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Introduction

During the last years the problem to find oil alternative energy sources has become ex-

tremely pressing, and a great scientific, technological and industrial effort has been dedi-

cated to find renewable and with low environmental impact energy sources. In this context,

devices able to convert solar energy in electrical energy like photovoltaic cells have a fun-

damental role. The idea of using the properties of valence and conduction electron of

semiconductors to convert sun light to current goes back to 1870’s, nevertheless the first

photovoltaic device was produced only in 1950’s and just during the last twenty years the

technological progresses achieved in the realization of inorganic crystalline semiconductor

based devices allowed an industrial scale production. In spite of these efforts the photo-

voltaic device production costs are still high. From the technological point of view, the

light-to-current conversion process is not very efficient and strongly limited by dissipative

processes. Therefore today this problem is widely debated and gives momentum to the

pure and applied research in this field.

A research direction that has been pursued to tackle these problems aims at finding

new materials to produce low cost and high efficiency devices. The conversion of sun light

in current, from a biological point of view, is a well known process, as example in the

chlorophyll photo-synthesis. To activate the chemical reaction that produces glucose from

carbon dioxide and water, free charges are needed. The chlorophyll is the molecule that

absorbing the light releases the necessary electrons to the biochemical environment for the

reaction to occur. This property of the chlorophyll and of similar molecules, can be used

to take advantage from the same process of charge production.

The chlorophyll belongs to the great organic molecular family of metal-porphyrins.

Their base structure consists of a planar structure characterized by a metal atom (or a

ix



x INTRODUCTION

metal group) located in the centre of the molecule and surrounded by four nitrogen atoms

forming a macrocycle; each nitrogen atom is bond to phyrrolitic carbon atoms, that are

bonded to other four carbon atoms called bridge atoms. The remaining bonds are saturated

by hydrogen atoms. The great appeal of these molecules is that the chemical and physical

properties of these molecules can be modified by substituting either the central metal ion

or the hydrogen atom bond to the bridge carbons or both. The chlorophyll is a Mg-

porphyrin, i.e. with a Mg atom in the centre of the macrocycle and with a long radical

bond to one of the bridge carbons. Nevertheless the chlorophyll is easily modified in the

biochemical environment and is not long lived, the yellow colour of autumn leafs is the index

of the degradation of the chlorophyll. Therefore with the aim of technological applications

we have studied a more stable artificial porphyrin: the zinc-tetraphenyl-porphyrin. It is

characterized by a zinc atom in the centre of the macrocycle and a phenyl group bond to

each carbon bridge atom.

The absorption of visible light induces electronic transitions from the valence states

to the conduction states according to the electrical dipole selection rules and a long lived

meta-stable state is generate: the exciton. It is a conduction electron-valence hole bond

state, and it can delocalize through the whole solid until the recombination of the electron

hole couple occur. The creation of excitons inhibits the light-to-current conversion because

these charges give no contribution to the current. Thus it is necessary to break the bond

for the two charges to be free. One way to inhibit the creation of exciton is to introduce

in the conduction energy region new states that are not reachable via dipole transition

but that are energetically favourable with respect to previous ones. If the delocalization

of the electron excited in these states is fast, the creation of the exciton is avoided. This

condition are well satisfied at a pn junction where the excitation allows electrons in the

n semiconductor valence band to fast delocalize through the p semiconductor conduction

band. In an organic molecular solid a similar effect can be obtained using two different

molecular species with electronic properties of electron donor and electron acceptor. In our

studies we have chosen the porphyrin as electron donor and the C70 as electron acceptor.

The C70 belongs to the wide molecular family of fullerenes, which are characterized

closed cage carbon structures. The most famous is the C60 which is one of the highest

symmetry molecules, and has a shape similar to a soccer ball. The C70 is less symmetric
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and it is characterized by ten more carbon atoms that form an equatorial belt of aromatic

structures.

As we mentioned before the mobility of the charges is a crucial point in the realization

of a good material for electronic devices; actually, it depends on packing order of the

molecules in the film, therefore the growth procedure is a crucial point. The growth of

porphyrin-fullerene complexes has been widely studied and the formation of co-cristallites

obtained by precipitation in solutions is well known. Nevertheless this technique requires

the presence of several additional radicals as linkers between the porphyrin and the fullerene

thus the molecules lie far apart to each other and the overlap between the empty orbitals

is strongly reduced.

In this thesis we focused our attention on the growth by UHV sublimation in an envi-

ronment free of contaminants. In addition the in situ growth permit to study a freshly pro-

duced film on a freshly cleaned surface. We studied the interactions between the molecules

and the Si(111) surface and between molecule and molecule using X-ray and UV-ray pho-

toemission (XPS, UPS). Structural information on the film has been obtained via near

edge absorption spectroscopy (NEXAFS). This spectroscopy gives a map of the conduc-

tion states and using linearly polarized synchrotron radiation it is possible to obtain the

orientation of the chemical bonds in the molecules. The charge transfer dynamic, i.e.

the fast delocalization of excited electrons, was studied using resonant photoemission (Re-

sPES). In this technique a core electron is pumped to an empty state in the conduction

band, thus a core-excited neutral state is generated. If the excited electron fast delocalize

(i.e. before the core hole decay, fs regime) the atomic site remains ionized and with a core

hole that will decay via Auger emission. Otherwise, the excited electron will participate to

resonant decays of the core hole. In this sense the quenching of the resonant decays is an

index of the fast delocalization to occur. All these spectroscopies require a tunable high

brilliance X-ray source therefore all data were collected at Elettra synchrotron radiation

source at SuperESCA and ALOISA beamlines.

Trieste, April 2008
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Chapter 1

Organic materials for solar cells.

1.1 Historical background.

The first observation that the interaction between visible light and the matter causes

unexpected phenomena goes back to 1839 when Becquerel revealed that the action of the

light modified some chemical reaction[1]. This event opened the way to the photochemistry

and to the physics of the light to current conversion. As it is often common in science the

discovery of Becquerel happened for chance when he was studying some materials for

photography.

Anyway it was necessary to wait until 1879 to observe the first sun-light to current con-

version performed by William Grylls Adams and his student, Richard Evans Day. When

they discovered that an electrical current could be started in selenium solely by exposing

it to light, they felt confident that they had discovered something completely new. Werner

von Siemens, a contemporary whose reputation in the field of electricity ranked him along-

side Thomas Edison, called the discovery “scientifically of the most far-reaching impor-

tance”. This pioneering work portended quantum mechanics long before most chemists

and physicist had accepted the reality of atoms. Although selenium solar cells failed to

convert enough sunlight to power electrical equipment, they proved that a solid material

could change light into electricity without heat or without moving parts.

Several other discoveries occurred during the last decades of 1800’s about the photo

sensitive properties of the selenium up to 1887 when Hertz discovered that the ultraviolet

1
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radiation could change the voltage between two electrodes for a discharge to occur.

In 1904 Einstein published its work about the photoelectric effect and this opened the

way to formulate a purely quantum theory of the interaction between radiation and matter.

In 1916 Millikan experimentally demonstrated the validity of Einstein’s theories.

In 1918 the polish scientist Czochralski developed a procedure to grow single-crystal

silicon. But it was necessary to wait until 1950’s to produce an effective photovoltaic cell.

The first report belongs to Bell labs scientists [2] that produces a solar cell based on silicon

with an efficiency of few percents.

The 1950’s and 1960’s are characterized by the search of a practical usage of photovoltaic

devices because of their low efficiency and high cost if compared with petrol and carbon

based sources to produce electrical energy. The main problem remained the production

of single crystal based device on a large scale therefore the small photovoltaic cell were

confined only to toys and gadgets (low power needed) and to the space industry that

used the photovoltaic cell to supply the satellites. In this last case the high costs wasn’t

a problem. Nevertheless the great development potential in the photovoltaic technology

remained a continuous target for the industry and for the scientific world. In particular the

1973 energy crisis revealed the need of a special policy in finding energy sources alternative

to the petroleum at least until the “safe nuclear” power energy production was ready for

the market.

During the 1970’s the inorganic based solar cells became of wider use in the case where it

was hard to carry the electrical power. In parallel it faced out the possibility to convert the

sun light in the same way that occur in many biological systems. This was the moving for

the beginning of the study of organic cells from a physical point of view. The first organic

based solar cells was produced in 1975 by Wang and Albrecth using a chlorophyll film

between two metal contact. This device had really a low efficiency 0.001% nevertheless it

demonstrated that it was possible to mimic the light-to-current conversion process typical

in biological environment and to apply it in technology [3]. In 1986 using two organic

films based on copper phthalocyanine and carboxylic compounds about 1% efficiency was

produced demonstrating that using two organic based semiconductor a pn junction could

be realized [4].

One step more was performed in 1985 when C60 fullerene was produced for chance by
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Figure 1.1: Light-to-current conversion scheme. The fig A represent the ground state of a

semiconductor: when a photon impinges the surface an excited state is created (B) and it

can decay via several processes C,D,E (see text)

laser ablation of a graphite specimen [5]. In the following years this new carbon allotrope

was intensively studied and in 1992 it was demonstrated that the fullerene could act as

an acceptor for optically excited electrons, therefore it was demonstrated the feasibility

of donor/acceptor junction at the molecular scale [6]. Since than a lot efforts have been

spent to produce organic based solar cells in a great variety of practical solutions reaching

practical quantum efficiencies of about 7% [7, 8, 9, 10, 11] and about 10% in 2007 [12].

1.2 Light-to-current conversion and electron transport.

1.2.1 Basic principles of a solar cell.

In figure 1.1 it is represented a schematic about the main processes occurring when a visible

photon impinges the surface of a semiconductor.

In the ground state a semiconductor concerns with electrons in the valence band and

holes in the conduction band, figure 1.1(A). The absorption of a visible photon creates

an excited state, figure 1.1(B), with an electron in the conduction band and a hole in the

valence band. This state is not stable because its energy is higher than the ground state

therefore it will decay. One possible de-excitation channel is a radiative decay, figure 1.1
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(C): the electron looses energy via the emission of photons of different wavelengths (fluo-

rescence). An other possible effect is the creation of an exciton, figure 1.1(D). This is an

electron-hole bound couple whose energies are located inside the semiconductor band gap.

Its properties (binding energies, bonding radius) are that of an hydrogen-like system with

suitable effective masses. In inorganic semiconductors the typical excitonic binding ener-

gies are of the order of thermal excitation and the bonding radius is of the order of some

nanometers (Wannier excitons). In organic compounds the binding energies are higher,

about 1eV, therefore the bonding length are of the order of some angstrom (Frenkel exci-

tons). The exciton can move trough the system before the positive and negative charges

will recombine. In this case the two charges give zero contribution to the photo-generated

current. On the contrary, if the exciton is dissociated, i.e. the bond is broken, the two

charges are free an can be collected to the electrodes and contributes to the photocur-

rent, figure 1.1(E). The breaking of the excitonic bond can occur when the exciton passes

trough an pn junction. Nevertheless if the bonding length is small and the exciton remains

localized at the atomic site where it is created and it will recombine at the same site.

Therefore a way to break the bond state can be to create a pn junction at the molecular

scale. Moreover once the exciton is broken it is necessary that the charge mobility is high

for the electrons (holes) to be transported and collected to electrodes.

1.2.2 Charge mobility in organics.

Organic semiconductors can be broadly classified into two categories: small molecules or

oligomers (usually processed in vacuum) and polymers (usually processed by wet chemical

techniques). In each case, various materials have been designed over the years that prefer-

entially transport holes or electrons. In most instances, this distinction does not resides on

the actual ability of the materials to transport charges (i.e., on the actual values of charge

mobilities) but rather reflects the ease of charge injection from electrodes traditionally used

in devices. In that context, a material is often referred to as a hole (electron) transporter

when its ionization energy (electron affinity) closely matches the Fermi level of the electrode

material. Ambipolar transport (i.e., the ability to transport both electrons and holes) has

been reported for several organic semiconductors by Zaumseil and Sirringhaus [13]. The

key quantity that characterizes charge transport is the carrier mobility. In the absence of
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any external potential, transport is purely diffusive and is generally described by a simple

diffusion equation:

〈x2〉 = nDt

where 〈x2〉 denotes the mean-square displacement of the charges, D is the diffusion coeffi-

cient, t is the time, and n represents an integer number equal to 2, 4, or 6 for one-, two-,

and three- dimensional (1D, 2D, and 3D) systems, respectively. The charge mobility µ is

related to the diffusion coefficient via the Einstein-Smoluchowski equation:

µ =
eD

kBT

where kB is the Boltzmann constant and e is the electron charge.

Efficient charge transport requires that the charges be able to move from molecule to

molecule and not be trapped or scattered. Therefore, charge carrier mobilities are in-

fluenced by many factors including molecular packing, disorder, presence of impurities,

temperature, electric field, charge-carrier density, size/molecular weight, and pressure. In

the following some notes about the most important among these effects will be reported.

For a complete review see [14]. To compare the mobility of organics with inorganic semi-

conductors we note that in silicon single crystals the mobility is about 1400cm2/Vs whit

a dopant concentration of 1013/cm3, while at the same doping level the amorphous silicon

electron mobility is about one order of magnitude lower.

Molecular Packing. The anisotropy of charge transport in single crystals points out

that the efficiency of transport is intimately related to the relative positions of the

interacting molecules, and hence to crystal packing. In most instances, unsubstituted

π-conjugated molecules crystallize into a layered herringbone packing. Such packing

gives rise to 2D transport within the stacked organic layers [15] while transport

between layers is less efficient. An example of 2D mobility anisotropy is given by

pentacene single crystal; for such system the mobility within the layer is found to

vary between 2.3 and 0.7 cm2/Vs as a function of the angle between the molecular

axis and the detection direction [16].

The 2D character of transport in most organic single crystals (and thin films by

extension) has implications for actual electronic device operation since it requires that
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the high mobility planes lie perpendicular to the collecting electrodes surface in order

for a significant current to be transported. Moreover, it was demonstrated in the case

of pentacene transistors that the packing at the interface with the dielectric is different

from that in the bulk [17] introducing variation in the microscopic mobility that can

affect the macroscopic mobility. A theoretical study about the high sensitivity of the

mobility versus reciprocal displacement of two organic molecules is reported in [18].

The herringbone structure is not a priori the most favourable packing for transport,

in view of the large angle between the planes of adjacent molecules along the herring-

bone diagonal which tends to reduce the strength of intermolecular interactions [19].

As a result, many efforts have been devoted to derivatizing the conjugated backbones

in such a way as to generate crystal structures potentially more conducive to high car-

rier mobilities, in particular, structures where adjacent molecules are cofacial. This

derivatization approach has been developed for instance by Anthony and co-workers

for pentacene derivatives [20] and by Rovira and co-workers for tetrathiafulvalene

(TTF) derivatives [21]. Unfortunately, such investigations cannot take much advan-

tage of theoretical modelling, since quantum-chemistry and molecular- mechanics

methods have not reached the stage yet where the crystal packing of even small or-

ganic molecules can be predicted reliably and accurately [22, 23]. Importantly, there

is actually no clear demonstration that the types of cofacial packing that can be

experimentally achieved lead to higher mobilities than an herringbone packing. The

reason is that the molecules are never exactly superimposed on top of one another

since a perfect cofacial situation is one in which electrostatic repulsion terms are

largest. As a result, there usually occur displacements along the long and/or short

molecular axes between adjacent molecules. Some theoretical investigations have

shown that such displacements do strongly affect the intermolecular electronic cou-

plings, in a way that intimately depends on the bonding-antibonding pattern of the

frontier molecular orbitals (HOMO, highest occupied molecular orbital, or LUMO,

lowest unoccupied molecular orbital)[18]. Experimental data on single crystals of

TTF derivatives show a large variation in mobility values as a function of packing,

from 10-5 to 1 cm2/Vs.

Disorder. Two kinds of disorder are usually distinguished: Diagonal Disorder, and Off-
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Diagonal Disorder. The former reflects the fluctuations in site energies (i.e., the

energies of the HOMO or LUMO levels of individual molecules or chain segments)

within the material and the latter is related to fluctuations in the strength of in-

teractions between adjacent molecules or chain segments, i.e., to modifications of

their relative positions and orientations. Off-diagonal disorder results in a distribu-

tion of electronic couplings within the material that can generate as well conducting

pathways through the material as dead-ends for the charges. In the case of flexible

molecules/chains, a major contributor to diagonal disorder is conformational free-

dom, as it leads to a distribution of torsion angles between adjacent moieties. In

polymer chains, such a distribution of torsion angles and/or the presence of chemical

impurities result in diagonal disorder via the formation of finite-size conjugated seg-

ments with different lengths and therefore different HOMO and LUMO energies. In

addition, diagonal disorder is induced by electrostatic/polarization effects from sur-

rounding molecules, which vary with fluctuations in local packing; this effect is am-

plified when the molecules/chain repeat units contain local dipole moments [17, 24];

this also holds true when the molecule or repeat unit as a whole carries no perma-

nent dipole [19]. That the degree of order intimately controls transport has been

demonstrated for small molecules by tuning the amount of disorder via modifications

of the deposition conditions, for instance, by changing the temperature or nature of

the substrate, or the film thickness [25, 26]. In the case of pentacene, varying the

deposition conditions has been reported to lead to variations in charge mobility by

up to 6 orders of magnitude [27].

Temperature. The temperature dependence is markedly different in single crystals and

in disordered materials. In single crystals, the hole and electron mobilities gener-

ally decrease with temperature according to a power law evolution: µ ∝ T−n. An

example is the case of electron and hole transport along a crystal axis direction of

naphthalene [28]. Similar evolution is observed along specific directions for a large

number of single crystals where the main difference lies in the value of n, which

typically varies between 0.5 and 3. This decrease in mobility with temperature is

typical of band transport and originates from enhanced scattering processes by lat-

tice phonons, as is the case for metals. The coupling between the phonon modes
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and the carriers depends on the crystal packing; for instance, in the biphenyl crystal,

electron transport below and above a structural phase transition is characterized by

different n values [26]. Moreover, transport measurements on molecular single crys-

tals indicate that charge mobilities as high as a few hundreds cm2/Vs can be attained

at low temperature (up to 300 cm2/Vs for holes in naphthalene at 10 K [28] and that

electron and hole mobilities can be equally large. Mobilities in single crystals can

sometimes significantly drop when the material is cooled below a critical temperature

(for instance, around 30 K in perylene [26] and, depending on experimental condi-

tions, around 160-180 K[29] or 250 K in rubrene[30]). Such a drop usually reflects

the presence of traps with a depth (trapping energy) larger than kBT at the critical

temperature. In highly disordered systems, transport generally proceeds via hopping

and is thermally activated. Higher temperatures improve transport by providing the

energy required to overcome the barriers created by energetic disorder.

Impurities The presence of impurities is typical of films grown in solution and con-

sists in a small concentration of compounds that have a (slightly) different chemical

structure than the compound nominally under investigation and that comes from the

chemical synthesis. In UHV deposition it can occur that the crucible evaporation

temperature can be to high therefore a certain amount of molecules breaks or that

the original powder have been corrupted. A major impact on the transport properties

can be expected in particular when the frontier (HOMO/LUMO) molecular orbitals

of the impurities have energies that fall within the HOMO-LUMO gaps of the pure

molecules. This can originate energy traps whose effect in the mobility is similar to

the order-disorder one.

Charge carrier density. It is only recently that the influence of charge carrier density

on mobility has been carefully examined. At lower densities, all the carriers can be

affected by trapping due to energetic disorder and/or impurities; at higher carrier

densities, only a portion of the carriers are necessary to fill all the traps and the

remaining carriers can experience trap-free transport. However when the filled traps

are charged, they are expected to increase scattering, leading to observed mobility

values lower than the intrinsic values. An example is given in reference [31].
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Figure 1.2: The steps from the observation of a physical or biological process up to the

breaking in the market of a new device.

1.3 Aims of this thesis.

Progress in organic photovoltaic cells require a clear understanding of the peculiar physics

driving the electronic behavior of organic thin films. One of the important parameters

is the timescale of charge-transfer processes, which has also a crucial relevance in many

biological systems. In dye-sensitized solar devices (Gratzel cells), the electron transfer from

photo-excited dye molecules to the substrate needs to be sufficiently fast (an upper limit

of a few tens of fs) to compete effectively against loss processes and thus achieve high solar

energy conversion efficiencies [7, 32, 33, 34, 35]. In other organic based solar cells, molecular

dye films composed of an electron (or energy) donor capable of photo-induced electron (or

energy) transfer to a linked acceptor have been used to mimics the natural photosynthetic

reaction centers. In these systems an important timescale is the transfer time of the photo-

excited electron from the donor to the acceptor molecule (exciton dissociation). This

charge transfer time must compete with the timescale of exciton recombination processes

or transfer processes of the exciton (energy transfer) into states that may favor the charge

recombination. This timescale is in the range 0.2 ps to 0.1 ns [36].

From the observation of a physical effect or from a biological process until a new device

can be sold in the market several step have to be performed. In figure 1.2 a schematic

of the various step is reported. As first, an accurate description of the phenomenon is
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needed in order to mimic it. The following step concern probably in the heaviest part of

the work or at least the more intriguing for the researchers. It consists in the research of

the best candidate material and in a trial-and-error sequence of experiments turn to probe

the specific properties of the selected material, in the comparison of a set of results and in

the choice of the most suitable ones. After the material is selected it is needed to produce

a prototype and to optimize the performances of the device. Once the device is ready a

plan for a mass production is needed, and after that it is ready for the market.

In figure 1.2 it is highlighted the location of this work. We focused our attention on the

basic research of organic thin films. We choose these molecules: ZnTPP (zinc-tetraphenyl-

porphyrin), C70 and melanin. The first two are used to form donor/acceptors complexes

and to study the interaction of moleucular monolayers with the Si(111) surface; the eu-

melanin has been studied as a possible sensitizing dye for Gratzel-cells. In the following

paragraphs we give a brief introduction of the main interesting properties of these molecules

while in the next chapters we will discuss the systems they forms. In particular, after an

introduction to the experimental techniques (chapter 2) and the description of the experi-

mental apparatus (chapter 3), chapter 4 describes the ZnTPP multilayer [37], the chapter

5 describes the ZnTPP and C70 monolayers on Si(111) surface. The chapter 6 describes a

ZnTPP-C70 “double layer” [38], the chapter 7 describes a ZnTPP/C70 multilayer obtained

by co-deposition of the two molecules. Finally the chapter 8 concern the eumelanin[39].

1.4 Zinc-tetra-phenyl porphyrin basic properties.

1.4.1 Definitions and biological origin.

The porphyrin (from greek porphura = purple) is an heterocyclic macrocycle derived from

four pyrrole-like subunits interconnected via their α carbon atoms via methine bridges

(=CH-) figure 1.3. Porphyrins are a ubiquitous class of naturally occurring molecules

involved in a wide variety of important biological processes ranging from oxygen transport

to photosynthesis, from catalysis to pigmentation changes [40, 41, 42]. The common feature

of all these molecules is the basic structure of the porphine macrocycle, which consists of

a 16-atoms ring containing four nitrogen atoms, obtained by linking four tetrapyrrolic

subunits with four methine bridges, as shown in figure 1.3.
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Figure 1.3: Zinc-tetraphenyl-porphyrin.

This macrocycle is an aromatic system containing 22 π-electrons, but only 18 of them

are delocalized according to the Hückel’s rule of aromaticity (4n+2 delocalized π-electrons,

where n=4). The size of the macrocycle is perfect to bind almost all metal ions and indeed

a number of metals (e.g. Fe, Zn, Cu, Ni, and Co) can be inserted in the center of the

macrocycle forming metalloporphyrins.

Porphyrin-based fundamental biological representatives include hemes, chlorophylls,

vitamin B-12, and several others. Heme proteins (which contain iron porphyrins) serve

many roles, like O2 storage and transport (myoglobin and electron transport (cytochromes

b and c), and O2 activation and utilization (cytochrome P450 and cytochrome oxidase).

Chlorophylls (which have a central magnesium ion) and pheophytins (which are metal

free) are found in the photosynthetic apparatus of plants and bacteria, while vitamin B-12

(which has cobalt) is present in bacteria and animals.

Given the capabilities of porphyrins to bind and release gases and to act as active center

in catalytic reactions in biological systems, porphyrin-based films on metal or semiconduc-

tor surfaces are extremely appealing as chemical and gas sensors [43, 44, 45] as well as

nanoporous catalytic materials [46, 47, 48] in novel synthetic bio-mimetic devices.
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Moreover, the role of porphyrins in photosynthetic mechanisms indicates a good atti-

tude of these molecules to mediate visible photon - electron energy transfer processes. As

shown in figure 1.4, the UV-visible absorption spectrum of the highly conjugated porphyrin

macrocycle exhibits an intense feature (extinction coefficient > 200.000) at about 400 nm

(the “Soret” band), followed by several weaker absorptions (Q bands) at higher wavelengths

(from 450 to 700 nm). While variations of the peripheral substituents on the porphyrin

ring often cause minor changes to the intensity and wavelength of the absorption features,

protonation of two of the inner nitrogen atoms or the insertion/change of metal atoms into

the macrocycle usually strongly change the visible absorption spectrum. For this reason,

in recent years, (metallo)porphyrins and porphyrin-metal interfaces have become of major

interest for applications in opto-electronics, data storage and solar cells [49, 32, 50, 51][4]

and a still increasing number of covalently linked donor-acceptor supramolecular porphyrin-

based assemblies have been studied for these purposes [52, 53, 54, 55].

Therefore the involvement of porphyrins in many biological processes and the possibility

to tailor their physical and chemical properties at the molecular level including very

large dipole moments, polarizability, non-linear optical response, absorption spectrum,

energy transfer and catalytic properties make porphyrins and metalloporphyrins extremely

versatile synthetic base materials for research projects in many disciplines of chemistry and

physics, like electronics, opto-electronics, electrochemistry, catalysis and photophysics.

1.4.2 The Chlorophyll synthesis.

The magnesium porphyrin is the chlorophyll contained in the leaves of the plants and it

gives rise to chlorophyll synthesis that has a fundamental role in the life of plants. The

chlorophyll synthesis process produces the glucose from carbon and oxygen. These two

chemical species are found in water and in carbon dioxide. The chemical reaction for the

production of glucose needs a certain amount of energy to occur:

6CO2 + 6H2O + 686Kilocalorie/mole → C6H12O6 + 6O2

this energy is given by the chlorophyll. Actually the chlorophyll doesn’t take part to the

reaction, from a chemical point of view, but it converse the sun light into free charges that

constitute the needed energy amount.
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1.4.3 Possible Applications of porphyrins.

In the last two decades the attention on organic molecules like porphyrins and phtalocyanins

have been renewed because of their possible application in several fields such catalysis,

photodynamic therapy, nonlinear optics and gas sensors furthermore solar cells. Here we

will briefly describe the role of porphyrins in these other applications.

Catalysis in fuel cells. A fuel cell is an electrochemical device that converts chemical

energy in electricity consuming the fuel(that is the anode) that flows and is oxidized

at the cathode. To optimize the oxidation reaction a catalyzer is need. It was demon-

strated that porphyrins are good catalyzer that can improve the oxidation reaction

with an efficiency competing with that obtained using more expensive catalizers like

paltinum [56, 57, 58].

Photodynamic therapy. A singular property of porphyrins in a biological environment

like the human body is that they tends to concentrate where the cellular reproduction

rate is high, like in cancerous tissues. Moreover, like in the chlorophyll synthesis, they

are good electron injector and in such environment the light-converted charges can

produce singlet oxygen, i.e. atomic oxygen with an electron in the first excited singlet

state, that is very reactive. The effect of this kind of oxygen is to erode the cancerous

tissue. Its lifetime in aqueous solution is of few microseconds, therefore it is needed

for the production of singlet oxygen to be localized in correspondence of the cancerous

tissue. For a more detailed treatment see for example [59].

Gas sensors. The adsorption of analytes into solid state porphyrin films produces a

variation in several physical quantities like mass, work function and optical absorp-

tion. Each of these quantities can be transformed in an electrical signal matching

the porphyrin layer with a suitable transducer. [60].
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1.4.4 Absorption spectra of porphyrins

.

Figure 1.4: The absorption spectra of metal-porphyrins with different coordination metals

(A): changing the central coordination ion the whole visible spectrum is covered [61]. In

figure (B) are highlighted the main features of the absorption spectrum of zinc-octaethyl-

porphyrin [62].

These molecules appear to be intensely coloured according to the coordination metal

covering the whole visible spectrum [63, 61], figure 1.4. The electronic absorption spectrum

of a typical porphyrin, such as zinc-octaethyl-porphyrin (ZnOEP), figure 1.4b, consists of

a strong transition to the second excited state (S0 → S2) at about 400 nm (the Soret or

B band) and a weak transition to the first excited state (S0 → S1) at about 550 nm (the

Q band). Internal conversion from S2 to S1 is rapid so fluorescence is only detected from
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Figure 1.5: dihedral angle distribution for phenyl groups in tetra-phenyl porphyrin[62]

S1. The B and the Q bands both arise from π → π∗ transitions and can be explained

by considering the four frontier orbitals (the Gouterman four orbital model [64, 65]): two

π orbitals (a1u and a2u) and a degenerate pair of π∗ orbitals (egx and egy). The two

highest occupied π orbitals happen to have about the same energy. One might imagine

that this would lead to two almost coincident absorption bands due to a1u → eg and

a2u → eg transitions, but in fact these two transitions mix together by a process known

as configurational interaction, resulting in two bands with very different intensities and

wavelengths: constructive interference leads to the intense short-wavelength B band, while

the weak long-wavelength Q band results from destructive combinations. The two types

of position on the porphyrin periphery are referred to as meso and β. The a1u orbital has

nodes at all four meso positions whereas the a2u orbital has high coefficients at these sites

figure 1.3. Many synthetic porphyrins have meso-aryl substituents. These cause only a

slight perturbation to the electronic structure, because there is minimal π-overlap between

the aryl ring and the porphyrin, due to the large aryl-porphyrin dihedral angles, which

result from steric interactions with the β-hydrogens. The distribution of aryl-porphyrin

dihedral angles for some ortho-unsubstituted, β-unsubstituted meso-aryl porphyrins from

the Cambridge Crystallographic Database (CCD)[66] is shown in figure 1.5. The zinc(ii),
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copper(ii), nickel(ii) and free-base porphyrins have similar distributions of dihedral angles

(mean = 73o with a standard deviation = 9o). Meso-phenylene-linked porphyrin oligomers

do not exhibit significant conjugation because of this non-planarity. Directly meso-meso

bonded porphyrin oligomers are non-conjugated for the same reason [67].

1.4.5 Electronic properties of metal porphyrins.

Figure 1.6: different symmetries of m-tetraphenyl porphyrins according to the dihedral angle

distribution[68].

The versatility of porphyrin in a wide range of applications lies in the complex elec-

tronic structure. A deep knowledge and understanding of the energy levels is fundamental

to project specific device. The symmetry of metal-tetraphenyl porphyrin changes from

D4h (all phenyl groups parallel or perpendicular to the macrocycle plane) to S4 (phenyl

groups otherwise oriented) according to the dihedral angle distribution (figure 1.6), i.e.,

the molecular packing in solid state. It is expected that this structural difference could be

reflected in a degeneration removing of the energy levels in valence and in conduction states

i.e. in a HOMO and LUMO band splitting. Nevertheless calculation have demonstrated

that the variation in energy levels in solid state is negligible [68]. A systematic study of the

electronic properties reveal quantitatively the role of the central atom in the porphyrinic
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Figure 1.7: energy levels of electronic states in different metal-tetraphenyl porphyrin[68].

macrocycle (figure 1.7) and the topology of the occupied and unoccupied states (figure 1.8).

From these data the HOMO-LUMO gap value of the various porphyrin can be deducted

revealing the tunability of the electronic properties via the substitution of the metal atom
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Figure 1.8: calculated occupied and unoccupied orbitals for Zn-porphyrin [69]

(Table 1).

1.5 Fullerene C70.

1.5.1 Basic properties.

The name “buckyminsterfullerene” was coined in 1985 when Kroto et al. discovered new

carbon allotropes [5] as a dedication to Fuller Buckminster(1895-1983), the inventor of

geodesic dome, because of the resemblance of the new molecular structure with the geodesic

sphere. By laser ablation of a graphite disc with a laser a lot of fragment were produced

with the greatest abundance corresponding to masses of 60 and 70 carbon atom. The

proposed closed cage structures (figure 1.9) with Ih (a truncated icosahedron, C60) and

D5h (C70) symmetry were confirmed by X-ray diffraction few year after by Kratschmer and
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M=Fe M=Co M=Ni M=Cu M=Zn

[MTPP ]2+ 2.14 2.43 2.04 1.85 2.57

[MTPP ]1+ 2.64(2.77) 2.42(2.42) 2.08(2.03) 1.82(1.82) 2.59(2.66)

MTPP 1.86(1.87) 2.50(2.55) 2.13(2.10) 1.71(1.75) 2.49(2.60)

[MTPP ]1− 1.58(1.65) 1.30(1.31) 0.35(0.53) 1.42(1.75) 1.47(1.74)

[MTPP ]2− 0.88(1.17) 0.78(1.47) 0.48(0.38) 1.06(1.68) 1.08(1.68)

[MTPP ]3− 0.59(0.98) 0.68(1.16) 0.54(0.86) 0.93(1.03) 0.94(1.62)

[MTPP ]4− 0.35(0.08) 0.86(1.04) 0.85(1.40) 1.01(1.48) 0.89(1.55)

Table 1.1: Calculated energy gaps in eV between the LUMO and HOMO in MTPP(metal-

TetraPhenyl-Porphyrin) and MP (Metal-Porphyrin between parentheses) and related ions

[68].

Figure 1.9: Molecular structures of fullerene C60 and C70 . In the C60 picture the pentagons

arered coloured to be distinguished with respect to the hexagons. In C70 picture the five

inequivalent carbon are labeled.

co-workers [73]. Since the first observation these structure were nicely associated to the

common shapes of a soccer ball(C60) and a rugby ball (C70). The cages are formed by

sp2-hybridized carbons assembled in hexagonal and pentagonal aromatic rings [74].
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Figure 1.10: Structural phase diagram of C70 crystal. [70].

The pentagons are the responsible of the closed cage structure and of the curvature of

the molecules. The Isolated Pentagon Rule, states that for a fullerene to be stable and

non reactive it is needed that the pentagon at the surface have to be isolated, therefore

C60 and C70 are the lightest stable fullerene. The smaller ones, that don’t obey this rule,

are chemically reactive and cant be used in practical applications. The diameter of C60 is

about 7.1Å, while the oblong shape of C70 present the equatorial diameter (see C5 in figure

1.9 ) of the same amount and the C1 pentagons distance (long axis) of about 7.91Å.

In solid state C60 crystalizes in the f.c.c. structure with lattice parameter of 14.198Å

at room temperature with rotational disorder; at 260oC a first order transition changes

the crystal structure in simple cubic with just two degrees of freedom depending on the

relative molecular orientation: two aromatic planes parallel one with respect to the other,

or an edge parallel to an aromatic plane. Below 90C the configuration determined by the

rotational degrees of freedom frozes in a glassy orientational structure. The chance of C70

is really different. The different shape of the cage of C70 with respect to C60, determines

different packing structure and different structural phase transitions. The phase diagram is

depicted in figure 1.10 [70]. At high temperature the structure is f.c.c., before reaching room

temperature the crystal assume two different h.c.p. configuration and below 276oC an other
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Figure 1.11: Band dispersion of C60 f.c.c. and C70 h.c.p. structures [71, 72].

phase transition to a distorted monoclinic lattice occur. The topic of these phase transition

lie in the additional degree of freedom given by the oblong shape of this molecule, i.e. a

different orientation of the molecule with respect to the crystal axes determine a different

packaging.

The complex electronic structure of isolated C60 and C70 molecules [75](see figure 1.13)

in the solid state originates the band structure (see figure 1.11)[71, 72]. The band structure

in inorganic crystals is an immediate consequence of the periodic structure of the material.

On the contrary in organic crystals the periodicity of the molecular displacement is not

enough because of the molecular orientational ordering as just mentioned. Moreover, as

reported in previous sections, the molecular packaging determines the overlap of the elec-

tronic states and affect the electron mobility, i.e., the overlap of occupied and unoccupied

states of two adjacent molecules. Because of this the fullerene are suitable material for
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organic based devices.

Moreover, the lost of symmetry in C70, determines a chemical inequivalency of the

carbon atoms. This inequivalency is relected in the X-ray absorption spectrum showing

strong dichroism. This effect allow the determination of the orientation of the molecules

when deposited on a surface [76, 77].

1.5.2 Charge transfer Properties and Quenching of fluorescence.

Figure 1.12: Absorption spectra of fullerene C60 and C70, from [78]

The absorption spectrum of both C60 and C70 covers the whole visible range and extends

in the UV and IR region [78] that is fundamental for a visible light absorber(fig1.11). Never-

theless the most intriguing property regarding to the light-to-current conversion properties

of fullerenes is their capability to accept electrons. The first experimental evidence of this

property is reported by Sariciftici and co-workers in 1992 [6], when they demonstrated that

a charge transfer was induced by the absorption of visible light from a conducting polymer

to the C60 in a solution of toluene. This properties was then demonstrated for several other

organic/fullerene complexes (including porphyrin/fullerene) that generate a pn junction at
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Figure 1.13: Occupied and unoccupied states map and corresponding degeneracy. The *

symbol indicates the HOMO states.[75]

the molecular scale [79]. The charge transfer (CT) between a D/A (Donor/Acceptor)

molecular junction can me measured as a quenching of the fluorescence decay when the

CT gives an alternative and more energetically favorable decay channel. Nevertheless the

CT can be efficient without an energy transfer, i.e. the excited electron at the donor site

is delocalizes to the acceptor site, nevertheless this does not contribute to the generation

of a photocurrent because of dissipative effect.

1.6 Porphyrin and fullerene complexes.

Porphyrins are among the most frequently employed building blocks as electron donors

and sensitizers in artificial photosynthetic models [84, 85, 86]. Many combinations of

(metallo-)porphyrins with fullerenes, due to the complementary nature of their absorption

spectrum as well as of their electron affinity nature (p-type for porphyrins and n-type

for fullerenes), have been proposed to achieve high-performance donor/acceptor (D/A)

photovoltaic systems. In figure 1.14 is reported a schematic diagram representing the

electronic states of a real D/A system. Particularly interesting is the D/A dye formed

by free-base(metallo)-porphyrins directly attached to fullerenes. Complexes of octaethyl-

porphyrin with C60, and of tetraphenyl-porphyrin with C60 and C70 fullerenes [87, 81, 88,
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Figure 1.14: Schematic energy diagrams for photoinduced ET processes in bimolecular

donor/acceptor systems: HT refers to hole transfer step in the presence of hole acceptor

(H) and EM refers to an electron mediation step in the presence of an electron mediator

(M)[80].

Figure 1.15: Packing diagram of H2TPP/C60 in toluene solution [81]

89, 90, 91] have been reported to form solids with remarkably close contact between the

constituent molecules, that is, an interaction takes place between the curved π surface of the

fullerenes and the planar π surface of a porphyrin, figures 1.15 and 1.16. In these systems,

actually realized in co-crystallite and/or solution form only the interaction is primarily

van derWaals in nature, but is influenced by a summation of other forces. These include

electrostatic, coordinate bond formation and charge transfer interactions. Moreover, it
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Figure 1.16: Crystal packing in 1, C60 Pb(NO3)2(H2TpyP ) 1.5TCE (solvent molecules

omitted for clarity)[82].

has been observed that in porphyrin/fullerene complexes the typical fluorescence decay of

both the excited porphyrins and fullerenes is strongly quenched [92, 93]. This indicates

that non-radiative decay channels are favoured. One step forward toward an efficient solar

cell is the deposition of free-base porphyrin/fullerene dyes on large surfaces, the control

of the dye film thickness and order and the verification of the timescale of the excited

charge separation in the D/A system and, possibly, the electron transfer time from the dye

to the substrate when used as sensitizer. Moreover, since the geometric structure of the

adsorbed molecules and their arrangement are responsible for the physical and chemical

properties of the organic film, the possibility to control and tailor the orientation of both

fullerenes and porphyrins should give the chance to create many systems with completely

different properties. Moreover, from theoretical calculation it was shown that the HOMO

of the complex is located at the porphyrin while the LUMO is located at the fullerene. We
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Figure 1.17: HOMO and LUMO topolgy of the Zn-porphyrin/C60 obtained by DFT calcu-

lations [83].

expect that using C70 in spite of C60 the LUMO will be located at the C70 too.

1.7 Melanin

1.7.1 Biological background.

The melanin (from greek melanos black) is a natural pigment contained in several tissue

in a lot of living beings (for a deep review see [41, 94] and references there inside). In the

human body melanins with different chemical structures and different functionalities are

contained in many tissues. Probably the most commonly known melanin is that contained

in the skin. The presence of melanin in the skin determines the colour the skin, of the eyes

and of the hairs. The production of this kind of melanin is stimulated by the absorption of

visible light and appear as the darkening of the skin during long exposure to the sunlight.

This melanin act as a light absorber and prevents damages in the tissues below the skin

because of heat, and DNA modification because of the UV irradiation, in figure 1.19 the

absorption spectrum of melanin is shown. This melanin is short lived (about 15 days) and

is continuously regenerated. A similar function is found in ocular melanin where it forms
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a barrier that absorbs about the 80% of the light allowing the maximum amount of light

admitted by cones and sticks that are the actual light transducers. It is thought that this

melanin is really long lived and is never regenerated.

A different functionality is present in the inner-ear where the melanin assemble in a

sound absorber membrane that protect the acoustic nerve. It was noted since the last

decades of XIX th century that in pets albinism (absence of melanin in fur) and deafness

were almost coexistent, showing a correlation between the absence of melanin in the fur

and in the inner-ear. Actually the exact correlation of the melanin production processes

in the skin and in the inner ear is not clear.

The melanin is also present (neuromelanin) in the substantia nigra and in the locus

ceruleus in the brain were it is present as a protective girdle that prevents the oxidation

and damages of the inner tissues. Moreover it is evident that the melanin is also involved

in the motion coordination and in the transport of the electrical signal from nerves to

muscles. In fact a correlation between degradation and diseases of the brain and motion

is demonstrated as in Parkinson and Alzheimer diseases or in the new-born babies. In

both this cases the brain and the motion apparatus are not fully developed or because of

a degeneration or because the too young age.

1.7.2 Basic melanin structures

Figure 1.18: The basic building blocks of eumelanin. DHI illustrates the standard numbering

of bonding sites, taken from[95].
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It is commonly accepted that eumelanin, the most common kind of melanin, is a cova-

lently bonded macromolecule formed of 5,6-dihydroxindole (DHI) and 5,6-dihydroxindole-2-

carboxylic acid (DHICA). DHI is present in the redox forms hydroquinone (HQ), semiquinone

(SQ), indolequinone (IQ) and quinine imine (QI) (see figure 1.18). Analogous redox forms

of DHICA are less likely to be also present and their existence has not been proven ex-

perimentally [95]. For simplicity and in accordance with general practice in the research

community, in the following eumelanin will be referred to simply as melanin.

Melanin has several outstanding physical properties. Its primary function in the human

body is light protection and it has been optimised by nature as an absorber in the visible

and UV ranges (see figure 1.19). In 1974 McGinness et al. [96] postulated that melanin

may be a disordered organic semiconductor and several studies since have confirmed this

[97, 98], deriving a band gap of 1.7 eV [99]. Conductivity values of 10-5 S/cm to 10-13 S/cm

have been reported, largely depending on the measurement conditions [98, 100]. Melanin

also displays extraordinary stability: Few chemicals solve it, it is thermally stable up to

≈ 500oC [101] and it shows low photo-degradation.

1.7.3 Melanin as a candidate for solar cells.

Figure 1.19: In vitro synthesized eumelanin solutions at different concentrations [102].

Its strong absorbance and semiconducting characteristics render melanin a possible
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candidate for application in dye-sensitized (organic) solar cells (DSSCs, also known as

Gratzel-cells) and melanin has been suggested for use both as a sensitizing dye or as

an electrolyte [103]. Several of its characteristics give melanin advantages over currently

employed materials such as ruthenium-based dyes [104]. Thanks to its bio-availability

and bio-compatibility melanin is cheap and poses no environmental risk. The extreme

chemical and photochemical stability of melanin would be of great advantage since photo-

degradation is one of the major problems faced by many materials currently used in organic

solar cells.

The broad and smooth absorption spectrum of melanin is the prime characteristic that

qualifies it as a sensitizing dye. Figure 1.19 [102] illustrates that melanin’s absorption com-

pares favorably with ruthenium based dyes which are currently considered the benchmark

among dyes employed in DSSCs. Seven-fold conductivity increases under solar illumina-

tion conditions have been reported [105]. This demonstrates that melanin has the ability

to use the absorbed solar radiation for generating photo-excited charge carriers. Melanin’s

extreme stability could permit to advantageously alter the production process of DSSCs

if melanin is used. In current DSSCs, porous TiOB2B electrodes are produced through a

calcination process which involves temperatures of up to 400oC [106]. This yields a max-

imised surface area of the electrode but also makes the subsequent application of a dye-layer

very difficult since dye molecules tend to block the pores. Unlike most dyes which hardly

resist temperatures above 150oC, melanin could be included already before the calcination

process. Dye coverage of the electrode could thus be enhanced substantially. Good cou-

pling between dye and electrode is essential in DSSCs. The above mentioned ruthenium

dyes couple to the TiOB2B surface through carboxylate ligands. In melanin a substantial

proportion (up to 20%) of monomers is naturally carboxylated and successful preparation

of tailored, completely carboxylated synthetic melanin analogs has already been reported

[107].
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Chapter 2

Experimental techniques

2.1 Resonant Photoemission as a probe for ultra-fast

charge transfer dynamic studies

2.1.1 Introduction

Charge-transfer dynamics1 is a topic with wide relevance in many fields, including, femto-

chemistry, photochemistry, surface reaction dynamics, molecular electronics, solar energy

and photo-synthesis, and photography [32]. A direct and appealing approach to studying

such dynamics is the pump-probe measurement, in which an electron is optically excited

(“pumped” to a higher state), and the excited state is probed as a function of time after the

excitation. The use of lasers with pulse lengths as short as a few tens of fs for this is now

well established. Systems to which this kind of technique has been applied recently include

dye-sensitized semiconductor electrodes [109], image-state wave packets at metal surfaces

[110], and hot electrons at noble-metal surfaces [111]. These methods have the appeal of

operating in the time domain, which allows one to more or less directly derive relaxation

times as low as around 10 fs. Another option for looking at charge-transfer times in the fs

regime has recently been successfully exploited, based on core-level excitation and decay

1This Chapter is extracted from a review article by Brüwiler et al. and it is reported only the material

that was used in this thesis, i.e. what concerns with molecules adsorbate at semiconducting substrates.

For the complete review see [108] and references there inside.

31
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[112]. This method is analogous to the pumpprobe technique, with an intrinsic time scale

based on the lifetime of the intermediate (core-hole) state, leading to the descriptive name

core-hole clock. It is the shortness of this time scale compared to tens of fs which gives the

approach a unique place in the study of electron-transfer dynamics. Besides that, it differs

in two primary aspects from the more traditional pump-probe studies:

1. The measurement is carried out not in the time domain, but instead in the energy

domain, so that it is often termed an excitation-decay, rather than a pump-probe,

measurement;

2. core electrons are involved, which enables the general atomic specificity unique to

core spectroscopies.

Let us introduce the concept of “small” system: an atom or molecule, which is elec-

tronically coupled to a “large” system, such as a substrate or a matrix.2 The coupling is

assumed to be weak enough that the small system can be described to a first approximation

as if it were isolated, with the coupling effects as a perturbation which one would like to

assess experimentally. In the cases presented in this thesis the main interactions are Van

deer Walls forces both for multilayer system (ZnTPP pristine, and ZnTPP+C70 bulky film,

melanin), for monolayers and the for the double layer (ZnTPP/C70) the interactions are

weak enough to be treated according to the context of [108].

The definition of charge transfer is an important issue. It is clear in a quantum de-

scription that a charge which leaves one system for another does this via a coupling of the

systems, which means that a return of the charge to the original state is a question of time

(or probability), rather than a permanent state [113]. Temperature plays a role as well if

the time scale is long enough, since, for example, the electron bath of the “large” system

can eventually inject a charge back into the “small” system. However, it is the lifetime of

this state which is generally of interest in the dynamic of charge transfer, and this lifetime

will (also quite generally) be much shorter than the time scale of thermal excitations.

Let us consider the classical double quantum well, as is done by Miller et al. [32] in

their Fig. 1.1. It is clear that an electron placed into this system spends time in each

2In this brief description of charge transfer dynamic we will treat just the case of charge transfer from

the “small” system to the “large” system.
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well, tunneling periodically between them in an easily described manner in the case of two

identical potentials. For a case in which the available levels in one well are well separated

(relative to the coupling strength) from those in the other, the electron will have a tendency

to be localized in one of those two potential wells. This condition can be brought about in

different ways, because the potential wells represent different species (one of which has been

excited), or because of the effects of other degrees of freedom such as vibrations [32, 113].

Thus the probability amplitude of the electron is negligible after some time at the “site”

(quantum well) with the higher level, and if it started its trajectory there, we can state

that it has effectively been transferred.

May and Kühn [113] choose a working definition of charge transfer in terms of a spon-

taneous charge redistribution which can be described as a tunneling process. This is a

satisfactory working definition interpreted in terms of the result of a core-level measure-

ment upon excitation of an electron in the small system. Because core level techniques are

quite local in nature due to the involvement of the localized core electrons, this is equiva-

lent to a snapshot of the electron distribution on the small system which includes a probe

of the excited electron, and a negative result signifies charge transfer.

2.1.2 Basic principles of core-level resonant electron spectroscopy

Paramount for an excitation-decay, just as for a conventional pump-probe measurement,

is the ability to select defined (core-)excited states, and study the development of the

decay spectra. This requires accurate control of the excitation step, which can be thought

of in terms of the excitation energy bandpass. Depending on the system, i.e., on the

specific levels involved, the requirement on the bandpass varies substantially. It is typically

moderate for core levels, <0.5 eV, roughly the typical resonance width in the soft-x-ray

range (e.g., C 1s, N 1s, O 1s [114, 115, 116]). This level of resolution is achieved in the

beamline where the experiments described in this thesis have been carried out (see chapter

3). In the following a brief description of this requirement will be given (see section 2.1.3).

Figure 2.1 shows a schematic of different electronic excitation and deexcitation channels,

with and without resonant excitation. Figure 2.1(a) depicts excitation of a valence electron

in standard valence-band photoelectron spectroscopy (PES), creating a vacancy and a +1

charge state on an isolated system such as a molecule. Figure 2.1(b) shows a similar



34 CHAPTER 2. EXPERIMENTAL TECHNIQUES

Figure 2.1: Core-electron excitation and de-excitation processesSchematic molecular-orbital (MO) dia-

gram of the indicated electronic excitation-deexcitation processes. This type of diagram is often used in a

model description of spectroscopic processes when no reference to any particular type of system is made.

The Fermi level (EF ) would in an extended system be located between the lowest unoccupied and the highest

occupied orbital, with the exact position depending on the type of system. The final charge states shown

are those for an isolated system, i.e., ignoring coupling that would allow charge transfer to or from the

surrounding medium.

excitation of a core electron to an unbound final state. After such excitation, a vast

majority of the decay processes annihilating the core hole will be as shown in figure 2.1(c),

Auger transitions leaving the system in a +2 charge state. Via the Coulomb interaction,

one electron makes a transition to fill the core hole, and a second electron, which takes

up the excess energy, is ejected. This produces a double vacancy in the valence bands, as

illustrated. The remaining small percentage of the primary decay processes depend on the

frozen core hole energy and will consist of radiative transitions or soft-X-ray emission. On

the other hand, if a core electron is photo-excited to a resonant bound state, a process which
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we here label X-ray-absorption spectroscopy (XAS), the system remains charge neutral

until deexcitation, figure 2.1(d), and again Auger-like transitions will dominate for the core

levels under consideration here. As shown in figures 2.1(e) and 2.1(f), this leads to two

new possibilities for the electron spectra. One channel is characterized by the involvement

of the excited electron in the Auger process, figure 2.1(e), thus taking its name as the

participant channel, which leaves the system with a single valence vacancy and a charge of

+1. This final state is energetically the equivalent of valence PES, but the core-hole-assisted

path generally has a much larger cross section for the core levels of interest here (see,

e.g.,[117, 118] for a detailed discussion of relative cross sections and interference between

these channels in Ni metal). This channel is often given the name resonant PES (RPES) or

participant autoionization spectroscopy. A second possibility is also shown, figure 2.1(f),

in which an electron remains in the normally unoccupied levels in the final state, and two

valence electrons have been removed in an Auger-like transition. This channel, often called

resonant Auger or spectator autoionization, also leaves the system in a +1 charge state,

but is a valence-excited state reminiscent of shakeup in PES,i.e., a two-hole-one-electron

state.

2.1.3 Conditions for the observation of dynamic charge transfer

Coupling of a core resonance to a continuum

To introduce the concept of measuring charge-transfer dynamics via core excitation, we

present figure 2.2 for the case in which the excited state of the probed small system is

coupled to a second large system, and imagine removing the excited core electron “before”

the core hole decays. In this case, the two resonant channels, figures 2.1(e) and 2.1(f),

converge to Auger decay instead, leading to a +2 final local charge configuration. Thus

any process that entails the effective removal of the excited electron from the vicinity of the

core hole (coupling to the greater environment) corresponds to a quenching of the resonant

channels in the decay of the intermediate state.

Energy conservation and definitions. A necessary condition for detecting the illus-

trated change in local charge configuration is that it should be allowed energetically.

As first we remark the definition of the standard energy terms in photoelectron spec-
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Figure 2.2: Effect o hopping on core de-excitation Schematic of the two main pathways for deexcitation of

a system that is loosely coupled to a (substrate) continuum. After excitation via XAS (a), autoionization

may occur as usual (b1). In this figure only the participant channel, (e) of figure 2.1, are included in

order to emphasize the role of the excited electron. Alternatively, the excited electron may tunnel into the

continuum (b2), opening an Auger channel (c).

troscopy [119].

The ionization potential of a particular energy level is formally defined as the differ-

ence in energy between the system with the given electron removed to infinity and

all others relaxed, and the ground state, IP = Eion −Eground. For an electron at EF

removed from a semi-infinite metal into vacuum, IP = w, the work function. The

binding energy, BE, can then be defined as the difference in IP between a given

state and EF . We require new terms to relate the XAS spectrum, which is mea-

sured in terms of photon energies, to the photoelectron energy scale. The core-level

IP connects the two scales, since it is also the photon energy required to eject the

core electron at EV (the energy of vacuum level measured with respect to EF ). By
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Figure 2.3: Energy relationships for a metal continuum

subtracting this IP point by point for the X-ray absorption spectrum, we obtain

effectively the (negative) IP for each point, and hence all the XAS resonances under

scrutiny. The conversion from an IP to an BE scale is accomplished similarly, by

adding w, as for the PES states. The result of this is illustrated in figure 2.3. With

these points in mind, it is simple to establish that the energetics of electron trans-

fer after XAS excitation using photon energy hνres are determined by the relative

positions of the XAS resonance energies, Eres , and EF . Thus we define here, as a

short-hand notation for this resonance energy, Eres = hνres − BE, which is a direct

measure of the excess energy relative to EF (available as kinetic energy in the contin-

uum) of the valence electrons in the XAS final state. Another way of understanding

this is to perform a thought experiment, in which one removes the core electron to

rest at infinity in one step (costing ionization potential), and then returns it to EF ,

which yields the work function w, or to the XAS resonance, which yields IP − hνres.

The energy difference between these operations is just Eres. The discussion above

hopefully illustrates that the energetics are robustly defined, i.e., not dependent on

the use of EF -referenced quantities, or the coupling strength between probe site and

continuum. Hence for a metallic substrate the binding energy BE and ionization

potential IP are equally useful starting points for understanding the energetics.
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Moreover, for a metallic large system the BE can routinely be precisely and accu-

rately determined. This is because the core-level BE represents the energy to create

the locally screened state in which the positive core hole is compensated by the pres-

ence of an extra charge at the same site in the conduction levels at EF [119, 120].

This is a state that generally has a relatively large cross section, and since a metal

most often presents a simple step-like structure at EF , comparison between the two is

simple and accurately yields BE. X-ray absorption for a metallic system has its onset

at BE , which is by definition the lowest energy for the core-excited state [121, 122].

For the small system in the weakly coupled case this “adiabatically screened” state

is not necessarily observable. In this case the core-level BE represents the energy

of the state that is screened on the excitation time scale. Although the charge flow

between the small and large systems is too slow to give the kind of metallic screening

described above, the continuum will generally screen the excited state of the small

system practically instantaneously via polarization or image screening, and the BE

represents a well-defined reference. It is because of the relatively slow charge-transfer

screening of interest here that unstable states can be reached in core-level excitations,

often giving rise to effects on the fs time scale amenable to study by the technique.

As implied by figure 2.3, we are interested in two primary cases of Eres. Eres < 0

indicates that the XAS final state is more stable than the X-ray photoemission (XPS)

final state, in which case charge transfer may occur from a metallic large system’s

conduction bands to the small system’s core resonance level in the X-ray photoemis-

sion (or even X-ray absorption) final state. Eres > 0 favors charge transfer in the

opposite sense.

If the large system is characterized by a fundamental gap (semiconductor or insula-

tor), the core resonance of interest may lie within this gap, thus in general forbidding

charge transfer in either direction, as suggested in figure 2.4, although charge trans-

fer to interface states in the gap is a distinct possibility [123, 124]. As noted in the

figure caption, the choice of reference energy in defining the sign of Eres is usually

a matter of convenience for a given case. We avoid the use of EF for insulators,

because there is in general no spectroscopic structure associated with the chemical

potential near the surface of an insulator. Referencing to EF of a metallic support
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Figure 2.4: Energy relations for an insulator continuum

is often used in the literature for insulating samples, but requires understanding the

magnitude of the interface dipole and polarization effects [125, 126, 127]. In addi-

tion, charging-induced shifts [128] cause difficulties in determining an accurate EF

, whereas IP can routinely be measured even in the presence of such shifts [126].

An interesting analog to the insulator large system is that of excitation to relatively

localized, unbound resonances. In this case, the vacuum level EV plays the same role

as the lower conduction-band edge Econd of figure 2.4, and the relevant continuum is

that of free electrons in vacuum, or nearly free electrons in the conduction band. The

energetics pictured in figure 2.4 can in such cases therefore be applied to free atoms

or molecules, metallic systems with umklapp-induced gaps, and solid surfaces, an

example of which is given in [129]. An important practical aspect of the energetics in

the measurements described here is that they represent the case of a lone entity, e.g.,

a single core-excited molecule embedded in a layer of neighbors essentially in their

ground states. For the systems considered, EB can thus have several contributions

(image screening, polarization of the remaining adsorbate layer, chemical bonding

effects in the core-excited state), which must be considered if a full understanding of

the energetics of an isolated individual is desired but which are irrelevant if only the
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sign of Eres is of interest.

Coupling strength. When considering the coupling strength for the hopping processes

of interest, it is perhaps helpful a priori to construe a continuum of environments for

a given core-excited small system in which this type of tunneling process is least (iso-

lated limit) or most (strongly chemically bound limit) likely. This external coupling

has two fundamental aspects: a probability amplitude given by the transfer-matrix

element, and a weighting factor given by the density of states (DOS). One often ex-

presses the product of these two as the net coupling. The interesting point is how this

net external coupling will affect the resonant excitations of the small system, since it

is these spectral changes which are our source of information on the combined system.

The coupling is easily accounted for in terms of the characteristic time required for

the excited core electron to tunnel to the large system, which we shall call the charge-

transfer time τCT . This time is given in relation to a standard time, in this case the

lifetime of the core-excited state τC . Via the energy-time variant of the uncertainty

relation, the hopping time is then easily re-expressed as an energy ΓCT = h̄/τCT ,

corresponding to a distribution of accessible states, i.e., a hopping bandwidth. Hence

the coupling to the large system contributes a broadening to the XAS line width

of the small system, beyond the core lifetime broadening and any vibration-induced

broadening. In principle, therefore, at least some of the information sought via dy-

namic charge transfer is available in the X-ray absorption line profile, as the hopping

time is reflected as a perturbation of the XAS final-state wave function (a state (j)

in equation 2.11).3 It can also be reflected in the vibrational line spacing in XAS in a

favorable case. Analysis of only the X-ray-absorption spectrum is, however, generally

of limited value, due in part to a lack of access to quantitative theoretical estimates

of the vibrational contribution in complex situations. In addition, energy-dependent

variations in the measured hopping times are generally not apparent in the XAS line

profile. Thus the utility of determining the coupling strength in terms of dynamic

charge-transfer times lies in the possibility to extract the bonding contributions to

the X-ray absorption line shape.

3This subject is discussed in some detail for particular cases in Secs. IV.D.1 and V.A.1 of [108], and

has been expressed formally by Ohno [130] and by Gortel and Menzel [131].
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Revealing the charge-transfer time

In this paragraph it will be briefly summarized how to relate the probability balance of

charge transfer versus resonant decays to the balance of the autoionization and Auger

contributions obtained from experimental data.

Exponential charge-transfer rates. Let us consider the probability of the removal of

an excited electron (as a tunneling process) and the core-hole decay as independent

exponential functions of time [132, 133, 134, 135]. The assumption at the basis of

an exponential decay is commonly that the decay rate is proportional to number of

identical systems available in the initial unstable state at the time zero:

dN(t)

dt
= −Γ

h̄
N(t) (2.1)

where Γ/h̄ = 1/τ is the characteristic time for the decay to occur. The quantity

Γ in equation 2.1 is generally given the interpretation of the imaginary part of a

complex energy often denoted as the self-energy [130]. It is apparent that Γ itself

is proportional to the decay rate. For a particular core-excited state this quantity

is also proportional to the total intensity in the measured spectrum. A solution of

equation 2.1 is given by:

N(t) = N0 · e−t/τ = N0 · exp
(
−Γ

h̄
t
)

(2.2)

where N0 is the number of “systems” prepared in the decaying state at some (arbi-

trarily) chosen time zero and N(t) is the number of systems left in the excited state at

time t. Equation 2.1 can be used to derive time dependent probabilities by dividing

by N0 and integrating to some time T to determine the likelihood of no decay event

for times smaller than or equal to that time:

P (T ) = 1−
∫ T

0

Γ

h̄
exp

(
−Γ

h̄
t
)

dt (2.3)

where P (T ) is the probability that no decay has taken place up to time T . By

identifying Γ with the characteristic times for charge transfer (τCT = h̄/ΓCT ) and

core hole lifetime (τ = h̄/ΓC),4 respectively, we may write the relations corresponding

4For example, see [114, 115, 116] for values of this quantity for many different core levels.
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to equation 2.3 for the processes in which we are interested in:

PNo CT = 1−
∫ T

0

ΓCT

h̄
exp

(
−ΓCT

h̄

)
dt (2.4)

PC =
∫ T

0

ΓC

h̄
exp

(
−ΓC

h̄

)
dt (2.5)

The difference in sign between equations 2.4 and 2.5 reflects the fact that we are

considering the situation “nothing happened” (i.e., no charge transfer) in equation

2.4, while we are considering the probability for “something happened” (a core-hole

decay in this case) in equation 2.5.

N core excited states

with lifetime τC

Charge transfer No charge transfer

PCT (t) PNCT (t) = 1− PCT (t)

Core hole decay PCT (t) · PC(t) PNCT (t) · PC(t)

PC(t) = PCT
C (t) = PNoCT

C (t)

No core hole decay PCT (t) · PNC(t) PNCT (t) · PNC(t)

PNC(t) = 1− PC(t) = PCT
NC(t) = PNoCT

NC (t)

Figure 2.5: A scheme of the conditional probabilities of the charge transfer versus the core-

hole decay considered as time competing decays.

Let now consider both channels simultaneously, with independent rates, i.e. the

conditional probability for the combined events. The set of the possible events is

indicated in figure 2.6. Among the four possible cases, let us consider the sequence:

a core-excited system decays before or at some time T, with no charge transfer during

this time:

PNo CT
C (T ) = PC(T ) · PNo CT (T ) =

ΓC

ΓC + ΓCT

(
1− e−(ΓC+ΓCT )/h̄·T )

(2.6)

Measuring a spectrum corresponds to evaluate the limT→∞ PNo CT
C (T ) in equation

2.6, when the excited systems have definitely decayed:

PNo CT
C =

ΓC

ΓC + ΓCT

(2.7)
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PCT
C =

ΓCT

ΓC + ΓCT

(2.8)

These equations show that, while ΓC is proportional to the Auger transition rate

which defines the absolute intensity of the entire spectrum (resonant and non-resonant)

if this is available, its magnitude relative to ΓCT emerges in the intensity ratios.

Let now consider the case in which the charge transfer occur from the small system

to the large one. In such case the experimental intensities I relative to Auger and

resonant decays are related to ΓC and ΓCT via the following relation:

ΓC

ΓC + ΓCT

=
IAuger

IAuger + Ires

(2.9)

for which IAug represents the intensity of the Auger component in the spectrum, and

Ires that of the resonant Auger, or spectator component.

The aim of this section is just to highlight the time competition of resonant and non

resonant decays and how to relate the occurrence of the charge transfer to the other

processes. This is due to a simple consideration: both resonant and non resonant

decays are directly measurable while the charge transfer process can be detected just

comparing the signal of the other two. For more information and a deeper dissertation

about this argument refer to [108]. Actually, in our studies we detected the resonant

intensities as function of the photon energy as Fano shapes, therefore highlighting

the interference character of resonant decays with direct valence band photoemission.

This subject will be introduced in the following sections.

Effect of coherence

We have already mentioned that the quenching of the resonant excitation-deexcitation

channel is a primary signature of dynamic charge transfer. We attempt now to introduce

how coherence plays a fundamental role in core-level measurements of dynamic charge

transfer and how to make some connection to the many studies using valence excitation to

induce charge transfer [136, 32, 137].

Basic aspects. The most general description of the measurements must include the pos-

sibility of coupled core excitation-decay processes [138]. We must also include terms
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that do not involve core excitation, such as direct photoemission, in a quantum-

mechanical description of the spectra. We shall express the resonant processes in

terms of an inelastic x-ray scattering process, using the Kramers-Heisenberg formal-

ism to expose the presence or absence of interference. To second order we consider

scattering processes of the type:

h̄ω + S →




S++ + e− + e−Auger Auger resonant and Raman

S+ + e− + h̄ω′ Inelastic X-ray scattering
(2.10)

Expressed in this general form, the transitions are implicitly resonant, since we ignore

details of the intermediate state. Near threshold, we typically find the small system

(S++,+ + e−) in a bound (autoionizing), excited state. As already pointed out, in

cases of dynamic charge transfer, the excited electron e− will typically have a finite

probability of delocalizing into the large system within the core-hole lifetime, quench-

ing the resonant deexcitation channel, and activating the non-resonant channel. We

described this as an exponentially evolving branching in the previous section. Here,

we would merely like to note that in the most general sense the apparent resonant

and non-resonant (i.e., normal Auger) decay processes should both formally be con-

sidered as autoionizing channels of the coupled small-large system [138, 139]. The

intensity of the Auger Raman-scattering spectrum is given by the following type of

expression [140]:5

wf0 = 2π
∑

f

∣∣∣∣∣∣
〈f |Vr|0〉+

∑

j

〈f |VA|j〉〈j|Vr|0〉
E0 − Ej + ıΓj

2

∣∣∣∣∣∣

2

· δ(Ef − E0) (2.11)

The first part of the matrix element represents direct photoemission. The second

part represents core excitation-deexcitation channels. The initial-state (0) and final-

state (f) wave functions contain the incoming photon and the outgoing electron,

respectively; (j) denotes the intermediate core-excited states. Vr and VA denote the

radiative and Coulomb operators, respectively. Γj is the core-level lifetime-induced

width of state (j), often assumed to be independent of (j). As usual, the δ func-

tion ensures energy conservation. The amplitudes for the direct and core-resonant

5In previous paragraph we indicated as w the work function, of course here it is a matrix element.
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processes in equation 2.11 contribute to the intensity for each separate final state

symbolically as:

wf0 = |PES + CoreRES|2 = |PES|2 + |CoreRES|2 + Interference (2.12)

In this way the matrix element is expressed as the square module of the sum of a

direct photoemission term plus the core excited term. If the two processes (direct

PES and core-resonant) lead to inequivalent final states, the intensity will be given

by the sum of the intensities of the uncoupled processes, i.e., equation 2.12 without

the interference terms. Strong interference leads to Fano-type profiles in the photon

energy-dependent cross section [118, 141].

The core-hole clock and detuning. To see in detail how coherence might be mani-

fested in the measurements, it is useful to assess what is known from gas-phase work.

A number of studies of core-level excited molecular vibrational and/or dissociation

dynamics have recently been published which make use of the fs sensitivity that

we take up here [142, 143, 144]. In those studies vibrational dynamics, including

dissociation, are at issue, and the fs time scale is exploited in a manner analogous

to the approach for dynamic charge transfer [145]. There are two aspects of the

physics of these applications of core decay dynamics which we would like to con-

sider. First, the gas-phase works constitute studies of small systems, for which a

more or less complete quantum-mechanical description is possible, and thus consti-

tute benchmarks for many studies of interest here. Second, the so-called “detuning

effect” demonstrated for such systems is often described in terms of selecting a time

for the deexcitation portion of the resonant transition, and should therefore be ex-

amined in detail for possible application to the case of dynamic charge transfer. In

this subsection we compare and contrast the cases of atomic/molecular (small) and

extended/solid-state (large) systems at a rather simple, general level. We shall focus

on two aspects of coherence, which we label “energy coherence” and “phase coher-

ence”, a pragmatic choice to facilitate the discussion that follows. When considering

core-level autoionization of an atomic/molecular system, we expressed the matrix

element, equation 2.11, in terms of eigenstates of the intermediate state |j〉 using

the appropriate Hamiltonian, including both the electronic and vibrational degrees
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of freedom. We can say that the system S in the intermediate state is described by

a total wave function

Ψ =
∑

j

cj|j〉 (2.13)

given by a linear combination of the eigenstates |j〉. We shall now consider the role

of these eigenstates in the observed spectral trends.

1. Energy coherence.

Figure 2.6: Effect of energy coherence (a).

Figure 2.7: Effect of energy coherence (b).

Energy coherence is simply the law of energy conservation. We consider first

the case of an intermediate state in which a single eigenstate dominates, due,
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for example, to a large cross section or to a large energy separation to the next

available states. Exciting to this state with highly monochromatic radiation,

which has an energy spread comparable to or less than the core-level lifetime

broadening, leads to qualitatively interesting behavior, sketched in figure 2.6.

Here we show that the XAS excitation step at high resolution (solid line) creates

states of well-defined energy “within” the resonance of figure 2.1(d). Energy

conservation in this case demands, for an isolated system such as a free atom or

molecule, that the resonant channels disperse linearly with the photon energy

in this excitation interval. For such a case one can state that there is energy

coherence between the excitation and deexcitation steps [146, 147, 148, 149, 150].

This is sometimes called the Auger resonant Raman (ARR) condition. For

increasingly broad-band excitation the resonant channels will have an input

energy uncertainty given by the XAS resonance width to an increasing extent,

seen by comparing the net excitation profiles to the inherent line shape in figure

2.6

2. Phase coherence. The situation becomes somewhat more complex when sev-

eral eigenstates are simultaneously accessible [151]. Figure 2.8 offers some pic-

torial insight into this point. This figure represents a typical X-ray absorption

spectrum of a given electronic excitation for a molecular system, with several

relatively well separated vibrational states (or close-lying electronic states)thus

each peak corresponds to a separate eigenstate |j〉. High-resolution excitation

on a particular vibrational resonance places the system S predominantly in that

eigenstate |j〉. Exciting midway between two such vibrational resonances, on

the other hand, places the system in a linear superposition of the two corre-

sponding eigenstates (plus small components of all the others), brought about

by the lifetime broadening of the core hole. A time-dependent description of

such a superposition state displays quantum beat phenomena, modified by the

damping effects of the core-hole decay [149, 152, 153].6 Excitation in such situa-

tions can give rise to strong intensity redistributions among the final vibrational

states [149, 154], often denoted “lifetime-vibrational interference”. Dissociation

6For an illustration of this for valence excitations in the time domain see [110].
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Figure 2.8: Simulation of the XAS structure population of different vibrational states.

events can also be described along these lines [144]. Within this description, it

is clear that the presence of interference effects in the spectra is a natural conse-

quence of the coherent superposition of different states |j〉 of the small system,

plus any effects of interference with direct photoemission, equation 2.11. The

relative phases, and therefore amplitudes, of the different |j〉 will vary during

the (unitary) evolution of the intermediate superposition state [149, 155], but

the eigenstates of the core-excited small system are always sufficient to describe

the total state. We maintain that the state of the system is well defined. In

its interaction with the large system, the excited core electron of the small sys-

tem will spatially overlap electronic levels of that system. This leads to level

mixing. To understand the consequence of this coupling to the large system,

we must examine the role of the accompanying delocalization of the excited

electron. One approach would be to use linear combinations of the states |j〉
of the small system and relevant states |k〉 of the large system in a type of
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tight-binding description of the wave function of the intermediate state. This

is generally not practical at present [137], although the effects of increasing size

of the large system can be appreciated from model calculations. The general

effect of such mixing is understandable in terms of the excited electron, once

it has been transferred, traveling through the combined system (coherently),

thus spending most of its time in the large system and occasionally revisiting

the small system [136]. To the extent that the electron is located elsewhere,

the charge state of the small system has changed, and the resonant channel

is quenched. Thus one can say that the entropy of the excited state for the

combined system is much larger than that of the electron localized on the small

system. This alone is enough for macroscopic large systems to correspond to

virtually perfect charge sinks on the fs time scale. However, it is also generally

true that excited carriers in bulk solid-state continua relax on times scales of

tens of fs or less for the energies of interest here [156, 157, 158]. This places

an upper limit on the time scale for coherent exchange of the excited electron

back to the small from the large system, if there should be a significant ampli-

tude for this event, hence the generalization that charge transfer is equivalent

to a change in charge state for the small system [136]. With these points in

mind, we can take up the question of detuning, which refers to excitation away

from resonance, with the measure of detuning being the difference in energy

referred to the peak or centroid of the resonance.7 The fact that energy and

phase information are dissipated via the coupling into the large system (out of

the measurement) will have interesting consequences for the concept of detun-

ing applied to a spectrum of the small system. The effects of detuning have

been demonstrated experimentally and theoretically for simple molecules in the

gas phase by several authors [149, 152, 159, 160]. We consider here the case

of excitations below the first resonance in a group (negative detuning). This is

illustrated in the inset of figure 2.8. We shall discuss the phenomenon first in

a time-independent picture, which we feel is easier to visualize in terms of XAS

7The detuning energy “origin” is not precisely defined for a general case, but for small systems the

effects are well understood.
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resonance widths [130] and the role of multiple resonances, and then in terms of

a time-dependent picture, which is strongly advocated by some scientists [131].

Taking the time-independent perspective, from figure 2.8 we see that detuning

causes a wider range of the vibrational and/or electronic intermediate states

to be more equally and coherently selected, thus not specifying any particular

state as strongly.8 Using equation 2.11, we can understand the consequence of

this more equal weighting of the intermediate eigenstates contributing in equa-

tion 2.11, due to the slow variation of the denominator when the detuning is

large. The sum over intermediate states is then approximately equal to a closure

relation [161], i.e.:

∑

j

|j〉〈j|
(Ej − E0 − h̄ω − ıΓ/2)

≈ 1

const
. (2.14)

That is, when equation 2.14 can be assumed to be valid, a more direct rep-

resentation of the ground state transformed by the dipole matrix element is

obtained in the final state, and vibrational coupling via the intermediate state

is effectively quenched. In terms of the time dependence of the excitation, the

result of detuning is to create (to a greater extent) a wave packet that is con-

fined by interference effects to the ground-state configuration, so that at the

time of deexcitation the vibrational coupling proceeds as if the excitation were

directly from the ground state [149, 152]. This has led to the concept of an

“effective duration time” of the excitation-deexcitation process, which is shorter

for greater detuning, corresponding to the spectra increasingly approaching the

direct transition from ground to final state. That is, with increasing detuning

the intermediate core-excited state can be considered to be probed at earlier

times, disallowing a well-defined core-excited state to develop (short evolution

of the intermediate state), i.e., a faster effective decay process. The relationship

between the detuning energy and the effective duration time is the same within

both the time-independent [149] and time-dependent [152] pictures, as one would

8Using poorer resolution in the excitation step, as taken up in figures 2.6 and 2.7, does not induce

coherent excitation of, for example, several vibrational states, but rather a sampling of different states

according to the photon energy distribution [149].
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expect for consistent descriptions. From the discussion above, it is clear that the

detuning effects of interest here would be those which alter the probability, for

example, that an excited electron tunnels to the large system. The framework

derived for simple molecules (see, for example, [152, 155, 160, 162, 163]) can be

applied to coupled systems, if one exchanges the dissociated state for such cases

with the charge-transfer state of interest here. It is crucial for observing effects

of such vibrational detuning that the degree of inter-system vibrational excita-

tion be comparable to ΓC , placing constraints on the change in small-large bond

distance and the variation in potential energy as a function of distance as well.

Depending on the particulars of this variation, and the direction of the changes

in bonding if detuning changes the inter-system wave-packet evolution, one could

imagine that both increases and decreases of small-large coupling could occur.9

At the same time, detuning would still be expected to have an impact on the

internal (measurable) degrees of freedom and to affect the resonant part of the

deexcitation spectrum in terms of vibrational profiles, as for free molecules. For

most systems, it is expected that the concept of “effective duration time” loses

its meaning with regard to the charge-transfer process, because the relatively

large masses of interesting small systems will tend to minimize inter-system vi-

brational relaxation upon core excitation on the fs time scale. In practice, for

example, faster charge-transfer times were found for the case of Ar/Pt upon

detuning, which is most easily explained in terms of a greater contribution of

states |k〉 of the large system to the intermediate state, rather than as an effect

of Ar-Pt vibrations, and thus a higher non-resonant contribution (see Sec. III.D

in [108]). Smaller atoms are found to be ejected in dissociation on the relevant

fs time scale [143, 144, 145], whereas larger atoms require longer time scales in

experiments performed thus far [164]. These results and others [131] suggest

that detuning will not be effective in varying the charge-transfer dynamics in

most cases of interest, and give a flavor of the relevant parameters. On the other

hand, there are known model examples of large systems for which the energet-

9Some effects of the inter-system distance may be appreciated from the discussion in [108] Sec. IV.A.2,

e.g., in Fig. 15.
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ics facilitate coupling to a localized state or states in the continuum, in which

charge-transfer events would not dissipate coherence [132, 165]. This could al-

low one to affect the charge-transfer dynamics by varying the excitation energy.

For example, d and f levels [166] or surface states, would be candidates for ob-

serving this possibility. In cases such as these, one could imagine that detuning

would either positively or negatively enhance the electronic coupling, depending

on the details. This is described in terms of including the localized state in the

primary (small) system as opposed to the reservoir (large system) in a recent

density-matrix approach [131]. More general treatments of this issue, which fur-

ther illuminate the issue, have been developed to handle intermolecular charge

transfer. Kyrölä and Eberly [165] show that, for a so-called quasi-continuum

in which the energy separation of the states is δ, an electron transfer process

can display oscillations corresponding to coherent back transfer after a time

TQC = 2π/δ. A version of this model aimed at adsorbate-substrate vibrations

and including band-edge effects has also been illustrated recently [167]. To our

knowledge, neither of these types of interference effects have yet been observed

in resonant core excitation studies of electron transfer. Energy coherence, on

the other hand, can be expected to be retained for the resonant part of the

deexcitation spectrum.

Interference effects, exemplified by Fano profiles, have indeed been observed

in the case of Ni 2p resonant photoemission [118]. In this case, however, the

interference was between the photoemission and Auger channels, facilitated by

the localization of the core-excited state on the probe atom, and not an effect

of coupling to localized modes on, e.g., neighboring sites. Such effects could, in

principle, affect dynamic charge-transfer measurements and can be studied by

varying the excitation and measurement geometries to vary the cross section for

this type of interference.
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Figure 2.9: Schematic illustration of spatial orientation of π∗ and σ∗ orbitals for a planar

molecule.

2.2 The Angular dependence of K-shell NEXAFS fea-

tures

2.2.1 Classification of molecules.

For the discussion of the angular dependence of K-shell resonances it is convenient to

classify molecules into general groups. The classification is based on the concept that

bonds and the associated MOs (molecular orbitals) in molecules are highly directional.

Such directionality even exists in chemisorbed molecules although the overall symmetry

of the adsorbate complex will generally be different from that of the free molecule. K-

shell excitations spectroscopy is a localized spectroscopy that probes the amplitude and

directionality of the upper state MOs on the excited atom. It is therefore possible in

many cases to use local symmetry concept based on the direction of the maximum orbital

amplitude on the excited atom relative to the nuclear framework. These concepts are easily

understood by considering the bonding in unsaturated diatomic and rings and the resultant

spatial distribution of π∗ and σ∗ orbitals can serve as the basis for all other cases10.

Figure 2.9 shows the case of aromatic rings such as benzene (C6H6) or pyridine (C5H5N).

10In this chapter we reported just some notes about this argument focusing only on the details that

have been used during this thesis: linearly polarized synchrotron radiation and aromatic cyclic organic

molecules. These paragraph have been summarized from [168].



54 CHAPTER 2. EXPERIMENTAL TECHNIQUES

The atoms are arranged in a plane and thus the σ∗ system is characterized by this plane.

The π∗ orbitals can be represented by vectors perpendicular to the plane.

2.2.2 Resonant intensities for linearly polarized X-rays.

The π∗ and σ∗ resonances of interest here can be described in a molecular orbital picture

as a dipole transition from s initial state and the p component of π∗ and σ∗ final states.

The intensity of the resonances I is given by the oscillator strength f , which is the energy

integral of the X-ray absorption cross section σx according to [168](chapter 2). In con-

sidering the angular dependence of specific resonances we can assume that the resonance

shapes will be constant and only their peak height will change. Therefore the change in

resonance intensity I will be proportional to the change in oscillator strength as well as

the change in X-ray absorption cross section, and by the use of ( formulas 2.8 and 2.13 in

[168], we can write:

I ∝ |〈f |e · p|i〉|2 ∝ 1

|E|2 |〈f |E · p|i〉|2 (2.15)

where e is a unit vector in the direction of the electrical field E, p is the momentum operator,

|i〉 is the 1s initial state and 〈f | is the molecular orbital final state of the transition.

For elliptically polarized synchrotron radiation from a bending magnet source the elec-

trical field vector E has two phase-related orthogonal components of different magnitude

[169]. The larger component lies in the horizontal orbit plane of the storage ring and the

smaller component is vertical. Let us orient our coordinate system such that the X-rays

propagate down the z-axis and the x− and y−axes with unit vector e‖ and e⊥ lies in the

horizontal and vertical planes respectively. The electric field is described by

E = E‖ cos(kz − ωt) + E⊥ sin(kz − ωt) (2.16)

where k is the momentum of the X-rays and ω the frequency of the electromagnetic wave.

E‖ = |E‖|e‖ and E⊥ = |E⊥|e⊥ are the maximum components of the electrical field in

and perpendicular to the orbit plane of the storage ring. In the present thesis the mea-

surements were performed at SuperESCA and ALOISA beamline at Elettra synchrotron

radiation source. The undulators that provide synchrotron radiation to these beamlines

produce linearly polarized X-rays, with the electrical field parallel to storage ring orbit
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plane, therefore in the following the perpendicular component E⊥ will be neglected. In

order to calculate resonances intensity, in chapter 9 of [168] a polarization factor, P , is

defined as:

P =
|E‖|2

|E‖ + |E⊥|2 .

In our chance the polarization factor is assumed to be P = 1, therefore the resonance

intensity is given by:11

I ∝ P |〈f |e‖ · p|i〉|2 = |〈f |e‖ · p|i〉|2 (2.17)

2.2.3 Angular dependence of the Transition Matrix Element

Figure 2.10: Coordinate system for a π∗ or σ∗ plane. The plane is characterized by the polar γ and

the azimuthal φ orientation of its normal N . The plane is tilted from the surface by γ. See the summary

definition, formulas 2.19.

For a 1s initial state and π∗ and σ∗ plane orbitals the direction of maximum intensities

is given by:

|〈f |e · p|i〉|2p ∝ Ip = sin2 ε (2.18)

11Actually the polarization factor is about 0.95 but in our experimental data analysis it is included in

the error bars.
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where ε is the angle between E and the normal of the plane N , figure 2.10, and the index p

denotes a plane final orbital. Let summarize the coordinate system and the angle definition:





z = X-ray propagation direction

(x, z) = Orbit plane

y = Normal to the orbit plane

n = Direction perpendicular to the sample surface

N = Direction normal to the planar orbital plane

E‖ = Electrical field component parallel to the orbit

plane: it lies inthe (x,z) plane

E⊥ = Electrical field component perpendicular to the or-

bit plane: it is parallel to the y direction.

θ = X-rays incidence angle with respect to the sample

surface
φ = Azimutal angle of the planar orbital with respect

to the sample surface

γ = Tilt angle of the planar orbital with respect to the

surface
ε = Angle between E and the normal of the plane N

(2.19)

We can express the angle ε in terms of the angles θ, φ and γ, therefore the formula 2.18

becomes:12

I‖p = 1− cos2 θ cos2 γ − sin2 θ sin2 γ cos2 φ

−2 sin γ cos γ sin θ cos θ cos φ

Single orientation domain. (2.20)

2.2.4 Effect of the substrate symmetry: twofold or higher sub-

strate symmetry

The angular dependence of the resonance intensities given by 2.20 explicitly depends on

the azimuthal orientation of the molecule relative to the substrate through the angle φ.

12In this expression and in the following ones, i.e. 2.21 and 2.22, the intensity I
‖
p is supposed to be

normalized to be 1 at the maximum.
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This azimuthal dependence in many cases is eliminated by the symmetry of the surface

that induces the formation of orientational domains. This can be applied to the formula

2.20 by averaging with respect to the azimuthal angle according to the surface symmetry.

For a twofold surface symmetry we obtain:

I‖p = 1− cos2θ cos2 γ − sin2 θ sin2 γ cos2 φ

2-fold symmetry. (2.21)

For a higher surface symmetry (threefold or manyfold the expression is the same) we

obtain:

I‖p = 1− cos2θ cos2 γ − 1

2
sin2 θ sin2 γ

=
2

3

[
1− 1

4

(
3 · cos2 θ − 1

)
·
(
3 · cos2 γ − 1

)]

3-fold or higher symmetry (2.22)

Thus for a three fold or higher symmetry the azimuthal angle dependence vanishes and the

expression are equivalent to those for cylindrical symmetry about the surface normal. This

has the importance that the resonance intensities can become independent of of the X-ray

incidence angle θ, this angle is commonly known as the magic angle. For the case of perfect

linear polarization for planar orbitals the magic angle is 54.7o. This means that if all the

molecules are oriented at the magic angle, then the NEXAFS intensity is indistinguishable

from that of a completely random orientation molecular film.
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Chapter 3

Experimental apparatus

3.1 Elettra Syhchrotron radiation source

3.1.1 The storage ring

Elettra is a third generation synchrotron radiation source operating at a storage ring energy

of 2.0 and 2.4 GeV [170, 171].

The electrons are generated in a LINAC (LINear ACcelerator) and then injected in the

ring. Electrons start off from a ceramic disc that is heated to very high temperature. An

electric field of up to 100 kV draws out the electrons that are then accelerated through

various radio-frequency structures that make up the LINAC. The LINAC is composed of

the Gun (that houses the ceramic disc), a low energy bunching section and several high-

energy sections. The overall length of the LINAC is 66 m and contains seven high-energy

sections each 6 m long. Between accelerating sections quadrupole magnets keep the beam

focused. The LINAC operates at 3 GHz and generates a pulse of electron bunches that are

accelerated to a final energy which can be as high as 1.2 GeV.

The storage ring is made up of four types of magnets: bending magnets that deflect

the circulating electron beam into a closed circular path, quadrupoles that focus the beam,

sextupoles that compensate chromatic and non-linear effects and steerer magnets that

perform small adjustments to the circular trajectory. The arrangement of magnets forms a

lattice of magnetic confinement elements. The lattice used for ELETTRA is an expanded

59
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Figure 3.1: Elettra layout. Some particular are reproduced by photos. The new Booster project is

highlighted

Chaseman Green type also known as a double bend achromat [172]. In figure 3.1 a picture

of ELETTRA layout is represented, some particular are highlighted.

The ring is made up of twelve identical groups of magnets forming a ring roughly

260m in circumference. A characteristic of third generation synchrotrons is the space that

is made available in the lattice, the so called long straight sections, to install insertion

devices of lengths up to 4.5 m. These are the principal sources of high brightness photons

and are composed of arrays of magnetic poles that force the circulating electrons along

serpentine trajectories. Insertion devices are of many types (electromagnets or permanent

magnets) and depending on the magnetic configuration can be made to produce linear to

circular polarised light. The wavelength of the light is tuneable by changing the magnetic

field acting on the electron beam. For the electromagnets this is performed by changing

the current flowing in the coils, whilst for the permanent magnets the field is changed by

varying the distance between the top and bottom magnet arrays. One of these sections is
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used for injecting electrons into the storage ring.

3.1.2 Light sources

Figure 3.2: Light sources flux. In this graph the performances of ELETTRA light sources is reported.

The spectral range of produced synchrotron radiation varies form the infra-red (few

µeV) to the hard X-ray regime (about 28keV) depending on the kind of light source,

bending magnets, undulators or wigglers. In figure 3.2 is depicted the brilliance of the light

sources operating at Elettra with a peak value of 1019photons/s/mm2/mrad2/0.1%bw. See

figure 3.2 for a panoramic of ELETTRA light source performaces.

3.2 SuperESCA beamline

SuperESCA (Super Electron Spectroscopy for Chemical Application) is the first beamline

operating at Elettra and begun to accept users until 1994. This beamline was designed for
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high resolution core level spectroscopies of adsorbate on single crystals surfaces using soft

X-ray synchrotron radiation. The undulator produces photons in the range (90,2000)eV

with resolving powers varying from 8000 to 3000 for photon energies between 240 and 850

eV. The experimental end-station is equipped with a home made double-pass electron spec-

trometer with the optical axis of the electrostatic lenses mounted at 70 degree with respect

to the beam axis to perform polarization dependent Near Edge X-ray Absorption Fine

Structure experiments, “surface” and “bulk” sensitive,1 angular integrated and resolved

and photon energy resolved photoelectron spectroscopies: XPS, XPD, ResPES.

3.2.1 X-ray source and optics.

The X-ray source of SuperESCA beamline, shared with ESCA microscopy beamline, is

the ID2.2 at Elettra: a 81 period planar undulator with 56mm period and 4.5m length

divided in three almost independent sections. It produces a photon flux in the range 1015

to 1014 · photons/sec/0.1%bw/1mA with a current of 200mA accumulated in the storage

ring. This high brilliance allow high resolution performances without lost in photon flux at

the sample where more than 1011 monochromatic photons are transported by the beamline

optics.

A pin hole, that consists in four independent movable slits, fixes the beam dimension af-

ter the undulator and plays the role of the source for the optical elements of the beamline.

In figure 3.3 the beamline layout is depicted. After the pin hole the photon beam im-

pinges to a switching mirror that switches the light to SuperESCA or to ESCA Microscopy

beamline. The first optical element of the beamline consist in a cylindrical gold coated

mirror that introduces the photon beam in the monochromator. After the monochroma-

tor a toroidal gold coated refocusing mirror transport the monochromatic beam to the

experimental chamber.

The monochromator is a revisitation of the astigmatic SX700 [173]. The typical SX700

scheme consists in a planar grating and an elliptical mirror. This astigmatic optics produces

an image of the monochromatize light at the exit slit of the monochromator with a shape

similar to a boomerang, due to different focusing distance in vertical and horizontal plane

1In the X-ray regime the higher escape depth is between 5 and 15 Å, therefore the definition of “bulk”

sensitive is referred to this depths.
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Figure 3.3: SuperESCA beamline Top view and side view of Super ESCA beamline

of the system [174]. The introduction of a planar mirror before the planar grating readjusts

the stigmatic properties of the optics. [175, 176]

3.2.2 The experimental station.

The experimental station (figure 3.4) consists in two ultra high vacuum chambers, a prepa-

ration chamber and a measurement chamber. The preparation chamber is made of am-

agnetic stainless steel, and is mounted atop the measurement chamber to allow sample

treatments and measurements using a fixed sample holder. In the preparation chamber

conventional instrument are mounted for surface science analysis: a sputter gun for ion

bombardment, and several free flanges to mount evaporators or other tool according to the

need of the experiment. In addition a fast-entry-lock chamber is mounted on the prepa-

ration chamber to introduce or remove the samples without breaking the vacuum. A gas

line allows controlled exposure to various gases.

The measurement chamber is completely in µ-metal to avoid local magnetic field per-

turbation of photoelectron signal. The electron spectrometer (figure 3.5) is hemispherical
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Figure 3.4: SuperESCA end Station. In this figure is reproduced the experimental station when a super-

sonic molecular beam is mounted.
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Figure 3.5: SuperESCA Electron spectrometer. The hemispherical double pass electron spectrometer. In

the inset is reproduced a particular of the 96 channel detector.

double-pass. It is a home made instrument developed on the basis of VSW150. 2 It is

powered by Scienta power supply and equipped with a 96-channels multichannel detector

to perform fast XPS measurements. In the measurement chamber is mounted a LEED to

check surface order after cleaning procedures. Two sample holder manipulator are avail-

able. One of them has six degrees of freedom(three rotational and three translational

degrees) and is a development of a VG CTPO manipulator. It allows to perform angular

resolved measurements. It is designed to permit to remove the sample holder without

breaking the vacuum and is suitable in multiple sample experiments. It is equipped with a

cryostat that reached 40K when cooled down with liquid He. The maximum temperature

reachable at the sample is about 1000K.

The second manipulator has four degree of freedom (three translations and the rotation

around the polar angle) and allows only fixed sample. This restriction are in order to

increase the temperature performances: this manipulator allows to heat the sample up to

1300K and to cool down to 20K. A monochromatic electron gun and a conventional UV

2This is the setup of the end station at the time of this thesis. During the second semester of 2007 a

new Specs Phoybos 150 electron spectrometer was mounted to substitute the spectrometer described here.
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source complete the equipment and allow measurement when the synchrotron radiation is

off line.

3.3 ALOISA beamline

ALOISA (Advanced Line for Overlayer Interfaces and Surface Analysis) is an INFM-CNR

(National Institute for Condensed Matter Physics and the Italian National Council for the

Research). This is a multipurpose beamline for surface science experiments. It has been

designed to work in a wide spectral range (100-8000)eV with the light beam impinging on

the sample surface at grazing incidence (about 5o). Several kind of detectors have been

accommodated inside the experimental chamber to perform experiment of angle resolved

photoemission, photoelectron diffraction, angular dependent Near Edge X-ray Absorption

Fine Structure, surface X-ray diffraction, surface reflectivity and momentum resolved co-

incidence spectroscopy (APECS, ARAPECS, PEACS).

3.3.1 X-Ray source and optics

The ALOISA photon beam is produced by U8 Insertion Device in Elettra. This is a planar

undulator, with permanent magnets allocated in an array of 19 periods each of them

80.36mm long (λ0 = 80.36mm) for a total length of 1527 mm. This undulator produces

photons in the range 120-8000eV with a photon flux at the sample of about 5 × 1011 in

the low energy range (120-2000eV undulator mode) and about 5× 1010 in the high energy

range (2.8-8.0keV wiggler mode) with spot size of about 2001 × 300µm2 and a resolving

power (E/∆E) between 2000 and 7500. The light is linearly polarized (polarization degree

≈ 95%) in the plane of the electron beam orbit (horizontal plane).

The monochromator of ALOISA covers the whole spectral range (120-8000)eV. The

main characteristic is the possibility to switch between two dispersing systems: a Plane

Mirror/Grating Monochromator (PMGM), (120-2000)eV range, and a Si(111) channel-cut

crystal (2.8-8.0)keV range. The light is collected from the pin hole by a paraboloidal mirror

(P1) and collimated toward the dispersing system. Then the monochromatic beam (still

parallel) is focused at the exit slit (ES) by a second paraboloidal mirror (P2). The diverging

beam is re-focused on the sample (placed at the center of the experimental chamber)
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Figure 3.6: ALOISA Layout. In this figure a depicted the various optics of the beamline.

by a toroidal mirror (RT). The system is characterized by the absence of an entrance

slit. Moreover the optics are used in the sagittal focusing configuration to minimize the

aberrations in the dispersive plane induced by the slope errors. All the optics are designed

to work at grazing incidence with a deflection angle of 1o for P1, P2 and RT, see figure 3.6.

Due to the high power density generated by the ID, the first paraboloidal mirror and the

PMGM and the channel cut crystal are water cooled. All the optical surfaces have a gold

coating to minimize chemical contamination and losses in the photon flux. The focus of

P1 is 21 meters upstream in the middle of the Insertion Device. the distance between P1

and P2 (parallel light) is approximately 2 meters. The Exit Slits are 3 meters downstream

P2. Then the beam is collected by RT at 2.2 meters and refocused at 2.2 meters in the

center of the experimental chamber. A third paraboloidal mirror P3 (not shown in figure

3.6 can be put between the monochromator and P2 to switch the light to the branch-line

HASPES (Helium Atom Scattering and Photo-Electron Spectroscopy).
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3.3.2 The experimental chamber

Figure 3.7: ALOISA experimental Station. Side view of Aloisa end stsation, see text fpor details

A sketch of ALOISA chamber is depicted in figure 3.7. The experimental chamber is

composed by two elements: a hemispherical element dedicated to the sample preparation

and a cylindrical one which hosts the electron analyzers and the photon detector. The two

elements are coupled via a large bronze ball bearing and a system of sliding o-rings. This

configuration allows the complete rotation of the cylindrical element around the SR beam

axis, while the hemispherical element stands still. Two differential pumping stages allow

the rotation of the cylindrical element and the Frames, while maintaining a constant base

pressure of 10−11mbar inside the experimental chamber.

The sample is placed onto a six-degree of freedom manipulator which is mounted hori-

zontally into the hemispherical element. The SR beam passes trough the whole manipulator

and impinges at grazing incidence on the sample. The preparation chamber is equipped

with a MBE(Molecular Beam Epitaxy) cryopanel which can host up to four evapora-

tion cells. Kundsen cells by EPI and two electron bombardment evaporators by Omicron

(with individual ion gauge for flux control) are available. The cryopanel holds two quartz

microbalances for flux calibration. Other evaporators can also be mounted in the MBE
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Figure 3.8: ALOISA electron spectrometer. A sketch of the axial and bimodal frame where the

electron spectrometer are mounted.

cryopanel provided that are mounted on a CF38 flange. A gas line allows high purity gasses

to be bled into the chamber. The ion gun for the Ar+ sputtering and two filaments on the

sample holder for the annealing allow to perform the cleaning procedure for the sample. A

RHEED system can be used to check the surface status even during the deposition. In the

experimental chamber, the detectors are hosted on two frames which are mounted inside

the rotating element. The Axial Frame is mounted at the end of the cylindrical element

and can rotate around the SR beam axis independently from the chamber. Five electron

analyzers and a phosphorous plate are mounted on this frame. The Bi-modal Frame is

mounted on the side of the cylindrical element and it can rotate around an axis that is

perpendicular to the SR beam axis; the rotation axis rotate around the SR beam axis

when the cylindrical element rotate too. Two electron analyzers are mounted on this latter

frame. Finally the three rotations of the sample holder allow the sample to be rotated

around the SR beam axis in order to select the surface orientation with respect to the

SR polarization, to select the both the grazing angle and the orientation of the surface

symmetry axis with respect to the scattering plane.

All the movements of the optical elements of the beamline are implemented in the
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Beamline Control System, the remote control system developed at ELETTRA to control

the beamlines according to the ring status, and to guarantee safe working conditions.

A home-made LabView program have been developed for the data acquisition, detectors

control, and movement of the manipulator and main chamber.



Chapter 4

Zinc-Tetraphenyl-Porphyrin thick

film

4.1 Introduction

Porphyrins are a ubiquitous class of naturally occurring molecules involved in a wide va-

riety of important biological processes ranging from oxygen transport to photosynthesis,

from catalysis to pigmentation changes [40, 41, 42]. The common feature of all these

molecules is the basic structure of the macrocycle, which consists of four pyrrolic subunits

bridged by four (meso) carbon atoms (see figure 1.3). This macrocycle is an aromatic

system, the size of which is perfect to bind almost all metal ions and, indeed, a number of

metals (e.g., Fe, Zn, Cu, Ni, and Co) can be inserted in the center of the macrocycle form-

ing metallo-porphyrins. Porphyrin-based fundamental biological representatives include

hemes, chlorophylls, vitamin B-12, and several others. Heme proteins (which contain iron

porphyrins) serve many roles, like O2 storage and transport (myoglobin and hemoglobin),

electron transport (cytochromes b and c), and O2 activation and utilization (cytochrome

P450 and cytochrome oxidase). Chlorophylls (which have a central magnesium ion) and

pheophytins (which are metal free) are found in the photosynthetic apparatus of plants

and bacteria, while vitamin B-12 (which has cobalt) is catalytically active in bacteria and

animals. Given the capabilities of porphyrins to bind and release gases and to act as

active center in catalytic reactions in biological systems, porphyrin-based films on sur-
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faces are extremely appealing as chemical and gas sensors [43, 44] as well as nanoporous

catalytic materials [47, 48] in novel synthetic bio-mimetic devices. Moreover, the role

of porphyrins in photosynthetic mechanisms indicates a good attitude of these molecules

to mediate visible photonelectron energy transfer processes [62]. For this reason, in re-

cent years, metallo-porphyrins and porphyrin-substrates (in particular Si, TiO2 and noble

metals) interfaces have become of major interest for applications in opto-electronics, data

storage and solar cells [49, 50, 51] and a still increasing number of covalently linked dono-

racceptor supramolecular porphyrin-based assemblies have been studied for these purposes

[52, 54, 55]. Despite the interest and the huge amount of works on this family of molecules,

there are only very few experimental articles on the growth via molecular beam epitaxy

of thin films on various substrates and the investigation of the electronic properties using

a direct probe like photoemission spectroscopy [177, 178, 179, 180]. This chapter focuses

on an experimental study of the growth and electronic properties of a prototype molecule

of this family, namely Zn-tetraphenyl-porphyrin (ZnTPP), in the form of multilayer filmsn

on Si(111).

4.2 Experimentals

The measurements were performed in the ultra-high vacuum (UHV) experimental chambers

- base pressure 10−10 mbar - of the SuperESCA and ALOISA beamlines at the Elettra

Synchrotron facility. Highly purified ZnTPP (99.999%) were sublimated in UHV and

deposited on the clean Si(111)7× 7 substrate kept at room temperature using a resistively

heated Ta evaporator. The evaporation rate was about one monolayer (1 ML) every 10

min. Absorption geometry, growth and electronic properties were investigated by means

of valence band and core level photoemission and X-ray absorption spectroscopy (XAS).

Photoemission spectra were obtained by collecting the photoelectrons with a double-pass

hemispherical analyzer having an angular acceptance of ±1deg, while XAS spectra were

measured at the C 1s and N 1s thresholds in partial yield by collecting the C and N Auger

electrons, respectively. The energy resolution was 50 meV for valence band photoemission

and XAS, while it was 100 meV for core level photoemission.
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4.3 Results and discussion

Figure 4.1: XAS spectra at the C 1s threshold of ZnTPP (solid line), benzene (dashed

line) and Zn-octaethyl-porphyrin (dotted line). Inset: Near-edge region of the ZnTPP XAS

spectra collected at normal incidence and at grazing incidence (20o from the surface plane)

of the linearly polarized light. The difference spectrum is also shown (dashed line). The

arrows indicate the XAS transitions into the LUMO due to the inequivalent C atoms of the

macrocycle (meso-bridges, pyrrol CCC and pyrrol CCN, from left to right, respectively).

ZnTPP is known to form a monoclinic molecular crystal, with an effectively flat macro-

cycle (D4h point group) [181]. The D4h symmetry of the molecule in the film is confirmed

also by the N 1s photoemission spectrum (not reported here) showing a single peak with
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a full-width at half-maximum of 0.7 eV, which indicates that the four N atoms are equiva-

lent. This is at variance, for example, with the N 1s core level spectra of H2TPP [180] (i.e.,

without metal), where two components separated by about 2 eV are observed. Because

of the steric interaction between the hydrogen atoms, the plane of the four phenyl groups

forms an angle between 70deg and 90deg with respect to the macrocycle, minimizing in

such a way the interaction between the phenyl and macrocycle π systems [4]. The pres-

ence of the phenyl groups, therefore, should cause only a very weak perturbation of the

macrocycle states, and the electronic structure is expected as a rough superposition of the

two electronic state systems (macrocycle and phenyl groups). From this point of view, it

is interesting to look at the C 1s photoemission and XAS spectra. Figure 4.1 compares

the XAS spectrum at the C 1s threshold of 20 ML of ZnTPP/Si(11 1), measured with the

linear polarization of the light at 20deg from the surface normal, with the corresponding

XAS spectra of benzene [182] (dashed line) and Zn-octaethylporphyrin (i.e., no phenyl

rings, with dominant contribution from the macrocycle, dotted line) [182]. The ZnTPP

spectrum looks like a simple superposition of the other two, confirming that there is almost

no interaction between the π states of the macrocycle and those of the phenyl groups. The

near edge region is shown in the inset of figure 4.1 where the above ZnTPP XAS spectrum

is compared to the one taken at normal incidence (i.e., with the light polarization on the

surface plane). The first absorption peak reflects the electronic transitions from the C 1s

core level to the lowest unoccupied molecular orbital (LUMO), which mainly belongs to

the macrocycle π∗ system. The LUMO peak has eg symmetry and is, therefore, two-fold

degenerate [68]. We can make two main observations: (i) There is a clear polarization

dependence of the LUMO intensity, indicating that the molecules are oriented. (ii) The

LUMO is made by two features separated by 0.25 eV.

We will discuss the molecular orientation later, while here we address the origin of the

two LUMO features. One possible explanation is the splitting of the two degenerate LUMO

states due to Jahn-Teller distortion and/or ZnTPP conjugation in the lattice structure,

but this splitting should be of the order of a few tens of meV only. The only remaining

possibility is the presence of different C 1s initial states, bringing us to the analysis of

the C 1s core level. Figure 4.2 shows the C 1s core level photoemission spectrum of

ZnTPP as measured at normal emission with photon energy of 400 eV. The full-width
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Figure 4.2: C 1s photoemission spectrum of ZnTPP (dots) with the corresponding best fit

(solid line). The binding energy and intensity of the four components used in the fit are

shown as bars (see text for details).

at half-maximum (1 eV) and the lineshape (with an anomalous asymmetry on the low

binding energy side) reveal the presence of several components. There are 24 carbon

atoms belonging to the phenyl groups and 20 carbon atoms belonging to the macrocycle.

The latter can be separated in meso-carbon bridges (4 atoms) and pyrrolic carbon atoms

(16 atoms, 8 of which having a C-N bond). By fitting the core level spectrum with four

components having the same width and fixed intensity ratios 24:8:8:4, we obtain a good

fit as shown in figure 4.2 and the following binding energy positions: 284.80 eV (phenyl),
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285.08 eV (C-C-N, pyrrolic), 284.27 (C-C-C, pyrrolic) and 284.02 eV (meso-bridges). It is

obvious that the fitting is not unique, but this one offers a plausible explanation of the C

1s line shape. In fact, the energy separation between the last two components turns out to

be exactly 0.25 eV, supporting the idea that the fine structure of the LUMO peak in the

XAS spectrum is due to the presence of inequivalent C atoms in the macrocycle. Moreover,

while the lowest transitions from the phenyl atoms are expected to mainly contribute to

the main XAS peak, a further structure must be expected due to the transition into the

LUMO from the pyrrolic carbon atoms bonded to nitrogen. This should produce a feature

in the XAS spectrum at 1 eV from the lowest transition, which therefore is hidden under

the main absorption peak of the phenyl atoms. Since the phenyl atoms contribution to

the XAS spectrum is not expected to have pronounced polarization dependence due to

the presence of several orientations of the phenyl rings, by subtracting the two ZnTPP

spectra reported in the inset we should almost cancel this contribution and enhance the

macrocycle contribution. The difference spectrum is also reported in the inset (dashed line).

As expected this spectrum looks like the XAS spectrum of the Zn-octaethyl-porphyrin and

a feature at 1 eV from the first transition is now visible, which should corresponds to the

C1s-LUMO transition for the pyrrolic C atoms bonded to N.

Further information on the electronic structure is obtained from the analysis of the

occupied valence states. Figure 4.3 shows the valence band photoemission spectrum of

the ZnTPP multilayer measured at hν = 91 eV in normal incidence conditions (grazing

emission), by collecting the electrons at 70deg from the surface normal. Apart the intense

feature at 11 eV that is dominated by the Zn3d emission, the valence band is mainly

formed by peaks corresponding to π and σ states of the ZnTPP macrocycle. In the inset,

the region near the Fermi level (EF) is compared for two experimental geometries: normal

incidence (linear polarization in the surface plane) by collecting the electrons at 70deg from

the surface normal, and grazing incidence (linear polarization at 70deg from the surface

plane) by collecting the photoelectrons at normal emission. There are two things that meet

the eye. First, there is a clear dependence from the experimental geometry, that may be

given either by band dispersion or by polarization dependence in the photoemission initial

state. Second, the peak at 2.5 eV, that was recognized as the highest occupied molecular

orbital (HOMO) in other photoemission experiments [177], has a shoulder at lower binding
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Figure 4.3: Valence band photoemission spectrum of ZnTPP (EF = 0 eV). Inset: The

ZnTPP photoemission spectra collected at normal emission (grazing incidence, dashed line)

and normal incidence. Under the experimental spectra we report the expected contributions

of HOMO, HOMO-1, HOMO-2, HOMO-3 and HOMO-4 states (from bottom to top) and

the corresponding sum (DOS). The energy separation between these states has been taken

in agreement with Ref. [68].

energy, suggesting that this shoulder is the real HOMO emission.

To better understand, underneath the experimental spectra we report also the simulated

occupied outer molecular orbital emissions (gaussian peaks, with σ = 0.275 eV), whose

energy separations are assumed according to Liao and Scheiner [68] by putting the HOMO
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Figure 4.4: Schematic energy level diagram for the ZnTPP multilayer on Si(111) in agree-

ment with our experimental data and assuming the energy levels of the isolated ZnTPP

molecule in agreement with Ref. [68].

level at 1.25 eV below EF, and whose intensity is proportional to the number of orbitals,

including degeneracy, at each energy. The sum of these states, which simulates the total

DOS uncorrected by the matrix effects, is also shown. The agreement with the experimental

data is pretty good, in particular with the data collected at normal emission, confirming

our assignment of the HOMO emission and that the main changes observed by changing

the experimental geometry are due to polarization (matrix) effects in the initial state.

These observations led to the energy level alignment shown in figure 4.4 by assuming the

energy levels calculated by Liao and Scheiner [68] for the isolated free ZnTPP. We note

that molecular conjugation and polarization screening in the molecular film may reduce the

HOMO-LUMO gap and the ionization potential compared to the isolated free molecule, so

the interface dipole ∆ ≈ 0.95eV as schematized in figure 4.4 represents the lower limit.

Finally, we address the problem of the molecular orientation. The XAS spectra mea-
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Figure 4.5: Angular dependence of the ZnTPP XAS spectra at the N1s threshold. A scheme

of the experimental geometry is shown. Inset: Area of the N1s →LUMO transition as a

function of the angle θ (corrected for a tilt angle of 6o) between the polarization vector and

the sample surface. The plot is normalized to the area at θ = 90o.

sured at the C 1s edge show a notable dependence from the incidence angle of the light,

indicating that the molecular macrocycles in the film are oriented, maybe azimuthally dis-

ordered, but with a defined angle with respect to the surface plane. However, since the N

atoms belong to the macrocycle only and their πz orbitals are perpendicular to the ZnTPP

macrocycle plane, the measurement of XAS spectra at the N 1s edge is more useful to

obtain the molecular orientation. We measured the full angular dependence of the N 1s

XAS spectra by keeping the surface at a constant grazing incidence angle of 6deg and by

rotating the sample around the beam axis by steps of 10deg, moving in such a way the

light polarization from in-plane to almost normal to the surface plane. Figure 4.5 shows
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these spectra for the ZnTPP multilayer, while the inset shows the area of the first π∗

absorption peak as a function of the angle θ between the polarization and the surface.

The fact that the π∗ transitions peaks vanish when the polarization of the light lies in

the surface plane is a strong evidence that the ZnTPP molecules grow with the macro-

cycle parallel to the Si(1 11) surface plane. Indeed, by fitting the observed behavior to

I‖p = 1− cos2θ cos2 γ− 1
2
sin2 θ sin2 γ (valid for three or more azimuthally rotated domains)

[168] - see figure 2.10 for angle definitions - we obtain that the ZnTPP macrocycle forms

an angle γ =5deg±5deg with the sample surface (or equivalently, the π∗ orbitals form an

angle ψ = 85±5deg). The same result is obtained assuming a simple cos2 dependence

(single domain) and the same kind of growth (i.e., the ZnTPP macrocycle parallel to the

substrate plane) has been observed on Ag(110) and Si(100) [37]1.

4.4 Conclusions

Using synchrotron radiation photoemission and X-ray absorption spectroscopy we have

investigated the electronic properties and the molecular orientation of ZnTPP films (more

than 20 ML) deposited in UHV on Si(111). For the first time we have revealed, identi-

fied and assigned the fine structures in the electronic spectra related to the HOMOs and

LUMOs states. This is particularly important in order to understand orbital interactions,

bond formation and evolution of the electronic properties with doping (oxidation and re-

duction) in the light of possible applications of porphyrins in donor-acceptor complexes

for photovoltaic devices or, given the high molecular symmetry, as prototypical systems

for the verification of recent models and phase diagrams for strongly correlated materials

[183].

1As an alternative see the Chapter number 6 in this thesis
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ZnTPP and C70 monolayers on

Si(111) surface

5.1 Introduction

The fundamental properties and applications of organic material in electronic and opto-

electronic devices have been an issue of extensive research in recent years [184, 185, 186,

187, 188]. In the case of organic solar cell we pass from the 1% yield achieved 20 years ago

[4] to a 5% obtained in 2001 [189] and a 10% reached in 2007 [12]. This opens the per-

spective of a ten-years time-scale to reach the 20% yield that make the organic based solar

cells competitive to the inorganic photovoltaic devices. However, progress in organic solar

cells require a clear understanding of the peculiar physics of amorphous and/or ordered

organic semiconductor as well as their interface properties with metal and semiconductor

electrodes. For examining these points, studies of clean and well-characterized systems

have been highly desired. Here we performed such study on the monolayer of C70 and

Zn-TPP on Si(111). These two molecules in the next chapters will be combined in order

to obtain donor/acceptor complexes in the form of a double-layer structure (one mono-

layer of Zn-TPP on top on a monolayer of C70/Si(111)) and a multilayer Zn-Tpp/C70 co-

deposited on Si(111). Porphyrins are good donors with sizable hole mobility, fullerenes

are excellent acceptor molecules with very good electron mobility and with a larger near

IR-absorption. In this chapter we investigate how the monolayer forms, whether they are

81



82 CHAPTER 5. ZNTPP AND C70 MONOLAYERS

ordered at the molecular scale, the electronic properties and the charge-transfer properties

of excited charges (from the molecule to the substrate). The importance of these monolayer

system for the device performance cannot be overestimated since they determine how the

charges are injected in the electrode and/or how the molecule can act as a sensitizer for the

inorganic semiconductor. Moreover, mobility is increased by order of magnitude when the

molecular packing is improved. This is achieved by molecular ordering. The deposition in

UHV of the molecular layers can make the system we prepare free from oxygen or solvent

traps, probably ordered and in the case of the monolayer certainly ordered with the dipoles

at the interface well organized.

5.2 C70 monolayer

5.2.1 Experimental

The measurements were performed in the ultra-high vacuum experimental end station of

the SuperESCA beamline at the ELETTRA Synchrotron facility. The capabilities of this

beamline have been described in the chapter 3. The core level photoemission spectra

were obtained using photon of 400 eV, while valence band spectra were measured with

90 eV of photon energy. The photoelectrons were collected with a 150 mm double-pass

hemispherical analyzer having an angular acceptance of 1o. In both cases, the overall

energy resolution was about 80 meV. XAS spectra were measured by scanning the photon

energy across the C1s threshold and measuring the Auger yield current at 255 eV of kinetic

energy, with an energy resolution of about 100 meV. All the spectra were measured at room

temperature. The Si(111) single crystal was cleaned with annealing in UHV up to 900oC

with a pressure that never reached 5 × 10−9 mbar, until no traces of contaminants were

detected with photoemission. C70 was evaporated from a degassed Ta crucible. Multilayer

films were formed by depositing C70 on the Si(111)-7×7 surface kept at 150oC. Monolayer

films were obtained by sublimation of the multilayer at 430oC. A sub-monolayer film (less

than 0.5 ML, not shown here) was obtained by depositing C70 while the substrate was

kept at 430oC. During the C70 evaporation the base pressure never exceeded 10−9 mbar.

The order of the clean Si(111)-7×7 surface and of 1 ML C70 /Si(111) was checked by

low energy electron diffraction. While the clean Si(111)-7×7 clearly shows a well defined
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LEED pattern, already with the sub-monolayer the LEED pattern become much more

intense with a huge background and it disappear when the monolayer is formed. This is

due to the incommensurability of the Si(111) and the C70 monolayer structure that never

form domains bigger than about 100Å on this surface. However, at the small level C70 is

oriented, as we will show in the next paragraph.

5.2.2 XPS and UPS

Figure 5.1: C1s Core level photoemission spectra of the C70 monolayer over Si(111)7× 7 reconstructerd

surface (red line) and of a C70 multilayer (black line) taken at normal emission.

To understand the nature of the C70-Si(111) interaction we have measured the C1s core

level and valence band photoemission spectra. Figure 5.1 show the C1s photoemission

spectra of a multilayer and a monolayer of C70 on Si(111) taken at normal emission. The

monolayer spectrum is shifted by 0.55 eV toward lower binding energy in agreement with

what is observed in C60 monolayer on Si(111), Ge(111) and metal surfaces. The monolayer

peak, however, apart a broadening is symmetric as the multilayer and the corresponding

losses are visible. This is consistent with the occurrence of a prevalently covalent bonds

between the Si(111) atoms and C70 molecules. A similar behavior is indeed observed for
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C60 molecules deposited onto Al [190], Pt [191, 192] and Si [193, 194, 195] surfaces, where

a prevalent covalent interaction takes place. On other metallic surfaces, where a more

ionic bond to C60 occurs, the C1s spectrum becomes much broader and with a pronounced

asymmetry [192, 196, 197]. We note that there is no C-Si peak at lower binding energy

(≈ 2 eV lower in energy), as for example is seen when 1 ML of porphyrin is adsorbed on

Si (next paragraph), which tell us that only few atoms are bonded to Si.

Figure 5.2: Valence band photoemission taken at hν = 91eV of the clean silicon surface (blue line) a

C70 multilayer (green line), and of the C70 monolayer taken in normal incidence (red dots) and in grazing

incidence (black line).

This is further confirmed by the angle resolved valence band photoemission spectra

reported in figure 5.2. As the core level, the valence band peaks are shifted to lower binding

energy, but the intensity at the Fermi level is null confirming the semiconductor character

of the ad-layer. However, the most important change in the spectra of the monolayer with

respect to the multilayer spectrum is the broadening and splitting (see the peak near the

Fermi level) of the HOMO and HOMO-1 peaks which is due to the hybridization with the

Si(111) states. This confirms the mainly covalent bonding of C70 with silicon with a very
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small charge transfer.

5.2.3 NEXAFS: molecular orientation

Figure 5.3: a: X-ray absorption spectra of a C70 multilayer (red line) and of a C70 monolayer taken in

normal and grazing incidence (blue and black lines respectively). b: calculated X-ray absorption spectra of

a C70 multilayer along and perpendicular to the C5v (red dots and black line respectively).

Theoretical and experimental investigations indicate that the energetically most favor-

able orientation of interacting C70 molecules is with their C5V axes, the long molecular axis,

parallel to each other [198, 199, 200]. In figure 5.3a we show the XAS spectra measured

at normal incidence and grazing incidence (70o) of the linearly polarized light with respect

to the surface. We observe a strong dependence of the XAS spectra from the direction

of the light polarization, which points to a preferred orientation of the chemisorbed C70

molecules. In the case of planar aromatic and π-conjugated molecules the main changes
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in the π∗ transition peaks of the XAS spectra can be immediately linked to the relative

orientation of the light polarization and of the π∗ orbitals, and finally to the orientation

of the molecular plane with respect to the surface plane. In the case of C70, however, the

molecular orientation cannot be obtained in a trivial way from the XAS spectra because of

the three-dimensional structure of the fullerene cage, having π∗ orbitals pointing in all the

space directions, and the presence of five inequivalent carbon atoms. In order to find the

molecular orientation we have simulated the contribution of the five inequivalent atoms of

the C70 cage to the XAS spectra by means of a density- functional theory technique com-

bined with full core-hole potentials as one by Goldoni et al. [77]. This calculation method

gives accurate estimations of the oscillator strengths for the XAS spectra of C60 and C70

solids. Details about the calculations have been described elsewhere [76]. Figure 5.3b

shows the calculated XAS spectra for the C70 structure, with the corresponding electronic

transitions obtained for the linear polarization of the light along the C5V axis (dashed line)

and perpendicular to it (continuous line). Although the calculations are made for a neutral

C70 molecule and do not account for the interaction with the substrate (charge transfer,

metallic screening and hybridization broadening of the empty states), the agreement be-

tween the calculated spectra of figure 5.3b and the experimental spectra of figure 5.3a is

good. In particular the differences between the calculated XAS spectra mimic very well the

changes in the experimental XAS spectra on passing from the light polarization in the sur-

face plane to the light polarization perpendicular to the surface. This comparison clearly

indicates that the C70 molecules are mainly oriented with the C5V axis perpendicular to

the Si(111) surface. A similar arrangements was found for a monolayer of C70 on Cu(111)

by Goldoni et al. [77].

5.2.4 Resonant Photoemission

Around 280eV of photon energy, the photoemission spectrum of the valence band is dom-

inated by the p bands of silicon.

The resonant photoemission full map taken at normal emission (which correspond to

grazing incidence of the light in the XAS spectra) presents anyway interesting features

(figure 5.4). First, in the region of silicon p band a photon energy dependent strong

modulation is evident in the whole photon energy range and the same behavior is observed
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Figure 5.4: Resonant photoemission. Each row of the color map is a photoemission valence band spectrum

as the photon energy (vertical axis) scans through the C1s ionization edge. The spectrum at the bottom is

the valence band (blue line) taken before the resonance (hν=279.8eV) and the side spectrum (red line) is

the absorption spectrum.

in the same experimental conditions when 1 ML of porphyrin is adsorbed on Si. Except in

correspondence of the excitation in the range between 284.5 eV and 288 eV where resonant

decays can occur, the modulation at higher photon energy can be assigned to photoelectron

diffraction from the p band of silicon. In fact this modulation do not follow the modulation

of the XAS spectrum as for resonant phenomena. The huge intensity appearing above 284

eV of photon energy in the high binding energy part is the Auger emission, distinguishable

because constant in kinetic energy.

In figure 5.5 there are plotted the resonant valence band taken at photon energies

corresponding to maxima in the absorption spectrum. Because the resonant signal is
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Figure 5.5: Resonant valence bands. These spectra are taken at different photon energy, starting from

hν = 280eV, before the resonance (purple circles), in correspondence of the maxima in the XAS spectrum

and at a photon energy far from the resonance (brown lozenge). The spectra are obtained by subtraction

of an integral background and an Auger contribution from the photoemission data. Because of the low

intensity of the resonant signal the before-resonance valence band (purple circles) is superimposed to each

other spectra as black dots. See text for details.
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low compared to the direct photoemission, the off-resonance spectrum (purple circles) is

superimposed to the other spectra as black dots. This spectra are obtained subtracting the

normal Auger [108] and an integral background (Shirley) to the measured spectra. The

spectrum taken at hν=284.6eV is really similar to that taken at hν=279.2eV, in particular

no sharp intensity enhancement is immediately detectable. Because we expect that the

resonant signal should be really low due to the low number of carbon atoms with respect

to silicon atoms, in figure 5.6 we plotted the difference between the resonant valence band

and the off-resonance spectrum. At hν=284.6eV an electron is excited from the C1s to the

Figure 5.6: Difference between the resonant valence bands and the before-resonance valence band. The

red spectrum is taken at a photon energy where no resonant effect is expected. The observed intensity can

be ascribed as a photoelectron diffraction effect due to the presence of the C70 over the silicon surface.

first empty state. At this photon energy a clear Auger emission is present (see figure 5.4),

while the rest of the spectrum is not affected by other clear contributions. In particular
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the difference between the resonant valence band and the off-resonance valence band (blue

squares in figure 5.6) shows no meaningful structures. For clarity in figure 5.6 we reported

the difference between the spectrum taken at hν=282.0eV and the off-resonance valence

band (red trianglels). At this photon energy we expect non-resonant decay, nevertheless

the spectrum obtained is not negligible and a replica of the off-resonance valence band is

observed. This difference is due to the photoelectron diffraction of photoelectron coming

from the p bands of silicon. Comparing the red triangle spectrum with the blue square

spectrum of figure 5.6 we can state that no clear resonant decay occur at hν=284.6eV or at

least that their intensity is comparable with the noise level of our data: this is the fingerprint

of an ultra-fast charge transfer from the fullerene to the substrate. The spectra obtained

at hν=285.2eV (light blue triangles in figures 5.5) show clear differences with respect to

the off-resonant spectrum (blue triangles in figure 5.6). At this photon energy the main

transition occurs mainly at the C5 of the equatorial belt. In figure 5.5 the enhancement

of the photoelectron yield is clear in the whole binding energy range indicating that the

excited electron remains localized for a time bigger than the core hole lifetime and that the

charge transfer is not the dominant process. At hν=286.6eV the charge is excited to the

third π∗ peak. Although a clear enhancement in the photoelectron spectrum is detected

we think that this is only a photoelectron diffraction effect (green triangles in figure 5.6

and 5.5). The enhancement in the range form Fermi level to 6eV is the yet cited silicon

p bands PED effect, that affects the higher binding energy range (6eV, 12eV) because of

the increasing intensity of the p band tails. In fact the ratio between the intensity of the

peaks at 2.5eV(Si p bands), 4.5 and 7.5 (C70 molecular orbitals) remains the same as in

the off-resonance spectrum. These considerations are confirmed by the behaviour of the

resonant intensity as a function of the photon energy an will be discussed in the following.

The remaining spectra plotted in figure 5.5 are obtained at higher photon energies, i.e.

when the core electrons are pumped to σ∗ states. The high energy of this state and their

degeneracy with the continuum inhibits the possibility that an electron can remain localized

for a time longer than the core hole lifetime, therefore no resonant decay can be observed

[108]. This confirm the hypothesis done at the beginning about the modulation of the

feature at BE=2.5eV that was ascribed to a photoelectron diffraction effect. In figure 5.7 it

is plotted the resonant intensity as function of the photon energy (purple circles) compared
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Figure 5.7: Resonant intensities. The black line is a NEXAFS spectrum measured in VB yield and the

purple circle represent the resonant intensity as function of photon energy. The purple line is a fit of the

resonant intensity with a Fano profile. The obtained lifetime of the resonance is 2.1fs.

with the NEXAFS spectrum (black line). The resonant intensity is obtained integrating

the resonant valence bands in the range (0.0,25.0)eV. The maximum of resonant intensity

is normalized at the maximum of the NEXAFS spectrum. The high peak at 284.6 eV

in the NEXAFS spectrum disappear in the resonant intensity, showing that the charge

transfer from the C70 to the surface is the dominant process not in competition with the

resonant decays. The intense resonance peak lie at a photon energy comparable with the

excitation located at the C5 atoms. At higher photon energies no other clear fingerprint of

resonance is detectable because of the noise. Moreover, the resonant intensity contains the

modulation due to the photoelectron diffraction (data not shown) therefore its behavior

is not meaningful for our discussion. The resonant peak at hν=285.2 eV is fitted with a

Fano line-shape typical for these processes. From the fit we can estimate the lifetime of

the resonance to be 2.1fs.



92 CHAPTER 5. ZNTPP AND C70 MONOLAYERS

5.3 ZnTPP on Si(111)

5.3.1 Experimental

All data were collected at Elettra synchrotron radiation source. The XPS, UPS, RePES

and NEXAFS measurements were performed at SuperESCA beamline [173]. The NEXAFS

measurements were performed in Auger yield mode, i.e. collecting the electron in the

kinetic energy range of 260 ± 0.5 eV for the C1s edge and 370 ± 0.5 eV for the N1s

edge. The photoelectron were collected by a douple-pass hemispherical analyzer with an

energy resolution better than 100meV. The angular dependent NEXAFS experiment was

carried out at ALOISA beamline and the measurement was performed in total electron

yield mode. The total resolution at SuperESCA is better than 70meV and at ALOISA

is better than 100meV. The ZnTPP monolayers were grown over a Si(111) surface. The

surface was cleaned in ultra high vacuum, base pressure 10−10 mbar, by annealing at 900oC.

The absence of contaminant was checked by XPS and the (7× 7)-reconstructed surface by

low energy electron diffraction (SuperESCA) and reflected high-energy electron diffraction

(ALOISA). The molecular films were obtained by powder sublimation (molecules produced

by Sigma Aldrich) using two Kundsen cells. The base pressure in the preparation never

exceeded 8 · 10−10 mbar during the evaporation. The temperature of the two Kundsen cell

was set to obtain the same evaporation rate for each experiment. The evaporation rate of

each cell was estimated by core level XPS spectra as a function of molecular coverage.

5.3.2 XPS

We start the discussion of the ZnTPP monolayer on Si(111) describing the photoemission

spectrum from C1s core level.

In figure 5.8 it is plotted the spectrum of C1s core level of the ZnTPP monolayer on

Si(111). In the previous chapter we discussed about the structure of the C1s in ZnTPP

multilayer, and we resolved the core level structure by describing the peak as the sum of

four contributions relative to the four inequivalent carbon atoms present in the molecule.

The fit using this contribution describe very well the core level with the relative intensity

of the components in good agreement with the stoichiometric ratio of the four inequivalent
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Figure 5.8: C1s core level photoemission. Inset comparison with the ZnTPP multilayer C1s core level

photoemission spectrum

carbon atoms. Since in the multilayer the molecular interaction is due to Van deer Waals

forces we can consider, in first approximation, the multilayer data as representative of

the isolated molecule. Therefore in the following discussion all considerations about the

monolayer (BE shift, quenching of absorption states, etc) will take the multilayer data as

reference. The monolayer C1s photoemission spectrum appears shifted at lower binding

energies and broader than the multilayer spectrum and a small peak appears at 282.5 eV.

This binding energy is typical for the formation of a Si-C chemical bond and indicates

that few carbon atoms of the molecule are chemically bonded to the surface with a quite

strong bonding. As we did for the multilayer, we can fit the monolayer spectrum using
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C-C-C C-C-N Meso-bridge Phenyl group

BE(eV) BE(eV) BE(eV) BE(eV)

ZnTPP multilayer 284.27 285.08 284.02 284.80

ZnTPP/Si 284.13 284.9 284.28 284.4

∆ BE (eV) 0.18 0.14 -0.26 0.40

Table 5.1: Binding energies of the 1s level of the four inequivalent carbon in ZnTPP multilayer and

monolayer/Si and relative difference ∆Be=Be(multilayer)-Be(monolayer/Si).

the four components of the multilayer spectrum plus a peak around 282.5 eV. To fit the

monolayer profile we assume the same FWHM for the components (apart the peak at higher

binding energy that fits the background), and we leave the intensities and peak positions

as variables. The results of this fitting procedure are shown in table 5.1 together with the

multilayer parameters.

In figure 5.8 the results of the fit are plotted. The intensities of the four contributions

do not respect the stoichiometric ratios in the isolated molecule (8:8:4:24, C-C-C:C-C-

N:meso-bridge:phenyl). While the C-C-N is more or less the same as the C-C-C one and

the meso-bridge intensity is the half of the C-C-C and C-C-N, as it was in the multilayer

spectrum, the phenyl group intensity results lower than expected with respect to the other

three contribution. The intensity of the C-Si peak is roughly the amount lost in the phenyl

peak, therefore we can assume that the phenyl groups are bonded to the surface. This

intensity is, however, much less than the one corresponding to six atoms (as the molecule

is adsorbed flat on the surface and the phenyl groups are interacting with one edge): it

corresponds to about 2 atoms, therefore, we can expect that the molecule is bonded to the

surface with one phenyl group and the macrocycle forms an angle > 0 with the surface.

Moreover, there is a general broadening of the C1s components (FWHM=1.0eV while

in the multilayer we have FWHM=0.76eV ), which indicates that all the other atoms are

influenced by the surface (different binding energy shifts and in the general broadening of

the whole spectrum).

A similar behavior is detectable in the N1s photoemission spectrum, figure 5.9, where

the profile becomes much broader and shifted to lower binding energy by 0.36 eV. This
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Figure 5.9: N1s photoemission spectrum. The multilayer profile is narrow showing that the four nitrogen

atoms of the macrocycle are equivalent. In the monolayer spectrum this equivalency is lost and the spectrum

results broadened. The interaction with the surface determine a BE shift of 0.36eV.

shape suggests that the interaction with the surface remove the equivalence of the nitrogen

atoms. In the chapter “DoubleLayer” we describe the interaction of a monolayer of ZnTPP

grown over a monolayer of C70/Si(111). In that case a broadening is detectable too, and

the double layer N1 photoemission spectrum can be described as the sum of two equivalent

contributions (the same intensity and FWHM) with the same width as the multilayer. This

is not the case of the present spectrum. Assuming the same geometrical considerations

obtained for the C1s spectrum, with the macrocycle tilted with some angle with respect

to the surface, the lineshape of the N1s spectrum can be described by assuming that

for nitrogen atom closer to the surface the interaction is stronger than for farer atoms.

Finally, all these consideration include the possibility that the molecule can be deformed

when deposited to the silicon surface with a variation in the bonding distances an thus in

the binding energies. However, as we will see by analyzing the NEXAFS and the valence

band data, the macrocycle seems to remains almost flat forming an angle of 30deg with

respect to the Si(111) surface.
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5.3.3 NEXAFS: molecular orientation

Figure 5.10: Angular dependent NEXAFS of ZnTPP monolayer at N1s edge. The spectra are taken

at different angles, θ, between the electrical field of the incoming radiation and the silicon surface. Inset:

normalized intensity of the first π∗ state as a function of θ.

In figure 5.10 is shown the angular dependence of NEXAFS spectra at the N1s edge.

In the isolated molecule the four nitrogen atoms lie in the macrocycle plane and the ori-

entation of the π∗ is perpendicular to this plane. Since these π∗ states lie orthogonal to

the macrocycle plane the angular dependence on the direction of the electrical field of

the incoming radiation measure the orientation of the macrocycle. The silicon surface

presents a three-fold symmetry that induces the formation of three orientational domains

with azimuthal angle differing of 120o. In such case the π∗ intensity is independent on

the azimuthal angle but depends only on the angle γ with respect to the substrate surface

[168]. The normalized intensity of the first π∗ state as a function of the angle between the
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Figure 5.11: NEXAFS spectra of ZnTPP multilayer and ZnTPP monolayer/Si in normal and grazing

incidence.

electrical field of the incoming radiation and the silicon surface is plotted in the inset of

figure 5.10. Fitting these data with formula 2.22 an angle γ = 30o is obtained. This very

nice dependence of the π∗ seem to suggest that the macrocycles is not distorted or at least

the N atoms are on a plane.

In figure 5.11 the NEXAFS spectra at C1s edge of the ZnTPP monolayer/Si and of a

ZnTPP multilayer in normal and grazing incidence are plotted. The data are normalized

at the π∗ state of the phenyl groups at hν=285.5eV. In this case the spectra appear very

similar. The difference in intensity between the monolayer and the multilayer of peak

located at the macrocycle, hν=284.5eV, can be ascribed just to the different orientation

of the two systems, while in normal incidence a small broadening appear. The huge peak

at hν=284.8eV belongs to the phenyl groups and is really similar in the two systems. The
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Figure 5.12: NEXAFS spectra at C1s edge of the ZnTPP monolayer taken with photon beam impinging

at normal and grazing incidence.

greatest differences are locates at higher photon energies were the visible structures are the

superposition of states belonging to the macrocycle and to the phenyl groups.

Moreover, normalizing the monolayer spectra of figure 5.12 to the intensity of π∗ state at

hν=300.5eV we can deduce information about the orientation of the phenyl groups. When

measured in the two polarizations their intensity variation is not very large therefore the

phenyl groups appear as disordered. These considerations suggest that the carbon atoms

at the macrocycle are not directly involved in the interaction between the molecule and

the substrate but their photoemission core level spectrum variation (BE shift) only reflects

the strong interaction of the nitrogen atoms. Because of geometrical considerations the

carbons belonging to the phenyl groups are the closest to the surface therefore are the best

candidates for the formation of the Si-C bond.
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5.3.4 UPS of valence bands

Figure 5.13: Valence band photoemission spectra collected at hν=91eV. Bottom panel: valence band of

the clean silicon surface(black line), of the ZnTPP monolayer on silicon (111) surface(blue line) and of

the ZnTPP multilayer (red line). Top panel: polarization effect in valence band of a ZnTPP monolayer on

Si(111).

In figure 5.13 are plotted the photoemission spectra of the valence band of the clean

Si(111) surface of the ZnTPP monolayer and of a ZnTPP multilayer. In the monolayer

spectrum the peaks are shifted to lower binding energy apart the Zn3d peak. This indicates
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that the Zn atom is still in the macrocycle and that the atoms surrounding the Zn atoms

are more or less in the same position, which points again to a non-distorted macrocycle.

Although it is impossible to determine the position of the HOMO or LUMO from this

spectrum, the system appears semiconducting. In the top panel are plotted the valence

bands of the monolayer measured in grazing and normal incidence geometries. In the

multilayer a small polarization dependence of the valence band photoemission spectrum

is observed [37]. In this case the effect we observe is just an increased emission in the

region were the Si p-states could influence the spectrum. This seems to be similar to the

modulation of the photoemission spectra in C70 ResPES experiment that we described

as photoelectron diffraction effect of the substrate. The same effect is visible in resonant

photoemission experiment at normal emission (grazing incidence) of the ZnTPP monolayer,

as shown in the following section.

5.3.5 ResPES at C1s edge

In figures 5.14 and 5.15 are plotted the resonant photoemission measurements normal

incidence (figure 5.14) and in grazing incidence (figure 5.15). A clear difference due to

the polarization is visible. As for the C70 the strong modulation in grazing incidence

measurements in the region (0.0, 6.0)eV is to ascribe to the phtoelectron diffraction of the

substrate. A confirmation of this statement comes from the modulation of the Zn3d state at

BE=10.5eV. This core level state is not involved in the resonant processes therefore all its

modulation comes from photoelectron diffraction, that is evident in both measurements.

The high binding energy part of the spectra taken at photon energies above 288.0eV is

characterized by Auger emission.

In figure 5.16 are plotted the resonant valence bands corresponding to photon energies

far below and just below the resonance, in correspondence of the maxima in NEXAFS

spectra and far above the resonance. These spectra are obtained subtracting from the

photoemission spectra an integral background (Shirley) and an Auger contribution. Well

below the resonance region at hν=279eV, the spectra are dominated by the silicon struc-

tures (BE=(0.0,6.0)eV) and by the Zn3d states (BE=10.5eV).

Just below the resonance at hν=283eV the spectra appear very similar to the previous

one and present just a lowering in intensity. At hν=284.6eV (light blue line) an electron
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Figure 5.14: Resonant photoemission at C1s edge: photoelectron intensities while the photon energy

scans trough the C1s ionization edge measured in normal incidence geometry.

is excited at the macrocycle. In this case the small emission at BE=3.4eV appear. In

addition the small peak at BE=7.5eV (in the before resonant spectra) disappear because of

an enhancement of two neighbor peaks. This resonant decay is evident in grazing incidence,

since the macrocycle state is much more populated, while in normal incidence this state

is strongly quenched and, therefore, no decay is observable (see NEXAFS spectra). The

excited electron remains localized on the macrocycle for a time at least as long as the core

hole lifetime and the charge transfer compete with resonant decay. At hν=285.4eV the

excited states located at the phenyl groups are populated. In this case strong resonant

decays are visible in the photoemission spectra (green lines). Similarly to the multilayer

case [37] the phenyl groups of the monolayer show strong resonant decay, which indicate
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Figure 5.15: Resonant photoemission at C1s edge: photoelectron intensities while the photon energy

scans trough the C1s ionization edge measured in grazing incidence geometry.
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Figure 5.16: Resonant valence bands. In this figure are plotted the spectra taken at photon energies well

below the resonance (purple line) just above the resonance (blue line) and in correspondence of the maxima

in NEXAFS spectra. The last spectra (black lines) are taken at photon energies far above the resonance.

Left panel: grazing incidence. Right panel: normal incidence. These spectra are obtained by subtracting

an integral background (Shirley) and the Auger contribution

that the excited electron remains localized for a time longer than the core hole lifetime and

that the charge transfer competes with the other processes. At higher photon energies no

evident resonant decays are detectable.

If we plot the resonant intensity as function of the photon energy, figure 5.17, it is

clear that the resonance is quenched only for the π∗ states between 287eV and 290eV. The

region above 291eV is characterized by the σ∗ states that are degenerate with the vacuum

therefore non-resonant decay is allowed.

From these data we calculated the CIS (constant initial state) profile of the resonant

intensity by integrating the resonant valence bands in the ranges 0.0-5.0eV (red line) and
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Figure 5.17: Resonant intensities.

Figure 5.18: Fano fit of the resonant intensity calculated as CIS spectra

0.0-9.0eV. Only the resonance at the phenyl group at normal incidence was fitted with a

Fano profile because at grazing incidence the resonance of the phenyl groups and of the

macrocycle are superimposed. From the fit we obtained that the lifetime of the resonance

for a hole in the phenyl groups is about 4fs.
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5.3.6 ResPES at N1s edge

Figure 5.19: Resonant photoemission measurements at the N1s edge in normal incidence geometry.

In figure 5.19 and 5.20 are plotted the resonant photoemission measurements in nor-

mal (figure 5.19) and grazing incidence (figure 5.20) taken while the photon energy scans

through the N1s ionization edge. In this case both the Auger and the resonant signal is

very low and no clear resonant peak can be detected in the photoemission spectra, but

after the background and the Auger subtraction a small resonant signal was extracted.

This signal (the pure resonant intensity) is plotted in figure 5.21 in comparison with the
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Figure 5.20: Resonant photoemission measurements at the N1s edge in grazing incidence geometry.
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NEXAFS spectrum obtained integrating the whole valence band.

Figure 5.21: Resonant intensities of the ZnTPP monolayer/Si and of a ZnTPP multilayer.

In normal incidence, the resonant intensity is smaller than the noise level of our data

therefore we can say that the resonant features are completely quenched. In normal inci-

dence geometry are populated the π∗ state that lie in the molecular plane, therefore the

electron excited from a nitrogen atom fast delocalize to the neighbors carbon atoms but

not to the substrate.

5.4 Conclusions

Here we have investigated the electronic, geometric and charge transfer properties of one

monolayer-C70 and one monolayer-ZnTPP on Si(111)7× 7. The C70 monolayer is a semi-

conductor with mainly covalent interactions between C70 atoms and the silicon atoms.

However the carbon-silicon peak is not visible in the photoemission spectrum. The pack-

ing efficiency of C70 allows the molecules to stand up, with the C5v axis parallel to the

silicon surface normal. The charge transfer properties are very efficient: no resonance are

seen in the resonant valence band apart a small enhancement that corresponds to the ex-

citation from C5 atoms (i.e. the atoms most away from the surface). The fit with a Fano

profile of this resonance gives a core hole lifetime of about 2fs.

For the ZnTPP over Si(111) the molecules present a strong interaction with the sub-

strate, showing carbon atoms strongly bonded to the surface atoms. The molecule is
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attached to the surface by a phenyl group and the macrocycle forms an angle of 30deg

with respect to the Si(111) surface. Probably the carbon network in the molecule bends,

but the macrocycle conserves almost its geometrical structure. The charge transfer from

the porphyrin to the silicon substrate is not the dominant process both for carbon atoms

and nitrogen atoms, but can compete with core hole lifetime. The resonances across the

C1s threshold are very similar to the multilayer (see next chapter). Nevertheless the nitro-

gen excited electron fast delocalize through the molecule in particular when excited with

the linear polarization of the light lying in the macrocycle plane.



Chapter 6

Zn-TetraPhenyl-Porphyrin/C70: a

donor-acceptor double layer

6.1 Introduction

Progress in organic photovoltaic cells require a clear understanding of the peculiar physics

driving the electronic behavior of organic thin films. One of the important parameters is

the timescale of charge-transfer processes, which has also a crucial relevance in many bi-

ological systems. In dye-sensitized solar devices (Gratzel cells), the electron transfer from

photo-excited dye molecules to the substrate needs to be sufficiently fast (an upper limit

of a few tens of fs) to compete effectively against loss processes and thus achieve high solar

energy conversion efficiencies [7, 32, 34, 35]. In other organic-based solar cells, molecular

dye films composed of an electron (or energy) donor capable of photo-induced electron

(or energy) transfer to a linked acceptor have been used to mimics the natural photosyn-

thetic reaction centers. In these systems an important timescale is the transfer time of

the photo-excited electron from the donor to the acceptor molecule (exciton dissociation).

This charge transfer time must compete with the timescale of exciton recombination pro-

cesses or transfer processes of the exciton (energy transfer) into states that may favor the

charge recombination. This timescale is in the range 0.2 ps to 0.1 ns [36]. Porphyrins are

among the most frequently employed building blocks as electron donors and sensitizers in

artificial photosynthetic models [84, 85, 86]. Many combinations of (metallo)porphyrins
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with fullerenes, due to the complementary nature of their absorption spectrum as well

as of their electron affinity nature (p-type for porphyrins and n-type for fullerenes), have

been proposed to achieve high-performance donor/acceptor (D/A) photovoltaic systems.

Particularly interesting is the D/A dye formed by free-base (metallo)porphyrins directly

attached to fullerenes. Complexes of octaethyl-porphyrin with C60, and of tetraphenyl-

porphyrin with C60 and C70 fullerenes [87, 81, 88, 90, 91] have been reported to form solids

with remarkably close contact between the constituent molecules, that is, an interaction

takes place between the curved π surface of the fullerenes and the planar π surface of a

porphyrin. In these systems, actually realized in co-crystallite and/or solution form only

[87, 81, 88, 90, 91, 89], the interaction is primarily van der Waals in nature, but is influenced

by a summation of other forces. These include electrostatic, coordinate bond formation and

charge transfer interactions. Moreover, it has been observed that in porphyrin/fullerene

complexes the typical fluorescence decay of both the excited porphyrins and fullerenes is

strongly quenched [92]. This indicates that non-radiative decay channels are favored. One

step forward toward an efficient solar cell is the deposition of free-base porphyrin/fullerene

dyes on large surfaces, the control of the dye film thickness and order and the verification of

the timescale of the excited charge separation in the D/A system and, possibly, the electron

transfer time from the dye to the substrate when used as sensitizer. Moreover, since the

geometric structure of the adsorbed molecules and their arrangement are responsible for

the physical and chemical properties of the organic film, the possibility to control and tailor

the orientation of both fullerenes and porphyrins should give the chance to create many

systems with completely different properties. Following our effort to demonstrate the feasi-

bility of ultra-high-vacuum (UHV) self-assembling of Zn-tetraphenyl-porphyrins (ZnTPP)

and pristine C70 fullerene molecules on substrates with the purpose of fabricating large

ordered layered structures having selected intermolecular interactions and electronic prop-

erties, in this chapter we report on the formation of a D/A double-layer on Si(111) formed

by one monolayer of C70 and one monolayer of ZnTPP [38].
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6.2 Experimentals

Using near-edge X-ray absorption (XAS), photoemission and resonant photoemission spec-

troscopy (RPES) we have investigated the molecular orientation, electronic properties and

D/A charge transfer timescale in this ZnTPP/C70 film and compared to pure ZnTPP films

for reference. The measurements were performed in the UHV experimental chambers, base

pressure 10−10 mbar, of the SuperESCA and ALOISA beamlines at the Elettra Synchrotron

facility. Highly purified ZnTPP (99.999%) were sublimated in UHV and deposited on the

clean Si(111) 7×7 substrate kept at room temperature using a resistively heated Ta evapo-

rator. The evaporation rate was about one monolayer (1 ML) every 10 min. Photoemission

spectra were obtained by collecting the photoelectrons with a double-pass hemispherical

analyzer having an angular acceptance of ±1deg, while XAS spectra were measured at

the C1s and N1s thresholds in partial yield by collecting the C and N Auger electrons,

respectively. The energy resolution was 50 meV for valence band photoemission and XAS,

while it was ≈100 meV for core level photoemission.

6.3 Results and discussion

Growth and characterization of ZnTPP multilayer films on clean Si(111) kept at room

temperature have been discussed in the chapter 4.1 Here we report on the charge transfer

dynamics using resonant photoemission. This method is analogous to the pump-and-probe

technique, with an intrinsic timescale based on the lifetime of the intermediate (core-hole)

state, leading to the descriptive name “corehole clock”. RPES probes the electron transfer

dynamics in the low-fs and sub-fs time regimes by monitoring those decay events of the

core-excited state that involve the excited electron [108, 201, 202, 203]. A transfer of the

excited electron away from the excited molecule competes with the core-hole decay process

and thus modifies the RPES intensity. The integrated valence band RPES intensities

as a function of the photon energy must be compared to the XAS intensities to obtain

information on the electron transfer times. Figure 6.1 shows the complete series of RPES

spectra of the ZnTPP multilayer obtained by scanning the photon energy from 279 eV

1The chapter about the growth and characterization of the ZnTPP multilayer was published in [37].
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Figure 6.1: Two dimensional intensity plot of the RPES valence band for the ZnTPP multilayer collected

across the C1s absorption threshold. The gray scale is black = min, white = max. Spectra at significant

photon energies are shown in the bottom panel.
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to 320 eV across the C1s absorption threshold with the light impinging on the sample at

normal incidence. It is evident that several features resonate as a function of the photon

energy. The large bump appearing at higher binding energy and dispersing with the photon

energy is the Auger peak, while the small peak near EF and dispersing in the opposite

direction is the second-order peak.

Figure 6.2: Integrated intensity of the whole valence band spectrum (black curve) and of the pure resonant

part (dashed and gray curves) as a function of photon energy (see text).

Integrating the whole valence band (i.e. taking the area underneath the spectra) one

obtains the XAS spectrum as measured in partial yield mode as shown in figure 6.2. In-

stead, by taking the pure resonant contribution, obtained by considering the area of the

spectra below 9 eV (to avoid contributions due to the Zn3d peak modulation at ≈11 eV

and to minimize possible remaining Auger intensity after Auger removal) after subtracting

an off-resonance spectrum and the Auger peak, some difference with respect to the XAS

spectrum are observed. In particular, when normalized to the LUMO peak (lowest un-

occupied molecular orbital, the first absorption peak), the intensity of the LUMO + 2(3)

feature is reduced. This indicates that when the electron is excited into the LUMO + 2(3)
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states it remains localized on the molecule for a time bigger but comparable (competing)

to the core-hole lifetime and, therefore, this excited states contribute only partly to the

core-hole decay as spectator state. On the contrary, in the LUMO and LUMO + 1 states

the electron remains localized for a time bigger than the core-hole lifetime, which in the

case of the C1s of ZnTPP is about 5 fs [37]. The simplest way to form a thin layer of

ZnTPP/C70 complex, possibly ordered, is to deposit first a monolayer of C70 (or ZnTPP)

and then to adsorb on top a single layer of ZnTPP (or C70). Here we show the results

obtained on the ZnTPP/C70 dye formed by a double-layer of molecules, starting with the

C70 monolayer on Si(111). On all the surfaces where a C70 monolayer has been formed the

molecules adsorb with the C5v long axis perpendicular to the substrate surface [76, 77].

The polarization dependence of the C1s XAS spectra (presented in the previous chapter)

confirm that this is valid also on Si(111). A single layer of ZnTPP can be formed atop

the C70 monolayer simply by depositing a ZnTPP multilayer and annealing just above

the sublimation temperature of the multilayer (180oC). Due to the stronger C70−ZnTPP

interaction compared to the ZnTPPZnTPP interaction, only the molecules in contact with

C70 remain adsorbed.

Figure 6.3 compares the valence band of the ZnTPP/C70 double-layer to the spectrum

of the ZnTPP multilayer as measured at normal incidence (electrons collected at 70o rel-

ative to the surface normal). Apart a general broadening of all features, which can be

ascribed both to the interaction with C70 states and to the superposition of the C70 layer

photoemission signal (hard to disentangle), the spectrum of the ZnTPP/C70 double-layer

resemble that of the ZnTPP multilayer. Clear evidence for the ZnTPPC70 interaction,

however, comes from core level spectroscopy. The inset of figure 6.3 compares the C1s

spectra of the ZnTPP/C70 double-layer to that of 1 ML-C70 and the ZnTPP multilayer.

The spectrum of the double-layer is not a simple superposition of the other two spectra

(binding energy and lineshape are completely different) as expected instead if the two

molecules were not interacting.

More convincing is the comparison between the N1s photoemission spectra of the

ZnTPP multilayer and of the ZnTPP/C70 double-layer, shown in figure 6.4. For an iso-

lated ZnTPP molecule, the four N atoms are equivalent and, indeed, in the multilayer film

we observe a single N1s peak (FWHM ≈0.7 eV) in agreement with the weak interaction
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Figure 6.3: Valence band photoemission spectrum (hν = 91 eV) of the ZnTPP/C70 double-layer compared

to the ZnTPP multilayer spectrum. Inset: The corresponding C1s core level photoemission spectra compared

with the C1s spectrum of 1 ML-C70/Si(111).

between the ZnTPP molecules. The N1s peak in the ZnTPP/C70 double-layer is instead

quite broad and reveals the presence of two peaks, suggesting that the interaction with

C70 may split the degeneracy of the N atoms. It is worth noting that this spectrum can

be reproduced using two components made by the N1s peak of the multilayer (weight 1:1)

and shifted to higher and lower binding energy with respect to the multilayer position by

0.26eV, respectively, as shown in the inset. Alternatively, the broadening of the N1s core

level in the ZnTPP/C70 double-layer may be due to a shorter core-hole lifetime as it seems

in the case of the ZnTPP monolayer on Si(111) (whose spectrum is broader than for the

ZnTPP multilayer, but with no evidence of inequivalent N atoms), which points again to
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Figure 6.4: N1s core level photoemission spectra of the ZnTPP/C70 double-layer and of the ZnTPP

multilayer. For comparison the N1s spectrum of 1 ML-ZnTpp/Si(111) is also reported. Inset: Simulation

of the N1s core level photoemission spectrum of the ZnTPP/C70 double-layer using as components the

spectrum of the ZnTPP multilayer (see text for details).

an important interaction between C70 and ZnTPP.

Further information on the electronic structure and the orientation of the ZnTPP

macrocycle can be obtained from the C1s and N1s XAS spectra. Figure 6.5 shows the

XAS spectra at the C1s threshold for 1 ML-C70/Si(111), the TPP multilayer and the

ZnTPP/C70 double-layer. The latter spectrum looks like the superposition of the other

two spectra, but the subtraction of the multilayer spectrum to the ZnTPP/C70 double-layer

spectrum (see inset of figure 6.5), reveals that there is a clear interaction between the π∗
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Figure 6.5: XAS spectra at the C1s threshold for 1 ML-C70/Si(111), the TPP multilayer and the

ZnTPP/C70 double-layer. Inset: Comparison between the XAS spectrum at the C1s threshold of 1 ML-

C70/Si(111) and the difference spectrum (dots, smoothed) obtained by subtracting the multilayer spectrum

to the ZnTPP/C70 double-layer spectrum.

orbitals of ZnTPP and C70. The difference spectrum seems the C70 monolayer spectrum

apart for the intensity of first and third peaks that are quenched, while for the second peak

is not. In C70 there are five inequivalent carbon atoms [76, 77]. The atoms are labeled from

the top (C1, pentagonal faces) to the equatorial belt (C5) of the molecule. The interaction

with ZnTPP mainly affects the features of the C70 XAS spectrum where C1 and C2 atoms

contribute, while the feature where C5 atoms mainly contribute (like the second absorption

peak) are unaffected. This observation and the above N1s core level results suggest that

there is overlap between the ZnTPP macrocycle π−system and the π orbitals on the top



118 CHAPTER 6. ZNTPP/C70 DOUBLE LAYER

part of the C70 molecules.

Figure 6.6: Polarization dependence of the XAS spectra at the N1s threshold for the ZnTPP/C70 double-

layer, normalized to the σ∗ states. A schematic drawing of the ZnTPP adsorption geometry (only the N

atoms and the central Zn are shown) atop the C70 monolayer, compatible with the XAS results is shown.

Inset: Normalized area of the N1s →LUMO transition as a function of the angle θ between the polarization

and the surface.

This is further supported by the analysis of the full angular dependence of the N1s

XAS spectra obtained by moving the linear polarization of the light from in-plane to

perpendicular to the sample surface plane (see figure 6.6). The inset of figure 6.6 shows

the intensity of the first π∗ peak as a function of the angle between the polarization and

the surface. By fitting this behaviour to I‖p = 1 − cos2θ cos2 γ − 1
2
sin2 θ sin2 γ (valid for
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three or more azimuthally rotated domains) we obtain that the π∗ orbitals of the ZnTPP

macrocycle form an angle of ψ = 56±2o with the sample surface (i.e. an angle γ = 34±2o

with respect to the normal). This value indicates that the ZnTPP is bonded to C70 as

schematically depicted in figure 6.6. The central Zn atom is atop a 6:6 double bond

between C1 and C2 atoms of the C70 molecule, with the four nitrogen atoms facing two

hexagonal and two pentagonal faces near their centers. With this absorption geometry the

square symmetry of the ZnTPP molecule is preserved and the angle (≈ 33o) between the

π∗ orbitals of the macrocycle and the C70 long axis (i.e. the normal to the surface) is very

close to the one obtained with XAS. A small bending of the ZnTPP macrocycle to better

follows the curvature of the C70 cage easily explain few degrees of difference. Moreover,

in this bond geometry, regions of high negative electrostatic potential of the ZnTPP (the

four N atoms) are facing regions of strong positive electrostatic potential of the C70 (the

centers of hexagons and pentagons) and vice versa (6:6 bond = high negative electrostatic

potential, Zn = high positive electrostatic potential) [81, 87, 88, 89, 90, 91, 204]. The same

reasoning can be done in terms of high charge density and low charge density regions.

In this particular system is, therefore, the electrostatic interaction (≈ 50 − 60% of the

total attractive interaction [204]) that eventually determines the absorption geometry of

the ZnTPP with respect to C70. Finally we look at the charge transfer dynamics in the

ZnTPP/C70 double-layer using RPES across the C1s absorption threshold.

Figure 6.7 shows the complete series of RPES spectra obtained by scanning the photon

energy from 279 eV to 320 eV with the light impinging on the sample at normal incidence.

Already from a first sight there is a general reduction of the intensity enhancement at

resonance (a factor of 2) with respect to the ZnTPP multilayer, as confirmed by comparing

the integrated whole valence band intensity and the pure resonant contribution, obtained by

considering the area of the spectra below 9 eV after subtracting an off-resonance spectrum

and the Auger peak as we did before (see figure 6.8). According to Ref. [203] this reduction

of resonance intensity indicates that in the ZnTPP/C70 double-layer system the electron

excited on a ZnTPP molecule is transferred away on a timescale of ≈6 fs (taking a core

hole lifetime of 5 fs).

Interestingly when the two curves of figure 6.8 are normalized to the LUMO peak,

we note that the relative intensity of the LUMO and LUMO + 1 transitions is roughly
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Figure 6.7: Two dimensional intensity plot of the RPES valence band for the ZnTPP/C70 double-layer

collected across the C1s threshold. Gray scale as in Figure 6.1 Some spectra are shown in the bottom panel.

preserved at resonance, while the LUMO + 2(3) resonance is completely quenched. This

indicates that when the electron is excited into the LUMO + 2(3) states it is delocalised
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Figure 6.8: Integrated intensity of the valence band spectrum (black curve) and of the pure resonant part

(dashed and gray curves) as a function of photon energy.

before the core-hole de-excitation decay.

6.4 Conclusions

Molecular dyes composed by Zn-tetraphenyl-porphyrin and C70 can be grown on large

substrates using UHV molecular beam epitaxy. The electrostatic interactions between the

constituent molecules drive the formation of ordered D/A layers. In particular, here we have

shown the formation of a double-layer structure, which can be useful for sensitizing TiO2

nano-particles in Gratzel cells. This double-layer structure can be repeated several times

resulting in a multilayer sandwich film (not shown here). The large overlapping between the

π∗ orbitals of ZnTPP and C70 allows the delocalisation of excited electrons from ZnTPP

to C70 states on a timescale of ≈6 fs. Generally, the ZnTPP/C70 film delocalise more
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efficiently the excited electrons from the excited molecule as compared to pure ZnTPP films

on a timescale that competes effectively against loss processes, suggesting its application

for efficient solar energy conversion.



Chapter 7

Formation of a donor/acceptor

junction at the nanoscale via

codeposition of ZnTPP and C70

7.1 Introduction

The use of organic material for the production of devices is becoming wider, because of

the relative simple material processing and the low cost in the production. Therefore,

the knowledge of the basic physical processes about the electron mobility, charge injec-

tion, charge transfer and molecular ordering is fundamental. In particular for photoactive

devices, like solar cells, the processes of excitation/de-excitation of valence electrons are

characterized by several competing decay channels: formation of excitons, fluorescence,

phosphorescence, vibrations (heat), inelastic scattering and light-to-current conversion. In

order to maximize the probability of light-to-current conversion a high electron mobility is

desired, which implies the need of an ordered system. In addition, for each optically excited

state from the valence band, in the conduction band there have to exist some other excited

state energetically favorable, well delocalized and diffuse over the whole solid. One way

to realize such system is to couple two semiconductors with different gaps and to form an

electron donor/acceptor system [34, 84, 37, 38, 204, 80]. It is well known that in vegetable,

the role of the chlorophyll in the chlorophyll synthesis is to adsorb light from the sun and to

123
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release free electrons in the environment to produce glucose from water and CO. Therefore

the chlorophyll acts as a sensitive molecule to the solar spectrum and as an electron donor;

because of this chlorophyll-like molecules, for example porphyrins, can be used in solar de-

vices [83]. As counterpoise, fullerenes are good electron acceptors, thus the joint properties

of these two molecular species can provide the formation of a local donor/acceptor junction

[7]. Recently we realized a porphyrin/fullerene junction depositing a single porphyrin layer

atop a single C70 layer first deposited on the freshly cleaned Si(111)-(7×7) reconstructed

surface [38, 76]. In this system the interaction between the two molecules is stronger than

a van-deer Waals interaction, and the charge transfer from the porphyrin excited states to

the fullerene is most probable than the other processes. In the following we will refer to

this system as the double layer. In the present chapter we are reporting about an ordered

nano-structured multilayer of porphyrin/fullerene dimers obtained by co-deposition of por-

phyrin and C70 in ultra high vacuum by powder sublimation. The interaction between the

two molecular species was studied by high-resolution X-ray photoemission (XPS), UV-ray

photoemission (UPS), and Near Edge X-ray Absorption Fine Structure (NEXAFS). The

formation of an ordered system was studied by angular dependent NEXAFS using linearly

polarized monochromatic synchrotron radiation. The time scale of excited charges delocal-

ization was studied by resonant photoemission (ResPES). This technique is equivalent to a

pump-and-probe, where one electron is pumped from a core level to an empty bond state,

and the decay channels of the core hole are studied. The balance between the resonant

and the non-resonant decay channel is a fingerprint of the fast delocalization of the excited

charge [108]. Because the photon energy is across a core ionization threshold, this tech-

nique provides the chemical specificity of core level spectroscopy and the core-hole lifetime

gives an upper limit for the time-scale of the fast delocalization.

7.2 Experimental

All data were collected at Elettra synchrotron radiation source. The XPS, UPS, RePES

and NEXAFS measurements were performed at SuperESCA beamline [173]. The NEXAFS

measurements were performed in Auger yield mode, i.e. collecting the electron in the

kinetic energy range of 260± 0.5 eV for the C1s edge and 370± 0.5 eV for the N1s edge.
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The photoelectrons were collected by a douple-pass hemispherical analyzer with an energy

resolution better than 100meV. The angular dependent NEXAFS experiment was carried

out at ALOISA beamline and the measurement was performed in total electron yield mode.

The total resolution at SuperESCA is better than 70meV and at ALOISA is better than

100meV. The co-deposited multilayers were grown over a Si(111) surface. The surface

was cleaned in ultra-high-vacuum, base pressure 10−10 mbar, by annealing at 900oC. The

absence of contaminant was checked by XPS and the (7 × 7)-reconstructed surface by

low energy electron diffraction (SuperESCA) and reflected high-energy electron diffraction

(ALOISA). The molecular films were obtained by powder sublimation (molecules produced

by Sigma Aldrich) using two Kundsen cells. The base pressure in the preparation never

exceeded 8 · 10−10 mbar during the evaporation. The temperature of the two Kundsen cell

was set to obtain the same evaporation rate for each molecular species. The evaporation

rate of each cell was estimated by core level XPS spectra as a function of molecular coverage.

7.3 Experimental Results

7.3.1 Calculations

The calculations for a system of an isolated couple ZnTPP+C70 show an electrostatic

binding interaction. By describing the potential surfaces of pristine ZnTPP, pristine C70

and complex ZnTPP+C70 [204], this calculations indicate that the interaction responsi-

ble of the bond between the two molecules involves the nitrogen atoms of the porphyrin

and the centre of three hexagons and one pentagon in C70 (see figure 7.1)1. In particu-

lar, the calculated equilibrium configuration predicts the porphyrin at a distance of 2.8Å

from the fullerene and a charge transfer from the porphyrin to the fullerene of about 0.14

electrons. We have also performed ab initio density-functional calculations of the struc-

tural and electronic properties of the porphyrin+C70 system. A plane-wave basis set was

used with a kinetic energy cutoff of 25 and 300 Ry for the electronic orbitals and the

charge density, respectively. The molecules were placed in a cubic box of 20.00 Å side

to which periodic boundary conditions were applied. The PBE8 functional was used for

1Figure adapted from [204].
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Figure 7.1: Potential isosurfaces for ZnTPP and C70 isolated molecules. In blue the positively charged

regions are depicted, while in red the negatively ones. When a ZnTPP/C70 complex is considered the

configuration predicted consists in the four macrocycle Nitrogen atoms of the porphyrin looking at the

centre of two pentagons and two hexagons. In such configuration the Potential Energy is minimized, and

charge transfer of 0.14e- from the porphyrin to the fullerene is predicted [204].

exchange-correlation energies, and the electron-ion interaction was described using ultra-

soft pseudopotentials [205]. The first structural relaxations of the of the porphyrin-C70

system were performed in order to determine the lowest energy geometry. The densities of

states were then obtained from the Kohn-Sham energy levels. All calculations were per-

formed using the Quantum-ESPRESSO package [206]. Our calculations find a “side-on”

orientation of the C70 molecule with respect to the macrocycle of the porphyrin, similar

to what obtained by Wang et al. [204] with a C70-porphyrin distance of 2.7Å. figure 7.2

shows the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecu-

lar orbital (LUMO) of the porphyrin+C70 system. It is worth noting that, although there

is no molecular linker and the molecule are very close together, the HOMO orbitals are on

the porphyrin molecule while the LUMO orbitals are on the C70 molecule. Therefore, the

HOMO and LUMO orbitals are “separated” on the two molecular species, so the excited

state interactions may be present in the contiguous chromophores and this system act as a
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Figure 7.2: ZnTPP/C70 complex molecular orbitals. The topology of the HOMO and LUMO of the

ZnTPP/C70 complex indicate that in the complex the HOMO is located at the porphyrin macrocycle while

the LUMO is located at the C70 cage.

donor/acceptor junction. Figure 7.3 shows the empty and filled DOS of the porphyrin, C70

and prophyrin+C70. Even in the region were there are both C70 and porphyrin states, and

therefore an hybridization could occurs, the DOS of the complex system is practically the

superposition of the two DOS of the pristine molecules, indicating that in the electronic

spectra of this material the pristine molecular ground state perturbation is weak. These

theoretical predictions are confirmed by our set of experimental data.

7.3.2 XPS

For the isolated ZnTPP molecule and for a multilayer film, the four nitrogen atoms of

the macrocycle are chemically equivalent [37]. Therefore, the measured XPS spectra are

simply composed by a single peak [37]. In the previous chapter we have shown that when

the C70 and porphyrin are assembled in a double layer structure, where the fullerenes are

forced to stand up with respect to the surface and consequently the porphyrin are forced

to lie atop the fullerene, a splitting of the N1s peak was detected [38]. In this particular

case the four nitrogen atoms of the macrocycle point to the centre of two hexagons and of
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Figure 7.3: Calculated DOS. The DOS of ZnTPP, C70 and ZnTPP+C70 have been calculated using PBE

functional and ultrasoft pseudopotentials. These calculation show that the DOS of the complex is just the

sum of the DOS belonging to ZnTPP and C70 confirming the weak molecular interaction. Note, that the

LUMO of the ZnTPP is about 1eV above the LUMO of the complex therefore the charged excited at the

porphyrin ring find energetically favourable states located at the C70 cage where to delocalize.

two pentagons near the top of C70 molecule and, consequently, the energy configuration is

different from what described by theory. On the contrary, as can be seen in figure 7.4, in

the co-deposited system the N1s spectra is the same for the ZnTPP multilayer, it present

the same FWHM and the nitrogen return to be chemically equivalent. The only difference

is just a rigid binding energy shift of -0.32 eV of the N1s spectrum when compared with the

pristine ZnTPP multilayer, indicating that there is an interaction between the porphyrin

and the fullerene. Therefore, in the co-deposited system the molecules are free to assemble

and the geometrical configuration they assume is due to the minimization of the interaction

energy. According to the shift in energy it seem that there is a charge transfer apparently

from the ZnTPP to the fullerene.

This information is confirmed by the C1s core level photoemission spectra. From pre-
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Figure 7.4: N1s photoemission spectra in a pristine ZnTPP multilayer and in this complex. The two

core level spectra are very similar (same FWHM) but with a BE shift of about 0.15eV. This indicates that

the molecular interaction is weak (Van deer Waals) but that an electrical field is generated in the complex.

vious experiments we knew the binding energy and lineshape of the C1s photoemission

spectrum for both the ZnTPP multilayer [37], the C70 multilayer and the double layer

[38]. In the double-layer the shape of the C1s spectrum is quite large when compared

to the co-deposited one and it was impossible to describe this spectrum just as a linear

combination of the C1s photoemission spectra of the pristine multilayers. Instead, the co-

deposited spectrum, while it appears wider than the spectra of both the pristine fullerene

and porphyrin multilayers, can be reasonably obtained with a superposition of the pristine

spectra. After normalization to the stoichiometric ratio (70 carbon atoms in the fullerene

and 44 in the porphyrin) it is possible to describe the co-deposited spectrum just using a

rigid shift in binding energy of -0.27 eV for porphyrin and 0.44 eV for the fullerene (figure

7.5). The energy shift needed to linearly combine the spectra of the two pristine systems
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Figure 7.5: C1s photoemission spectra of ZnTPP, C70, ZnTPP+C70. The ZnTPP+C70 C1s spectrum is

fitted using the ZnTPP and the C70 core level spectra. ZnTPP C1s is shifted of -0.27 eV and C70 of 0.44

eV, therefore a dipole is generated. The intensity reveals that the ratio ZnTPP:C70 in the complex is 1÷1.

is the fingerprint of the electrostatic interaction and of the charge transfer between the

ZnTPP and the C70, which is from porphyrin to C70 in agreement with theory. Because
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both the ZnTPP and the C70 C1s core level spectra reflect the inner structure of the molec-

ular species, this observation indicates also that the whole geometrical structure of the two

single molecular species is conserved when the complex is formed. In addiction, because in

the linear combination the ratio between the porphyrin and the fullerene reflects the stoi-

chiometric ratio, we can deduce that actually the complex is formed by the same amount

of the two molecular species. Finally, the shape of the Zn3p states (data not shown) is

similar to the spectrum of pure ZnTPP, indicating that the Zn ion remains in the center

of the macrocycle and that the macrocycle is not too much bended or distorted because of

the interaction with C70.

7.3.3 NEXAFS

Figure 7.6 shows the NEXAFS at the N1s edge of the co-deposited system as a function of

the angle between the linear polarization of the light and the surface. The N1s spectrum

would describe how the porphyrin macrocycle is oriented. As reported by Sthör [168] the

matrix element of a transition from a s-core level to a π∗ unoccupied state depends on the

angle between the electric field of the radiation and the direction of the π∗ state itself. In

particular, in the case of aromatic cyclic molecules, the π∗ state lies perpendicular to the

molecular plane. Therefore, the NEXAFS is a probe of the geometrical arrangement of the

molecules with respect to the surface. The NEXAFS spectra of the co-deposited system,

measured at different angles, show a clear dependence of the π∗ states in the macrocy-

cles belonging to nitrogen atoms on the polarization vector of the impinging radiation,

indicating that there is a molecular orientation. To obtain this molecular orientation we

have plotted in the inset of figure 7.6 the intensity of the first π∗ state as a function of

the angle between the polarization vector and the surface plane. Because the substrate is

Si(111), the best fits are obtained using a function that describes three or more domains

of orientation in the plane [168]. Therefore, the only fitting parameter is the angle γ that

the macrocycle forms with the normal to the surface. The result is γ = 47.0 ± 2.5o and

obviously is independent from the azimuth.

From the NEXAFS spectra at the C1s edge we can obtain more information about the

geometrical configuration of the system. The absorption spectrum at the C1s threshold of

the co-deposited compound measured at SuperESCA (normal incidence of the light, 70o
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Figure 7.6: Angular dependent NEXAFS at N1s edge. Because the N atoms belong only to the porphyrin

and they lie on the same plane and their π∗ orbiltals lie perpendicular to this plane, the π∗ dichroism

indicate the orientation of the molecule with respect to the substrate surface. The Si(111) 7×7 reconstructed

surface induced a threefold symmetry in the orientational domain of adsorbate molecules. According to St

öhr model [168], the fitted intensity of the π∗ states shows that ZnTPPs are oriented at γ = 48o with respect

to the surface.

of emission) contains clearly the features of the two component molecules (figure 7.7a).

Similarly to the photoemission core level spectra, the NEXAFS can be almost completely

composed by normalizing the C70 and porphyrin spectra to the stoichiometric ratio and

applying a rigid shift in energy (0.39 eV). The main difference is related to the intensity

profile of some peaks, which depends on the interaction with the light polarization and on

the fact that some charge transfer between the molecules has taken place. With this method
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(a)

(b)

Figure 7.7: NEXAFS at the C1s edge. (a) Similarly to C1s core level photoemission spectra NEXAFS

structures in the ZnTPP+C70 system can be fit as linear combination of pristine ZnTPP and C70 mul-

tilayer NEXAFS confirming the weak interaction and that the hybridization in the conduction states is

low. Moreover it is possible to discriminate in the ZnTPP+C70 spectrum the states belonging to ZnTPP

and to C70. (b) The low energy peak belonging to the porphyrin shows the same dichroism as the N1s π∗

confirming the orientation of the macrocycle (see text for details).
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it is easy to locate the various excitation on the single molecular species. In particular, the

first excitation at ≈ 284.2eV is located at the macrocycle and comes from the porphyrin

ring alone [37]. The first strong peak at 284.7 eV, instead, belongs almost completely

to C70. Finally, all the other peaks are a combination of porphyrin and C70 features: the

double peak at 285.6 eV is the superposition of C5 of the fullerene and of the phenyl

groups of the porphyrin, the structure at 286.8 eV belongs mainly to C70 [76] and the

other excitations are common to the two molecular species since belongs to π∗ excitations

typical for aromatic carbon bonding. Finally, the region above 290eV is characterized by

the σ∗ states. As in the case of C1s photoemission spectra the majority of the features can

be described with a superposition of the two pristine spectra, indicating that the electronic

states (and in this case is the joint density of states) are, apart some shift, the same of the

separated molecules.

In figure 7.7b are plotted the C1s NEXAFS as a function of the angle between the

surface and the electrical field of the synchrotron radiation measured at ALOISA. Because

of the peculiar light incidence at this beamline, which is always at 6o, the spectra are a bit

different from the one presented in figure 7.7a, with the porphyrin peak more evident and

the phenil peak clearly split in two. Also in this way, looking at the dichroism that some

peaks have as a function of the light polarization, we can detect the porphyrin and, possibly,

C70 orientations. As before the angular dependence of the first excitation belonging to the

porphyrin reflects the behaviour of the π∗ states located at the macrocycle. As for the N1s

NEXAFS spectra, the best fit was obtained using the same model function for more than

three azhimutal domains. The polar angle obtained for the porphyrin state confirm the

evaluation at the N1s edge, γ = 47.0±2.5o. It is a good confirmation that in the NEXFAS

spectrum of the complex system the first excitation belongs only to the porphyrin and very

small superposition with other state occurs.

Let consider now the carbon atoms of C70. They form closed chain of atoms at the C70

cage, which start with the pentagon at the top and at the bottom of the molecule (C1)

and end with the C5 chain at the shortest equator. The dichroism of the corresponding

peaks describes the orientation of the long axis of the molecule [77] and therefore how

the molecule is oriented. However, looking at the first peak at 284.7 eV, which belongs

almost completely to C70, it seems that there is no variation of the intensity. This can be
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interpreted in two ways;

1. C70 is at the magic angle ( γ = 58o) and, therefore, is almost parallel to the macrocyle

plane with a tilted angle of 10 ± 5o. This spacing accommodates C70 in a “side-on”

rather than “end-on” orientation (with respect to the porphirin plane) with its five-

fold axis a bit tilted with the porphyrin macrocycle plane. This is the expected

result of maximizing van der Waals contact, which, from molecular mechanics mod-

eling [15], are the fundamental basis of the fullerene-porphyrin interaction. Similar

orientation is observed in the discrete supramolecular chemistry of jaws porphyrin

[89] and cocrystallite structures [90, 91, 92, 93]. For example in CuTPP cocrystals

[91] the macrocycle is nearly parallel (10o) to the long axis of the ellipsoidal C70. The

same “side-on” approach of C70 to porphyrin was observed in cocrystal of Zn(TPP)-

C70 [91] and in the series of isostructural complexes. In this case the long axis of

the C70 is inclined by about 16o to the porphyrin plane. This arrangement contrasts

with the “end-on” coordination of C70 with metals, that occurs where back-bonding

is significant. C70 also brings the porphyrins into a tilted plane register from the

in-plane relationship observed in the porphyrin multilayer [37].

2. C70 is disordered, but the disorder must be a rotation in a plane almost parallel

to the porphyrin macrocycle because of the dimensions of the molecules. In fact,

if the rotation was in a plane perpendicular to the ZnTPP macrocycle plane some

ZnTPP-C70 couples should assume a configuration similar to the configuration of

the double layer. In that case a chemical shift in N1s core level was detected [38]

therefore we could expect at least a broadening of the N1s photoemission spectrum.

On the contrary for ZnTPP+C70 system the N1s spectrum is consistent with only

one N specie, figure 7.4 therefore the interaction between ZnTPP and C70 is always

at a minimum and no molecular distortion occur. Moreover, in the double layer we

observed resonant decays when an electron is excited at the porphyrin ring [38]. If

some ZnTPP-C70 assumed that configuration we could expect some resonant decays,

but in correspondence of the same excitation we observed no resonant decay (see the

following sections). In principle we could derive the same consideration from the C1s

photoemission spectrum, nevertheless this spectrum consists of several superimposed

contribution and a clear evidence is not immediate although the C1s spectra of C1s



136 CHAPTER 7. FORMATION OF A D/A JUNCTION

in the double layer and in the co-deposited system appear different.

7.3.4 UPS Valence bands

Figure 7.8: Valence bands of ZnTPP, C70 and ZnTPP+C70 taken at hν = 91eV. The topmost spectrum

is a linear combination of the ZnTPP and C70 according to the considerations formulated about the C1s

core level spectra. In this case the linear combinations cant reproduce correctly the ZnTPP+C70 spectrum

because of the electronic rearrangement due to the small charge transfer from ZnTPP to C70. this is more

evident in the HOMO region.

In figure 7.8 are plotted the valence band spectra of the pristine molecular multilayers

(porphyrin and fullerene), the co-deposited system, and a linear combination of the formers

two. In this case it is possible to detect a binding energy shift of -0.7eV for the fullerene
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spectrum, nevertheless the linear combination does not reproduce the co-deposited spec-

trum very well. For example between 6 eV and 10 eV the C70 features appear quite stronger

than in reality. This is probably due to the small hybridizations of π and σ states in such a

region, and a simple rigid shift and superposition of the two spectra is not adequate to de-

scribe the complex system. The low binding energy site is better reproduced, although the

region of the HOMO state of the pristine porphyrin seems to be shifted at higher binding

energy and it is superimposed to the other molecular structures. A new feature is present

at 1.3-1.4 eV. This is probably due to the small charge reorganization in the porphyrin-C70

interaction, which according to theory [204] should transfer 0.14 electrons/molecule from

porphyrin to C70. The new state is probably the LUMO of the former C70 that has been

filled by the transferred electrons.

7.3.5 Resonant Photoemission

Off Resonant KVV Carbon Auger

Figure 7.9: KVV Auger from C1s of ZnTPP+C70. To perform the Auger subtraction in the Resonant

spectra, a Auger spectrum at hν = 390eV was taken. The spectrum have been fitted as the sum of the as

less as possible Gaussians over a polynomial background.

As the ionization threshold is open a strong Auger emission is detected in the valence

band range. For an appropriate data analysis we need to remove the normal Auger emission
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from the valence band data when hν scans through the resonance. This spectrum has

almost the same shape but with a variable intensity that follows the trend of the NEXAFS

spectrum. Therefore we measured an Auger KVV from C1s with a photon energy of

389.07eV, far from the ionization edge in order to avoid resonance effect and to have

the spectrum superimposed to no other emission contribution. Because we don’t need to

analyze the shape of the Auger in a very sophisticated way, we choose to describe the

data with a polynomial background and as less as possible Gaussian functions. In figure

7.9 are plotted the experimental data, the background and the curve fitting. This Auger

contribution has been used to analyse the ResPES data.

ResPES at C1s ionization edge

In figure 7.10 is shown the photoelectron intensity as the photon energy scans trough the

absorption edge of the C1s level. At the bottom it is plotted the photoemission spectrum

valence band taken before the ionization edge, at 280eV. At the left side it is plotted the

NEXAFS spectrum measured in Auger yield. In the picture the sharp enhancement in

the low binding energy region between 0eV and 9eV, in correspondence of the excitation

in the NEXAFS spectrum between 285eV and 287eV, is clearly visible. These are the

resonant contributions to the spectrum belonging to participator and spectator decays.

Since our spectra are plotted in the binding energy region, the strong carbon KVV normal

Auger emission is visible because of the linear dispersion in binding energy (constant in

kinetic energy). In the low binding energy region a small intensity due to the C1s core

level excited by the second diffraction order of the monochromator. For example, for the

first spectrum taken at hν=280 eV this peak is at 5.7eV and it is distinguishable because

it follows the dispersion in kinetic energy of two times the photon energy. The strong

intensity at 10.75eV is due to the Zn3d core levels that lie in the valence band region.

This data where treated by subtracting for each photon energy a background propor-

tional to the full spectrum (Shirley background) and the Auger contribution. Figure 7.11

shows the valence band spectra after the background and the Auger subtraction collected

at the photon energies corresponding to the maxima in the absorption spectrum. The

second spectrum is taken in correspondence of the hν=284.5eV excitation energy, i.e. the

energy of the porphyrin macro-cycle structure in the NEXAFS spectrum. After removing
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Figure 7.10: The color map represent the photoemission intensity (the bottom spectrum is the VB at

photon energy hν = 279.92eV before the ionization edge) as the photon energy scans trough the ionization

edge (the spectrum on the left side is the NEXAFS as measured in Auger yield). In the binding energies

range below 9 eV and at photon energies between hν = 280 eV and hν = 290 eV is highlighted the region

interesting for the resonant decays. The small intensity that disperses from 5.7 eV at hν = 280 eV twice

the photon energy is the C1s spectrum due to second order effect. At 10.5eV the spectrum is dominated by

the emission from Zn3d states. At higher binding energies the spectrum is dominated by the strong Auger

emission that is constant in kinetic energy.

the normal Auger contribution the spectrum seems the non-resonant spectrum (hν=280

eV) and no clear resonant decay is detected. In addition, the Auger yield decay is very
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Figure 7.11: A selection of resonant valence bands. These spectra have been obtained subtracting the

Auger off resonant spectrum from the photoemission spectra of figure 7.10. See text for details.
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strong suggesting that an ultra-fast charge transfer take places. It could occur from the

porphyrin to the porphyrin itself, just to neighbour atoms, or to the C70. If we compare

this spectrum with the pristine porphyrin multilayer resonant spectrum [37], we could note

that in the latter case a clear resonant contribution is detectable, demonstrating a com-

petition between the decay channels and the ultra-fast excited charge delocalization. In

this case the ultra-fast delocalization occurs, therefore, between the porphyrin and the C70,

indicating that at this energy the porphyrin act as the electron donor and the C70 as an

electron acceptor. At the energy of 285.8eV, i.e. when the excitation is localized at the

first peak, an evident electron enhancement is detected. Since this peak mainly belongs

to C70 this allows to assign the enhanced state in valence band to the C70 and shows that

an electron excited on the top of the C70 cage remain localized for a time longer than the

core hole lifetime. Integrating all the resonant contribution between 0.0 eV and 9.0 eV we

obtain the “pure resonant” spectrum, that can be compared with the NEXAFS spectrum.

Figure 7.12: Resonant intensities: these spectra are obtained by integrating the pure resonant valence

band in intervals close to the binding energies of the stronger resonant decays. See text for details.
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Figure 7.13: The spectra shown in figure 7.12 have been fitted with a Fano profile and the lifetime of the

resonances have been extimated.

When normalized to the same intensity there are some important differences between

the two spectra (figure 7.12). The resonant photoemission intensity is for some photon

energy quite screened or completely absent indicating that for this photon energy the

excited electron is suddenly transferred to another molecule. The time scale of this charge

transfer can be obtained by looking at the fano-profile of some resonant features.

In figure 7.13 we plot the resonant behaviour (CIS profile) of the feature at 1.5 eV, 2.7

eV, 3.0 eV, and in the range (0.0, 9.0) eV and the corresponding fit with the fano profile

[141]. Although these profiles correspond to different parameter due to the fact that the

core hole is excited from different carbon atoms, it is evident that the lifetime should be

much shorter that 1-3fs in order to not observe the resonant behaviour.
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Figure 7.14: ResPES aqt N1s ionization edge.

ResPES at N1s ionization edge

In figure 7.14is plotted the photoelectron intensity as the photon scans trough the N1s

ionization edge. Because of the low density of nitrogen atoms (4 nitrogen atoms against

114 carbon atoms) and the low photoemission cross section at 400eV, the resonant features

are not as evident as in the ResPES trough the C1s ionization edge. Therefore no clear

information can be clearly obtained spectrum by spectrum. Nevertheless some interesting

information can be obtained extracting the resonant intensities.

The data were processed with the same method mentioned in the previous paragraph

in the C1s ionization edge. In figure 7.15 are plotted the resonant intensities for the

ZnTPP+C70 system and for the pristine ZnTPP multilayer. In this case the pure resonant

contribution reproduces the NEXAFS spectrum. Nevertheless the resonant intensities are
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Figure 7.15: N1s Resonant Intensity Figure 7.16: N1s Fano

profile fitting of CIS pro-

files

quenched ,this shows competition between the resonant decays and the charge delocaliza-

tion. Let us compare the data of this system with the pristine ZnTPP multilayer ones. In

this case the pure resonant intensity at the π∗ state at 399.5eV of ZnTPP+C70is about 30%

of the XAS spectrum obtained as VB yield. In the pristine ZnTPP multilayer the same π∗

excitation is at 399.0 eV and the resonant intensity is about 52% of the XAS spectrum.

Because of this it is clear that in the ZnTPP+C70 the charge transfer delocalization is

stronger than in the pristine ZnTPP film.

Integrating the Valence band (lower spectrum in figure 7.14) in the ranges (6.0,8.0)

and (0.0,8.0) we obtained the resonant spectra in CIS mode, of the most evident resonant

structures, figure 7.16. Fitting these Spectra with a Fano profile the obtained lifetimes of

the resonances are 1.9fs and 3.0fs respectively.

7.4 Conclusions

The attraction of a fullerene to a porphyrin represents an additional supramolecular recog-

nition element to engineer metal-organic frameworks and supramolecular solids. We growth
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in ultra-high vacuum a well ordered self assembled molecular complex composed by ZnTPP

and C70. True crystal engineering is a long way off, but the present chapter indicates a hier-

archy of structure-defining elements that contributes a useful degree of design predictability

to fullerene-porphyrin structure assembly. We anticipate the present molecular design prin-

ciples will be most useful in the manipulation of photophysical properties, in adjusting the

charge transfer and in the creation of new ordered frameworks. The electronic spectra of

these materials reflect a simple summation of components, so ground state perturbation is

weak. However, excited state interactions are present in the contiguous chromophores and

this system act as a donor/acceptor junction where the excited charges at the porphyrin

macrocycle can fast delocalize to the fullerene. The time scale of the ultra-fast charge

transfer is faster than 1-3 fs.
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Chapter 8

Electronic Excitations in Synthetic

Eumelanin Probed by Soft X-ray

Spectroscopies

“Here is a more curious case: white cats, if they have blue eyes, are almost always deaf...” “This case of correlation in cats has struck many persons

as marvellous. There is nothing unusual in the relation between blue eyes and white fur; and we have already seen that the organs of sight and hearing

are often simultaneously affected. In the present instance the cause probably lies in a slight arrest of development in the nervous system in connection

with the sense-organs...”

Charles Darwin, in “The variation of animals and plants under domestication” (1868 ),p322.

8.1 Introduction

Melanins are “rigid-backbone” conductive polymers composed of polyacetylene, polypyr-

role, polyaniline “blacks” and their mixed copolymers.1 It is a class of naturally occurring

1This chapter was published in [39].

147
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pigments, found in all living kingdoms in many different structures and forms. The sim-

plest melanin can be considered the polyacetylene, from which all others derive. The exact

chemical structure and the physical properties of these polymers are largely unknown and

their role in several natural functions and diseases appears conflicting and is subject to

debate [207].

Melanin is most prominently known as the pigment that colours the human skin and

provides protection from UV light. It also plays a crucial role to vision and its absence

may cause blindness. On the other hand, the human brain has highly pigmented non-

illuminated areas, such as the substantia nigra and the locus coeruleus, in which melanin

is present and must fulfil some other function, e.g. as a sink for free radicals, a redox

buffer or a biological device for dissipating excitational energy. Indeed, melanin is envis-

aged as an energy transducer with the properties of an amorphous semiconductor. It can

absorb many different types of energy, (including vibrations, sound, electromagnetic waves

and heat), then dissipated under some form of reusable energy (mainly heat). Being a

good electron acceptor melanin forms charge-transfer complexes with compounds which

have electron-transfer properties. Already in 1974 it has been demonstrated that melanin

can act as a semiconductor “bistable switch”, i.e. as an “active device” whose electrical

conductivity can be modulated between high and low states by an applying an external

electric field [96]. This was the first organic transistor, which also emitted light (electro-

luminescence) when switched. Later on, another kind of melanin, the polyacetylene black,

was reported to become highly conductive if chemically modified by adding iodine. The

Nobel Prize in Chemistry was awarded in 2000 for this discovery. Melanin is also the best

sound-absorbing material known, probably due to the strong electron-phonon coupling it

is expected to have, justifying its presence in the inner ear as a noise-protector. However,

the only proven natural functions are that of dye pigment and sunlight filter. A thorough

examination of the physical and chemical properties of melanin is required in order to gain

a deeper understanding of all other functions and properties mentioned above. Among

the several types of melanin, eumelanin is one of the predominant forms in humans. His-

torically, eumelanin has been viewed as a highly conjugated, spatially extended homo- or

hetero-polymer [208]. However, more recently, based primarily on a small number of X-ray

scattering experiments [101] and attendant simulations [107], it has been proposed that
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eumelanin consists of small oligomeric units (< 10 monomers) condensed by π-stacking

into 4 or 5 oligomer nano-aggregates [95]. This proposition requires a nanometer-sized

protomolecule (composed of sheets of covalently bonded monomers with lateral extents

of 15-20Å). These protomolecules would then be stacked with ≈ 3.4Å intersheet spacing

in a “graphitic-like structure” to form the aggregate. It is suggested that eumelanin is

formed by 3-4 stacked layers of protomolecules made up of 3-7 oligomeric units of various

redox forms of 5,6-dihydroxyindolequinone: hydroquinone (HQ), indolequinone (IQ) and

semiquinone (SQ) (figure 8.2) [95, 208].

Figure 8.1: The nano-aggregate model of eumelanin structure. Nano-aggregates can form clusters via

side-on interactions (bottom left) or filaments (bottom right).

In spite of the large interest in these polymers, which spans from biological sciences

to photovoltaic applications, little is known on their electronic structure. Only recently,

first-principles density functional calculations of the electronic structure of the melanin
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Figure 8.2: Schematic representation of melanin monomers: hydroquinone (HQ), indolequinone (IQ),

and semiquinone (SQ).

monomers have been reported [209], but to the best of our knowledge, the electronic struc-

ture of melanin has not yet been explored with high-energy electron spectroscopies such

as photoemission and X-ray absorption. Moreover, little information exists concerning the

time scales for the photophysical and photochemical processes that follow electron excita-

tion in monomers. Eumelanin in the condensed phase is usually described as an intrinsically

disordered system. X-ray diffraction measurements have shown that it can be regarded as

a stack of layers, spaced by 0.34 nm, without any long-range order within each layer [208].

These structural characteristics very likely represent the key to understanding the capa-

bility of eumelanins to form aggregates on a mesoscopic scale with variable morphology,

depending on the biological environment [207].

Chemical disorder is also an important issue. Indeed, melanin aggregates can be com-

posed of a mix of the precursor monomers (HQ, SQ, or IQ) [95]. Because of this char-

acteristic, several models have been proposed for the building blocks of eumelanin aggre-

gates, which span from tetramer-like protomolecules to oligomers or larger polymers (see

ref. [95] and references therein). Furthermore, the way the single monomers are brought

together to form each building block has not yet been univocally identified. This has

important consequences for the study of the electronic properties. For instance, in eu-

melanin aggregates, the highest occupied and the lowest unoccupied electronic levels of

the macromolecule/polymer may not be straightforwardly related to the highest occupied

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of the

isolated monomers. One way to access both the electronic properties and the time scale of

charge-transfer processes is provided by resonant photoemission spectroscopy (RESPES).

As for the charge-transfer dynamics, this method can be regarded as a pump-and-probe
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technique, with an intrinsic time scale given by the lifetime of the intermediate (core-hole)

state. Moreover, since core electrons are involved, this technique enables the atomic speci-

ficity unique to core spectroscopies. RESPES can probe the interfacial electron-transfer

dynamics in the low-fs and sub-fs time regimes by monitoring the decay events of the core

excited state that involve the electron excited in the intermediate state [108, 210]. If the

excited electron remains localized on the excited molecule or atom, the onset of the normal

Auger emission is delayed, and a pure Raman resonant emission is detected. For pure

Raman resonant behavior, the line shape can be fit to a Fano profile I(ε), and the lifetime

of the excited state can be estimated according to the equations, [141]:

I(ε) =
(q + ε)2

(ε2 + 1)
(8.1)

where:

q =
〈Ψ2s,p|r̂|Ψ1s〉

πV 〈Ψεk
|r̂|Ψ2s,2p〉 (8.2)

with Ψ2s,2p representing the sp hybridized states in the melanin valence band. The term

ε = (hν − hν0)/Γ is the reduced energy parameter, and Γ = 2πV 2, V being the matrix

element of the transition occurring in the autoionization process.

In this exepreriment we investigated the electronic properties of synthetic eumelanin

aggregates deposited onto copper substrates. In particular, the mechanisms of relaxation

upon X-ray excitation are explored by resonant photoemission spectroscopy at the C1s

absorption edge and the time scale for charge delocalization has been estimated.

8.2 Experimentals and Calculations.

Commercially available melanin powders (Sigma-Aldrich, cat. no. M8631), prepared by

oxidation of tyrosine with hydrogen peroxide, have been used for the experiment. Thin

layers of melanins have been prepared on polycrystalline copper substrates by dispersing

the melanin powders into water droplets deposited on the substrate. Moderate heating

was applied in order to induce most of the water evaporation. The sample was introduced

into a ultra-high-vacuum (UHV) chamber with a base pressure better than 1 × 10−10

mbar. The sample was then heated in UHV at temperatures below 130oC in order to

induce desorption of residual water. Preliminary characterization of these powders was
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Figure 8.3: (a) Raman spectrum of synthetic eumelanin collected by exciting the sample with a He-

Ne laser (λ = 632.8 nm). The spectrum is compared with a calculated spectrum (b) which includes a

weighted mix of the individual spectra of the isolated (HQ, SQ, and IQ) monomers. The weighted mix

which minimizes the rms difference with respect to the measured spectrum is HQ:SQ:IQ=70.3:27.3:2.4.

(ce) Calculated Raman spectra of HQ (c), SQ (d), and IQ (e) monomers. The rms difference between the

experimental data and weighted difference is shown in (f). The monomer Raman spectra have been drawn

according to the computational results of Powell et al [209].

carried out with thermogravimetric analysis and differential thermal analysis (TGA-DTA)

in order to identify the temperature of water desorption, X-ray photoemission spectroscopy,

and Raman spectroscopy. The results of a qualitative analysis of Raman data have shown
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that HQ is the prevalent monomer in the present sample (about 70% of the measured

spectral weight). Figure 8.3 shows the calculated Raman bands for IQ, SQ, and HQ

monomers and the experimental spectrum of eumelanin powders deposited onto the Cu

polycrystalline substrate. The experimental spectrum has been obtained by exciting the

sample with a He-Ne laser (λ = 632.8 nm) and by measuring the scattered light with a

LABRAM spectrometer coupled with a confocal microscope. The experimental spectrum

is finally compared with that obtained from a weighted mix of the three monomers Raman

spectra. The fitting was carried out by minimizing the root-mean-square (rms) difference

between the measured spectrum and the weighted mix. The fitting parameters were the

weights of the single monomer contributions. The weighted mix which minimizes the rms

difference is HQ:SQ:IQ=70.3:27.3:2.4. The monomer Raman spectra have been drawn

according to the computational results of Powell et al.[209]. The prevailing weight of the

HQ monomer is largely due to the spectral weight that only HQ monomers bring to the

band at about 1370 cm−1. We also performed ab initio density-functional calculations

of the structural and electronic properties of isolated monomers. A plane-wave basis set

was used with a kinetic energy cutoff of 25 and 300 Ry for the electronic orbitals and the

charge density, respectively. The molecules were placed in a cubic box of 13.76Å side to

which periodic boundary conditions were applied. The PBE [211] functional was used for

exchange-correlation energies, and the electron-ion interaction was described using ultrasoft

pseudopotentials [212]. first structural relaxations of the momomers were performed in

order to determine the lowest energy geometry. The densities of states were then obtained

from the Kohn-Sham energy levels. All calculations were performed using the Quantum-

ESPRESSO package [206]. The X-ray absorption and photoemission spectra have been

measured at the SuperESCA beamline of the ELETTRA synchrotron light source in Trieste

(Italy).

8.3 Results and discussion.

In figure 8.4(left panel) the photoemission spectrum of synthetic eumelanin, collected with

a photon energy hν = 91 eV in the 0-30 eV binding energy range, is shown. Due to the

predominant molecular character of the electronic states, several spectral features can be
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Figure 8.4: Photoemission spectra of synthetic eumelanin collected by exciting the sample with hν =91

eV (a) and hν =283 eV (b) photon energies. The main bands are labeled from A to F. Spectrum a has

been fit by using Gaussian functions corresponding to the peaks A, A’, B, C, and D (bottom panel). (c-e)

Calculated density of states of the hydroquinone (c), semiquinone (d), and indolequinone (e) monomers.

For each calculated spectrum, the HOMO and LUMO energies are indicated. The calculated LUMO energy

of the hydroquinone falls out of the BE scale at 3.47 eV above the HOMO level. The calculated spectra

have been aligned to have the HOMO level of each molecule at the same energy value that has been set to

zero. HOMO energy shifts are +4.277 eV for HQ, +5.1737 eV for SQ, and +4.9907 eV for IQ.

clearly singled out, at a binding energy (BE) of 5.0 (A), 11.0 (B), 14.0 (C), and 18.5 eV

(D). In the 0-5 eV range, the most prominent peak is found at BE=5.0 eV, while other

low-intensity contributions are found at lower energies. In order to assign an energy to

the bands, a fit of the valence band spectrum as a sum of Gaussian functions has been

carried out (right panel of figure 8.4). The A band is rather asymmetric and a broad

shoulder on the high BE side (A′ at 7.5 eV) is clearly detectable. Moreover, on the

low-BE side of peak A, a deviation from the Gaussian tail is detectable (indicated by a

vertical arrow), which suggests that additional electronic states are contributing to the

spectrum at low energies. This spectral weight could be ascribed either to vibronic effects,
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affecting the peak A emission, or to additional electronic states states in the low-BE region.

Rather important is the comparison with the valence band spectral features measured with

hν=283 eV photons (figure 8.4 (b) in left panel). Two other features E and F are detected

at a BE of about 23 and 26.5 eV. Moreover, a strong dependence of the peak intensity

(namely, for peaks E and D) on the photon energy is observed. Further insight into the

electronic properties of the present layers may come from a comparison with the results of

electronic structure calculations of isolated monomers (figure 8.4 (c-e) curves in left panel).

In this comparison, one has to recall that the most probable description of solid melanin

aggregates involves polimerization of elementary monomers, the mixing in the same sample

of the different elementary monomers, the presence of defects, the substitution of the side

groups, or the lack of long range order. However, theoretical calculations of the valence

band density of states are presently available only on single monomers [209] from first

principles or on larger aggregates but with important approximations, such as considering

only π electrons in the Huckel approximation [213, 214]. As can be observed in figure

8.4(left panel), although the theoretical calculations show an overall agreement with the

experimental data, a relevant dependence of the calculated density of states on the kind

of monomer can be observed. Differences with respect to the experimental data involve

both the energy and the intensity of the spectral features. As for the intensity, one should

consider that the calculated spectra have been generated by assuming that two electrons

can be accommodated in each energy level and that the photoemission cross section for

these electronic orbitals is assumed to be constant. The latter assumption is only a rough

approximation, as suggested by the comparison between experimental data collected at

different photon energies (figure 8.4 (a) and (b) curves). Furthermore, the calculated

spectra show that several peaks are expected in the 0-3 eV range. In the experimental

data, it is clear that this spectral weight is smoothed out, likely due to polimerization (and

bond hybridization) and disorder (chemical and structural).

On the basis of Raman data analysis, HQ results to be the prevailing monomer in our

aggregates and therefore we will refer to the results obtained for this monomer to proceed

with further analysis of the electronic properties by considering the projected density of

states (DOS) calculated for HQ, that are shown in figure 8.5. As can be observed, the

carbon σ orbitals contribute to the DOS below 3 eV, with the largest contribution between
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Figure 8.5: (a) Calculated density of states of the hydroquinone. (b-g) Projected DOS on the C-p (b),

C-σ (c), C-1pi (d), C-s (e), O (f), and N (g) orbitals. The HOMO level has been set to zero energy.

3 and 10 eV. The π orbitals contribute to the DOS in the low-BE region, in the 0-7 eV

range. The weight of the C s states is found below 5 eV, mostly between 9 and 16 eV.

Oxygen states mostly contribute in the 3-6 eV range, as well as to the deeper lying peak in

the 21-23 eV range. In turn, N states contribute to the peak at about 20 eV, but N-derived

states are found throughout the whole DOS. In particular, the DOS at the HOMO energy

receives contributions from O, N, and C π states, whereas no weight is found for C s and

C σ orbitals.

On the basis of photoemission and X-ray absorption spectroscopy (XAS) data, an es-

timation of the energy gap of eumelanins can be given. In the case of eumelanin in the
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condensed phase, we note, following the work of Kaxiras et al.[208], that while the individ-

ual building blocks of eumelanins may present sharp spectral features, as expected from

biological molecules with a specific structure, chemical disorder (i.e., the superposition of

different building blocks) may result in a rather broad spectral weight, without the sharp

features characteristic of molecular HOMO and LUMO levels. This is a well recognized

effect in optical spectroscopy studies of melanin, yielding a monotonic broad-band UV-

visible absorption spectrum( see figure 1.18 or [102]), in agreement with the featureless

density of states we observe at low BE in the valence band photoemission spectrum (figure

8.4). In this respect, it would be more appropriate to consider this gap as the energy differ-

ence between the highest occupied electronic states and the lowest unoccupied electronic

states, rather than the HOMO and LUMO levels of isolated monomers. The lack of sharp

features, especially in the low-BE region of the valence band, makes the analysis in terms

of HOMO and LUMO levels unfeasible for the melanin aggregates. Therefore by assuming

that the highest occupied electronic level is the feature observed 2.0 eV below the Fermi

energy (figure 8.4), we can set a lower limit of 2.0 eV for the energy gap. Furthermore, if

these states are due to vibronic effects, the gap should increase at least up to 5.0 eV, where

the A peak is observed.

As for the empty states, the energy of the C1s absorption edge was measured at 285.5

eV (see also Figure 5 for further comments), while the measured binding energy of the C1s

X-ray photoemission spectrum is 286.4 eV.2 This is known as an excitonic effect, arising

from the Coulomb interaction between the core-hole and the excited electron in the XAS

spectrum [215], which tends to shift the XAS features to lower energies (-0.9 eV). This

indicates that the core-hole screening is not efficient, as expected from a semiconducting

polymer. The lower limit of 2.0 eV for the EGAP rules out a prevailing weight of the IQ and

SQ monomers to eumelanin aggregates, in agreement with the qualitative Raman analysis,

since the EGAP for these monomers is known to be smaller than about 2 eV, as estimated

by several calculations,3 which could be further reduced when they are brought together

2The C1s ionization potential is referred to the states in the C1s X-ray photoeletron spectroscopy

(XPS) peak with the lowest BE, which are typical of C atoms belonging to the benzene ring
3Our experimental estimation has to be compared with the present computational results, which indicate

a gap of 3.47 eV for HQ, 0.79 eV for SQ, and 1.08 eV for IQ (from Figure 3). These values are comparable

with those collected by Powell et al.,4 where a HOMO-LUMO gap in the 1.3-2.02 eV range is reported for
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Figure 8.6: C1s XAS spectra (a) and N1s XAS spectra (b) of melanin film on polycrystalline copper.

The C1s spectra shown in the inset have been collected at two different incidence angles with respect to the

surface normal (θ = 0o normal incidence; θ = 80o grazing incidence).

to yield aggregates, by polarization screening effects, which are absent in the monomers

[216].

In figure 8.6a, the C1s (a) and N1s (b) absorption spectra are compared. The XAS

the indolequinone, 0.8-1.50 eV for semiquinone, and 3.4-4.53 eV for the hydroquinone.
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C1s spectrum shows well-defined spectral features at hν =285.5 eV (XA) and hν =288.7

eV (XB), as well as broad bands at hν =293 (XC), 297 (XD), and 300 eV (XE). The

XA feature is ascribed to the lowest unoccupied electronic level, with a π∗ character. The

inset of figure 8.6a shows a dependence of the peak intensity on the polarization of the

X-rays. When the setup is switched from the normal incidence condition (NI θ = 0o)

to the near normal emission condition (GI θ = 80o), the XA band is reduced while the

intensity of the XB band is enhanced. These conditions correspond to a switch of the

electric field polarization from being nearly parallel (NI) or nearly perpendicular (GI) to

the sample surface. In the GI condition, the linear polarization of the photon beam is nearly

perpendicular to the sample surface. The quenching of the π∗ orbital under GI conditions

suggests that in this configuration the π∗ orbitals (which are themselves perpendicular to

the molecule plane) form an angle larger than 45o to the electric field polarization. Hence,

melanin aggregates show a tendency to be oriented, in spite of the polycrystalline texture

of the substrate. Indeed, the tendency of eumelanins to form aggregates on a mesoscopic

scale4 could make their orientation virtually independent of the substrate texture, and

therefore, possible orientation of aggregates could be expected also for layers deposited

onto polycrystalline substrates. In any case, the angular dependence of XAS spectra that

we have observed indicates the presence of self-assembling on a microscopic scale and

deserves further investigations.

Similar effects are also observed at the N1s edge (figure 8.6b). The N1s XAS spectrum

collected at normal incidence (NI) shows a narrow peak at 400 eV (NA), followed by a

broad band at higher photon energies (NE) at 409 eV. The narrow peak is ascribed to

the absorption in the unoccupied π∗ levels, while the broad bands are ascribed to the,

delocalized, σ∗ empty bands. When the N1s spectrum is measured at GI, further spectral

features are detectable (namely, NB at 401.8 eV, NC at 405 eV, and ND at 409 eV). Indeed,

by changing the geometry from NI to GI, the intensity of the NA band decreases, while

that of the NB to NE bands increases. Therefore, the different dependence of XA and XB

and NA and NB peaks on light polarization, i.e., XA and NA decrease when XB and NB

increase, suggests a different origin of the bands. Being that XA and NA are ascribed to

1π orbitals, the measured intensity dependence suggests that XB and NB can be ascribed

4See [207] and references hterein.
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to excitation into σ∗ orbitals.

Figure 8.7: Top panel: ResPES data of melanin films collected across the C1s absorption threshold.

Labels A − F denote the binding energies of the spectral features identified in figure 8.4. Bottom panel:

CIS profile extracted from the dependence of peak A intensity on photon energy. The solid line represents

the best-fit Fano curve.

In Figure 8.7(top panel), the resonant photoemission spectra in the valence band region

are shown. The set of spectra has been collected by selecting photon energies with a step

of 0.2 eV across the C1s absorption threshold, from hν =280-304 eV. The first resonance

is detected at about hν =285.5 eV. At this photon energy, all peaks singled out in figure

8.4 show an intensity enhancement, which corresponds to the excitation of electrons into
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the unoccupied π∗ electronic level. After the enhancement at hν = 285.5 eV, an Auger

emission with a clear dispersive behavior on the BE scale (i.e., a normal Auger emission)

appears. The Auger emission causes an increase of the broad background of the spectra,

and it becomes more complicated to follow the true resonant behavior of the valence band

features at higher binding energy.

In figure 8.7 (bottom panel), the constant ionic state (CIS; see, e.g., ref. [217]) spectrum

of peak A (identified in figure 8.4) collected across the C1s absorption edge is shown.5 As

can be observed, the CIS profile of peak A shows a resonance around hν =285.5 eV.

This suggests that when an electron is excited from the C1s core level to the π∗ orbitals, it

remains localized for a time long enough to allow an interference between the autoionization

decay channel and the direct photoemission channel. In turn, when the electron is excited

into empty states above the π∗ empty orbital, such as the XB empty level detected in XAS,

no resonance is detected for the A band emission. The lack of resonance can be ascribed to

a prompt delocalization of the electron excited in the intermediate state. This also shows

that the XB orbital has a delocalized σ∗ character.

In order to estimate the characteristic time scale of the intermediate excited state, the

CIS profile of the A band has been fitted to a Fano curve (equation 8.1) and the lifetime of

the intermediate state has been estimated according to equation 8.2. The fitting results are

shown in Figure 8.7 (bottom panel), where the solid line represents the best-fit Fano curve.

The values estimated by the fit were q = 4.3 ± 0.3 for the Fano asymmetry parameter,

hν = 285.49 ± 0.01 eV for the resonance energy, and V = 0.246 ± 0.005 (eV)1/2 for the

matrix element of the Auger transition. With these values, a lifetime of about 1.6 fs can

be estimated by using the energy-time uncertainty principle. One has, however, to be

aware that several molecular orbitals may contribute to the experimentally observed A

band, as suggested by the comparison with the electronic structure of the basic monomers

(figure 8.4). This means that the resonance width can be ascribed to a manifold of closely

spaced, unresolved, single Fano resonances, each one narrower than the measured profile.

Therefore, the Fano asymmetry parameter and the estimated lifetime can be regarded as

an effective, lower value of the C1s− π∗ state(s) lifetime.

5To exclude the normal Auger emission, we focus on the resonant part of the valence band low-BE

region, where the bands involved in the UV-vis optical absorption are located (e.g., the A band)
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8.4 Conclusions.

In conclusion, by using soft X-ray spectroscopies for the analysis of eumelanin aggregates,

we have been able to measure the density of states of both occupied and unoccupied elec-

tronic levels and to set a lower limit for the energy gap. Our data analysis has been carried

out by considering that eumelanin in the condensed phase can be regarded as an aggregate

of building blocks that have not yet been thoroughly identified either as macromolecules

or as polymers. These building blocks are composed of several monomers; an indication

about the concentration of the single monomers in a sample can be obtained by, e.g., Ra-

man spectroscopy data, but the way that the single monomers gather to form the building

blocks has not yet been clarified. This has important consequences for the study of the

electronic properties. Therefore, we have carried out ab initio calculations of the electronic

structure on single monomers but the extension of computational codes to macromolecules

must proceed by developing a model for the aggregates, which goes beyond the purpose of

the paper. Rather, we have shown to which extent the calculated electronic structure of

single monomers catches the main features of solid state aggregates, thus providing infor-

mation about the importance of proper accounting for polimerization/hybridization effects

in future electronic structure calculations.

Disorder effects, that are an intrinsic property of the eumelanin condensed phase, are

found to broaden the spectral features in the low-BE region and reduce the energy gap

with respect to that of the HQ monomer. Furthermore, we have detected a tendency of

these molecules to align with the molecular plane tilted with respect to the surface plane.

Finally, through RESPES at the C1s threshold, we have observed charge localization effects

only when electrons are excited into the empty π∗ band.
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Conclusions

As pointed out in the introduction to this thesis the aim in our research is to study the

fundamental interaction between organic molecules suitable for several applications, start-

ing from the early stages of growth. Although our main aim is not the production of

devices, we could collect precious information about the properties of charge transfer at

molecule-silicon and molecule-molecule interfaces that reveal the suitability of ZnTPP, C70

and melanin to be used in photovoltaic devices.

Using synchrotron radiation photoemission, X-ray absorption spectroscopy and reso-

nant photoemission spectroscopy we have investigated the electronic properties and the

molecular orientation of ZnTPP films (more than 20 ML) deposited in UHV on Si(111).

For the first time we have revealed and identified the fine structures in the electronic spectra

and assigned to the HOMOs and LUMOs states. This is particularly important in order to

understand orbital interactions, bond formation and evolution of the electronic properties

with doping (oxidation and reduction) in the light of possible applications of porphyrins in

donor-acceptor complexes for photovoltaic devices or, given the high molecular symmetry,

as prototypical system for the verification of recent models and phase diagrams for strongly

correlated materials.

After that, we have investigated the electronic, geometric and charge transfer properties

of one monolayer-C70 and one monolayer-ZnTPP on Si(111)7× 7. The C70 monolayer is a

semiconductor with mainly covalent interactions between C70 atoms and the silicon atoms.

However the component due to the carbon-silicon bond in the C1s is not visible in the

163
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photoemission spectrum. The packing efficiency of C70 allows the molecules to stand up,

with the C5v axis parallel to the silicon surface normal. The charge transfer properties

are very efficient: no resonances are seen in the resonant valence band apart a small

enhancement that corresponds to the excitation from C5 atoms (i.e. the atoms most away

from the surface). The fit with a Fano profile of this resonance gives a core hole lifetime

of about 2fs.

For the ZnTPP over Si(111) the molecules present a strong interaction with the sub-

strate, showing carbon atoms strongly bonded to the surface atoms. The molecule is

attached to the surface by a phenyl group and the macrocycle forms an angle of 30deg

with respect to the Si(111) surface. Probably the carbon network in the molecule bends,

but the macrocycle conserves almost completely its geometrical structure. The charge

transfer from the porphyrin to the silicon substrate is not the dominant de-excitation pro-

cess for both carbon atoms and nitrogen core-excited states, but the charge transfer time

is comparable with the core hole lifetime. In fact, the resonances across the C1s thresh-

old are very similar to the multilayer one. Nevertheless the nitrogen excited electron fast

delocalize through the molecule, in particular when excited with the linear polarization of

the light lying in the macrocycle plane.

Then we have shown that, as already seen in solution, also in ultra-high-vacuum the

attraction of a fullerene to a porphyrin represents an additional supramolecular recogni-

tion element to engineer metal-organic frameworks and supramolecular solids. Molecular

dyes composed by Zn-tetraphenyl-porphyrin and C70 can be grown on large substrates us-

ing UHV molecular beam epitaxy. The electrostatic interactions between the constituent

molecules drive the formation of ordered donor-acceptor layers. True crystal engineering

is a long way off, but the present work indicates a hierarchy of structure-defining elements

that contributes a useful degree of design predictability to fullerene-porphyrin structure

assembly. In particular, here we have shown the formation of a double-layer structure,

formed by one monolayer of ZnTPP adsorbed over 1 ML-C70/Si(111) and a multilayer

ordered structure obtained by co-deposition of the two molecular species. The large over-

lapping between the π∗ orbitals of ZnTPP and C70 allows the delocalisation of excited

electrons from ZnTPP to C70 states on a timescale of few fs. Generally, excited state inter-

actions are present in the contiguous chromophores and this systems act as a donor-acceptor
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junctions where the excited charges at the porphyrin macrocycle can fast delocalize to the

fullerene (in particular faster as compared to pure ZnTPP films) on a timescale that com-

petes effectively against loss processes, suggesting its application for efficient solar energy

conversion.

Finally, we have analyzed eumelanin aggregates and we have provided the first resonant

photoemission data available in literature about eumelanin. We have been able to measure

the density of states of both occupied and unoccupied electronic levels and to set a lower

limit for the energy gap. Our data analysis has been carried out by considering that eume-

lanin in the condensed phase can be regarded as an aggregate of building blocks composed

of several monomers. An indication about the concentration of the single monomers in

a sample as been obtained by Raman spectroscopy data and ab-initio calculations of the

electronic structure on single monomers, which have shown to which extent the calculated

electronic structure of single monomers catches the main features of solid state aggregates.

Furthermore, we have detected a tendency of these molecules to align on copper polycrys-

talline substrate, with the molecular plane tilted with respect to the surface plane. Finally,

through ResPES at the C1s threshold, we have observed charge localization effects only

when electrons are excited into the first empty π∗ band. The resonant photoemission data

revealed that the lifetime of the resonance is about 1.6fs.
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[74] A. Hirsh M. Böhl. Spherical Aromaticity of Fullerenes. Chem. Rev., 101:1153–1183,

(2001).

[75] S. Saito, S. Okada, S. Sawada, N. Hamada. Common electronic structure and pen-

tagon pairing in extractable fullerenes. Phys. Rev. Lett., 75(4):685–688, (1995).

[76] M. Nyberg et al. Core-hole effects in x-ray-absorption spectra of fullerenes. Phys.

Rev. B, 60:7956, (1999).



176 BIBLIOGRAPHY

[77] A. Goldoni et al. C70 adsorbed on Cu(111): Metallic character and molecular orien-

tation. J. Chem. Phys., 116:7685, (2002). and references therein.

[78] J.P. Hare, H.W. Kroto and R. Taylor. Preparation and UV/visible spectra of

fullerenes C60 and C70. Chem. Phys. Lett., 177(4):394–398, (1991).

[79] M.I. Sluch, I.D.W. Samuel,M.C. Petty. Quenching of pyrene fluorescence by fullerene

C60 in Langumir-Blodgett films. Chem. Phys. Lett., 280:315–320, (1997).

[80] M.E. El-Khouly, O. Ito , P. M. Smith , F. D’Souza. Intermolecular and supramolec-

ular photoinduced electron transfer processes of fullereneporphyrin/phthalocyanine

systems. J. of Photochem. and Photob. C: Photochemistry Reviews, 5:70–104, (2004).

[81] P.D.W. Boyd et al. Selective supramolecular porphyrin/fullerene interactions. J.

Am. Chem. Soc, 121:10487, (1999).

[82] D. Sun, F. S. Tham, C. A. Reed, P. D. W. Boyd. Extending supramolecular fullerene-

porphyrin chemistry to pillared metal-organic frameworks. PNAS, 99(8):5088–5092,

(2002).

[83] V. Basiuk. Interaction of Porphine and Its Metal Complexes with C60 Fullerene: A

DFT Study. J. Phys. Chem. A, 109:3704, (2005).

[84] Y. Sakata H. Imahori. Donor-linked fullerenes: Photoinduced electron transfer and

its potential application. Adv. Mater., 9:537, (1997).

[85] N. Martin, L. Sánchez, B. Illescas, I. Pérez. C60-Based Electroactive Organofullerenes.
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