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Abstract (in English)

In the first part ofthis thesis interface properties of polar phthalocyaninést OdRl&rd@aluminum(lll)
phthalocyanine(AICIPc)and fluoroaluminum(lll) phthalocyanine (AlFRgE investigatedin form

of thin films deposited on two types of silver surfacessingle crystal and a follhe samples were
analyzed withX-ray and ultraviolet photoemigsn spectroscopy (XPS alldPS)A strong interaction
between the organic material and silveurfacehas been foundwhich is independenof silver
substrate typeused The moleculeandergo a loss of their central atom liggmwith the molecule ring
staying intact After de-attachment, the central atom ligand fons a bond with silver surface leading
to the formation of AgCIl and Adg-bondson the surface of silveiMVhat is moe, roughness of the
substrate surface influences the interface propertien. aditional intensity is formd close to the
Fermi edgegor monolayer thickfilms. It is present only on substrates with high roughness and is an

indication of gap states formation.

In the second part of thesimterface properties of chloroaluminum(lil) phthalocyanine (AICIPc)eat th
interface totwo rutile titanium dioxidesingle crystal surface¢001) and (100) surfacédave been
studied withXPS and UP3\dditionally, the substrate were characterized with low emgy electron
diffraction (LEED) to provide information on surfaticture and reconstructiorA strong interaction
has keenfound between nitrogen atoms of phthalocyanine ring and titanium dioxide surflice.
interaction is stroger on the (001) surface than the (100) surface due tdrthéferent surface
structure,leading to thelower reactivity of the latter one. The reactivity can be varied witimberof
defects in the crystal structure. The interaction waigrfd to depend on the amount of defects present.
As a consequence, using oxygen during preparation stepedses the amount of defects and allows

to quench the interaction.

Furthemore, investigation of film growtton TiQ substratesvas performedusingmainly microscopy
methods: atomic force microscopy and scanning electron microscopy (AFM, SEM). Dedrease o
substrate signal intensity observed in XPS provm®dplementary informatioron film growth It has

been found that the surface type has a strong influence on the AICIPc growth mode since the organic
films have a layeisland growth on the (001) surfa@nd possible islandnly growth on the (100)
surface. Introduction of defects influences the film morphology since the islands are more dense and
smaller in size on oxygen treatedléfectfree€) surface, while the island distribution on a reduced

(defectrich) (10Q surface iscare, and the islands are bigger in size.

Based on thaesults of experiments presented in this thesi was found that the interaction of
phthalocyanines can be controlled with teabstratesurface type: although charge traesffrom the
molecule to the substrate is observed on both surfaces, ititeraction with silver influences the

phthalocyanine centerwhile interaction with titanium dioxide influencdle phthalocyanine ring.



Additionaly, the reactivity of phthalocyanin@olecules towards th&tanium dioxide single crystals is
dependent on the amount of defects present, thus d@ncontrolled through adjustmeraf sample
preparation conditionsThe type and preparation of TiGurface has influence on film growth mode

aswell.
Zuwsammddenfassung (auf Deutsch):

Im ersten Teil der Dissertation wurden die Grenzflacheneigenschaften polarer Phtalocganit@Q & 0
untersucht. Es wurden hierbei Chloraluminium(phthalocyanin (AICIPc) und FluoraluminiumylIl)
phthalocyanin (AlFPcih Form von Dunnfilmproben verwendet, die auf zwei unterschiedlichen
Silberoberflachen abgeschieden wurdedilber Einkristall und Silber Foli2ie Proben wurden mit
Roéntgen und UltraviolettPhotoemissionsspektroskopie (XPS und UPS) anal\y3ayei wuide eine
starke Wechselwirkung zwischeerdorganischen Materialien und den Silbersubstraten beobachtet,
die unabhangig vo Silbersubstrattyp istDie Molekiile verlieren ihren Zentralatomliganden, wobei
der Molekulring intakt bleibt. Der Zentralatomligahiddet eine Bindung mit der Silberoberflache, was
zur Bildung von A@l und Ag- auf der Silberoberflache fihariber hinaus beeinflusst die Rauheit

der Substratoberflache die Grenzflacheneigenschaften. Eine zusétzliche Intensitat wird nahe der
FermiKante fir monolagendicke Filme gebildet. Es ist nur auf Substraten mit hoher Rauheit vorhanden

und ist ein Hinweis auf die Bildung von Lickenzusténden.

Im zweiten Teil der Arbeit wurden die Grenzflacheneigenschaften von Chloraluminium(lil)
phthalocyanin (AllPc) an der Grenzflache zu zwei RiiiandioxidEinkristalloberflachen(001) und
(100)Oberflache mit XPS wund UPSuntersucht Zuséatzlich wurden die Substrate mit
niederenergetischer Elektronenbeugung (LEED) charakterisiert, um Informationen Uber
Oberflaichenstruktur und Rekonstruktion zu erhalteDabei wurde eine starke Wechselwirkung
zwischen den Stickstoffatome des Phthalocyaninringsyd der TiQ-Oberflache gefunden Die
Wechselwirkung ist auf der (00Dberflache starker als auf der (180perflache Dies beruhtufder
geringeren Reaktitat und Struktur der (100Dberflache Die Reaktivitat kann mit der Anzahl der
Defekte in der Kristallstruktur variiert werderes wurde festgestellt, dass die Wechselwirkung

I 6 A & 0K&y TiQ-Gbatichevon derMenge der vorhandenen Defekte abhanitfolgedessen
verringert die Verwendung von Sauerstoff wahrend der Praparationsschritte die Anzahl der Defekte

und ermoglichidamit die Wechselwirkun@ufzuheben.

Weitere Untersuchungen des Filmwachstums auf-H@@straten wurcen hauptsachlichmit den
Mikroskopiemethoden (AFM und&EM) durchgefihrt Die bei XPS beobachtete Abnahme der
Substratsignalintensitat lieferte ergadnzende Informationen zum Filmwachstis. hat sich
herausgestellt, dass der Oberflachentyp eimtarken Einfluss auf den AICNR@achstumsmodus hat,

da die organischen Filme ein SchitigetWachstum auf der (00iQberflache und ein méglichéssel



Wachstum auf der (108pberflache aufweisen. Die Einfuhrung von Defekten beeinflusst die
Filmmorphologe, da die Inseln auf einer sauerstoffbehandelten (defektfreien) Oberflache dichter und
kleiner sind, wahrend die Inselverteilung auf einer reduzierten (defektreichen) (100) Obedkhg

ist und dielnseln eine grolRer&lache aufweisen.

Als Ergebnis dein dieser Dissertation vorgestellten Experimentd festzustellen dass die
Wechselwirkung von Phthalocyanindarchdem Oberflachentyp gesteuert werden kann: Obwohl auf
beiden Oberflachen ein Ladungstransfer vom Molekil zum Substrat beobachtet weidflbest das
Silber das Phthalocyaninzentrum udasTitandioxid d& Phthalocyaninring. Dartiber hinaus h&ngt die
Reaktivitat von Phthalocyaninmolekilen gegentiber den Titandiéxilristallen von der Menge der
vorhandenen Defekte ab und kann somit durchpAssung der Probenvorbereitungsbedingungen
gesteuert werden. Die Art und Vorbereitung der JF{@berflache hat ebenfalls Einfluss auf den

Filmwachstumsmodus.
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1. Introduction and Motivation- 2.1 Relation between structure and properties of solids

1. Introductionand Motivation

The organic semiconductors rise opporturifity low costdeviceswith layer architecture, due to the
possibility of preparation of thin films of such materials by severaliogatrocesses like evaporation,

printing or spin coatig. These methods are well established and broadly available.

Theopenquestions that appear frequently considering organic devicesaboaittheir efficiency and
stability. The same questions apply to the components of a deWoe this reason, it is imptant to

learn about the interactions at the interfaces of such building materials. Reactions at the interfaces
might influence or even quench the charge transfer between the building blocks, deeming the device
less efficient or useless. In this work theteractions at the interfaces of phthalocyanines
(semiconducting organic molecules) and silver as well as titanium dioxide (both used as electrodes in
devices) are investigated. It is shown that variation of the substrate (here silver and titanium dioxide)
influences differently the phthalocyanine molecule which either reacts by its centeringr
Considering that the charge transfer from and to phthalocyanine molecule might happen at different
parts of the molecule, changing the electrode material mightk or promote the charge transfer to

different parts of the phthalocyanine.

Additiondly, careful characterization of the substrates themselves is crucial in understanding the
possible interactions with the molecules deposited at their surfaces. Thgpgtant since different
crystal planes of metal oxides vary in physical and chemical properties. This fact can be used further to
vary the interaction with the molecules deposited at the metal oxide surface. Furthermore, the
presence of defects in metalxides influences the substrate properties. The defects are a major
parameter defining the properties of metal oxideue to the need of characterization of substrate
surface and interfaces between materials, a set of surface sensitive methods has tedodruthis

work photoemission spectroscopy (divided inkeray photoemission spectroscopy, and ultraviolet
photoemission spectroscopy), low energy electron diffraction as well as microscopy methods are used
to fully investigate the organic/metal and orgafmetal oxide systems. The advantage of
photoemission spectroscopy is thé& is a nondestructive method, so thathie samples can be

measured with other techniques, even after several XPS and UPS measurements.

Specially synthesized molecule§ the classof phthalocyaninesare chosento study correlations
between molecular properties such as dipole moments or reactivity and their growth and electronic
properties. Thestudies will be carried out using complemary spectroscopic techniques:rxy and

ultra violet photoemissiorspectroscopyas well as microscgptechniques (AFM, SEM), which should

providewide and detailed experimental information on these physical properties.



1. Introduction and Motivation- 2.1 Relation between structure and properties of sdb

The properties of organic films can be modifibdough variation of substrate teperature andthe
use ofmagnetic field during depositionThevariation ofsubstrate type? or introduction of defects

canalsolead to modification of the properties, ahownwithin the scopeof this work
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2. Theoretical background 2.1 Relation between structure and properties of solids

2. Theoretical baakound

This chapter focuses on the principles behind the scientific methods applied in the experiments
presented in this work, as well as the description of the materials used. This should give the reader an
insight into the material types used in the simonductor devices and analytical tools available to

probe the interfaces between thesaaterials

2.1 Relation between structure and properties of solids

The matter surrounding us can be differentiated based on many parameters. One of them is the ability
of materials to conduct electricityTypically, one describes materials with a band moddie
requirement br the condiction of charges arpartially filled bandsrbm which chargemaybe either

removed or added.

Conduction band
e acceptor states

ao :
(holes)

3 bandgap L | .. band gap
Q _ gp L )
cC
— Q P donor states

Valence band (electrons)

VB
metal semiconductor n-type p-type insulator

semiconductor semiconductor

Figure2.1 Band diagram of rmaterials differing by their conductivity at the temperature T K.G-rom
left: metal, semiconductor,-type semiconductor,-pype semiconductor and insulator.

Aband diagram ofmaterials differing by their dhity to conduct electricity ipresented inFigure2.1.

One can clearly recognize, they differ in the size of band gap and position of Fermiatetred (
temperature of OK, it isthe highest energyevelthat electrons can occupy The common feature of
semiconductors, whether organic or inorgahft is that they can be doped with additional charge
donors or charge acceptors (resulting itype or ptype semicoductor) to improve their conductivity

and adjust their electronic structurélf the structure of an insulator is modified it can be promoted to
become a semiconductor. This can be done through introducing defects in the material structure (for

example point defects in ideal Ti@inde crystal), because they can serve as charge donors or

11



2. Theoretical background 2.2 Phthalocyanines

acceptors too. The structure modifications introduce additional electronic bands available for charges
to occupy The presence of defects influences both conductivity and reactivity of the semicamduct
since it can give or receive charges needed for a chemical bond to be fofnadinge in structure

influences the properties of a material.

2.2 Phthalocyanines

Phthalocyanies are organic semiconductors with a system of conjugatednds. The simplest
phthalocyanine is a planar ring consisting of four isoindole units with two hydrogen atoms in the
center. The molecule can be adjusted by introduction of a central metal atom to form a phthalocyanine
metal complex. In that case, the two hydrogens in the dtécbf the molecule are removed, and the
four pyrrole nitrogenatomsmarked with green circle iRigure2.2 are attached to the metal atom in

the center of themolecule.The bridgingnitrogen atom marked in red circle has differesttemical
surrounding, but is still very close in binding energy togieole nitrogen. Two type of carbon atoms

are present in the ring as well. The pyrrole carbon markdalua circle and benzene carbon marked

with magentacircles.

a)M=Al,R=Cl
b)M=Al,R=F

Figure2.2 Chemical formula of a phthalocyanine molecule: a) chloroaluminum (lll) phthalocyanine,
b) fluoroaluminum (111) phthalocyanin&he circles mark two types of nitrogen and carbon atoms in the
molecule (seenain text for explanation).

Metal phthalocyanines are chemically and thermally stable. Their structural similarity to porphyrin
complexes combined withccessibility in terms of the cost and large sqaikeparation makes them
attractive as catalysts.The phthalocyanine ring can be modified further through introduction of
ligands either at the periphery of the ring, or at the central metal atom, perpendicular to the
phthalocyanine ring plane. Modifications of the phthalocyanine ring allow a change ofigtezule
electronic properities, i.e. if hydrogen atoms of CuPc,-tgpe semiconductor, are replaced with

fluorine, the resulting s=CuPc molecule is antype semiconducto?.

12



2. Theoretical background 2.3 Substrates

The axially substituted phrhalocyanines can be used asdlibgiblocks of solar cellsdue to their
electronic properties and th@ossibility to evaporate them in form of thin filmM$The periphery
substituted Pcs can be used as sensitizers in dye sensitized solar cells DSSC to replace the more
expensive and less durable ruthenium (Il) sensitizdiisis shows the flexibility of phthalocyanines in

terms of properties adjustment through molecule structure modification.

In this work, the focus is given to the polar phthalocyanines consisting of a phthalocyanine ring, a metal
center with a ligand attached at the metal center along the molecule symmetry axis. The presence of
axial ligand gives the molecules a Aganar geometry and a permanent dipole momenRolar
phthalocyanines provide an insight into the relation betweemwleaule structure and thin film
properties!® Upon depodion, the molecules can adopt different adsorption configurations in which
the polar axial group is either facing vacuum (upward orientation) or the substrate surface (downward
orientation) 1?4 This can influere the nterface properties of the phthalocyanin€$.Due to their
permanent dipole moment, the orientation of the molecules within a thin film can be controlled with

the external electromagnetic fields.

An example of a dar phthalocyanine is AICIPc which molecular structure is presentegjime2.2a.

It can be seen that the molecule has a system of conjugateohds within a chlorine atom protruding

out of the ring plane, giving the molecul@tv symmetry® As stated before, due to presence of the
axial ligand, the molecule exhibits a permanent dipole moment of 3¥This polar phthalocyanine

sublimes intact in the form of monomet$As it will be shown inhe next chapter, the axial ligand can

undergo chemical reactions upon adsorption on silver substrate.

The axial ligand of polgshthalocyanine can be adjusted to change tlipole moment valueAs an
example the substituent at the metal atoraan be changed from chlorine to fluorine atamsulting

in the fluoroaluminum phthalocyaninseen inFigure2.2b.

2.3 Substrates

Several substrates were used to model the interfaces within an electronic devibe.droup of silver
substrates, the surface order was variedween the leserderedsilver foil and the silver single crystal
with (100) oriented surface. In the grogp titanium dioxide substratesinglecrystals with(100) and
(001) surface orientation were used. It allowwdnvestigatehow variation irreactivity of TiQ surface
influences phthalocyanine molecules, since both surface orientations are expected to differ in
reactivity. The differences in interaction of organic molecudesl substrates from each groupall be

discussed iithapter4.

13



2. Theoretical background 2.3 Substrates

2.3.1 Metal substrates Silver

{AfT GOSN Aa | YSOFrf gAGK St SOGNRY O2yFAIAdzNI GA2Yy 27
It is conductive in room temperature and has the highest conductivity of all untreated méfale

to its excellent conductivity it is used frequently for fabrication of electrodes in electronic devices.

While the material itself is not transparent, it is possible to fabricate silver fridaich are flexible

and transparent, and can be used in the flexible organic solar cells.

2.3.1.1Foll

The silver foil serves as a model of an imperfect silvdase. While having rather good purity, the
surface is not ordered. As it is shown later, the roughness of the silver foil has influence on the extent
of chemical reactions between phthalocyanine molecules and the silver substrate.

The rough silver foil stace differs from ordered single crystal surface not only by its surface roughness
but also by the electronic properties like work function which value is 4.Zle&/foil is an example of

a substrate with higher roughness, a nigieal type of a surfacesloser to the real life application

electrodes.

2.3.1.2Single Crystal (100)

Silver single crystal has a fcc (face centered cubic) structure. The silver atoms in the (100) plane all have
equal spacing. Silver single crystal planes differ from each other by thekirfunction, the (100) plane
(markedin orange, sed-igure2.3) has work function value of 4.6 é¥The silver singe crystal is used

in this work as a model reactive metal surface, due to its long range order of atoms at the crystal

surface.

O
O

Figure2.3 Silver face centered cubic crystal structure with (100) plane marked in orange, the unit cell
is marked with black lines forming a cube.

2.3.2 Wide gap semiconductorgiQ

Titanium dioxidea material belonging to inorganic semiconductors, exissgueral polymorph forms.
Among them rutile is the most stable form of Ti& high temperatures. The stability of BiO
polymorphs is influenced by their structure. Due to the smallest amount of shared edges and corners

between the coordination octahedrah rutile, it is the most stable polymorph of Bi(according to

14



2. Theoretical background 2.3 Substrates

the third Pauling rule}* A list of stable, metastable and high pressure; fi@ymorphs can béund
in the work of Hanaor el 2 The rutile Ti@single crystal is composed of Ti atoms with formadiation
state 4+ and oxygen atoms with oxidation state Pue to the electron configuration of titanium, it is
possible that titanium atom is six fold coordinated to oxygen atoms, forming an octahétEath
oxygen atom is bound to three titanmuatoms. A unit cell of rutile is shown Figure2.4a while the

arrangement of the octahedrons the rutile crystal is showRigure2.4b. Comment

a)
[001]
[010]
b
. a=b=4594A
[ c=2.958A
P4,/mnm

Figure2.4 TiQ rutile unit cellwith: a) (100) and (001) planes marked in red and bkespectively, b)
octahedrondormed by sioxygen atoms surrauling one Ti atomThe oxygen atoms are marked as
small red spheres and titanium atoms are the big blue spheres.

-

o .'.- ‘.." ';"‘.“
2\ -« 2 .
P :i\ﬁ\,\g@g AR
ooy SERE PO 100]
! [010] !
, [100] [010] >
[001]

Figure2.5 Ideal surface termination of a Ti@utile: a) (001) and b) (100) surface.

Figure2.5 shows an ideal surface termination of Tiftile (001) and (100) surfaces. In tigeal
termination the surface Ti atoms arefdld coordinated for the (001) surface, anedd coordinated

fot the (100) surface. The difference in surface Ti coordination might explain why the (001) surface is

more reactive in comparison to the (100) fage.

While a high purity Tig@utile single crystal is an insulator, reduction methods allow to introdiefect

states, making the crystal a semiconductbrA direct effect of reduction are oxygen vacancies which
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2. Theoretical background 2.4 Analytical methods

result in Ti*atomsaround the \acancydue to the charge left from the missing oxygen atém.oxygen

vacancy is an example of point defedhefe can be line defects and®Tatom agglomerates present
in the TiQ crystal as wellThe band gap of rutile is 3.0 eV wifland the maximum of defect states
within the band gap is around@eV binding energy* These defect states derive from Ti 3d orkita

andare metallic in characte®

Within this work, rutile sigle crystals with two distinct surface orientations were used. These were
the (001) and (1009rientations Theyare marked on the rutile unit cethodel shownin Figure2.4a
with blue and red planes. The two planes differ in atamangement and propertie¥® It is expected

that they will interact with the environment in a different manner.

2.4 Analytical methods

Analysis of interfaces requires atomically clean experimental environméi.ig the reaso why
samplepreparation asvell as the analytical techniques used lvistwork are performed in ultrahigh
vacuum (UHV) condition¥he low pressure within the vacuum system (base pressure¥02rhbar)
decreases the possible interactions of the saengith its environment to minimum. There are no
particles in the environment which could causelastic scattering of the probed electrons, which
would lead to energy loss and invalid results about the kinetic energy of an electron, which is a
fingerprint of its chemical environment in plaelectron spectroscopy method#\nother advantage

of a UHV system is, that one can have several analytical methods possible within one system, without
the need of removal of the vacuum prepared sample into air whereatioenically clean substrates
would be instantly contaminated with gas molecules in air. Next three chapters include a short
description of UHV techniques used in this work.

Following the analysis in vacuum, microscopic techniques were used. This waseptissiti the air
stability of the evaporated thin films. Witthese techniques the surface morphology could be

investigated. The microscope techn@piare described iohapter2.4.3and2.4.4

2.4.1 Photoemission Spectroscopy (PES)

Photoemission spectroscojy based on a photoelectric effect, in which electrons are emitted from a
material when exposed to an electromagnetic radiation of the en&gyDepending on the energy
region of photons used in PES, the technique is divided iy Xhotoelectron spectroscopy and
Ultra Violet Photoelectron spectroscopy, both of which will be explained in detail in the following two

chapters. A simplified depiction of the photoemissiangess in X® and UPS is shownHigure2.6.
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a) @ b ®-

Conduction band Unoccupied states
CB

. . Valence band . O

VB
hv%
®

XPS UPS

Energy
N

Occupied states

O Core level . .

Figure2.6 Photoemission processes: a) XPS, bUPS.

Both techniques probe the occupied states within an atom. In XPS, core level electrons are probed,
while in UPS, due to the lower energy of radiatiused, only the valence band electrons are

investigated.

2.4.1.1%-ray Photoelectron SpectroscogkP$

X-ray photoemission spectroscopy (XPS) uses electromagnetic radiation in the range ehysfiuith
energies between 100 eV and 10 ké®hotons of the engy K Arom the soft Xrays regime eject
electrons from core levels within atoms. The probing electromagnetic radiation energy has to be of
the magnitude of the probed distances in the sample. In XPS ftrégjieentlythe energy ofAle ('Q

P T Y@ dand Mge (Q  p ¢ @& domonochromaticadiation.The ejected electrons are analysed

in a spectrometer, equipped with a hemispherical analysdrichsorts the electrons by their kinetic
energy?® Since the kinetic energy depends on the energy of incident photons, photoemission spectra
are shown with binding energy scale. Binding energy is the energy required to bind an electron to the
atom. To leave the atom, the electron needs to exceed thdibg energy and work function, which is

the minimum amount of energy required to remove an electron from an electrically neutral solid in
vacuum?® Therefore, the kinetic energy is equal to the difference of photon energy, binding energy

and work function (se&q.1).

We can write for kinetic energy:
E=M-B-.mn (qu)
17
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Where Eis bindng energy, EA & (1 AY SGA O Sy SNHEe I,k warkifunctignofia2 y Sy S
sample.The formula can be rewritten fdyinding energy as follows:
B=MCEG: m (Eq.2)

During photoemission measurements, the sample is in electrical comith spectrometer, so the
contact potential difference between the work function of samplgand spectrometer s(See Eq. 3)

due to the difference in their local vacuum level, has to be taken into consider&tion.
n. mhe.9. (Eq.3)
The measured kinetic energy af amitted electron is therefore:
Eneastin [ &BB-. mb N . - E- KA (Eq.4)

In consequence, thmeasured kinetic energyikas i is independent of the sample work function. The
maximum kinetic energy is measured for electrons emitted from the Fermi {&vidle relations

between the excitation, kinetic and binding energy as well as the sample and spectrometer work

function are shown irfrigure2.7 below.
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Figure2.7 The photoemission process in XPS and the relation between sample and spectrometer energy
levels.
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Since electrons at different corevels as well as electrons from the same core level, but belonging to
different atom have different binding energy, their kinetic energy will also differ, when photoexcited.
Based on this principle, therdy photoemission spectroscopy, which enables detecbf electrons

with different kinetic energies, becomes a precise qualitative analysis technique for solid samples. Even
small changes in binding energy introduced by a change in a chemical environment of the atom can be
detected, like for example a chge in oxidation state or creation of a new chemical bond. The
information can be acquired by takingsarvey spectrum of an unknown sample, electrons emitted at

a specific kinetic energy will be present as peaks on a binding energy scale. Since edebetore
electron of an atom has a specific kinetic and binding energy the signals of an unknown sample can be
identified based on reference tables with binding energies of elements and their respectiviecele

within different types of materials. Due thi¢ short attenuation length of the photoemitted eleotns

only a depth of few nanomegs into the solid can be examined with XPS. This makes the technique
very surface sensitive, and a perfect tool to examine surfaces of solids, thin films and interfaces

between materials.

XPS method enables the quantitative analysis of the sample as well, since the area under the detected
peak is related to the amount of electrons taking part in photoemission process from the related core
level. The peak areas taken framrvey spectrum have to be divided with their respective empirical or
theoretically calculated sensitivity factors. A peak fit of a core level signal allows to distinguish the

composition of the sampl&.

m Measured spectrum C1s I
E —— background

>

2

S

Py

‘O

c

9

=

S

Q s Y WV ¥
o 290 288 286 284 282

Binding energy (eV)

Figure2.8 An example of a peak fi€1s core levedpectraof a thick AICIPim.
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An example of peak fitting procedure is shown based on the §pectrum ifrigure2.8. The spectrum
marked with yellow circles has been fitted ia Tougard background and 4 component peaks, which
represent 2 types of carbon atoms in AICIPc moleculed6d G2 components marked with mageant

and light blue line) with their corresponding satellsignals (& and %2 marked as dark pink and dark

blue lines). The sum of the 4 component peaks gives a resulting sum curve (black line). The residue
curve below the fitted spectrum shows how exact is the peak fit (how much the sum curve deviates

from the measured spectrum).

2.4.1.2Ultra Violet Photoelectron $ptroscopy (UPS)

Similar to XPS, the UPS is based on the fact that electrons are removed from a material upon irradiation
with photons. While UPS follows the same principle as XPS, it differs from the previously described
method by lower excitation energpelow 100 eV, which means that only electrons with low binding
energy can be excited from the sample. In practice, it means that only outer region of an atom electron
cloud, the valence band (VB) is probed as seéigure2.6b. Frequently in UPS, a helium lamp is used

to irradiate the samples with photon of energies 21.2a\d 40.8 eV corresponding to He | and He II

lines. The technique allows probing the electronic structure of the sample.

Energy level diagram

Evo 0. - L W Surface dipole
Vacuum level : b=53eV kl | A=-08e
M 1 Work function
b =45 eV of cover layer
2 L
Work function A Pet ey lonisation potential
of substrate —~sl : of cover layer
>
lonisati tential 9’
onisation potentia i
et > 1 LUMO Lowest Unoccgpled
orsubstrate o | ! BRI Molecular Orbital
o
Conduction Band LICJ ® | Conduction band § K £ Fermi level
Edge - 1 F
6l | Howmo
Band Gap Ree o Highes Occupied
Ty S g Egap=3.0eV Molecular Orbital
7 H
Valence Band
Edge 8 i Valence band i
I 0 0 0
0 1.2 3 4 5
Substrate Cover layer
TiO, (100)

Figure2.9 Example of an energy ldwdiagram based on the UPS data, witleeption of LUMO, which
has to be probed witbomplementargechniques like inverse photoelectron spectroscopy (IPES).
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An example of an energy level dram is shown ifrigure2.9 with the main components marked with
orange arrowsWithin the measurement region for organic semiconductors the position of HOMO
(highest occupied molecular level) can be registeredyebsas a shift in th peaks position in relation

to the Fermi Edge. lonization potential can be determined as well, by adding the work function of the

material and the position of HOMO onset determined fridma VB spectrum.

The work functionofasampléey 6S 200GFAYySRX o6& O2NNBOGAYy3 F2NI
of the photoelectron spectrum:

> m IJ K(Eﬂeasmn;max‘ Emeas I'm;min) (Eq5)

Binding Energy (eV)
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Figure2.10 Secondary ektron cutoff measured for a silver foil sample at the bias voltagef\0V.
The inset shows the energy levels between the spectrometer and sample, as well as the formula used
to calculate the work function of the sample.

Eneas 0, maxiS the maximm measured kinetic energy of an electron emitted from the Fermi level and

Eneas o, miniS the minimum measured kinetic energy in the photoelectron spectrum, as shawigure

2.10. The minimum kinetic energymks un, mnOCCUrs in the spectrum at so called secondary electron

cut-off (SECO) because most of the signal consists of low kinetic energy secondary electrons, and the
ALISOUNHzY Aa2 B8RASKAz6 GHOAAKS 20t OF Odzdzy £ SOSt @
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All electrons leaving #thnsample with energy belowdhave insufficient kinetic energy to be detected,

and do not contribute to the spectrum. Even electrons whose kinetic energy is near zero may not reach
the spectrometer, due to insufficient energy. Therefore, when measufirgSECO region of the
spectrum, a bias voltage is applied to the sample, to accelerate the lowest kinetic energy electrons into
the spectrometeras shown irFigure2.10 energy diagram inset. The bias voltageo¥fsets all of the

energy levels in the sample. That is vifty. Sis still valid®!

2.4.2 Low Energy Electron Diffraction (LEED

The crystal substrates have a specific atom arrangement at the surface. While the=ssrfadered

Ay ala NBEOSAOSReé ONEBAaGlFIEZT GKSNB IINB adatt O2yal
materials or simply are adsorbed from air. The preparation methods (descritdhpter3.3) allow

to obtain clean surfacedwever, due to the sputtering and high temperature used, they waiflo
influence the surfacerder. In case of Tigxrystaldefect will be created during the cleaning procedure.

To confirm that the surface atomarig range oder is preservetbw energy electron diffraction is used.

The principle of this method is the diffraction of low energy electrons from the sample surface. The
technique uses the particlevave duality, the wave character of electrons. The low energy @estr
have wavelengths equal to few Angstroms, which matches the interatomic distances in crystals,
making them perfect probes to investigate the long range order of a crystal lattice, which acts towards
them as a diffraction grating. At low energy the irmia mean free path of electrons is shdttmeans

they candiffract only from the outermost layers of crystal latticepaking LEED a surface sensitive

method.

b) Electrical feedthroughs

Electron gun l—f/

Viewport

Fluorescent
screen /
[
Mashes / Rotary drive

for linear retraction

/

—1 J

a)

Sample

Figure2.11 Schematic image of LEED equiptnahside view, b) front view.
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A LEED setpis shown irFigure2.11. The equipment is mounteith an ultra-high vacuunthamberto

avad contamination of the surfacand diffraction of electrons from gas atoms. The apparatus is
moved with a rotary drive towards the sample. The sample surface is irradiated with a beam of low
energy electrons normal to the gace, coming from an electron gun. The electronfraltted from

the sample surfaceass by a system of gratings, which filters out the inelastically scattered electrons
and accelerates them on their way to tlle@orescent screenwhere they are detecteth form of a

diffraction pattern (spots).

The principle of LEED can be explained with the kinematic theory of electron diffraction and the
particlewave character of the electrons. The latter means that a beam of electrons with momentum

p has a wavelenbt<, described by the relation given by de Brogli&qeé:
- - (Eq 6)
where h is Planck constant.

The electrons of the incident beam are diffracted by the crystal lattice. The constructive interference
occurs if Laue condition is fulfilled: ehdifference between wave vectors of elastically scattered

electrons has to be equal to the reciprocal lattice vector as shoviay if:

Nz 0 (Eq7)
"Q ¢ vector momentum of the incident electron beam

"Q ¢ vector momentum othe diffracted electron beam

" lattice vector of twadimensional reciprocal lattice of the surface plane

The angular displacement of electrons represents momentum transfer parallel to the suffaee.
translation symmetry perpendicular to the surfasdimited due to a short mean free path of electrons
with low energy In other wordsthe detected LEED spots represent a parallel momentum transfer and

are the effect of the constructive interference of diffracted waves.

The equation describing the consation of momentum parallel to the surface is given below:

Q7 0 (Eq 8)

Oy ¢ vector momentum of the incident electron parallel to the surface

O ¢ vector momentum of the diffracted electron parallel to the surface
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(X lattice vector of twedimensional reciprocal latticef the surface plane

Using the relation between momentum p and kinetic energy E, whesehe reduced Planck

constant

V@O 270 (Eq 9)

and the relation between momentum and de Broglie wavelength, one can write the equation for the

momentumparallel to the surface as:

o —i 0t — (Eq 10)

The lattice vector of the twalimensional reciprocal lattice is given by a sum of two primitive vectors

A and B multiplied by integers h and k respectively:

~

M ® Q6 (Eg 11)
The LEED spots along the A and B vector directions are labelled with the h and k integers.

LEED pattern can be used to extract the dimensions of the unit of a crystal lattice from the dependence
of the angle theta for each spot along symmetry dii@ts versus the incident beam energy (EG),
because the distribution of diffracted electrons depends on the geometry of atoms at the crystal

surface.

What is more, LEED gives information about surface domains as well as surface reconstruction, that is,

a situation when the surface of crystal assumes different atom arrangement than the bulk crystal.

The LEED spots can be viewed according to Ewald Sfihdrgure2.12), a construction which
provides a geometric representation tife momentum conservation relationships in terms@fand

"Q versus A and B. In this figure, rods parallelQ9 represent momenta supplied by multiples of
primitive vector B in the horizontal direction such that diffracted beams have momefindue to
momentum transfer S. The itsection of these lines in two dimensions defines the direction and

magnitude ofQ .3
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Figure2.12 Example of §110) surface LEED pattdteft) and the corresponding Ewald sphere with the
rods of the reciprocal lattice (right). Momentum transfer S along B direction is marked wellow
line3*

Figure2.13 shows the relation betweethe vectors describing surface lattice and the reciprocal

lattice, based on the definition of the reciprocal lattice vecto(gq 12)
¢ Q0 0

el 00 0 WQ pht (Eq12

- -
|
|
__’\
a
2 al
4

Figure2.13 A LEED patterwith spotsrepresenting a crystal lattice areciprocal spacand vectors
definingthe unit of the crystal mesh marked in black (left); crystal lattice in real space with vectors
marked in redr{ght).
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2.4.3 Atomic Force MicroscoppFM

Atomic Force Microscopy (abbreviated as AFM) is a method oacrimaging developed by

Bininget al.*®It usesa cantilever scanning over a surface of a sample. The technique uses measurement

of interaction between the cantilever and the surface under investigation, to reveal changes in surface
topography. A cantileves a small plate (usually made out of silicon or silicon nitride, although other
materials and coatings can be used for specific applications), equipped with an atomically sharp tip at
GKS OFydAft SGSNRaA SyR® ¢KS A Ldtolrdyce speBificlinferacdion ¥ dzy O (i /
with the measured sample. Each variation in the force between the end of the tip and the sample
surface causes a deflection of a cantilevidre image is a function of the cantilever deflection versus

the surface area wherthe deflection is registered’ The deflection is monitored by reflecting a laser

beamfrom the cantilever onto a photodiode. The measured signal is used to control movements of a

piezoelectric crystal on which the cantilever is mounted along its vertical axis via a feedback system.

TappingMode™ AFM
Feedback Loop maintains constant oscillationamplitude | NanoScope llla
»| Controller
B Frequenc
. Laser Electronics| (- =7
I

Detector
Electronics

Scanner

Measures RMS of
amplitude signal

Split
Photodiode

Detector P—ﬂ sample

Figure2.14. Feedback loop in an AFM TappingMdtle

AFM can be applied in several modes, the most common ones beirgptiiact mode and tapping
mode.In the former mode, the tip is in contact with the sample as it scans across the sample surface.
The image is a fiction of the cantilever deflectionn the latter mode, the tip scanning over the sample
surface oscillates. It has contact with the surface only at the minimum of the oscillation amplitude, and

only for a brief moment. The oscillation amplitude is thghast before the contact with the surface,
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when the tip oscillates freely in the air. As the tip approaches the surface and forces between the tip
and the sample surface start to act, the oscillation amplitude decreases. In order to keep the oscillation
amplitude constant during a scan, the feedback loop maintains a constant RMS of the oscillation signal
reaching the photodetectot® Figure2.14 shows a feedback loop in a tapping mode. The laser beam is
reflected from the tip of a cantilever oscillating around its resonant frequency. When the tip is engaged
with the sample (when it starts scanning the sample surface), theaiple interactions decrease the

tip oscillation. Due to change in tip oscillation a change in laser beam reflection is detected at the
photodiode. The signal from photodiode is recalculated to the RMS amplitude $ti&lRoot Mean
Squarg is a measure o$urface roughness, and in mathematical terms, it expresses the standard
deviation of the Zaxis of the measured surfadgased on the RMS amplitude signal the feedback loop
adjusts theZ-piezo to keep the constant amplitude of tip oscillation above thdasdr. At eachX Y-
position of the scanner, the-gosition is saved by the computer to maintain a constant oscillation
amplitude. At the same time, the saved dataset of tip vertical position MyYarray gives the
topographt image of the scanned surfateAn example of @ AFM image with itsurfaceprofile is
shown inFigure2.15a and h The data processing software mentioned in Cha@er5 allows the
acquisition of the surface parameters lidtan Figure2.15c as well as a 3D surface mogeigure2.15d).

For the sake ahiswork, the peak to peak distance given by the minimum and maximum height in the

surface profile as well as RMS roughness will leel tis compare the data between the experiments.
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| 150 Maximum: 31.564 nm

[ 100 Average value: 0.068 nm
50 Median: -4.444 nm
00 Ra: 9.226 nm
-50 Rms (Rqg): 11.648 nm

-100 Skew: 1.253

-150 Kurtosis: 0.6598

Figure2.15 An exampleof AFM dataa) an 1 um x 1 um AFM image) surface profilemarked as a
white line in the AFM image) sample profile parameters ad) 3D model of the sample surface.
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The advantage of the tapping mode is, it allows to image fragile samples which would be otherwise
damaged if contact mode was used. The measurement can be performed both in air and under native
liquid conditions. The thifilms of AICIPc fall into the category of fragile samples, since it is possible to
scratch them away with an AFM tip. Using tapping mode in this work allowed to decrease the
possibility of damaging the organic thin film as well as accumulation of orgaai®ial on the tip,

leading to artéacts in the AFM image or breakitige probing tip.

2.4.4 Scanning Eléon Microscopy (SEM)

In SEM, a sample is irradiated with an electron beam, so called primary electron beam. Due to the
interaction of electrons with thesample surface secondary electrons (SE), 4saaktered electrons
(BSE) and-Ky radiation are produced. These are detected with different detectors available inside

the microscope.

Q

UNI_TUE 1.0kV 3.7mm x60.0k SE(U) 7/17/2014 500nm UNI_TUE 1.0kV 3.7mm x60.0k HA{T) 7/17/2014 500nm

Figure2.16 Exampe ofr SBM data acquired through (SE) secondary electitefs) and (BSE) baek
scattered electrons (righft the same spot of the sample.

Thesecondary electrons come from the sample surface, wiiicls the infomation about topography

of the sample while backscattered electrons come from deeper regions of the sample, and are
sensitive to the material type investigated. Depending on the atomic nurdbtiie elements scatter
different amount of electrons back to the detector, upon interactwith the primay beam. This
results in a different material contrast in a SEM image, allowing to distinguish between materials,
which differ in composition, present at the surfateFigure2.16 one can see that the left image &=d

on secondary electrons provides more information about sheface topography, while image in the
right, based orbackscattered electrons, shows less topographicébimation in favor of a stronger
contrastrelated to Znumber. Combined, they providenformation on both topograpi andenable

the distinctionbetween thesurface componentdVhat is more, he Xray quanta can be detected and
analyzed in the same devieaeth EDX$Energy-Dispersive Xay Spectroscopy) and enable a qualitative

and quantitdive analysis of the surface species.
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3. Experimentasetup

This chapter focuses on description of experimental sgtogparation of samples and data evaluation

procedures.

3.1 Materials

Substrates:

9 Indium foil,Heraeus Fainchemikalien und Forschungsbedarf Grpbiity grade 4N
91 Silver foil, MatecK Materialechnologie & Kristalle GmbH, purity grade 3N5
1 Silver singlerystals:
o0 Ag(100), MatecK Materidlechnologie & Kristalle GmbH, diameter = 8 mm, thickness
2 mm, Purity grade 5N, with a surroundiggoove and alat marking the second
orientation
o0 Ag(100), SPL.EU Crystals, Surface Preparation Laboratory, diameter = 8 mm, thickness

2 mm, Purity grade 5N with a surrounding groove and arflatking the second

orientation
9 Titanium dioxide single crystals:
0 TiGQ(001), srfaceNet GmbH, dimensions 8 mm x 8 mm, thickness 2 mm
0 TiQ(001), SurfaceNet GmbH, dimensions 10 mm x 10 mm, thickness 1 mm
0 TiQ(100), SurfaceNet GmbH, dimensions 10 mm x 10 mm, thickness 1 mm
Gases:
1 Argon (Westfalen AG, purity grade 5.0)
1 Oxygen (WestfaleAG, purity grade 5.0)

Organic molecules

9 Aluminium (lll) Chloride Phthalocyanine, synthediie the group of Dr. Tamara Basova
(Nikolaev Institute of Inorganic Chemistry, Novosibirsk, Russia) was prepamedatian of
1,2-dicyanobenzene and anhydrs aluminum(lll) chloride in quinoline media at 23¢°°C

1 Aluminium (Ill) Fluoride PhthalocyaningéNikolaev Institute of Inorganic Chemistry &
Novosibirsk State University, Novosibirsk, Russia)

1 FeCITPP, 5,10,15;2@traphenyi21H,23Hporphine iron(lll) chloride, Sigrsdrich Chemie
DYo6I = LIzNRdG& 3INIRS xpmz olt[/ 0

3.2Sample holders

Two types of sample holders were used in the photoelectron spectroscopy methbddirst type

(Figure 3.2.4) were sample holders without heating, made of stainless steel with a possibilityato fix
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sample between two screws, or with tantalum wires or tantalum foils (depending on the size and shape
of the sample) spot welded to the sample holder surface. This type of sample holder was used for silver
and indium foil substrates.

The second type of agple holders were the once with a possibility to heat the sample with resistive
heating. A tantalum wire inside 58k isolation tubes was fixed~{gure3.1b) within or Figure3.1c and

d) under the plate whre the sample holder was mounted. When electric current was applied, the wire
produced heat due to resistive heating, heating the sample holder top plate together with the sample.
By controlling the current and voltage with a power supply, the temperatordd be controlled. The
temperature was measured indirectly with a pyrometer.

The heatable sample holders were used in experiments with single crystal substrates. The last example
(Figure3.1c) was particularly good for the pregdion of the TiQ single crystals, due to the large

surface area of the top plate, since the size o, TiO

Figure3.1 Sample holder: a) without heatin) with resistive heating within the top plate) wih
resistive heating under the tgplate (outside/external view)Y) with resistive heating under the top
plate (inside view of the sample holder with the tantalum filament in form of a spiral).

AFM Sample holder (sé@gure3.2a) was a round, polished, stainless steel plate, with diameter = 15
mm and thickness = 1 mm. The samples were attached to the holder with a piece of a double sided

adhesive carbon tape (SPI Supplies, USA, wiithm), to fix the sample on the sample holder.

Figure3.2 Sample holders &FM b) SEM (top and bottom view)

SEM sample hold€Figure3.2b) was astandard Hitachiholder, acircular plate with a screw to fix it in
the microsope holder. The sample was fixed on the holder with a carbon tape to provide the electrical

contact.
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3. Experimental setup 3.3 Substrate preparation

3.3 Substrate preparation

The indium foil samples were prepared-gitu. The outer layer of indium was removed by simply
scratching it away with a spatula, temove the oxidized top layer, leaving the shiny surface free for

the powder samples to be pressed into the indium fioidllowed to irvestigate the quality of powder
materials and record reference specti@ be surethat the molecules were intact befe and after

their evaporation.

The silver foil bought from MaTeck Material Technologie & Kristalle GmbH was cleaned within the
vacuum system with sputtering cycles. Sputtering with argon ions was enough to remove the foil
surface contamination (mostly dawn). The typical energy of foil sputtering was 1 kV. 5 sputtering
cycles of 30 minutes were usually enough to obtain a clean surface. If contaminations were still present
on silver, the sample angle towards the sputter gun was varied to remove the mbgtncirom the

surface.

The silver (100) single crystals bought at MaTeck Material Technologie & Kristalle GmbH and Surface
Preparation Laboratory were prepared lyternating steps of sputtering and annealing. The first
sputtering cycles, lasting 30 mingtewvere done at higher energy 1.5 kV to remove the polishing agents
FNRY (GKS aFa NBOSAQOPSRe ONBalGlt ovyzadfte OFNb2y:
the energy was decreased to 0.8 kV, to avoid damaging the sample surface. Thingwas done

at 900 KUsudy, 9 cycles were enough eanamd | & NB OS A @ S.Rfter tlick drghs SihsONE & (0 | |
were evaporated, 13puttering-annealing cycles were needed to remawganic filmfrom the single

crystal surface and obtaingxoper surfice reconstruction.

The TiQ rutile single crystals purchased at SurfaceNet GmbH, were cleaned by sputtering and
annealing cycles, to obtain reduced surface with surface defects. For defect rich samples, longer
sputtering and shorter annealing was appliéar only slightly reduced crystals, the annealing step
was longer, and the sputtering time wesduced. To obtain the defect free surface, the samples were
treated with oxygen at pressuresp= 10° mbar.

Depending on the TiOsurface, the temperatureised for annealing was 600 °C for the X@D1)
surfacé! and 635 °C for TiL00) surface}? while sputtering energy was first 1 kV in the first
sputteringannealing cycle and later 0.8 kV in the following cydleseduce the damaging of the

surface. The time of annealing was longetre beginning (1 h) later it was decreased to 30 min.

3.4Measurement equipment

3.4.1 Vacuum system

The following 3 sections are focusing on methods available within one vacuum system (skagumen
3.3). The laboratory had three ultragh vacuum multichamber systems available. While their
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geometry differed, the main components of such systems are the same. In the vacuum equipment
description the main focus will be given the equipment with a monochromatizexy $ource, since

most expeiments presented in this work were performed there.

To achieve and maintain ultrahigh vacuum conditions (base pressure of 2%mb@r) within the
multi-chamber vacuum system several types of vacuum pumps (membgitter-, sublimation and

turbo-pumpg are used. The systems architecture can be explained along the path the sample travels

in the equipment.

Figure3.3 Vacuum system. 4Load lock, 2 substrate preparation chamber,g3analysis chamber, @
X-Ray source, § monochromator, & hemispherical analyser,gZHelium lamp, & LEED, § analysis
chamber manipulator, 1@ organic film preparation chamber, Xinicrobalance.

The sample is placed on a transfer bar lnad lock which is pumped dow; till the pressure (usually
around10® mbar)allows opening thealve to preparation chambemd sample transfer. Preparation
chamber is equipped with manipulatorwhere the sample can be annealed and a sputter gun with
Argon gas line attached. For paration of Ti@additional gas line with an oxygen lecture bottle was
attached. From preparation chambethe sample can be moved tanalysis chambewith another
transfer bar Analysis chambeis equipped with a hemispherical analyzer, monochromatized and
standard Xray source, UNamp and LEED equipment. The analysis chamber manipulator allowed
heating, but it was avoided to keep the base pressure of the chamberftnilifar range By moving

the manipulator sample can biansfered it into the second peparation chamber (the organic
chamber), equipped with a transfer bar, and evaporationtoghirepare thin filmsand a microbalance

(INFICON Holding A@)monitor the evaporation rate

3.4.2 Xray photoelectron spectroscopy (XPS)

The XPS measurements were penfied within the analysis chamber of the UHV system. Three

systems were used in this work. Their equipment is listed below:
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1) A spectrometer with an -Xay source with a monochromator (XR 50 M, SPECS) and a
Phoibos 150 Hemisgrical Energy Analyzer (SPECSgit&ion energy usedhA =
1486.7eV.

2) A spectrometer witha nonmonochromatic Xay source (DAR 400) and a Hemispherical
Energy Analyzer (EA 125, Omicrdecitation energy usetin= 1253.6 eV

3) A spectrometer with a nomonochromatic Xay source (XR 50 SPECS) and a Hemisaheri
Enery Analyzer (Phoibos 100, SPECS). Excitation energyhaseti486.6 eV

The first setup was used in all experiments done on itide single crystals, AIFPc on Ag fais well

as powder measurement on indium foil. The second setup was ughd axperiments with AICIPc on
Ag foil. The third setup was used emperiment withAICIPc on Ag(10®jingle crystabnd powder
measurements on indium foilhe excitation energy used in the XPS experiments was 148GA1 eV
K:) when monochromaticadiation was used and eithd86.6 e\(Al K) or1253.6 eV (Mg for non
monochromatic sources.

X-ray photoelectron spectroscopyas used to characterize the purity of the substrate and organic

material, qualitative and quantitative analysis of the organim thims and the interface between

organic film and the substrat¢. S 1 UdGAy3 2F - t{ aLISOGNI 4l a LISN

20114
3.4.3 Ultraviolet photoelectron spectroscopy (UPS)

The three BV systems were equipped withelium lamps used as excitation sources in UPS
measurements. These we(S8PECS UVS 300h&lium lamp (spectrometer 1) or horamade helium
discharge lamps (spectrometer 2 and 3) type UVS 10/35. Corresponding hemispherical analyzers were
used, as listed in chapt&.4.2 The excitation energy of a helium lamp used in the UPS experiments
was 21.2 eV. To measure secondary electrorofijta power supply (Knick B@alibrator S 252) was

used to apply negative bias voltage to the sampié/(and-10V).

3.4.4 Low energy electron diffraction (LEED)

The diffraction measurements were performed in spectrometer 1 and 3 with SpectaLEED equipment
from Omicron GmbH and VG Microtech Instruments respectively, to characterize the subatfate
structure and reconstruction. The LEED diffraction patterns were displayed on a fluorescent screen

and recorded with a camera in form of digital photographs.
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3. Experimental setup 3.5Film deposition

3.4.5 Atomic force microscopy (AFM)

A Nanoscope llla atomic force microscope (AFM) from Veedouiments was sedto obtain AFM
images. 8mple topography was probed intapping mode.The data was evaluated with a freeware
software WSxM 5.0 Develop 6*andGwyddion?® The AFM measurements were performed in &a.
decrease the influence of air exposure, the samples were measured directly after being taken out of

UHV chamber after XPS, UPS and LEED measurements were performed.

3.4.6 Scanning Electron Microscopy (SEM)

A scanning elecbn micrasmpe, model Hitachi SU803Was used for surface characterization of thin
films in TiQ experiments. The microscope is equipped with three electron detectors, and a Bruker
Quantax 6G, type 200, EDXS detectBDXS, energyispersie Xray spectroscopy) All SEM
measurements were performed by Elke Nadler in the SEM laboratory of the Institute of Physical and

Theoreical Chemistry (University of Bingen).

3.5Film deposition

The organic films were evaporated from hommade evaporatiorcell (seg-igure3.4). The cell consist

of a heater with a space for a ceramie@lcrucible, (from Friatec AG, Division Keramik, length = 25
mm) connected to a flange with a fegldrough for a thermocouple and resistive heatinmpg To
decrease the vacuum chamber walls contamination with the organic material evaporating from the
cell, a metal screen made of tantalum foil was mounted around the heater.

An empty crucible was filled with organic material and placed in the evapocator The cell was
mounted in organic film preparation chamber. The cell was heated together with the chamber, to
remove the water and improve the vacuum after the chamber was opened. After achieving the proper
vacuum within the chamber the powder waswlg degassed in stepwise manner at the temperature
below the evaporation temperature of the material. After degassing, the temperature of the
evaporation cell was increased to the evaporation temperature of the material. The evaporation was
observed with agquartz microbalance INFICON Holding AG). Tleenperature was increased with a
power supply (Hewlett Packard E 3616 A) till a constant evaporation rate was obsal@#ec was
SOFLRNFYGSR G NrXrdSa 2F 062dzi MbH )KYAYy® G | 02y
substrate was moved over the evaporator cell and turned around to face it. The evaporation time was

varied depending on how thick the evapordteim was expected to be.
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Figure 3.4 Evaporation cell: X, flange, 2¢ resistive heating connections/pins, @3thermocouple
connection, 4; crucible with powder organic material ¢Gmetal screen.

3.6 Determnation of film thickness

The samples presented in this work can be described in a simplified way as a system consisting of a
thin film A evaporatedon a substrate Bnformation about film thicknesda can be derived from XPS
measurementsBased onLambet-Beer principle it can be writtethat the intensity ofan XPS signal
coming from a cleasubstrate™}, decreaseso the value oM, whenan organicfilm of thickens dis
evaporated on top ofubstrateB (see Eq. 13). This is under assumpttuat the substrate is covered

by layers of organic molecules, and all layers are continuous (meaning, a new layer will start to form,

when the first layer completely covers the substrate)

N TRC (Eq.13)
The opposite can be written for the intensity of the electrons coming from the organic film A. The

intensity"Nincreases as the thickness of organic filgindreases:

Ny op G (Eq.19
MY, is the ntensityof a signal from thick organic film, with thickness exceettieginformation depth
of XPS measurement. Theta is the taifeangle of the emitted electron3.he_ is the mean free path
of electrons coming from the organic film A. It depewdsthe kinetic energy of the electrons and can
be calculated from the formula describing the empirical model found by M.P. Seah andéhdki®
valid for the organic materials:

T mc” (Eq. 15

Where E is the kinetic energy of the electrons produced in the photoionization process.
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3. Experimental setup 3.6 Determination of film thickness

A quotient of theEq. 13andEq. 14s:

S R (Eq. 16

f
It can be rearranged to gitbe following equatior®

0 _ A4 p —h“ (Eq. 17

In practice instead of intensiti€Nand "N the areas under the XPS signals of measured elements are
used to determine the layer thickness. This is why the stoichidmegtationships of these elements
Ydzad 0SS G 1Sy Ayid2 I OO02bzy R Theéntensitle Y, anR 7Y, dak iy | f
RSNAGSR FTNRBY (KSR, ywhich éré defivédfror theDdaleuldid atomic cross
sections ofpure elementst’ What is more, mean free path depends on the amount of particles in a
unit volume. This relation can be obtained by dividing _ ehrough the organic material density
RSyairide ~ o

- - (Eq. 18
For further simplification, it can be assumed that the photoelectrons in the substrate and organic film
KFEgS GKS &l YS YSI ¥ InBhdnsry, thi filléwig Eelptizhship far rgasic film

thickness dis obtained from all simplifications:

o _RfA p —= (Eq. 19

This model can be used if the laymrlayer growth is valid. Other types of growe layerisland
growth, and island growth seé&igure 3.5. In this case the calculated film thickness will be
underestimated. Atomic force microscope and scanning electron microscope can give insight into the

island height (AFM) hsipe and size and distribution (AFM, SEM).

a) b) c)
cocoeoe®
ccococcm® o eoe o eoe
oo o oo o oo
occcocoo® oo o oo
cocroPP® COCODDD o ee

Figure3.5 Film growth types: a) Layéw-Layer (Frankian der Merwe), b) Laydsland (Stranski
Krastanov), klsland (VolmeWeber) modet?
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3.7 Determination obrganic film composition

An XPS survey spectrum of powdeaterial (if enough powder was available for such procedwas
taken to examine the composition of a freshly synthesized material. It also served as a future reference
for the evaporated tm films in further experimentsSurvey spectra of AICIPc powder on indium foll,

the indium foil substrate and bulk AICIPc film green below.

AICIPc/In foll

—— Bulk AICIPc film ~ Al2s  |AI2p
,U? —_— AICI!Dc/In foil %
pd In foll ;;
c 2 My
> E| In4s  Indp
- 150 100 50
e Binding Energy (eV)
(] !
b N lS C lS A A o C
7 1 _
S B
o Cl2s Cl2p In4sina4d
= O 1s
600 400 200 0

Binding energy (eV)

Figure3.6 XPS Survey spectrumajfindium foil reference, b) AICIPc powder pressed into indium foil
and c) AICIPc bulk filekeposited by evaporatiorExcitation enegy used to record all spectra was
1486.7 eV (Al

To measure an XPS spectrum of powder AICIPc, the material was pressed into an indfigufeil
3.6, spectrumA). The powder survey spectrurriure3.6, spectrumB) was taken with Al K alpha
radiation (L486.6 eVand the core level peak area was measured using the program Unifit*20&4.
expected, the survey spectruB) shows signals associated with the AICIPc powdés(Mls, Cl 2s, CI
2p, Al 2s, Al 2p When compared, powder spectrum and spectrum of AICIPc bulk Figure3.6.
spectrum C) show the same AICIPc signdlke area of each coflevel peak, divided by its
photoionization crossection isproportional to the quantity of the corresponding atom in the AICIPc
molecule. The aluminium core levels overlap with the 4s and 4p core level of indium as Eégurén
3.6 inset. To calculate the area of the alinium peaks, reference spectrum of indium foil (spectrum
A) was subtracted. Since the sample wass#d prepared, oxygen and carbon signal are already

present in the in the indium foil reference spectrum, which can be se&igure3.6, spectrumA.
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The measured peak areas were divided by the corresponding photoionizationrseigms at the
energy 1486.6 eV (séablel, columnA*” 49, The results were than divided by a common factor. The
final result for each cordevel is given in th&ablel column B, showing the composition of the AICIPc
powder. In column C the expected amount of atom, based on the stoichiometry of the AICIPc molecule

is given.

The amount of carbon a@hnitrogen in column B followslosely the value expected from the
stoichiometry ofAlCIPanolecule.lt is aproof that the phthalocyanine ringtayedintact and did not
undergo degradation upon irradiation withrgys. A clear discrepancy in the amountatfminium,
between the stoichioratric values and the experimergpmes from the very low atomic cresection

of aluminium core levels at the given experimerXahy energy. This means, the Al 2p and Al 2s core
levels will have very poor intensity (SBegure3.6). Since the signals are just above the level of noise,
even for a powder sample, it is impossible to measure amount of Al precisely. However, since the value
in column B is in the same range as the expeest@de in column C, we assume that the thin film
follows the stoichiometric relations between the amounts of atoms within the AICIPc molecule also in
case of aluminium and chlorine atoms.

Table 1. Calculation of the AICIPc powderngaosition: A)the photoionisation crossections of

corresponding corevelsat @ p 1 g@ " *° B) thecomposition of AICIPc powder basea the
experimental data, C) the composition of AICIPc molecule based on its stoichiometry.

Core level name A B C
C1ls 0.01367 32.00 32
N 1s 0.02451 7.90 8
Al 2p 0.00729 1.50 1
Cl2p 0.03103 1.97 1
Al 2s 0.01020 1.16 1
Cl 2s 0.02299 1.25 1

The next step was to evaporate organic material and investigate the composition of a thin film.
Following evaporation of the organic molecules, a survey spectrum was always taken to examine the
composition of the sample. In the experiments where AlCIPcavaporated on Tig) the Al 2p signal
overlaps with Ti 3s signal. Due to the overlap &owl intensity, at lowfilm coverage (for example
0.4nm, corresponding data ifiable2A), it is impossible to accurateipeasure the peak areander

the Al 2p signal. However, at higher coverafm €xample 2.0 nm as imable2B), and the same
evaporation procedure, the film shows almost stoichiometric composition.
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Table2. Composition of AICIPitni evaporated on an oxygen treated Tif®0): A) 04 nm thick film,
B)2.0 nm thick film.

Stoichiometry relations in AICIPc thin film

A B

Corelevel name 0.4 nm 2.0 nm

C1s 32.0 32.00
N1s 7.87 7.80
Al 2p 1.99 1.00
Cl2p 1.49 1.00
Al 2s 1.89 1.20

Based on the investigation on the AICIPc compaosition, we are able to say that the evaporated films

follow the stoichiometric composition of the AICIPc molecule.
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4. Results and Discussion

In this chaptethe results of experiments involving AICIPc arféRd at the interface to metal substrates

as well as AICIPc at the interface to wide band gap substrates will be discussed and compared. The
chaper is divided intothree parts. In the first part an interaction of aluminium (lll) chloride
phthalocyanine wit silver substrates is discussed and is later compared with the interaction of
aluminium (1) fluoridgphthalocyanineat the interface to silvefoil. The second part focuses on the
interaction of AICIPc at the interface to titanium dioxide rutile singigstal with (100) oriented
surface. In part 3the interaction between AICIPc and titanium dioxide (001) oriented surface is
discussedinfluence of substrate preparation on the imgetion plays an important rolend will be the

main focus of théasttwo subchapters.
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4.1 Interaction between halogen substituted organic semiconds¢&CIPc

and AIFP@nd silver substrates

Silver is a reactive substrate generating strong interactions with phthalocyamogohyrines and
other related small molecule$>?In order to observe the possible interactions at the interface to silver
substrates, clean substratese prepared and characterizetb rule out an influence from possible
metal contaminations like copper or rhinoin. Afterwards,thickness dependent core level spectra
related to the organic moleculeare discussedThis wayinformation about a possible chemical
interaction of both chloroaluminum (Ill) phthalocyanine (AICIPcand fluoroaluminum (ll)
phthalocyaning AIFPc) with silver substratean be gainedParts of this chapter were publishéua
peerrevienwed papert’ They are reprinted wih permission from Reference 1Topyright 2016

American Chemical Society.
4.1.1 AICIPc o\g(1®) single crystal

4.1.1.1Characterizationf clean Ag(100) surface

Thediscussioron AICIR interface with silver substratdseginswith the substrate of high ordesilver

single crystal with thé100)surface orientation.

An overview spectrum of a clean Ag(1@hgle crystal surface is shown as a green liféidgnre4.1,
together with the spectrum of Ag(100) substrate after the depositiod.6him AICIPc filnfblack line)
TheAlCIPepecific core level signals wik discussed irChapter4.1.1.3 The greerlabeledspectrum
belonging to the clean substrate exhibits typisiginalof silver, with no additional signalshichmight
potentiallyindicate presence of contaminatig, which could either overlap or be mistaken for either
substrate or organic film signalshe most intensive signal is the Ag 3d peak, which is found & 368
eV binding energy, as expected from the literatéite.

The Ag 3d core level spectra depictedrigure4.2 show same peak form and binding eneppsition

for both clean substrate and upon consgige deposition of AICIPc films. No new peak arise upon

adsorption of organic molecules.
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Overview spectra of clean Ag(100) and AICIPc/Ag(100)

’0’? —— 2.6 nm AICIPc/Ag(100)
= —— Clean Ag(100) Ag 3d
c
-
2
©
N
P
‘0
c
)
c ¥
— Cl 2s Ag 4SAg 4p
RN
VB*
1000 800 600 400 200 0

Binding Energy (eV)

Figure4.1 Overview spectrum of clearg@00) single crystal substrate (green line) and rimthick
AICIPcfilm on Ag(100) substrate (black line). Spectra recorded with-nmemochromatic Al K
radiation, m= 1486.6 eV.

AICIPc on Ag(100)

2.6 nm

M

385 380 375 370 365 360
Binding energy (eV)

Intensity (arb. units)

Figure4.2. Ag 3d core level spectra of a clear{18®)crystal and substrate spectra upon consecutive
AICIPc evaporatioispectra recorded with nemonochromatic Al \Kradiation, m= 1486.6 eV.
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4.1.1.2LEED patternsAg(100}kingle crystasurface structure

The preparation procedure described @hapter3.3 results in a clean Ag surfaceeé XPS overview
spectrum Figure4.1). Sputtering removes the contaminations from the substrate surface, leads
however to destruction of thesurface order. Annealing causes the implanted argon atoms to be
released, the surface is smoothened and the bulk defects are remvidtk fact that the surface is
clean, does not mean the atoms at the surface are still ordered in the initeh@ement. Following

the preparation steps, silver single crystal was characterized with LEED to investigate if the Ag(100)
single crystal surface sustained its long range order. Diffraction patterns at different energies were

taken, to compare the dataith literature results.

a) b)

Ag(100) E = 96 eV

Figure4.3. LEED diffraction pattern of an Ag(100) single crystal surface measured at 96 eV beam
energy. a) after 3 sputtering and annealing cycles, b) afgufttering and anneaig cycles.

Figured.3a shows an Ag(100) surface after 3 cycles of sputtering and annealing at the beam energy of
96 eV. The pattern shows cle@r x 1 reconstruction of the surfacewith a unit cell marked with a
square. Tie spots argretvery broad and blurred=igure4.3b shows an Ag(100) surface measured after

7 sputtering an annealing dgs at the same beam energy. Silgample shows the sanwdffraction

pattern, but die tolonger annealing the spots became smaller and sharpebsasrvedn literature >

No additional spots were visible in the measured diffraction pattern. That means that tfexsus

free of contamination (as confirmed with XPS). The spot size and sharpness confirms that the surface

consist of large, flatireas with (100) ordered atoms.
4.1.1.3Characterization AICIPc thin filmen silver single crystal

As seen irFigure4.1 (spectrumat the top, marked with black ling)an overview spectim of AICIPc

thick film evaporated on a clean Ag(100) surface shows the typical core level signals: Al 2p, Al 2s, Cl 2p,
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Cl 2sC1s, N1s in the order of iareasing binding energy. Since tifdorine 2s and aluminum 2gsials

are less intensive thatie 2p core levels of the same atgrthey will not be further discussed.

Table3. Stoichometric relations between AICIPc core level geak following substrates: Ag(100), Ag
foil and AIFPc core level peaks on Agsidistrate.

AlCIPc AICIPc/Ag(100) | AICIPc/Ag foil AlFPc/Ag foil
molecule
El;lr:;]c]kness Stoichiometric 0.3 0.4 Thickness 14
C 32 31.83 31.72 C 3142
N 8 8.00 8.00 N 8.00
Cl 1 0.93 1.04 F 145

Thestoichiometric relations between the core level peak areas match the stoichiometric relation of
the atoms within the AICIPc molecule presentedliable3. The values are normalized ortrogen

intensity.

Below the detailed core level spectra of carbon and nitrogen are shovrigiure4.4a and b,as a
function of AICIPc coveragAll spectra were measured usidde (Q p T (@ Pphoton energy.

Both core level signals have been fitted with a set of peaks, representing the possible contributions
from carbon and nitrogen atoms with different chemical neighborhobalmodel the fitted peaks, a
Voigt function, a convolution of a Lorentzian and Gaus$ne profile, was usedhe Lorentzian peak
width describesthe (coréhole) lifetime broadening, whe Gaussian width is relatetb the
experimental resolution of the spectrometdfurther contributions to the Gaussian line width can be
experimental artifacts, such as an unequal environment of the considered atom, diffadsatption

sites, or small layedependent energy shifts.

The Cls signal has beeifitted with four components. The benzene ring carbons of phthalocyanine
molecule linked witheither other carbons or hydrogen atoms, are close on the binding energy scale
and cannot be resolved in the XR&asurements so they are fitted with a singlel(CComponent.
Second contribution to the fit is the {€) component, corresponding to pyrrole carbons, bound to
nitrogen atoms. The two remaining components of fit arethe ($1and $2) ~ - * satellites® of (G

1) and(G2) peaks respectivelyi.he Lorentzian peak width is found to be 0.31 eV for the thickest AICIPc

film and is kept constdrfor C1s signals at all film coverages.
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Figure4.4 Thickness dependent core level spectra AICIPc on Ag(100) substratésap)CN1s.
All spectra wee measuredvith nonrmonochromatic Al KKradiation, m = 1486.6 eVReprinted with
permission from Reference 17. Copyright 2016 American Chemical Society.

Although the Lorentzian width is kept constant, the spectraFigure 4.4 manifest a thickness
dependent broadening, with minimum width at the highest film thickness. Neverthelggker an
assumptionthat the intensity ratio between @ and Gl contributions with their corresponding
satellite signalstays costant, and variation of the Gaussian peak width, all of the spectra can be
described byhe samepeak shapenodel Theintensityratio between the peaks describing both types

of carbonatomsmatches the stoichiometric ratio of 0.33 between the pyrrole and beezearbon
atoms in phthalocyanine molecule, as shown in the inseFigure4.4a. The energy separation
between the main peak and its satellitesset to 1.9 eV, as foundliterature value®” For this fitting
model the Gaussian peak width increasrom 1.1 eV for the 2.6 nm film, up to 1.2 eV for the coverage
of 0.4 nm, which is close to a monolayer (ML). Based on the crystal structure of AICIPc, the monolayer
is estimated to be 0.35 ni¥.What is more, the energetic distance betweeri @nd G2 increased

from 1.2 eV for the 0.4 nm film to 1.4 eV for the 2.6 nm flarthemore, the 3. satellite intensity at

the interface is suppressed-or 2.6 nm film their contribution to the total signal area is 5% (bath S
and %), while for 0.4 nm film the contribution decreases to 4% and 3% respectively (see: Fitting

parameters irTable4).
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Minor changes$n peak shape may suggest that there is no direct involvement of macrocycle in a strong
interaction between silver substrates and the phthalocyanine molecdil&bat is, carbon atoms do
not form new bonds with other atoms in the measured systénshift inbindingenergy pogion of
C1s peak for 0.4 nrthick film can be explained by electrostatic scregnofelectronsin thin film by
metal surface®® due to formation of mirror chargest the substrate surfacdéue to presence of image
charges, the core level electroms monolayer thick films experience strongareening, which leads
to a shift of core level spectrum to a lowending energyVariation in the distance betweenXand
G2 upon increase in film thicknessamot be however explainedonly with different screening of
molecules in first monolayer anid thick film. Also, @rts of phthalocyanine ring can be screened
differently by the metal substrate as observed for MgPc on Auf¥dihe interactionbetween AICIPc
ring and silver substrate can be sipecific, due to the noplanar shape of the molecule, and different
distance between pyrrole and benzene carbons to the silver surface. What is more, the energy
difference between the carbon componentsin be caused by charge rearrangement within the
phthalocyanine moleculdirectly at the substrate surfacelue tointeraction withthe metal surface,
which is not experienced by the molecules of the bulk film (2.6 asn)bserved in case of CuPc and
ZnR on gold and silver substratédWhat may also contribute to thehange in the energetic distance
betweenG1 and G2 arecomplex bidirectional charge transfer procesebserved for related systems
as wellP? %3 Ftting parameters of @s corelevel spectra are summarized Tiable4.
Addtional information onpossible interactions with the substratan be acquired from the thickness
dependent N1s core level spectra shown kigure4.4b. Due to an overlap of nitrogen spectra with
the Ag 3d signathe background of reference signal has been subtracted for the clarity of the signals
shown.The bulk 2.6 nm film has been fitted with a main peaB280 eV and its corresponding satellite
peak, 1.6 eV higher in binding energy. The main peak corresporis two types of nitrogen atoms
present in the AICIPc molecule. The energy separaietiveen the two nitrogen signals iwas
reported to be0.28 eV %, which is too close to be properly resolved in the experimental setup that
have been used to obtain these resulfdl N1s core level spectra presented figure4.4b can be
fitted with the same set of peaks. No new signals arise at lower film thickness. The slightly higher
background noise between 394 eV and 395 eV is an artefact, an effect caused by the background
subtraction procedureTheonly difference between the bulk 2.6 nm and 0.4 nm fimeerms of peak
shapeis the peak width, with is higher at the lower AICIPc coverage, similar to tie Core level
spectra, which also undergoes broadening at the 0.4 nm thickfidgspeak positin of 0.4 nm film
signal is at 398.6 eV, which is @¥ lower than the bulk signebimilar to the carbon spectrum of the
0.4 nm AICIPc filmhe energetic shifof N 1s core level to lower binding enercgn be explained by

core hole screening effect$he fitting parameters are summarized Table5 in part6.2 of Appendix.
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4.1.1.4Reaction of chlorinkgandwith Ag(100%surface

a) AICIPc on Ag(100) b) AICIPc on Ag(100)
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Figure4.5 Thickness dependent Cl 2p core level spectra of AICIPc films on Ag(100) si@stcita.
recorded with noAmonochromatic Al Kradiation, m= 1486.6 eV.

A singleAICIPc molecule possesse chlorine atomThat means, only one chlorine sigreaékpected

in the CI 2p spectra. Due to the sfirbit coupling, the Cl 2p signahs a form ofa doublet peakA
fitting procedure performed on thickness dependent Cl 2p core level spectra, shows dmpwet a

fit with a single doublet peak is not possiblEne peak shape varies clearly as a function of film
thickness, this is why second doublet is needed fit the peak shape properlythe Lorentz width of
both doublets is kept at 0.3 eV and theuSa width varies only slightly between 1.1 eV and 1.2 eV for
bulk and thin film.In the spectra of 2.6 nm bulk film, theosition of the Cl 24, peak & located at
199.1eV andthe Cl 2p,; peak is at 200.7 eV, which gives the energy separation of 1 &sedxpected
from literature®®. The small contribution from a second chlorine species is mavkéch doublet peak
with Cl 2p, andCl 2p,» peaks at 197.9 eV and 199.5 eV respectiu@dtailed fitting parameters of Cl
2p spectra can be found in Appendbable6.

Theenergy difference in position afoublets describing botbhlorine speciegs much higher than the
0.5 eV shift seen in s core level spectra, and cannot be explained simply be the core hole screening.

The energy difference of 1.1 éétween the two doubletspoints toan interaction at the interface
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and presence of two chlorine species with differehemical environment present in the investigated
samplesWe assign the intensive doublet at 199.1 eVFigure4.5a to the chlorine atom of intact
AlCIPanolecule, bound to the alumum atom in the center athe phthalocyanine under investigation.
The intensity of thepeak describing theecond chlorine species at low binding energmaximalat
the lowest film coverageof 0.4 nm and is assigned to an interface speciBise binding energy of
second doubleis clese to that of a chlorine atorbound to silveras shown in literaturdor chlorine
adsorbed on Ag(110) surfe€er for AgCI electrodé§ so thesecond chlorine species binding energy
position points to tle formation of AgCIl bond at theinterface to silver single crystalhe bond
between aluminum and chlorine in AICIPc is likely to break. It is known that in thin fild€I& the
chlorine ligand will be removed from AICIPc to form (B (oxo)dimers ifwater is preserft. No
additional peak was seen in the Ag 3d core level spectra. This is due to the fact that the Ag 3d5/2 peak
maximum for a Al bond appears at 358.1 eV which is only 0.2 eV away from thelimsibler Ag
3d5/2 peak measured in a reference spectrum at 358.3 eV as seeigure4.2. Since the energy

difference is low, the peaks cannot be resolved properly.

However, a change in binding energy positioseisn in Al 2p core level spectra (showirigure4.5b)
upon background subtractioThe backgroung@resence would complicate the analysis of broad Al 2p
peak Due to poor gquality of spectra in the monolayer regiotore spectra in the film thickness series
are shown, to better visuie the change of peak position, which changemf749 eV for2.6 nm film

to 74.3 eV for the lowest film thicknesBhe binding energy of the Al 2p signal of 2.6 nm is typical for
a A-Cl bond of AICIPc, arttie binding energy of the same bond present in A¥This result is
compatible with CI 2p spectra of 2.6 nm film, where makthe chlorines are bound to AlCIPhe

Al 2p peak position of the 0.4 nm thick film is oQly eV lower in binding energy, due to the loss of
chlorine atom.The peak position istill higher than the binding energy of metal Al (73 eV, as recorded
in literature®®), which confirms, that the aluminum atom is still part of the phthalocyanine molecule.
The energy difference is similar to the oneserved for NLs core level spectra and is likely due to the

core hole screening effects.

Based on the observation of increase of intensity of the reaatilerinespecies at the interfageas
well as the binding energy position of the doublet describitige reactive spcies in the fitting
procedure it can beoncludel that there is a strong interaction between chlorine atom aheé Ag
substrate As a result AFCl bond is broken and Ag bond is formedAs a consequence, bond
formation may also occur beeen silver and the AlPK.such bond with the remaining phthalocyanine
does not form, the reaction at the surfacewtd be an alternative method to obtain an AlPc, a molecule

with magnetic properties.
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4.1.1.5Valenceébandregion and work function

The UPS datagng insight on electronic structure of the investigated systems are given b&luav.
thickness dependent UPS spectra of AICIPc on Ag(100) single crystal substrate are Eigpwadioa.

The excitation energy & helium lamp used in the UPS experiments ag K A~21.2 eVat normal
emission At the film thickness of 2.6 nm, the features of clean silver are not visible anymore, while the
AICIPc related features in valence band spectrum are fully developed, which implies that the silver
substrate is fully coverkat this thicknessThe HOMO (highest occupied molecular orbital) peak can

be found at 1.6 eV for the bulk film.

a) AICIPc on Ag(100) b) AICIPc on Ag(100)
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Figure4.6. AICIPc on Ag(100): a) thickmaedependent UPS valence spectra, b) thickdepgndent
valence band specttdOMO regionSpectrameasured with He | radiationph 21.2 eVReprinted with
permission from Reference 17. Copyright 2016 American Chemical Society.

For better visualization of the HOMO peak, the valence band spectra are zoomed into the binding
energy egion of HOMO peak frigure4.6b. The position of HOMO peak is constant for films between

2.6 nm and 0.5 nm. The peak seems to broaden at 0.4 nm thickness, and the peak maximum is shifted
to 1.45 eV at 0.3 nm thick film. The difference in binding energy between both HOMO postions i
0.13eV. This value is close to the energy difference betwearmp@nd CGhdown AICIPc molecules on
Au(111) surface, where the molecules take a random up and down distribution in a monolayer, and do
not form a bilayer. On gold substrate the-gi®wn films of AICIPc displayed two HOMO peaks. The one

at low binding energy was attributed to-@bwn configuration, while the high binding energy HOMO
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peak was connected with-Gp configuratiod®. This is in line with the findings from CI 2p spectra where
not all molecules in 0.4 nm film (which around the ML thiclsjesact, indicating presence of both Cl
up and Gbown configurations of AICIPc present at the interface to Ag(M)le there is a small
minor shift in the HOMO peak position, no additional signals are visible in the HOMO region at any film

thickness.

AICIPc on Ag(100) - work function vs. film thickness
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Figure4.7 Work function of AICIPc films on Ag(100) substrate vs. film thickness.

The work function of clean Ag(10Q)alueshown inFigure4.7 at film thickness equal to 0 nmvas
found to be 4.6 eV. Upon adsorption of AICIPc,filra work functiondecreases to 4.4 eV and oscillates
around the value of 4B8leV fa consecutive film depositiong\t the film thickness 02.6 nm work
function reaches the value of 4.3 eVhe decrease in work function may be due to formation of an
interface dipole or redistribution of metal electron§Cushion Effect)after adsorption of
phthalocyanine molecules and decrease of metal work functidrne ionization potential of AICIPc is
the sum of AIC®work function and AICIPc HOMO peak ongéth the work function of 4.3 eV and
onset of HOMO peak found at 1.1 éke ionization potential of thick (2.6 nm) AICIPc film is easily

calculated to be 5.4 eV
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4.1.1.6Interaction with silver substrates vs. phthalkaaine nolecular orientation

Complementarymethods like Xay absorption spectroscopy (XAS) may give information on the

molecules orientation.
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dipolebdipole interaction, also AICIPc molecules keep the lying orientation even at a film thickness

when the interaction with gold is negligible, contrary to the nonpolar CuPc on A# foil.

4.1.2 AICIPon silver foil

We continue the discussion with characterization of a less ordered, closer to application conditions,
substrate of silver foil. This substrate does not have an orderedcurfieis expected to have increased
roughness too. Ithe application conditions whersilverisused as for example electrodes, the surface

is far from idedly ordered.

4.1.2.1Characterization of clean Ag foil

An overview spectrum of a clean silver foil iswhan Figure4.8 (green line) The composition of the
AICIPdilm deposited on Ag foik shown iriTable3 (see Chapte4.1.1.3. It matches the stoichiometric
relations between atoms in AICIPc molecule as well as the stoichiometric relations of AICIPc film

deposited on Ag(100) single crystal surface
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Overview spectra: AICIPc on Ag foil
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Figure4.8 XPS overview spectra of clean Ag foil (green line) and AICIPc film on Ag foil (bl&éthne).
spectra were acquired withorrmonochromatidMg k radiation, n=12536 eV

The Ag overview spectrum shows two types of additional peaks, which are not related to any
contaminations. The first contributiotomes from the Auger peakabove 900 eV. Fonon-
monochromatizedAl Ka(1487.6 eV) excitationenerngy, the Auger peaks, which have fixed kinetic
energy, appear above 1000 eV binding energy. The overview speEiguned.8 were measured with
non-monochromatized Mg Ka (1253%) excitation energyausing the Auger peaks tomgar within

the range of the overview spectrum presented hefae second, less intensive contribution is a small
doublet at binding energy exactly 233 eV lower than the Ag 3d peak. This small signal is a ghost peak,
due to the presence of both Al and Niga twinanodeof the Xray standard source. While Mg anode

is used some electrons of Al anode are excited and as they hit the sample they cause appearance of
ghost peaks lower in binding energy by the value equal to energy difference of Al and Mgalarradi

No other, substrate unrelated signals appear in the spectrum, pointing to a clean substrateecond
overview spectrum (black line) beloxitp the AICIPc fit on Ag foil, with typical phtdocyanine related

core level signals. These will be dssed in detail in further part of this chapter.
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4.1.2.2Characterization oAICIPc thin filmen silver foil

The thickness dependent core level spectra of carbon, showigure4.9, can be fitted with the same
model as @scribed inChapter4.1.1.3 As observed for the films evaporated on the Ag(100) surface,
the intensity ratio between the @ and G2 peaks with their corresponding satellites matches the
stoichiometric ratio of3:1 in the phthalocyanine molecule, meaning that the phthalocyanine

macrocycle is intact and does not take part in a strong chemical interaction with silver foil.
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Figure4.9 Thickness dependent core level spectra of AICIPc on Ag foillsajpi@ b) NLs. Non-
monochromatidg K radiation, m= 1253.6 e\vas used to acquirall spectra shown in this figure.

When comparedo the C1s core level spectra broadening of AICIPc on Ag(100) substrate, the thickness
dependent s peak broadening on the Ag foil is even stronger. Hoick film of 2.4 nm, the Gaussian
peak width vale is equal to 0.9 eV, while for the lowest coverage, 0.2 nm thick filenpeak width
increases to 1.3 eMhe energetic distance between thelGnd € components was found to be 1.4

eV for the 2.4 nm tlk film. Similar value was observed for the bulk AICIPc film on Ag(100) and
Ag(111) substrates While the enegetic distance for 0.2 nm film was found to b€ eV, which is

even lower than the distancebserved for monolger mverage on Ag(100) surface (s€hapter
4.1.1.3. Onboth substrates the change in energetic distance between the two carbon types can be

explained by the different polarization screening at the interface and bulk films. In case of films
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deposited on Ag foil, the effects are even stronger and may pointifferent charge distribution for
AICIPc molecules through their macrocycles in the bulk film compared to the molecules in the direct
contact with the Ag foil surfac&he exact fitting parameters of spectra depictedrigure4.9a are

found in Aopendix Table7.

As observed for AICIPc on Ag(100) allshcorelevel peaks ifFigure4.9b of AICIPc on Ag foil can be
fitted with the samemodel Detailed fitting parameters of N1s spectra can be founihinle8. No new

peaks arise with decreasing film thickness. The only difference between the bulk aredyidh films

is peak position on the binding energy scaleahhis 3990 eV for 2.4 nm thick film, and 398.6 eV for

0.2 nm film. The 0.4 eV shift in binding energy can be explained by the core hole screening effects.
There is a change energetic distance of € and @ features as wellwhich can be attributed t@
different polarization screening of atoms at the metal interface. The large change observed on Ag foil
may indicate a different charge distribution via the macrocycle for bulk film AICIPc molecules and

phthalocyanine miecules in direct contact witthe silver substrate.

4.1.2.3Reaction othlorine ligand with silver foil

a) AICIPc on Ag foil b) AICIPc on Ag foil
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Figure4.10 Thickness dependent core level spectra of AICIPc on Ag foil: a) Cl 2pAdrith Bjon
monochromatidMlg k radiation, m= 1253.6 eMyas used to acquire all spectra shown in this figure.
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The CI 2p core levepectra presented ifrigure4.10 were fitted with two doublet peaks. For a bulk
film an intensive doublet peak at 198.8 eV labeled a% i§laccompanied by a second signaledit
with a doublet labeled &, which idound at 197.5 eV binding energyhe energy separation is kept
constant throughout the fitting procedure. At 0.7 niinf thickness the contribution of both doublets
is almost equal, while for a 0.2 nm film, the second doublet dominates the speciitugrexact fitting
parameters of Cl 2p spectra can be found in Apperitikle9. The doublets cabe ascribed to bulk
chlorine at the central metal atom of phthalocyanine and an interface species. As explained for the
Ag(100) surface, the low binding energy of the first species matches the values found in literature for
a chlorine atom bound to silvé?.®*Due to the strong interaction with silver substrate at the interface,

the chlorine atoms detaches from phthalocyanine molecule and forms a chloride with silver.

The strong interaction at the interface to\&@r seems to be independent from the substrate surface
type, as it is observed on polycrystalline Ag foil, siogystalline surfaces, like Ag(100) and Ag(111)
Carefulfitting of Cl 2p spectra on both types of silver surface, reveals thatreacted chlorine is
present alsaat coverages in the monolayer rangé.might be connected with random distribution of
dipole-up and dipoledown configurations of AICIPc molecule, similar to another polar phthalocyanie,
VOPc which strongly interacts with the nickel (111) single crystal séftfakige strong chemical
interaction with the silver surface might be preferred if the molecules are oriented with their chlorine

atom downwards, in the direction of silver substrate.

Signals connected with intlxce species in Cl 2p spectra were observed for a related system:
chloro[subphthalocyaninateporon(lll) on Ag(111) surfateln case of the same molecule on Cu(111)
surface, a combination of scanning tunneling microscopy (STM) measurements and density functional
theory (DFT) calculations has shown that the mdieswadsorb either in dipotdown configuration

(with the chlorine atom pointing towards vacuum side of the interface), or they dechloffndtés in

good agreement with the resulien AICIPc on silver surfaces presented in this work, where only part

of the molecules react at the interface.

The XPS results on Al 2p thickness dependent spectra are in line with the results on Ag(100) surface,
where the Al 2p peak is shifted to lower ting energy, by about 0.6 eV, in the monolayer region of

film thickness. In case of AICIPc on Ag foil, the binding energy difference between the bulk and
monolayer fim is slightly smaller, 0.5 eV indigagi a change in chemical neighhbhood of the

aluminun atom at the interface to silver foil.
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4.1.2.4Valence bandegion, work function and energy level alignment
The valence band spectra of AICIPc on Ag foil are shawigured.11a. As in case of AICIPc on Ag(100)
surfacethe AICIPc features are fully developed at film thickness above Zimemposition of the HOMO
peak is found at 1.6 eV for bulk AICIPc film (2.4 nm thick), as seen in the HOMO region of valence band
spectra showrFigure4.11b. The same energy was registered for AICIPc on Ag(100) sustaymgesting
asimilarenergy level alignmer(shown later irFigure4.13). Furthermore, he HOMO peak position at
films with thickness in thenonolayer regioris shifted toslightly lowerbinding at 1.35 eV, which is

also the case on the Ag(100) surface.

a) AICIPc on Ag foil b) AICIPc on Ag foil
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Figure4.11. Thickness dependent UPScdipe of AICIPc on Ag foil: ¥plence band, b) Valence band
HOMO regionAll spectra were acquired with He | radiation, hv = 21.ZR&rinted with permission
from Reference 17. Copyright 2016 American Chemical Society.

Despite the similarities between ¢hUPS data recorded for AICIPc on Ag(100) single crystal and Ag foil,
there behavior of AICIPc is not exactly the same. On closer inspection, the spectra of AICIPc films in
monolayer region measured on Ag foil clearly exhibit an additional intensity iertbegyregion of

Fermi level (B, marked with a blue rectangle iRigure4.11b. Such additional intensity was not
observedfor low coverages of AICIPn Ag(100), as well as Ag(111) surtacimdicating that such

interface state is absent on singteystalline silver substrates.
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AICIPc on Ag foil - work function vs. film thickness
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Figure4.12 Work function ofan AICIPc/Ag foil systeplotted against the organic film thickness

The work function of AICIPc/Ag foil system is plotted agahmes AICIPc film thicless inFigure4.12.

The data points were collected based on SECO position measured with UPS. For a clean silver foil, the
work function was measured to be 4.3 eV. After deposition of AICIPc films the work funtstyen s
almost constant. At the film thickness of 2.4 nm, the value of work function is still measured to be

4.3eV.It seems that no interface dipole is formed.

Vac \ 1 0.3 eV EVac

4.6 eV IP=5.4eV 4.3 eV IP=5.4eV

Figure4.13. Energy level alignment for AICHPack filmon Ag(100) (left), and AICIRudck filmon Ag
foil (right). Reprinted with permission from Reference 17. Copyright 2016 American Chemical Society.

The information on energy level alignment taken from UPS date of thick AICIPc films (film $kidkne

the 2-3 nm region) on both Ag(100) and Ag foil is compardeignre4.13. Forboth cases the HOMO
onsetof AICIPc is located at 1.1 eV. Change of Ag substrate does not influence the ionization potential
of AICIPc, which is 5.4 eV on both substrafEse only difference is that theork function of the Ag
substratesdiffers by 0.3 eVThis indicates that the Fermi level is pinned at the same posititimein

gap of the organic semiconductor.
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4.1.2.5Influence of subsate roughness
As explained i€hapter4.1.2.4 the formation of an interface state is ofawed for AICIPc thin films on
polycrystalline substrate (Ag foil), while it is absent on a siogistalline surface of g{100) crystal.
This leads to a question if the substrate roughness has influence on the interaction mechanism
between AICIPc and silver surfagdternatively, the interaction could be affected by a different
preparation procedure for silver foil and slagcrystal. Silver foil surface might have increased

reactivity due to a missing final annealing step in its preparation.

To test howthese parameters contribute to the presence of an interface stiadeinterface properties

of AICIPc were tested on a AQQ single crystal, which was annealed in temperatures above 750°C,
which resulted in partial damage of the singigystalline structure of the surfacigure4.14 (a and b)
presens valence band spectra of AICIBc the highly annealed substrate, zoomed into the HOMO
region as well as an AFM image of the strongly annealed Ag(100) suffec®FM image shows a
mixture of two regions. The first regionarked in yellow, with a constant relative height of 2 nm, are
terraces of the original silver crystal surfaedhich preserved their singlerystalline character (they

are large enough, that spots in the diffraction image could be observed in LEED measurements).
However, major part of the sample is covered with thessgtregion in which silver islands of different
sizes are presentjue to the high temperature used during annealing, whigds likely above the
melting point of the surfaceThese contribute to the total roeinean square (RMS) roughness of the

sample, whth is 1.9 nm for the image shownkigure4.14b.

AICIPc films on roughened Ag(100) b)
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Figure4.14 AICIPc on silver singteystal surface treated with in temperature above 760a) thickness
dependent UPS valence spedcireeasured with He | radiationpl 21.2 eV))HOMO region of a Ag(100)
single crystal surface which has beenghenedupon annealing, enhanced intensity near Fermi energy
is observed, similar to AICIPc on Ag foil; b) AFM Imagm @ 1>m) of a Ag(100) single crystal surface
which hasbeen damaged upon annealinBeprinted with permission from Reference 17. Copyright
2016 American Chemical Society.
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The thickness dependent valence band spectra of AICIPc on the highly annealed Ag(100)Fgufiece
4.14a) are normalized to the same height of the banidsthe range between 0.8 eV and 1.0 eV of. An
additional intensity just above the Fermi level is present, as was the case of Ag foil. It is possible, that
the interface state arises from moleculessadbed on the polycrystalline islands, in regions between
the terraces with crystalline characterhe final annealing step of the substrate, however, seems not

to affect the interaction mechanism at the interface.
4.1.3 AlRPcon Ag foll

4.1.3.1Ag fol - substrate cheacterization

An overviewXP S$pectrumof a clearsilverfoil (red line)and a thick AIFPc film evaporated onto Ag foll
(black line)are shown inFigure4.15. The red spectrum shows only contributions from Ag sudistr
Possible contaminations like adventitious carbon, are below the detection linsitsafrface sensitive

XPS measurementypical signals of AIFPc can be daghe black spectrunwithin the energy range
shown in theFigure4.15. dear Cls, N1s peaks and slightly smallei&and Al 2s peaks are seen. Due
G2 t2¢6 AyGSyarde IyR 20SNII LI 6A0GK &dubsitldiNI G§SaQ

Overview spectra clean Ag foil and thick film of AIFPc/Ag foil
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Figure4.15 Overview spectra of clean Ag fogdline) and thick1.6 nm)AIFR film deposited on Ag
foil (blackline). Spectra measured witmonochromaticAl K radiation, m= 14867 eV.
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AIFPc on Ag foil
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Figure4.16 Ag 3d core feel spectra o€lean Ag fojlfollowed by Ag 3d spectra of Ag foil after deposition
of AIFPc filmat different coverageSpectra measured with At Kadiation, m= 14867 eV.

Figure4.16 shows theAg 3d core level spectrum of clean Ag foil and Ag 3d spectra after AlIFPc
evaporation of consecutive filn It is a doublet peak at 368.4 eévMnding energy with energy
separation of 6 eV as expected from literature faraei silver®® The peak binding energy position and

shape donot change after AIFPc evaporation, noredthe peak separation and peak width.

4.1.3.2Characterization ohlFPc thin film on silver foil

In previous chaptey (Chapter4.1.1and 4.1.2 breaking of the ACI bond of AICIPc moleculeas
described Takingnto consideration the difference in electronegativity of atoms withirCARnd AF
bonds, it is expected that the latter bond might be stronger, as the difference in the electronegativity
between the atoms is higheFor this reason, AIFPc might be mohemically stable whe evaporated

on silver surfacelo investigate interactions between these two materials, Affifas werestudied on

Ag foil.The film composition und inTable3, see Chapted.1.1.3 corresponds to the stoichiometric

relations in the AIFPc moleculEhe related C 1s and F 1s spectra are showdigure4.17.
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AIFPc on Ag foll AlIFPc on Ag foil
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Figure4.17 Thickness dependent core level spectra of AIFPc on Ag follsapYINLs.Spectra
measured with AlKradiation, m= 1486.7V.

The Cls spectrum irFigure4.17a can be described by the same fitting parameters ds Core level

of AICIPc on silver substrates. The ratio between H@&2&CH to C¢ N bonds is 3:1 as expected from

the AIFPc molecule stoichiometry, showing that the macrocycle istinthe fitting parametergor

C1s core level aAIRP on Ag foitan be found in Apmndix Tablel0). For the lowest AIFPc coverage of
0.6 nm, the binding energy distance betwveCl and G components is 1.2V, which is lower tan

the valueof 1.4 eV observed for bulk giralocyanine filmsSimilar behavior was observed for AICIPc
and can be explained by the charge transfer across the interface or different charge distribution within

the phthalocyanine macrocycle at the interfaresilver substrate.

The Nls pe& overlaps with Ag 3d peak, thsswhybackground wasubtracted fromcore levekpectra

in Figure4.17b. This procedure allows to present thelbl peaks, introduces however addiia noise

to the signals, especially in spectra at low AlFPc cover&geshe highest film thickness of 1.6 nm,
the peak shape of Mis core level spectra can be fitted with a main peak at(®98V representing
both types of nitrogen present in the AlFRolecule. These are too close to each other and cannot be
resolved in the equipment used for the experiment. There is a satellite pgaky®sent 1.6 eV higher

in binding energyhan the main N1 component. The Lorerisnand Gaussnwidths are keptonstant
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for all coverages throughout the fitting procedure. At lowewrerages, the Ns core level spectra can
be fitted with the same fitting model, the only difference is, that the main componebtidNat slightly
lower binding energy: 398.83V.Theshift is smaller than the one observed for AICIPc on Ag foil, and
can be explained by the core hole screening efféltte. fitting parameters of N 1s fits are summarized
in Appendid6.2.3(Tablell).

4.1.3.3Reation of fluorineligandwith silverfoll

The changes in Al 2md F1s will be discussed based on their XPS spectra shokigune4.18. The
original Al 2p spectra (teal circles)Aigure4.18a, were smoothed (black curve) for better visualization
of the peaks afterbackground sutsaction. The ambiguous features in the binding energy range
between 730 eV and 7D eV are artefacts from the background subtraction proced#ia. thick film

of 1.6 im, the Al 2p peak lies at 74.9 eV binding enefidye same position is observed for the peak of
1.1 nm thick film. However, below 1 nfiim thicknesghe peak shifts to 74.7 eV binding enerde
shift is similar in direction and rgaitude to the one observed in Is core level spectra, pointing to

the same core hole screening effects fmth nitrogen and aluminum atoms in the2ML region.

a) AlFPc on Ag foil b) AlIFPc on Ag foil
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Figure4.18 Thickness dependent core leveldpe of AIFPc on Ag foil: a) Al 2p, b) FShectra
measured with AltKradiation, m= 1486.7eV.
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Unlike Al 2p core level spectra where only shift in peak position is observedlthepgéctra showimn
Figure4.18b exhibit a thickness dependent peak shape variation. The spectrum of film with lowest
thickness (® nm, which is between 1 and 2 monolayers of AlleRbibits only one distinct signat

binding enegy of 684.6 eV.

With increasing film thickness, a second peak develops at 686.0 eV binding energy. The lgh bind
energy peak is related tofaorine atom with bulk AIFPc properties, while the low binding energy peak
is related to fluorine atoms presemnly at the interface to silver. Such interface species is expected
to form upon breaking of AF bond and formation of A§ bond, similar tevhat happens withithe Al

Cl bond of AICIPc molecules. The binding energy position of F 1s signal forRHmbis expected

to be lower than the fluorine signal measured for the bulk AlARcording to the literature, the
binding energy of mAg-Fbond isabout 683eV 8%

4.1.3.4Valence band spectra AfFPdilms

Following vith the UPSresults one can sedhat the shape of HOMO pealsochanges withthe

increasing film thickness.

a) AIFPc on Ag foil b) AlIFPc on Ag foll
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Figure4.19 Thickness dependent UPS speeof AIFPc on Ag foil: a) Valence band, b) Valence band,
HOMO regionSpectra measured with He | radiatiom=h21.2 eV.
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The related data showing the development of valence band spectra are preserfgglie4.19a. In

case of 1.6 nm thick AIFPc film, the valence band spectrum shows the features of bulk AIFPc film
features. The magnification of valence band spectrum with binding energy up to 2.5 eV is shown in

Figure4.19b to provide more details on the HOMO region of the valence band spectra.

What is more, when comparing the valence band speatrelean substrate and the 0.6 nm AIFPc film
in the Fermi energy region, one can see an additional intensitygmiteclose to the Fermi edgg low

coveragegseeFigure4.20), another similarityo AICIPc on Ag flo
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Figure4.20 HOMOregion of AIFPc on Ag fopectra measured with He | radiatiomy # 21.2 eV.
Reprinted with permission from Reference 17. Copyright 2016 American Chemétsl Soc

A peak within this energy region in photoemissépectrumcan be explainedby 0 £ £t SR a3 LJ a il
in particular, those observed for retive metatorganic interfacesFormation ofsuchinterface states
could beexplained byriterfacial doping d&cts caused by charge transfer across the interface, which
are accompanied by a (partial) filling of the (former) LUMO (lowest unoccupied molecular orbital), as
is the case for CuPcéfeposited on silve?® Gap statesformation may result in strong coupling to the
metal states for particular molecules, which can also lead to surface induced aromatic stabilization of
substantially cheged molecular monolayers and a metallic behafioiThe roughness of a
polycrystalline substratesuch as silver foiseemdo support formation of such interface statds.this
context, the roughness with magnitude of the molecule size would be importamt.foils, the
presence of singlerystalline terraces, with heights similar to the molecule size can be excludes, as
well as for highly annealed single crystdtsirthermore, theenergy distance between Cs core level
components €l and G2 of AICIPc is distinctly smallerthe interface to silver fojkoit can be assumed
that the phthalocyanine macrocycle takes parthis interaction.Nevertheless, for AICIPc on Ag(311)
and Ag(100)the absence of gap states and minor change in the energy difference betweenlthe C
components at the interface, points to the fact that the macrocycle of AICIPc on silverciystials
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stays almost unaltered, even though the chlorine atom reacts viliterssurface at the interfacd his

means, that the AICIPc can be attached to the silver surface without a serious change in its physical

properties. The states close to Fermi level were detected for FePc on silver-siygtal as well, as

shown in liteature.>® 8In case of FePc on Ag(111), however, these states may have different origin. It

has been shown that the formation of gap states is a result of an interaction between the central metal

atom of FePc wit the substrate®®

4.1.4 Chapter summary

The photoelectron spectroscopy results have shown tl@hAICIPc and AIFPc moleculeslergo a
chemical reactiomt the interface to silver substrates with their central metal ligahgeak fit analysis

of Cl 2p and As core level spectrallows to detect formation of €Ag and FAg bonds, which is
independent of the silver substrate typesed The reactionhappens at the interface to both
polycrystalline and singlerystalline substrates. Although-Rlbond is expected to be stronger thah

Cl bond, the high reactivity of silver causes both bonds to break. At the same timdtttadgeyanine

ring stays intactChanges observed in the &5 and N1s core level spectrare less profound, but
noticeable.A shift of core level signals to lowbkinding energy spectra for films in the2IML region

has been observed in N 1s and C 1s peaks. The highest difference between ML and bulk films was
observed for AICIPc on Ag(100) (0.6 eV and 0.29 eV for N 1s and C 1s respectively), for AICIPc on Ag foll
it was 0.36 eV and 0.07 eV, while for AIFPc it was only 0.16 eV arneM)(88e Appendig.2.1,6.2.2
6.2.3Fitting paraneters) This indicates that the screening and charge rearrangement eftactsing

the shiftare stronger on crystalline substrate than on silver foil.

Although the reaction was found to take plaiedependent from thesilver substrate typeused

differences were detected with ultraiolet photoelectron spectroscopy. It was found that an

additional intensity close to the Fermi edge for monolayer coverages of AICIPc and AlFPc is present

only on silver foil, while absent on Ag(100) single crystal. Comparisdy foil UPS data with the ones

measured for Ag(100) singéeystalline substrate treateth temperatures above 750°C revealed that

gap states are forme® Sy 2y ! 3omnnd &dzoaiNFGST AF AGQa NI
treatment, as confirmed wit AFM measurements. This leads to the conclusitimat substrate

roughness may influence the strength of thieservedinteraction.
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4.2 Interaction between halogen substituted organic semiconductor

moleculeqAICIPcand TiQX(100)substrate.

In the followingpart, the properties ofAICIPoon TiQ rutile single crystakurface will be discussed

based on the photoemission spectroscopy resulits this chapter TiQ(100) surface prepared in

presence and absena# oxygen will becharacterizedfollowingby detailed descriptiorof AICIPc thin
films and the AICIPc/Tinterface.The interaction between AICIPc and Fw@ll be discussed?arts of

this chapter were puldhed in a peereviewed papet. They areeproduced from Refrence89 with

permissiam from the PCCP Owner Societies

4.2.1 (haracterzationof a cleanTiQ(100) surfacat different degrees of

reduction

4.2.1.1Substrate overviewdifferences resulting from two types of preparation

The rutile Tig(100) single crystal surface has been prepared with two procedigssribed in Chapter

3.3 the surface prepared in presence of oxygen and reduced stiface prepared in absence of
oxygenY I NJ SR NB I & vV Soybsedice bf R Ay FA I dzNB a

LINBASYGSR Ay

The outcome of both preparations was obiteng clean substrates differing in the amount of defects

present at the surface.
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Figure4.21 An XPS overview spectra oJ. dean Tig{100) surface treated with oxygen, b) clean
TiOx(100) surfaceprepared in absence of oxygeSpectra measured with AlhKradiation,

ha = 1486.7eV.
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Overviewspectra ofclean TiQ100)surfaces(oxygen treated gray line, reduced yellow line) are
shown inFigure4.21. Thespectrum constitutes of typical titanium dioxide signals, the most intensive
ones being Ti 2p and B core level peaks in the binding energy region between 450 eV and 550 eV.
In low binding energy region, below 150 eV, Ti 3s and Ti 3p core levels aentpnehile themost
intensive contribution in thevalence band regiorstems from O 2p electrons.Although no
contamination related signals cée detectedmost common are carbon and calciyrtijere is a small
contribution from argon ions which were implgul into the surface during the sputtering procedure.
At the first glance the both preparatiggroceduresresulted in the same spectrum ®fQ(100) surface
The differences cannot be detected, without zooming into the; Siécific core lesl signalsclearly
visible in the inset oFigure4.21 containingTi 2p peak of oxygen treated (gray line) and reduced

(vellow line) Tig{100)surfaces, which will be discussed in detail in next chapter

4.2.1.2Ti 2p and As spectra determination ¢ defects amount
As mentioned in the previousulchapter, the oxygen treated and reduced FdMO) differ by the
shape ofsubstrate relatedcore level spectraDetailed Ti 2p core level spectra dean TiQ(100)
surface following both preparationare shavn in Figure4.22. The components of Ti 2pore level

spectra were identified with a fitting procedure

TiO,(100) preparation: O treatment b) TiO,(100) preparation: Absence of O

|

Clean TiO,(100)

Clean TiO,(100)

Intensity (arb. units) &

Intensity (arb. units)

480 475 470 465 460 455 480 475 470 465 460 455
Binding energy (eV) Binding energy (eV)

Figured4.22Ti 2p spectraf a clean TiQ100)surface a)treated with oxyge during all annealing steps
and b)preparedwithout oxygen, resulting in the presence of reducétiidis A fitting procedure has
been performed on both spectra, underlining their different composiBpectra measured with At K
radiation, m= 14867 eV.Reproduced from Re89 with permissiorfrom the PCCP Owner Societies

The Ti 2p core level spectrum of a clean,{lid0) surface treated with oxygen during preparation
(Figure4.22a), can be destbed with three doublet peaks, as described in literatd?élhe Ti 2p.

component of the first doublet lies at 439+0.1 eV(this value was found for several samples) was
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identified as Ti ions typically found in the Ti@rystal lattice. Tlsi is the mostntensive contribution
to the Ti2p signal, and is used as the main peak in the fitting procedire . main doublet exhibits a
spinorbit spliting of 5.7 eV, as expectddr TiQ in the literature > The remaining two doublets, which
are found 3eV and 13.3 marked as Satl and SatZHigure4.22b) higher in binding energy than the

main peak, originate from loss structur®s.

As for the Tig(100) surface prepared in absence of oxydEigure4.22b), three doublets are not
enough to fit the Ti 2p spectrum. A low binding energy shoulder of the Ppeadk, requiresise of a
fourth doublet. The adiional doublet is situated 1.9 eV lower on binding energy scale than the main
doublet and can be assigned to reduced titanium at 3+ oxidation state’ ¥ Titanium atoms at
lower oxidation states were not detted. The T#*, for examplejs expectecbetween3.0eV and3.4

eV lower in binding energy than the main pe&f* however, no such contribution is observed in the
discussed spectrdhe relative amount of reded T#* species was calculated based on the intensities
of T#* and T¥* related doublets, according to the following ratio: 3(V{Ti¥* + T#". Intensties of
satellite (loss) peakaere not included in calculation, assuming that their contributioningilar for
different Ti species with respect to the main doublet. For the Ti 2p spectrum preserfaglined.22b,

the relative amount of reduced *Tispecies is about 16%.

Formationof defects on Tig§100) surface prepared in adxsce of oxygen, has influence on both shape
and position of theTi 2p peak Ashift towardslower binding energy (4598).1 eV, as compared to

the oxygen treated surface, indicates a shift in Fermi |eled to an increasedumber of defect states
present in the TiQ band gap (see TiQ valence band spectra in Qbter 4.2.2.4. What is more,
broadening of theTi 2pmain componenis observed for reducediQ surface.The broadening effect
increases wittan increase in sputterindose, which can be explained by an increase in the number of
defects within Ti@substrate?® leading to an increase in number of inequivalerft Jites® Fitting
parameters of Ti 2p spectra presentedrigure4.22 are found inTablel2 and Tablel3in Appendix
6.2.3

Variationin preparation procedure offiG(100) substrateleads alsoto changesin O 1s core level
signals. Fitted Qs spectra are shown iRigure4.23. For substrate prepared in presence of oxygen
during annealingFigure4.23a), the O1s spectrum is dominated by a component at 530.8 eV (denoted
as 01), which is stems from oxygen atoms in the bulk: Ti@stal.A smallsecondcontribution at the
higher binding energydénoted O-2), may indicateone of the following:oxygen atomsin the
neighborhood of titanium atoms at lower oxidation state than th& piiesent in the bul® °"hydroxyl

groups?® ®or other oxygen specigwesentat the surface
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a) TiO2(100) preparation: Oy treatment b) TiO2(100) preparation: absence of O3
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Figure4.23 O1s spectra of clean T{@00) substrate: surface with: a) 0% and16% defectsSpectra
measured with Al'Kradiation, m=1486.7%V. Reproduced from Ref. 88th permission from the PCCP
Owner Societies.

The Ols spectrum of surface preparad absence of oxygen has bothlOand G2 components
present, howeverthe ratio between them has changed, as the tila intensity of the second
component has increased. This indicates, that defect structures now present in the crystal contribute
to the O2 componentAs a matter of fact, ivasfrequently reported thathe binding energy position

of oxygen atomsoundto TE*is 1.4 eV higher than the bulk BiGxygen atomgD-1.%: 97: 99. 100The
binding energydifference obtained from the peak fit of & presented in this work is equal to 1.1 eV,
which is in reasonable agreemt with the literature value. Detailed fitting parameters ofi®spectra

can be found infable14 of AppendixWhat is more, pesence of other oxygen species likesorbed

water molecule®? or chemisorbed oxygeli® can be ruled out, since their signals are expected at

higher binding energiesvhere no signals were detected.
4.2.1.3LEED patternsinfluence of defect oiG(100) surface structure

As described ilChapter2.4.2 LEED results provide information about the lwagge order of the
sample. In cse of transition metal oxides like BiGthe LEED pattern is expected to be more
complicated, since the surface orientation and preparation conditions influence surface
reconstruction. The presence of defects like point defects, steps and dislocationgdretarge
domains cannot be excluded in case of oxides. While LEED is not the main technique to investigate
such defects, some of their fingerprints can be observed with this techifdqiiee XPS measurements

are followed with a LEED techniquedheck how the preparation parameters described in Chapter

influence the surface order of rutile TiGingle crystal (100) and surface.

The TiQ(100) surface annealed in oxygen atmosphere, was measured WHD setup at 80 eV and
130 eV primary beam energy.he corresponding diffraction patterns are shown Rigure 4.24

(aandb). Both of them display a clear array of small, sharp sgdtscrystal latticeof the rutile TIQ
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(100) surfacés marked with red rectangl@.he spots exactly match the distances between the atoms
in rutile unit cell. No additional spots, apart from the first order diffraction spots, can be seen in the
LEED pattern, neither at lower nor agher primary beam energy. The observed spot arrangement is
identical with diffraction patterns of a (1 x 1) reconstructed;{100) surface presented in literatut€

which were measured at the same beam energy.

Since the Tigd100) surface is more stable than the 1), the (1 x 1) reconstruction of a defect free
surface carbe obtained easily at mild sputtering and aating conditions if oxygen is used. Both

images show that the sample has sustained its long range order after preparation procedure.

a) ‘ b)

P — o

E=80eV E=130eV [001] 4—1

Figure4.24 LEED diffraction pattern of T{Q00) surface prepared imgsence of oxygen, measured at
a) 80 eV and b) 130 eV incident beam energy.

S J— ) .
"
. 4
- - 2 ! 7
- w /o
@ % k‘(
- . "
E=35eV E=80eV E=90eV E=140eV

Figure4.25 LEED patterns series reproduced for a second1D@ oxygen treated substrate at: a) 35
eV, b) 80 eV, c¢) 90 eV, di0leV primary electron beam energy.

Second series of LEED patterns showrigire4.25 confirms that the data can be reproduced using
the same preparation conditions on a second{100) single crystal surfacestited with oxygen. In

Figure4.25 a-d the LEED patterns were measured at 35, 80, 90 and 140 eV primary beam energy.
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molecules (AICIPc) and TiO2(100) substrate.
At 35 eV beam energy only the primary spots are visible with no streaks, split or satellite spots se
between the firstorder spots.

The diffraction patterns of a reduced B{@00) surface, on the other hand, exhibit additional features
between the primary spotslhe corresponding diffraction patterns are shoinrrigure4.26. It can be
seen that all LEED patterns show streaks along the [010] direction. At lower energies, where diffraction
spots are the sharpest, one can see two additional spots along the [010] direction, between the first
order spots describinthe rutile unit cell. These spots can be seen at 66 eV and 80 eV as well. The unit

cell is marked as a yellow rectangld-igure4.26. The spots are less sharp than the diffraction pattern

of oxygen treated (100%urface, where defects are not present. With increasing beam energy the
background of the patterns becomes more intensive, making it difficult to observe spots at 130 eV. In
this case only streaks along the [010] are visible. The increased backgrounityritetisates presence
of defects.
a) b) c) -
(00) o
‘ “ ‘\ \\ \‘ ." \‘ |\
\\‘\ “‘ \\‘ - —_‘\‘ \\‘ ‘____"l
\‘ ‘ ‘3 == s ’
E=25eV © E=39eV E=46eV
d) e) f)
E=66eV

E=80eV

E=130eV

Figure4.26 LEED images of a reduced{100) surface (12% defects) prepared without the oxygen
treatment. The images were measured at the following energies: a) 25H) 89Y,eVc) 46 eV, d) 66
eV,e) 80 eV, f) 130 eV.

The additional spots present in a LEED pattern can be explained with the surface reconstruction.
According to literature the additional spots between the primary spots indicate a (1 x 3) reconstruction
of the oxygen deficient T¥lL00) surfacé®®*1%The TiQ(100) surface undergoes a reconstruction from

the nominally stoichiometric (1 x 1) surface to & @) microfaceted surface when annealed in vacuum
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above 600°C1% The additional spots in pattern measured at E = 46 eV are not as sharp as the (1 x 1)
spots. They hoever point to the (1 x 3) reconstruction of the sputtered and annealed(I00D)
surface!® The diffractiorpattern can be seem Figure4.27. For the sake of comparison, LEED pattern

of an oxygen treated (100) surface measured at the same beam energy is shown as well.

TiO,(100): O, treated TiO,(100): Absence of O,

E=46eV - E=46¢eV
-
’ \ \ “ \
\ \ \ \
\ \ \ \
[001] \ 3 [001] g b,.'
o

Figure4.27 LEED pattern of T#00) surface measured at 46 eV: a) oxygen treated, b) prepared in
absence of oxygen. The rutile unit cell is marked as yellow rectangle. The crystal directions are marked
with white arrows. Additional spots of possible (3)xeconstruction are marked with white arrows.

The same pattern was observed in literature at the 46 eV primary beam energy for a (1 x 3)
reconstructed rutile Tig§100) surfacé® A similar diffraction patterrcan be seen in literature at

E=27eV, although the patterns shown Figure4.26is not as sharp as the literature on€¥$Models
of both surface reconstructions are showrFigure4.28.104 105
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TiO,(100) (1 x 1)

[100]

TiO,(100) (1 x 3)

[001] [0]..0]

Figure4.28 The (1 x 1) and (1 x 3) reconstructed,{li@0) surface, at top and bottom of the Figure
respectively.

The TiQ(100) surface is terminated with oxygen atoms. In case of (1 x 1) tegctes! rutile TiG(100)
surface the titanium atoms are fivield coordinated instead of sifold coordination, to maintain the
charge neutral surface. (Sdégure4.28 (top)).1° The TiQ100) surface undergoes faceting upon
annealing around 600 °C. To decrease the energy of the surface and increase the numbfraf six
coordinated Ti atoms, the lownergy (110) facets are form&§ as shown irFigure4.28 (bottom).
Small terraces run along the [010] direction. The reconstruction results in an increased number of
unsaturated Ti cations at the row edg&It was found with the RHEED technique that the large area
terraces formed at the (100) surface, at the preparation temperature used in this work, were longer
along the [001] direction and shorter the [010] direction'®

The (1 x 3) LEED pattern was also observed for a vicinal (steppgd0U)d1 x 1yurface!®® It was
found that the observed steps in [0X@jrection are a continuation of (110) plane miaoéts, which
form the basis of the (1 x 3) reconstructi8¥iAlso, the authors of reference 106 confirm thegence

of steps with average height of 0.5 rffs.The formation of steps explains the presence of streaks in
the LEED patterns.

According to the literatur® if steps of varying width are psent at the crystal surface, a spot and
streak pattern will be seen in the LEED image, as can be obseriraglir4.26. Additionally, if the
step orientation varies at random, a change between sharp and diffusecgm be seelt®, which
seems tobe the case if patterns a, b andrcFigure4.26 are compared. The fact that even the same
spot (i.e the (00) spot) seem to broadetepending on the beam energy usesl caused due to the
high density of point defets (proven by XPS technique for the reduced(IL@) surface).
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The streaks have been observed for the,{i00) surface as well. A LEED pattern of(Iit®) with a
calciummonolayer adsorbedt the surface, shows streakstween the spots belonging to ¢érprimary
pattern of (1 x 1) Tig110) reconstructed surface, which do not belong to the Ca LEED pattern. The
authors explain these streaks as a sign of lack-phase correlation in consequence of an existing
certain degree of disorder at the TiQurface. This disorder the authors relate to the oxygen
deficiencies in the surface layer, due to the UHV preparafidRurther, it hasbeen observed for a
highly reduced Tig)110) surface, that the streaks between the LEED spots, initially thought to be the
(1 x 2) surface reconstruction, were signs of the formation of tk@; Tow fragments!!*

Different TiQ(100) suface reconstruction models were proposed in literature based on SX&M|
first-principle simulations They however support the microfaeat surface structureFormation of
stepped terraces of various width in the [010] direction matches dwnstruction direction of facets

with (110) surface. The presence of streaks and diffuse spots, shows that the width and arrangement
of terraces is random. We can conclude from the LEED(dapported by AFM roughness profiles in
next dapter. 4.2.1.4 that steps in a random array are present at the (100) surface. Since the steps at
the TiQ surface act as catalytic and dissociation ceritér# is expected that the reduced surface will

be more prone to react with the phthalocyanine thin films.
4.2.1.4Microscopy images of TiAQ00) surface preparation stages

In this chapterclean TiQ100) which underwent 5 annealing and 3 sputtering cyclssharacterized
with AFM Oxygen atmosphere was usddring the annealing step. A clean and smooth surface can
be seen irFigure4.29 where no bright spots can be seen in theage, which would indicate presence

of higher elements at the surface.
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The profile of a surface iRigure4.29 was taken. The minimum of the curve is-@225 nm and the
maximum is at 0.668 nm. The RMS is 0.138 nm, indicatingydoxe roughness of the surface. The

roughness value is in the same range as the roughness of a clean (001) surface.
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A clean rutile Tigd100) surface has low RMS of 0.167 tira,minimum of a profile taken at the surface
presented inFigure4.30 has minimum and maximum &0.336 nm and 0.527 nm respectively.
Although the surfae is very smooth, at closer look the profile of the surface shows small hills with the
width between 50 and 200 nm. These could be grains and terraces formed due to sputtering and

subsequent annealing as in the case of the (001) surface.

If one zooms in re on the clean substrate, a network of T&loms is seen at the surface. Considering

the information from the unit cell size and LEED reconstruction, one would expect rows of atoms.
Meanwhile the, rows are short and perpendicular to each other, forn@ingetwork of rectangles
similar to the Ti@001) surfacé!*'6 Formation of such structures is possibly due to the low annealing
temperature used for preparation of the substrates used in this wankather pooty resolved200nm

x 200 nm AFM image of the same surface shows a mosaic structures of short rows at the surface of the

oxygen treated Tigd100) single crystaF{gure4.31).
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Figure4.31 AFM image (200 nm x 200 nwf)a clean Tig§100) surface.
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Figure4.32 AFM image(H > Y  Eof & cleanYTig§100) single crystal surface (left), and two line
profiles of the clean T 00) surface prepared in presence of oxygen.

Figure4.32shows a clean Ti100) surface prepared in presence of oxygen flaisvith RMS of 0.138

nmZ & 2L} &SR (;erystal suiifacdBhzIS sh&vS Weg/ high RKIS value above 4.1 nm,
as will be shown later in Chaptér3.1.4 The height variation in the Profile 2 (red line) is not highe
than 1 nm. There are random spikes present in Profile 1 (black line), but their height is no more than 2

nm, which is just 1 nm more than the height in Profile 2.
4.2.2 Characterization dAICIPc filmen TiG(100) surface

4.2.2.1Influence of phthalocyanine deposiiion TiQ(100) core levedpectra

Influence of phthalocyanine deposition on substrate will be investigated based on substrate related
core level spectrarigure4.33 shows Ti 2p spectra of substrates prepared irspree (a) and absence

(b) of oxygen with AICIPc films at different coverdgeth spectraserieswere fitted with the model

used for clean Tigubstrate given in Chaptdr2.1.2for spectra presented iRigure4.22. The changes
betweenthe Ti 2p spectrum before and after evaporation of Al@iRechardly visibleNo news peaks

arise upon AICIPc adsorption. Lack of new peaks below 456 eV binding energy allows to exclude
presence of bonds lik&+N or Ti C3, which reside in this energy regidbetailed peak fit parameters

(see. Appendi®%.2.3Tablel2 and Tablel3) reveal thatthe energetic shift of Ti 2p signal upon AICIPc
adsorption is smaller than + 0.1 eV, which pototan absence of Fermi level shift as a result of surface
doping due to adsorption ofmolecules.Most likely, the high number of states in the gap of ;TiO
semiconductor determines the position of the Fermi level and is not varied distinctly by the AICIPc

adsorption®®

As for the intensity of the defect peaks, there is a slight decrease in the relative intendiff/ of
component, when compared to the ratio seen for a clean substpagpared in absence of oxygen
Lower oxidation states of titanium like’Tivere not detected.
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a) AICIPc/TiO,(100): O, treatment [p)  AICIPC/TIO,(100): Absence of O,
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Figure4.33 Substate-related Ti 2p spectra of: a) AlCHms on TiQ(100) treated with oxygen,)b
AICIPc filmon TiQ(100) reduced surfac&pectra measured with A Kadiation, n = 1486.7eV.
Reproduced from Ref. 8dth permissiorfrom the PCCP Owner Societies.

Twoseries of O 1s core level spech@longing to Ti@crystals that underwent both preparations are
shown inFigure4.34. No changes in O 1s core level spectra were observed upon consecutive
deposition ofAICIPc films. The peak shape is unaffected by deposition of molecules, with a constant
O-2 component intensity and peak width, for each series of O 1s speckaume4.34. The fitting
parameters used for clearidz(100) substrate (se@ablel4) can be used throughout the seriekhe

lack of changes due to phthalocyanine adsorption indicates the absdEmewly formed bonds with

oxygen atoms of Ti&ingle crystal.
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a) AICIPc/TiO,(100): O, treatment b) AICIPc/TiO,(100): Absence of O,
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Figure4.34 O1s core level spectra of B{@00) surface: a) treated in oxygen, b) prepared in absence of
oxygen, before and after AICIPc films depositRpectra measuredith Al K radiation, = 14867
eV. Reproduced from Ref. 8dth permission from the PCCP Owner Societies

4.2.2 2Interaction ofTiG(100) withmolecule ring

Adsorbaterelated core level spectra give a direct insight into possible chemical reactions of ddposite
films at the interface to the substrat&hickness dependent T core level spectra of AICIPc films
deposited on Tig§100) substrate prepared in presence and absence of oxygen are compigdtia
4.35. The filn thicknesses presented there range between-sutnolayer (subML) and multilayer
(bulk film). 'he C1s spectra of the thigst film can be described with four components as explained
in literature for AICIPc and related phthalocyanifés® >"The componentsre connected with the
following parts of phthalocyanine molecule: aromatic carbon of benzene rings (market) agy@role
carbon bonded with nitrogen atom {2) and their corresponding “ “satellites(S1 and $2). The
energy distance between the carbon related peaks and their satellites is 1.8ls)VS{zsatellite) and

2 eV (& ¢ S satellite) 1" %6 57All fitting parameters of @s core levels areummarized inrablel5

(Appendix6.2.3.
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a) AICIPc/TiO,(100): O,treatment b AICIPc/TiO,(100): Absence of O,
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Figure4.35 Thickness depeient Cls core level spectra of AICIPc evaporated on differently prepared
TiQ(100) surfacesa) AICIPc on T100) pepared in presence of oxygen) AICIPc on Ti#100)
prepared in absence of oxygen. All spectra can be described by the same pealarshapere
measured with Al'Kradiation, m=1486.7%V. Reproduced from Reg9 with permission from the PCCP
Owner Societies.

ThicknessdependentC 1s spectragpresented inFigure4.35 showhardly anychangesjndicating that

the molecules sty intact after deposition on T#100) surfacelNo hints of molecules oxidation can be
seen, as reportedn the literature for FePoon TiQ(110) surface, which underwent different
preparation® The main component of Gs core level inFigure4.35, at all ACIPc film thicknesses and
both TiQ preparations, can be found between 284.8 eV and 284.6 eV. The ratio between components
belonging to the two carbontypes (GCl+S%$1:G2+S») is 3:1 which corresponds also to the
stoichiometricratio between these carbanin the phthalocyanine molecule under investigation, for

all film thicknesses. The spectra are slightlyaotened as the filnthickness dereases, which can be
particulaty seen for AICIPc on reduced F1MO) surfaceRigure4.35b). At 1.3 nm and 0.1 nm film
thickness the Gaussian width of I8 peaks is 0.9 and 1.1 eV respectiv8lych broadening was
observed for other interfaces and can be understood by inhomogeneous adsorption sites on the more
defectrich surfae®* 1"What is more, a small but significant change in the componeritsatd G2

separation (see. Black doubderows inFigure4.35 (a and ) seen for the reduced swuate (0.2 eV
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binding energy differencébetween subML and bulk film) mayindicate differences in charge
distribution in molecules at the interface, asmpared to the molecules in bulk. Such behavior was

also observed on metal surfac®s.

Further information on phthalocyanine ring imgetion with interface can béound in N1s core level
spectrashownin Figure4.36, depicting thickness dependent spectra of AICIPc on(T00) surface
prepared in presence and absence of oxygeme referencespectrum of a clean Tig§100) surface
exhibits no initial nitrogen signal for both preparations. Spectra of-likdkAICIPc films of 1.2 nm and
1.3 nm (on oxygetreated and reduced surface respectivehgve typical shape of bulk AICIPc films
seen also onther substrates.’ °’Both spectra were fitteavith two components: the main peak-N
(magenta curveith its corresponding satkte Si.1 (blue curve)The main peak is related to two types
of nitrogen atom foun in AICIPc, these are: pyrrole nitrogen bound to the aluminium atom in the
centre of the molecule anthe bridging nitrogen atom (seé&igure2.2, nitrogen atoms are marked

respectively with green and red circl€jtting parametes arefound in Appendix.2.4 Tablel6.

@) AICIPc/TIO,(100): O, treatment D)  AICIPC/TIO,(100): Absence of O,

N 1s

1.3nm

o 4\
N-3 N-1
0.1 nm
SN-l

Clean TiO,(100) Clean TiO,(100)

Intensity (arb. units)

Intensity (arb. units)

404 402 400 398 396 404 402 400 398 396
Binding energy (eV) Binding energy (eV)

Figure4.36 Thickness dependent 1% core level spectra of@Pc evaporated on differently prepared
TiQ(100):a) AICIPc on T#(100) pepared in presence of oxygds), AICIPc on Ti(100)prepared in
absence of oxygei\n interface component (green) is visible in both caskkspectravere measured
with Al K radiation, m = 14867 eV. Reproduced from ReB9 with permission from the PCCP Owner
Societies
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While both nitrogen atoms have different chemical environment, the energy separation between them
is small, which makes it unable to resolve them properthiénXPS spectrum. A chemical shift between
the two nitrogen types was reported to be 0.28 8VThe binding energy position of the-N
component, on oxygen treated and reduced AXDO) surface, was determined to be 399.3 eV and
399.1 eV. The position is almost independent from film thickn€le.less intense shakg satellite

Swis found 1.6 eV higher in binding energy than the main peak. The relative intensity péelk is
around 6.0%, which is in good agreement with related phthalocyarfth&s!8The binding energy
position of peaks measured for higher coverage films, match well the values recorded for multilayer
AICIPc films deposited on silver substrgies shown in Chaptet.1) pointing to a similar equilibrium

energy level alignmerdn both silver and titanium dioxide substrates.

If N1s spectra of the highest and lowest film thicknesBigure4.36 are compared, a clear increase in
intensity in the binding energy regiaf shakeup satelliteis seenWhat is more, the spectra of low
coverages are broadened, as was also observed far €pectra belonging to the same sampless
unlikely that the satellite will increase in intensity at the interface. The satellite peaks are often
suppresseat interfacest!® To properly describe Ws spectrashown inFigure4.36, there is a need of
introduction of an additional component (Blmarked with green curve). Thisa@ntace component is
visiblefor both oxygen treated and reduc&d(Q,(100) surface, although for the former one it is visible
only for 0.1 nm thick film, while on the latter it is observed also at higher film thickness of 0/8 nm.
satellites intensity i9eing kept constant for all film thicknesses, when compared,0tienm thick
films in Figure4.36a and bshow interface component intensity of 7% and 12% (of the totdlsN
intensity) for oxygen prepared and redut@&iQ(100) surface.The additional component is situated

at 401.0 eV, Z.eV higher tharN-1 main peak.

4.2.2.3Phthalocyanine metal center andntral metal ligandore levels

Althoughthere is a clear hint of formation @h interface component in Mls core lgel spectra, the
phthalocyanine center related spectra of Cl 2p and Al 2p do not show any cleamigrstrong
interaction at the interface. The corresponding spectra are showRigure4.37 and Figure 4.38
respectivelyDue to a high noise, the spectra have been smoothed (red line) to provide a more clear
line shape, especially at the lowest AICIPc coverages.Cl 2p spectra belonging to thickest films of
1.2 nm and 1.3m inFigure4.37 resemble that of a typical Cl 2p doublet observed for bulk AICIPc film
(seeFigure3.6). The Cl 2p peadtays constant throughout evaporation of consecetMCIPc layeast

198.9 eV and 198.8 eV for oxygen treated and reduceg{T00) surface. At lower coverages however,

Cl 2p spectra undergo broadeginwvhich can be explained by mhogeneous adsorption sites as seen
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for other AICIPc related spectra deibed previouslyWhat is more the stoichiometric relations
between carbon, nitrogen and chlorine atoms in AICIPc films are preserved as shown in AfeAdix

Tablel?.
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Reproduced from Re89 with permission from the PCCP Owner Societies

Analysis of Al 2p spectrii@ure4.38) is difficult due to an overlap with intensive titanium background.
The background contribution comes from 3 peakwith a broad plasmon losstructure, which is
present in the same binding energy region as Al 2p pBaie to thehigh intensity of Ti 3s signal
changes in Al 2p signathichis broad andhas very low intensity at the sl thicknesscan be hardly
recorded. At higher film thicknesses for both preparations the peak position is at 74.9 eV, and at lower
coverage the peaks are broadened, with shift in binding energy or any additional peaks visible in

the submonolayer region.
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T

749 eV

a) AICIPc/TiO,(100): O, Treatment b) AICIPc/TiO,(100): Absence of O,
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Figure4.38 Al 2p spectra fio a) AICIPc on TiQ00) treated with @ b) AICIPc on T¥00) prepared in
absence of © The red lines represent the original data after smoothing procedure for the ease of data

comparison.Spectra measured with Ah Kadiation, m = 1486.7eV.Reproduced from Ref. 8ith
permissiorfrom the PCCP Owner Societies.

4.2.2.4Electronic properties of AICIPc films on,{iQ0)

Additional information on charge transfer between materials at their interface can be gained from UPS
results containing information from the valence band region of photoemission spectra. For the
AICIPc/Ti@interface the analysis and interpretation of spectral features, which could be interface

states can be obstructed by the presence of gap states, eslyeciabse of reduced TiGurface.

For AICIPc films deposited on F{®0) surface prepared in presence of oxygen the spectra
representing secondary electron eatf (SECO), valence band and HOMO region of valence band are
shown inFigure4.39a, b and c. From the secondary electron-otftone can read the work function of

the clean Tig[100) substrate (5.3 eV) and observe a decrease in work function after phthalocyanine
deposition with the work function of 4.8V for the thickest 1.2 nm filnkigure4.39b shows a typical
valence band spectrum of a clean X0 surface with O 2p states dominating the binding energy
region between 3 eV and 10 eV. No intengreak withinthe TiQ band gap isegisteredin the clean

TiG UPSpectrum, which is expeetl considering an almost ideal Ti 2p peak desfiore inFigure4.33
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for the same substrate.dne gap states arbowever seen in the background, indice that the
oxygen treated surface is not totally defdcee. After deposition of AICIPc film the typical
phthalocyanine features increase in intensity. Spectrum of 1.2 nm thick film resembles that of a bulk
phthalocyanine film. A HOMO peak (highestwgied molecular orbital) can be seenlas eV A zoom

in to the HOMO region allows to detect the HOMO peak even at the lowest film thickness of 0.1 nm,
with an almost constant HOMO peak onset value, registered between 0.8 eV and 0.9 eV (for higher
thickness). The resolution of valence band spectra is not high enough to distinguish between the two
configurations of AICIPc (@b and Gdown) which are otherwise would result in two distinct HOMO

peak maxima. The HOMO peak at 0.1 nm film thickness is toa bspauch detailed analysis.

a) AICIPc/TiO,(100): O, Treatment b) AICIPc/TiO,(100): O, Treatment C) AICIPc/TiO,(100): O, Treatment
T - T T T T T T
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~— ~—
(0 B o)
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5 5 S
o o) .
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8 8 5
2 2 >
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11.0 105 100 95 90 85 10 5 0 4 2 0 -2
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Figure439¢ KA Ol ySaad RSLISYRSyd !'t{ NBadsnmmanorSh MBEINDSRKRR ¥
2ESYY 0 &aS02 @RITNE 609t 20 i NBYHO 3D Idxl S/YRO St LaSIKiRNESLIS @ (y Nt
Spectra measured with He | radiatiom=h21.2 eVReproduced from R&39 with permissiorirom the

PCCP Owner Societies.
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aLISOG NHzY Aa e Lbetiled valed dBwork fiunttibonO HOMArforis& and ionization
potential can bdound inAppendix6.2.4, Tablel8.

a) AICIPC/TiO,(100): Absence of O, b) AICIPC/TiO,(100): Absence of O, C) AICIPc/TiO,(100): Absence of O,
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6aSyO0S 2F 2Ee3SyyY @ BT SoQr y&RH INEG 65 ¢860 (SNRO/S d TRikhyi RIT &
| hah NISEeatra yhdasured with He | radiationy #1 21.2 eVReproduced from ReB9 with

permissia from the PCCP Owner Societies.

4.2.2.5Energy level diagrasn

Alldata from UPS measurements (s€@gured.39 and Figure4.40) are summarized in form of energy

level diagrams irFigure4.41 for experiments on both TiDL00) surface treated with oxygen and
prepared in absence of oxygen. Both diagrams show the decrease of work function upon adsorption
of AICIPc with formation of surface dips 0f-0.8 eV and0.6 eV for defecfree and defectrich surface
respectively. The direction of the surface dipole points to possible charge transfer from molecule to
titanium dioxide. The literature states that some electronic charge is transferredtfrermrganic layer

to the oxide substrate, depending on the interaction between both materials. As a result a decrease in
work function is observetf! The charge transfer might not be however the only reason for the
LR GSYydAlrtf RNRLA Fd GKS adaNFIFOS 20aSNWSR Ay GKS R
where substra¢ electrons are pushed away from the surface upon adsorption of molecules, might also
cause a decrease in work function of the substrate. Additionally, in case of AICIPc molecules which are
polar, the direction of intrinsic molecular dipole could influerthe work function, which for @ip
configuration would actually increase the work function. A detailed discussion of influence of AICIPc
and GaClPc molecular orientation on the work function can be found in recent public&idA&T his

is why a conclusion about charge transfer from the energy level diagrams only is complicated.
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a) AICIPc/Ti0,(100): O, Treatment (0% Ti**) b) AICIPc/TiO,(100): Absence of O, (16% Ti3*)
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Figure4.41 Energy level diagrams :ah) AICIPc/Tig0100) treated with oxygen, b)I@IPc/TiQ(100)
reduced Reproduced from ReB9 with permission from the PCCP Owner Societies.

In both diagrams the ionization potential of a thick AICIPc films is 5.4 eV = 0.1 eV, which is in good
agreement with previously reported datalt can be an indicatiothat the intrinsic molecular dipoles

are oriented in a similar manner, with different orientations present. What is intergstilthough the

defect state peak was not present in the valence band spectra of the oxygen treatétlOD)surface,

the HOMO onset for both preparations is found between 0.9 eV and 1 eV, the binding energy position
of gap states. It can be thus assuntbdt the HOMO peak is pinned at the defect states, also for
surface where 71 states were not detected. It is likely that small amount of defects is present at the
surface even for oxygen treated substrates, which might be caused by the defect migmatios
surface during annealingtep!?* As recently discussed in literature, organic film work functions
independent fromsubstrate (4.5 eV for thick films for both preparations of substrates) are expected

for such pinning regime's®

4.2.2.6AICIPciim growth¢ microscopy images

AICIPc film growtlon TiQ(100) surfacewvill be discussed based on AFM and SEM imsig@sn in the

following chapter
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Figure442m >Y E ™ > Y AlCPa islandslordpDao)aptrated with oxygen (0% F) and
defectrich, b) prepared in an absence of oxygen (16%).Tihe AICIPc films presented in these images
have thicknesequal to anequivalent of a 1.2 nrand 1.3 nmlayerby-layer filmrespectively.

In Figure4.42 two AFM images are included: the left one shows an equivalent of a 1.2 nmblgyer

layer AICIPc film on an oxygen treated ;{100) surface, while the right one shows an equivalent

of 1.3nm layerby-layer AICIPc film on a defegth TiQ(100) surface, prepared in absence of oxygen.

It can be seen that AICIPc molecules form islands on the bo#{10i@ surfaces independent of
preparation. The large area AICIPc islands on(T00) sngle crystal surface remind of large grain
structures which were found for bulk films of AICIPc and TiOPc deposited on heated silicon substrates
(with roughness of 5.08 nm and 4.18 nm), as opposed to planar phthalocyanines, which grain size and
roughness \ere significantly smalle¥® Similar shapef islands can be observed in VOR§peripheral
substituted polar phthalocyanine) films on the silicon substrates, when annealed atCl&0der
ambient conditions. The crystallites are quadratic in shape and definitely higher in the middle than

their edges??’

The island size anddiribution is more uniform on oxygen treated $ace, where theycover 47% of

the image arealslands with side length equal to 33.17 and&Bm prevail in the AFM imagén the

other hand on reduced (100) surfadde islands are scarce (23% of the imagea) and they have
broader size distribution. The smaller islands have the side length of 27.4 nm, whereas the big islands

have the side length of 63 nm. Profiles of both images were taken: the left one shows a minimum at
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3.45 nm and maximum at 16.87mwhile its RMS is equal to 3.93 nm. The prdfilenage in the right,

has minimum at3.56 nm and maximum at 26.56 nm, while the RMS is 7.01 nm. That means that the
islands on the defeetich surface (right profile), are not only wider in the/>planeput they are also

higher (30 nm). In the left profile the islands are maximally 21 nm high.

It shows the flexibility of AICIPc molecules to form different density of islands upon a change in
substrate preparation. The AICIPc film morphology could be sjutrough substrate temperature

too. This diffusion is facilitated when the phthalocyanine film structure is disorganized, but the
diffusion of large anions in the material may become difficult and even impossible when the
phthalocyanine film is polycrialine.!? This could explain low extent of the interaction between
phthalocyanine molecules and B{@00) surface, because crystalline AICIPc islands are formed on the

substrate.

AICIPc/Ti(100): Q treatment
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Figure4.43 A 500 nm x 500 nm AFM imageaofl.2 nmthick AICIPc filnon TiGQ(100) prepared with
oxygen(left) and (right) a lingrofile of the AICIPc islands.

Figure4.43 shows an AICIPc fil{d.2 nm) on a defect free TiQ00) surface. Most of the islands have

the same height, since they have the same colour on the height scale. One can clearly recognize the
NEOGEFY3AdzE F NJ aKIFLIS 2F GKS AaflyRao thesmaliskdds G KS
(marked with a yellow circle). Bigger island with a clear quadratic base grow either free (green square)
or grow next to each other forming a row (white rectangle). The islands are higher in the middle and
lower and broader at their bottm. Considering their base is quadratic, the profile of a single island
points to symmetric island geometry, either conical or pyramidal in shape, as seen in Profiles 1 and 2

(right side of theigure4.43).
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Figure4.44 AICIPc film (1.3 nm) afQ(100) prepared y | 64 Sy 0SS 2F 2E&3Sy o | wm
(lefyandt M >Y E ™ >tie saneaamplémeas8redadifferent point(right).

Thin film of AICIPE..3 nm)on TiQ(100) prepared in absencef oxygen was measured with both AFM

and SEMimages(1> Y E )of asanyple measured with both techniques are showRigure4.44.

Although both images were measured at different points on the sample surface, it is possible to
recognise the same forms of AICIPc islands on dti@acein both images ofigure4.44. There are

groups of small islands (marked with yellow circle), big sisigleding islands (green square) and rows

of small islands or a long rectangular island (white rectangle). These are the same structures as those
observed on the (100) surfacegmared with oxygen. Due to a good resolution and image contrast of
SEM image, one can see that the islands have rectangular base. They are actually small crystals,
pyramidal in their formFigure4.45reveals that most of the squatbased pyramids are pointing in the
direction away from the substrate (red arrows). However, there are gysamidalcrystals which are

lying on their side (yellow arrows).
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/!

Figure4.45 AICIP®n TiG(100)treated without oxygen formdifferent sizes of crystallites, as well as
different direction of growth: upwards (red aws), sideways (yellow arrows).

If one changes the contrast of the SEM imégjgured.46), one can recogize the mosaic background

of TiQ(100) substrate as seen igured.31.

Figure4.46 SEM image of AICIPc on AIDO) prepared in absence atygen.
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