the

prep chamber. The prep chamber can be isolated from the analysis chamber

to allow high pressure preparation techniques. It is also fitted with a sputter

gun, which accelerates Ar+ ions at the sample, removing a few atomic layers

from the surface to expose the clean underlying surface. The manipulator also

allows electrical contact to be made with metal samples to allow direct heating

by passing a current through the sample. For non-conducting samples an e-

beam heater is used, this supplies energy to the sample by applying a negative

bias to a filament, grounding the sample, thus imparting electrons onto the

back of the sample across a potential of several hundred volts. These heat-

ing mechanisms both desorb molecules and allow the sample to find a lower

energy state, repairing any faults caused by the sputtering process. Dosing

of gases, evaporation and electrospray deposition[21–23] of molecules is also

all conducted in the preparation chamber, to modify the surface grow oxide

layers and deposit dye molecule or other molecules related to DSCs in order
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Figure 2.5: Above, photograph of the I311 beam line, end station is omitted.
Below schematic for the same beam line at max-lab, focusing pre-mirror (M1),
rotatable plane mirror (M2), an in plane grating (G), a spherical focusing
mirror (M3), aperture or slit (S1) beofre mirror that focus onto sample (M4
&5).
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to create model DSC surfaces. The analysis chamber is kept separate from

the prep chamber to reduce contamination during sample preparation. After

preparation, the sample is lowered into the analysis chamber and into the path

of the X-rays.

Figure 2.6: Photograph of the I311 end station, large area in the centre covered
in foil is the prep chamber on top and analysis chamber below. The beam line
can be seen entering from the left, which directs the beam into the analysis
chamber. The righthand side shows the UHV pumps and gas line.

2.1.5 Ultra High Vacuum (UHV) pumps

It is also important that we operate our experiments in an ultra high vac-

uum(UHV) environment in order to keep the surface sufficiently clean such

that we only measure desired properties without interference from contami-

nants and remove excess particles in the system after deposition. In many

cases sample transfer into vacuum was not possible and the system had to be
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vented so the sample could be mounted to the manipulator, hence to restore

UHV the system must be pumped and baked. The system is initially baked

to 450K to thermally evaporate molecules such as water from the chamber

surfaces. This was achieved by wrapping heating tapes around the chamber

and insulating it with foil. The pressure is then reduced during the bakeout

and maintained in UHV after the bake by a series of vacuum pumps.

To reduce the system pressure from atmospheric pressure down to a suitable

pressure where more advanced pumping methods may be used a rotary or

sorption pumps are required to bring the pressure from atmospheric pressure

(1000 mbar) down to 10−2 - 10−3 mbar. A rotatory pump increases a volume on

the vacuum side, it then closes off this volume from the vacuum and compresses

it through an exhaust to atmosphere, thus removing high volumes of gas but

are not sophisticated enough to achieve lower pressures. These pumps are see

on the floor in Fig.2.6.

A turbo molecular pumps can be used to further reduce the pressure to

the 10−6 − 10−9 mbar range, they use spinning blades which are angled to

the degree of rotation such that molecules are more likely to travel from UHV

rather than towards it. Molecules travel through a series of these blades and

will preferentially hit the lower side of the rotary blade and be pushed out of

the system. Stator blades are places after each rotor blade to ensure that only

molecules traveling in the correct direction reach the next stage and subse-

quently onto the backing pump.

An ion pump will further reduce the pressure to the 10−9 − 10−11mbar

range. They use a high magnetic field to give charged particles a long helical

path through the pump. A high voltage causes ions to form and these ions

are accelerated toward a Ti cathode. At the cathode they can be chemically

absorbed or captured. At high energies they can also cause the sputtering of

material from the cathode, the sputtered material can also trap gas particles.

To measure the vacuum pressure an Ion gauge is used, electrons are emitted

from a heated cathode and are attracted to a heating element anode with DC

potential around 150 V. The majority of electrons pass through the grid and a

few collide with the residual gas forming gas ions. The gas ions are accelerated

towards the central ion collector wire by the negative voltage on the collector
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typically−30 V. The ion current is amplified and measured to give the pressure

reading.

With UHV achieved and measured, X-ray radiation from the synchrotron

is now directed into the analysis chamber we are able to put our sample in

front of the beam for experimentation.

2.1.6 Deposition techniques

Thermal evaporation is a method of depositing volatile substances on to a

prepared substrate. The molecule of interest is deposited via the crucible of

a Knudsen cell (also known as a K-cell). The K-cell uses a crucible which

is placed within the UHV chamber, and connected via electrodes to allow

direct heating through electrical current. The crucible is made from an metal,

such as tantalum, which has a very high melting temperature. The powder

of molecule to be deposited is placed into a clean crucible of the K-cell prior

to its fitting to the vacuum chamber. Once under vacuum, with a direct path

from K-cell to the surface is available to the sublimed molecules as such the

molecule can be deposited onto the surface by heating the crucible to the

molecules sublimation temperature. Those and baked at a temperature below

the sublimation point of the molecule, such that impurities like water can be

removed. During deposition the crucible is again heated by an electric current,

but this time to just above the sublimation point of the molecule. A channel

is made available so that the molecule can travel from the crucible to the

substrate. The amount of time the channel is open and the temperature of the

K-cell will determine the amount of chemical deposited onto the surface. The

surface can also be held above the sublimation temperature, therefore only

molecules that become chemically bound to the surface will remain since any

unbound molecule will sublime. Thus allowing the formation of monolayers on

the surface. High temperatures within the crucible can cause some molecule

to decompose before they sublime therefore requiring a different technique.

Electrospray is a method of depositing thermally fragile or non-volatile

substances into a UHV environment, thus allowing the study of a broader range

of molecules. With the molecule of interest is in a liquid state an electric field is
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Figure 2.7: Schematic of electrospray deposition system, showing the thin
capillary emitting molecular beam in atmosphere and travelling left to right,
subsequent apertures through differentially pumped chambers of increasingly
high vacuum before final incidence onto sample in UHV.[22]

used to ionise droplets of the solution. If a small capillary and a high positive

bias (+1-5kV) is used the ionised droplets will repel each other creating a

Taylor cone and plume of microscopic droplets, in ambient pressure.

The current generation of electrospray systems, partly developed in Not-

tingham, enables the transfer of some molecules in the plume through aper-

tures into subsequent differential pumping chambers of increasingly high vac-

uum before transfer into UHV, see Fig.2.7. An entrance capillary of diameter

0.25mm is placed in front of the electrospray plume, this allows for a high

flux of molecules while minimising the pressure increase at the deposition lo-

cation. The first two chambers are pumped by a scroll pump, while the third

is pumped with a turbo. Through each stage the solvent will further evapo-

rate and be pumped away allowing the reduction in pressure. A gate value is

then placed between the third chamber of the electrospray and the preparation

chamber to allow it to be completely sealed from atmosphere. The substrate

it typically placed 10-20 cm from the gate value. The electrospray deposition

spot is approximately 3mm in diameter and of variable thickness, with highest

coverage in the centre. It is therefore possible to deposit both monolayer and

multilayer coverages in one deposition step.

Atomic layer deposition (ALD) is a thin film deposition technique which

uses sequential self terminating surface reactions, see Fig.2.8. In stage 1, pre-

cursor A is initially exposed to the substrate bonding to it. The precursor

consists of two parts, shown in blue and green, that are indented to remain

on the surface and be removed in the byproduct respectively. The second pre-

cursor B is then exposed to the surface in stage 2, it reacts with precursor A,
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removing the some of the green and grey byproduct and leaving the purple and

blue structure of the thin film, labelled 2. The process can then be repeated,

ABABAB, until the desired thickness of film is achieved. Steric hinderance

caused by the green part of precursors A will prevent the surface from being

saturated in one step, it may therefore take multiple steps to fully passivate

the surface. Inevitably not all reactions will go to completion and some of the

intended by product will remain in the film as impurities, (labeled 3).

2.1.7 Hemispherical electron energy analyser

Once the X-ray beam is focused on the sample electrons are produced via

the photoelectric effect and Auger relaxation at a range of energies. To en-

able experimental analysis of these electrons a hemispherical analyser is used.

Electrons pass through a retardation mesh or optics which alter their kinetic

energy by a fixed offset allowing different energies to pass through the anal-

yser, an entrance slit is used to prevent unusual trajectories. Electrons are

then accelerated around a curve in the analyser using an electric field, only

electrons near to the pass energy are curved by the required amount for them

to be incident on the detector, allowing precise measurement of the number of

electrons and their kinetic energy. Due to the width of the detector a range of

electron energies will be incident upon it, red and blue lines representing the

lower and higher kinetic energies respectively. A real detector would have a

narrower detector and exit slit than pictured in the diagram, therefore allowing

a smaller range of electron energies/paths.

There are two modes of detection: swept and fixed. Swept mode alters

the retardation level of the incident electrons, while keeping the pass energy

through the hemisphere the same, hence different initial energy electrons are

now incident on the detector. The number of electrons at different energy

levels are measured by progressively altering the retardation of the incident

electrons. A full spectrum of electron kinetic energies can be measured at one

fixed pass energy level on the detector, this tends to be the method used for

XPS. If a narrow band is to be measured, fixed mode keeps the retardation

level the same and measures the incident position on the detector to record
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Figure 2.8: Schematic of the ALD process, showing the subsequent deposition
of precursors A and B, with by product C to create a thin film on the substrate.
The surface does not become fully passivated in stage 1, in stage two the
precursor B is applied and the structure of the film is seen at 2, 3 indicates
impurities that remain. Below indicates structure of the film after multiple
sequential exposures of precursors A and B.
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Figure 2.9: Schematic diagram of a hemispherical electron analyser.

the kinetic energy of the electrons for a small range of energies. When this

technique is combined with a variable photon energy it allows the formation

of RPES data, and when measuring across the kinetic energy of an Auger

emission process, XAS data. The techniques of XPS, XAS and RPES are

discussed in further detail in the following section.

2.2 Experimental techniques

The interaction between light and electrons was first observed in 1887 by H.

Hertz,[24] when he realised that zinc lost negative charge when irradiated.

The discovery lead in part to the quantum revolution since the explanation

of this phenomena required that light act like a particle, or photon, instead

of the previously well established wave model. The photoelectric effect has

lead to photoelectron spectroscopy, which is immensely useful for studying

the chemical structure and the electronic dynamics of absorbed molecules on

surfaces. The synchrotron radiation used in this thesis is in the soft X-ray

region, it is therefore important that we understand this interaction between

these X-rays and electrons in the sample.

Soft X-rays can be absorbed and elastically or inelastically scattered by

materials. For applications using synchrotron radiation, the only significant

interactions between X-rays and electrons are elastic Thomson scattering, in-
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elastic Compton scattering and photoelectric absorption. This is due to the

interaction cross-section being relatively high for these processes at the pho-

ton energy of soft X-rays, while the interaction cross section of other processes

is negligible. Thomson scattering can be explained classically. The X-ray is

scattered when an electron is sinusoidally accelerated by an electromagnetic

field of a photon, the electron then reradiates at the same wavelength hence

an elastic process. Compton scattering involves only part of a photon’s energy

being transferred to an electron and hence a lower energy photon is scattered.

During photoelectric absorption the photon transfers all its energy to the elec-

tron and raises it to a higher energy level. If the photon is in the X-ray region

the process can be described as X-ray adsorption.

2.2.1 Photon-electron interaction cross-section

To describe the complex interaction between an electromagnet wave and elec-

tron during X-ray absorption a semi-classical model can be used. The molecule

is treated with a quantum process, while the radiation uses the classical elec-

trodynamics described by Maxwell’s equations. This model is sufficient to

provide theoretical insight but it neglects how a field alters due to the interac-

tion. The probability of an electronic transition per unit time Pi−f , between

an initial state, |i〉, and a final state, |f〉, driven by a harmonic time dependant

perturbation V (t) = V̄ e−iωt is determined using Fermi’s golden rule:[25, 26]

Pi→f =
2π

h̄

(〈
f
∣∣∣V̄ ∣∣∣ i〉)2 ρ (ε) (2.2)

The variable ρ (ε) represents the density of states for the final state for the

defined energy range, the number of states that fall in the range ε → ε + δε.

The initial and final states include all the electrons in the molecule or atom as

all the electrons are affected by the perturbation caused by the photon. The

final state |f〉 of the excited electron is assumed to be a free electron in the

presence of an ion. A correction will have to be made if the excited state is

bound to an atom or in the presence of a neutral species.

The dominant term in the perturbation describes the interaction between

a spin-less particle and electromagnetic field is given by:[25]
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V (t) =
e

mc
A.p (2.3)

Where e and m are the electronic charge and mass respectively, c the speed

of light and p is the operator for linear momentum. For groups of electrons

p becomes the sum of the individual operators. To calculate the total X-

ray absorption cross section we must sum over all bound states that have an

energy less than the photon energy. When the photon energy is able to excite

core electrons the interaction cross section with valence or outer shell electrons

have a smooth cross section,[25] hence the underlying cross section from these

states can be omitted. Considering the interaction of the electromagnetic plane

wave with a vector potential, (A) the magnitude of the vector potential, A0,

is related to the magnitude of the electric field vector, E0, via the equation,

E0 = A0ω/c. Where ω is the frequency of the incoming light. By using this

plane wave, the wave-vector (k) and a direction of polarisation Ê with the

electrons in the atomic orbitals, the amplitude of the perturbation can be

derived as:

A = n̂A0cos (k.x− ωt) = e
A0

2

(
ei(k.x−ωt) + e−i(k.x−ωt)

)
(2.4)

The magnitude of the wave vector is related to the wavelength of the X-ray,

|k| = 2π/λ. A and E are collinear, they are related by E0 = A0ω/c. After

realising that only the time dependent term in (2.4) causes transitions which

absorb energy and then by substituting (2.3) and (2.4) into (2.2) we can obtain

the transmission probability.

Pi→f =
e2E2

oπ

2h̄m2ω2

(〈
f
∣∣∣Ê.p∣∣∣ i〉)2 ρ (ε) (2.5)

For this plane wave the number of photons per unit time can be determined

by dividing the total energy flux of the wave by the photon energy.

Φ =
A2

0ω

8πh̄c
=

E2
0c

8πh̄ω
(2.6)

Since the X-ray absorption cross section is given by σx = Pif/Φ, we can

obtain.[25]
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σx =
4π2e2

cωm2

∑
f

∣∣∣∣∣ E|E| . 〈f |p| i〉
∣∣∣∣∣
2

ρ (ε) (2.7)

The initial state, |i〉, which describes the sample before electron ejection,

has a total energy E(N). The final state |f〉 = |k〉 ⊗ |N − 1〉 is composed of

the electron transferred to a vacuum state with a wavevector k and energy

Ekin and the sample with total energy E(N-1) after electron ejection, thus

Ei = E(N) and Ef = Ekin + E(N − 1). Absorption of photons with a well

defined energy promotes electrons from the sample into the vacuum in an

ionisation process. The cross section for the ionisation process is given by

Equ.2.7, but certain transitions are far less likely and since we are dealing

with vectors the polarisation of the light and orientation of then molecule and

therefore it’s electron orbitals become very important.

2.2.2 X-ray Absorption Spectroscopy (XAS)

Due to the energies involved there is a large interaction cross section between

soft X-ray photons and core electron energy levels. Hence a soft X-ray photon

can excite core electrons to a higher energy level with a vacancy and since

energy levels within an atom are quantised, photons of specific energy are

required for each different excitation, so synchrotron radiation is essential.

After X-ray absorption the atom is left in an excited state due to the hole in

the core level, see Fig.2.10. The two dominant relaxation processes are when an

electron drops into the core hole and the excess energy is released by ejection of

either an electron or photon, in either Auger decay or fluorescence respectively.

The process pictured is not strictly an Auger decay since a true Auger process

leaves the atom in a +2 oxidation state, with both the initially excited electron

and subsequent electron both leaving the atom. A slightly different process

can occur after XAS to a bound state, since the initial excitation did not eject

the photon, after relaxation by electron emission the atom is only in a +1

oxidation state, hence this similar process is called Auger-like.

The excess energy released is equal to the difference in energy levels be-

tween which the electron drops. The kinetic energy of the emitted Auger-like
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Figure 2.10: Excitation of a core level electron to a bound state XAS, followed
by relaxation of the core-hole via Auger emission or fluorescence.

electron is (Ec − En)−Em where En is the initial energy of the electron which

moves to the hole in the core, Ec is the energy of the core shell and Em is the

binding energy of the Auger electron. These binding energies have normally

been increased relative to an atom in the ground state since the presence of

the core hole provides less screening of the nucleus. Auger emission has an

energy range which is typically in the 100-500 eV range.[19] At this energy

level the mean free path through the substrate is a few nanometers, so the

technique is highly surface sensitive. The number of Auger electrons emitted

from the sample is directly proportional to the amount of X-ray absorption.[25]

To count the number of Auger electrons emitted either a separate detector is

placed under the sample with a positive bias to capture most emitted elec-

trons. Alternatively the hemispherical analyser can be configured to capture

the number of electrons emitted over the kinetic energy of an Auger, the work

contained in this thesis used both techniques.

In a molecular system with well defined unoccupied orbitals, as the pho-

ton energy is increased there is an increase in the emitted intensity of Auger

electrons. The first increase or peak occurs when the photon energy matches

the energy difference between the core level and the LUMO. Subsequent peaks
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in intensity are excitations to the LUMO+1 LUMO+2 etc, hence the energy

levels of the unoccupied states of the system are probed. If the data has

been measured using a hemispherical analyser it will produce an image such

as Fig.2.11 a) a 2D line profile is taken from this 3D XAS data set by integrat-

ing with respect to the photon energy to produce Fig.2.11 b) indicating the

variation in absorption of X-rays at different photon energies. In each case the

approximate positions of the LUMO, LUMO+1 and LUMO+2 are indicated.
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Figure 2.11: C 1s XAS example C60 monolayer on Ag(111) a) raw data from
hemispherical analyser b) the integral of this data with respect to photon
energy.

When the monochromator is set to a specific value, photons of integer

multiples of that value will also pass through. Hence it is possible to make

measurements at the appropriate binding energies of core electrons that have

been emitted by the primary energy or 1st order light and 2nd order light

with double the primary excitation energy. Hence after XAS is completed

and without changing the monochromator position of a core state such as C
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1s using both the first and second order light is measured. The difference

in kinetic energy between these two peaks allows the measurement of photon

energy at the end of the scan and thus gives a photon energy calibration point.

Figure 2.12: Data processing, original data from Ag C 1s XAS, grey. From
this the carbon dip, black, is removed to produce red.

If the flux of photons at different photon energies is not constant across the

XAS image some processing of the data is required, this is shown in Fig.2.12.

This is especially true at the C 1s edge due to carbon on the mirrors of the

monochromator since this contamination causes absorption and a variation in

the beam intensity during the scan. To remove this from the data set and

obtain a real density of unoccupied states a XAS of a clean metallic surface

is taken to measure the variation in photon energy across the edge. This is

shown in black and the original data is divided by it. Hence the carbon dip is

now removed and the spectra now clearly shows the unoccupied orbitals, (red

line in Fig.2.12).

2.2.3 X-ray Photoemission Spectroscopy (XPS)

While XAS uses a range of photon energies and counts the number of emitted

electrons, XPS uses a fixed photon energy then measures the kinetic energy

and number of emitted electrons. If a soft X-ray photon has greater energy

(hν) it can excite core electrons to an unbound state, thus ionising the atom

and providing kinetic energy to the emitted electron (Ekin). In such a case the

binding energy can be expressed as the energy difference between the initial
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state with N electrons and the final state with N-1 electrons. This leads to the

fundamental equation behind X-ray photoemission, namely the photoelectric

law:

hν = Ekin −
(
EN−1
f − EN

i

)
(2.8)

Where the kinetic energy is measured with respect to the vacuum level.

Energies of free molecules and atoms tend to be stated relative to the vacuum

level, however solid states tend to be described relative to the Fermi level. The

previous equation is therefore modified slightly to make the binding relative

to the Fermi level instead of the vacuum level:

hν = Ekin + EB + φ (2.9)

where φ is the difference between the HOMO and the vacuum level, which

is known as the work function of the material, EB is the energy difference

between the initial position of the excited electron and the highest occupied

molecular orbital (HOMO). Those electrons that undergo excitation and are

elastically ejected from the sample contribute to the XPS peaks, the basic

concept of this is shown in Fig.2.13. Here a core electron is excited out of the

atom due to energy gained from an X-ray photon, the binding energy of an 1s

electron goes as Z2 to a first approximation, where Z is the atomic number.

Hence measurement of the binding energy will allow identification of atomic

species.

Since these photoelectrons have a very limited mean free path through

matter, the technique probes the core states of the atoms effective for the top

10 nm depth. Photons can penetrate deeper into most matter but electrons

can only travel through a couple of atomic layers before an interaction. Hence

this technique is very surface sensitive, so careful sample preparation and as

much freedom from contamination as possible is required. Surface sensitivity

can be further increased by adjusting the angle of the surface with respect

to the analyser. Thereby altering the path that electrons have to take before

reaching the detector and decreasing the depth that the detected electrons can

be emitted from.
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Figure 2.13: General concept of XPS, removal of core level electron through
X-ray illumination with energy level diagram.

An overview spectrum of the clean TiO2 surface is shown in Fig.2.14, the

same spectrum was taken at two different photon energies to illustrate the

constant binding energy XPS features such as O 1s and Ti 2p and 3p and the

broader Auger features. These Auger features shift with the excitation energy

because the energy of the emitted electron depends only on the difference

between orbitals involved in core-hole decay and are therefore at constant

kinetic energy, therefore there is an apparent shift in binding energy. The

XPS peaks are due to electrons from the indicated atom and orbital, via the

process already described that have undergone no inelastic processes. For both

spectra there is a similar increase in the background level after each XPS and

Auger peak on the higher binding energy side, this is due to an increase in

inelastically scattered electrons, their loss of energy causing them to appear at

higher binding energies.

The X-ray methods used here will tend to probe the binding energies of

core electrons, due to the high interaction cross section. Core electrons have

a localised wave function and therefore the energy does not depend on a wave
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Figure 2.14: Example of an XPS overview taken on a clean TiO2 surface, at
two excitation energies, to show the fixed position of XPS peaks and excitation
energy dependant position of Auger peaks.

vector. Due to random decay life-time of the core-hole, at a fixed photon

energy we observe a range of Lorentzian peaks due to the element at the

surface of the sample, each of which is at a characteristic binding energy. The

core level spectrum will also have a Gaussian contribution due to instrument

broadening of both the energy of electron in the analyser and incident photon

energies from the monochromator. Hence a core state will be measured with

Lorentzian and Gaussian broadening like those seen in Fig.2.15. These XPS

peaks are constructed by having a small range of kinetic energy electrons indent

on the detector then taking small increments in those energies. The software

then totals the number of counts for each of the predefined energies that swept

across the detector.

Although the core-level electrons are not directly involved in the formation

of bonds, any change in the chemical environment of the element will involve

spatial and energetic redistribution of the valence electrons in the atom and

create a different potential at the core.[27] Changes in potential at the core

causes a shift in binding energy which can be detected using XPS, for example

in Fig.2.15(left) the C 1s spectra shows four different bonding environments
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for carbon atoms. Hence as well as element identification we can acquire infor-

mation about chemical bonding of those element and absorbed molecules at a

surface using this technique. In the diagram on the left of Fig.2.15 again the

effect of the inelastic scattering electrons it is clearly seen by the background

on the higher binding energy side. This effect has been removed for the di-

agram on the left by doing a Shirley background removal,[28] which is used

throughout this work. The diagram on the right shows such a spectra after

background removal, it also indicates how more subtle differences in bonding

can combine to give the complete measured XPS spectra. This can also give

us evidence that molecules remain intact after deposition or interaction and

bonding with the surface.
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Figure 2.15: C1s XPS of; left Ethyl-trifluoroacetate from ref [27] and right N3
on ultra thin alumina, taken from Fig.3.2, both Figures illustrate the different
chemical environments identifiable for one element in a molecule. see text from
more detailed description.

Energy of ultra violet light is similar to valence electrons hence when UV

illumination is used instead of X-ray the highest occupied molecular orbitals

can be probed. During XAS as the photon energy is increased an intense signal

is first seen when the photon energy matches the energy difference between

the core level and the LUMO, there after it measured the position of the other

unoccupied states. Therefore if the valence band and XAS can be calibrated

to the same point then it is possible to place the valence band of the highest

occupied molecular orbitals and XAS of the lowest unoccupied states onto
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the same binding energy states to reveal the density of states of the system

around the Fermi level. These density of states plot are particularly useful for

DSC since possible molecule and surface interactions with visible light can be

assessed. To achieve this end the valence band and binding energy of the core

state are calibrated with either the Fermi level or binding energy of a known

core state. We then can take the starting position of the XAS and shift it

in the negative X axis direct by a value equal to the binding energy of the

core state, for example on C 1s XAS the shift is equal to the C 1s binding

energy. The XAS is then flipped in the y axis since increasing photon energy

in XAS represents decreasing binding energy of the orbital. Then with the

valence band calibrated to the same point as the C 1s core level used to shift

the XAS the two are placed on the same binding energy axis and normalised

in intensity. Hence the occupied and unoccupied states on the same binding

energy scale, see example Fig.2.16. This process is taken from and described

in future detail in ref[29].
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Figure 2.16: Example of density of states plot for C60 on Cu, taken from Fig.5.8
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Figure 2.17: The Ti 2p1/2 on the left is half the size of the Ti 2p3/2 on the
right, for further explanation of this figure see Sec.4.3.2

2.2.4 Spin-orbit coupling

Electrons paired in a core atomic orbital interact with each other to conserve

total angular momentum j, which consists of electron spin s, and orbital an-

gular moment l, such that j = s + l. After an electron is emitted from a core

orbital through photoemission the remaining electron can have either spin s =

+1/2 or s = -1/2 and zero orbital angular momentum. If the electron is emitted

from an orbital where l is nonzero, such as a p, d or f orbital where l= 1, 2 or

3 respectively, l and s must couple in order to conserve angular momentum.

This interaction causes a spilt in the final state energy levels of the exciton

and therefore two different binding energies are measured for the emitted elec-

tron. Thus spin-orbit coupling causes a shift in an electron’s binding energy

measured in XPS, so instead of the singular peaks observed for an s orbital

excitation, two peaks will be observed for p, d and f orbitals.

For example, the Ti 2p orbital has s = ±1/2 and l = 1, therefore the total

angular momentum j = 1/2 or 3/2. Since the number of electrons in each j

state is given by 2j + 1, there must be 2 and 4 electrons in the j=1/2 and

j=3/2 states respectively. Therefore the two Ti 2p peaks observed in XPS will

have an intensity ratio of 1:2, see Fig.2.17.
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2.2.5 Resonant Photoemission Spectroscopy (RPES)

Resonant photoemission spectroscopy allows understanding of the channels

that are available during core-hole decay. It allows qualitative and quantitative

understanding of the charge transfer dynamics between the surface and the

adsorbate. The technique has relevance to exciton dissociation and charge

transfers processes in DSCs, since charge transfer due a valence hole in a DSC

is highly comparable to core-hole process in RPES.[30] RPES is quite similar

to XAS, the only difference is that the kinetic energy of the emitted Auger

and Auger-like electrons is now recorded and becomes part of the analysis.

By measurement of the kinetic energy of the emitted Auger electron with

respect to the initial excitation energy of the photon we can understand the

various decay mechanisms that are available to the core-hole to a high degree

of surface sensitivity. The states that electrons are promoted to in RPES are

very similar to those that occur due to optical excitation, except that RPES is

in the presence of a core-hole. Hence RPES is a useful process for investigating

fundamental processes related to solar cells, since it involves similar exciton

and subsequent relaxation.

Figure 2.18: Core-hole decay mechanisms for resonant photoemission, see text
for further explanation.

Different decay mechanism must be distinguished in order to further under-

stand the relaxation process, these are shown in Fig.2.18. Fig.2.18(a) shows
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the preferential core level excitation of an electron from core to unoccupied

state (LUMO+1) during XAS. Fig.2.18(b) represent Auger-like emission of

the participator electron where the already exited electron participates in the

decay process by taking away the excess energy, hence the term participator

decay. Participator decay leads to a final state identical to that of direct pho-

toemission from the HOMO, hence this process emits an Auger electron with

constant binding energy. This process is only available if the electrons in the

excited state are not able to tunnel away before they participate in the Auger-

like core-hole decay process, hence this is expected in molecules isolated from

the surface such as those found in a multilayer and for those states that do

not overlap with the available states in another system. Fig.2.18(b) also shows

spectator decay, here the process is very similar to normal Auger decay, how-

ever, instead of the original excited electron being removed from the atom as in

photoemission it is instead excited to a bound state as described in XAS, sub-

sequently the excited electron spectates on the decay of another electron from

the valence band to the core and the excess energy is emitted via the kinetic

energy of another electron. Spectator electrons and Auger decay are features

with constant kinetic energy, since the energy of the electron comes from the

constant energy shift of the occupied state to core level decay and does not

depend on the initial excitation energy, only the presence of a core-hole. The

process in the Fig.2.18(spectator and Auger) involves two electrons from the

HOMO which will give the highest kinetic energy of emitted electrons. This

process results in a lower energy emission than participator decays since the

final state of the system also represents emission direct from the HOMO with

an addition excitation of another electron. Figure (d) represents charge trans-

fer after XAS, this is where the excited electron tunnels into the substrate,

followed subsequently by relaxation of the core hole similar to spectator de-

cay. If charge transfer occurs then the resulting relaxation takes place from

the ionised system which only has discrete states available for decay in a true

Auger process. The transferred electron removes the excess energy from the

molecule, hence this decay will exhibit constant kinetic energy.

An example of an RPES image is shown in Fig.2.19. Horizontal feature

on the RPES scans represent an increase in electrons emitted at these pho-
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Figure 2.19: RPES spectra for a multilayer or isolated molecules of C60 (above),
indicating the positions of the unoccupied states (horizontal features) and
RPES spectra for monolayer of C60 on Cu(111) showing vertical features that
are due to the highest occupied states of the Cu(111) substrate, taken from
Fig.5.2(a) and Fig.5.8(a).
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ton energies, hence these represent unoccupied states in a process similar to

XAS. Vertical features are at constant low binding energy and therefore rep-

resent the valence band. This combination allows measurement of emissions

from specific orbitals at specific photon energies. Participator decays have a

final state identical to the direct emission from an occupied orbital. They are

therefore seen as spots such as those circled in Fig.2.19a), where the three

circles represent excitation to the LUMO and participator decay involving an

electron in either the HOMO, HOMO-1 or HOMO-2. These features are also

less clearly seen at higher photon excitation energies, mostly due to the lower

interaction cross section of the absorption. When the incident photon energy

has a higher interaction cross section with the highest occupied levels of the

underlying surface then clear vertical features are seen on the RPES image

such as that in blue on Fig.2.19b) these features tend to be from continuous

valence of substrates rather than absorbed species.[26] RPES images require

similar calibration in photon energy to XAS using first and second order light,

horizontal features can be calibrated to the valence band of the system. C 1s

XAS also shows the second order C 1s XPS diagonal line, which is partially

viewable at the top left of the image Fig.2.19a), since the energy of the second

order light doubles with photon energy this leads to diagonal features with a

negative gradient of -1. Spectator and Auger features have a binding energy

that is not dependant on the photon energy, they will also appear at higher

binding energies since less energy is given to the expelled electron compared

to spectator decay. These processes are seen on RPES images as horizontal

line features such as those indicated on Fig.2.19.

Hence the horizontal, vertical and -1 gradient features of an RPES are rela-

tively easy to explain and also allow calibration. However the diagonal features

with unity gradient, representing a constant kinetic energy feature would rep-

resent a super Auger/super spectator feature requires further explanation and

is investigated further in Chapter 6.

40



CHAPTER 2. Experimental methods and analysis

2.2.6 Core-hole clock analysis

Since XAS represents the full intensity of the unoccupied levels, whereas in the

case of RPES the unoccupied states may be depleted by charge transfer into

the surface. The presence of a participator signal in molecules isolated from

the surface shows that some of the excited electrons are not able to tunnel

away during the lifetime of the core-hole, which is to be expected if the solid

form of the deposited dye is non-conducting. However in the monolayer if

this signal is depleted it represents charge transfer from the dye and into the

surface on a time scale similar to or faster than the core-hole relaxation.

The application of the core-hole clock relies on two main assumptions.

Firstly, the charge transfer and core-hole relaxation are independent. Sec-

ondly that the probability of charge transfer and the core-hole decay decrease

exponentially with time.[26]

The number of molecular systems in the excited state at time t, is given

by:

N(t) = N(0)exp
−t
τ (2.10)

Where τ is the timescale of the core-hole, charge transfer or other event of

interest, and N(0) is the initial number of excited systems. The probability of

core hole decay Pd where τd is the average lifetime for core hole decay.

Pd(t) =

t∫
o

exp
−t′
τd dt′ (2.11)

Similarly the probability of charge transfer not occurring before time t is

given by:

P(noCT )(t) = 1−
t∫
o

1

τCT
exp

−t′
τCT dt′ (2.12)

where τCT is the average time of charge transfer. Since these two events

are considered independent the probability of charge transfer occurring at any

time is given by combining the previous two equations, to give:
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P(d&CT )(∞) = 1−P(d&noCT )(∞) = 1−

 ∞∫
0

1

τd
exp

−t′
τd dt′

1− 1

τCT

b∫
a

exp
−t′
τCT dt′


(2.13)

P(d&CT )(∞) = 1− τCT
τd + τCT

(2.14)

P(d&CT )(∞) =
τd

τd + τCT
(2.15)

This probability can be constructed in terms of the experimental intensity

of normal Auger (Inormal) and resonant Auger (Iresonant) channels:

P(d&CT )(∞) =
Inormal

Iresonant + Inormal
(2.16)

Normal Auger and Spectator Auger processes are too similar in energy to

be separated, however as seen in the PRES data, the participator peaks for the

multilayer molecules can be easily measured. The decrease in the participator

peaks between the multilayer and the monolayer Imultiparticipator - Imonoparticipator can be

normalised to the isolated participator channel to determine the probability of

charge transfer through that channel

P(d&CT )(∞) =
Imultiparticipator − Imonoparticipator

Imultiparticipator

(2.17)

Hence
τd

τd + τCT
=
Imultiparticipator − Imonoparticipator

Imultiparticipator

(2.18)

τd + τCT
τd

=
Imonoparticipator

Imultiparticipator − Imonoparticipator

(2.19)

Since experimentally the signal will decrease in the monolayer compared

to the multilayer, due to fewer molecules we must normalise the participator

peaks, leading to the final core-hole clock equation which allows experimental

measurement of the charge transfer time relative the lifetime of the core-hole.
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τCT = τd
ImonoRPES/I

mono
XAS

ImultiRPES/I
multi
XAS − ImonoRPES/I

mono
XAS

(2.20)

When fitting a curve to an XAS or RPES peak such as those in Fig.2.16

the main variables are the position, intensity of the the peak and the Voigt

line profile which is formed from Lorentzian and Gaussian broadening mecha-

nism. Obtaining a fit for a single peak involves small errors in these variables.

However similar peaks on a Multilayer and Monolayer will vary. In order to

compare them the same position and Voigt function should be used and only

the intensity varied. With the comprising fit somewhere in-between the ideal

fits for the multilayer and monolayer, the degrees of freedom mean that it is

down to the researcher’s interpretation to find the ideal compromise for the

curve fit. Hence the only logical way to do this is to repeat the fits many

times using different parameters. During this thesis the key result taken from

the fit is the area of the peak, since this is used in the core hole clock calcu-

lation. Hence all core hole clock calculations are calculated by taking many

measurements of the peak area from different, but always visually reasonable

fit parameters, and the result given is always the mean, with the standard

deviation of the result quoted as the error.

2.2.7 Surface coverage

Once a thin film or molecule has been deposited on the substrate the thickness

of the film, or number of monolayers must be calculated. A thin film or

multilayer coverage of molecules can be estimated by looking at the suppression

of an underlying substrate peak, with the equation:

d =
−λ
cosφ

ln
(
I

I0

)
(2.21)

Where d is the film thickness, λ is the inelastic mean free path of the sub-

strate photoelectrons through the adsorbed material, I0 = integrated intensity

of the XPS peak of the clean substrate, I is the integrated substrate intensity

of the same peak after deposition and φ photoelectron emission angle with

respect to the surface normal.
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For sub monolayer formulas the Charley and Roberts equation[31] is re-

quired:

σA =
KEA
KES

× IA
IB
× µ′SNAλSρScosφ

µ′AMS

(2.22)

Where σA is the surface concentration, A adsorbate and S the underlying

substrate, KE kinetic energy, µ the photoionisation cross section, NA Avo-

gadro’s number, MS the molar mass of substrate and ρS the substrate density.

The inelastic mean free path (IMFP) λ (in Ȧ) through the molecule was

approximated as a function of electron energy, it can be calculated via TPP-

2M predictive equation[32], as a function of electron energy, E (in eV) given

by the equation:

λ =
E

E2
p [βln (γE)− (C/E)− (D/E2)]

(2.23)

where:

β = −0.10 + 0.944(E2
p − E2

g )
−1/2 + 0.069ρ0.1 (2.24)

γ = 0.191ρ−1/2 (2.25)

C = 1.97− 0.91U (2.26)

D = 53.4− 20.8U (2.27)

U = Nνρ/M = E2
p/829.4 (2.28)

Where Ep = 28.8 (Nνρ/M)1/2 is the free-electron plasmon energy (in eV).

E is the electron energy in eV, Nν for compounds is the number of valence

electrons per atom, M is the atomic or molecular weight . ρ is the density (in

g cm−3), Eg is the band-gap energy Ms = Molar mass of substrate. Hence the

calculation of the mean free path through the adsorbed material enabled the

calculation of thin film thicknesses or molecule coverage.
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Chapter 3

N3 on Al10O13

The interaction of the dye molecule N3 with the ultra-thin oxide layer on a

AlNi(110) substrate, has been studied using synchrotron radiation based photo-

electron spectroscopy, resonant photoemission spectroscopy (RPES) and near

edge X-ray absorption fine structure spectroscopy (XAS). Calibrated X-ray ab-

sorption and valence band spectra of the monolayer and multilayer coverages

reveal that charge transfer is possible from the molecule to the AlNi(110) sub-

strate via tunnelling through the ultra-thin oxide layer and into the conduction

band edge of the substrate. This charge transfer mechanism is possible from the

LUMO+2&3 in the excited state but not from the LUMO, therefore enabling

core-hole clock analysis, which gives an upper limit of 6.0±2.5 fs for the transfer

time. This indicates that ultra-thin oxide layers are a viable material for use

in dye-sensitized solar cells (DSC), which may lead to reduced recombination

effects and improved efficiencies of future devices.

3.1 Introduction

In a dye-sensitised solar cell (DSC), a photo excited dye injects an electron

into the conduction band of the substrate. DSCs offer a potential lower cost

alternative to their inorganic counterparts, with cheaper materials and manu-

facturing processes.[33] They can also be engineered into flexible sheets, mak-

ing them easier to transport and install.[34] DSC are currently less efficient

than other thin film technologies such as CuInxGa1-xSe2 or CdTe.[8] How-
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ever, the lower cost makes them a very competitive alternative. Ultra-thin

oxide layers have already improved the performance of inorganic solar cells, by

reducing recombination affects at surface defects through passivation.[35] In

DSCs reduced recombination rates have been attributed to surface passivation,

with the aluminium oxide coating serving as a tunneling barrier between the

redox mediator and conductive electrons, (see Sec.1.2).[36] Hence aluminium

oxide layers between a dye and TiO2 substrate have been shown to increase

power conversion efficiency,[37] by reducing dark current and increasing elec-

tron lifetimes.[38] A thicker oxide layer will reduce recombination rates[39]

but also suppress the injection of an electron into the substrate,[40] an op-

timal thickness should be obtainable. An ultra-thin oxide may provide an

attractive option for future DSC devices by passivation of the surface, there-

fore reducing recombination effect with minimal disruption to charge injection.

However the potential for ultra-thin oxide layers to be used for this application

has not been extensively studied. In this chapter charge transfer from a dye

molecule through an ultra-thin oxide layer and into the underlying substrate is

investigated, thus giving important information on the fundamental processes

which will affect future DSC devices.

Figure 3.1: Schematic of N3 molecule on ultra-thin aluminium oxide layer. O
- Red, H - White, C - Grey, N - Blue, S - Yellow, Al - Purple. The underlying
AlNi(110) substrate is omitted.

The dye molecule N3 (cis-bis(isothiocyanato)bis(2,2-bipyridyl-4,4’-dicarboxylato)-
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ruthenium(II)), shown in Fig. 3.1, was chosen because of its performance as a

photosensitive molecule used in the construction of DSCs. It was unmatched

for 8 years and as such it has become the benchmark for heterogeneous charge

transfer in mesoporous solar cells.[41] For N3, if rapid charge injection can take

place out of the molecule then chemical transformations cannot occur. This

leads to a highly stable solar cell arrangement that can operate for approxi-

mately 20 years, without noticeable loss in performance.[41]

The aluminium oxide surface is one of the most intensely studied metal

oxide surfaces, but most previous applications relate to models of catalysts.[42]

A well ordered oxide layer is not formed on pure aluminium,[43] however,

oxidation of clean AlNi(110) does form a well ordered, self terminating, ultra-

thin oxide layer on the surface. The stoichiometry of this oxide is Al10O13,[44]

and previous studies have reported on the spectroscopy and organisation of this

surface.[44, 45] The film self terminates at three atomic layers because oxygen

in the gas phase does not dissociate on the oxygen terminated surface.[42]

Since the oxide layer is only three atomic layers thick and the ultra thin film

is an semi conductor with a band gap, measured from XPS and XAS density

of states, as 6.7 eV[46] there is potential for electrons to easily tunnel from

the dye through the oxide and into the underlying AlNi substrate, while still

reducing recombination affects. Thus Al10O13 on AlNi(110) provides a model

for a DSC device which could be developed in the future.

In order to develop our understanding of N3 on Al10O13, its bonding must

first be considered. Prior research of N3 on Au(111) showed that the bonding

is dominated by the sulphur atom on the thiocyanate and van der Waals forces

from the remainder of the molecule.[23] On TiO2 N3 has been shown to bond

via de-protonation of two carboxylic acid groups on the bi-isonicotinic acid

ligand, and via the interaction of sulphur on the thiocyanate ligand.[22] Since

the surface in this experiment is oxygen terminated it is expected that N3

will form chemical bonds with the surface in a manner similar to that seen

on TiO2.[22] The O’Shea group have previously reported the charge transfer

interaction of N3 and its bi-isonicotinic acid ligand on Au(111)[17, 47] and

N3 as well as related water splitting molecules on TiO2.[22, 48, 49] The upper

limit for the charge transfer time from N3 to Au(111) and TiO2 was 4.4 fs[47]
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and 12 fs[48], respectively.

In order to further develop DSCs it’s important that an understanding into

the subtle bonding and electronic properties that lead to efficient photon-to-

current efficiencies is achieved. Here X-ray photoemission spectroscopy (XPS)

results are presented, which allowed characterisation of the bonding between

the molecule and the surface. Resonant photoemission spectroscopy (RPES)

as well as near edge X-ray absorption fine structure (XAS) that allow mea-

surement of charge transfer interactions between the surface and the molecule.

3.2 Experiment

Experiments were carried out at the D1011 bending magnetic beamline at

the MAX-lab Swedish synchrotron radiation facility. The beamline covers

photon energies in the range 30 to 1600 eV, the end station is equipped with a

SCIENTA SES200 (upgraded) electron energy analyzer and an MCP detector

for electron yield measurements. The baseline operating pressure was 3×10−10

mbar.

The sample used was a single crystal AlNi(110) which was sputtered at

1kV and then flash annealed to 1300 K via ebeam heating. Subsequent sput-

tering and annealing cycles were repeated until C 1s and O 1s peaks were

no longer observed in XPS. The oxide layer was formed by dosing the sam-

ple with 1800 L of O2 at 3 × 10−6 mbar and 600 K, followed by an anneal at

900 K for 10 mins. Further details on the formation and detailed description

of this oxide layer are given elsewhere.[45, 50] Other research[51, 52] have rec-

ommended a two step oxidation process, with high temperature (1050 K), in

order to close open metal patches in the oxide layer. However during our anal-

ysis of the surface it became clear that slightly higher temperature annealing

caused a significant reduction in the oxide signal in XPS. A lower temperature

anneal following oxidation was therefore adopted. N3 obtained from Solaronix

SA, Switzerland, was deposited via a ultra-high vacuum compatible electro-

spray deposition system (MolecularSpray, UK) with methodology described in

Sec.2.1.6.[22] N3 has been shown to remain stable after electrospray deposition

onto TiO2[22, 48, 53] and Au(111).[23, 47] The dye molecule was dissolved in

48



CHAPTER 3. N3 on Al10O13

a solution of 3(methanol):1(water) and sprayed for 90 mins during which the

pressure rose to 2 × 10−7 mbar due to gas load from the electrospray system

and the presence of solvent molecules in the molecule beam. This formed a

deposition spot on the surface a few millimetres in diameter with a range of

coverages in a Gaussian distribution, from partial monolayer at the edges to

multilayer in the centre. The multilayer data was combined with data obtained

in previously published experiments of N3.[22, 48]

All measurements were performed at room temperature. XPS data were

calibrated to the Fermi edge. A Shirley background[28] was removed and the

spectra normalised to the photon flux and the number of sweeps, before curve-

fit analysis using pseudo-Voigt functions.[54] XAS data were recorded at the

N 1s adsorption edge with the emitted electrons collected by a partial yield

detector with a retardation potential of 200 V. For XAS and RPES the photon

energy was calibrated by taking the energy separation of the Al 2p core-level

photoemission peaks excited by X-rays in first and second order.

To calculate coverages the inelastic mean free path (IMFP) λ (in Å) through

the molecule was approximated as a function of electron energy and calculated

via the TPP-2M predictive equation.[32] This was then used to calculate sur-

face concentration by looking at the increased intensity of the adsorbate C

1s peak in comparison to the suppression of the Al 2p surface. The IMFP

was used in the Carley-Roberts formula[31] to calculate surface concentration,

coverage was then calculated via the footprint of the molecule as measured in

DFT analysis. In the multilayer the number of photoelectrons in PES, which

came from substrate, or the layer of molecules, which were bonded to the sub-

strate, was negligible. Hence this represents molecules that are isolated from

the surface.

3.3 Results and Discussion

3.3.1 Adsorption bonding

To build a complete picture of the interaction between N3 and Al10O13 we

must first consider the way the molecules bond to the surface. Fig.3.2 shows
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the C 1s and Ru 3d XPS data for the multilayer (a) and the monolayer (b).
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Figure 3.2: C 1s plot fit for (a) multilayer data and (b) monolayer, with differ-
ent peaks for each of the different bonding environments of carbon. The ratios
of the peaks fit with expected result for the intact molecule. Peak positions
are the same across all coverages with the exception of the carboxylic acid
peak, which is involved in intermolecular bonding in monolayer and multilayer
coverages. hν=340 eV.

The normalised areas of the peaks in the multilayer should be in the

ratio 6:4:2:1 when this ratio represents Pyridine ring C-C:Pyridine ring C-

N:Carboxylic acid:Thiocyanate. The actual ratio when normalised to the Thio-

cyanate is 5.3:3.1:1.8:1.0 for the multilayer and 5.8:3.7:2.2:1 for the monolayer.

Hence there is good agreement with expected results. Peak assignment also

agrees with previously published data.[23] No change in energy of the C 1s

peaks related to pyridine and thiocyanate was observed. These parts are in

the same chemical environment in both the monolayer and multilayer, which
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indicates that these parts of the molecule are not involved in bonding to the

surface. The carboxylic acid peak is 7.6 eV above the Ru 3d peak in the case

of partial monolayers and this shifts to 7.4 eV for the full-monolayer and mul-

tilayer coverages. This could be due to the carboxylic acid groups, which are

not bound to the surface, being involved in intermolecular hydrogen-bonding

to either the surface or other N3 molecules at coverages of a monolayer and

above.
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Figure 3.3: O 1s Plots normalised to the surface peak, black is background
data of the clean surface with identical peak position and shape in the clean
surface and monolayer, striped peaks are from the molecule with identical peak
position and shape in the multilayer and monolayer. The ratio of the peaks
in the monolayer suggest a combination of single and double de-protonation is
involved when the molecule bonds to the surface. hν=600 eV.

Analysis of the O 1s spectra should indicate if the carboxylic acid group

deprotonates and forms chemical bonds with the surface, XPS O 1s data is

shown in Fig. 3.3. There are two O 1s peaks from the ultra-thin oxide layer

with an intensity ratio of 2:1. The smaller peak at 533.0 eV binding energy is

assigned to a fraction (8 out of 28) of the O 1s surface atoms, while the higher
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intensity peak at 531.3 eV is due to the remaining surface atoms and the

interface layer of oxygen atoms which lie directly on top of AlNi(110).[45] Two

peaks related to the molecule are also observed in the monolayer and multilayer

O 1s spectra. The peak at 533.0 eV binding energy is assigned to the C-OH

carbon atoms[22] and thus represents carboxylic acid groups which have not

deprotonated. The peak at 531.3 eV is assigned to C=O and deprotonated

COO-.[22] In the multilayer, the ratio of the two peak areas is 1:1, which is to

be expected as we have a 1:1 ratio of C-OH:C=O in the unbound molecule,

where the carboxylic acid groups remain protonated.

In order to fit the monolayer data the peak position and shape of the

multilayer and substrate peaks were kept the same as the multilayer and surface

respectively. Only the intensity was adjusted to give the best fit, which gives

a 2:1 ratio of C=O and COO-:C-OH. If both the carboxylic acid groups on

one bi-isonotinic acid ligand had de-protonated and bound to the surface, we

would expect to see a 3:1 ratio, as previously observed on TiO2.[22] If only one

carboxylic acid group had deprotonated we would expect a 5:3 ratio. Hence

we have a different bonding environment to those previously observed for N3.

Since a 2:1 ratio doesn’t fit with the eight oxygen atoms in the N3 molecule

we suggest the molecule can take on a range of different bonding geometries

on this surface. Some molecules bond to the surface by a single bond via one

deprotonation, while other molecules bond via de-protonation of two carboxylic

acid groups on the bi-isonicotinic acid ligand. Similar multi-conformational

adsorption geometries have recently been observed via low temperature STM

of N3 on TiO2.[53] It is also possible that bonds to the surface can form

without deprotonation, thus forming monodentate structures.[55] Aluminum

oxide prepared in UHV is prone to hydroxylation even under UHV conditions,

so mismatch in O1s peak ratios could be due to presence of OH groups on the

alumina surface.

Previous results for N3 adsorbed on rutile TiO2(110) exhibited two chemical

environments in the S 2p region for the monolayer, indicating that one of

the thiocyanate ligands were involved in the bonding to the surface.[22] Here,

in contrast, only one spin-orbit split peak is observed in Fig. 3.4 for both

the monolayer and multilayer, indicating that the thiocyanate group, is not
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Figure 3.4: S 2p XPS showing the spin-orbit split S 2p 1
2

(left) and S 2p 3
2

(right) contributions, exhibiting a single chemical state for the sulphur atoms
in the molecule with no binding energy shift at different coverage. Spectra
were measured with hν = 225 eV and normalised to the height of the main
peak.

involved in the adsorption bonding.

XPS measurements of the N 1s region, shown in Fig.3.5, show no change at

different coverages, indicating the nitrogen atoms are not involved in bonding

to the surface. This provides further evidence that the molecule is intact on

the surface.

3.3.2 Electronic coupling

The occupied molecular orbitals and substrate densities of states were mea-

sured as a function of surface coverage. The valence band photoemission is

shown in Fig.3.6 for a multilayer (d), monolayer (c), partial monolayer (b) and

the clean oxide surface layer (a). Detailed peak assignments were made on the

basis of previously published data for the clean surface.[46, 50] In these papers

it was demonstrated that the peak around 2 eV is due to the underlying Ni

d states in the bulk of the alloy, while the peaks between 5 eV and 10 eV are
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Figure 3.5: N 1s XPS measured for multilayer and monolayer of N3, indicating
no change in chemical environment between different coverage. The larger peak
is due to nitrogen in the bi-isonicotinic acid ligands, while the smaller peak
is due to the thiocyanate ligands, with a 2:1 intensity ratio. Spectra were
measured with hν = 500 eV and normalised to the height of the main peak.

due to the oxide layer, which was consistent with previously published angle

resolved spectra.[50]

The unoccupied molecular orbitals can be probed by XAS, in this case

at the N 1s absorption edge. This process is illustrated for excitation of the

core-electron into the LUMO in Fig.3.7(a). If this resonantly excited state

overlaps energetically with empty states in the substrate then charge transfer

can occur. In the case of a thin oxide film on a metallic substrate there

are two relevant conduction bands; that of the oxide and that of the metal

substrate. The band gap of aluminium oxide at 6.7 eV[46] is too large for

there to be any overlap of the oxide conduction band with the LUMO states

of the core-excited molecule. However, if the oxide film is thin enough the

excited electron may tunnel through the oxide and into the conduction band

of the metal surface as shown in Fig.3.7(d), but only for those states that

lie energetically above the Fermi level of the metal surface. To identify the
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Figure 3.6: Valence band plots at varying coverages, a) clean substrate (black).
Higher lines represent increasing coverage. b) partial monolayer (blue), calcu-
lated at 0.3ML c) monolayer (green) 0.85ML d) is a thick film or multilayer
(red) 9ML. All taken at hν=50 eV.

relevant states that can participate in charge transfer from the molecule to

the surface for N3 on Al10O13, the occupied and unoccupied states probed by

valence band photoemission and x-ray absorption can be placed on a common

binding energy scale using methods described in detail elsewhere.[29]. This

data is shown for the N3 monolayer and multilayer in Fig.3.8.

The N 1s (Auger yield) XAS is shown in Fig.3.8 it was measured across the

photon energy range 397-407 eV and placed on the binding energy scale via the

N 1s binding energy in the pyridine group 400.8 eV. The binding energy of the

pyridine N 1s core level was taken in preference to the N 1s binding energy

of the thiocynate group. This is based on density functional theory (DFT)

calculations[22] showing that the LUMO is located on the bi-isonicotinic acid

ligand and the central Ru atom, with no intensity on around the thiocyanate

ligand. The photon energy scale from the XAS is also indicated. The HOMO-

LUMO gap in the monolayer is 1.5 eV and 0.8 eV in the multilayer. This is

most likely due to surface screening in the monolayer of the excitonic energy

shift induced by the core-hole,[56] resulting in the LUMO states being pulled

down less energetically in the monolayer than in the multilayer. The band gap
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AlNi(110) Al10O13

b) Participator c) Spectator

LUMO+2
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LUMO

HOMO

HOMO-1

HOMO-2

N 1s

a) XAS d) XAS & CT

Figure 3.7: Electron excitation and subsequent core-hole induced decay pro-
cesses: (a) x-ray absorption, resonant core-level excitation into unoccupied
bound states; (b) participator decay; (c) spectator decay; and (d) x-ray ab-
sorption in the presence of charge transfer from molecular orbital into states
near the fermi level of the metal substrate. For the substrate solid colour
black white and grey represents occupied states, unoccupied states and band
gap respectively.

of the oxide layer is drawn on as a guide, its location is taken from[46] and po-

sitioned relative to the Fermi edge. The position of the band gap indicates that

charge transfer from the LUMO through to the LUMO+3 states into the ox-

ide layer is not possible, thus any observed charge transfer must be tunnelling

through the oxide layer and into the AlNi(110) substrate. Data for the mono-

layer shows that the LUMO+2 and LUMO+3 states of the molecule lie above

the Fermi edge and therefore they overlap with the conduction band edge of

the underlying AlNi, while the LUMO overlaps occupied states in the surface.

This indicates that charge transfer into the substrate from the LUMO+2 and

LUMO+3 of the monolayer is possible, but would not be available from the

LUMO, and only partly available to the LUMO+1.

3.3.3 Charge transfer dynamics

In order to calculate an upper limit on the charge transfer time, the core-hole

clock implementation of RPES was used, discussed Sec.2.2.6.[26] Fig.3.9 shows

2D RPES datasets for the multilayer (a) and the monolayer (b), each of which

have been compiled from six individual data sets. The multilayer data shows
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Figure 3.8: Density of States plot constructed from N 1s XAS and VB data,
(a) multilayer and (b) monolayer coverage with the underlying substrate in
black indicating a clear overlap between the unoccupied states of the molecule
with the conduction edge of the AlNi(110) substrate.

an enhancement at 2 eV binding energy at the absorption photon energy of

the LUMO and LUMO+1, which is attributed to participator decay resulting

in resonant photoemission of the HOMO (only weakly visible in Fig.3.9). This

is described schematically in Fig.3.7(b). Here, the excited electron is emit-

ted in an Auger-like decay process and the final state of the atom is identical

to photoemission from the HOMO state. Similar enhancements are also ob-
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Figure 3.9: N 1s RPES multilayer (a) which is the sum of six individual RPES
images, four of which are from,[22, 48] the monolayer (b) is also the sum
from six individual RPES spectra. All images were normalised to the beam
intensity. The integration window (0-9eV) for the core-hole-clock calculation
is also indicated.
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served for the other occupied molecular orbitals to varying degrees, including

small enhancements at 4 and 7.5 eV binding energy and approximately 400 eV

photon energy (labelled LUMO+1), and also a strong enhancement around

6 eV binding energy and 399.2 eV photon energy (labelled LUMO). These en-

hancements are due to spacial overlaps on the molecule between the different

occupied and unoccupied orbitals, the LUMO at 399.2 eV and the occupied

orbital at 6 eV overlap on the Bi-Iso ligand, while the LUMO+1 at 400 eV and

the occupied orbitals at binding energy 4 and 7.5 eV overlap on the thiocynate

ligand.[22] In order to measure the charge transfer time and enable core-hole

clock analysis[26] this data was integrated over the region 0-9 eV binding en-

ergy. In this binding energy window there is some contribution from Auger and

spectator decay in the region close to the photon energy of the LUMO, however

proportionally this is the same for the monolayer and multilayer. Since this

feature tracks out at constant kinetic energy, the contribution will be negligible

at the LUMO+2&3 photon energies, where only the participator channel will

be probed.

The results of the integration are shown in Fig.3.10 where the RPES and

corresponding XAS from multilayer and monolayer data are normalised to

the LUMO intensity. The background in the RPES is due to direct photon

emission of the valence band, the cross-section for those states decrease with

increasing photon energy, leading to an increase in the sloping background of

the XAS compared to the RPES. The LUMO+1 is too close in energy to the

LUMO for these peaks to be separated. Charge transfer from the LUMO into

the surface is not possible since the LUMO lies below the fermi level. It was

assumed more likely that charge transfer from the surface into the LUMO does

not occur on the timescale of the core-hole lifetime since this would result in

superspectator decay features as previously observed for bi-isonicotinic acid

adsorbed on a Au(111) surface.[17] Such features are not observed here, but

charge transfer within the lifetime of the core hole cannot be eliminated as

a possibilty. By normalising the data to the LUMO channel for which no

charge transfer is allowed for either the monolayer or the multilayer, changes

in the intensity of the participator channel due to charge transfer out of the

LUMO+2 and LUMO+3 states can be probed.
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Figure 3.10: N 1s RPES and N 1s XAS spectra for the N3 multilayer (a) and
monolayer (b). The multilayer data are integrations from 0 eV to 9 eV over all
datasets. Also shown are the 6× magnification of the LUMO+2 and LUMO+3
regions after background removal.

The XAS represents the full intensity of the unoccupied levels, whereas in

the case of RPES the unoccupied states may be depleted by charge transfer

from the LUMO+2 and LUMO+3 into the substrate, hence in Fig.3.10 the

LUMO+2 and LUMO+3 region of the RPES signal is lower than the XAS.

The charge transfer must compete with other decay channels and therefore

must be completed within the life-time of the N 1s core hole. Hence, the

charge transfer time can be measured relative to the lifetime of the core hole.

The resonant channels are populated in the multilayer, since the excited elec-

tron cannot transfer from the isolated molecule, this represent the maximum

intensity resonant channel. The relative depletion of this channel in the mono-

layer must therefore be due to coupling with the surface. By comparing the
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relative heights of the XAS to the RPES in both the monolayer and multilayer

an upper limit for the charge transfer time can be calculated:[26]

τEI = τCH
ImonoRPES/I

mono
XAS

ImultiRPES/I
multi
XAS − ImonoRPES/I

mono
XAS

(3.1)

The ImonoRPES and ImultiRPES terms represent the intensities of the LUMO+2 and

LUMO+3 peaks from the RPES data of the monolayer and multilayer re-

spectively. ImultiRPES=0.35 while, ImonoRPES=0.13. The constant τCH is the average

lifetime of the N 1s core hole which is 6.6fs,[57] hence there is an upper limit

to the charge injection time of 6.0±2.5 fs. The charge transfer time for the

LUMO+2 and LUMO+3 individually were 6.5±3.5 fs and 6.0±2.0 fs respec-

tively. This compares to upper limits of 4.4 fs for N3 on Au(111),[47] 12 fs

on TiO2,[48] and 3 fs for bi-isonicotinic acid on TiO2.[30] That charge transfer

through the ultra-thin aluminium oxide is possible on very short time scales

indicates that this is a viable material for incorporation into DSCs.

3.4 Conclusion

UHV-compatible electrospray deposition (See sec.2.1.6) has been used to de-

posit N3 onto an ultra-thin aluminium oxide layer on AlNi(100) in-situ. Pho-

toelectron spectroscopy was employed to study the bonding geometry of the

dye complex on this surface. It was demonstrated that the thiocyanate ligand

is not involved in bonding with the surface. One or both of the carboxylic acid

groups on one bi-isonicotinic group will de-protonate giving a chemical bond

to the surface, with the possible addition of monodentate bonds. The ener-

getic alignment of the system was determined by placing the N 1s XAS and

valence band photoemission onto a common binding energy scale. This indi-

cated that for the monolayer the LUMO is dragged below the Fermi level, and

that charge transfer is possible through the oxide layer and into the substrate.

Ultra-thin aluminium oxide layer could be a viable material for DSCs, since it

allows the transfer on a time scale of less than 6.0±2.5 fs. Although reduction

in recombination effects will not be as significant as for larger aluminium oxide

layers, the charge injection from the dye will suffer little suppression and the
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passivated surface may lead to more stable devices. The next step for this

research is to build an ultra-thin oxide layer on TiO2 to investigate the charge

transfer dynamics.
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Chapter 4

Growth of and charge transfer

through alumina on titania.

The Atomic Layer Deposition (ALD) of aluminium oxide on titanium oxide

in UHV has been studied at regular intervals using synchrotron radiation based

photoelectron spectroscopy, indicating a fast initial growth rate of 0.7 nm per

ALD cycle, approximately six times higher than the later growth rate, with non-

homogeneous growth throughout. Using resonant photoemission spectroscopy

(RPES) and X-ray absorption spectroscopy (XAS) we report on charge trans-

fer from bi-isonicotinic acid through different thicknesses of alumina and into

the underlying titania substrate, thus giving important information on the fun-

damental charge transfer processes which will affect future dye-sensitised solar

cell devices. Due the non-homogeneous alumina growth a range of alumina

thicknesses were observed after 20 ALD cycles, the surface was categorised

into thin (2.8 ± 0.2 nm), medium (3.4 ± 0.2 nm) and thick (4.0 ± 0.2 nm)

alumina layers with charge transfer times increasing with alumina thickness

which were 25 ± 4 fs, 33 ± 6 fs and 50 ± 9 fs respectively.

4.1 Introduction

A dye-sensitised solar cell (DSC) consists of a mesoporous TiO2 electrode with

a monolayer of dye chemically anchored to it, an electrolyte comprising re-

dox species and a catalytic counter electrode. One limiting factor of these
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cells’ operation is the recombination between the photo generated electrons

in the porous TiO2 electrode and either the dye or the electrolyte.[58] Sur-

face passivation using an oxide layer to act as a tunnelling barrier[59] between

the redox mediator and conductive electrons has been shown to reduce re-

combination effects and increase power conversion efficiency,[37, 39, 60] using

aluminium oxide has also been shown to increase dye adsorption.[61] However,

every additional layer of oxide suppresses forward injection from the dye into

the underlying TiO2[62] and further isolates the dye molecule from the surface

reducing the injection rate.[63] Hence there should be an optimal thickness of

the oxide layer in order to balance these affects.

By alternating reactants that are exposed to a surface, Atomic Layer Depo-

sition (ALD) can be used to deposit thin films of Aluminium oxide to a specified

thickness. The atomic layer deposition of aluminium oxide using trimethylalu-

minum (TMA) and H2O is considered to be a model/ideal ALD process since

the reactants are very reactive but thermally stable and the by product of

the growth, methane, does not interfere with the growth process.[64, 65] The

overall equation for the growth of aluminium oxide is represented by:

2Al(CH3)3(g) + 3H2O(g)→ Al2O3(s) + 3CH4(g) + 3H+ + 3e− (4.1)

The literature suggests several different values for an optimal oxide thick-

ness in a DSC: 0.12 nm (one ALD layer),[58, 59, 66, 67] 0.2 nm,[68] 0.36 nm

(three ALD layers),[62] 2 nm,[60] 12 nm,[61] and 14.1 nm.[39] The majority of

the more recent literature is suggesting 1ALD cycle of TMA and H2O is the

optimal thickness with regards to device efficiency, however, the formation of

the oxide is reported to be non-homogeneous, this is due to the steric hinder-

ance of the methyl group blocking aluminium from further active sites on the

surface, hence one cycle will not be enough to fully passivate the surface.[69]

Hence the long term viability and effectiveness of a device will not only depend

on the efficiency measured in the lab. In this experiment we have studied the

growth of the oxide layer using XPS to look at the growth of alumina on titania

in UHV conditions to add more evidence and understanding to the mechanism
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Figure 4.1: Schematic diagram of Bi-isonicotinic acid molecule, (4,4’-
dicarboxy-2,2’-bipyridine).

of this ’ideal’ ALD process. Since this leads to a significantly non homoge-

nous thickness of alumina on titania, we took the opportunity to study charge

transfer times from the same molecule through different thicknesses of oxide,

since we have not seen any similar experiment in the literature. The molecule

we used is one of the ligands of N3, namely 4,4’-dicarboxy-2,2’-bipyridine (bi-

isonicotinic acid). We anticipate this will provide further experimental evi-

dence and attempt to dispel some of the confusion behind the ideal thickness

for the alumina layer in DSC applications.

The dye molecule N3 (cis-bis(isothiocyanato) bis (2,2- bipyridyl-4,4’-

dicarboxylato)- ruthenium(II)), was unmatched for 8 years as a DSC molecule

and as such it has become the benchmark for heterogeneous charge transfer in

mesoporous solar cells.[41, 47] However its non-volatile nature makes it difficult

to get our required monolayer coverage on different thicknesses of alumina in

a UHV environment.[22] Electrospray gives a nonuniform deposition spot[70]

and in-situ wet chemistry preparations can be highly complex and can easily

lead to contamination,[17]as such both were deemed inappropriate for this ex-

periment. N3 and several organometallic dyes used in dye sensitised solar use

the volatile ligand bi-isonicotinic acid, which is easily able to anchor to oxide

surfaces and therefore form monolayers under UHV. Since bi-isonicotinic acid

is the major ligand of N3 at it provide anchoring to substrates, it can be used
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as a model for N3. Therefore understanding the bonding and interaction of

this molecule and the alumina coated titania surface should give insight into

the critical dye-surface interaction as part of a DSC. We therefore chose this

ligand to create a model of part of a oxide passivated DSC. [17, 49, 71, 72]

4.1.1 Background on ALD growth and conditions

Bulk Aluminium oxide is Al2O3, however the element ratio is not the same

when near to the interface with TiO2, it is therefore often referred to as AlOx.

[69] The growth mechanism AlMe3/H2O process is usually expressed as two

half reactions:[69, 73]

‖ S −OH + Al(CH3)3(g)→‖ S −O − Al(CH3)2 + CH4(g) (4.2)

‖ Al − (CH3)2 + 2H2O(g)→‖ Al − (OH)2 + 2CH4(g) (4.3)

Where ‖ S represents the substrate as either Ti initially or Al on subse-

quent depositions. TMA is mainly adsorbed onto the OH groups,[74] however

our data, presented later in this chapter will clearly show Al adsorption after

only TMA dosing too. As part of our experiment we repeatedly dosed the clean

TiO2(110) sample with TMA to find the saturation point. These experiments

were conducted in UHV, whereas typical ALD tends to be conducted at higher

pressure, however, this has been shown to not make a significant difference to

the oxide growth rate.[75] Also, whereas normal ALD is conducted at elevated

temperatures, to improve XPS resolution and maintain a constant sample tem-

perature in this experiment the deposition and measurement was conducted

at room temperature (RT). This also should not have a significant effect since

growth rate is also approximately constant from RT up to 550 K. Only above

550 K does the growth rate start to drop off.[74, 76] Al-C-H and Al-O-H ab-

sorption increase with decreasing temperature, but the reaction is thought to

not go to completion therefore there is minimal effect on growth rate.[74] RT

ALD of alumina does produce highly pure[76] and very smooth[77] samples,

the growth rate of which is not significantly affected by the concentration of

66



CHAPTER 4. Growth of and charge transfer through alumina on titania.

reactants.[78] Lengthening the deposition/exposure time does not increase the

amount of adsorption, since the available sites become saturated,[74] or inac-

cessible due to steric hinderance. No major differences were found with the

thin films grown with small and large water doses.[79] During normal ALD of

aluminium oxide very long H2O purging times of up to 300 s, can be required

to avoid TMA and H2O combining the gas phase in the chamber and allowing

CVD-like deposition and increased growth rate.[74, 76] Since this experiment

is in a UHV environment and the pressure recovered between depositions any

combination of reactants in the gas phase is negligible. Hence we propose that

the differences between our deposition conditions that allows the reaction to

be followed using XPS and normal ALD shouldn’t have any significant affect

on the oxide, and should lead to highly pure samples.

4.2 Experiment

Experiments were carried out at I311 the undulator based VUV and soft X-

ray beamline at the MAX-lab Swedish synchrotron radiation facility.[20] The

beamline covers photon energies in the range 30 to 1500 eV, with a resolution

of 4 meV to 1.4 eV respectively. The end station is equipped with a SCIENTA

SES200 (upgraded) electron energy analyser. The radiation has a high degree

of elliptical polarisation and may be considered to be linearly polarised. The

baseline operating pressure of the analysis chamber was mid 10−10 mbar range.

The sample was a square rutile TiO2 (110) single crystal (10× 10×2 mm)

mounted onto a sample plate using tantrum clips. It was cleaned by repeated

cycles of AR+ sputtering at 2 kV for 5 mins, followed by 1 kV sputtering for

10 mins and then annealed to 800 K via ebeam heating for 20 mins. The sample

was assumed clean when C 1s and K 2p peaks were no longer observed in the

XPS. Alumina was deposited by dosing the sample with TMA followed by

H2O, each at 5 × 10−8 mbar for 620 s allowing the pressure to recover to the

mid 10−9 mbar range between doses. TMA was obtained from Sigma Aldrich

packed for use in deposition system with a 25 g in stainless a steel cylinder

and leak valve. After twenty complete rounds of TMA and H2O dosing the

sample was annealed to 500 K for 20 mins.
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In order to evaporate any physisorbed molecule to create a chemisorbed

monolayer of molecules on the surface, bi-isonicotinic acid obtained from Alfa

Aesar, was sublimated from a homebuilt K-cell at 470 K, while the sample was

held at 480 K at a distance of approximately 30 cm from the K-cell (also see

Sec.2.1.6).[17, 80]

All measurements were performed at room temperature. XPS data were

calibrated to the TiO2 2p3/2 peak at 458 eV[81, 82] The O 1s peak cannot be

used for calibration due to the different oxide species in alumina and titania . A

Shirley background[28] was removed and the spectra normalised to the photon

flux and the number of sweeps, before curve-fit analysis using pseudo-Voigt

functions.[54] XAS data were recorded at the N 1s adsorption edge. For XAS

and RPES the photon energy was calibrated by taking the energy separation of

the Al 2p core-level photoemission peaks excited by X-rays in first and second

order.

4.3 Results and Discussion

4.3.1 Aluminium oxide growth rate

The thickness of the aluminium oxide layer can be calculated from equation

4.4 which uses the attenuation of the underlying TiO2(110) substrate.

d = −
λln

(
I
I0

)
cosφ

(4.4)

where d is the thickness of the aluminium oxide layer, I integrated intensity

of the titanium peaks after deposition, I0 integrated intensity of the clean

titania substrate, φ photoelectron emission angle with respect to the surface

normal. λ The inelastic mean free path through the aluminium oxide layer is

calculated from:

λ =
n∑
i=1

kiE
Pi (4.5)

n=2 for these fits, ki and pi are fitting parameters k1 = 23086, p1 =

−1.986, k2 = 0.1019, p2 = 0.7726 for complete description of these parameters
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Figure 4.2: Rate of alumina growth over 21 cycles of ALD, green line indicates
initial growth rate and constant growth rate similar to that previously seen in
the literature after 8 cycles.

see ref[83]. Therefore a mean free path of λ =1.44 nm, for an initial excitation

energy of 600 eV is calculated.[83]

Previous experiments showed an average growth rate was 0.12 nm per

cycle[67], 0.1-0.2 nm per cycle[66] and 0.11 nm and linear over 800 cycles.[74]

In this experiment the growth of alumina was measured using the attenuation

of TiO2 and equations (2) and (3) after 1st, 2nd, 3rd, 4th, 6th, 8th, 12th and

20th TMA and H2O cycles, each time measuring in three different locations on

the sample to calculate the average thickness, the data is presented in Fig.4.2.

The initial growth rate for the three cycles is 0.7 nm per cycle, shown by the

steeper green line. The growth rate then exponentially decreases until reaching

a constant rate at 0.1 nm after the initial eight cycles, the lower gradient part

of the green line has a gradient of 0.1 nm indicates the standard growth rate

shown in the literature.

The growth of the Aluminium oxide layer is also non uniform. One paper

suggest that five ALD cycles or more are required to complete a monolayer

and that at less than 0.5 nm the oxide is discontinuous.[64] DFT studies have

also shown non uniform growth due to steric hinderance.[69] Our results in-

dicate that the distinct change in growth rate is due to a change in material,

initially the Aluminium oxide is growing on TiO2, the oxide does not grow at
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Figure 4.3: Suppression of the TiO2 (a) and valence band (b) with subsequent
cycles of ALD, taken at 600 eV and 50 eV respectively.

one monolayer per cycle due to steric hinderance, the methyl ligand on TMA

prevents Al from bonding to every available site. Hence for the first six cy-

cles TMA is still bonding to TiO2 and shows increased adsorption and higher

growth rate. After 8-10 cycles the surface is fully passivated and Al oxide is

growing on alumina, which has a different reactivity and therefore different

growth rate. Between 5 and 10 cycles there is a transition between the faster

initial growth rate and bulk growth rate.
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4.3.2 XPS of Aluminium oxide growth

The XPS valence band and Ti 2p spectra during alumina growth are shown

in Fig.4.3, the sample was measured after the indicated number of complete

TMA and H2O cycles. Since the bulk TiO2 is not changed the main Ti 2p3/2

peak was calibrated to 458.7 eV binding energy, during alumina growth both

the taller Ti 2p3/2, and the smaller Ti 2p1/2 peaks were equally suppressed.

However peaks observed at 463 and 457 eV have increased in comparison to

the main peaks. These are defect peaks (Ti3+)[84] which indicates that defects

in the TiO2 are propagated by the growth of alumina.

The profile of the valence band does not change significantly as more alu-

mina is grown on the surface, data was calibrated to the 22 eV O 2s peak,

this peak on alumina is at 0.8 eV higher binding energy compared to titania

.[85, 86] This would cause the valence band to appear to move to lower binding

energy so this does not account for the slight movement of the valence band

to higher binding energy as more alumina is deposited. The transition from

methyl terminated to hydroxyl terminated surfaces during the H2O part of

the cycle also has negligible impact. The only clear change is the reduction in

intensity after each subsequent cycle as the the surface transitions from titania

to alumina.

The Al 2p data and curve fitting during oxide growth are shown in Fig.4.4.

As more alumina is deposited, the peak clearly grows and shifts to higher bind-

ing energy relative to the Ti 2p peak. The interfacial peak is initially at 74.2 eV,

and after 20 cycles it is at 74.7 eV. After twenty cycles the peak position is

comparable to bulk alumina peak is between 73.85 and 75.0 eV.[84, 87, 88]

Once a dose of H2O is added the peak seems to adopt a near constant position

of 74.3±0.1 eV (with the exception of after the eight an twenty cycles then

it is 0.2 eV higher.) This is due to the switch from a mostly methyl termi-

nated surface to mostly hydroxyl terminated after water dosing, as described

in Sec.4.1.1.

The change in the O 1s peak during alumina growth is shown in Fig.4.5.

As shown in the fit during alumina growth there is a consistent decrease in

a peak 530.2 eV and growth of another peak at 531.2 eV. Clean TiO2 has a

major peak at 530.2 eV, with a very small shoulder peak at 531.5 eV which is
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Figure 4.4: Shift in the Al 2p XPS peak from 74.2 to 74.7 eV during the
alumina growth, b) sample of the Gaussian fits. Solid line are the data taken
after TMA while dashed line of the same colour is after the subsequent H2O
dose.

an intrinsic[89] or OH peak.[90] As alumina grows the oxygen species at the

surface are converted from Ti-O species to Al-O. Alumina O 1s peak is at

531.2 eV, intermediate spectra are just a combination of these peaks with no

change to the fit parameters. The lack of additional peaks would indicate that

there is no significantly different O 1s environment at the interface between

alumina and titania.

The C 1s XPS data during oxide layer growth is shown in Fig.4.6, prior to

deposition there was no visible C 1s peak, the peak undergoes significant shifts

throughout the oxide growth. After the initial TMA dosing a peak formed at

283.2 eV which is due to the methyl groups, and a shoulder peak at 284.7 eV.

After H2O dosing the methyl peak has been greatly reduced in intensity and

shifted up in binding energy by 0.5 eV as the methyl groups are substituted

for a hydroxyl group during water dosing. While the shoulder peak has risen,

there is also an additional small peak at 286.0 eV. As more TMA cycles are

adsorbed the main peak shifts in binding energy to 283.7 eV, the shoulder and

satellite peak remain in the same position. However after H2O dosing between

the fifth and twentieth dose there is no change in peak position, only the

intensity of the main peak has increased. After annealing most of the methyl

groups are removed,[91] with the intensity of the C 1s peak now being similar
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Figure 4.5: O 1s XPS a) during alumina growth, b) fits indicate two clear
species, Ti-O and Al-O at 530.1 eV and 531.2 eV respectively.
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Figure 4.6: Shift in the C 1s XPS peaks during the Al oxide growth, showing
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corresponding subsequent H2O dose is also shown (blue). Red line indicate
shift on the main peak after TMA dosing, while blue line shows the persistent
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to the first TMA cycle. The increase in carbon peak size maybe due to an

increased adsorption of methyl group on the alumina oxide in preference to

titania and increased surface contamination with carbon.

4.3.3 Bi-isonicotinic acid on alumina on titania.

The XPS data for bi-isonicotinic acid mono and multilayers are shown in the

following Figures, with the exception of density of states plots Fig.4.9, all

spectra have been normalised to the ring current, in order to compare relative

intensities of the species.

The O 1s peaks of molecule isolated from the surface in the multilayer bi-

isonicotinic acid are shown in Fig.4.7, two peaks with approximately the same

area one at 531.1 eV with another 1.26 eV higher, this is a close agreement with

previous data.[17, 92] The shift betweens these two bi-isonicotinic acid peaks is

due the presence of the proton on the carboxylic acid group and therefore two

different O 1s environments. Both bi-isonicotinic acid peaks are also seen in

the monolayer, with a significant decrease in the C-OH peak such that there is a

3:1 ratio between C=O:C-OH indicating de-protonation of only one carboxylic

acid group. This is clearly different to clean TiO2 where both carboxylic acid

groups de-protonate,[71] and is similar to the range of bonding geometries seen

with N3 on an ultra-thin alumina oxide seen in Chap.4.[70] This might explain

the increased adsorption seen on alumina compared to titania as if only one

carboxylic acid group deprotonates there is less steric hinderance and therefore

increased adsorption.

The C 1s peaks of the bi-isonicotinic acid multilayer, monolayer and clean

substrate are shown in Fig.4.8, the multilayer spectra indicate two clear species,

the larger peak at 285.0 eV is due to the pyridine ring, while the smaller at

288.5 eV is due to the carboxyl group. From the multilayer to the monolayer

the main peak has shifted 0.25 eV higher, while the carboxyl group is 0.5 eV

higher. The monolayer data is very similar to bi-isonicotinic acid on the clean

TiO2 surface.[71] A similar shift in the main peak has previously been observed

on Au(111)[49], however the larger carboxyl shift has not previously been

observed and maybe due to larger amount of charge transfer to the surface
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Figure 4.7: O 1s of alumina on titania substrate shown in black, isolated bi-
isonicotinic acid two peak O 1s in blue, and monolayer bi-isonicotinic acid on
alumina on titania shown in red.
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Figure 4.8: C 1s of alumina on titania substrate shown in black, isolated bi-
isonicotinic acid two peak O 1s in blue, and monolayer bi-isonicotinic acid on
alumina on titania shown in red.

during bonding.

The density of states for multilayer and monolayer are shown in Fig.4.9

and were complied through methodology discussed in Sec.2.2.3.[29] N 1s XAS

shows an intense LUMO peak, with a LUMO+1 3.7 eV higher, this is similar to

data shown in.[17, 71] The LUMO peak at 398.3 eV photon energy is attributed

to a π* antibonding orbital, while the broader features are σ* antibonding

orbital resonances of the pyridine rings.[92] Other density of states have seen

a LUMO+1 peak at -2eV binding energy [17, 93] this feature is removed when

the surface is prepared hot. The valence band for the monolayer is similar

to the surface with the addition of a broad state at 9.3 eV, which corresponds

with the HOMO-1 in the multilayer. The band gaps of the alumina and titania

layers are drawn on as a guide, their locations are taken from Refs.[46]and [94]

respectively and positioned relative to the Fermi edge.

The N 1s XPS of bi-isonicotinic acid multilayer and monolayer is shown in

Fig.4.10, for the bi-isonicotinic acid multilayer it is very broad due to disor-

dered hydrogen bonding between the isolated molecules. Previously for N 1s

bi-isonicotinic acid monolayers on TiO2[80] there was a shakeup peak seen at

402 eV, here on alumina the spectra are completely flat in this region, there is

however a small shoulder in the monolayer at 400.2 eV.
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78



CHAPTER 4. Growth of and charge transfer through alumina on titania.

In
te

n
s
it
y
 [

a
rb

. 
u

n
it
s
]

403 402 401 400 399 398 397 396

Binding Energy [eV]

  N 1s XPS Bi-Iso
 Multilayer
 Monolayer

 

Figure 4.10: bi-isonicotinic acid on alumina on titania , XPS isolated bi-
isonicotinic acidtwo peak in (blue), monolayer bi-isonicotinic acid on alumina
on titania shown (red).

4.3.4 Charge transfer dynamics and core hole clock

After twenty cycles of ALD there were still significant differences in the thick-

ness of alumina across the sample due the random nature of the growth.[69]

Hence data sets were taken at multiple points and sorted into three categories

of aluminium oxide thickness by comparing the suppression of the Ti 2p peak

and the growth of the Al 2p peak see Fig.4.11. Some data had to be excluded

since they did not fit either category consistently across both Ti and Al, this

may have been due to either inconsistent growth across the sampled region for

example island growth or gaps in the bi-isonicotinic acid monolayer. Since the

bi-isonicotinic acid monolayer was deemed to suppress the underlying TiO2

surface by a factor of four hence this was applied to the Equ.4.4 to calculate

the alumina thicknesses as thin 2.8 ± 0.2 nm, medium 3.4 ± 0.2 nm and thick

4.0 ± 0.2 nm.

Separate RPES datasets were calibrated in intensity by the synchrotron

ring current, the images were aligned in binding energy and photon energy.

The photon energy was calibrated to the energy separation of the Al 2p core-

level photoemission peaks excited by X-rays in first and second order respec-

tively. The images of different alumina thicknesses were combined to form

three composite RPES for each category Fig.4.12. A broadening of the oc-
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Figure 4.11: Aluminium oxide thickness a) the suppression of TiO2 due to b)
increased alumina coverage. Thick alumina (blue), intermediate (green) and
thin (red).
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Figure 4.12: RPES data of molecules isolated from the surface in the multilayer
and monolayer on three categorised thicknesses of alumina.
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cupied states is shown as an increasing width to the vertical green feature

on the RPES images as the thickness of the alumina increases. Also there

is more enhancement of the HOMO at the LUMO excitation energy on the

thinner alumina coatings. This data was integrated over the 0-8 eV range and

12-16 eV range to form the RPES and XAS respectively, in order to form the

plots necessary for core-hole-clock analysis.

This integrated data is shown in Fig.4.13, the LUMO is labelled A, in

the multilayer the LUMO+1 is B, in the monolayer data there is another

unoccupied state in between these labelled C on the thick oxide, monolayer

investigations of bi-isonicotinic acid on TiO2 have also seen a peak lying close

to 400 eV. [17, 80] Theoretical calculations attribute this as a consequence of

bonding to the TiO2 surface and possible damaged to the molecule breaking

the link between bi-isonicotinic to form two bi-isonicotinic acid molecules. [17,

92, 93]. Qualitatively there is a clear change in the shape of the peak B

when bonded to the surface, instead of a single peak in the LUMO+1 for the

multilayer the same peak in the monolayer clearly comprises three separate

peaks B, B’ and B”, implying additional orbitals available after bonding to

the surface. In order to get a good comparison with the isolated molecules

only the main central peak (B) was used for the core-hole-clock calculation.

In principle, a charge transfer time for electron transfer out of a particular

unoccupied molecular orbital can be calculated using equation 5.1,

τEI = τCH
ImonoRPES/I

mono
XAS

ImultiRPES/I
multi
XAS − ImonoRPES/I

mono
XAS

(4.6)

where the ImonoRPES/I
mono
XAS terms represent the relative intensities of the par-

ticipator channel in the RPES as a fraction of the total x-ray absorption for the

relevant molecular orbital given by the XAS. The ImultiRPES/I
multi
XAS term represents

the fraction of participator electrons that would be expected in the absence of

charge transfer as determined from the decoupled molecules in the multilayer

film. The lifetime of the C 1s core-hole is given by τCH and is approximately

6.6 fs.[95] For a complete discussion of the core-hole clock implementation of

RPES, including derivation of this equation, we direct the reader to Brühwiler

et al.[26]
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The calculation showed that charge transfer times from bi-isonicotinic acid

through the oxide and into TiO2 increased with increasing alumina thickness,

thin (2.8 ± 0.2 nm) 25±4 fs, medium (3.4 ± 0.2 nm) 33±6 fs, and thick (4.0

± 0.2 nm) 50±9 fs. These charge transfer time are long in comparison to

2.8±1.5 fs for bi-isonicotinic acid on TiO2,[96] and 6.0±2.5 fs from N3 through 2

atomic layers alumina coating on NiAl(110), see Chap.4.[70] This demonstrates

that dye molecules are very quickly becoming isolated electronically from the

underlying titania conduction band after only a few cycles of ALD.

4.4 Conclusion

ALD using TMA and H2O has been used to create a thin layer of alumina on

titania in UHV, the sample was analysed via synchrotron radiation based pho-

toelectron spectroscopy at regular intervals during the alumina growth. We

have shown a faster than previously though initial growth rate of 0.7 nm per

cycle, in comparison to 0.1 nm per cycle during bulk growth. bi-isonicotinic

acidbonds to the surface via de-protonation of the carboxylic acid, the sin-

glet LUMO also changes to a triplet during bonding. The random nature of

alumina growth lead to a range of thickness, resonant photo emission spec-

troscopy was used to measure the charge transfer time through thin (2.8 ±
0.2 nm), medium (3.4 ± 0.2 nm) and thick (4.0 ± 0.2 nm) alumina and into

the underlying titania these were thin 25±4 fs, medium 33±6 fs, and thick

50±9 fs.
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Figure 4.13: C 1s XAS and RPES data obtained by integrating of the indicated
regions of Fig.4.12 in order to perform Core-hole-clock analysis.
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Chapter 5

Charge transfer interaction

between C60 and metal surfaces

Charge transfer interactions between C60 and the metal surfaces of Ag(111),

Cu(111), Au(111) and Pt(111) have been studied using synchrotron-based pho-

toemission, resonant photoemission and X-ray absorption spectroscopies. By

placing the X-ray absorption and valence band spectra on a common binding

energy scale, the energetic overlap of the unoccupied molecular orbitals with

the density of states of the underlying metal surface have been assessed in

the context of possible charge transfer pathways. Resonant photoemission and

resonant Auger data, measuring the valence region as a function of photon

energy for C60 adsorbed on Au(111) reveals three constant high kinetic en-

ergy features associated with Auger-like core-hole decay involving an electron

transferred from the surface to the LUMO of the molecule and electrons from

the three highest occupied molecular orbitals, respectively and in the presence

of ultra-fast charge transfer of the originally photoexcited molecule to the sur-

face. Data for the C60/Ag(111) surface reveals an additional Auger-like feature

arising from a core-hole decay process involving more than one electron trans-

ferred from the surface into the LUMO. An analysis of the relative abundance

of these core-hole decay channels estimates that on average 2.4 ± 0.3 elec-

trons are transferred from the Ag(111) surface into the LUMO. A core-hole

clock analysis has also been applied to assess the charge transfer coupling in

the other direction, from the molecule to the Au(111) and Ag(111) surfaces.
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Resonant photoemission and resonant Auger data for C60 molecules adsorbed

on the Pt(111) and Cu(111) surfaces are shown to exhibit no super-Auger fea-

tures, which is attributed to the strong modification of the unoccupied molecular

orbitals arising from stronger chemical coupling of the molecule to the surface.

5.1 Introduction

Molecule-molecule and molecule-surface charge transfer interactions lie at the

heart of many molecular electronics applications, in particular organic solar

cells where the molecular components act as both electron donors and ac-

ceptors. Fullerenes are excellent electron acceptors for molecular electronics in

general and molecular photovoltaic devices in particular.[97] Over the past two

decades the majority of organic photovoltaics have focused on an approach us-

ing conjugated, semiconducting polymer electron donors (such as P3HT) with

fullerene-based acceptors (such as PCBM).[98, 99]

In our previous studies of organic molecules on metal surfaces using res-

onant photoemission and resonant Auger spectroscopies, the transfer of elec-

trons from a Au(111) surface into the lowest unoccupied molecular orbital

(LUMO) of the molecule was shown to give rise to a new core-hole decay chan-

nel directly involving the transferred electron.[17, 18] The resulting core-hole

decay process was suggested as one in which the photoexcited core-electron is

localised in an unoccupied molecular orbital on the timescale of the core-hole

lifetime and spectates as the electron transferred from the surface into the

LUMO fills the core-hole with the energy being liberated by the emission of

an electron from the highest occupied molecular orbital (HOMO). The kinetic

energy of an electron emitted in such a Core/LUMO/HOMO decay process

is greater than that of a normal Core/HOMO/HOMO spectator decay by an

amount equal to the HOMO-LUMO gap of the molecule, and thus referred to

as superspectator decay. The presence of these high and constant kinetic energy

features in resonant photoemission spectroscopy (RPES) can therefore provide

direct evidence for charge transfer into the LUMO of the molecule. This was

first observed in the case of bi-isonicotinic acid (4,4’-dicarboxy-2,2’-bipyridine)

molecules adsorbed on a Au(111) surface,[17] and later for a C60 monolayer on
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C 1s

HOMO-2

HOMO-1

HOMO

LUMO

LUMO+1

a) XAS      b) Participator   c) Spectator                d) CT + Auger

e) CT + Super-Auger         f) 2CT + Super-Auger

Figure 5.1: Schematic illustration of the key electron excitation and subse-
quent core-hole decay processes observed for a molecule adsorbed on a metallic
surface and relevant charge transfer interactions. (a) XAS excitation of a core-
level electron (orange) into an unoccupied molecular orbital, in this case the
LUMO; (b) participator decay; (c) spectator decay; and (d) charge transfer of
the photoexcited electron to the substrate conduction band followed by Auger
decay (black and grey shaded areas represent occupied and unoccupied states
of the surface respectively), (e) charge transfer of an electron (green) from the
substrate valence band into the LUMO of the molecule, followed by ultra-fast
charge transfer of the originally photoexcited electron into the substrate con-
duction band and subsequent super-Auger decay involving the electron (green)
transferred from the surface, and (f) charge transfer of two electrons (green)
from the substrate valence band into the LUMO of the molecule, followed by
super-Auger decay involving the electrons (green) transferred from the surface
(ultra-fast charge transfer of the originally excited electron assumed to take
place but omitted for clarity).
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Au(111).[18] In both cases, the high kinetic energy Auger-like features are not

observed for molecules isolated from the surface of the substrate in a multi-

layer, or for the clean surface itself confirming that the core-hole decay process

arises directly from the molecule-surface interaction. Similar high kinetic en-

ergy features have also been observed in a recent RPES study of bipyridine

monolayers adsorbed on Au(111), epitaxial graphene on Ni(111) and graphene

nanoribbons, attributed to ultra-fast bidirectional charge transfer between the

molecules and the surface.[100]

The mechanisms for the different non-radiative core-hole decay channels

available to a molecule coupled to a metal surface are schematically illustrated

in Fig. 5.1. X-ray absorption (XAS) causes excitation of a core-level electron

(orange) - in this case the C 1s orbital - to an unoccupied molecular orbital

(Fig. 5.1a) after which the resulting core-hole must be filled by a higher-lying

electron. In the case of participator decay (Fig. 5.1b) the originally excited

electron is a direct participant in the decay process and the system is left in

a final state identical to direct photoemission of the valence state involved.

Participator decay therefore results in a resonant enhancement of the photoe-

mission (RPES) and will have a constant binding energy as the photon energy

increases. In the case of spectator decay (Fig. 5.1c) the originally excited

electron is not a direct participant in the transition and the system is left in

a two-hole final state via an Auger-like Core/HOMO/HOMO decay process.

The kinetic energy of a spectator electron is therefore constant and lower than

that of a participator electron by at least the HOMO-LUMO separation. Al-

ternatively, if the originally excited electron is not localised on the molecule

on the timescale of the core-hole lifetime (through tunnelling into the empty

states in the underlying substrate or through excitation above the ionisation

threshold) the core-hole will decay via a normal Auger process (Fig. 5.1d).

Auger electrons also have a constant kinetic energy, which is lower that of the

spectator process due to the presence in the latter of the additional electron

in final state (the so called spectator shift). In this chapter the case in which

an electron has been transferred from the metal surface into the LUMO of

the molecule is considered, whereupon that electron is available to participate

in the core-hole decay resulting either in a superspectator decay if the orig-
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inally excited electron is localised on the timescale of the core-hole lifetime,

or super-Auger decay if not ((Fig. 5.1e). In both cases the kinetic energies

of the emitted electrons are increased by the fact that one of the participat-

ing electrons originates from the LUMO rather than the HOMO, resulting

in an energetic uplift corresponding to the HOMO-LUMO separation. If two

electrons were to transfer into the LUMO (Fig. 5.1f) this would open up an

additional a Core/LUMO/LUMO decay process, allowing additional energy to

be transferred to the emitted electron since now both electrons involved in the

transition originate from the LUMO. By considering the energies of the elec-

trons measured in RPES as a function of photon energy over the C 1s absorp-

tion edge in this this chapter the data is interpreted in terms of these available

core-hole decay processes and infer from these the charge transfer processes

and dynamics at the C60/metal surface. As superspectator and super-Auger

processes rely on the transfer of electrons from the surface into the LUMO of

the molecule, by tuning the coupling strength of the molecule, in this case C60

with the metal surface it is in principle possible to observe differences in the

intensity of these channels in the RPES. Previous studies have found varying

amounts of charge transfer between different metal surfaces and adsorbed C60

molecules,[101–108] and in this chapter the effect that changes in the adsorp-

tion interaction have on the presence of high constant kinetic energy core-hole

decay features for C60 molecules adsorbed at Au(111), Ag(111), Cu(111) and

Pt(111) surfaces is explored.

5.2 Experiment

Experiments were carried out at the I311 beamline on the MAX-II storage

ring at the MAX-lab facility in Lund, Sweden. The beamline covered a photon

energy range of 30-1500 eV with a resolution of 4 meV-1.4 eV respectively. The

spot size was 0.5 mm horizontally and 0.1 mm vertically. The end-station

was equipped with a Scienta SES200 hemispherical electron analyser. The

radiation had a high degree of elliptical polarisation, and is considered as

linearly polarised, further details of I311 can be found elsewhere.[20] The base

pressure in the analysis chamber was in the low 10−10mbar range and in the
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Figure 5.2: a) RPES for a C60 multilayer obtained by measuring the valence
photoemission whilst incrementally increasing the photon energy over the C 1s
absorption edge, and b) a density of states plot for multilayer of C60 obtained
by placing the C 1s XAS on a common binding energy scale with the valence
band photoemission (hν = 60 eV).
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preparation chamber the mid 10−10mbar region. The metal substrates were all

circular single crystals mounted to loops of tungsten wire to provide resistive

heating. Thermocouples were mounted directly to each crystal.

The Cu(111) single crystal was cleaned with 2 kV Ar+ ion sputtering for

20 mins, followed by annealing at 470 ◦C for 20 mins. The Au(111) and Ag(111)

single crystals were cleaned in a similar manner, but with annealing tem-

peratures of 600 ◦C and 550 ◦C, respectively. The Pt(111) single crystal was

cleaned with 2 kV Ar+ ion sputtering for 20 mins, followed by annealing in

O2 at 10−7mbar for 10 mins at 670 ◦C, followed by a flash anneal to 800 ◦C

in UHV.[104] For all crystals sputtering and annealing cycles were repeated

until C 1s and O 1s peaks were no longer observable by x-ray photoemission

spectroscopy (XPS), and the metal core-level spectra exhibited the character-

istic metallic line shapes. All XPS was measured at normal emission while

RPES and XAS were measured at normal incidence in order to increase sur-

face sensitivity and thus minimize the contribution of direct photoemission of

the substrate valence band.

A multilayer of C60 was thermally evaporated from a Knudsen-type cell at

approximately ∼360 ◦C for 20 mins. The samples were located at a distance

of approximately 20 cm and held at room temperature. Following multilayer

deposition the substrate photoemission peaks were completely suppressed and

the characteristic shake-up structure and symmetric main peak observed in the

C 1s spectrum.[109] C60 monolayers were prepared by heating the samples to

300 ◦C for 10 mins to desorb the physisorbed multilayers, leaving only the more

strongly bound/chemisorbed C60 monolayer. The presence of a monolayer was

confirmed by the emergence of the characteristic asymmetry of the C 1s peak

and modification of the shake-up features.[110, 111]

For resonant photoemission spectroscopy (RPES) and x-ray absorption

spectroscopy (XAS) measurements the beamline was set such that the photon

energy resolution was 50 meV for photons of 340 eV. A taper of 3 mm was

applied to the undulator to reduce the intensity variation of the radiation over

the photon energy range of the measurement. The analyser was set to record

spectra in fixed mode with an energy resolution of 200 meV, in order to give

the best compromise between signal and resolution. The photon energy scale
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for the RPES data was calibrated to the kinetic energy difference of the C 1s

photoemission peak measured with first and second order x-rays. The binding

energy scale of the RPES and all photoemission data was calibrated to the

Fermi level of the metal. XAS and RPES data were divided through by the

XAS spectra of the clean surface in order to account for variations in flux as a

function of photon energy. It should be noted that the ‘carbon dip’[20] arising

from surface contamination of the beamline optics meant that close to 291 eV

photon energy the photon counts are effectively zero, resulting in a narrow

band of lost information observed in the RPES data sets. To enhance the

weaker features of interest in the RPES data the intensity scales have been

clipped to the indicated range.

5.3 Results

5.3.1 C60 multilayer

The C 1s RPES data for a C60 multilayer is shown in Fig. 5.2a. When the

excitation photon energy matches the LUMO resonance (284.2 eV) there is in-

tense absorption and subsequent non-radiative core-hole decay. Three bright

features can be observed in the RPES at this photon energy, centred around

binding energies of 1.5, 3 and 5 eV, which correspond to the binding ener-

gies of the HOMO, HOMO-1 and HOMO-2,3 respectively. These features are

attributed to a resonant enhancement of the photoemission of the relevant

occupied molecular orbitals due to participator decay involving the originally

photoexcited electron localised in the LUMO on the timescale of the core-hole

lifetime. Above a binding energy of around 6 eV an intense band of electrons

attributed to spectator and Auger decay (see Fig. 5.1) is observed. As the pho-

ton energy is increased over the LUMO+1,+2 and +3 resonances the constant

kinetic energy spectator and Auger features drift out of the binding energy

window to higher binding energy. Although weaker than for the LUMO, par-

ticipator enhancements of the HOMOs are also observed for all three of the

higher lying resonances (the reduced intensity is due to matrix element effects

arising from the different orbital overlaps). The diagonal line in the upper
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left corner is due to the C 1s core-level excited by second order x-rays from

the monochromator, this features is clear prior to photon energy normalisa-

tion however is now only partially visible at the C 1s edge. Fig. 5.2b shows

the density of states for multilayer C60 molecules constructed by placing the

valence band (occupied molecular orbitals) and C 1s XAS (unoccupied molec-

ular orbitals) on a common binding energy scale, using procedures described

elsewhere.[29]

5.3.2 C60/Au(111) monolayer

The C 1s RPES data for a C60 monolayer adsorbed on the Au(111) surface

is shown in Fig. 5.3a. At the LUMO resonance around 284 eV photon en-

ergy three enhancements are observed at the binding energies of the HOMO,

HOMO-1 and HOMO-2,3 similar to the multilayer data. These features are

again attributed to the same participator decay process that gives rise to these

features for the multilayer. Electrons excited from the C 1s core level into the

LUMO are able to participate in the core-hole decay due to being localised

in that orbital on the timescale of the core-hole lifetime. Fig. 5.3b shows

the valence band photoemission and C 1s XAS placed on a common binding

energy scale to determine how the unoccupied molecular orbitals of the core-

excited C60 monolayer overlap with the filled and empty densities of states in

the Au(111) surface. The LUMO is located just below the Fermi level and

therefore overlaps with filled states in the surface into which charge transfer

from the molecule will be forbidden. These localised core-excited electrons can

also play the role of a spectator in the decay process resulting in an Auger-

like Core/Valence/Valence transition (see Fig. 5.1c) that together with normal

Auger decay gives rise to a broad constant kinetic energy feature on the high

binding energy side of the data.

Three distinct constant kinetic energy features can also be observed in

the RPES as diagonal lines that track back to the participator signals at the

HOMO, HOMO-1 and HOMO-2 binding energies at the LUMO resonance.

These features are attributed to a Auger-like decay process in which an elec-

tron has been transferred from the surface into the LUMO of the molecule.
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Since the LUMO lies just below the Fermi level (as shown in Fig. 5.3b), charge

transfer from the surface into those electronic states of the molecule that over-

lap with the filled states of the surface is possible. In the case where the

originally photoexcited electron is localised on the timescale of the core-hole

lifetime, the three diagonal features are attributed to spectator decay pro-

cesses involving Core/LUMO/HOMO (see Fig. 5.1d), Core/LUMO/HOMO-1,

and Core/LUMO/HOMO-2 transitions made possible by a partially occupied

LUMO.

Charge transfer in the other direction - from the molecule into the unoccu-

pied states of the surface - can be investigated by considering the participator

electrons in the RPES. By comparing the relative intensities of the participa-

tor channel to the XAS for both the monolayer and multilayer the timescale

of the charge transfer dynamics can be estimated.[26] The XAS represents the

full intensity of the unoccupied levels, whereas in the RPES the unoccupied

states may be depleted by charge transfer from the molecule into the substrate.

Charge transfer competes with the core-hole decay so to have an observable

effect on the intensity of the participator channel it would need to be on the

same timescale as the C 1s core-hole lifetime. The participator channels are

maximally populated in the multilayer since the excited electron cannot trans-

fer from the uncoupled molecule to the surface, this represents the maximum

intensity of the participator channel. Depletion of this channel in the mono-

layer is therefore indicative of charge transfer to the surface on the timescale

of the core-hole lifetime. Line traces for the C 1s XAS and RPES are shown in

Fig. 5.4, the traces where made by integrating over the relevant binding energy

window as a function of photon energy. The RPES trace is an integration over

the HOMO region (1− 3 eV), while the XAS region is an integration over the

normal Auger region (above 10 eV).

In principle, a charge transfer time for electron transfer out of a particular

unoccupied molecular orbital can be calculated using equation 5.1,

τEI = τCH
ImonoRPES/I

mono
XAS

ImultiRPES/I
multi
XAS − ImonoRPES/I

mono
XAS

(5.1)

where the ImonoRPES/I
mono
XAS terms represent the relative intensities of the par-
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ticipator channel in the RPES as a fraction of the total x-ray absorption for

the relevant molecular orbital given by the XAS. The ImultiRPES/I
multi
XAS term rep-

resents the fraction of participator electrons that would be expected in the

absence of charge transfer as determined from the decoupled molecules in the

multilayer film. The lifetime of the C 1s core-hole is given by τCH and is

approximately 6.6 fs.[95] For a complete discussion of the core-hole clock im-

plementation of RPES, including derivation of this equation, the reader is

directed to Brühwiler et al.[26] A normalisation of the monolayer and multi-

layer data is typically achieved by considering a molecular orbital for which

charge transfer is forbidden in all situations. This is often achieved by normal-

isation to the LUMO intensity in cases where this orbital lies energetically well

below the conduction band edge or the Fermi level of the surface to which the

adsorbed molecules are coupled. However, in the case of C60 on Au(111) the

LUMO straddles the Fermi level so that charge transfer is possible from those

vibrational levels of the LUMO that overlap with the empty states above the

Fermi level. A convenient normalisation point for this system and by extension

a quantitative timescale for the charge transfer dynamics therefore cannot be

found. Nevertheless, the data shown in Fig. 5.4 have been normalised to the

intensity at the LUMO resonance for both the monolayer and multilayer in

order to assess qualitative differences in the charge transfer coupling of the

different molecular orbitals with the Au(111) surface.

For both the C60 multilayer and the monolayer on Au(111) there is a sig-

nificant participator (RPES) signal for all three of the unoccupied molecular

orbitals probed. This implies that the core-excited electrons are localised in

the LUMO, LUMO+1 and LUMO+2 long enough to participate in the core-

hole decay and is indicative of a slow rate of charge transfer to the surface even

for those molecular orbitals that overlap with empty states above the Fermi

level. The monolayer RPES integration in Fig. 5.4 contains additional inten-

sity around 285 eV absorption energy resulting from the highest kinetic energy

Auger-like feature which overlaps the integration window at the LUMO+1 pho-

ton energy. A quantitative analysis concerning the LUMO+1 is not possible,

however the region around the LUMO+2 lies beyond affected energy range and

thus the intensity of the LUMO+2 participator channel can be assessed rela-
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Figure 5.5: C 1s RPES plot for a C60 monolayer adsorbed on a Ag(111) surface,
constructed from three separate datasets to show the full extent of the constant
high kinetic energy Auger-like features as the photon energy is increased above
the LUMO resonances and above the ionisation threshold.

tive to the LUMO. By curve fitting the spectra, ImonoRPES/I
mono
XAS and ImultiRPES/I

multi
XAS

for the LUMO+2 orbital were found to be 0.35± 0.04 and 0.15± 0.01 respec-

tively. Quantitatively this is interpreted as a higher relative drop in intensity

for LUMO compared to the LUMO+2, which is indicative of faster charge

transfer out of the LUMO compared to the LUMO+2.

5.3.3 C60/Ag(111) monolayer

The C 1s RPES data for a C60 monolayer adsorbed on the Ag(111) surface is

shown in Fig. 5.5. At the LUMO resonance around 284 eV photon energy three
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Figure 5.6: Density of states plot for the C60 monolayer adsorbed on the
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enhancements are observed at the binding energies of the HOMO, HOMO-1

and HOMO-2,3 similar to those observed for both the multilayer film and the

C60 monolayer adsorbed on the Au(111) surface. These features are again at-

tributed to participator decay involving the electron localised in the LUMO

on the timescale of the core-hole lifetime and electrons from each of the high-

est occupied molecular orbitals respectively. The vertical band of intensity

between 3 and 7 eV binding energy is due to direct photoemission of the va-

lence band of the underlying metal surface, which is more evident for Ag(111)

than Au(111) due to a larger photoionisation cross-section for the Ag 4d states

compared to the Au 5d state (0.73 and 0.19 Mbarn, respectively).[112, 113]

Three constant high kinetic energy features can be seen to track back to

the binding energy positions of the HOMO, HOMO-1 and HOMO-2,3 at the

LUMO resonance. These are attributed to the same Auger-like decay transi-

tions presented for the C60/Au(111) in section 5.3.2. In order to explore how

these features develop as the absorption photon energy is increased further

above resonance Fig. 5.5 is composed of three RPES datasets that span a bind-

ing energy window up to 30 eV and a photon energy up to 310 eV. The three

features associated with the Core/LUMO/HOMO, Core/LUMO/HOMO-1

and Core/LUMO/HOMO-2 transitions are clearly observed at higher absorp-

tion energies. Moreover, a fourth, slightly weaker and even higher kinetic

energy feature is also observed. The kinetic energy of this line is approxi-

mately 2 eV higher than the Core/LUMO/HOMO line. This energy shift is

consistent with the HOMO-LUMO separation of the C60 molecule as measured

in the core-excited state by placing the valence band and C1s XAS on a com-

mon binding energy scale as shown in Fig. 5.6. Confirmation of the kinetic

energy shift and an indication of the origin of this highest kinetic energy line is

found by extrapolating back to the LUMO resonance, where it intersects with

a binding energy consistent with the LUMO itself. Indeed, a careful inspection

of the RPES data shown in Fig. 5.5 reveals a weak enhancement at a bind-

ing energy of 0 eV at the LUMO resonance, consistent with the position of the

LUMO in Fig. 5.6. This enhancement is attributed to participator decay of the

partially occupied LUMO at the LUMO resonance. Such a weak enhancement

is only observable in this data due to the nature of the measurement that re-
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veals the increased intensity superimposed on the second order C 1s peak with

which it coincides. In the case where the originally excited electron is localised

on the timescale of the core-hole lifetime, the highest constant kinetic energy

line observed in the C60/Ag(111) data is attributed to a Core/LUMO/LUMO

spectator transition, which can only take place if more than one electron is

transferred from the silver surface into the LUMO (see Fig. 5.1f).

A core hole clock analysis of the RPES data for the C60 monolayer on

Ag(111) is shown in Fig. 5.7 normalised as for Au(111) to the intensity at

the LUMO resonance. The ratio of participator electrons to x-ray absorption

for the LUMO+2 in this case is ImonoRPES/I
mono
XAS is 0.25 ± 0.3, compared to the

multilayer value of 0.15 ± 0.01. As in the case for Au this is interpreted

quantitatively as a larger relative drop in intensity for the LUMO compared

to the LUMO+2, which is again indicative of faster charge transfer from the

LUMO compared to the LUMO+2.

5.3.4 C60/Cu(111) monolayer

The C 1s RPES data for a C60 monolayer adsorbed on the Cu(111) surface is

shown in Fig. 5.8a. The data is dominated by the valence states of the copper

surface due to the large photoionisation cross-section of the Cu 3d states at

these photon energies (1.2 Mbarn[112, 113]), observed as an intense vertical

band from 1 eV to 5 eV binding energy. No clear participator enhancements

are detectable in the RPES data and no distinct narrow constant kinetic energy

features are observed unlike the data for Au(111) and Ag(111). The density

of states plot is shown in Fig. 5.8b, and a substantial modification of the un-

occupied molecular orbitals compared with the multilayer is observed. There

is no distinct LUMO resonance observed around 0 eV binding energy. This

is consistent with substantial charge transfer into the LUMO of the molecule

due to the adsorption interaction with the surface. The occupied density of

states for the molecule shown also in Fig. 5.8b exhibits some intensity just

below the Fermi level consistent with charge transfer into the LUMO, which

is now observed as an occupied molecular orbital. In addition to a partially

filled LUMO state, the valence spectra exhibit four occupied molecular peaks
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attributed to the HOMO to HOMO-3 orbitals. The binding energies of these

orbitals are shifted relative to the multilayer, in particular the HOMO-1 and

HOMO-2 peaks. This is indicative of the molecules still intact on the surface

but forming a relatively strong chemical interaction with the surface. The ab-

sence of any high kinetic energy Auger features for the C60 monolayer adsorbed

on the Cu(111) surface is notable since one might expect such features to be

more intense where more electron density is transferred to the molecule.

5.3.5 C60/Pt(111) monolayer

The C 1s RPES data for a C60 monolayer adsorbed on the Pt(111) surface

is shown in Fig. 5.9a. The data is dominated only by the Auger decay fea-

ture observed at the absorption energies of the lowest unoccupied molecular

orbitals, with virtually no contribution from the underlying surface due to the

low photoionisation cross-section of the Pt 5d states at these photon energies

(0.098 Mbarn[112, 113]). The density of states plot is shown in Fig. 5.9b re-

vealing a substantial modification of the molecular orbitals compared with the

multilayer, consistent with a strong chemical interaction with the surface. The

LUMO of the chemisorbed molecule now lies 0.6 eV above the Fermi level so

charge transfer into this state from the surface is not possible. Based on the

data for Au(111) and Ag(111), charge transfer into the LUMO is required for

the Core/LUMO/HOMO core-hole decay channel to be populated, and the

absence of this or similar features for the C60/Pt(111) monolayer is consistent

with a negligible energetic overlap of the LUMO with the occupied density of

states in the surface.

5.4 Discussion

The resonant photoemission and resonant Auger data for monolayers of C60 on

metal surfaces presented in this paper show evidence for a series of Auger-like

core-hole decay processes in which electrons transferred from the metal surface

into the LUMO of the molecule play a direct role in filling the core-hole. Three

questions remain though: i) whether or not there is simultaneously ultra-fast
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charge transfer from the molecule to the surface on the timescale of the core-

hole lifetime, ii) whether or not the charge transfer from the surface to the

LUMO occurs already in the ground state or only in the core-excited state (in

which case it would also be ultra-fast on the timescale of the core-hole lifetime

of a few fs), and iii) whether or not it is possible to estimate how much electron

density is transferred into the LUMO.

In the case of C60/Au(111) three constant high kinetic energy features

are observed separated by the energy spacing of the three highest occupied

molecular orbitals and track back the binding energies of those orbitals at the

LUMO resonance. If we consider the energy levels schematically represented in

Fig. 5.1 and perform a Gedankenexperiment for core-excitation to the LUMO,

we find three different scenarios of core-hole decay using only the electrons

intrinsic to the molecule. Participator decay in this case (Fig. 5.1b) leaves the

system in a final state identical to photoemission from the HOMO. Participator

electrons will therefore be observed in the RPES dataset at the binding energy

of the HOMO regardless of the incident photon energy. Spectator decay in

the illustrated case (Fig. 5.1c) leaves the system in a final state similar to
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photoemission from the HOMO plus an excitation of an electron from the

HOMO to the LUMO. These electrons have a constant kinetic energy and when

excited with photons corresponding to the LUMO resonance will therefore

be observed in the RPES at a binding energy that is shifted by an amount

corresponding to the HOMO-LUMO gap to higher binding energy than the

HOMO, and by extension the participator. Spectator electrons, since they

always involve the same energy levels (in this case Core/HOMO/HOMO) will

track with constant kinetic energy. Both participator and spectator decay

require the originally photoexcited electron to be localised in the core-excited

molecule on the timescale of the core-hole lifetime (a few fs). If on the other

hand it tunnels into the conduction band of the coupled surface the system will

undergo Auger decay. Auger decay in the illustrated case (Fig. 5.1d) leaves the

system in a state similar spectator decay plus an excitation of an electron from

the LUMO out of the molecule. Auger electrons again have a constant kinetic

energy and at the LUMO resonance will appear in the RPES at a binding

energy that is shifted to even higher binding energy than the spectator feature

by an amount corresponding to the cost of removing the electron from the

LUMO (the energy difference between the normal Auger and spectator decay

is referred to as the spectator shift). So while Auger and spectator electrons

track with constant kinetic energy as a function of increasing photon energy,

they cannot track back to the binding energy of the HOMO at the LUMO

resonance because no transition exists using only the electrons intrinsic to the

molecule that can result in such a high kinetic energy electron emission.

To understand the origin of the high kinetic energy Auger-like features

observed for C60/Au(111) we need to consider charge transfer from the metal

surface into the LUMO of the molecule, schematically shown in the lower

half of Fig. 5.1. A constant kinetic energy feature that tracks back to the

binding energy of the HOMO at the LUMO resonance requires an Auger-like

core-hole decay process that leaves the system in a final state identical to

photoemission from the HOMO. The corresponding Gedankenexperiment is

represented in Fig. 5.1e, where the core-hole is filled by an electron from the

HOMO as in previous schemes and the emitted electron is now the electron that

was transferred from the surface into the LUMO. However, this scheme also
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requires that the originally photoexcited electron tunnels into the substrate on

the timescale of the core-hole lifetime, otherwise the kinetic energy would be

increased due to the presence of that electron in the LUMO (a spectator shift).

This core-hole decay channel is therefore an Auger decay involving an electron

transferred to the LUMO from the surface and will appear in the RPES as a

constant kinetic energy feature (since the photoexcited electron does not play

a role) that tracks back to the position of the HOMO at the LUMO resonance.

The lower kinetic energy features that track back to the HOMO-1 and HOMO-

2/3 are explained by the analogous transitions where the electrons that fill the

core-hole originate from those orbitals respectively.

Rather than superspectator electrons, a more accurate term for the ob-

served high constant kinetic energy features would be super-Auger electrons

since the originally excited electron is no longer present to spectate on the pro-

cess. The ultra-fast charge transfer of electrons from the unoccupied molecular

orbitals of the molecule is facilitated by the energetic overlap of all the LUMO

states of the core-excited molecule with empty density of states in the metal

surface as shown in Fig. 5.3b. In addition, while the presented core-hole clock

analysis cannot be determine an absolute charge transfer timescale, it does

however provide evidence for differences in the charge transfer dynamics on

the timescale of the core-hole lifetime indicating that tunnelling of the elec-

trons out of the molecule occurs on a timescale on this order. Ultra-fast charge

transfer between an adsorbed molecule and a surface on the low femtosecond

timescale is well established in RPES studies,[22, 26, 30, 48, 49, 70, 114] and

a similar interpretation involving ultra-fast bidirectional charge transfer has

also recently been presented for bipyridine molecules adsorbed on the Au(111)

surface.[100] Further support for a super-Auger interpretation of the high ki-

netic energy features is shown in the C60/Ag(111) data (Fig. 5.5) which extends

to photon energies far above the ionisation threshold. The kinetic energy of

the super-Auger features are observed to track perfectly linearly with photon

energy with no observable spectator shift that would be expected to be present

below and not present above the ionisation threshold where the electron is no

longer localised on the molecule. It seems reasonable to conclude that the

core-hole decay channel that gives rise to these high kinetic energy features
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involving charge transfer from the surface into the molecule is accompanied by

ultra-fast charge transfer out of the molecule to the surface.

However, while this interpretation requires charge transfer from the LUMO

states into the surface to occur on the timescale of the core-hole lifetime, there

is no such requirement on the timescale of charge transfer from the surface into

the LUMO - all that is required is that there is an electron in the LUMO prior

to the core-hole decay. This requires an energetic overlap of the LUMO with

the filled states in the surface. The energy level alignments shown in Fig. 5.3b

and Fig. 5.6 show that the LUMO of the C60/ molecule crosses the Fermi edge

of the surface and thus overlaps the occupied density of states in both the

Au(111) and Ag(111) surfaces. However, XAS measures only the unoccupied

molecular orbitals in the core-excited state where excitonic effects have been

shown to lower the energy of the LUMO states sometimes significantly.[56, 110]

It is therefore possible for a molecule LUMO to be located above the Fermi level

and to be pulled down below the Fermi level only in the core-excited state. In

this case the charge transfer from the surface into the LUMO that gives rise to

the super-Auger channels that we observe would need to take place on the low

femtosecond timescale, comparable to the core-hole lifetime. Charge transfer

from the surface into a molecule is likely to be much slower process than from

the molecule into the conduction band of a surface. This is due to vastly more

conduction band states than molecular states, when the electron transfers into

the surface, coherence with the initial state is lost on a timescale of 10 fs, com-

pared with transfers of the order 100 fs in the reverse direction.[49, 115, 116]

Ultra-fast charge transfer into the LUMO of bipyridine molecules has recently

been studied[100], however in the case of C60 several studies have reported

charge transfer in the ground state associated with adsorption showing a vary-

ing degree of charge transfer between the C60 molecule and the surface during

bonding to the metal surface.[101–108] The C 1s X-ray absorption shown in

Fig. 5.3b closely matches in both energies and intensities that of the C60 mul-

tilayer in Fig. 5.2b. This suggest a relatively small amount of charge transfer

into the molecule during binding to the surface, which is consistent with previ-

ous results that found a charge transfer from Au(111) of 0.8-1.0 electrons per

C60 molecule.[101, 107] The C 1s RPES data for Ag(111) shown in Fig. 5.5 ex-
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hibits three well-defined, narrow and relatively intense lines corresponding the

same Core/LUMO/Valence transitions as discussed for Au(111). The fact that

these are much more easily measured for the Ag(111) surface than Au(111)

suggests that these channels are more populated. This would be consistent

with the transfer of more electrons to the molecule than on the Au(111) sur-

face. The C 1s XAS shown in Fig. 5.6 qualitatively supports a higher degree

of electron transfer into the LUMO since the relative intensity of the LUMO is

weaker than either the multilayer or the C60/Au(111) monolayer, reflecting a

lower unoccupied density of states. It would seem reasonable to conclude that

there is sufficient overlap of the LUMO of C60 with the valence states of the

gold and silver surfaces to facilitate charge transfer into the LUMO already in

the ground state even if the energy of the LUMO in the core-excited state is

lowered due to the creation of a core-LUMO exciton. This would imply that

the effect of the core-LUMO exciton on the binding energy of the LUMO is

limited to around 0.3 eV otherwise no appreciable overlap between this level

and the occupied states of the surface would be present in the ground state to

enable charge transfer. This would imply efficient screening of the core-hole

by the metal surface or that the LUMO is pinned to the Fermi level of the

substrate.

The most significant result from the Ag(111) data shown in (Fig. 5.5) is

the presence of a fourth, even higher kinetic energy super-Auger feature that

tracks back to the binding energy of the LUMO at the LUMO resonance.

The process requires two electrons to be present in the LUMO to participate

in the core-hole decay as illustrated in Fig. 5.1f. Two LUMO electrons are

required to drive this Core/LUMO/LUMO Auger-like transition at all photon

energies. The originally photoexcited electron is not shown in the scheme since

we assume that it tunnels into the conduction band and plays no further role.

The extent of charge transfer from silver to adsorbed C60 is debated. The bond

to polycrystalline Ag has been shown to be ionic with a charge transfer of 1.7±
0.2 electrons per molecule via UPS.[101] Combined UPS/XPS experiments

performed on single crystal Ag(111) also assumed an ionic coupling but with

only 0.7 electrons involved in the charge transfer.[102] Other experiments using

XAS have reported a covalent nature to the C60-Ag(111) bond due to some
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degree of hybridization between the two highest molecular orbitals and the

valence band of the surface.[110] A hybridization between the HOMO-1 of the

molecule and the Ag 4d state of the surface has also been reported.[103] The

observation of the fourth super-Auger feature in (Fig. 5.5) strongly suggests

that the amount of electron charge transfer into the LUMO must certainly be

more than one electron (see Fig. 5.1f).

By integrating the intensities over the four super-Auger lines observed in

Fig. 5.5 in the photon energy region from 305-310 eV at constant kinetic energy

we can obtain the intensity of the LUMO-related peak in the resonant Auger

relative to those associated with the HOMO, HOMO-1 and HOMO-2 orbitals.

The resulting spectrum has been converted to binding energy by extrapolating

back to the binding energy positions at the LUMO resonance and is shown

in Fig. 5.10. The high binding energy peaks in Fig. 5.10 shown as faded

components are based on the Auger region of the multilayer data from Fig. 5.2

and are included only as an aid to obtaining more accurate fits of the HOMO-1,

HOMO and LUMO components, and were adjusted so the HOMO-1:HOMO

was fixed at the expected 1.8:1 ratio for the C60 molecule.[117] If we assume

that the intensities of the features associated with super-Auger decay from the

HOMO, HOMO-1 and HOMO-2 orbitals are a result only of the occupation

of each molecular orbital and not due to any matrix element effects in the

transition probability we can infer the relative occupation of the LUMO state

and thus the degree of charge transfer from the surface. The intensity of the

LUMO-derived super-Auger peak is (24 ± 3)% of the HOMO-derived peak.

Based on a HOMO occupation of 10 electrons, this result suggests that 2.4 ±
0.3 electrons on average are transferred from the Ag(111) surface to each C60

molecule.

The adsorption of C60 to the Cu(111) surface is also thought to be ionic

with differing degrees of charge transfer reported. Valence band photoemis-

sion and XAS data have estimated the charge transfer at 1.5-2 electrons per

molecule.[105] A more recent STM and STS study indicated a 3 electron trans-

fer to the molecule.[106] while another photoemission study estimates a charge

transfer of 1.6 electrons per molecule.[107] Our photoemission and XAS data

clearly show a significant degree of charge transfer, however no super-Auger
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features were observed in the RPES. We attribute this to the profound change

in the unoccupied molecular orbitals clearly observed in the XAS of Fig. 5.8b

resulting in broad molecular orbital features.

In the case of C60 adsorption on Pt(111) the interaction with the surface is

even stronger and molecular orbital peaks in both the occupied and unoccu-

pied density of states shown in Fig. 5.9 are profoundly modified compared to

the multilayer. Again, no super-Auger decay channels were observed for this

surface, despite the possibility of significant charge transfer into the molecule

previously estimated to be around 2 electrons per C60 molecule.[104] It has

also been shown that even moderate temperatures can induced polymerisation

and decomposition of C60 on Pt(111) which might complicate the situation on

this surface.[104, 118]

5.5 Conclusion

Resonant photoelectron spectroscopy at the C 1s absorption edge for C60

monolayers adsorbed on Au(111) and Ag(111) surfaces exhibit high con-

stant kinetic energy Auger-like features associated with Auger decay of

the core-hole via a transition involving electrons charge transferred from

the metal surface into the LUMO of the molecule and therefore referred

to as super-Auger electrons. The presence of three super-Auger channels

for the C60/Au(111) monolayer corresponding to the Core/LUMO/HOMO,

Core/LUMO/HOMO-1 and Core/LUMO/HOMO-2 transitions suggests that

only one electron is transferred to the LUMO since the channel associated

with the Core/LUMO/LUMO transition is not observed. This channel is how-

ever observed for the C60/Ag(111) monolayer and by comparing the intensity

of the Core/LUMO/LUMO channel with the Core/LUMO/HOMO channel

we are able to estimate the degree of charge transfer from the silver surface

states into the C60 LUMO to be 2.4 ± 0.3 electrons on average for each C60

molecule. For systems in which more than one electron is transferred thus

opening the LUMO-derived super-Auger channel in the RPES data, the de-

gree of charge transfer can be inferred from the relative abundance of each

channel. This approach is applicable to a large number of molecule-surface
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combinations in which significant charge transfer takes place upon adsorption.

In contrast, monolayers of C60 on the surfaces of Cu(111) and Pt(111) do not

exhibit these core-hole decay features in any resolvable way due to the stronger

molecule-surface interactions and the substantial modification of the molecular

orbitals.
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Summary and Conclusions

I used the introduction of this thesis to look at the broader use of electricity

worldwide since 1980, highlighting the need for further research and investment

in all renewable technologies and solar in particular. From this data is it

undeniable that renewable technologies such as solar are vital in our fight

against ever growing demand for energy and irreparable manmade climate

change from CO2 emissions.

This research is less the practical development of solar technology and more

the fundamental understanding behind the critical adsorption bonding, elec-

tron coupling and charge transfer processes which underpin that technology.

The goal of this thesis was to better understand the charge transfer dynamics

in model molecular solar cells particularly nanoscale alumina films, C60, dye

molecules and their derivatives. Hence the focus of this thesis was firstly to

study the charge transfer dynamics due to oxide passivation layers which form

recombination barriers in DSCs and secondly to further study the core-hole de-

cay of a charge transfer and core hole decay process which lead to a constant

kinetic energy features on RPES images of C60 on Au and Ag(111).

Chapter 4 used a self terminating ultra thin alumina layer on AlNi(110) to

study the charge transfer from N3 through this oxide and into the underlying

metallic substrate. After electrospraying N3 onto the surface it was observed

that the molecule adopted a range of bonding geometries on the surface, which

was caused by one and two deprotonations of each of the N3 molecule’s car-

boxylic acid groups during adsorption to the surface. A charge transfer time
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of 6.0 ± 2.5 fs was found from the dye molecule through the ultra thin alumina

and into the metallic substrate. This compares to upper limits of 4.4 fs for N3

on Au(111),[47] 12 fs on TiO2,[48] and 3 fs for bi-isonicotinic acid on TiO2.[30]

Chapter 5’s original aim was to study the atomic layer deposition growth

of alumina on titania through ALD with TMA and H2O. The initial growth

rate of 0.7 nm per ALD cycle was approximately six times higher than later

and previously reported growth rate. Since this also lead to a non-homogenous

alumina thickness on titania the opportunity was taken to study the charge

transfer through different thicknesses of oxide, which was considered to be

more interesting than the original aim. After 20 cycles of ALD the surface

was categorised into thin (2.8 ± 0.2 nm), medium (3.4 ± 0.2 nm) and thick

(4.0 ± 0.2 nm) alumina layers. A monolayer of the N3 ligand, bi-iso, was

evaporated onto the surface and the charge transfer times from bi-iso and into

the underlying titania substrate were found to increase with alumina thickness

which were 25 ± 4 fs, 33 ± 6 fs and 50 ± 9 fs for the thin, medium and thick

respectively.

Chapter 6 shifted focus slightly from true DSCs to a molecule used in

other organic solar devices namely C60. The primary aim of this chapter was to

expand on the previous work of our group, by developing our understand of the

superauger / superspectator features that were seen in the RPES data of C60

on Au(111) by studying it on three further metallic (111) surfaces. While on Pt

and Cu surfaces no constant kinetic energy features were observed, the RPES

spectra of C60 on Ag(111) showed four distinct features as a result of molecule

surface interaction. It was proposed that the presence of superspectator/Auger

features is dependant on the amount of charge transfer into the molecule during

bonding to the surface. As a group we have already built on this research using

the C60 based, such as PCBM, which are directly used in solar cell devices as

bulk hetrojunctions,[119] however since I am not the primary author on this

work it has not been included in this thesis.

Future research which could build on this thesis, I would suggest extending

the work in Chapter 4 and 5 by building thinner oxides layers on TiO2 with

fewer repetitions of ALD and repeating the charge transfer from bi-iso and

N3. The samples made could also then be connected to form a complete solar
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Figure 6.1: Comparison of best efficiencies achieved in lab based photovoltaic
devices. Adapted from[8]. DSCs in bold red, perovskites bold pink.

cell and the properties tested to obtain the optimal oxide thickness on a DSC

devices to tie this fundamental work more directly to lab based solar cells.

Since the breakthrough paper in 2012[120] perovskite solar cells have been

stealing the limelight as an emergent solar technology. Since then the efficiency

of lab based perovskite solar cells has risen dramatically from 10.9% to 22.1%

far out striping the progress of DSCs, see Fig.6.1. There are still problems

to resolve with perovskites if they are to overtake silicon solar cells. These

are their durability to weather as they are susceptible to water, air and light

and the ability to produce them in large quantities. However their promise

of increased efficiency, low production cost and environmentally friendly en-

gineering methods makes this development from DSCs a promising field for

future research, which our future synchrotron based charge transfer studies

could contribute to.
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P. Brühwiler. Alignment of valence photoemission, x-ray absorption, and

substrate density of states for an adsorbate on a semiconductor surface.

Physical Review B, 67(23):235420, jun 2003.

[30] Joachim Schnadt, Paul A Brühwiler, Luc Patthey, James N O’Shea, Sven
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Johansson, M Shi, J Krempaský, J Åhlund, P.G Karlsson, P Persson,
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