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PREFACE

Surface and interface studies help to understand the fundamental processes at the cor-
responding interfaces. In the field of organic molecular materials, many fascinating phe-
nomena can occur at hetero-interfaces, and their importance bridges the entire range
from fundamental aspects to application in organic devices. Recently, we have studied a
number of organic hetero-interfaces within the family of phthalocyanines. Intriguingly, at
a particular phthalocyanine interface we discovered an interaction that is characterized
by charge and spin transfer between the molecules at the interface, which leads to new
physical properties. This might even be an initial representative of a fascinating novel

material class.

The addition or the removal of charge as a successful tool to modify physical properties
plays an important role in fundamental and applied science. In the field of molecular
solids, charge transfer has a long-standing and successful history and prominent examples
can be found in, e.g., the classes of organic conductors, as well as superconductors [1-
4]. So-called charge transfer salts have been manufactured and demonstrated interesting
and often unexpected physical properties ranging from metallicity and superconductivity
over complex phase diagrams including charge density and spin density wave phases to
highly correlated materials (Mott insulators) [2, 4]. Intriguingly, even the formation of
a two-dimensional metallic layer has been reported as a consequence of charge transfer
between the two insulating organic molecular crystals (TTF and TCNQ) [5, 6]. Most
recently, superconductivity was reported for some alkali intercalated molecular solids built
from hydrocarbons such as picene, which renewed interest in the study of charge transfer

materials and variations of their physical properties upon charging [7, 8.

In view of more applied aspects, charge transfer has also been investigated and ex-
ploited in order to improve or engineer the performance of organic electronic devices. For
instance, it has been shown that the inclusion of organic dopants in organic semiconduc-

tors can significantly enhance charge carrier injection from electrodes and the modification
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of electrode surfaces with particular organic layers accompanied by charge transfer allows
tuning of hole injection barriers at such junctions [9, 10].

Within the huge family of m-conjugated molecular materials which are also considered in
organic (opto-)electronic devices, transition metal phthalocyanines offer an additional de-
gree of freedom via the incorporation of the transition metal in the center of the molecule.
The transition metals provide a magnetic moment, which results in an interesting combi-
nation of organic semiconductors plus magnetism. This has intriguing aspects in view of
the development of a spin electronic based on organics [11, 12].

In general, metal phthalocyanines are rather stable against e.g. heat, light, moisture
or oxygen, and they have been applied already in organic light-emitting diodes (OLEDs)
[13], organic photovoltaic cells [13-15], organic field-effect transistors (OFETSs) [16, 17] and
even first organic spintronic devices [18, 19]. Within the research activities on organic
heterojunctions, we have recently combined selected phthalocyanines that should allow
for charge transfer at the respective interface. An important criterion to be considered in
order to render charge transfer feasible is the relative size of the ionisation energies and

the electron affinities of the involved molecules. This is outlined in Fig.0.1.

Energy
By
1P g
[TUMO A
/N
HOMO]  +yo
HOMO

molecule 1 molecule 2

Figure 0.1.: Schematic energy level alignment for an organic semiconductor heterojunction with
charge transfer. An important condition for charge transfer is fulfilled when the ionisation energy
(IP) of molecule 1 approaches the electron affinity (E4) of molecule 2. HOMO means highest
occupied molecular orbital, whereas lowest occupied molecular orbital is abbreviated LUMO.

In detail, charge transfer becomes likely when the ionisation energy of the donor
(molecule 1) approaches the electron affinity of the acceptor (molecule 2). Following
this conjecture the two phthalocyanines MnPc and F14CoPc were chosen.

Using photoelectron spectroscopy studies and calculations based on density functional
theory (DFT) it could be unambiguously demonstrated that the interface between MnPc

and Fi5CoPc is characterized by a sizable charge transfer between the two molecular



species. This transfer of charge is also accompanied by a transfer of spin. The obtained
results are of importance for the application of such interfaces in organic electronic devices
since charge transfer considerably affects the energy level alignment and the transport

behavior of the respective heterojunction.

0.0
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TRANSITION METAL PHTHALOCYANINES

1.1 Molecular structure

Transition metal phthalocyanines are carbon-based molecules and they are formed by a
very stable 7-conjugated macrocycle ring. The phthalocyanato ion CsyH N2~ is abbre-
viated Pc. The structure of such a transition metal phthalocyanine molecule is shown in
Fig.1.1. The molecule is characterized by the presence of a transition metal ion in the
center. They are surrounded by 4 pyrolle nitrogen (N;), 4 bridging aza nitrogen (Ns), 8
pyrolle carbon (Cy) as well as 24 benzene ring carbon atoms (Cy,C3 and Cy). In this thesis
we focused on manganese (Mn), iron (Fe) and cobalt (Co) as central ion. The formal ox-
idation state of the transition metal ion is 2+ in the center of the molecule. Thereby the
phthalocyanato ion acts as ligand to the central metal one whereas the bonding between

the ligand and the transition metal is significantly covalent [21].

1.2 Symmetry and electronic structure

Transition metal phthalocyanines have a planar structure with a Dy, point symmetry [22,
23]. When a transition metal is placed in a phthalocyanine molecule the degeneracy of
the 3d transition metal orbitals are lifted, which results in a splitting of these transition
metal orbitals. Depending on the symmetry of the surrounding molecule, in the case of

the Dy, symmetry, the 5 transition metal 3d orbitals transform as biy (dy2_,2), a14 (d,2),

13
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c; G,

Figure 1.1.: Schematic illustration of the chemical structure of a transition metal phthalocyanine
molecule. With M the central transition metal ion is denoted, which is surrounded by 4 pyrrole
nitrogen (N;) and 4 bridging aza nitrogen (Ns) atoms. The 24 carbon atoms in the outer benzene
rings are labeled with Cy, C3, and Cy4, respectively. With the label C; the 8 pyrrole carbon atoms
are named, taken from Ref. [20].

eg (dyz, dy.) and by, (dyy), as depicted in Fig. 1.2.

The energetic order of the orbitals is reliant on the strength and the type of the distor-
tion and on the hybridization effects of the metal 3d orbitals with the ligand orbitals. The
electronic and magnetic properties of the phthalocyanines are determined by the valence
and spin state of the transition metal ion in the center, but also by the ligand.

For the divalent Co(II) in CoPc, which has a spin of S=1/2, density functional theory
calculations have been performed that find different electronic configurations. There are

two different ground states, which have been predicted: b?ga}ge‘le (d% _odls [dmdyz]‘*diy)

9729 \"x—y
and b9 a? elbs, (dYa_ 2dla[de.dy.]*d?,). From previous X-ray absorption and X-ray pho-
toemission studies the ground state configuration of b ay,e;b3, dominates [24].

In the case of MnPc, Mn(II) has a d° configuration with a spin state of S=3/2.
From other studies two configurations are possible: b aj,elby, (d2e_2dl2[ds-d,.]°d;,)
and 0 a},e2b3, (d_2dls(d,.dy.]*d2,) [24].

FePc has a spin of S=1 and 4 holes because of the d° configuration. There are 4
possibilities of expected ground state configurations due to the spin of S=1. It is claimed
that the configuration with £, orbital symmetry (b9 a1, e3b3,) (d%_2dLs[dazdy.]?d3,) is

most likely possible [24].



Morphology and crystal structure

> — "%

Figure 1.2.: Sketch of the energy splitting as it is present for many transition metal pthalocyanine
molecules, to- gether with the corresponding orbitals. The x- and y-axis are oriented along the
shortest transition metal-nitrogen bonds, taken from Ref. [24]. Note: The e, state consists of d.
and d,, orbital.

1.3 Morphology and crystal structure

Transition metal phthalocyanine molecules appertain to the family of planar organic semi-
conductor in which the nature of bonding is fundamentally dissimilar from inorganic semi-
conductors. Organic molecular crystals are comprised of weak intermolecular bonding
(e.g. van der Waals and m — 7 interactions) as compared to covalently bonded semi-
conductors like silicon (Si) or gallium arsenide (GaAs). In the bulk and in thin films,
phthalocyanine molecules form linear chains by columnar stacking. The molecules are
tilted by an angle with respect to the chain axis [25]. The angle at the parallel adjacent
chain is opposite, thereby producing a herringbone arrangement. The different angles
and relative positions of the chains give rise to different polymorphic types, the a- and
[-forms of transition metal phthalocyanines are shown in the Fig. 1.3. The main differ-
ence between the a- and [-forms is the smaller tilt angle of the molecules relative to the
b-axis of the the crystal [25].

In the case of MnPc, the crystal growth by vacuum sublimation leads to crystals in the
p-form. Thereby long and thick plates of the crystals can be generated [27]. The magnetic
properties depend on the stacking of the planar molecular 7 system. The stacking angle
is defined as the angle between the b-axis and the surface normal of the molecule. (-
MnPc crystals with a stacking angle of 45° are ferromagnetic and a-MnPc thin films

are antiferromagnetic [28]. The crystals of the S-polymorphic form are monoclinic, with

13
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Figure 1.3.: The crystal structures of a- and (- transition metal phthalocyanines, taken from
Ref. [26].

following parameters: a = 14.6 A, b =4.7A, ¢ = 19.3A and § = 121.1° [29, 30].

CoPc layers, which were produced by vacuum sublimation, lie flat on a gold crystal
substrate until 5nm [31]. For higher layer thicknesses the typical herringbone structure
is generated depending on the substrate temperature, pressure and the evaporation rate
[32]. At room temperature the a-type is formed when the substrate is unheated. Due
to the increasing of the substrate temperature (over 300°C) a transition in the S-form
occurs, where the molecules stand straighter (stacking angle v = 46°) [33].

FePc is also found in the a- and S-polymorphs. The a-form is metastable and obtained
either as a poly-crystalline powder or as a thin film produced by vacuum deposition onto
a cold substrate [34, 35]. The S-form is the most stable one and can be obtained either
from the sublimation technique to grow a single crystal or from heating the a-polymorphic
sample up to 350 for a few hours [34, 36]. The bulk lattice parameters are a = 25.5 A,
b =38A, ¢c=255A, 3 =90.0° for orthorhombic a-FePc and « = 14.6A, b = 4.8A,
c = 19.4A and B = 120.8° for monoclinic S-FePc [36]. In a-FePc the molecules are
stacked parallel to each other along the b-axis at intervals of 3.78 A, and the molecular
planes are inclined to the ac-plane at an angle of 26.5°, in a herringbone structure [37].
FePc thin films deposited on single crystals Au(100) [31] and Ag(111) [135] substrates

were found to lie parallel to the substrate and well ordered.



ELECTRONIC PROPERTIES OF
ORGANIC/METAL AND
ORGANIC/ORGANIC INTERFACES

2.1 Electronic structure of metals

To explain changes at the metal surface the jellium model is introduced [38-40]. The
ground state electron density profile using the jellium model for two choices of positive

background densities (p; > p2) is shown in Fig. 2.1.

The discrete ion cores are replaced by a uniform, positive background charge. The
density variation perpendicular to the surface reveals two features, which are characteristic
of all surface problems. One feature is that the electrons spill out into the vacuum region
and thereby an electrostatic dipole layer at the surface is created. There is no sharp
edge to the electron distribution. Second, the electron density oscillates as it approaches
an asymptotic value that compensates the uniform positive background charge. These
are Friedel oscillations. They arise because the electrons try to screen out the positive

background charge distribution which has a potential step at z = 0 [40].

The formation of a surface dipole D means that the electrostatic potential far into the

17
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jellium edge *ﬂl «— effective metal surface

metal atoms

p(z)/p+ P1

P+

—— z/a
Figure 2.1.: Jellium modell. Die upper panel shows a cut through the metal surface. The lower

panel depicts the electron density profile at a jellium surface for two choices (p1 > p2) of positive
background (p4), after Ref. [39].

vacuum is greater than the mean electrostatic potential deep in the crystal [40, 41],
D = v(o0) — v(—00). (2.1)

The work function ® determines the energy, which is necessary for removing an electron
from the bulk to a point outside the surface. The work function is directly associated

with surface dipole,

=D — Ep. (2.2)

The surface dipole moment is a characteristic property of surfaces and it changes de-
pending on the surface. For the same metal, the closely packed faces have generally a
greater dipole moment than the loosely packed ones [40, 42]. This can be due to the

reconstruction or the charge density smoothing at the metal surface. The electrons spill

18



Electronic structure of organic semiconductors

out as before, but additionally they confront the sharp steps on a rough surface. As a
result, an electrostatic dipole oriented oppositely to the spill out dipole is created, thereby
reducing the net dipole moment relative to the flat surface value and with this also the
work function. This is known as Smoluchowki Effect [43, 44]. Hence, the work function
is changed for different crystal orientations: A good example is copper with its different
faces [42]: ®oy11) = 4.88¢eV, Peyaoo) = 4.63eV and Py 110) = 4.48€V.

2.2 Electronic structure of organic semiconductors

Organic semiconductors contain mainly carbon which can be associated with oxygen, hy-
drogen or nitrogen. The electronic configuration of carbon is in the ground state 15%2522p?.
The electrons of the p orbital are distributed among the 2p,, 2p, and 2p, orbitals. A dou-
ble bond between 2 carbon atoms can be formed due to the sp>-hybridization, as shown

in Fig. 2.2a. This hybridization effect describes the deformation of the atomic orbitals by

pz - orbital pz - orbital

plane of the
spo - orbitals

(a) (b)

Figure 2.2.: Scheme of (a) the orbitals and bonds for 2 sp?-hybridized carbon atoms , and for (b)
a benzene ring with delocalized 7 system, taken from Ref.[45].

the interaction between the atoms of the molecule. Three orbitals are formed out of 2 s
and 2 p orbitals, which are coplanar and oriented at 120° relative to one another. Due to
the formation of an orbital overlap of 2 sp?-orbitals the covalent o bonds are generated.
The remaining orbital, p., can overlap with the corresponding p, orbitals of an adjacent
carbon, which leads to an additional bond, the m bond. The 7 bonds induce states, which
can be delocalized over the molecule, as shown in Fig.2.2b. The semiconducting proper-
ties of the organic materials are generated by the extended 7 electron system, created by
the orbital overlap.

The 7 bonds between carbon atoms in organic molecules form the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The

2.2

19
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effective potential well of an electron in a polyatomic molecule is generated by the atomic
nuclei and other electrons. The inner atomic orbitals are localized in the atomic potential
well. They are called core level states. The upper atomic orbitals interact to form delo-
calized molecular orbitals. The vacuum level E,,. is defined as the outermost horizontal
part of the well, above which the electron can move away from the molecule.

When molecules form an organic solid, the electronic structure develops as it is pre-
sented in Fig. 2.3.

VL

~

|
| Fermi
level (Eg)

S0 8 BHHEE TR Y ]

L

| Molecule |
Molecular Solid

Figure 2.3.: Electronic structure represented with potential wells for an organic solid, taken from
Ref. [46].

Then the molecules of an organic solid interact only by weak van der Waals forces,
resulting in narrow intermolecular bandwidths and the HOMO and LUMO are completely
localized on each molecule [41, 46]. Thus the electronic structure of an organic solid
preserves that of the containing molecules.

The electronic structure in Fig. 2.3 is often simplified to the picture of the electronic
structure of an organic solid as shown in Fig. 2.4. The Fermi energy Fr is also indicated,
which is located in the energy gap of the HOMO and LUMO. The ionization potential Ip
is defined as the energy separation of the HOMO from the E,,.. The energetic distance

between the Er and E,,. is called work function ®.



Organic/metal interfaces

Ev
(bOrg IP
LUMO
Ep --memead e Egap
HOMO

Figure 2.4.: Energy level alignment of an organic solid.

2.3 Organic/metal interfaces

In the performance of molecule-based electronics such an organic/metal interface, which
can be a contact between a thin molecular film and a metal electrode, can play an crucial
function. An interface between two solid materials can be either formed by a contact
of two solids or the deposition of one material on the solid surface of the other. In this
scientific work the data of the formation of an interface between various phthalocyanines
(CoPc, F15CoPc and FePc) and noble metals (Au and Ag) are analyzed.

The phthalocyanine/metal interface can be described by an organic/metal contact.
When an metal and an organic material are far away from each other, the position of
the Fermi energy in both solids is normally different. When the solids come into contact,
forming an interface, the electronic structure of this interface can be described in the ideal
Schottky barrier formation, which is shown schematically in Fig.2.5. In this case the
vacuum level at the semiconductor/metal interface is aligned. As the thermal equilibrium
is reached, the Fermi level of both materials are aligned via charge transfer across the
interface (see Fig. 2.5).

In general the picture of an ideal Schootky barrier formation does not explain the real
behaviour of a semiconductor /metal interface. In Fig. 2.5 a realistic picture of the interface
formation is depicted. In this picture an interface dipole A exists between the metal and
the semiconductor. This interface dipole is established to reach the thermal equilibrium
between the two materials and causes an abrupt shift of potentials across the dipole layer.
It should be noted, that this interface dipole forms an additional dipole layer, when there
is already a dipole layer at free metal surfaces as described in section 2.1. The origin of

the interface dipole is discussed in detail in section 2.4.

2.4
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EVmetal : : EVPC EVmetal : !
] ] K ) : A EVPc
e e
Dyetal : : P Dinetal : : P
LUMO - 7
b | LUMO
Ep - Egap Ep —
| PuiB oy | | Eoar
I HOMO | ‘
| | HOMO |
metal 'organic semiconductor metal 'organic semiconductor

Figure 2.5.: Energy level alignment of an organic/metal interface. With (left) and without (right)
formation of an interface dipole .

2.4 Origin of the interface dipole

The origin of the interface dipole is still under discussion. The interface dipole can be
caused by more than one factor. There are different effects which can explain the origin
of the interface dipole [46]:

¢ Reduction of the work function of the substrate
o Interface charge transfer

 Induced density of interface states model (IDIS)

2.4.1 Reduce metal work function (Pillow effect)

As described in the section 2.1, the work function of a metal depends on the bulk chemical
potential and the surface dipole. The bulk chemical potential will not be affected by
adsorption of molecules but the surface dipole depends sensitively on the surface structure.
This surface dipole is created by the tailing part of electrons spilling out from the metal
surface into the vacuum. This surface dipole contribution is modified by the presence of
adsorbed molecules. The repulsion between the electrons of the adsorbate and the metal
surface pushes the electronic tail towards the surface, which reduces the metal surface
dipole potential energy, thereby decreasing the work function. This charge rearrangement
is called pillow effect [47](Fig.2.6a). The effect of physisorption in the absence of charge
transfer and resultant lowering of the metal work function has been concluded by a number

of experimental and theoretical studies using closed-shell atoms like Xe [40] and organic
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Figure 2.6.: Models for the interface dipole layer formation: (a) pushing back of the electron cloud
tail out of the metal surface and (b) image potential induced polarization of the organic material ,
taken from Ref.[46]

semiconductors [48] on various metal substrates. The variation of the metal work function
depends upon the metal surface dipole. Fig.2.7 presents the work function changes for
one xenon monolayer coverage adsorbed on different metal surfaces.

One can clearly see that the metals, which have a large work function, lead to a large
interface dipole. Hence, these metal substrates undergo the larger work function changes
upon xenon adsorption than the metals with low work function upon physisorption. The
pillow effect occurs also at interfaces with stronger interaction, but it is very difficult to
differentiate it, among various contributions to the interface dipole formation.

Another factor, which can explain the modification of surface dipole at the interface
is known as the image charge effect. The results of another study of xenon on metals
attributed the changes in the work function of metal to the polarization of electrons [40].
This image charge screening leads to a deficiency of electrons in the vacuum side, as
depicted in the Fig. 2.6b.

2.4.2 Interface charge transfer

The second factor is the electron transfer between the metal and the organic molecule,
where the charge remains localized at the interface [41, 46, 50]. If the electronic charge is
transferred to the metal substrate, a downshift of the vacuum level will be induced. This
is expected for a combination of (strong acceptor)-(low work function metal), as depicted
in Fig. 2.8(left panel). If the electronic charge is transferred to the organic molecule by
introducing a dipole-induced potential step, a upward shift of the vacuum level will occur.
For the combination of (strong donor)-(high work function metal) such case is anticipated.

In Fig. 2.8(right panel) the charge transfer with this anion formation is shown.

2.4
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Figure 2.7.: Experimental work function change for monolayer xenon adsorption on several metal
surfaces, taken from Ref. [49].

This mechanism is also applicable to organic/organic interfaces for the combination of

strong donor and acceptor [46].

2.4.3 Induced density of states model (IDIS)

The Induced density of interfacial states (IDIS) is a model describing interfaces charac-
terized by a (weak) hybridization of the electronic states of the m-conjugated molecules
in contact with metal substrates [41, 47]. When the molecules adsorb onto the clean
metal surface, the interaction of these two materials give rise to a shift and broadening
of the molecular levels, leading to hybridization of the HOMO and LUMO with metal
states. The broadening of each state has a Lorentzian shape. Due to this interaction the
initial (discrete) distribution of the molecular levels transforms into a continuum density
of states (DOS) leading to finite DOS on the former energy gap. The charge-neutrality
level (CNL) position of the organic molecule is obtained by filling this induced DOS by

the number of electrons of the isolated and neutral molecule [47],

CNL
N = /_ PIDIS dFE. (23)
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Figure 2.8.: Models for the interface dipole layer formation: Charge transfer across the interface
via cation and anion formation, taken from Ref.[46].

A schematic figure of molecular-orbital energies and the Lorentzian-broadened DOS is

shown in Fig.2.9 The direction and size of the charge transfer at the interface between

| \/}‘ \ HOMO LUMO /lllll

| 1

A

Energy vs Vacuum Level

Density of States
—

Figure 2.9.: Scheme of the calculated molecular-orbital energies for the isolated (bars) and the
Lorentzian-broadened DOS (curve). The CNL is depicted as a dashed line, taken from Ref.[41].

the molecules and the metal substrate is determined by the relative position of the semi-
conductor CNL and the substrate Fermi level. If the organic CNL is higher than the
metal work function, electronic charge is transferred from the organic molecule to the
metal substrate. This leads to the formation of an electrostatic dipole at the interface
aligning the relative positions of both materials. This induced dipole A can be calcu-
lated by the difference of the metal work function (®,,) and the organic charge-neutrality
level (CNL), which is reduced by the interface slope parameter S, which represents the

strength of the interaction:

A=(1-S)(®y — CNL). (2.4)
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2.5 Organic/organic interfaces

The energy level alignment between two different organic films is important to improve the
efficiency of organic light-emitting diodes (OLEDs) and organic photovoltaic devices. The
organic/organic interfaces have some features in common with the organic/metal inter-
faces, but the have also their own characteristics. The interface dipole in organic/organic
interfaces is much less common as in metal/organic ones, due to the fact that there ex-
ists less itinerant charge carriers. The main contribution to the interface dipole is from
the alignment of the permanent dipole of the organic molecule [50]. The model of IDIS
can also be used to explain the interface dipole at organic/organic heterojunctions, as
explained in section 2.4. In the case of these heterojunctions the same assumptions can

be made. However, the formula of interface dipole is changed [51]:
Aoo = (1 = So0)(CNLy — CN La)initial- (2.5)

Hence, the difference between the CNL levels at the heterojunction (difference at equi-
librium) is related to the difference between the CNL levels of the two organic molecules
modified by the now called slope parameter Spp. This parameter represents the ability
of the molecular materials at the interface to screen the electrostatic-potential difference.
The hybridization of the molecular orbitals leads to a continuous density of states in the
former HOMO-LUMO gap. Thereby charge can be transferred from the higher lying CNL
into the empty states of the lower lying CNL until the equilibrium is reached, as depicted
in Fig. 2.10.

LUMQ, Aoo
LMo, CNL, LUmO, LUMO,
(CNL-CNL,), ;, o> CNL,
CNL. T, 8 Gy ~===aees {CNL-CNL )
HOMO,
HOMO, HOMO; Homo,

Figure 2.10.: Evolution of the energy-level alignment when two m-conjugated organic semiconductors
are brought into contact, as predicted in the IDIS model, taken from Ref.[41].

However, many other features are observed, depending on the investigated system. For
more details see the review articles of Braun et al., Gao et al. and Hinderhofer et al. [41,
50, 52].
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Photoelectron spectroscopy is a popular method to investigate the chemical and the elec-
tronic properties of atoms, molecules, solids as well as of surfaces and interfaces. This
type of spectroscopy is an important tool in the research field of organic semiconductors,
because it is a non-destructive procedure to study their surfaces and interfaces.

In comparison to other particles like photons, atoms or ions, electrons have a lot of
advantages [53]. For example electrons can be easily focused and they can be easily
detected and counted. An advantage which makes this method attractive in this research
area is that the energy of the electrons and their angle can be analyzed using electrostatic
fields.

In this chapter we introduce briefly the topic of photoelectron spectroscopy. A short
introduction is given in the basic principles of this technique. Furthermore we explain the
experimental details, which gives an overview of the used spectrometer system. At the
end of the chapter the analysis of the received x-ray (XPS) and ultra-violet photoelectron
spectroscopy (UPS) data is described to gain information about the electronic as well as

the chemical properties.
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3.1 Basic principles

3.1.1 Photoelectric effect

For the first time Hertz detected the phenomenon of photoemission in 1887 [54]. However
he was not able to explain this process. In 1905 Einstein could explain this so called
photoelectric effect by invoking the quantum nature of light [55]. The condition for the
photoelectric effect is that a solid surface is irradiated by mono-energetic photons and the
emitted electrons are analyzed with respect to their kinetic energy Ej;, and momentum
P (wave vector fer = p/h). Knowing the energy of the light and the work function ®
of the material (surface), one can determine the binding energy Ep of the corresponding

electronic state of the sample:

The magnitude of the wave vector ke is determined by the kinetic energy of the emitted
electron:
1/2

ke = (2m By /R?) (3.2)

The direction of the emission is expressed by the angles # and 3. These parameters are

shown in Fig. 3.1.

e

X

Figure 3.1.: Scheme of the photoemission process: Definition of the angles and the wave vectors of
the photon (hv) and the emitted electron e~ cf. [56]
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3.1.2 Three-step model

A detailed theoretical approach to the process of photoemission necessitates a full quantum-
mechanical treatment of the complete coherent process. The simpler and more instructive
approach is the three-step model [57], which is less accurate but is useful. In Fig. 3.2 the

photoemission process as a three-step model is shown.

II II1

propagation
—_—

AEVB

E’UllC

Er —

hv

crystal vacuum

surface

Figure 3.2.: Three-step model:(I) photoexciation of the electrons; (II) propagation of the excited
electron to the surface; (III) penetration through the surface [53]

In this model the photoemission experiment is artificially seperated into three indepen-

dent processes.

(I) Photoexcitation of an electron from an initial into a final state.
II) Propagation the excited electron to the surface.
g

(III) Electron escapes through the surface into the vacuum.

In the first step the optical excitation of an electron is simply described by the transition
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probability Wy, for optical excitations (Fermi’s Golden rule):
7y S . .
Wi = == |{f, kM0, k) PO(Ey (k) — Ei(k) — w) (3:3)

In the first approximation direct transitions with nearly unchanged k are taken into ac-
count between the initial and the final Bloch states [i, l;:> and (f,k|. The perturbation
operator H is given by the momentum operator p and the vector potential A of the
incident electromagnetic wave (dipole approximation):

e

H=—A-p (3.4)

mc

In Eq. 3.3 the -function describes the energy conservation in the excitation of an electron
from initial state (k) into the final state £ f(E) of the electronic band structure. On the
vacuum side (outside of the solid) one can only detect electrons whose energy F is above
the vacuum energy FE,,. and whose vector k in the final state is directed outwards the

surface, i.e. [k.|> 0.

The second step describes the movement of the electron through the sample to the
surface (propagation). A lot of electrons take part in inelastic scattering processes. They
lose energy by electron-phonon or electron-plasmon scattering. Such electrons contribute
to the background of the photoemission spectra, which is called secondary background.
Due to the loss of kinetic energy the electrons lose also information about the initial state
E;. The probability that an electron will reach the surface without scattering processes
is given by the mean free path A. The value of \ is typically between 5 and 20 A, which

makes the photoemission spectroscopy a surface sensitive technique.

The third step, the transmission of the photoexcited electron through the surface into

the vacuum requires conservation of its wave-vector component parallel to the surface:
ﬁx =k+G (3.5)

The component normal to the surface of the wave vector of the electron inside the crystal is
not conserved during the transmission through the surface because of the inner microscopic
surface potential V5. On the vacuum side the dispersion relation for free electrons is

effective:
h? ke:E?

2m

Eyin = (3.6)

The wave-vector component parallel to the surface outside the solid ( ﬁx) is determined
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Figure 3.3.: Mean-free path of the electrons in solids as a function of their energy, cf. [56]

from experimental parameters:

ex 2m .
=1/ ﬁEkmsmG (3.7)

The wave-vector component of the electron inside the solid (k) is changed upon trans-

mission. The outside component is determined by the energy conservation as

2
kT =/ h—ZLEkmcosH. (3.8)

For the interested reader we refer to other publications [53, 56, 58|, to get more detailed

information about the fascinating topic.

3.1.3 Surface sensitivity and UHV-condition

One of the peculiarity of the photoelectron spectroscopy is demonstrated by the high

surface sensitivity. For this two facts are responsible:
o the low mean free path \ of the electrons in the solid
« the susceptibility of the solid surface to gas adsorbates.

As it was mentioned above, excited electrons travel to the surface and may take part
in many inelastic scattering processes. They lose energy by electron-phonon, electron-
electron and electron-plasmon scattering. The probability that an electron will arrive at

the surface without inelastic scattering is given by the mean free path .

3.1
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In Fig. 3.3 the electron mean free path A as a function of the electron kinetic energy
for selected metals is shown, which is also called universal curve. One can see that A is
only a few A in the kinetic energy range of interest (10 to 2000 V). The quasi-universal
dependence for a lot of different materials is due to the fact that the dominant interaction
mechanism between the electrons and the solid is the excitation of plasmon waves, whose
energy is determined by electron density in the crystal.

Under ambient pressure conditions the surface of a solid contains a layer of adsorbed
contaminants, which consists of air components like water, hydrogen, oxygen and carbon
monoxide. The actual coverage depends on the sticking coefficient S, which gives the
probability that an atom or molecule remains absorbed. On consideration of S = 1 and
a vacuum pressure of p = 1.3 - 10~%mbar, in one second a coverage of one monolayer will
be obtained at the surface. In order to keep the surface clean over a time period which
is in the typical order of the measurement (1h), it is necessary to have a pressure lower
than 1072 mbar. Therefore, at ultrahigh vacuum (UHV) condition it is possible to have

atomic clean surfaces during the measurements.

3.1.4 Definition of the binding energy

Electrons, which are excited, leave the solid. Therefore, one can detect their kinetic
energy. The obtained spectrum of the energy distribution is a picture of the Density Of
States (DOS). How the energy-level diagram and the energy distribution of photoemitted
electrons relate to each other is shown in Fig. 3.4.

In Eq.3.1 the labeled energy FEy;, is the kinetic energy of the photoelectron of the
surface. The spectrometer system is detecting the kinetic energy Ej,,. These two energies
are different due to the different work function of the spectrometer analyzer ®,.. and of
the sample ®gqmpe (see Fig. 3.5).

During the experiment, sample and spectrometer are connected in a conducting way
to avoid charging effects. The sample and the spectrometer are in thermodynamic equi-
librium and therefore the Fermi energies are at the same level. As a consequence on
the way to the surface the emitted photoelectron is affected by a potential difference

Dypec — Psampre- The kinetic energy of the electron is outside of the sample
Erin = hv — (I)sample - Eg (39)

However, the spectrometer detects the kinetic energy Fj,., which is described by the
equation
B =hv— &g — E5 (3.10)
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Figure 3.4.: Relation between the energy levels in a solid and the electron distribution produced by
photons of energy hw, cf. [53]

From Eqgs. 3.9 and 3.10 one can extract the following relation
Ekin + q)sample = E]/gzn + Cpspec‘ (311)

Setting Eq.3.9 in Eq.3.11, one can eliminate the work function of the sample and one

receives

B =hv — &g — E5. (3.12)

A Fermi energy of 0eV binding energy is related to metals. The work function of the
spectrometer is independent of the used sample. Thereby, one can calibrate the energy
scale by determining the position of the Fermi-edge or the known binding energies of the

core level peaks of clean metal reference samples like gold, silver or copper, according to
Tab. 3.1

3.1
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Figure 3.5.: Scheme of the relevant energies of a sample in direct contact with the spectrometer, cf.
[59]

Table 3.1.: Binding energies for the energy calibration [60]

Reference signal \ Binding energy [eV]

Audfz) 84.00 % 0.02
Ag3ds)s 368.27 + 0.02
Cu 2ps 932.66 + 0.02

3.1.5 Light sources

For measuring the core levels of the molecules by means of x-ray photoelectron specotroscopy
(XPS) very high excitation energies (100-1500€V) are necessary. To realize this energy
range, the use of standard x-ray sources is preferred. The characteristic emission of this
sources is determined by the anode material. Typical anode materials are aluminium and
magnesium [56]. Conventional sources are x-ray tubes, whose anodes are water cooled
in order to improve the maximum emission intensity. Without using a monochromator
it is difficult to study the fine-structure of a signal or to analyze the chemical shift due
to the linewidths of the x-ray emission line, which are several hundred meV. Therefore
the x-ray sources are used in combination with an x-ray monochromator which contains

a crystalline mirror as a dispersive element.

The ultra-violet photoelectron spectroscopy (UPS) uses excitation energies in the range
of 5-100 eV. He discharge is the most important source, but Ne and Ar are also used. A gas
discharge lamp is flanged to the UHV chamber through a differentially pumped capillary.
The discharge burns in a water-cooled compartment. In a He gas discharge lamp excited

He atoms in a generated plasma emit photons with the characteristic energy of 21.21eV,
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which corresponds to a transition of He 2p to the He 1s states (HeI spectral line). Usually,
this line is used without a monochromator. The Hell line at 40.82¢V, originated from
excited He™ ions in the discharge, can also be employed without a dispersive element.
The relative intensity of the latter depends on the pressure and the discharge current

conditions [56].

3.1.6 Electron energy analyzer

The excited electrons, which left the sample with a certain kinetic energy, have to be
detected. Electrons that enter the analyzer have different kinetic energies, so that it is
necessary to sort electrons. In the following part the detector, an electrostatic hemispher-
ical analyser (HSA), used in the experiments is explained [53, 61].

At the first step an electrostatic lens array decelerates and focuses the electrons on the
entrance slit. The electrons are decelerate to a defined kinetic energy, which is called pass
energy E,q.ss. The width of the entrance slit limits the electron emission angles that can
pass into the hemispheres and therefore define the acceptance angle of the analyzer. The
slit width can be modified, which influences the energy resolution and intensity of the
photoemission. Electrons that passed the entrance slit are deflected in the electric field
between the two hemispheres, which have different potentials and hence form a capacitor.
The electrons travels along the mean radius r to refocus at the exit slit [61]. The higher
energetic electrons are forced towards the outer sphere whereas the slower electrons are
deflected towards the inner sphere. The relative resolution is given by the following

equation [61]: A ,
E w + roQ
Epass B 2740

(3.13)

This resolution is dependent on the slit width w and the angular spread « of the beam.
Finally, the sorted electrons are passing the exit slit and hit the so called multi-channel-
plate where an electron generates a photon that is multiplied and then detected by a CCD

camera.

3.2
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3.2 Experimental details

3.2.1 The spectrometer system

The x-ray photoelectron spectroscopy experiments have been carried out using an ultra-
high vacuum system, which is equipped with an electron-energy analyzer PHOIBOS-150
(SPECS). A scheme of this spectrometer system is shown in the Fig. 3.6.

sputter gun gas discharge

lamp
preparation chamber

PHOIBOS 150 an-
alyzer

sample
magazine

transfer rod X-ray source

Al K,
Jr
monochromator

fast entry sample main chamber

Figure 3.6.: Scheme of the spectrometer SPECS

The spectrometer consists of two UHV chambers, the preparation chamber and the
main chamber, which are separated by a gate valve. The basic UHV pressure is lower
than 2 - 107 mbar to avoid surface contamination. At first, a sample is placed in the
fast entry (third chamber), which is then evacuated with a turbo molecular pump. After
reaching a pressure of 1 - 107" mbar in the fast entry, the sample is transferred into the
preparation chamber. The preparation chamber contains a sample manipulator with
temperature control system which can heat the sample up to 1000°C , Knudsen-type
evaporators for the sublimation of organic materials and a quartz microbalance in order
to monitor the deposition rate. Without breaking the ultra-high vacuum the sample can
be transferred into the main chamber by opening the gate valve. In the main chamber
a monochromatized AlK, source provides photons with an energy of 1486.6 eV for x-ray
photoelectron spectroscopy (XPS). The method of XPS is used to measure core level
excitations. Photons with an energy of 21.21eV from a He discharge lamp were used
to perform valence band measurements. The total energy resolution of the spectrometer
was about 0.35eV (XPS) and 0.15e¢V (UPS). The main chamber is also equipped with
a hemispherical energy analyzer, a sputter gun, operated with argon ions (Ar™) and an

additional low energy electron diffraction (LEED) system.
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3.2.2 Sample preparation

Single crystal preparation

As substrates we used the (100) surface of a gold single crystal (Fig.3.7a) as well as
the (111) surface of silver. Following the standard recipes these surfaces were prepared
by repeated Ar" sputtering and annealing cycles, after which a typical 5 x 20 surface
reconstruction for gold and a hexagonal structure for silver were observed using low en-
ergy electron diffraction, while no remaining contamination was detected in core level

photoemission spectra.

@ (b)

Figure 3.7.: a) Au single crystal fixed on a sample holder , b) Typical evaporator for organic
material used at IFW Dresden: A-circuit points for temperature controller, B-crucible with heating
wire, C-Al;O3 tube filled with organic material

Deposition of the organic layers

The used organic material have been deposited by an in situ thermal evaporation. The
evaporator typically is shown in Fig. 3.7b.

The single phthalocyanine films (CoPc, F14CoPc and FePc) with a thickness of about
3nm were prepared by an in situ thermal evaporation and with a deposition rate of
1A/ min onto the metal substrate kept at room temperature. From previous studies it
is known that phthalocyanine films grown in this manner result in molecules that are
arranged parallel to the substrate surface [31, 62-64]. This has been also verified by our
own performed X-ray absoprtion spectroscopy studies (see section 4.1.1

For the heterostructures, at the beginning, a 3nm thick phthalocyanine film was de-
posited on the single crystal at room temperature. This initial film was thick enough to
avoid contributions of the metal-organic interface to the spectra. Subsequently, the sec-
ond phthalocyanine material was deposited. From x-ray absorption spectroscopy (XAS)
studies it can be shown that phthalocyanine heterosructures grown in this manner result

in molecules that are arranged parallel to the substrate surface (see section 4.2.1).

3.2
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For the blend, MnPc and F,4CoPc have been deposited by simultaneous in-situ thermal
evaporation and with a deposition rate of 0.1 nm/min (each material). By means of this
co-evaporation a 6 nm thick film was deposited on the single crystal at room temperature.
This mixed film was thick enough to avoid contributions of the metal/organic interface
to the spectra.

A monolayer of each material (CoPc, F14CoPc and FePc) was produced via a thermal
annealing process. Thereby, thicker films are gently annealed at a certain temperature
which results in a desorption of CoPc, F14CoPc or FePc molecules except the first mono-
layer, since the interaction in the first monolayer to the gold substrate is stronger than
the interaction between the molecules going to thicker layers [65]. The C1ls core level
photoemission spectra of these monolayers indicate that the molecules are still intact.

The growth of organic molecules can be distinguished in three different growth modes
(see Fig.), depending on the strengths of the adsorbate-adsorbate and adsorbate-substrate
[50]:

o Frank-Van der Merwe growth (layer-by-layer growth): If the substrate is chemically
reactive, the adsorbate-substrate interaction will have a high magnitude. So the
organic molecules are bound strongly at the substrate without moving freely at the
surface. The nucleation of the next layer begins after the complete coverage of the

substrate. For this growth mode a deposition of homogenous films is characteristic.

o Volmer-Weber growth (3D-island growth): If the substrate is chemically inert, the
interaction of the adsorbate-substrate is small, so that it does not influence the
growth. Therefore, the molecules can move freely at the surface and can form

islands.

o Stranski-Krastanov growth (layer+island growth): Is is an intermediate state be-
tween Frank-Van der Merwe and Volmer-Weber growth. This growth mode follows
two processes: At first, complete films (up to several monolayers) grow in the layer-
by-layer mode. Beyond a critical layer thickness, the Volmer-Weber growth contin-
ues. In the Stranski-Krastanov mode, the adsorbate-substrate interaction is neither

strong nor weak.

To estimate the thickness of the organic films, we monitored the attenuation of the
intensity of the Au4f;,» and Ag3ds/, substrate peaks due to the organic film. This is
described by the Beer-Lambert law:

L _ o l_‘ d ] , (3.14)
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where [; is the intensity of the substrate peak after the deposition of the organic material,
1 stands for the intensity of the clean substrate peak, \ is the electron mean free path, 6 is
the emission angle relative to the surface normal inside the crystal and d is the thickness
of the organic film. For the calculation of the electron mean free path of the organic

material, one follows the procedure of Seah and Dench [66]:

49 - B 2[eV] +0.11- B2 [eV]
plg/cm?]
In this Eq.3.15 Fy;, stands for the kinetic energy of the emitted electrons and p is the

(3.15)

A[nm] =

density of the organic material. This equation is only true for a layer-by-layer growth. In

the case of our thin layers it allows a very godd estimation of the layer thicknesses.

3.3 Analysis of the electronic and chemical properties

3.3.1 Analysis of UPS data

In ultraviolet photoelectron spectroscopy (UPS) the radiations, which are often used, are
the Hel (21.21eV) and Hell (40.8¢V) radiation. With these photon energies one can
map the valence electronic structure of the samples. The obtained spectra can provide
information about the electronic structure and about the work function ¢ and the change
of the work function A. In Fig. 3.8 the UPS spectra of a clean gold single crystal before
and after the deposition of a thick layer of a transition metal phthalocyanine (CuPc) are
shown. The spectrum of the pure gold crystal shows the Fermi level (Er = 0) of the
Au surface, which is used as a reference for the binding energy scale. The width of the
spectrum is the difference between the Fermi energy (Er) and the high binding energy
cutoff (HBEC). The HBEC is defined as the energy, where the electrons are able to eject
from the surface. This feature is predominantly composed of the electrons which are
scattered inelasticly. The HBEC is determined by performing a linear fit of the highest
binding energy part of the spectrum.

The work function ® is an important parameter that determines the energy, which is
necessary for removing an electron from the sample. When the energy of the radiation is

known the work function can be obtained from the HBEC:
® =hv— HBEC (3.16)

The vacuum levels of the substrate and the organic layer are not aligned at the interface.

This shift of the vacuum level is shown as an interface dipole A. This leads to different

3.3
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Figure 3.8.: Valence band spectrum of Au(100) (upper part) and CuPc deposited on gold surface
(lower part) with a photon energy of 21.21eV. The measurement allows to calculate the interface
parameters like work function (®), the interface dipole (A), the ionization potential (IP) and the
hole injection barrier (HIB).

HBEC positions of the two materials which can be written as:
A= — Py =HBEC,, — HBECyy, (3.17)

For organic semiconductors the valence feature that is used to determine the ionization
potential (IP) is the highest occupied molecular orbital (HOMO). The HOMO position
is referred to its low binding energy onset. This HOMO onset is determined by linearly
extrapolating the low binding energy edge of the spectrum and finding its intersection
with the background signal. Therefore, the hole injection barrier ® ;5 can be calculated

from the difference in the Fermi energy and the HOMO onset position:
Purp = Er — Egono (3.18)

The ionization potential (IP) can be calculated by the sum of the hole injection barrier
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®rp and the work function of the organic layer @,

A=3yp+ Porg (3.19)

3.3.2 Analysis of XPS

Chemical shift

The change of the core level binding energy between different chemical forms of the same
atoms is called chemical shift. To explain this effect we choose lithium 1 s core levels in

lithium metal and in lithium oxide, which are depicted in Fig. 3.9.

lithium metal Li, O

Li, O lithium metal

Ep

Figure 3.9.: Scheme of the electron configuration of Li metal and LiO and the corresponding
(schematic) Lil s core level spectrum [53]

In the pure metal the 2 s electrons form a conduction band. The lithium nucleus is
screened from the 1 s shell through the 2 s valence electrons. In lithium oxide every lithium
atom donates the 2s electrons into the 2p shell of the oxygen. Thereby an closed 2 p®
configuration for oxygen is obtained. In lithium oxide the 1 s (core electrons) electrons feel
a stronger Coulomb interaction than in lithium metal, which reduces the kinetic energy of
the corresponding photo-excited electrons. Therefore, the core level feature of the lithium
oxide is observed at a higher binding energy than that of the metal.

From the chemical point of view the detected binding energies are also related to the
electronegativity of the surrounding covalently bounded atoms. If the electronegativity is
very high, the electronic charge of the atom is reduced and core levels of the atoms can

thereby observed at higher binding energies. This is illustrated in Fig. 3.10 where the C 1s
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Figure 3.10.: Chemical shifts of C1s core level in ethyl trifluoroacetate. The chemical shift can be
related to the difference in the electronegativity [53]

core level signal of ethyl trifluoroacetate is shown. This compound consists of 4 chemi-
cally different carbon atoms. The highest chemical shift is detected for the carbon atom
that is bounded to 3 fluorines, which is the element with the highest electronegativity.
Consequently, the electron charge density is shiftes to the fluorine site and this results in

an increasing effective atomic number for the 1 s carbon electrons.

Final state effects

The most elementary final state effect in photoelectron spectroscopy is observed in the
binding energy. In a simple way, the binding energy is the total energy difference between
the final state E}V ~! of the (N — 1) electron system and the initial state EY with N

electrons and therefore given by
Ep=EY'—EY (3.20)

One method to approximate the ground state for the determination of the binding energies
is the Koopmans approximation. To obtain the right energy of the final (N — 1) electron
states, one begins from the energies of the ground state and try to correct them by the
relaxation energies. The binding energy difference can be calculated from Hartree-Fock
wave functions for the state with N and (/N —1) electrons. With this the observed binding
energy is the negative one electron energy of that orbital from which the photoelectron

has been ejected:

EB(/{Z> ~ —€k (321)
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The theory of Koopmans does not consider that after the photoemission process from the
orbital k all the other orbitals will regulate this new situation (relaxation). Therefore the

correct binding energy is given by
EB(I{?) = —€ — ER (322)

where Eg is the (positive) relaxation energy. In a solid this relaxation energy consists of 2
contributions. One is due to the relaxation of the orbitals on the same atom (intra-atomic
relazation). The other one results from the charge flow from the solid onto the ion/atom
that has the core hole (eztra-atomic relazation).

Furthermore, in the XPS spectra one can observe the splitting of the spectral feature in
to doublets. The process is the spin-orbit splitting. The electrons move around the core
and can be seen as moving charge which induce a magnetic field. The velocity and the
orbit of these electrons can be described by the quantum number . This so called angular
quantum number can receive values from [ = 1,2, 3, .... The electrons have a spin, which
is described by the spin quantum number s. Possible values for this quantum number are
only s = +1/2. One can observe a dipole interaction because the electron spin is linked
with the magnetic field and the spin momentum. Such an interaction is called spin-orbit
splitting. The combination of the 2 quantum numbers is the total angular momentum

quantum number 7, which is defined as
Jj=|l+s]| (3.23)

In Tab. 3.2 the spin-orbit splitting parameter are shown for the different XPS lines. One

Table 3.2.: Spin-orbit splitting parameter [60]

orbital \ [ \ s \ ¥ \ intensity ratio
s 0112 /2 -
7 1] Y2] 12,3 1:2
d 2| Y2 3/2, 5/ 2:3
f 3| Y215/2,7" 3:5

can clearly see that in the case of electrons, which are emitted from the s shell, no spin-
orbit splitting is detectable. The reason is that the electrons possess a angular quantum
number of [ = 0 and the same total angular momentum quantum number j = 1/2 which
is spin independent. For all the other orbitals there are 2 different states of the total

angular momentum quantum number and therewith a multiplet-splitting is observable.

3.3
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Satellites

After the photoionisation there is a finite probability that an ion will be left in an excited
energy state a few eV above the ground state through excitation of the ion by the outgoing
photoelectron. The kinetic energy of this emitted photoelectron is reduced and this is
observed as a shake-up line at a higher binding energy than the main spectral feature.
If an electron is excited into an unbound continuum state thereby leaving an ion with
vacancies both in a core level and in the valence level, the spectral feature is called shake-
off satellite. Other possible satellites are plasmon satellites which are defined as the

collective oscillations of electrons with respect to the positively charged ion core.

Secondary electron background

For the subtraction of the background in the following we will introduce the Shirley
algorithm [67, 68]which is used in this thesis. The background intensity of each spectrum
is caused by the inelastic scattering of the electrons. This intensity of the background
is proportional to the intensity of the peak area above the background and to higher
binding energies. The method is an iterative one, where the calculation converges after
4 to 5 steps. Starting from a constant background Sgo(E’) the correct formula for the

Shirley background is given by
+oo
SsilB) =k [ dE'G(E) = Ssi1(E)). (3.24)
E

Here the S stands for Shirley-related quantities, k£ denotes the constant related to the
inelastic energy loss cross section and j(FE’) is the measured intensity at the binding
energy F' [68].



RESULTS AND DISCUSSION

This chapter of the thesis represents its heart. It presents the results in the field of charge
transfer at phthalocyanine interfaces and is is divided into two parts:

At first this chapter addresses to the charge transfer at phthalocyanine interfaces to
noble metals. The focus lies on the interesting properties of the fluorinated cobalt ph-
thalocyanine. Other phthalocyanines like CoPc, FePc and CuPc are also considered in
the studies.

The second section of this chapter contains charge transfer at phthalcyanine hetero-
interfaces. In this part of the thesis the heterojunction made of F14CoPc and MnPc
dominates, which has been intensively studied. The physical explanation of our exper-
imental data was possible due to the valuable results of the density functional theory
calculations, which have been initiated on the basis of our experimental results and which
were performed by Rico Friedrich, Torsten Hahn and Jens Jortus, members of the Insti-
tute of Theoretical Physics at the TU Bergakademie Freiberg. In the end of this section
we extend to other phthalocyanine heterojunctions like CoPc/MnPc and FePc/MnPe.
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4.1 Charge transfer at phthalocyanine interfaces to noble metals

The formation of interfaces between molecular materials and metals is an important sub-
ject both from the viewpoint of basic science as well as in regard of application aspects.
In particular, the understanding of various phenomena and processes that can occur at
interfaces between organic films and metals is crucial for the performance of organic
based devices. In general, research on organic semiconductors has been carried out in re-
cent years because of their application in advanced optical and electronic devices. Metal
phthalocyanines represent a family of organic semiconductors that is characterized by
molecules which are rather stable against e.g. heat, light, moisture or oxygen, and metal
phthalocyanines have been used already in organic light-emitting diodes (OLEDs) [13],
organic photovoltaic cells [13-15], organic field-effect transistors (OFETs) [17, 69] and
organic spintronic devices [16, 18], which all contain functional interfaces to metals.

Although the electronic properties of phthalocyanine films have been intensively in-
vestigated, the explanation of the interaction at some interfaces is still under discussion.
It has been shown previously, that charge transfer can be achieved by the formation of
some well ordered phthalocyanine or porphyrine monolayers on noble metal surfaces (Au,
Ag). Often, the charge is transferred from the metal substrate to a particular part of the
corresponding molecules, the transition metal center. Consequently, the formation of the
respective monolayer is connected to valence changes of these transition metal centers,
and for many investigated molecules, the transition metal in the center is Co [19, 62,
70-80]. This valence change then must be directly related to a change of the magnetic
moment of the corresponding molecule, which represents an important aspect in view of
the application of magnetic molecules in molecular or organic spintronic devices or the
appearance of the Kondo effect in adsorbed molecules on surfaces [19]. It could also be
shown that this ion-substrate bond has often a covalent character [80]. A comparison
of theoretical and experimental data of CoPc deposited on metal surfaces indicated that
this charge transfer is due to the formation of a molecule-metal hybrid state, most likely
a local bond between the Co3d,2 and metal states [74, 81].

In contrast to cobalt phthalocyanine, copper phthalocyanine shows no evidence of
charge transfer on Au [136]. In this case copper as central atom is unaffected by the
noble metal substrate.

In order to gain further information in regard of the interaction of transition metal ph-
thalocyanines to noble metals we focus on iron pthalocyanine (FePc), where the electronic
configuration of the iron central ion is d®. Moreover, phthalocyanines offer the possibility

to change the energy position of the (ligand) molecular orbitals via fluorination, i.e. the
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replacement of hydrogen atoms by fluorine. It has been demonstrated that complete flu-
orination of CuPc and ZnPc to F;sCuPc and FiZnPc results in a shift of the ionization
potentials by about 1 eV [83-87] while the energy gap as revealed by optical absorption [85]
or a combination of photoemission and inverse photoemission spectroscopy [88] is kept
almost the same. In other words, fluorination can be used to engineer the molecular levels
in energy, which for instance has allowed the preparation of air stable, n-type OFETs [69].
In the context of charge transfer at interfaces to metals as discussed here, this enables the
interesting possibility to investigate the impact of the energy shift of the ligand orbitals
(induced by fluorination) on the charge transfer to the transition metal centers of the

phthalocyanine molecules.

4.1.1 F14CoPc and CoPc on Au(100)

In this part of the chapter we study the interface between cobalt phthalocyanine (CoPc)
and its fluorinated relative (F14CoPc), and a gold single crystal substrate [89]. Our results
clearly demonstrate that fluorination, i.e. the different energy position of the ligand
molecular orbitals does not influence the charge transfer to the Co molecular center in the
first monolayer, which is in good agreement to the picture of a local hybrid state without
contribution of the phthalocyanine ligands.

We start the presentation of our results with the valence band photoemission spectra
of 3nm thick CoPc and F14CoPc films as shown in Fig.4.1. The right panel of Fig.4.1
shows the spectral profiles near the Fermi energy, which corresponds to a binding energy
(BE) of 0eV. Both spectra are characterized by three maxima in the depicted energy
range. The data for CoPc are in very good agreement to previously reported data taken
with similar photon energies [76, 90]. The spectral feature, labeled A, at lowest binding
energy (about 1.4eV) represents photoelectron emission from the ligand-derived highest
occupied molecular orbital (HOMO) of CoPc. Its shape and energy position is also rather
similar to what has been reported previously for other transition metal phthalocyanines
[20]. Going to higher BE a second structure (B) is observed at about 2.5eV. This feature
has been attributed to emission from a hybrid molecular orbital of ligand and cobalt 3d
states [91]. The broader maximum around 3.5€eV cannot be associated with a particular
molecular orbital but is related to several states in this energy range. Going to F15CoPc,
the maximum of the lowest energy feature is shifted by about 0.1eV to higher BE, and it
is somewhat broader in energy. A shift to higher energies is also observed for the further
two peaks the general spectral shape however is very similar to that of CoPc.

In the left panel of Fig.4.1, we show the high binding energy cutoff, which represents

4.1
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Figure 4.1.: Valence band photoemission spectra of the thick films of CoPc and F15CoPc taken with
a photon energy of 21.21 eV up to 4eV BE;, in the left panel the high binding energy cutoff is shown.

the variation in the vacuum level position going from CoPc to Fi4CoPc. We observe a
clear shift by 0.6 eV. Fluorination of phthalocyanines has been studied in the past also for
CuPc [84, 85, 137] and ZnPc [83, 86, 87] and there it has been shown that the substitution
of all hydrogens by fluorine results in an increase of the molecular ionization potential
by about 1€V, while the energy gap only changes slightly. This is a result of the larger
electron affinity of fluorine as compared to hydrogen. An equivalent behavior is also seen
for CoPc. The energy shift of the high binding energy cutoff and the valence band features
signal a significant increase of the ionization potential of the ligand molecular orbitals by
about 0.6 - 0.7eV upon fluorination.

The photoemission profiles drastically change going to a monolayer of CoPc or F14CoPc
on Au(100). In Fig.4.2 we depict the corresponding valence band photoemission data.
Note that the spectral features of the two phthalocyanines sit on a background due to
photoemission from the Au substrate (dashed line). The inset of Fig. 4.2 shows the pho-
toemission data of the two monolayers after this Au spectral contribution has been sub-
tracted. In the BE range near the Fermi level the two monolayer spectra are very similar.
Both show a first maximum at 0.5eV (labeled II) followed by a further structure at about
1.3eV (I). Previous studies of CoPc [76] and related molecules (Co-porphyrines) [73] on
nobel metal surfaces have revealed that in the first monolayer there is a charge trans-

fer from the metal substrate to the Co center of the molecules resulting in Co(I) ions.
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Figure 4.2.: Valence band photoemission spectra of the monolayers of CoPc and F14CoPc taken
with a photon energy of 21.21eV up to 2.7eV BE Note: The dashed line is the spectrum of gold
and in the inset we show the result of the subtraction of this Au related background (see text).

It has been concluded by these studies that this charge transfer is very local, and does
hardly affect the ligand orbital. The spectral feature (II) at lowest binding energy in the
photoemission spectra as shown in Fig. 4.2 then is related to an electronic state that is
caused by a local hybrid interaction between the Co 3d.2 orbital and metal states. From
the very close similarity of the two spectra of CoPc and F14CoPc as presented in Fig. 4.2
we conclude that also for F14CoPc in contact to gold there is a local interaction between
the Co center and metal states, the formation of a hybrid state and the related charge
transfer resulting in a Co(I) center. At this point we note that for higher photon energies
(110eV) an additional feature arises at lower BE than the HOMO level in the valence
band of a thick CoPc film on Au(100) due to the higher cross section of the half filled
d» orbital [91]. This can be associated with the monolayer charge transfer peak observed
here even at 21.2eV photon energy, since the hybrid character increases the cross section,

too.

The conclusion above now can be substantiated by the consideration of the correspond-
ing Co2p core level excitation spectra (Fig.4.3). The upper panel (Fig.4.3a) depicts the
spectra for a CoPc monolayer and a 3nm thick film on Au(100). Again, the two spectra
are drastically different. For the thicker film we observe a main photoemission feature at

about 780.3 eV followed by a shoulder at 780.9¢V and a further less intense maximum at

4.1
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Figure 4.3.: Co2p core level spectra of a monolayer and a thick film of a) CoPc and b) F15CoPc

782.6eV. These data are in very good agreement to previously published core level spec-
tra of CoPc, and the corresponding spectra represent the divalent Co(II) centers in CoPc
[76, 92]. The satellite structures in this case are attributed to the open-shell character of
the Co(II) ion with its 3d" electron configuration [70]. Going to the CoPc monolayer on
Au(100) the Co2p spectrum clearly changes. There is a core level feature at 778V BE
followed by a broad maximum around 780 eV. The variation of the Co 2p core level spectra
going from the 3nm thick CoPc film to the monolayer is caused by the charge transfer to
the Co atom due to the interaction at the metal surface and the related formation of a
local hybrid state [74, 81].

Exactly the same behavior is also observed for the fluorinated phthalocyanine F14CoPc
(Fig.4.3b). Both spectra for a 3nm thick film and the monolayer cannot be distinguished
from those of CoPc. This clearly demonstrates that the valence of the Co center and
the corresponding changes when the molecules are in contact to a Au(100) surface are
practically identical. Thus, also in the case of Fi4CoPc the Co centers are reduced to

Co(I) in the monolayer.

Our results demonstrate that this very close similarity regarding the Co orbital occu-
pation and the interaction on gold between CoPc and F15CoPc is independent of the fact,
that fluorination significantly changes the position of the phthalocyanine orbitals with
respect to the vacuum level. In other words, the ligand orbitals practically do not play a
role in the related interaction at the gold surface which confirms the conclusions that there
is a local hybrid formed by Co3d.» and metal states. Such a local interaction is also in
good agreement to the fact that the Co 3d,2 orbital with a,, symmetry does not hybridize
with any of the ligand 7 states. Moreover, a ligand independent interaction between Co

and the metal surface has also been observed for cobalt tetraphenylporphyrin (CoTPP)
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and cobalt octaethylporphyrin (CoOEB) [70, 73, 80]. These organic materials are flat
molecules which have Co centers similarly bounded as the case of the phthalocyanines.
Finally, in the case of CuPc or ZnPc such an interaction on gold single crystal surfaces
is not observed due to the fact that the 3d.> orbital of Cu and Zn is fully occupied and
much deeper in energy as a result of the larger potential due to the nuclear charge [87,
137](see also section4.1.3).

To summarize, the photoemission studies of the phthalocyanine systems CoPc¢ and
F16CoPc have shown that for the monolayers on a Au(100) single crystal a charge trans-
fer occurs from the substrate to the Co central ion, which causes a reduction of this ion to
Co(I). Our data demonstrate that this charge transfer is fluorination and ligand indepen-
dent. Most likely a hybrid state between Co 3d,2 and metal orbitals is responsible for this
behavior. Such a charge transfer also changes the magnetic properties of the molecules

since Co(I) most likely is diamagnetic (S = 0).

4.1.2 FePc on Ag(111)

Another candidate for charge transfer processes is FePc with its open shell character (d°).
In analogy to the previous studies of cobalt containing phthalocyanines on Au(100), we
studied also the system FePc/Au(100), but in this case no interaction was observable.
Hence we decided to focus on a different substrate, which is an other noble metal single
crystal and therefore comparable to Au(100). We decided to study the interface between
iron phthalocyanine (FePc)and a silver single crystal substrate Ag(111), which is focused
in this part of the thesis. Here we detect a charge transfer right at the interface.

In Fig.4.4 the Fe2p core level excitations are depicted. The upper panel shows the
spectra for FePc for a monolayer and the lower one shows the spectra for a thick layer of
the organic material. Again, we can observe two different line shapes of the core levels.
For the thick film a main photoemission feature is observable at 708.4 eV with a shoulder
at 709.5eV. This fits to the typical oxidation state of +2 and is in very good agreement
to other photoemission spectra published elsewhere [93]. The asymmetric and broad line
shape of the Fe 2p3/, can be attributed to the multiplet structures which are caused due
to the coupling of the core hole to the open valence shell of the Fe atom [94]. Going
to the monolayer of FePc on Ag(111), in the Fe2p spectrum a new peak appears. This
new feature is located at 707.7eV. Analogous what is observed for a CoPc monolayer (see
section 4.1.1). The shift to lower binding energies of this new peak indicates a partiall
reduction of the Fe atoms. Again these data are in good agreement to other published
studies of FePc on Ag(111) [95, 96]. The spectra of the Fe2p core level remind to the

4.1
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Figure 4.4.: Fe2p core level spectra of a monolayer and a thick film of FePc.

above discussed system CoPc or F14CoPc on gold, where the the variation of the transition
metal core level going from a thick layer to a monolayer is caused by a charge transfer
to the Co atom due to the interaction at the metal surface and the related formation of
a local hybrid state (see section 4.1.1). To substantiate this interface reaction for FePc
we also show the corresponding valence band photoemission spectra of the thick FePc
film and the monolayer in Fig.4.5. In the left panel of Fig. 4.5, we show the high binding
energy cutoff, which represents the variation in the vacuum level position going from a
monolayer to a thick layer of FePc. There is an abrupt shift to higher binding energies
due to the deposition of the monolayer, while no significant change is observable going
from the monolayer to the thick FePc layer. The shift of the HBEC and therewith a
decreasing of the workfunction is due to the formation of an interface dipole in order
to achieve thermodynamic equilibrium. The right panel of Fig. 4.5 depicts the spectral
profiles near the Fermi energy of the monolayer and the thick film of FePc. The spectrum
of the thick FePc layer is characterized by one maximum in the depicted energy range.
This feature at 1.5€eV, labeled A, represents the photoelectron emission from the ligand
derived highest occupied molecular orbital (HOMO) of FePc [91, 96]. For the monolayer
of FePc an additional small peak appears at 0.3 eV, named Ag. This new spectral feature
is a clear evidence for the formation of a new state due to an interaction at the interface.
From DFT studies it is proposed that the origin of this interface reaction of FePc on
Ag(100) is the strong hybridization of the Fe3d states with the silver ones [97]. The

a14 molecular orbitals of FePc are the strongest hybridized states, as expected because of
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Figure 4.5.: Valence band photoemission spectrum of the thick film of FePc and the corresponding

monolayer taken with a photon energy of 21.21 eV up to 4eV BE, in the left panel the high binding
energy cutoff is shown. Note: The dashed line is the spectrum of silver.

their dominant d,2 character. The iron d,2 electrons hybridize with the sp. states of silver,
comfirming this direct transition metal- substrate interaction. For the interface reaction
on Ag(111), we expect an equivalent hybridization leading to different line shapes in the
core level spectra, as well to an additional state near the Fermi energy. Also in the case of
FePc on Ag the ligand orbitals do not play a role in this interface interaction, confirming
that the charge transfer is local. Again this is in good correspondence to the fact, that
the Fed,2 orbital with a;, symmetry does not hybridize with any of the ligand 7 states.
To summarize, the photoemission study of the system FePc has shown that for a mono-
layer on a Ag(111) single crystal a charge transfer occurs from the substrate to the Fe
central ion, which causes a reduction of this ion to Fe(I). Most likely a hybrid state

between Fed,2 and metal orbitals is responsible for this behavior.
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4.1.3 The complex nature of phthalocyanine/gold interfaces

This section is intended as a summary for the first part of the thesis. The complex nature
of phthalocyanine/gold interfaces is discussed, giving the reader an overwiew of this in-
teresting research field [98]. Here we consider the interface between copper phtalocyanine
(CuPc), iron phthalocyanine (FePc), cobalt phthalocyanine (CoPc) and its fluorinated
relative (F16CoPc), and a gold single crystal substrate (Au(100)) on the basis of photoe-
mission spectroscopy (XPS, UPS) results, respectively. Our data demonstrate that the
interface formation for these phthalocyanine systems is determined by two independent
and opposite charge transfer processes which involve either the phthalocyanine ligand or

the central Co ion.
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Figure 4.6.: High binding energy cutoff for 3nm CoPc, a monolayer (ML) of CoPc and Au(100).

In general, a large number interfaces between organic semiconductors and metals are
characterized by the occurrence of a short range interface dipole, i.e. a change of the
electrostatic potential when crossing the interface [46, 50, 99, 100]. Moreover, it has been
pointed out that the rationalization of these interface dipoles requires the inclusion of
several mechanisms such as a reduction of the metal work function, a (partial or integer)
charge transfer between metal and 7-electronic system of the organic material depending
upon the strength of the interaction at the interface, screening effects, and the contribution
of molecular dipoles. Using photoemission spectroscopy, the presence of an interface dipole

is signaled by an energy shift of the so-called secondary electron cutoff (for details see
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Refs. [50, 100]). In Fig. 4.6 we show the evolution of this cutoff for the interface between
CoPc and Au(100) as a function of CoPc coverage. From this figure it becomes clear that
this interface also supports a rather large interface dipole. Analogous data of the interface
between CuPc and Au(100) [101] show a very similar behavior.

In Fig. 4.7 and Tab. 4.1 we summarize the results of such measurements for the inves-
tigated interfaces CuPc/Au(100), FePc/Au(100), CoPc/Au(100) and F15CoPc/ Au(100).

Au(100) Pc

Figure 4.7.: Schematic energy level alignment for an organic semiconductor heterojunction with
charge transfer. An important condition for charge transfer is fulfilled when the ionisation energy
(IP) of molecule 1 approaches the electron affinity (E4) of molecule 2. HOMO means highest
occupied molecular orbital, whereas lowest occupied molecular orbital is abbreviated LUMO.

Table 4.1.: Interface parameter taken from the photoemission experiments for CuPc, FePc, CoPc
and F16CoPc on Au(100). The values of CuPc are taken from Ref.[137]. Note: All parameters are
given in eV.

| Py | Ppe | IP [ Ppyp | A

CuPc 5.3 | 41 50| 09 |-1.2
FePc 54 | 44 53| 09 |-1.0
CoPc 54 | 45 55| 1.0 |-0.9
FiCoPc | 5.4 | 5.3 | 6.1 0.8 |-0.1

For the unfluorinated systems, the resulting interface parameters are very similar.
CoPc, which is a p-type semiconductor, has an ionization potential (IP) of 5.5eV, some-
what larger than that of CuPc and FePc, and the determined hole injection barriers
(Pprp) for the three phthalocyanines are nearly the same (about 1eV). Importantly, the
observed interfacial dipole (A) of -0.9 eV for CoPc, -1.0eV for FePc and -1.2¢eV for CuPc

indicates a charge transfer of electrons from the 7- states of the organic semiconductor to
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the Au substrate, in other words a positive charging of the organic semiconductor. The
high IP (6.1eV) of F1CoPc can be understood in terms of the replacement of hydrogen
by fluorine, causing a energetic lowering of the electronic states while the relative energy

level alignment stays the same.

We note that the reduction of the metal work function at these interfaces most likely
cannot explain the entire dipoles as observed, which underlines the necessity of a charge

transfer in order to understand the complete dipole formation [47].

Furthermore, there is a wealth of information on the CuPc/Au and FePc/Au interfaces,
and there is plenty of evidence that the interaction at these interfaces is rather weak, i.e.
apart from the the above mentioned charge redistribution to achieve the thermodynamic
equilibrium, there is no further hybridization between metal and phthalocyanine orbitals
(i.e. no chemical interaction). For CuPc/Au such a behavior can be well described within
the induced density of interface states (IDIS) model [47, 102]. Due the decreased atomic
number of Fe compared to Co, the energetic position of the Fe3d orbitals is changed
in the case of FePc and with this also the formation of the HOMO and LUMO. As a
result of the changed energy level alignment in the case of FePc, a charge transfer from
gold to FePc can be not energetically preferred. The very similar interface parameters
for CoPc/Au suggest that the formation of the interface to gold is independent of the
transition metal ion in the three phthalocyanine centers. Moreover, we demonstrate that
the dipole formation to a large extend occurs in the first monolayer, which then should

also harbor most of the positive charge resulting from the charge transfer or redistribution.

Surprisingly, the transition metal core level photoemission data tell a completely dif-
ferent story. Whereas, there is absolutely no evidence that the electronic levels of Cu
[101] and FePc on Au(100) are affected by the interface formation, the Co2p core level
excitation spectra (Fig. 4.8) are drastically different between the first monolayer of CoPc
on Au(100) and thicker layers (cf. section 4.1.1). Fig. 4.8 again summarizes the spectra
for a CoPc monolayer and a 3nm thick film on Au(100). For the thicker film we observe
a main photoemission feature at about 780.3 eV followed by a shoulder at 780.9eV and a
further less intense maximum at 782.6¢V. Going to the CoPc monolayer on Au(100) the
Co 2p spectrum substantially changes. Now, there is a core level feature at 778 eV BE fol-
lowed by a broad maximum around 780eV. This variation of the Co 2p core level spectra
going from the 3nm thick CoPc film to the monolayer is caused by a charge transfer to
the Co atom due to the interaction at the metal surface and the related formation of a
local hybrid state [74, 81]. Importantly, this hybrid state is formed by Co3d.2 and metal
states and therefore does hardly affect the phthalocyanine ligand.

We are thus left with the intriguing scenario that at the CoPc/Au interface two opposite
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Figure 4.8.: Co2p core level spectra of a monolayer and a thick film of CoPc and F13CoPc on
Au(100) to illustrate the close similarity.

charge transfer channels are open. While the organic ligand is responsible for thermo-
dynamic equilibrium and energy level alignment at the interface, which is managed by a
(partial) charge redistribution as described within the IDIS model, there is an additional
but independent local interaction of gold and the central Co ion, which as a result is
oppositely charged. To further demonstrate the local character of this Co-Au hybrid, we
show in Fig. 4.8 the corresponding Co 2p core level excitation spectra also for fluorinated
F16CoPc deposited onto Au(100) (cf. section 4.1.1). For both materials, CoPc and its
fluorinated relative F14CoPc, the valence of the Co center and the corresponding changes
when the molecules are in contact to a Au(100) surface are practically identical.

To summarize, the photoemission studies of the phthalocyanine systems CoPc and
F16CoPc have shown that for the monolayers on a Au(100) single crystal a charge transfer
occurs from the substrate to the Co central ion, which causes a reduction of this ion to
Co(I). Importantly, this charge transfer is local and independent of the phthalocyanine
ligand. The energy level alignment at the interface however is not governed by this
local interaction but by the ligand of the Pc molecules in close analogy to CuPc and
FePc. Consequently, interfaces between CoPc materials and gold exhibit two types of
independent and opposite charge transfer resulting in a final charge distribution in the

molecules close to the gold surface as depicted schematically in Fig.4.9.
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Figure 4.9.: Scheme of the two types of charge transfer at the CoPc/Au interface: From the inter-
action of the ligand and gold a "positive” charge occurs. A "negative” charge of the center originats
from a local interaction between the Co and Au.

4.2 Charge transfer at phthalocyanine hetero-interfaces

The concept of charge transfer in purely organic materials has played a very important
role in fundamental as well as applied sciences. Prominent examples are organic conduc-
tors and superconductors [1-4]. Entire classes of so-called charge transfer salts have been
synthesized and demonstrated interesting and often unexpected physical properties rang-
ing from metallicity and superconductivity over complex phase diagrams including charge
density and spin density wave phases to highly correlated materials (Mott insulators) [2,
4]. Recently, the formation of a two-dimensional metallic layer has been reported as a con-
sequence of charge transfer between the two insulating organic crystals (TTF and TCNQ)
[5, 6]. In view of more applied aspects, charge transfer has also been investigated and
exploited in order to improve or engineer the performance of organic electronic devices.
For instance, it has been shown that the inclusion of organic dopants in organic semi-
conductors can significantly enhance charge carrier injection from electrodes [10], and the
modification of electrode surfaces with particular organic layers accompanied by charge

transfer allows tuning of hole injection barriers at such junctions [9].
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4.2.1 Heterojunction: MnPc/F5CoPc

In this section, we present a heterojunction made of two structurally very similar transition
metal phthalocyanines (TMPc’s), MnPc and F;4CoPc, where photoelectron spectroscopy
studies and calculations based upon density functional theory (DFT) clearly demonstrate
the occurrence of hybridization and charge transfer [103]. Moreover, our results strongly
indicate that this charge transfer is very local and essentially affects the transition metal
centers only, which presents a unique property of this corresponding interface.

We start the presentation and discussion of our results with the evolution of the C1s
core level photoemission signal when F5CoPc is gradually deposited on a 3 nm thick MnPc

film on Au(100) as shown in Fig.4.10. As a consequence of the high surface sensitivity

Normalized Intensity (arb. units)

Binding Energy (eV)

Figure 4.10.: Evolution of the C 1s core level photoemission profile upon deposition of F14CoPc on
a 3nm thick layer of MnPc. We additionally show the results of a modelling of the data using an
appropriately weighted sum (dashed line) of otherwise unchanged photoemission profile of the two
individual phthalocyanines (filled areas).

of such measurements we observe an increasing contribution of the signal from F4CoPc
with respect to that of MnPc. Fortunately, the two C1s emission spectra can be well
distinguished due to the presence of fluorine in F14CoPc and the resulting spectral shape
with an additional maximum at about 287 ¢V binding energy in this case [20, 63]. Fig.4.10
also shows the results of a modelling of our data with a simple superposition of the C 1s

core level spectra of the two materials with appropriate weights but without any change
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in relative peak heights, positions or widths.

The agreement of the measured data and the modelling in Fig. 4.10 is very good, which
clearly shows that the two phthalocyanine ligands are virtually not affected by the neigh-
borhood of the other molecule, respectively, at the heterojunction. In other words, there
is no interaction at our F16CoPc/MnPc interface which significantly modifies the Pc lig-
ands, in contrast to e.g. doping of phthalocyanine films with potassium, where the C 1s
photoemission profile is characterized by the appearance of an additional core level feature
[104, 105]. We note that this conclusion is corroborated by the fact that the variation
of the relative Cls binding energies of the two species during data modelling is less than

300meV. In Fig.4.11 the evolution of the N1s core level photoemission profile upon de-

Intensity (arb. units)

| 0.0 nm
402 4(')0 3S'38 396
Binding energy (eV)

Figure 4.11.: Evolution of the N 1s core level photoemission profile upon deposition of F15CoPc on
a 3nm thick layer of MnPc.

position of Fi;gCoPc on a thick layer of MnPc is shown. After the first deposition the
binding energy varies only around 230 meV and then no significant change is observable

upon deposition. This fact emphasize the conclusion that the charge transfer only effects
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the transition metal center and the ligand is not involved in this process.

Turning to the Co2ps/; photoemission spectra at the same interface intriguingly dis-
closes us an opposite behavior. There is a dramatic change in line shape and binding
energy when going from a very thin F14CoPc layer on top of MnPc to a thick layer. This
is depicted in Fig.4.12, where we also show the Co2p3/; photoemission spectrum of a
monolayer of F14CoPc deposited on Au(100) (see section 4.1.1) [89]. The latter data are

! P !
Co 2p3/2 | Thin Layer F cCoPc/MnPe Thick Layer

j====F  CoPC/AU(100)

Intensity (arb. units)

786 784 782 780 . 778 776 784 782 780 778 776
Binding Energy (eV)

Figure 4.12.: Co2p;/, core level photoemission spectra of a thin and thick F1sCoPc layer on top of
MnPc. Also shown is the corresponding result for a F16CoPc¢ monolayer on Au(100) [89].

in almost perfect agreement to a number of studies in the literature where the interaction
of Co-phthalocyanines and Co-porphyrines on various metal surfaces has been reported
[72, 76, 89] (see section 4.1.1). There is a general agreement that the data as shown in
Fig.4.12 arise from a rather strong interaction of the Co metal center in the molecules
and the metal substrate which results in a reduction of this metal center to (at least)
Co(I) [72, 74, 76, 89, 106], while the Co valence in undisturbed CoPc’s and Co porphyrins
is Co(II), which gives rise to a Co2p3/, photoemission line shape and energy as shown in
Fig.4.12 for the thick F14CoPc film on MnPc. Consequently, there is clear evidence that
direct at the F14CoPc/MnPc heterojunction the Co center of the F14CoPc is reduced, i.e.
there is substantial interaction accompanied by charge transfer at this interface.

Our photoemission data of the equivalent interface but prepared in the opposite manner
by depositing MnPc on a 3nm thick F14CoPc layer complement this surprising result. We
note that for this deposition sequence we present data, where in a first step F;4CoPc is
deposited onto a Ag(111) surface. In this way we avoid the contribution of Audp; .
core level photoemission features, which energetically overlap with that from Mn 2p and
therefore renders a reasonable data analysis impossible.

In Fig.4.13 we show both the Co2ps/; and Mn2p3z/; core level data as a function of
MnPc overlayer thickness on F14CoPc. The Co 2p core level data of F14CoPc before MnPc
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Figure 4.13.: a) Co2p3/, and b) Mn2p3,, core level photoemission spectra for a MnPc/F;6CoPc
heterojunction when MnPc is deposited on a 3nm thick F15CoPc layer.

addition are virtually identical to those measured for thick F15CoPc films on various sub-
strates (see also Fig.4.12 above) and thus represent undisturbed F1CoPc. Upon addition
of MnPc¢ a low energy structure appears, which is a clear evidence for the reduction of
cobalt as described above in the context of Fi4CoPc deposition on MnPc. This arises
from the Fi4CoPc molecules in direct contact to the MnPc layer surface. Note that in
this case the Co2ps/, core level spectra always represent a superposition of the reacted
upper-most layer (interface) and the other undisturbed layers (bulk) below. For this rea-
son the spectra in Fig. 4.12 and Fig. 4.13 a do not have the same line shape. Consequently,
the reduction of the central Co atom of F14CoPc in contact to MnPc is independent of
the formation sequence of the F14CoPc/MnPc heterostructure.

The question now arises, where does this charge, which is necessary for the reduction of
Co atoms, come from? Fig.4.13 additionally shows the Mn 2p3/, spectra for a very thin
and a thicker MnPc layer on F14CoPc. These two spectra are clearly different. Both the
spectral shape and in particular the binding energy change, which signals a variation of
the Mn charge state in MnPc, whereas in this case the Mn atoms are oxidized, as seen by
the upshift in binding energy.

To summarize the experimental observations, we have presented clear evidence for the
formation of a MnPc?* /F15CoPc®~ heterojunction, with particular involvement of the two
transition metal centers. Calculations of a dimer made from these two phthalocyanines
now give detailed insight into the nature of the interaction at the hetero-interface.

Within the theoretical treatment!, which was initiated by our experimental results,

!The theoretical treatments were performed by Rico Friedrich, Torsten Hahn and Jens Kortus, members
of the Institute of Theoretical Physics; TU BA Freiberg. For more details on the computational aspects
see appendix (A.1).
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we first studied the systems F15CoPc and MnPc individually. For F;4CoPc one finds
that all energy levels as well as the Fermi level is pulled down in energy compared to
hydrogenated CoPc due to the strong electronegativity of fluorine, which is depicted in
Fig.4.14. Consequently the electron affinity of F14CoPc is increased by 0.8 eV compared

MnPc F. CoPc CoPc
R Y T B

E (eV)

L4
1

Figure 4.14.: Comparison of the energy levels of MnPc, F14CoPc, CoPc aligned at the vacuum
energy, taken from Ref. [107].

to CoPc (from 2.9€V to 3.7¢eV), which is in good agreement to the data showed in Tab. 4.1
(cf. section 4.1.3). Note that these absolute values are for individual free molecules and
shielding effects in the bulk will change this quantity. However the energy ordering of
the molecular levels near the Fermi level stays the same and also the spin of the system
(S = 1/2) is preserved. The HOMO is a purely ligand-derived 7 state whereas the LUMO
is a Co 3d,2 state.

For MnPc the orbital alignment around the Fermi-level has already been published
recently [108]. There the energy levels around the Fermi-level are of Mn 3d,,, and Mn 3d,,
nature. It is also pointed out that MnPc has an ionization potential of 4.5eV, which is
considerably smaller than the values for all other transition metal phthalocyanines due to
the additional levels at the Fermi-level. The spin of MnPc is found to be S = 3/.

Because the experimentally revealed charge transfer indicated a strong confinement to
the phthalocyanine interface, calculations of a MnPc-Fi4CoPc dimer system were per-
formed. The results of the DFT calculation show that the level ordering for the molecules
is preserved and that the states of the two systems combine to form a new energy level
diagram. The crucial finding is that the Mn 3d,, (respectively Mn3d,.) and the Co 3d,>
state hybridize and form a two-level system as shown qualitatively in Fig.4.15. As those

two orbitals couple to each other, they form one bonding state lowered in energy and one

4.2

63



chapter 4

64

RESULTS AND DISCUSSION

MnPc Dimer Fy GCoPc

Energy

« ,
—S—ty @=L .
——

Figure 4.15.: Interaction of the MnPc and F14CoPc states in the MnPc-F15CoPc dimer close to
the Fermi-level. The Mn 3d,. (respectively Mn3d,.) and the Co3d,> orbitals hybridize to form a
two-level system.

anti-bonding state increased in energy as it is the case within the formation of a chemical
bond. Since the Mn3d,, (respectively Mn3d,,) state is the HOMO of MnPc and the
Co3d,> state is the LUMO of F14CoPc only the lower one of the two hybrid states is
occupied forming the HOMO of the dimer system. As this hybrid state is delocalized
over both molecules with the largest contributions at the metal centres also the charge
within this orbital is spread out to the dimer system. Hence a charge of approximately
0.2 electrons is transferred from MnPc to Fi4CoPc. The value of this charge transfer is
very sensitive to the actual distance of the molecules at the interface. In addition the sys-
tematic underestimation of the band gap within GGA-DFT which is well known for metal
Pc’s [109] further complicates an accurate estimation of the transferred charge. However
the formation of the hybrid state corresponds quite nicely to the observed experimental
data and the charge transfer stated before 2. The finding can be rationalized by both
the low ionization potential of MnPc and the enhanced electron affinity of Fi4CoPc. As
the states of F14CoPc are lowered in energy the LUMO approaches the Mn 3d,, HOMO
allowing us to observe the fundamental interaction behind. Hence one can attribute the
synthesized phthalocyanine heterojunction as a route to a rational design of interface
induced charge transfer systems based on well known molecules. Further, based on the
theoretical results the studied dimer has a net spin of S = 2, which also might make

this arrangement attractive for spintronic applications since spin filter effects could be

2The formation of the hybrid state at the interface was also preserved within DFT calculations including
van der Waals interaction.
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observable.

To show the high degree of order of the produced phthalocyanine heterojuntions and
to substantiate the charge transfer we performed X-ray absorption spectroscopy
(XAS)? on films growing in an equivalent manner. XAS is a helpful method to ob-
tain information to the molecular orientation or unoccupied electronic structure which
monitors transitions from a core level into unoccupied orbitals.

We begin the presentation of our XAS results in Fig. 4.16, which shows the N 1s absorp-
tion spectra of different layer thicknesses of the heterojunction F1CoPc/MnPc and also
of the individual phthalocyanine materials deposited on a gold single crystal (Au(100)).
These spectra were recorded at different angels of beam incidence, whereas the angle 6
— 0° (E L z) corresponds to normal and 6 = 70° (E || z) to grazing incidence of the
horizontal linearly polarized synchrotron light. The angle 6 gives the angle between the
incident light and the surface normal (z-axis).

At first, we discuss the spectra of pure MnPc (Fig.4.16 a) and F14CoPc (Fig.4.16¢) as
grown on the metal substrate. It is well established that for planar m-conjugated systems,
as is the case for Fi4CoPc and MnPc molecules, the 1s-7* and 1s-0* transitions take
place for a light polarization vector perpendicular and parallel to the molecular planes,
respectively [110]. Furthermore, previous investigations have shown that the rather sharp
N 1s XAS peaks in the energy region between 398 and 405 eV can be assigned to transitions
from the N 1s core-level into the unoccupied 7 orbitals with N 2p orbital contributions,
which are oriented perpendicular to the molecular plane. The high-energy structures
above 405¢V, are related to N 1s - ¢* transitions. The corresponding XAS features are
quite broad if compared to the 7* peaks which is due to a shorter lifetime and a larger
energy bandwidth of the o* states.

Our results for the N 1s absorption spectra of MnPc and F14CoPc reveal a very strong
polarization dependence. In particular, the absorption features related to transitions
into * states are strongest for grazing incidence, while the opposite is observed for the
transitions into ¢* molecular orbitals. This represents clear evidence that in both cases
the phthalocyanine molecules are arranged parallel to the substrate surface with a very
high precision. In comparison to previous studies [92, 111] our data signals an average
misorientation with respect to exactly parallel molecules in the entire film of about 5 %.

This very high degree of order with the phthalocyanine molecules lying parallel to the
substrate surface now can be transferred to the Fi13CoPc/MnPc phthalocyanine hetero-
junction as studied in this contribution. This is demonstrated in Fig.4.16b, ¢ and d,

where we show F14CoPc layers of different thickness as grown on a MnPc layer. It is

3For more details on the method and the experiment see appendix (A.2).
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Figure 4.16.: N 1s excitation spectra for a) 2.0nm MnPc on Au(100) b) 0.6 nm F;5CoPc on MnPc
¢) 1.1nm F14CoPc on MnPc d) 3.0nm F15CoPc on MnPc and e) 2.0nm F;5CoPc on Au(100). The
spectra were recorded with different angles of beam incidence. 6 gives the angle between the surface
normal and the direction of the incident beam. (§ = 0° corresponds to normal and § = 70° to
grazing incidence.)

evident that the strong polarization of the spectra does not change in comparison to the

films out of one phthalocyanine molecule only.

The high degree of molecular order allows additional insight into the anisotropy of
the excitations into Co derived 3d levels in FiCoPc close and far from the interface to
MnPc. In Fig.4.17 we show the corresponding Co Lz edge absorption spectra. Again,

these spectra were recorded at two different angels of beam incidence (see Fig.4.17).

In Fig.4.17c, the CoLs edge absorption spectrum of a 2nm thick F14CoPc layer on
Au(100) is depicted. In contrast to cobalt phthalocyanine (CoPc), such XAS data of
F16CoPc have not been reported yet. Also in this case the absorption data show a very
clear anisotropy when taken at different polarization directions of the incident synchrotron
light, corroborating the high degree of molecular order. At grazing incidence, the ab-
sorption feature at about 778¢V (labelled A) dominats the spectrum, while for normal

incidence we observe maximal absorption for feature B; and By at about 780 - 782¢V.
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Figure 4.17.: Co L3 edge absorption spectra for a) 0.6 nm F13CoPc on MnPc¢ b) 1.1 nm F154CoPc on
MnPc ¢) 3.0nm F14CoPc on MnPc and d) 2.0nm F15CoPc on Au(100). The spectra were recorded
with different angles of beam incidence. 6 gives the angle between the surface normal and the
direction of the incident beam. (6 = 0° corresponds to normal and § = 70° to grazing incidence.)

These spectra and their polarization dependence are very similar to the corresponding
absorption spectra of CoPc [24, 77, 92]. We take this as evidence that fluorination of
CoPc to F14CoPc has little impact on the electronic 3d states of the central Co atom and
their occupancy. This is in good agreement to calculations which predicted a rigid-like
energy shift of the molecular orbitals upon fluorination of CoPc but essentially no other
changes [112]. Consequently, we assign the absorption feature A, which is maximal for a
light polarisation perpendicular to the F14CoPc molecules to transitions from the Co 2p
into unoccupied 3d,2 states. Analogously, features B; and B, arise from an excitation
» orbital [24, 77, 92].

The evolution of the CoLs edge absorption spectra upon formation of the Fi4CoPc/

multiplet related to the excitations into the Co 3d,2_,
MnPc heterojunction are shown in Fig.4.17a and b. While for thicker F13CoPc layers on
top of MnPc the absorption spectra closely resemble those of the pure F14CoPc film, they
radically change for a thin layer of F14CoPc deposited on MnPc, i.e. for F14CoPc molecules

in contact to MnPc. The absorption features that are representative for Fi4CoPc essen-
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tially disappear, while two new absorption maxima are observed around 780eV ., still
with a visible anisotropy with respect to the light polarization. Following the recent ob-
servation of an interaction between the transition metal centers of Fi;¢CoPc and MnPc
with a charge transfer from Mn 3d to Co 3d levels, we associate the clear spectral changes
to the formation of F14CoPc/MnPc dimers and this charge transfer. The disappearance
of feature A supports the results from photoemission spectroscopy that a hybrid state
is formed between the two types of phthalocyanines, which causes a (partial) filling of
the Co 3d.2 orbital of F14CoPc, i.e. a reduction of the Co center in this phthalocyanine
[103]. This interpretation is also in good agreement with the evolution of the Co L edge
absorption spectra of CoPc when intercalated with K [113], which is depicted in Fig. 4.18.

For lower intercalation levels, potassium addition results in an initial charge transfer to
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Figure 4.18.: Co2p,/3 x-ray absorption edges of K,CoPc films, taken from Ref. [113].

the Co center of CoPc and the change of the Co L3 edge absorption spectra is very similar

to what is observed in our data.
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To conclude, the CoLs edge absorption spectra for the F15CoPc can be understood
in terms of the formation of the hybrid state between Co and Mn 3d levels as well as
the associated charge transfer. While the absorption feature D then is related to the
excitation into the Co 3d,2 contribution to the hybrid state, the vanishing multiplet
splitting of feature B seen for a light polarization parallel to the molecular planes is a
results of the charge transfer to the Co 3d states. Within the atomic multiplet theory in
total 16 transitions would be allowed for 3d"—2p°3d® (i.e. F15CoPc), only 4 transitions
would be expected after Co is reduced: 3d®—2p°3d®, which is connected to a loss of the
wide and prominent multiplet as seen for pure F14CoPc and a light polarization parallel
to the molecular plane (for detailed information see de Groot et. al [114]). For instance,
in the case of Ni in NiPc (3d®) the 2p, /3 absorption spectrum consists basically of a single

intense feature for in-plane polarized light [24, 115].
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Figure 4.19.: MnL, 5 edge absorption spectra for a) 2.0nm MnPc on Au(100) b) 0.6 nm F;5CoPc
on MnPc ¢) 3nm F13CoPc on MnPc. The spectra were recorded with different angles of beam
incidence. 6 gives the angle between the surface normal and the direction of the incident beam. (6
= 0° corresponds to normal and § = 70° to grazing incidence.)

The question remains, of whether the above identified reaction and charge transfer

can also be observed in the Mn absorbtion spectra? Fig.4.19a,b,c additionally depict
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the evolution of the Mn-related L3 x-ray absorption spectra upon formation of the
F16CoPc/MnPc heterojunction. The data are normalized at energies of 670eV, where
the corresponding absorption edges should be polarization independent. The spectrum
of a thick layer of MnPc on Au(100) is in very good agreement to previously published
spectra [24, 116]. This is true for the spectral shape as a function of light polarization
as well as for the intensity ratios for F || z and E || z,y (R**? = I,,/1,). We obtain a
value of R*? = 1.5 as in Ref. [24]. Going to the data for the heterojunction with little
(0.6nm) F15CoPc deposited onto MnPc these characteristics slightly change. The spec-
tral features become blurred or broadened and the intensity ratio R*? changes visibly
with a relative intensity increase for the data taken at grazing incidence. These changes
clearly signal that the addition of F14CoPc indeed impacts the electronic states of the Mn
atoms close to. The effect can be enhanced by the consideration of a thick Fi3CoPc layer
on MnPc. Due to the applied total electron yield method, the information depth of the
spectra depends on the electron mean free path in the material. This is relatively small
and in turn means that with increasing F14CoPc overlayer we become more and more
sensitive to the MnPc molecules adjacent to this overlayer. Obviously, the Mn absorbtion
spectrum of 3nm F;4CoPc on MnPc, measured in grazing incidence, shows a dramatic
intensity change (R*? = 0.7). With the light polarization perpendicular to the phthalo-
cyanine molecules we are sensitive to electronic core excitations into Mn 3d orbitals with
z-character. In case of the hybrid state as discussed above, the Mn 3d, ,. orbitals interact
with the Co 3d.2 orbital leading to a two-level system. Also, there is charge transfer from
Mn to Co3d states. Due to the charge transfer more z-derived states (d,.,.) of Mn can
be reached as compared to in-plane polarized excitations leading to a modification of the
intensity ratio as observed.

To summarize, we have demonstrated that the MnPc/F;5CoPc organic hetero-interface
is characterized by an interface reaction that causes the formation of hybrid states and
charge transfer between the two types of molecules right at the interface. The interaction
is due to a local hybrid where the Co3d.> orbital of F14CoPc and the Mn 3d,, orbital of

MnPc are involved forming a two-level system.

In addition, we have demonstrated epitaxial growth of well ordered phthalocyanine
heterojunctions out of MnPc and Fi4CoPc. Additionally, we demonstrate the filling of
the Co3d,2 orbital due to the charge transfer, which occurs at this interface, resulting in
charged MnPc®t and Fi4CoPc®~ species. This fact supports the results of the performed
DFT calculations, revealing a hybrid state.

These results are of importance for the application of such interfaces in organic elec-

tronic devices since charge transfer considerably affects the energy level alignment and
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the transport behavior of the respective heterojunction. Moreover, MnPc and F;CoPc
may also be able to form a (bulk) charge transfer salt, purely made from phthalocyanines
with potentially novel and unexpected physical properties. Since the transfer of charge is
also connected to a transfer of spin and the hybrid system has a net spin of S = 2, such
compounds could also be termed spintransfer materials with future applications in the
area of spintronics. Finally, since it is reasonable to assume similar interaction for other
flat transition metal complexes, the molecule pair studied in this contribution might be

an initial representative of a fascinating incipient material class.

4.2.2 A phthalocyanine blend: MnPc/F;3CoPc

In this section, it is shown that also a bulk material can be formed by simple co-
evaporation, which is characterized by the charge and spin transfer between the two
molecules MnPc and FisCoPc [117]. Moreover, the charge transfer interaction also af-
fects the optical properties significantly, a new low energy electronic excitation has been
identified, whereby the origin of it is clarified using density functional theory (DFT)
investigations.

At first we want to focus on the the composition of the produced phthalocyanine blend.
In order to obtain "pure” Co 2p spectra which represent reduced F15CoPc molecules only
(analogous to very thin Fy5CoPc layers on top of MnPc) we have chosen a MnPc/F4CoPc
ratio of about 3:1. In Fig. 4.20 the C 1s core level photoemission profile for such produced

coevaporated blend of MnPc and F3CoPc is shown. Due to the different chemical envi-

Intensity (arb. units)

292 290 288 286 284 282
Binding energy (eV)

Figure 4.20.: C 1s core level photoemission profile for a coevaporated blend of MnPc and Fy5CoPc.
We additionally show the result of a modelling of the data using an appropriately weighted sum
(dashed line) of otherwise unchanged photoemission profile of the two individual phthalocyanines
(filled areas).

ronments of carbon in two phthalocyanines as described before, the C1s photoemission
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profiles can be well distinguished. Getting the ratio of our blend we also a make simple
superposition of the different carbon signals. The ratio MnPc:F14CoPc was calculated to
be 3:1. In Fig. 4.20 it is clearly observable that MnPc dominates the C1s photoemission
signal of the blend.

We continue the presentation and discussion of our results with the Co 2p3/5 core level
photoemission spectra of a co-evaporated blend of MnPc and FsCoPc, as shown in

Fig.4.21. The line shape and also the binding energy of the Co2psz/; spectra clearly

a)Co2p,,
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Figure 4.21.: a) Co 2p3/2 and b) Mn 2p3/o core level photoemission spectra for a co-evaporated
blend of MnPc and F16CoPc. These data are compared to those found at heterojunctions of these
two molecules and a thick MnPc film, respectively. Note: In order to obtain "pure” Co 2p spectra
which represent reduced F14CoPc molecules only - analogous to very thin F15CoPc layers on top of
MnPc - we have chosen a MnPc/F15CoPc ratio of about 3:1.

indicate a reduction of the metal center in F14CoPc to at least Co(I) [74, 76, 89, 106],
which is in very good agreement to what is observed for CoPc and similar molecules on
metal surfaces [74, 76, 89, 106] (cf. section 4.1.1) and also in direct correspondence to the
Co reduction at a MnPc/F,4CoPc heterojunction [103] (cf. section 4.2.1). This reveals
that the theoretically introduced dimer model [103] (see also below) is also able to provide
an understanding of mixed films, where the two molecules need to find each other during
the co-evaporation process to interact in a similar way as in case of the layered samples.
This finding also holds great promise that a mixed crystal of the dimer system can be
obtained. As discussed above DFT calculations showed that a hybdrid state is formed
between the two phthalocyanines [103] which is rendered possible by the relatively low
ionization potential of MnPc and the high electron affinity of F14CoPc. The hybrid state
is made of the Mn 3d,, (HOMO of MnPc) and the Co3d,> (LUMO of F;sCoPc) orbitals.
As only the lower of the two hybrid states is occupied, charge is directly transferred to the
Co3d.» orbital. To emphasize this we also show the Mn 2p3/, photoemission spectra of

the phthalocyanine blend and a thick MnPc film in Fig. 4.21b. For the comparison to the
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heterojunction, we refer to the Mn 2p3 /5 photoemission spectra of 0.2nm MnPc deposited
on F15CoPc, which is published in [103]. The spectra shown here in Fig. 4.10b look really
different. The line shape and binding energy for the thick MnPc film reveal the oxidation
state of +2 for manganese, which is in good agreement with Mn 2p core level spectra of
MnPc published elsewhere [116]. In contrast, an additonal feature for the phthalocyanine
blend arises at higher binding energy, which is well consistent with the mentioned charge
transfer and the concomitant oxidation of the Mn centers. This higher binding energy
feature is also observed for MnPc molecules that have been deposited onto a F15CoPc
layer, where the MnPc molecules are in direct contact to F16CoPc and reduced [103].
Furthermore, we present the electronic excitation spectra of the mixed phthalocyanine

film in Fig. 4.22 in comparison to those of the pure phthalocyanine films. These data were

...... F,sCoPc
PoaaeMnPe
i =——MnPc-FysCoPc-Mixed Film
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Figure 4.22.: Electronic excitation spectra of the phthalocyanine blend in comparison to the pure
materials measured with EELS at a momentum transfer ¢ of 0.1 A=,

taken using electron energy-loss spectroscopy (EELS)* with a momentum transfer
of 0.1 A=, which is close to the optical limit [118, 119]. All spectra are characterized
by an excitation feature around 1.8-2eV which is typical for all phthalocyanines, which
represents HOMO-LUMO transitions and frequently labelled as Q-band [20, 25, 120,
121]. The interesting fact in this figure is the new spectral feature which appears at
0.6eV for the MnPc/F;5CoPc blend and which cannot be understood as a pure sum of
the two individual components, but is qualitatively different from the spectra of isolated
MnPc and F14CoPc. We attribute the new spectral feature to the interaction of the
two phthalocyanine species in the blend leading to the hybridization of the respective

transition metal states. This higher binding energy feature is also observed for MnPc

4For more details on the method and the experiment see appendix (A.3).
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molecules that have been deposited onto a F14CoPc layer, where the MnPc molecules are
in direct contact to F14CoPc and reduced [103].
Finally, we complete the description of our results with the comparison of measured and

calculated electronic excitation data®, which are shown in Fig.4.23. In general, these two

—— measured data (EEL S)
—— calculation
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Figure 4.23.: Electronic excitation spectrum of the phthalocyanine blend in comparison to the
theoretical calculation.

spectra are in very good agreement as the theoretical spectrum incorporates all qualitative
features of the experimental spectrum and furthermore even well reproduces the relative
intensities compared to the Q-band region. Most importantly the theoretical spectrum
does show the qualitatively new signal at 0.6 eV. We note that the experimental data are
measured using EELS, i.e. they represent the loss function Im(-1/€), while the calculations
are proportional to Im(e). However, these two response functions are directly comparable
for small momentum transfer [118] which was especially pointed out for phthalocyanines
in Ref. [121].

In addition a consideration of the underlying states of this transition can now help to
clarify the origin of this excitation. For this purpose the spectral region below 1.5eV is
depicted in Fig. 4.24 with the corresponding initial and final dimer states directly on top
of the specific signal as obtained by the calculations.

Obviously the strong new peak at 0.6 eV originates from a transition between the bond-
ing state Mn 3d,. + Co3d,2 and the antibonding state Mn 3d,, - Co 3d,2 of the two-level

system that represents the charge transfer interaction. Hence this signal is unambiguously

5The theoretical treatments were performed by Rico Friedrich, Torsten Hahn and Jens Kortus, members
of the Institute of Theoretical Physics; TU BA Freiberg. For more details on the computational aspects
see appendix (A.4).
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Figure 4.24.: Transitions in the spectral region below 1.5eV. The corresponding initial and final
dimer states are drawn directly above the signals they belong to. The new signal at 0.6 €V is related
to an intense transition between the states of the two-level system. Note: The upper molecule within
the dimer represents MnPc whereas the lower one corresponds to F14CoPec.

connected to the interaction of the two molecular species and the observation of this signal
can be taken as a direct proof for the formation of the charge transfer hybrid states in
the blend in close analogy to the heterojunction studies previously. Moreover, it is not
a surprise that this transition between the states of the two-level system is very strong.
In such two-level systems excitations are always very efficient as the transition between
a bonding and antibonding state is always optically allowed due to the formation of a
bonding and antibonding linear combination.

The second peak at 1.2V is due to a transition between a ligand derived 7 state of ay,
symmetry at both molecules into the Mn 3d,. state at MnPc. This is mainly an internal
transition inside MnPc and is also a typical excitation for the free MnPc molecule [122].
Furthermore, all transitions of the considered energy range correspond to excitations of
minority spin (spin down) electrons. This is caused by the fact that the hybridization
near the Fermi level is dominated by spin down states and also for the isolated molecules
spin down states are abundant near the Fermi energy. Furthermore, we note that the
Q-band region is still dominated by the typical transitions between ligand states of the
individual molecules for which a detailed explanation can be found in [122].

As a final remark, one should not be confused about a transition from an initial 3d
state to a final 3d state as one would of course expect them to be disallowed for the
isolated species because of symmetry selection rules. The labelling of the states is only
made in accordance to the levels of the isolated molecules which does not mean that they

really characterize the symmetry of the overall state. The real symmetry of the dimer

4.2

75



chapter 4

76

RESULTS AND DISCUSSION

structure is €7 to which only the totally symmetric representation a belongs. Hence all
states and also the space operator will belong to this representation and the specific dipole
matrix element will always be different from zero indicating optically allowed transitions.
However we labeled the states in accordance to the states of the individual molecules
which have higher symmetry. In this way the formation of the hybrid state is directly
encoded in the labeling. Otherwise we would loose the information of the formation of
the two-level system within the nomenclature.

To summarize, we have demonstrated that the MnPc®* /F;4CoPc’~ organic dimer can
directly be formed via co-evaporation leading to a phthalocyanine blend. This blend is
characterized by a molecular interface reaction that causes a charge transfer from the Mn
to the Co center of the two molecules. Furthermore, we studied the electronic properties
of this system using energy-loss spectroscopy revealing the existence of a new electronic
excitation at 0.6eV, which was confirmed by DFT calculations. The calculations show
that the new signal is caused by a dipole allowed transition between the hybrid interface
states of the resulting two level system. These results indicate that the interaction between
the two molecule dimer species is strong enough to show the electronic characteristics of
the interaction even in a co-evaporated film. Finally, the low energy excitation suggests

that such mixed films might be applicable as small band gap organic semiconductors.

4.2.3 Other phthalocyanine heterojunctions

In this part of the chapter, we present two further heterojunctions made of unfluori-
nated phthalocyanines which differ only in the transition metal center. We focus on the
CoPc/MnPc and on the FePc/MnPc heterojunction.

We start the presentation and discussion of our results with the CoPc/MnPc hetero-
junction. Therefore we show the evolution of the ligand core level spectra. In Fig.4.25
the Cls and N 1s core level photoemission profiles when CoPc is gradually deposited on a
3nm thick MnPc layer on Au(100) are depicted. Due to the same chemical environment
of the carbon atoms in the two phthalocyanines, the C1s emission spectra can not be
distinguished in the case of the heterojunction Fi15CoPc/MnPc (cf. section 4.2.1). After
the first deposition the binding energy changes only around 140 meV and afterwards no
significant modification of the spectra is oberservable. The data however show that the
both phthalocyanine ligands are less affected by the surrounded organic molecules. This
means, that the interaction at the CoPc/MnPc interface does not modify the ligand in
contrast to the doping of phthalocyanine layers, where the C 1s core level photoemission

spectrum is characterized by an additional core level feature [104, 105]. The picture of
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Figure 4.25.: Evolution of the a) C1s and the b) N 1s core level photoemission profile upon depo-
sition of CoPc on a 3nm thick layer of MnPc.

the unaffected ligand is also corroborated in the corresponding evolution of the N 1s core
level spectra, which is displayed in Fig.4.25b. In these spectra no significant changes
are observable, which emphasize the conclusion that the charge transfer only effects the
transition metal center and the ligand is not involved the process.

Turning to the Co 2p3/, photoemission spectra at this interface a clear difference of the
line shapes is detected when going from a thin layer of CoPc on top of MnPc to a thick
film. This is depicted in Fig.4.26, where the Co2ps/s core level photoemission spectrum
for a 0.4nm F4CoPc film deposited on a 3nm thick MnPc layer is also shown. For
the thick layer of CoPc on top of a thick MnPc layer the typical line shape of Co(II) is
shown. For the detailed discussion of this spectra see the section about the F16CoPc/MnPc
heterojunction. A reduction of the cobalt center in the direction of Co(I) gives rise to
the observed shoulder at lower binding energies of the Co2ps/, core level photoemission

spectrum of the thin layer CoPc on MnPc. The results of DFT calculations reveal a similar
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Figure 4.26.: Co2ps3/, core level photoemission spectra for a CoPc/MnPc heterojunction when
CoPc is deposited on a 3nm thick MnPc layer. Note: For the comparison to the F14CoPc/MnPc
heterojunction the Co 2p3/, core level photoemission spectrum for a 0.4nm F16CoPc film deposited
on a 3nm thick MnPc layer is also shown.

coupling scheme for CoPc/MnPc as in the case of F14CoPc/MnPc [107]. Hence a dimer
system is formed again and a hybridization of the Co 3d.2 orbital of CoPc and the Mn 3d,.,
orbital of MnPc is predicted. As this hybrid state is delocalized over both molecules with
the largest contributions at the metal centres also the charge within this orbital is spread
out to the dimer system. Hence a charge of only approximately 0.1 electrons is transferred
from MnPc to CoPc [107], which is lower than the charge transfer from MnPc to F14CoPc.
When we compare this Co 2p3/s core level photoemission spectrum of the thin layer CoPc
on MnPc with the corresponding spectrum of the Fi4CoPc/MnPc heterojunction (see
Fig.4.26), it seems that the charge transfer process is not so strong for the CoPc/MnPc
heterojunction. Why is the interaction of CoPc/MnPc weaker than in the case of the
F16CoPc/MnPc heterojunction? For comparison, the energy levels of MnPc, F15CoPc
and CoPc all aligned at the vacuum energy E,,.= 0 are depicted in Fig.4.14 (see section
4.1.1).

One can clearly see that Fermi energy of the F1CoPc is lower than the MnPc one. This
is caused due to the high electron affinity of F14CoPc and the high ionization potential of
MnPc. Therefore a charge transfer from MnPc to F14CoPc is favorable because this leads
to an energy gain of about 1eV. If we compare the Fermi energy position of MnPc and
CoPc, the Fermi energies are much closer to each other and hence the energy gain would

be much less than the energy gain of the other heterojunction, which results in a weaker
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charge transfer interaction.

Finally, we present the heterojunction, FePc/MnPc. Due to the data of the pure FePc
on noble metals, which shows only a weak charge transfer process in the case of Ag(111)
as substrate, it is not surprising in the case of this studied heterojunction, that no charge
transfer is expected. We show the Fe 2p core level photoemission spectra for a FePc/MnPc

heterojunction when FePc is deposited on a 3nm thick MnPc layer in Fig. 4.27. The line

FeZ2p,, of FePc/MnPc —0.8nm
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Figure 4.27.: Fe 2p core level photoemission spectra for a FePc/MnPc heterojunction when FePc is
deposited on a 3nm thick MnPc layer.

shape and the binding energy do not change upon deposition of FePc on top of a thick
MnPc layer. There is no evidence for the reduction of the iron center. But in general
this is no surprise, when we compare the ionization potential of the two phthalocyanines.
MnPc has the lowest ionization potential of all phthalocaynines (IP = 4.5€V). In the case
of FePc the ionization potential is higher (IP = 5.3 V), but it is lower then the ionization
potential of CoPc, where the charge transfer is already weak. It is not enough to take only
the ionization potential into account. It needs also suitable empty d-states, which should
be avaible at the acceptor side. In the case of FePc a byy-LUMO exists, which corresponds
to a metal center 3d,, state. This orbital has no z-component, which is necessary for
the interaction. But nonetheless the LUMO+1 of FePc is an a4 state, which is the same
state that interacts in the case of F1CoPc. However this state is clear above the Fermi
energy and therefore the energy gain is less pronounced [107]. Hence the appearance of
no charge transfer at the FePc/MnPc heterojunction can be understood on the basis of

the molecular orbital energies.
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To summarize, we studied different heterojunctions made of two structurally similiar
phthalocyanine, which differ only in the transition metal center. We have demonstrated
that the CoPc/MnPc organic hetero-interface is characterized by a weaker charge transfer
process compared to the corresponding heterojunction of F14CoPc/MnPc. This can be
understood based on the comparison of the energy levels of the three different phthalo-
cyanines (F14CoPc, CoPc and MnPc), where the F14CoPc/MnPc heterojunction achieves
a higher energy gain than the one of CoPc/MnPc and hence results in a stronger charge
transfer interaction. The interface reaction causes also the formation of hybrid states,
where Co3d,2 orbital of CoPc and the Mn 3d,, orbital of MnPc are involved forming a
two-level system. The other studied FePc/MnPc heterojunction shows neither an inter-
face reaction nor an charge transfer between the two molecules right at the interface.
Here the energy gain is expected to be less pronounced and so a FePc/MnPc interaction

is energetically not preferred.
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4.3 Qutlook

In section 4.2.1 we showed that an interaction between Fi4CoPc and MnPc takes place.
This interaction is characterized by an interface reaction causing the formation of hybrid
states and charge transfer between the two organic molecules direct at the interface. The
charge transfer process is possible due to the low ionization potential of MnPc and the
high electron affinity of F14CoPc which is caused by the surrounding fluorines. In the case
of CoPc, it is well known that the replacement of hydrogen by fluorine offers the possibility
to shift down the electronic states energetically while the energy level alignment stays the
same.

For further experiments it would be interesting to find other suitable candidates for
the phthalocyanine/MnPc heterojunction. One can also think about the fluorination of
FePc. With the full fluorination of FePc we can achieve that the energy levels might
be pulled down enough to reach a favorable energy gain. Unfortunately, FigFePc is not
commercially available, but the chlorine related compound, CligFePc, is purchasable. To
investigate the electronic properties of this organic molecule, we started photoelectron
spectroscopy studies. The experiments failed because of the required evaporation of the
material. CligFePc is not stable during the evaporation process. If FigFePc can be
produced, it will be of crucial importance to study the FigFePc/MnPc heterojunction. It
would also be of special interest because the spin of the iron centered molecule is S = 1
and therefore higher compared to CoPc.

Another way to engineer the Fermi level for manufacturing other promising heterojunc-
tions is the replacement of the MnPc. So a reverse effect of the fluorination has to be
realized by a chemical substitution. The substituent should be able to push the electron
density into the ring system of the phthalocyanine and to increase the repulsion. In this
way all electronic levels can be lifted energetically and therefore the ionization potential
is reduced. A possible candidate for the substitution is the methoxy function (-OCHjs)
which offers the delocalization of the free electron pair at the oxygen into the ring sys-
tem [123]. DFT calculations on the F15CoPc/(CH30)gCoPc heterojunction demonstrate
promising results regarding the charge transfer process [123].

One can clearly see that this thesis is not the end of this fascinating incipient material
class. The heterojunction FisCoPc/MnPc can be seen as an initial representative, but
other molecule pairs have to be studied further. The question arises how can we find
other possible combinations? The theoretical physics shows a way, but we need also
the chemistry to produce well defined pure materials. Hence this research topic is an

interdisciplinary one, whose questions are not already answered.
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APPENDIX

A.1 Computational aspects for the phthalocaynine heterojunction

The all electron DFT calculations were carried out using the NRLMOL program package
[124]. To include exchange and correlation effects the generalised gradient functional de-
veloped by Perdew, Burke and Ernzerhof was applied [125]. First we relaxed the structures
of the individual MnPc and F;5CoPc molecule by performing a geometry optimization.
In order to reproduce the relations of the molecules at the interface, the distance and rel-
ative shift of the molecules in a dimer consisting of MnPc and F4CoPc was deduced from
crystallographic data on the S-MnPc phase obtained from CSD. This data clearly shows
that neighbouring molecules arrange such that the metal centers are positioned above
nitrogen atoms bridging two isoindolic units of a neighbouring molecule. The distance
of the nitrogen and the metal is about 3 A. Using this startup geometry we performed a

relaxation of the dimer system.
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A.2 XAS: Experimental details

The X-ray absorption spectroscopy (XAS) experiments were performed at the Russian-
German beamline of the synchrotron radiation source Bessy II, Berlin. The XAS spectra
were recorded in the total-electron yield mode with a resolution of about 30 meV at photon
energies of 410eV and 785eV. The spectra were normalized to have the same absorption
edge step height well above the threshold. In addition, we have used x-ray photoelectron
spectroscopy in order to characterize the substrate and the phthalocyanine films. The data
have been taken with a photon energy of 1080 eV and an energy resolution of 50 meV. The

photon energies were referenced to the Au4f binding energy.

A.3 EELS: Experimental details

For our investigations using electron energy-loss spectroscopy (EELS), free-standing ph-
thalocyanine films were prepared under ultrahigh vacuum (UHV) conditions by equivalent
thermal evaporation onto a KBr (100) substrate kept at room temperature. In this case
the deposition rate was about 0.5 nm/min as measured using a quartz microbalance and
the resulting film thicknesses were about 100nm. For the mixed film, we kept the depo-
sition rates for the two molecules at the same value. Subsequently, the films were floated
off in distilled water, mounted onto standard electron microscopy grids, and transferred
into a purpose built spectrometer for EELS [118]. Prior to the EELS measurements the
films were characterized in-situ using electron diffraction. This revealed that the films
were essentially polycrystalline.

The electron energy-loss spectroscopy measurements in transmission were carried out at
20 K using a 172 keV spectrometer described elsewhere [118], and we note that at this high
primary beam energy only singlet excitations are possible. The energy and momentum
resolution were chosen to be 85 meV and 0.03 A=, respectively. We have measured the loss
function Im(—1/¢(q,w)) (e(q,w) is the dielectric function) for a small momentum transfer,
parallel to the film surface [118]. Further details of the sample preparation procedure and

the experimental technique can be found in previous publications [118, 119].
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A.4 Computational aspects for the phthalocaynine dimer

The unrestricted density functional calculations were performed with the NRLMOL pro-
gram package [124, 126-132]. This package uses a specially optimized gaussian basis set
[133] to describe the molecular states. Furthermore, the exchange correlation functional
of Perdew, Burke and Ernzerhof (PBE) [125] was applied within the calculations. For
the model dimer system made up of MnPc and F14CoPc the geometry was based on the
(thermodynamically stable) S-phase of MnPc. Hence the molecular planes were placed
3.1 A apart from one another and the metal centers are positioned below and above a
nitrogen atom bridging two isoindolic units of the neighbouring molecule. The presented
results are deduced from a single point calculation for this geometry as the preservation
of the overall electronic properties during a relaxation has already been presented in [103]
and an optimization on PBE level is expected to show the well known underbinding effect.
Furthermore an LDA optimization of the system was carried out which often leads to very
reasonable geometries compared to experiment [134]. During this relaxation the initial
distance of the molecular planes was slightly shortened by about 0.2 A which further
underlines the expected underbinding effect for the PBE relaxation.

The theoretical absorption spectrum was obtained from the Kohn-Sham states by
the calculation of the specific dipole matrix elements. Afterwards the transitions were
weighted with the square of the dipole matrix element according to Fermi’s golden rule.
As discussed in [118] these calculated results are directly comparable to the loss function
of EELS measurements performed with small momentum transfer. In order to correct for
the systematic underestimation of the band gap within DFT the calculated spectra were
shifted to 0.5eV higher energies which allowed to align calculated and measured Q-band.
This shift has already been successfully applied earlier and led to good agreement with

various experimental results [122].
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