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Chapter-1

Introduction

1.1 Molecules on Surfaces

The engineering of organized, low-dimensional molecular systems opens up new ways to control
matter at nanoscale and the exploration of nanodevice concepts. Self organized growth of
molecules on surfaces provides a versatile rout of realize complex nanosystems with desirable
functional properties. Therefore, self organization of molecules presents promising prospect for
miniaturization of electronic devices. Such miniaturization of electronic devices provides means
to fabricate low cost and flexible devices due to possibility to develop molecular devices on
flexible substrates. [1]

Bottom up approaches are an attractive choice for the functional molecular devices at nanometer
scale. This approach of device fabrication allows precise control over the specific functionalities
by appropriate selection of the molecular complexeses. The accurate measurement of electronic
transport properties for metal- molecular junctions is challenging task in molecular electronics
due to the involment of various physical processes . The charge transport through the molecular
junctions is sensitive to molecule-molecule interactions, molecular conformations as well as
metal-molecular contact geometry.[2]

There has been considerable interest in the growth of organic thin films for the development of
molecular devices.[3] Porphyrin and Phathalocyanines molecular thin films are extensively
studied in the literature for their potential applications in spintronics and photovoltaics. [4]
However, crucial issue is to gain control over the physical properties of thin films due to their
strong dependence on molecular structure and polymorphism. In this thesis, we investigate the
structural, vibrational and electronic properties of organometallic molecules assembled in long
range ordered networks grown on conducting substrates.

An important issue in molecular electronics is the molecular interface with electrodes as it
controls the charge injection and the transport through the device.[3] The adsorption of
organometallic molecules on metallic surfaces leads to the formation of interface dipole which is
influenced by the interaction of macrocycle and central metal atom with substrate and strongly
impact charge injection barriers [4]. A variety of processes can influence energy level alignment
at molecule-substrate interface such as charge transfer due to molecule-substrate hybridization
effects, push-back effect involving interaction of molecular = electron cloud and metallic
substrate electron density and back donation of charge density from molecule to substrate
leading to charge redistribution as shown in Figure 1.[4]
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Figure 1 Schematic represntation of various processes at metal-molecule intrface.

The chemical reactivity, stability and nature of frontier moleculer orbitals for organometalic
molecule present strong dependance on nature of central metal atom and substituent groups [2].
Therefore, an approporiate selection of organometalic molecule and substrate provides an ample
opportunity to control and manipulate electronic and magnetic properties of molecular thin films.

Depending on the type of substrate and molecule one of the processes shown in Figure 1 can be
dominant and in turn governs the overall energy level alignment and charge injection barriers at
the interface.[5] However, there is no unified model to explain the above mentioned interface
processes. Therefore, each molecule-substrate system has to be investigated by a multitechnique
approach to get complementary information on the specific system.

The strength of molecule-substrate bond is an important criterion to broadly classify the
interfaces. It is worthwhile to note that the strength of interaction not only depend on molecule
and substrates involved in interface formation but also on the synthesis procedure adopted for
interface formation. [4]

The work function of substrate depends on electrostatic potential across the surface and the bulk
chemical potential. Physisorption of organic molecule on substrate can lead to changes in the
electrostatic potential across the metal surface while bulk chemical potential remain
unaffected.[6] There is significant difference between outer and inner electrostatic potential
energies across metallic substrate known as metal-surface dipole potential energy. The work
function of the substrate can be related to bulk chemical potential and metal-surface dipole
potential energy. Adsorption of organic molecules leads to reduction in metal-surface dipole
potential energy resulting in lower work function of metallic substrate after adsorption. In
addition to physisorbed molecules, there is a possibility of chemical interaction between
adsorbed molecule and metallic substrate. Such chemical bond may lead to up-shift or down shift
of vacuum level due to net charge transfer to the molecule or metallic substrate. The push back
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effect may also play significant role even in chemisorbed molecules due to proximity of metal —
molecule electron clouds.[5]

The work function changes significantly for the adsorption of molecules on metallic substrates in
the monolayer regime. There are contributions from different factors such as (i) “push-back”
effect lowers the electron density of metal at the surface,(ii) an attractive surface potential leads
to polarization of the molecules(iii) charge transfer between the two interacting subsystems, ie
hybridization at metal-molecule interface,(iv) intrinsic dipole moment of the organic molecule,
and (iv) i.e., the formation of the chemical bond. These contributions as a first approximation,
the total WF shift can be written as the sum

AWF=Amet + Apol + Achem Adipole

The formation of chemical or weaker bonds at the adsorption sites causes a rearrangement of the
electron density on the adsorbate, connected to a significant change in some of the molecular
orbitals. This electronic rearrangement can then be seen as a partial charge transfer between
adsorbate and adsorption site. The direction of the electron charge transfer is controlled by the
chemical potentials of the two species, with the electronic charge going from the species with
higher chemical potential to the one with the lower chemical potential(usus)

psug = -Psus

usus = -(IE+EA)/2

The values of electronic affinity and ionization energy can be determined experimentally or by
DFT calculations. Thus, the direction of charge transfer can be determined. [6]

There is possibility to tune the interfacial electronic properties by intermediate buffer layer
between substrate and molecule. The presence of such buffer layer can notably influence the
charge transfer across interface, push back effect and bond formation. In the absence of a unfied
model to understand the energy level alignment for such peculiar metal-molecule interfaces ,
detailed photoemission analysis would be necessary. [6]

The transport properties of an organic device are dramatically affected by the molecular
orientation relative to the current flow.[7] The most efficient current flow in a molecular film
occurs along the direction of the direction of the stacked = bonds being coincident with the
interaction between the = bonds of neighboring molecules. Likewise, the molecular orientation
determines interfacial energetics and by controlling the relative molecular orientation at the
donor/acceptor interfaces inorganic heterostructures the charge transfer and charge dissociation
can be affected. It is therefore essential to control both the crystallinity of grown films and the
molecular orientation.



In order to utilize the potential of molecules for novel electronic devices, in addition to metal-
molecule interfaces, the information about the molecular orientation and molecule stacking is
also significant. Thin films of phthalocyanins and porphyrins have been deposited on substrates
of technological interest have been such as SiOx/Si and ITO and characterized to understand
their physical properties. Depending on the substrate roughness and interaction with molecule
film morphology and molecular stacking can be significantly affected. [18] The thesis aims to
add to the existing knowledge of organic-inorganic interface along with an effort to establish
interconnection with molecular order and physical properties of organic thin films.

Transition metal complexes on surfaces

Among tetrapyrrole complexes, metalloporphyrins and phthalocyanines have gained
considerable scientific interests due to their intriguing electronic and magnetic properties.[8]
These molecular thin films have shown promising applications in thin film organic field-effect
transistors (OFETS), organic light emitting diodes (OLEDs) and organic photovoltaic devices[9].
Due to such impactful applications, considerable attention has been given to various factors
influencing charge carrier mobility and light harvesting ability of molecular thin films.

Table 1 summarizes the transition metal complexes studied in this thesis. Tetraphenylporphyrins
are an important class of tetrapyrrole complexes which exhibits potential to be utilized as
building blocks in modern electronic and spintronics devices.[8] Tetraphenylporphyrin
molecules tends to adopt a planar conformation on metallic substrates due to intermolecular
interactions among molecules in the monolayer regime. However, due to intermolecular strain
between porphyrin core and peripheral phenyl groups, planar conformation is energetically not
favorable.[10] Therefore, in order to minimize the intermolecular strain, porphyrin core adopts a
saddle-shapede formation.[10] STM studies for the adsorption of FeTPP, CoTPP on Ag(111)
confirms the saddle—shaped molecular conformer. Such adsorption induced and non reactive
structural deformations are influenced by molecule-substrate interaction.[10] Therefore, on a
weekly interacting substrate such as HOPG such saddle shaped deformation of the macrocycle is
not anticipated.

Another category of porphyrin molecules are the metal octaethylporphyrin (MOEP) molecules
with eight peripheral ethyl groups. Ethyl groups can adopt different orientations in order to
minimize steric hindrance and to obtain energetically stable configuration.[11] In addition,
different 3d filling of central metal atom can notably impact the frontier molecular orbitals MOs
energy level alignment, thereby influencing the interaction of porphyrin molecules with
underling substrate. The self assembly and interfacial electronic properties of MOEP molecules
adlayers on weakly interacting substrates can be influenced by molecular conformer and
intermolecular interactions.

Although metalloporphyrins have structural similarity with phthalocyanines however these two
classes of molecules differ in their macrocycle for the number of nitrogen atoms thereby notably



impacting polarization effects and macrocycle mediated interactions. In

metalloporphyrins with peripheral ethyl and phenyl groups exhibits more plasticity as compared
to rigid phthalocyanine molecules. Due to which tertraphenylporphyrins molecules can adopt
different molecular conformations. These factors can strongly influence the interaction of
tetrapyrrole complexes adlayers with underlying substrate thereby notably impacting their

electronic and magnetic properties.

Transition Metal Complexes

Structure

[ron(lll) porphyrin chloride

Metal(ll)Octaethylporphyrin

CH3 HaC,

CHs HsC M=2Zn, Ni, Cu

Metal(ll) phthalocyanine
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|
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Metal Phthalocyanine (MPc) molecules belong to the planar and fully conjugated transition
metal complexes category of molecules. Similar to porphyrin molecules MPcs also exhibits
strong light absorption properties in the visible region as well as thermal stability attributed by

7

Table 1




the conjugated m-system. In contrast to porphyrin molecules, MPc molecules are not found in
nature. These molecules possess good photostability and form ordered molecular structures on
metallic substrates by thermal evaporation. Therefore, these molecules are an attractive choice
for novel electronic devices such as thin film transistors, organic light-emitting diodes, and
organic photovoltaic and liquid crystalline materials. [12] It has been observed that magnetic
moment of plannar tertapyrrole complexs such as phthocyanines is quenched due to strong
interaction with underlying substrate[13]. The quenching of magnetic moment is also
accompanied by the alteration in the electronic structre of central metal atom.

Concerning the metal complexes and in particular porphyrins and phthalocyanines the 3d-orbital
energy levels of the central metal atom present a splitting due to the ligand field within the
macrocycle. This splitting depends on the oxidation state (3d occupancy) of the central atom and
on the macrocycle different symmetries. See appendix-1 for more detail regarding splitting of 3d
orbitals in different symmetries.

In this thesis the interfacial electronic properties of Iron transition metal complexes are also
investigated. Due to the non plannar geometry of ferrocene, the interaction of Iron ion with
underlying substrate is expected to be notably distinct as compared to planer tertrapyrrole
complexes such as porphyin and phthalocyanine molecules.

1.2 Objectives and Approach

The objective of the research activity is to highlight the impact of molecular conformer,
intermolecular interactions and molecular order on properties of technologically important
transition metal complexes interfaces and thin films. As interfacial energy level alignment
strongly influence charge transport at metal-molecule interfaces, we have selected specific metal-
molecule interfaces in order to understand the impact of various physical processes involved in
interfacial energy level alignment such as interfacial charge transfer, formation of interface
dipole polarization effects, adsorption induced molecular distortions and type of central metal
atom.

It has been observed that structural perturbations of the molecular conformers in the molecular
layers and substrate symmetry lead to the alterations in the energy level alignment of the
molecular orbitals. In order to achieve the above objective we have selected weakly interacting
model system of CUOEP adsorbed on Au(111) so that impact of different molecular conformer
can be highlighted. Further, the significance of intermolecular interactions on molecular order
and energy level alignment is highlighted by utilizing NiOEP on Au(111) substrate so that
impact of substrate induced perturbations can be minimized.

We focus our study on Inverse Photoemission characterization to enlighten the density of
unoccupied electronic states energy positions of associated orbitals. The interest of such studies
is due to the observation that empty orbitals are more sensitive to the intermolecular interaction
due to their higher delocalization around the macrocycle. [17] These states exhibits notable
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energy separation as compared to filled states induced by alterations in the molecular
arrangements which makes inverse photoemission spectroscopy technique more sensitive to
molecular perturbations. Inverse photoemission spectroscopy (IPES) has the potential to provide
direct access to the unoccupied density of states for MPc molecule films absoprbed on metallic
substates. Although, quantum yield of IPES is 10® times less than PES and electron beam can
damage the molecular films. However, low current density allows reducing electron beam
damage of organic molecules. Further, an efficient photon detector helps to enhance signal to
noise ratio as well as energy resolution. Our IPES results are also complemented by Near Edge
Absorption Fine structure and Photoemission taken at Synchrotron facilities (BESSY I,
ELETTRA) and in campus (UPS and XPS), in order to get a complete framework of the studied
systems. Combined photoemission and IPES analyses reveal the electronic structure of CoPc
within 1 ML is different as compared to CuPc (weaker interaction) due to different hybridization
of the Co with the Au substrates through the Co 3d orbital filling.

Metal-Molecules Objectives
Interfaces
CoPc and CuPc on To investigate impact of central metal
Au(110) atom on unoccupied density of states

NIOEP and CuOEP on | To investigate impact of intermolecular

Au(111) interactions on unoccupied density of
states
FeTPP-Clon To study impact of intermediate graphene
Gr/Ni(111), Gr/Pt(111) | layer on interfacial electronic properties
andHOPG and dechlorination
Ferrocene on To explore interfacial electronic
Gr/Ni(111) and HOPG properties
Table 2

The electronic and magnetic properties of the adsorbed molecules may be significantly
influenced by the metal-molecule interface and can be possibly modified by using an appropriate
intermediate layer. In this context, graphene holds the potential to alter molecule-substrate
hybridization effects thereby, notably influencing charge transport at interfaces and energy level
alignment. It has been demonstrated that interfacial charge transfer can be significantly
influenced by the introduction of graphene buffer layer between transition metal complexes
adsorbed on metallic substrates.We investigate interfacial electronic properties for the deposition
of FeTPP-CI on Gr/Ni(111), Gr/Pt(111) and HOPG and explore various processes influencing



the interfacial charge transfer. These substrates are selected in order to highlight the impact of
dissimilar graphene-substrate coupling and unique surface properties of these substrates on
interaction with adsorbed molecules, which in turn control the interface dipole, energy level
alignment, bond strength and adsorption geometry of the molecules. Despite of the fact that both
graphene and graphite have same surface structure but HOPG is a layered carbon material and its
surface is characterized by step edges and surface defects which can significantly impact
molecule interaction as compared to graphene. Moreover, there are significant electronic and
geometric structure differences in the HOPG basal and step edges planes [9]. HOPG has been
found to interact weakly with tetrapyrrole complexes, therefore taken as reference substrate to
compare interaction of FeTPP-Cl on Gr/Pt(111) and Gr/Ni(111).

The study also investigates the interconnection between structural and physical properties of
transition metal complexes thin films by underscoring the significance of intermolecular
interactions and molecular order. The research activity provides useful insights for the creation
and control of functional molecular films, crucial for the technological applications of organic
semiconductors.In addition, nature of substrate and its treatment significantly influences the
properties of the metal phthalocyanine and porphyrin thin films by controlling the molecular
orientation during growth  The relative orientation of the molecules is driven by the fine interplay
between molecule-substrate and intermolecular forces governing the molecular and
optoelectronic properties of the system .We have selected CoPc, FePc and ZnOEP adsorbed on
SiOx/Si and ITO as model systems to highlight the impact of molecular order and intermolecular
interactions on physical properties of thin films. In order to establish interconnection between
structural and dynamical properties, a detailed analysis of molecular thin films crystallinity was
performed with Grazing incidence X-ray diffraction (GIXRD). It has been shown that vibrational
as well as dynamical properties investigated by visible Pump-Probe experiments have
dependacne on molecular stacking.

Transition Metal Objectives
complexes Thin Films

ZnOEP/SIOx/Si To establish Interconnection between structural and physical properties
(vibrational and electronic) of Zinc Octaethylporphyrin Thin Films.
ZnOEP/ITO
FePc, CoPcon ITO To establish Interconnection between structural and physical
) ) properties(vibrational) of Cobalt phthalocyanine and iron
SiOx/Si and Au

phthalocyanine Thin Films.

CoPc on Gr/SiOx and To establish Interconnection between structural and physical
Au(111) properties(dynamical) of Cobalt phthalocyanine thin Films.

Table 3
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Chapter-2

Experimental methods and set up

In order to investigate interfacial electronic properties as well as bulk properties of transition
metal complexes thin films and to achieve the objectives of the thesis as mentioned in first
chapter, we have adopted multi-technique characterization approach. The studies presented in
this thesis are a result of teamwork. The work cannot be achieved without the contribution and
collaboration of all the authors, expert either in experiment, data analysis and theory.

I have contributed to all the data acquisition of electron (PES, IPES), Raman and absorption
(NEXAFS, Optical pump-probe) spectroscopies and the sample preparation, i.e. substrate’s
surface and transition metal complexes thin film growth, presented in this thesis.

My work also involves collaboration with other expert researcher for data analysis and
theoretical simulations, namely: detailed Grazing incidence X-Ray Diffraction (GIXRD)
measurements and analysis, EXAFS measurements and analysis, NEXAFS fitting using MXAN
code and theoretical DFT. In this section, a brief description of the experimental techniques and
set up used in this thesis are discussed

2.1 Raman Spectroscopy

Raman spectroscopy is a widely used technique in various scientific fields due to its potential to
deduce structure of molecules, isomerism, electrolytic dissociation, association, polymerization,
hydrogen bonding and Kinetics of fast reduction etc. Basic principle of Raman spectroscopy is
based on the inelastic scattering of light by molecules. When light passes through a medium, a
portion of it get scattered by molecules of the medium. Elastically scattered light is termed as
Rayleigh scattering while, inelastically scattered light is known as Raman scattering. Raman
scattering is the weaker as compared to Rayleigh scattering.[1] It is worthwhile to mention that
about 99.999% of all incident photons undergo elastic Rayleigh scattering. Only about 0.001%
of the incident light produces inelastic Raman signal with altered frequencies.

Inelastic scattering means that the frequency of photons in monochromatic light changes upon
interaction with a sample. Photons of the laser light are absorbed by the sample and then re-
emitted. Frequency of the re-emitted photons is shifted up or down in comparison with original
monochromatic frequency, which is called the Raman Effect. This shift provides information
about vibrational, rotational and other low frequency transitions in molecules. Raman
spectroscopy can be used to study solid, liquid and gaseous samples. Classical theory can be
utilized to explain the variation of frequency of scattered radiations. When a molecule is in an
electric field E, the electron cloud and nuclei become polarized resulting in an induced dipole
moment P. The size of the dipole moment induced by a field of magnitude E is given by the
polarizability o of the molecule:
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P=aE

Light consists of oscillating electric and magnetic fields. For light of Frequency vy, the
magnitude of the electric field may be written as

E=E, cos(2mvot)
Thus, the induced dipole moment oscillates in phase with the applied field:
P=a Eq cos(2mtvot)

It is possible to expand a. in terms of g; the vibrational displacement coordinate of the i*"
normal mode. The classical normal mode vibration is
gi =Co cos(2mvit)

where v; frequency of normal mode 1.
Then, based on classical theory, we can write

| Welo
P=o,E,cos(2zv 1) +—| —
‘ 21 &q

E,q' [CL)S(ZX(I’“ -V, )r) +(cos 2n(v +v, )r)]
= iJo

The first term in above equation represents the Rayleigh scattering. The last two terms oscillate
at the sum and difference frequencies, and represent the anti-Stokes and Stokes scattering,
respectively.[2] As show in Figure 1 below, in case of stokes lines the energy of the scattered
radiation is less than the incident radiation, while for anti-stokes lines energy of the scattered
radiation is more than the incident radiation. Due to unique energy separation of vibrational
levels of the molecule, the measured values of wave-number provides a information about the
vibrational energies of the molecule. The shift of these lines from Rayleigh line is found to be
corresponding to the frequencies of the molecular vibrations and independent of the exciting
radiation.

Virtual State

AntiStokes

Rayleigh

Stokes

| Vibrational Levels

Figure 1 Schematic representation of transitions in vibrational states
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For, a molecular vibration to be Raman active, there must be a change in the polarizability of the
molecule during this vibration. This change can be considered as being a change in the shape of
the electron cloud surrounding the molecule. The theory of Raman scattering shows that the
amount of Raman scattering from a molecule is directly proportional to the intensity of the
incident light and also to the fourth power of the frequency of the excitation radiation. Raman
spectrum gives information about molecular symmetry which can then be used to determine the
molecular configuration.

It is worthwhile to mention that intensity of the Raman scattering is seen to be proportional to the
squared derivative of the polarizability of the molecule.

-
]S("dl'[ x ‘(50,/6([; )U‘ “’[’]‘2

Importantly, polarizability must change linearly with vibrational motion of the molecule under
study. It is evident that Raman intensity will be higher for greater change of a. There is a
possibility that there is no raman scattering in case o does not change.[1]

In a typical Raman experiment, a polarized monochromatic light source (usually a laser) is
focused into a sample, and the scattered light at 90° to the laser beam is collected and dispersed
by a high-resolution monochromator. The incident laser wavelength (chosen such that the sample
does not absorb, in ordinary Raman Spectroscopy) is fixed, and the scattered light is dispersed
and detected to obtain the frequency spectrum of the scattered light. The scattered light is very
weak (<107 of the incident power), so that monochromators with excellent straylight rejection
and sensitive detectors are required.

A Raman system typically consists of four major components:
1. Excitation source (Laser).

2. Sample illumination system and light collection optics.

3. Wavelength selector (Filter or Spectrophotometer).

4. Detector (Photodiode array, CCD or PMT).

A sample is normally illuminated with a laser beam in the ultraviolet (UV), visible (Vis) or near
infrared (NIR) range. Scattered light is collected with a lens and is sent through interference filter
or spectrophotometer to obtain Raman spectrum of a sample.

Experimental Set up

The measurements presented in the thesis were performed at CNR-IOM laboratory in the
reflection geometry. CW laser with a wavelength of 532 nm (Cobolt Samba, 50 mW, bandwidth
1 MHz) was used as excitation source. 532 nm RazorEdge Dichroic™ laser-flat beamsplitter and
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532 nm RazorEdge® ultrasteep long-pass edge filter were used to direct the light into
microscope and cut Rayleigh scattered light, respectively. The laser power on the sample was
controlled by the neutral density filter (Thorlabs) and kept at 100 uW. The acquisition time in all
experiments was 600 s. Atomic Force Microscopy (AFM) measurements were performed in
contact mode using Nanowizard Il AFM (JPK), which allows to scan the sample in the range of
100x100x15 pm. CSG 01 Silicon probes (NT-MDT) with a force constant of 0.05 N/m and 10
nm tip curvature were used.

2.2 X-ray Photoemission Spectroscopy

Photoemission spectroscopy is a widely used technique for the investigation of the filled
electronic structure of a wide variety of materials. The basic principle of the technique is based
on the detection of an electron emitted from the sample by photoelectric effect. When sufficient
energy is provided to the material under study, photoelectrons are ejected and kinetic energy of
the emitted electrons is measured by the analyzer. In this way, information about the binding
energy and wave vector can be gathered since the kinetic energy of emitted electrons is a
function of binding energy (B.E.), which, in turn, is element and environment specific .There are
two primary de-exciation processes namely Auger process and fluorescence. The Kkinetic energy
of photoelectron (K.E.xps ) can be related to binding energy B.E.xps as follows. Here WF
represents work function of analyzer (define Work Function). Epy is incident photon energy.

K.E.xps= Epn- WF-B.E.xps

The information about the binding energy provides useful information on the chemical
environment and oxidation state of the atom under study. This can be achieved by measuring the
chemical shift i.e., the deviation of the binding energy from the free atom value.

Energy Analyzer
X-Ray Tube/UV Lamp |
%l Electron Optics |
Electrons

hv

4

Figure 2: Schematic represntation of PES set up
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The figure 2 shows the schematic representation of photoemission set up. Typically a
photoemission instrument consists of an X-ray source (lamp or synchrotron), an electron
extraction optics, an energy filter and adetection system. The size of the analysis area was
defined by the aperture selection of the focus Analyzer energy resolution (AE/E) was determined
by the choice of pass energy and selected aperture.[3]

The so called 3-step model is usually applied to interprete the Photoemission process [4]. X-ray
Photoemission process can be divided into three parts (i) excitation of the core electron from
material (ii) electron transfer toward the surface and (iii) propagation of the electron from the
surface to the vacuum. A fundamental assumption in the PES theory is the sudden approximation
in which the response of the system upon the creation of the hole is instantaneous and there are
no interactions between the emitted electron and the system itself. [4]
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Figure 3: Schematic represenation of photoelectron emission from a solid materialand the surface adsorbate layer

The advantage of using synchtron radations as compared to laboratory sources for XPS
measurements is the higher resolution and accurate dtermination of chemical shifts.In this thesis
we intend to utilize photoemission experiments in order to investigate chemical shift and change
of oxidation state of adsorbed molecules so that metal-molecule interactions can be revealed.
Ultraviolet Photoemission Spectroscopy (UPS) a photoemission experiement performed using
gas discharge lamp as source are normally related to valence band measurements.

It is important to note that PES detects only those electrons that have actually escaped into the
vacuum from the surface of sample, above the VVacuum level. These photo-emitted electrons are

17



those that originated from within the top few nanometres of the material. The sensitivity depth
depends on the Kinetic Energy, i.e. on the impinging photon energy. All of the deeper photo-
emitted electrons, which were generated as the X-rays penetrated 1-5 micrometers of the
material, are inelastically lost prior to escape.[5] Figure 3 shows a schematic representation of
various processes that can occur when X-rays interact with the sample under study.
Photoelectrons jected from substrat surface are also influenced by the presence of adsorbate on ts
surface, thereby decreasing the intensity of signal from the substrate. The attenuation of substrate
intensity with increasing adsorbate thickness can be utilized to estimate the thickness of
adsorbate coverage.

As shown in figure 3, the ejected electrons may lose energy due to inelastic scattering. These
inelastically scattered electrons provide the spectral background in the PES spectrum. It is
important to mention that the probability of electron interaction with matter is higher as
compared to photons. Path length of the photons is few micrometers, while the path length of the
electrons is of the order of tens of angstrom. If we consider a volume element of the sample of
thickness dz at a depth z beneath the sample surface. The photoelectrons emitted at an angle 0
with respect to the normal to the sample surface enter the detector and contribute to the
spectrum.[9] The probability that a photoelectron will escape from the sample without losing
energy is:

P(z)=exp(—z/}sinB)

where A is the photoelectron inelastic mean free path. Suppose that one layer of thickness dz, by
photoionization produces the intensity of photoectrons dl and assuming that the thickness of the
sample is much larger than few anstrom then we can calculate the intensity of the electrons
emitted from the depth d by following integral:

d
.:H:_r cexp(—z/hsinB)dz
0

c:t_:n.

where a is a coefficient depending on photoemission cross section incident X-ray flux, angle
between photoelectron path and analyser sample axis.

The intensity of electrons Iy emitted from all depths greater than d in a direction normal to the
surface is given by the Beer-Lambert relationship.

l4=1 exp(—d /A sinB)

Here A represents the inelastic mean free path.
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Figure 4: Measured electron mean free path as a function of their kinetic energy for various metals are represented
with black dots. The universal curve of inelastic mean free A of the electron is a best fit trough the measured points

The photoemission transition probability w can be calculated for N electron system in the ground
state y; to probable final state s using Fermi Golden rule. If Erand E; represents the energies of
final and initial states respectively, then photoemission intensity is proportional to

w o 27/h [ (¥, H Iy, ) &E; —E, — hv)
Considering Dipole and sudden approximations, the equation reduces to

; 2 2
(Wyle-wlwi)| =le Dyl

W aC

Here , Dy stands for matrix element. It determines how the system will interact with an
electromagnetic wave of a given polarization, while the square of the magnitude gives the
strength of the interaction due to the distribution of charge within the system.Here ¢ is aunitary
vector in the direction of light propagation and p is a dipole operator. Measured photoelectron
intensity also depends on atomic density of the element/cm® , detection efficiency, differential
cross section, Probability of emission from the solid and Photon flux/cm?s.[5]

The binding energy Eg of an electron in an atom is characteristic of each element. This chemical
sensitivity is one of the most striking features of XPS (core level) which can be used for the
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analysis of the elements in a sample. In particular, different types of bond determine the so-
called chemical shift [3], that is, the deviation of the binding energy from the free atom value. In
this way is possible to distinguish atoms depending on their chemical environment, for instance,
nonequivalent atoms within a molecule or elements bonded to different atomic species. The
binding energy may be regarded as the energy difference between the initial and final states after
the photoelectron has left the atom. Because there is a variety of possible final states of the ions
from each type of atom, there is a corresponding variety of kinetic energies of the emitted
electrons. It is important characteristic as the satellite peaks can provide useful information about
plasmon loss , shake up and shake off processes in the sample. [4]

Experimental Set up

PES measurements were performed at BACH beamline of Elettra synchrotron facility. The
beamline offers high intensity and brilliance photon beam in the energy range of 35 to 1650eV
with control of light polarization. The radiation source is based on two APPLE-II elliptical
undulators that are used alternatively in order to optimize the flux. Beamline operates with four
different interchangeable spherical gratings. The first three gratings allow resolving powers of
20000-6000, 20000-6000 and 15000-5000 in the energy ranges 35-200 eV, 200-500 eV and 500-
1600 eV respectively. In addition, a fourth grating operates in the 300-1600 eV range providing
higher flux with reduced resolving power (10000-2000), suitable for x-ray emission experiments.
The flux in the experimental chamber ranges between 1.2 X 10 photons/s at 125 eV and 6 X
10" photons/s between 900 eV and 1250 eV.

Moreover PES experiments were also performed in laboratory source at CNR-IOM.
Measurements were performed in normal emission geometry, using a hemispherical electron
energy analyzer, and a conventional Mg Ka X-ray source (hv: 1253.6 ¢V) and a He lamp (hv:
40.8 eV). The overall energy resolution for the XPS and UPS spectra were, respectively, ~0.8

and ~0.2 eV.

2.3 Inverse photoemission Spectroscopy

IPES technique is an electron in , photon out technique which can provide information about
unoccupied density of states. Figure 5 shows the schematic representation of IPES experimental
set up. An electron gun provides a collimated beam of low energy electrons(5to 20eV). These
electrons couple to unoccupied states within the material and radiate energy in the form of
photons. These photons are then detected by Geiger-muller counter which act as a band pass
detector and can count photons of particular energy depending on the type of gases used to build
the counter. The current pulses are the fed to the preamplifier to convert the current pulse to a
voltage pulse shapedTTL. These pulses are counted by the counter and fed to the computer by
DAQ.
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Figure.5 Schematic representation of IPES experimental set up

A three step model can be adopted to understand the inverse photoemission process. [6] As
discussed above a collimated beam of electrons of know energy produced by the electron gun
impinges onto the sample . These electrons then couples to an unoccupied state above the Fermi
edge energy. In the second step the electron decays as shown in fig below emitting photons.
There is a finite probability that electrons decay non-radiatively loosing energy through inelastic
collisions. In the next step emitted photons are detected by Geiger-Muller counter.

If the energy of incoming electrons is known then detection of photons can provide information
about the final state using the relation

E= Ei-hV.

In the isochromat mode the energy of the electron beam can be varied while only one photon
energy,hv is measured. The intensity of the collected photons will then peak whenever

E;= Es#+hv
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Figure 7 Photon Detection using Geiger-Muller counter

Geiger-Muller tube is filled with a mixture of lodine and helium gases. The presence of iodine as
quenching gas is necessary to improve the dead time as well as it improves count rate. The ideal
G-M tube should produce a single pulse for every single ionizing event due to radiation. It
should not give spurious pulses, and should recover quickly to the passive state, ready for the
next radiation event. However, when positive iodine ions reach the cathode and become neutral
atoms by gaining electrons, the atoms can be elevated to enhanced energy levels. These atoms
then return to their ground state by emitting photons which in turn produce further ionisation and
thereby spurious secondary discharges. Some form of quenching of the ionisation is therefore
essential to reduce the dead time and protect the tube. As shown in figure SrF, window together
with I, acts as a band pass filter with maximum at 9.5 eV.
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Figure. 8 The transmission of the SrF, window and the ionization probability spectra
of 1, gas of the IPES detector. [Rporduced from Ref.7]

The count rates for IPES and PES can be compared by considering the ratio of their cross
sections as shown below. Here A.. and Ap, are the wavelengths of the incident electrons and
photons, respectively. It can be calculated that cross section of IPES is 2 X 10 times higer than
PES for electrons of 10eV energy. In other words the count rate of IPES is lower than PES by

many orders of magnitude. [7]
do ‘
(Fhees /.2
do o
(d!! ) PES Ahw

The use of a Geiger Muller detector has the advantage of a very high detection efficiency
(>85%).

Experimental set up

The normal incidence IPES measurements were performed in the UHV system of I0M SIPE
laboratory by using an Erdman-Zipf electron gun, with the electron beam divergence < 3°.
photons emitted from the sample surface are collected by a Geiger- Muller detector with a He-1,
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gas mixture and a SrF; entrance window filtering photons at energy hv = 9.5 eV. Current on the
sample was < 1pA. The overall resolution was < 300 meV, as measured by the Fermi level onset
of a clean ta foil. Spectra presented in this thesis are normalized at each point to the incident
electron beam current.

2.4 Near-edge X-ray absorption fine structure

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy can provide useful
information about the element specific unoccupied states together with the average orientation
of adsorbed molecules on substrates. The technique involves measurement of absorption of X-
rays by core shell, whith electrons promoted to anti-bonding molecular orbitals. This technique is
particularly useful for organic layers because C-C 1s-nt* transitions are quite strong and well-
resolved. The NEXAFS technique requires the use of synchrotron radiation as the X-ray photon
energy has to be varied near the ionization edge of the specific elements . The resulting
spectrum provides a map for the bonding environment of specific atomic species corresponding
to intra-molecular and extra-molecular (substrate atoms) neighbors.

Vacuum Level

X-Ray Beam

Figure 9 Schematic representation of X-ray absorption process
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One of the advantages of using NEXAFS is the ability to provide information about the
molecular orientation for molecular thin films. It is due to the highly directional nature of the
bonds corresponding to the excited molecular orbitals and to the linear polarization of
synchrotron radiation, typically used in organic layer characterization (circular polarization is
mandatory in case of XMCD measurements for magnetic measurements). Figure 10 shows a
diatomic molecules with two different orientations of its molecular axis. The molecular
orientation can be obtained by monitoring the intensity variation of resonances as a function of
X-ray beam incidence angle.

As shown in figure 9 the photo-absorption process takes place when the incident photons hit the
sample substrate resulting in the creation of a photoelectron and a core hole. There is a
probability that the resulting hole is filled by another electron and the corresponding excess in
energy is dissipated either radiatively by the emission of a fluorescent photon. Second possibility
is the generation of an Auger electron resulting in non-radiatively decay. Both possibilties are a
direct result of the core hole created in the X-ray photoabsorption process and thus provide a
basis to determine the absorption cross section.

The resonance intensity in case of o* molecular orbital final state is given by
Li;(0%) x |e- & |* o cos 6.

The o* resonance will be greatest for ¢ along the molecular axis and lowest when ¢ is
perpendicular to it. The n* has opposite angular dependence than o* . Considering the above
molecular geometry equation o* resonance intensity will be higher for grazing incidence
(Fig.10) and =* resonances will be higher for normal incidence (Fig.10)

Figure 10 Schematic represntation of polarization of light with repsct to orbital orintation
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NEXAFS spectra can be measured in many modes. In principle, the different dissipation
processes can be used for the detection. It is necessary to note, however, that for low-Z elements
(C, N, O) the Auger electron yield is much higher than the fluorescence yield (FY). The simplest
measurement mode is total electron yield (TEY), which measures the charge compensation
current through the grounding path. Other electron-yield modes typically measure electrons
ejected from the sample surface using an electron detector. With an appropriate high-pass kinetic
energy filter the electron-yield signal can be adjusted to include only unscattered Auger electrons
(AEY), or to include some Auger electrons that have been inelastically scattered from deeper
layers within the sample (PEY). The PEY mode permits a near-surface depth profiling capability
with adjustment of the energy filter bias. While all of the NEXAFS electron yield modes are
surface-sensitive (about 0.5 in AEY, 5-10 nm in PEY and TEY), it is also possible to measure
NEXAFS by bulk-sensitive fluorescence yield (FY) (sensibility depth >100 nm).

FY experiments, however, can be experimentally complex because scattered incident light must
be separated from the fluorescence signal.

The average orientation of the * in thin molecular films [8] can be quantified using a dichroic
ratio, R , defined as

R=(1(90°)=1(0 ))/(1(90°)+1(0°))

where | ( 0 ) indicates the intensity at an angle of incidence with respect to the surface plane of
For an azimuthally symmetric system, with the transition dipole tilted from the surface normal
by an angle 6,

R =  P(1-3<cos’0>)

2(1-<c0s°0>)-P(1-3<c0s°0>)

where P is the polarization purity of the beam line, R can vary from 0.7, for a perfectly edge-on
conjugated plane to 1.0 for a perfectly plane-on system (such as highly oriented pyrolytic
graphite). It is worthwhile to mentiona that parameter R is more complex and exhibits depedance
of substrate symmetery.[8]

The position of o resonances can provide information about intramolecular bond lengths, while
location and intensity of ©* resonances provide information about the bond hybridization. The
X-ray absorption measurements were performed at BACH beamline of Elettra Synchtron facility
both in total electron yield and partial electron yield.

2.5 Pump probe Experiments

Figure 11 shows the basic principle of pump-probe spectroscopy. Generally, a femtosecond laser
source is used to produce Pump and probe pulses with certain delay time. The pump pulse
excites the sample and leaves the sample to evolve in time and another pulse is used to
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investigate the change induced by the pump pulse. The energy of pump and probe together with
time delay between probe and pump can be changed to analyze the excited state dynamics of the
sample.

In the visible pump probe experiment it is important to know about the linear absorption of
sample under investigation so that appropriate pump wavelength can be selected for excitation of
the sample. It is possible to get the spectrum in reflection or transmission mode depending on the
sample characteristics and experimental setup. The pulse duration of pump and probe pulses used
in the pump-probe experiments are crucial as they govern the time resolution of pump-probe
spectroscopy. The time resolution can reach to femtosecond scale with Femtosecond laser pulse.
It makes pump-probe spectroscopy a unique tool to investigate fast dynamics processes
occurring in the sample after excitation by pump pulse.

The pump-probe experiments have been performed at “Ultrafast Laser Micro and Nano
processing” laboratory of Foundation for Research and Technology — Hellas research facility at
Crete Greece. Figure 12 shows the schematic representation of experimental set up. Dynamical
properties have been investigated by the time resolved femtosecond pump and probe
experiments.

Detector

Detector

Figure 11 Principle of Pump-Probe Experiment

Femtosecond laser pulses were generated using a Ti: Sapphire oscillator170 femtosecond pulses
with a repetition rate of 82 MHz then passed a regenerative amplifier. At the output, the
repetition rate was reduced to 1 kHz. The pump wavelength was 512nm while a range of
wavelengths from 450nm to 1100nm was used as probe pulse.

The delay time between pump and probe was controlled by computer. The measurements were
performed at room temperature. The reflected probe beam was directed onto optical fiber. The
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measurements were then performed as a function of pump-probe delay time using charge-
coupled device camera (CCD).

As shown in Figure 12 a portion of pump pulse is sent into the optical parametric amplifiers
(OPAs). It generated a continuum ranging from 450nm to 1100nm. We determined differential
reflection of the samples for each delay time. The time delays were varied between 0 to 50ps.
The reflected intensity of the pump pulse was measured with excitation of sample by the pump
pulse and without excitation as a function of probe energy.

Beam Splitter
90%
— 90% pump Laser
170fs, 1026 nm

10% probe

—

Mirror

Choppe,

\M\irror

\
o cryst@
BE &

Mirror
N.D. Filter
Detector

Delay Line
Blocker i

Mirror

N
| Airror

IV
White Light
Generation

Sample

Figure 12 Experimental set up for pump-probe experiments at FORTH research facility Crete, Greece

2.6 Surface preparation

The Ni(111) single crystal was cleaned by several sputtering—annealing cycles (15min.,2Kev and
flash annealing at 600°C). Graphene was obtained by exposing the sample, which was kept
below 600 °C to 6000 L of ethylene (1 L = 10 ° torr-s). The quality of epitaxial graphene was
monitored using LEED and valence band analysis. Graphene on Pt(111) was grown by adopting
standard cleaning procedure for Pt(111) and then exposing the sample to ethylene atmosphere at
about 1000K.

HOPG was freshly cleaved before introducing into the chamber and subsequently annealed at
1100 K. Gr/SiOx substrate was prepared following a well established (transfer method)
protocol.[1] Au(110) and Au(111) substrates were cleaned by multiple cycles of sputtering and
annealing following standard procedure.
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2.7 Transition metal complexes Thin film Deposition

Porphyrin and phthalocyanine molecules were deposited from a quartz crucible at the respective
sublimation temperatures (MPc Tsubl=580 K, MOEP=500 K, MTPP =550 K) onto the substrate
held at room temperature (RT) under UHV with in a pressure of about 2x10°mb. The film
thicknesses were estimated by measuring the XPS ( laboratory source or synchrotron facilities)
and calculating the ratios of the normalized area of the core level peaks corrected by
photoemission cross sections. In case of IPES measurement the molecular thickness was
estimated after calibration and characterization of a single ML after annealing of a multilayer by
WEF and LEED and subsequent XPS measurements in the lab chamber, after in vacuum transfer.

Ferrocene deposition was performed at a substrate temperature of 120K onto the substrates.
Multilayer was measured at this temperature. A desorption of the multilayer took place at about
250K.
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Chapter-3

Metal Phthalocyanine thin films: Influence of d level
occupancy and intermolecular interactions on physical
properties

3.1 Introduction

Metal Phthalocyanine (MPc) molecules exhibit good photostability and organize in well ordered

crystalline structures on metallic substrates by thermal evaporation.[1] These molecules are an
attractive choice for novel electronic devices such as thin film transistors, organic light-emitting
diodes, organic photovoltaic and liquid crystalline materials.[1-4] Moreover, open shell MPcs
show paramagnetic properties due to the 3d central metal states occupancy and exhibits potential
for spintronic applications.[5] Therefore, thorough understanding of their occupied as well as
unoccupied electronic properties is important to realize functional molecular devices based on
MPc molecules. We focus this segment on Inverse Photoemission Spectroscopy (IPES)
investigations in order to enlighten the role of metal 3d orbital occupancy on the MPc
unoccupied electronic states and in their interaction process.

It has been established that isolated transition MPc molecules (MnPc, FePc, CoPc, NiPc, CuPc,
and ZnPc) exhibit a D4, symmetry in their molecular structure. The Da, crystal field of isolated
Pc macrocycle lifts the degeneracy of the 3d transition metal orbital giving rise to the sequence
of orbitals depicted in Figure 1.
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Figure 1 Schematic representation of d- level splitting in the D, symmetry [6]

31



Molecule | Ground state Electronic | Spin[6]
configuration[6]

anc(dlo bzlga 1ge gb 29 0
[ CuPc(d”) | 1ga 1€ gb 2 Yo
NiPc(d®) ETEER N 0

COPC(d7) bO]_g allge4gb229 or ]/2
0 2 3 K2
b ]_g a ]_ge gb 2g
FePC(d) bolg allgeggbZZQ 1

MnPc(d”) VRPN Tt 3/2
2 22
b1ga’148°h 2
Table-1

Table 1 summarizes the ground state configurations and spins as studied using soft X-ray
absorption spectroscopy.[6] In spite of theoretical calculation contradictions related to MPc
ground state configuration, some conclusions can be drawn based on soft X-ray absorption
studies performed on MPcs thin films. Most of studies agree that b4 state with dy2.,2 character is
highest in energy as compared to other central metal atom associated orbitals in D, symmetry.
[6] As shown in Table-1, holes occupy b4 orbital in case of CuPc and NiPc. However, situation
becomes interesting for CoPc as hole may occupy eq4 or a;4 orbitals. A combined theoretical and
experimental approach suggest that third hole occupies aiq orbital.[6] As the nature of MPc
frontier orbitals can be determined due to dependence of X-ray absorption resonance intensity on
orbital symmetry.

Although, considerable efforts have been made based on theoretical DFT calculations in the
literature,[7,8,9] there is still ambiguity regarding the ground state electronic configuration,
energy level sequence and occupation of 3d character orbitals. The choice of exchange-
correlation functional is crucial for the calculations of electronic structure of MPc molecules.
Figure 2 demonstrate the energy position of few significant orbitals of CuPc and CoPc obtained
by using various exchange-correlation functional [8a,b]. It is reported that although, various
functionals are suitable to describe the geometry of the molecule but differ significantly in the
predicted electronic structure. Moreover, the ordering of orbital and identity of HOMO and
LUMO is notably altered as shown in Figure 2.
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Figure 2 Energy levels and ordering of selected MOs calculated with different exchange-correlation functionals of

a) CuPc, b) CoPc, All spectra were shifted to align the highest occupied molecular orbital (HOMO) at 0 eV.
(Reproduced from ref. 8)

In this thesis, we have performed IPES measurements on MPc TFs and compared with X-ray
absorption studies in order to rationalize unoccupied density of states assignments. Figure 3
shows our IPES data taken at normal incidence of different MPc TF. The overall resolution of
the spectra is 250 meV.

Figure 3: Inverse Photoemission spectra for 8 nm MPc TFs

The IPES spectra of the thin films (TFs) can be interpreted as a superimposition of empty state
located on the metal central atoms and of the empty states located on the pyrrole and benzene
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ring, at low energy, while at higher energy the dominant emission comes from the organic ligand
molecular states. The IPES spectrum of the metal free Pc is characterized by a prominent feature
at about 1.8 eV above the Fermi level and the other peaks common to the IPES data of
tetrapyrrole thin films, in agreement with literature results. [19 and ref. therein].

The CuPc spectrum results similar, though the LUMO peak results more pronounced and all the
feature result shifted with respect to the metal free case, strongly suggesting the influence of
central metal atom on the energy level alignment. In case of CoPc and FePc additional peaks are
present. Although, IPES measurements on MPc TFs have been published [19] however, due to
poor resolution, the feature of the 3d orbitals near Fermi level are not well defined. Therefore,
detailed information about the contribution of frontier orbitals is not well resolved.

As shown in Figure 3 our IPES spectra of the different MPc (due to higher overall energy
resolution) are quite distinct and highlight the contribution of the 3d electronic states of the
central atom to the empty orbitals.

In order to tentatively assign the MOs in our IPES data, we compare our measurements with
XAS results on MPc present in the literature. As discussed in the previous chapter devoted to
experimental techniques, the XAS and IPES techniques provide information on the unoccupied
orbitals, considered more sensitive to the structural environment.[18] While IPES provide
information on the total density of states corresponding to N+1 electron final state, XAS is
element sensitive it provides information in the presence of the core—hole.

Moreover, as shown in Figure 1 central metal 3d orbitals have preferred orientations due to
which it is possible to distinguish their contributions by examining variation in metal L3 edge
intensity for in-plane and out-of-plane polarization. CuPc TF empty MOs have been deeply
discussed in the literature [30, 31, 19, 34 and references therein]. In particular the different
experimental projections of the density of unoccupied states, obtained from the XAS Cu L3
edge, the N K edge, and inverse photoemission data have been compared in ref 34.

In case of CuPc only one hole is present, which is occupied by by4 orbital in accordance with
DFT and XAS studies.[6,12, 34] The single unoccupied bi;y MO for CuPc is resonant with the
LUMO state localized on the pyrrole ring. This picture is consistent with the recent literature on
MPc thin-films of tens of nm-thickness [12, 17, 34]
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In case of FePc the central Fe*? ion has to accommodate four holes (d°). Analysis of Fe L edge
supports the assumption that forth hole can occupy eq or byy orbitals. However considering the
XAS spectral similarities with CoPc it is proposed that ground state of FePc is similar to CoPc
and forth hole occupies eq orbital.[6] Importantly, magnetic properties of MPc molecules are
significantly influenced by electronic ground state of the central metal atom and its hybridization
with neighboring ligands. X-ray magnetic circular dichroism studies XMCD [13] show that MPc

magnetic properties are impacted by electronic coupling to the underlying substrate.
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Figure 5 (a) Co L-edge X-ray absorpion spectrum (shown in red) in comparison with the multiplet ligand-field
theory (MLFT) angleresolved simulation (shown in black), where the in-plane (IPL, blue filled) and out-of-plane
(OPL, green) contributions are resolved. (b) DFT orbital and spin-resolved atomic contributions to the unoccupied
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valence states. [Reproduced from ref. 15]
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CoPc gas phase XAS spectrum of Co L edge together with multiplet ligand-field theory (MLFT)
angle resolved simulation, confirms that ground state configuration for CoPc is zAlg with hole in
the a4 orbital.[15] However, ground state DFT calculations reveal that LUMO of CoPc has small
contribution from eg orbitals of Co metal atom and can hybridize with p, orbitals of pyrrole and
macrocycle nitrogen.

Furthermore, gas phase photoemission performed at different energies confirms that that the
HOMO of CoPc has strong contribution from organic ligand of the molecule with feeble metallic
character. [15] In the characterization of isolated CoPc (Figure 5) the sequence of 3d orbitals
have been interpreted as eg (LUMO) and ai4 at higher photon energy.[15] However, in case of
MPc TFs, linear polarization XAS dichroism can be exploited to gain information about the
symmetries of the electronic charge densities and the first empty orbital in XAS Co L3 edge is
assigned to the ayq orbital.[6]
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Figure 6 (a) Fe L edge NEXAFS for FePc TFs on Au(110) (b) Co L edge NEXAFS for CoPc TFs on Au(110)
[Reproduced from ref. 24]

In case of CoPc TF on Au(110), the Co L3 edge XAS spectrum exhibits high intensity for out-of-
plane polarization and low intensity for in-plane polarization as shown in Figure 6(b). The
observed trend unambiguously shows that aiq orbital lies lower in energy as compared to e
orbitals in case of CoPc thin films. On the other hand the trend of Fe L; edge (Figure 6 a)
intensity variation shows that ey orbitals lie lower in energy as compared to aiq orbital for FePc
thin films. Based on XAS analysis,[13] we assign the IPES first feature to the aiq orbital in case
of CoPc thin film while the e1q lies lower in energy as compared to aiqorbital for FePc thin film.
Importantly, the relative separation of b,4 orbital from the fermi level in case of FePc is similar to
CoPc, It means that addition of an electron doesn’t influence the byg orbital. This inference is
coherent with X-ray absorption study. In our IPES results we follow the assignment of
previously described XAS [13], as labeled in the Figure 3.

In summary, for CuPc the central metal ion-related states are due to the byy orbitals, while the
CoPc TF spectrum has a more complex attribution considering its ground state configuration. In
fact, the a;g MO is at lower energy as compared to the b;g MO, thus we can tentatively assign the
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first IPES feature of the CoPc TF to the partially filled a;g MO. This picture is consistent with the
recent literature on MPc thin-films of tens of nm thickness.[19,20] We assign the LUMO near
1.4eV in the CuPc IPES spectrum to the b;q orbital.

3.2 CoPc/Au(110) and CuPc/Au(110)

IPES has been efficiently utilized to distinguish the molecule-substrate interaction for the
adsorption of a variety of aromatic molecules, like non-metalate Tetraphenyl-Porphyrin (2H-
TPP) on filled d-band metals [21], enlightening band splitting upon interaction, and being
sensitive to the different structural arrangements adopted by molecules.[21]

In this section, we exploit IPES to highlight the contribution of frontier unoccupied MOs in the
interfacial electronic properties at CoPc and CuPc interface with Au(110) to highlight the
influence of d level occupancy on unoccupied density of states. It has been observed that
adsorption of MPc molecules on metallic substrates can lead to reconstruction of the substrate
symmetry. The structure of a CoPc or a CuPc layer on Au(110) and the substrate reconstruction
in the sub-monolayer regime investigated by low energy electron diffraction (LEED) and grazing
incidence X-ray diffraction (GIXRD) demonstrate that MPcs cause (5x5) and (5x7)
reconstructions with increasing film thickness.[22] Scanning Tunneling Microscopy (STM)
studies of the self-assembly of MPcs on Au(110) demonstrate that molecules lie flat on the
substrate and arrange in compact chains along the Au(110) reconstructed channels, exhibiting
two-dimensional (2D) long-range order.[23] The interfacial interaction for the deposition of
CoPc and CuPc on Au(110) has been studied using photoemission, X-ray absorption
spectroscopy(XAS) and X-ray Magnetic Circular Dichroism (XMCD). Importantly, XMCD
studies reveal total quenching of CoPc magnetic moment on Au(110) for low coverages, in
contrast to CuPc, demonstrating the possibility of rehybridization of the CoPc frontier orbitals
with the underlying Au states.[23] Despite IPES studies have been performed for MPc thin films
on metallic substrates, a comprehensive investigation of the unoccupied states involved in the
interaction process for the self-assembly of CoPc and CuPc on metal surfaces is still lacking.

In this section, we investigate by IPES the involvement of CuPc and CoPc frontier orbitals
interaction with Au(110), in the low-coverage range. Furthermore, the high overall resolution of
our IPES (due to high detector sensitivity-efficiency and low thermal spread of the electron
beam) enables us to highlight the subtle details about the empty states of CoPc and CuPc
involved in the interaction with the underlying Au substrate states, unveiling a surface driven
symmetry reduction of the electronic molecular states induced by CoPc adsorption on Au(110),
while CuPc interacts weakly.
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Figure 7 (a) LEED pattern showing the 5x5 reconstruction for the deposition of CoPc on Au(110) (b) Model of the
missing row symmetry of 1x2 Au(110) clean surface.[23]

We can thus provide a coherent picture of the interface electronic structure of CoPc and CuPc,
induced by the different occupancy of 3d level of central metal atom, complementary to X-ray
absorption studies. Cobalt and copper-phthalocyanines adsorbed on the Au(110) reconstructed
channels form ordered super-structures constituted by flat lying parallel molecular chains as
reported in the STM image for self-assembled CoPc chains.[24] These chains give rise to a 5x5
symmetry reconstruction, as confirmed by the LEED pattern shown in Figure 7. Further
deposition leads to differences in the CuPc [25] and CoPc a 5x7 periodicity [24] at the
completion of the first single layer (SL) with MPc chains and testifying differences in the MPc
Au(110) interaction in the two cases. In order to investigate the empty orbitals involved in the
interfacial interaction we have monitored the evolution of IPES spectrum with increasing
thickness of CoPc and CuPc thin films on Au(110)-(1x2) as shown in Figure 8(a,b). Clean
Au(110)-(1x2) spectrum at normal incidence (I" point), in agreement with literature, is
characterized by a surface state at about 0.2 eV above the Fermi level. At low coverages the
Au(110)-(1x2) IPES spectrum shows considerable modifications after the deposition of CoPc
and CuPc.

The peak line shapes are notably different for CoPc and CuPc depositions for low as well as high
coverages. Empty molecular states grow with the film thickness and become prominent for the
5x5 (0.7ML) systems. IPES spectrum at high coverages is characterized by three peaks
corresponding to empty molecular states for both MPcs. The CoPc 3 ML is similar to the 8 nm
CoPc TF IPES shown in Figure 3.
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Figure 8 Evolution of the IPES spectrum as a function of coverage upon deposition of CoPc (a) and CuPc (b) on the
Au(110) surface.

It is evident from Figure 8(a) for the deposition on CuPc on Au(110) that the emission near
Fermi level is only slightly decreased completely for 0.3ML deposition while for CoPc system it
results broader. The unoccupied MOs start to appear at 0.3 ML coverage and become prominent
at higher film thickness. The dichorism shown at the Cu L,3 edge XAS for the monolayer
deposition of CuPc on Au(110) shows that the MO involved in the transition have in plane
symmetry[23] indicating that empty states have in plane, dxo-y» Symmetry. These states are
involved in bonding with the nitrogen of pyrrole ring of macrocycle and do not contribute to the
interaction with substrate.[23] Our IPES measurements supports these observations as the
emission near Fermi level corresponding to Au(110) is not completely suppressed in contrast to
CoPc deposition strengthening the argument of weaker interaction of CuPc with Au(110) as
compared to CoPc. It is worth noting that though both CoPc and CuPc molecules have same spin
(1/2) configurations, their response to the external magnetic field in the submonolayer regime is
considerably different.[23] Based on DFT and XMCD analysis it is demonstrated that magnetic
moment of CuPc is due to partially occupied big MO and remain unaltered at low coverages. This
observation supports the argument that partially occupied biq state with dy>-y> Symmetry couples
weakly with Au(110).
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Although, theoretically there is ambiguity regarding the nature of the LUMO in CoPc as
discussed in previous section, it can inferred from IPES spectrum that the energy position of first
feature related to unoccupied density states for CoPc and CuPc, with respect to Fermi level is
different for CoPc and CuPc indicating that their interfaces are not identical with metallic
substrate highlighting the influence of central metal atom on energy level alignment. The energy
level alignment is influenced by screening and by the change in molecular orientation with
thickness of the adsorbed molecules. It has been observed that change in the molecular
orientation with thickness results in energy level shifts at the interfaces and significantly
influence device performance.[18] IPES spectrum shows that for coverages beyond the
monolayer, the LUMO shifts with respect to the Fermi level differently in CuPc andCoPc , as
shown in Figure 8(a) (see also reference 19 for MPc/Au(111)). Coverage dependent shift of
HOMO in UPS towards higher binding energy has been reported for example in case of CuPc
deposition on Au(110).[32]
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Figure 9 Comparison of normal incidence and angle resolved IPES spectrum for the deposition of (a) CoPc on
Au(110), (b) CuPc on Au(110) along with N K edge and Co L edge to reveal intermixing of metal-molecule Co 3d.,.

In order to complete the identification of the empty states, we compare IPES spectra for the 0.7
ML (5x5) structures of CoPc and CuPc on Au(110), and element selective X-ray absorption
spectra from the N K and metal L3 edges, as shown in Figure 9(a,b). In particular, the XAS data
have been taken with linearly polarized radiation in the two s- and p- configurations; due to the
flat adsorption of the (5x5)-0.7 ML [24], a strong dichroic effect is visible, with the p-component
exciting the m*-related resonances and the s-one exciting to the o*-empty states. For a neat
comparison with the IPES spectra, the XAS edges from reference 23 are shifted aligning the MO
assignment following the procedure of reference 34. The corresponding shifts differ by the XPS
binding energies of the respective core levels (see Figure 10). The values of the shifts do not
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match with the core level binding energies due to electron-hole interaction effects, as in case of
IPES no core hole is formed so electron-hole interaction effects are absent.

It is depicted by the dichroism shown by Co L3z XAS peak that the electronic states near Fermi
level have contribution from Co 3d,.. Importantly at grazing incidence the feature corresponding
to Co 3d,. broadens with respect to the TF data [23], suggesting an intermixing of Co 3d ,» and
Au(110) states near the Fermi level. Such broadening of Co L3 edge is not observed for the
adsorption of CuPc on Au(110).
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Figure 10 Energy level alignment for the adsorption of CoPc and CuPc on Au(110) in the thin film and
submonolayer regime.

The dissimilarities in the interfacial interaction observed by IPES measurements for the
deposition of CoPc and CuPc on Au(110) are also supported by photoemission spectroscopies as
shown in Figure 10. C1s and N1s XPS spectrum line shapes do not change significantly with
increasing film thickness of CuPc on Au(110).[32] However, a chemical shift of 0.5eV towards
higher binding energy has been observed for both C1s and N1s XPS spectrum at higher film
thickness. The observed shift is attributed due to the screening effects of underlying metallic
substrate. In addition, no significant change in line shape and chemical shift has been observed
for the Au 4f core levels measured for the clean Au(110)-(1x2) surface, submonolayer phase
(5x5) and monolayer phase (5x3) for the deposition of CuPc on Au(110). These results clearly
indicate that no significant charge transfer takes place between CuPc and the underlying
substrate complementing our IPES observation. In contrast to Cu2ps;, Co 2pss, core level XPS
spectrum shows notable chemical shift of 2eV towards higher binding energy with increasing
film thickness suggesting charge transfer between adsorbed molecules and substrate.
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Importantly, normal-emission UPS spectra reveal the presence of an interface state at 0.73eV
below the Fermi level for the deposition of CoPc on Au (110).[26] Similar interface state has
been observed for FePc on Au(110). These observations clearly indicate towards involvement of
metal 3d states with underlying substrate. Similar to UPS, our IPES spectra also show an
intermixing of Co 3d, orbitals with underlying Au substrate near the fermi level for the
adsorption of CoPc on Au(110) at submonolyer coverages, further supporting the inference that
in case of CoPc metal 3d states interacts with Au(110).

DFT calculations are performed [reference S. Fortuna and S. Fabris, unpublished] for
CoPc/Au(110) system for adsorption geometries with the metallic center both on top of a central
Au atom and short-bridged between two Au atoms of the same row. It results that molecules
does not have any preferential adsorption site, as the top configuration is favored over the short-
bridged by only 0.057 eV, well below the calculation error. No correlation effects are introduced.
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Figure 11 Projected density of states (pDOS)for (a) free CoPc and (b) CoPc/Au(110), pDOS on the CoPc (black
dotted), metal (black solid),d,, and dy, (filled blue/dark grey), and dz2 (filled green/light grey), dx..y»and dyy (red).

The projected density of states (pDOS) of the adsorbed CoPc molecule on Au(110) substrate
with that of isolated CoPc molecule are compared in Figure 11 in order to understand nature of
the CoPc/Au(110) interaction. In case of free CoPc molecule, the central metal atom has a
partially filled a;4 state. However, due to interaction with underlying substrate spread along the
whole observed energy range, centered at the Fermi level. By adsorption, the states does not
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change their ordering, as previously observed for the FePc, with the exception of the spin down
a1y organic state which now overlaps with the eq states. Also the delocalized n-system indicates a
stronger interaction of the organic portion of the molecule with the metallic surface, an effect
more pronounced for the filled states. By looking at the mixing of the Co d orbitals, in the case
of the free CoPc the byq states have a pure dyx, component, the byg has only dy..,» component, while
the eq result as the product of an equal mixing between the dy, and dy, as expected in a Dan
framework.

In conclusion, our IPES results for the deposition of CoPc and CuPc on Au(110) are in
coherence with DFT calculation which depicts that in case of CoPc partially occupied out of
plane aiq sates are involved in interaction with s-like valence band of Au substrate.[23] In
addition calculations show that adsorption energy is higher for CoPc as compared to CuPc with
lower Co-metal distance. The charge reorganization is weaker for CuPc which does not involve
partially occupied by state. Our IPES spectra for CuPc/Au(110) do not show significant
involvement of Cu 3d orbitals with the underlying substrate in accordance with theoretical
calculations for this system.

The CoPc adsorption on Au(110) induces a re-hybridization of the electronic states localized on
the central metal ion, promoting a charge redistribution of the molecular orbitals of the MPc
molecules, and the molecule-substrate interaction is controlled by a symmetry-determined
mixing between the electronic states. [24] A comparison of the evolution of the molecular states
intermixing by means of inverse photoemission and of the atom selected empty state projection
as deduced by absorption spectroscopy, is a powerful route to identify the role of the organic
ligands and the metallic centers in the interaction process.

Charge transfer from Au(110) to partially filled 3d,2 can be responsible for different energy
location of frontier unoccupied states in case of CoPc as compared to CuPc. Similar observation
regarding the different offsets of LUMO with respect to Fermi level have been reported for the
deposition of CuPc and CoPc on Au(111) due to engagement of CoPc frontier orbitals with
Au(111) states.[19] Similar inferences have been drawn based on STM studies demonstrating
higher interaction for the self assembly of CoPc on Au(111) as compared to CuPc.[27]

3.3 Metal Phthalocyanine thin film: Influence of polymorphism and
crystallinity on physical properties

In order to utilize metal phthalocyanine thin film for technological applications it is crucial to
gain thorough understanding of various factors influencing optical, vibrational and dynamical
properties. In particular due to MPc thin film applications in solar cells and light emitting diodes,
there is considerable research interest in their optical and dynamical properties. 14] Metal
phthalocyanine molecules form ordered crystalline structures due to their self-organizing
property. However, self organization of organic molecules is governed by different possibilities
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of close packing arrangements. Intermolecular interactions such as n-r interactions and Van der
Waals interactions play crucial role in governing the overall crystalline order of MPc thin films
on underlying substrate. In order to maximize favorable intra and intermolecular interactions
MPc molecules can adopt different molecular arrangements which differ in their relative
orientation. The aggregation of Tetrapyrrole complexes thin films enhances the intermolecular
n-n stacking, facilitating the intramolecular charge transport. The understanding and the control
of the processes determining the magneto-electronic and dynamic properties of organic
semiconductors are crucial to the further development of organic electronics and other
technological applications.

Self assembly of MPc leads to ordered molecular structure on wide variety of substrates and
crystalline films show distinct polymorphs. Among different polymorphs, a- polymoprphism is
commonly observed for the room temperature deposition on weakly interacting substrates. While
annealing of a- polymorph above 200°C leads to almost complete convertion of a-polymporph
to B-polymorph.[35] Molecules adopt herringbone molecular arrangement in both o and
polymorphs. The B-polymorph is thermally more stable and differ from o polymporph by the
molecular orientation and stacking with respect to substrate. Due to dissimilar molecular
stacking in the two polymorphs the structural, morphological, vibrational and spectroscopic
properties of thin films are notably influenced.[35]

Although, oa-polymorph is the commonly observed polymorph for the room temperature
deposition of MPc. However, herringbone molecular stacking may not be always observed in the
a- polymorph. An electron diffraction study for the 300 nm thick CuPc films reveal the presence
of brickstone molecular arrangement for the a- polymorph.[36] The coexistence of brickstone
and herringbone molecular arrangements have been confirmed by the GIXRD analysis for the
room temperature deposition of CuPc on ZnO(1100) as shown in Figure 12.[36]

The Figure 13 shows the schematic representation of the molecular orientation adopted by
molecules in two structural phases. Simulations of the reciprocal space maps have been
performed using SimDiffraction software to determine the peak positions corresponding to
herringbone and brickstone molecular arrangements. The simulations of the reciprocal space
maps (Fig.12(a)) clearly demonstrate the peak positions corresponding to herringbone and
brickstone molecular arrangements. The peak positions differ considerably in the region of
Qu=1.7and 1.9 A™.
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Figure 12 (&) Simulated peak positions for herringbone and brickstone molecular arrangements (b) GIXRD analysis
for the room temperature deposition of CuPc on ZnO(1100) as shown in Figure 12(b).Repordced from reference 36.
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Figure 13 Schematic representation of molecular arrangements adopted by MPc TFs in o and 3-Phases

The MPcs thin films generally adopts a-phase for the room temperature deposition, while
thermally state pB-phase is mostly found in bulk crystals. Figure above shows the peculiar
molecular arrangements corresponding to these phases where B-phase is characterized by 0 ~ 45°
in contrast to metastable o-phase with 6 ~ 25°. Based on electron diffraction measurements it
has been reported that 300nm CuPc films adopt brickstone arrangement with a triclinic crystal
structure. However, monoclinic crystal structure has also been proposed for CuPc TFs by Ashida
et al. with herringbone molecular arrangements.

The physical properties of metal phthalocyanines thin films are strongly influenced by
phthalocyanine polymorphism [37], crystal structure, and central metal atom [38]. In addition,
nature of substrate significantly influences the properties of the metal phthalocyanine thin films
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by controlling the molecular orientation during growth[39]. Substrate surface properties can
significantly influence the growth mechanism thus effectively controlling the crystal phase and
film structure [40]. In this regard, various parameters such as substrate surface roughness,
deposition temperature and molecule-substrate interactions are crucial for fabrication of good
quality films.

The relative molecular arrangements of polymorphs are unique and known to influence the
optical and transport properties of thin films significantly. It has been demonstrated that
absorption spectra of MPc is red shifted in the triclinic structure due to increased intermolecular
interactions in this phase.[41] Raman spectroscopy efficiently highlights dissimilarities in the
vibrational properties of a—polymorph to f—polymorph adopted by CoPc and FePc thin films. In
order to gain control over the organic thin films phase and morphology organic molecular beam
deposition has been effectively utilized to get high quality and reproducible samples.[41] In
addition the interaction of central metal atom with the substrate effectively controls the organic
thin films properties, as the hybridization of metal 3d and macrocycle orbitals determines the gap
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied one
(LUMO), which is crucial parameter for optoelectronic devices.[41]

X-ray adsorption based study for the adsorption of CuPc on polycrystalline gold and ITO shows
that molecules adopt standing configuration on the substrates [42] though detailed molecular
arrangements have not been thoroughly understood. Here, we present a comprehensive study for
FePc and CoPc grown at room temperature on technologically applicable substrates. A multi-
technique characterization approach is needed to comprehend the detailed information about the
molecular phases. We have adopted grazing incidence X-ray diffraction (GIXRD), atomic force
microscopy (AFM) and Raman spectroscopy to decipher the solid state packing of MPc on
substrates.

The first section of the chapter presents a comprehensive study of CoPc and FePc thin films of
about 50 nm thickness on technologically relevant substrates such as SiOx/Si, indium tin oxide
(ITO) and polycrystalline gold in order to investigate the substrate induced effects on molecular
stacking and crystal structure. Raman spectroscopic analysis reveals lower intensity for the
vibrational bands corresponding to phthalocyanine macrocycle for the CoPc and FePc thin films
grown on ITO as compared to SiOx/Si due to the higher order of phthalocyanine molecules on
SiOx/Si. Grazing incidence X-ray diffraction reciprocal space maps reveal that FePc and CoPc
molecules adopt a combination of herringbone and brickstone arrangement on SiOx/Si and
polycrystalline gold substrate, which can have significant implications on the optoelectronic
properties of the films due to unique molecular stacking.

3.4 FePc and CoPc thin films on polycrystalline gold, SiOx/Si and ITO

Thin films of CoPc and FePc of about 50 nm thickness were deposited on ITO (1.7 nm
roughness), polycrystalline gold (Au, 0.3 nm roughness), and native oxide SiOx on Si(100)
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(SiOx roughness is 0.2 nm). The FePc and CoPc high purity polycrystalline powders (Sigma
Aldrich) were evaporated from resistively heated quartz crucibles in UHV at the base pressure of
2 x 107 mbar and low deposition rate of 2 A/min. All the depositions were performed at room
temperature. The three substrates were rinsed in acetone before introducing them into the UHV
chamber.

3.4.1 Structural and morphological Characterization

In order to gain information about the structural properties of CoPc and FePc films deposited on
polycrystalline gold, SiO./Si and ITO substrates GIXRD reciprocal space maps have been
analysed as shown in Figure 14. Comparison of reciprocal space maps clearly demonstrate the
notable differences in the molecular order corresponding to CoPc and FePc TFs on gold, SiO,/Si
and ITO substrates.

In particular, CoPc and FePc on SiO,/Si exhibits higher crystalline and ordered structure as
compared to gold and ITO as depicted by several distinct diffraction spots. It is evident that
diffractions spots are comparatively broader for the deposition on polycrytalline Au,
demonstrating that molecular stacking disperse over a range of orientations for most of FePc and
CoPc crystallites. Further, GIXRD reciprocal space map analysis for the deposition on ITO
demonstrate that crystalline order is poor as almost no diffraction spots are observed. It can be
inferred that and CoPc and FePc molecules are randomly oriented on ITO.

It is well established that MPc molecules adopt a a-polymorphism for the room temperature
deposition on substrates however, in order to gain thorough information about the herringbone
and brickstone molecular arrangements for a-polymorphism, we compared our reciprocal space
maps with reciporcal space maps for CuPc adsorbed on ZnO(1100) as shown in Figure 12. It is
apparent that there is good resemblance between reciprocal space maps for the deposition of
FePc and CoPc on SiO,/Si and reciprocal space maps for CuPc adsorbed on ZnO(1100).[36]
Simulations performed by SimDiffraction software assign peaks around Qy=1.7, 1.9 A and
Qxy=0.5, 1.04 A to brickstone (100) oriented phase and herringbone (200) oriented phase.[36]

It is worthwhile to mention that our reciprocal space maps show diffraction spots at Q,y values
corresponding to both herringbone and brickstone molecular arrangements. It suggests that for
50nm thick CoPc and FePc films the molecules are arranged in a mixed phase. The two phases
differ in their relative orientation of molecules.[36] It is important to note that in case of FePc
and CoPc deposition on Au substrate the diffraction spots are observed around Q,y=1.7 and 1.9
A, However, diffraction spots are more spread indicating reduced molecular order on
polycrystalline Au.
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Figure 14 GIXRD reciprocal space maps for the deposition of FePc (a, b, ¢) and CoPc (d, €, f) on SiOx/Si, Auand
ITO at room temperature.

Average crystallite size obtained by the GIXRD peak profile analysis agrees reasonably with the
values obtained from AFM image analysis (Table 1) and follows similar trend. We have
analyzed the topography of CoPc and FePc thin films using AFM as shown in Figure 15. FePc
films on Au consist of densely packed, small elongated grains which are randomly distributed.
Notably the grain density for the FePc thin film is higher as compared to CoPc thin film
deposited on Au. These grains have good resemblance with CuPc thin films grains deposited on
glass which adopts o phase for room temperature deposition.[44] The shape of grains is
characteristic of o phase as B phase exhibits much longer grain size obtained for the deposition
above 200°C temperature.[43]
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- FePc_ SiO,/Si FePc_ITO | CoPc_SiO,/Si

120 16.9 18.0 12.4 14.0

_ 11.8 14.0 17.3 12.0 13.1
0.2 0.3 0.2 0.3 0.3

Table-2
- FePc_ SiO,/Si FePc_ITO | CoPc_SiO/Si
120 16.9 18.0 12.4 14.0

_ 11.8 14.0 17.3 12.0 13.1
0.2 0.3 0.2 0.3 0.3

Table-3

Table for GIXRD profile analysis of FePc and CoPc films on SiOx/Si, Au and ITO substrates. Average crystallite
sizes estimated along the Out of Plane (2) and the In Plane (3) direction are calculated from the FWHM of
reflections belonging to the h00 and 01k families, respectively. A: Average crystallite Size (surface weighted) [nm],
B: Average crystallite Size (volume weighted): [nm], C: Average Microstrain (SQR<e?>) (%),

AFM images are analyzed using average crystallite size and RMS (Roughness) parameters as
listed in Table 4. The average crystallite size and RMS values are highest for ITO as compare to
Au and SiO,/Si. Lower RMS values for the deposition of FePc and CoPc on Au and SiO,/Si
indicate that molecules are comparatively uniformly distributed as compare to ITO. Due to
weaker interactions of FePc and CoPc with ITO the molecules tend to aggregate under the
influence of intermolecular interactions which results in higher surface roughness and average
crystallite size.

STM study for the room temperature deposition of FePc on Au (111) shows that molecules adopt
columnar stacking structure on Au (111).The molecules lie on the substrate with small tilt angle
at low coverages due to higher molecule-substrate interactions.[14] It is the strength of molecule-
substrate and molecule—molecule interactions that generally controls the self assembly of the
molecules and registry of first layer directs the growth of further layers.

Comparatively lower crystallite size and RMS values for deposition of FePc and CoPc on Au
and SiO,/Si indicate that the influence of molecule-substrate interactions appear to be more
pronounced for Au and SiO,/Si as compared to ITO and significantly influence the film growth.
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Figurel5 AFM images for the deposition of FePc (a, b, ¢) and CoPc (d, e, f) on SiOx/Si, Auand ITO at room

temperature

System Average Average crystallite
grain size (AFM | size (GIXRD)
analysis)

10.56nm 11.80 nm
15.89nm 13.99 nm
22.44nm 17.32nm
10.16nm 10.80 nm
20.27nm 14.5nm

CoPc_ITO 25.63nm

Table-4 Comparison of average grain size obtained from AFM analysis with the crystallites size as obtained from
GIXRD peak profile analysis.

Nil

RMS
(Roughness)

3.190nm
3.442nm
8.862nm
4.562nm
5.100nm
7.485nm

3.4.2 Dependence of vibrational properties on molecular order

The relative molecular arrangements of polymorphs are unique and known to influence the
optical and transport properties of thin films significantly. It has been demonstrated that
absorption spectra of MPc is red shifted in the triclinic structure due to increased intermolecular
interactions in this phase.[45] Figure 16 and Figure 17 show the Raman spectra of CoPc and
FePc thin films of about 50 nm thickness deposited on polycrystalline gold, silicon and ITO. The
assignments of the peaks related to various vibrational modes are shown in figure.[46-48] The
Raman spectrum of metal phthalocyanine is dominated by Ay, Big, Bz and E; modes
corresponding to vibrations of the macrocycle, isoindole moieties and metal-nitrogen bands.[48]
The spectrum exhibits phthalocyanine macrocycle vibrational bands in region of 600cm™ to
800cm™. No significant wave number shift is observed for the Raman vibrational bands of CoPc

and FePc deposited on these substrates.
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Figure 16 Raman spectrum of CoPc films on polycrystalline Au, SiOx/Si and ITO substrates
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Figure 17 Raman spectrum of FePc films on polycrystalline Au, SiOx/Si and ITO substrates.

The relative intensity ratio of vibrational bands can be used to distinguish between polymorphic
phases.[22] The relative intensity of the peak at about 750cm™ is lower than the peak at about
684cm™ which is characteristic feature of alpha polymorph phase while the intensity ratio is
reversed for B phase.[49] The region between 600cm™ to 800cm™ in Figure 18 shows that
relative intensity ratio of the peaks at about 750cm™ and at about 684cm™ is reversed for the
FePc bulk, o and B phases along with thin film o phase for the deposition on Au. In addition
considerable modifications for the vibrational Raman Bands are observed for the powder bulk
phase as compared to thin films phase demonstrating the influence of unique molecular stacking
in these phases. In order to analyze the intensity variation among different modes we have
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normalized the spectra to the intensity of C-N-C vibrational mode for the deposition on SiO,/Si.
In order to decipher the molecular stacking of self assembled thin films of CoPc and FePc we
have monitored the intensity of mode corresponding to macrocycle breathing vibration at
685cm™ as this mode most probably be effected by intermolecular interactions.

The Figure 19 shows the variation of relative intensity of macrocycle breathing mode with
respect to the film roughness as acquired from AFM image analysis. The intensity of the
macrocycle breathing mode is least for the deposition of FePc and CoPc on ITO. The intensity
variation follows the trend of surface roughness in case of CoPc deposition while for the FePc
deposition on Au, it shows maximum value. Molecular orientation and films growth are
influenced by surface roughness, lattice structure as well as chemical interaction with
substrate.[23]

FePc_Au a—Phase

L

FePc a—Phase

Normalized Raman Intensity

FePc p—Phase H A “

200 400 600 80 1000 12(130 1400 1600 1800
Wavenumber/cm

Figure 18 Raman spectrum of the FePc o and B crystalline powders along with a-phase FePc thin film on Au.

Based on X-ray absorption studies it has been observed that metal phthalocyanine molecules
tend to adopt standing configuration with increase in substrate roughness.[50] As the intensity of
Raman bands depend on crystal orientation and polarization geometry,[51] we can associate the
intensity variation of the macrocycle breathing mode to the average molecular orientation. Due
to higher surface roughness of ITO and weaker chemical interaction as compared to SiO,/Si and
Au disordered and standing configuration of molecules can be expected. Moreover in the
absence of stronger molecule-substrate interactions weaker intermolecular interactions dominate
and molecules adopt standing configuration.[52] Comparatively higher intensity for the
deposition of FePc on Au as compared to CoPc can be associated to the different interaction and
growth mechanism induced by the different central metal atom. Importantly dissimilarity in the
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FePc and CoPc growth mechanism on Au is evident from AFM analysis which depicts elongated
and dense FePc grains as compared to spherical CoPc grains. It has been observed for the
deposition of CuPc on Au that molecules adopt lying configuration with respect to substrate
during initial growth of first few layers due to higher interaction of = electron cloud with metallic
substrate. [53] However for the deposition on ITO molecules are not expected to adopt lying
configuration in the absence of stronger molecule-substrate interactions. In addition AFM
analysis shows that grain size and surface roughness is relatively higher for ITO as compared to
Au and SiO,/Si. Thus we can associate the observed variation in the macrocycle breathing mode
intensity to the unique molecular orientation adopted by CoPc and FePc molecules under the
unified influence of substrate roughness, lattice structure and molecule-substrate interactions.
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Figure 19 Variation of macrocycle breathing mode normalized intensity with film roughness.

3.5 Interrelation between structural and dynamical Properties of CoPc thin
films

The physical properties of MPc thin films can be notably altered due to wide range of
possibilities offered by the change of central metal atom and peripheral as well as axial groups.
There has been considerable interest in the utilization of MPc thin films in optoelectronic devices
because of their favorable optical properties. Due to their potential optoelectronic applications,
considerable attention has been given to understand the dynamical properties of MPc molecular
films. MPc TFs show inhomogeneous broadening of optical absorption bands in the solid state as
compared to solution phase due to molecular distortions in the solid state. Among MPc
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molecules CoPc molecular films exhibits strong absorption in the visible region (Q band) as well
as near 330 nm (Soret band).[54]

In this section, we intend to correlate the dynamical properties of CoPc thin films with structural
phases adopted by CoPc molecules. The orientation of the molecules in the thin films varies
depending on various factors such as the choice of substrate, the deposition procedure, and the
substrate temperature during deposition. Since the mode of molecular stacking and thus the opto-
electronic properties affect the electrical and photoconductivity of the devices, their
determination is of interest in order to model the performance of organic opto-electronic devices
and to improve their efficiency. As discussed in previous section that MPc molecules exhibits o-
polymorphism for the room temperature deposition. However, adsorption geometry of MPc TFs
strongly depends on surface properties of substrate.[55]

Here, we investigate the impact of the substrate on the growth of a multilayer film. In case of
MPc deposition on graphene, the topographic corrugation of the graphene also impacts the
adsorption geometry.[56] STM studies show that MPc form a square lattice on epitaxial
graphene on SiOx and hexagonal lattic on Au(111) as shown in Figure 18.[56] It is important to
note that we obtained two types of crystalline CoPc TFs simply by varying the substrate,
without changing evaporation rate and sample temperature. Hence, we can state that the
particular substrate is able to alter not only the properties of the first layer of molecules, but also
the crystal phase of the molecular film up to tens of nanometers. In other words, the registry of
first layer governs the molecular stacking of subsequent layers during TF growth.

Interestingly, Q band of MPc corresponding to absorption in visible region presents a single peak
in gas phase. However, in the solid state the molecules get distorted and degeneracy of LUMO
can be removed. It results in splitting of Q band peak in optical absorption spectrum.[55]
Moreover, optical absorption spectrum corresponding to o and B-polymorphs are found to be
different confirming that absorption properties are significantly affected by crystal structure and
relative orientation of molecules.[55] Here, we investigate the dynamical properties of CoPc TFs
presenting different molecular stacking in the o-polymorphism using visible pump-probe
technique.

!

Figure 20 (a) STM image demonstrating that CoPc molecules adopts square lattice on Gr/SiOx while (b) CoPc
molecules presents hexagonal symmetry on Au(111) [Reproduced from ref. 56]
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It is evident from GIXRD analysis that CoPc molecules adopt a mixed phase configuration on
polycrystalline gold, SiOx/Si and ITO, i.e. CoPc molecules exhibits coexistence of herringbone
and brickstone molecular arrangements belonging to o polymorphism. Dynamical study
performed for the 600nm thick CoPc films on quartz reveal that CoPc shows much faster
dynamics as compared to H,Pc, highlighting the significance of Co 3d states in the relaxation
process.[57] It has been proposed that hybridization of Co 3d states with ligand = orbitals can
give rise to new energy relaxation mechanisms.

Due to dissimilar molecular stacking in case of herringbone and brickstone structural phases, the
intermolecular separation between adjacent CoPc molecules is distinct; therefore, the energy
relaxation processes depending on intermolecular interactions among adjacent Co ions can be
notably impacted. However, in order to highlight the significance of Co ions in the dynamical
processes, it is important to deposit CoPc thin films with a dominant structural phases instead of
a mixed phase. Figure 21 shows the GIXRD reciprocal space maps for the deposition of CoPc on
Gr/SiOx and Au(111). Comparison of reciprocal space maps confirms the notable structural
differences. Multiple diffraction spots are observed on both cases suggesting that CoPc
molecules adopts an ordered structure on Gr/SiOx and Au(111) for thickness <40nm. In order to
identify the polymorphism and molecular orientation adopted by CoPc molecules, we have
compared these reciprocal space maps with the reciprocal space maps for CuPc adsorbed on
Zn0O(1100).[36] Indexing has been performed for the CuPc deposition on ZnO(1100)
corresponding to herringbone and brickstone phases utilizing Simdiffraction software. The
simulation assign peaks around Q,,=0.5 A™, Q, ~0.5, 1,0 A*and Q,,=1.7, 1.9 A", Q, ~0.27 A*
to herringbone (200) oriented phase.[36]
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Figure 21 GIXRD reciprocal space maps for the deposition of CoPc on (a) Gr/SiOx and (b) Au(111)

Our reciprocal space map for the deposition of CoPc on Gr/SiOx exhibits good resemblance with
the herringbone peak positions suggesting that herringbone phase is dominant in case of
CoPc/Gr//SiOx as shown in the Figure 21. In case of CoPc on Au(11l) diffraction spots
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corresponding to herringbone phase are less pronounced. Therefore, it can be inferred that there
are notable differences in the structural phases adopted by CoPc on Gr/SiOx and Au(111).

In order to further investigate the average CoPc molecular orientation on Gr/SiOx and Au(111)
substrates, Co Ls edge aig intensity has been analyzed corresponding to different angle of
incidence of X-ray radiations with respect to substrate. As mentioned in the previous section this
feature of CoPc is formed by out of plane d,. state therefore its intensity variation with respect to
angle of X-ray incidence provide the average orientation of the molecular orientation.

As shown in Figure 22 the trend of a4 intensity variation complements the inferences drawn
from GIXRD analysis; CoPc adopts predominantly a herringbone molecular orientation. In case
of CoPc/Au(111) the a4 intensity decrease monotonically suggesting that the dominant structural
phase on Au(111) is brickstone.

According to reference 57, due to the proximity of molecular planes out of plane Co 3d,, orbitals
can give rise to delocalized exciton state. Such exciton states can facilitate transfer of excitation
energy among adjacent molecular planes in the crystalline film. As we mentioned above there
are notable differences in the molecular orientation of CoPc molecules on two substrates.
Therefore, charge transfer related to exciting states as well as intermolecular interactions can be
significantly affected.

Figure 22 Co L; edge for the deposition of CoPc on (a) Au(111) and (b) Gr/SiOx along with intensity variation of
ayg State with angle of incidence for (c) CoPc/Au(111) and (d) CoPc/Gr/SiOx.
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A Drief description of pump probe experimental set up is given in chapter 2. In general, ultra
short laser pulses are prerequisite to investigate ultrafast relaxation processes, which occur on a
timescale of a few femtoseconds. The pump pulse interacts with the system of interest, after
which the time-dependent transient changes of the absorption of the system is monitored by the
probe beam. This transient change contains clues to both structural information and dynamics.
The time resolution of the system is defined by the pulse duration.

In our experimental set up, probe beam is a covers from 450nm to 1100 nm. The measurements
of the CoPc TFs were performed in reflection mode as shown in chapter 2. Typically, after
excitation by laser, transient changes in the TFs are examined by probe pulse at a specific delay
time, by measuring the ntensity variation of the reflected light by the sample. Two consecutive
reflected spectra with pump on and pump off are collected and the wavelength dependent
absorbance difference is measured for each delay.

Specifically, the differential reflection rate AR/R measurements (i.e. the variation of reflection
AR during time delays and normalized to the un-pumped reflection R) are carried out by
evaluating differential changes in the intensity of the probe pulses reflected by the pumped and
un-pumped sample.

(l Pumped — | unpumped )/ | Unpumped = Al/l
Such a signal is then measured as a function of the delay between the two pulses.

Figure 23(a,b) shows the differential reflection rate AR/R for the CoPc thin films on Gr/SiOx and
Au(111) for various time delays as a function of probe wavelength. The excitation photon
wavelength (E = hc / A )in both the cases is 512 nm. It is evident that time resolved spectra show
absorption bleaching (positive values) as well as induced absorption (negative values) in the
region of Q-band, as shown in the bottom panel. The spectral shape of the curves varies with
time delays. Similar variations in the spectral shape of time resolved spectrum has been observed
for other metal phthalocyanines. It can be inferred that absorption bleaching intensity shows
maxima around 558nm for 0.5ps time delay while at longer time delays the absorption bleaching
becomes maximum at around 676nm.

The structure of absorption bleaching is quite broad and exhibits similarity to the linear
absorption of the CoPc films in agreement with previous measurements of metal phthalocyanine
films. As shown in Figure 23 the absorption bleaching exhibits broader maxima at different time
delays. It indicates that after the excitation pump pulse, the probe investigates states with
different population having distinct nature (singlet or triplet) and life time.
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Figure 23 Top: Differential reflection rate AR/R for the CoPc thin films on (a) Gr/SiOx and (b) Au(111) for various
time delays as a function of probe photon energy. Bottom: Optical absorption and reflection spctra in CoPc film in
the ultraviolet and visible photon energy regions.®’

We can rationalize the decay process of CoPc TF utilizing a proposed model [57] as shown in
Figure 24. According to the model CoPc films excitation involves transition from ground state
(So) to excited states (S1,T1). The vibronic states associated with molecular electronic states are
also shown. The absorption bleaching observed at about 610 nm can be associated to the Pauli
blocking in the S; state. It results in the decrease of transition probability from the S, state.
Induced absorption is due to the population in the S; which decay to Triplet state by intersystem
crossing and populate T1. It leads to transition from triplet state T, to higher energy triplet state
T,. The induced absorption observed at about 646nm is not observed for metal free
phthalocyanines.[57]
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Figure 24 Energy-level model describing the induced absorption or transmission structures for CoPc films.

Analysis of the temporal variation of the differential reflection rate AR/R shows that for decay
around 610 nm a double exponential function is needed to improve the fit quality (Figure 25). It
suggests that more than one type of decay mechanism is active in this spectral region. It is
worthwhile to mention that CoPc films show much faster relaxation dynamics of excited states as
compared to metal free phthalocyanines. Moreover, presence of Co ion in the macrocycle
significantly modifies the HOMO states of molecule. Therefore, the hybridization of central
metal atom 3d orbitals with the m-orbitals of macrocycle provides extra decay channels or fast
relaxation is also possible by charge transfer states. The analysis is still in progress, tentatively
we assign the first decay time of 0.4 to 0.6 ps to internal conversion involving electron—phonon
coupling[57] whilethe second process much slower could be associated to the charge transfer
due to the delocalized exciton states.(Table 4)

Figure 25 Analysis of the temporal variation of the differential reflection rate AR/R for decay around 610nm
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Induced A 71 (pS) T, (PS)
Transmission | (nm)

O EGEREEE 610 0.5140.28 3.34==0.39

688 0.59+0.28 No data

715 0.71+0.28 No data

oL 2vlelfEilo)e 600 0.3540.28 4.62=40.28

678 0.45%+0.28 No Data

710  0.54=+0.28 No Data
Table 5

The Figure 26 shows the excitation dynamics of CoPc thin films deposited on Gr/SiOx and
Au(111) for the delay time of 0.5ps. It is evident that there is a blue shift (higher energy, lower
wavelength) in the Gr/SiOx spectrum in the 610 nm range as compared to Au(111). The model
suggest that the transition in the 610nm range involes singlet states Sp and S; sates. We
tentatively assign the blue shift measured to the dissimilar molecular stacking in the herringbone
and brickstone structural phases. Further analysis along with theoretical calculations is still in
progress.

Figure 26 Excitation dynamics of CoPc thin films deposited on Gr/SiOx and Au(111) for the delay time of 0.5ps.
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Chapter-4

Weakly interacting Octaethylporphyrin systems:
Influence of intermolecular interactions on physical

properties
4.1 Introduction

Metal octaethyl porphyrin (MOEP) molecules are an important class of transition metal
complexes due to their favorable optical and electronic properties. Metal octaethyl porphyrin
molecular thin films have been explored for optoelectronic applications such as solar cells and
light emitting diodes. [1] However, device performance strongly depends on quality of the
molecular films and their interface with electrodes. Therefore, detailed understanding of various
factors influencing optical, vibrational and electronic properties of molecular thin films such as
molecular order, crystallinity and intermolecular interactions is important.[2] Intermolecular
interactions play a major role and are notably influenced by the type of central metal atom as
well as nature of peripheral groups.[2] In case of metal octaethyl porphyrin molecules ethyl
groups can adopt different orientations in order to minimize steric hindrance and to obtain
energetically stable configuration.[3] Similar to MPc molecules, the different 3d filling of
central metal atom in case of MOEP molecules can notably impact the molecular orbitals MOs
energy level alignment, thereby influencing the interaction of porphyrin molecules with
underling substrate.[4] It is worth noting that the splitting of 3d-orbital energy levels in ligand
fields described for MPc take place also in porphyrins, and depends on the oxidation state of the
central atom and the marocycle different symmetries.(See appendix)

In order to gain thorough understanding of the impact of central metal atom 3d character, we
have compared the gas phase valence band spectrum of the octaethylporphyrin molecules
investigated in this thesis. As shown in Figure 1 the valence band spectrum of H,OEP is notably
modified as compared to metal octaethylporphyrin molecules spectrum close to HOMO level
energy position. However, there is apparent similarity in the ZnOEP and CuOEP valence band
spectra in the energy region between 6-9eV. A strong modification of valence band spectrum is
observed in case of NIOEP highlighting the fact that insertion of Ni in the OEP macrocycle
dramatically affects the electronic structure.

Here, we investigates the basic mechanisms in the ordering of single layers of large molecules
onto surfaces and the role played by the central atom in octaethylporphyrin molecules in their
interaction with substrate and the effect of intermolecular interaction.

Molecular self assembly in ultrahigh vacuum conditions can provide good quality molecular
films and interfaces. Thin film growth is governed by the fine interplay between molecule-
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molecule and molecule-substrate interactions. In the absence of strong molecule-substrate
interactions, intermolecular interactions among molecules such as non directional and feeble van
der Waals plays crucial role in the molecular stacking. In addition, surface roughness,
topographic and electronic properties of substrate also determines adsorption geometry and
interaction strength. These factors strongly influence the interfacial electronic properties and
energy level alignment.[5] As gold contacts are important for optoelectronic device fabrication
and SiOx/Si and ITO are widely used in semiconductor industry, we have selected these
substrates in our study. Moreover, these substrates interact weakly with MOEP so the impact of
intermolecular interactions will be pronounced. As discussed in previous chapter the physical
properties of MOEP TFs also have significant dependence on crystal structure and molecular
stacking which in turn depends on substrate roughness and TF growth conditions.

Here, ZnOEP, CuOEP and NIiOEP are here utilized to investigate weakly interacting
porphyrin/substrate interfaces. Our spectroscopic investigation (photoemission, Inverse
Photoemission, NEXAFS) reveals that these molecules interacts weakly with Au(111) substrate
indicating that central metal atom orbitals are not involved in hybridization with underlying
substrate. For this reason these molecules are chosen to highlight the influence of intermolecular
interactions in the absence of strong substrate driven interactions such as hybridization, charge
transfer and back donation of charge density etc.

Figure.1 Gas phase valence band spectra of OEP molecules. (HOMOs are labeled) * Curtsey Andrea Goldoni
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STM studies reveal that MOEP molecules arrange in well ordered structures in monolayer and
multilayer regimes.[6] MOEP molecules are characterized by small peripheral ethyl groups. Due
to which we could expect that they do not present strong conformational changes due to
adsorption induced distortions in contrast to tetraphenyl porphyrins.[2] Actually DFT energy
calculations (ruffling in NiOEP) were applied for the vibrational force calculation and contrary
to other literature calculations the structural and vibrational analysis of NIOEP presents a more
complex framework due to the various possible ethyl group orientations (NIOEP has 200
possible conformations with respect to the ethyl orientation of which 25 are unique, non
redundant conformers).

STM analysis for the deposition of CoOEP and H,OEP on Ag(111) show that the ethyl groups
do not lead to adsorption induced structural distortions of the molecule in contrast to tetraphenyl
porphyrin molecules.[7] Moreover, ethyl groups point away from the substrate and appear as
four double-protrusions symmetrically surrounding the center suggesting that molecular
conformational changes are independent of central metal atom and arrange in hexagonal lattice.
Similar behavior has been observed for CoOEP on Au(111) and NiOEP on HOPG and
Au(111).[5,8]

Detailed information about the HOMO and LUMO is important for the efficient use of molecular
thin films in optoelectronic devices. Inverse photoemission spectroscopy provides access to the
direct measurements of LUMO. Moreover, as discussed in the experimental techniques chapter,
due to delocalization of unoccupied density of states, influence of molecular conformational
changes can be investigated with IPES. We investigate the MOEP interfaces with Au(111) with
IPES in order to study the impact of electrostatic and polarization effects on energy level
alignment.

4.2 Weakly interacting MOEP interface with metallic substrate

Here, we present the formation of the interface between the Au(111) single crystal surface and
the MOEP, namely CuOEP (copper(ll) octaethyl porphyrin) and NiOEP. These interfaces are
taken as model systems of weak interaction. Au(111) presents a prototypical model substrate to
understand weakly interacting metal-molecule interfaces and relevant in organic electronics due
to its applications in optoelectronic devices. In the adsorption of transition metal complexes in
Au(111) generally the formation of interface dipole notably controls the energy level alignment
at the interface.[6] However, in the absence of a strong metal-molecule interaction, electrostatic
effects such as cushion effect plays significant role in interface dipole formation and energy level
alignment. (See also chapterl).

The investigation of the surface reconstruction of the first monolayer adopted by molecules at the
molecule-substrate interface is fundamental to enlighten the basic mechanism of their interaction
with underlying substrate and interfacial electronic properties. Structural studies on these
systems have been often based on scanning tunneling microscopy. However, the structural and
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binding features of the contact region are not directly accessible by STM since this technique
images the surface electron density of states, which, in the case of large molecules, is in general
complicated for the buried interface electronic structure. Therefore, we chose inverse
photoemission spectroscopy, though its result are averaged and not local as in STM to enlighten
the impact of unique surface structural phases (domains in the 100 A scale range) adopted by
MOEP molecules on energy level alignment of frontier orbitals.

We focus our study on Inverse Photoemission characterization to enlighten the effect of the
single layer aggregation and the possible impact of intermolecular interactions on MOs energy
level alignment. As already mentioned the interest of such studies is due to the observation that
empty orbitals are more sensitive to the intermolecular interaction due to their higher
delocalization around the macrocycle. These states exhibits notable energy separation as
compare to filled states induced by alterations in the molecular arrangements which makes
inverse photoemission spectroscopy technique more sensitive to molecular perturbations.

4.2.1 CuOEP on Au(111)

Similarly to other substrates [9] adsorption of the CuOEP on the Au(111) is not related to
hybridization ( governed by weak interaction). No significant chemical shift and/or alterations in
Au 4f"?and 4 high resolution core level spectral line shape have been observed after the
deposition of CUOEP in monolayer regime and the MOEP single layer is completely removed
after annealing at about 600 K. It confirms the weaker interaction of CuOEP with Au(111)
similar to CuPc on Au(111).In general, appearance of core level shifts of the substrate would be
a signature of chemical interaction. Figure 2 shows the LEED pattern for the single layer (1ML)
CuOEP on Au(111). Most of the LEED spots can be interpreted by the two quasi hexagonal
domains similar to V28 R 19.1°, in agreement with ref [10].

Figure 2 LEED image of 1 ML CuOEP on Au(111)
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It is worth noting that the CUOEP deposition up to coverages < 0.75 ML does not lead to ordered
molecular domains, and no reconstructed LEED is observable.

In order to obtain a comprehensive analysis of the impact of the weaker electrostatic and Van der
Waals interactions on the energy level alignment, we analyzed the deposition of CUOEP on
Au(111) with combined UPS in normal emission (performed at the CITIUS Laboratory,
University of Nova Gorica) and normal incidence IPES. The precise determination of HOMO
and LUMO energy positions, obtained by combined UPS-IPES can provide information about
the HOMO-LUMO energy separation, an important parameter for optoelectronic devices [11].

Figure 3 shows the combined UPS-IPES spectra for the deposition of CUOEP on Au(111). It is
evident from Figure 3 that for the deposition on CuOEP on Au(111) the emission near Fermi
level is not suppressed completely for until ~IML. The clean Au(111) IPS spectrum is
characterized by an intense peak close (0.2 eV) to the Fermi level that corresponds to the surface
states of the substrate; and the feature labeled Is at about 4.8 eV is the image states, in agreement
with literature results.[12] The empty molecular states become prominent as the coverage
increases beyond monolayer regime, as shown for the 3ML spectrum, and show slight energy
shift. In particular the LUMO feature at 0.8 eV shows a small but notable shift towards the Fermi
level as the coverage increases to about 3ML. These results suggests that there is no significant
intermixing of 3d orbitals of central metal atom with the underlying substrate is detected
confirming that the molecule-substrate interaction is weak in case of CUOEP /Au(111) system,
without hybridization.

In case of CUOEP DFT calculation show that LUMO has a e,q character predominantly related
Cu 3d character in case CuOEP and separated by about 1.2 eV from the LUMO+1.[13] The
energy position between LUMO and LUMO+1 in the IPES spectrum is approximately 1.2 V
apart in agreement with DFT calculations.

IPES spectrum shows LUMO shifts towards the Fermi level for the deposition of CUOEP on
Au(111) at 3ML coverages as shown in Figure 3. The energy separation is different in the
monolayer regime which can be due to electrostatic and polarization effects (see Appendix).
Similar shifts has been observed for the deposition of CuPc on weakly interacting H-Si(111) and
can be attributed due to the change in molecular orientation of CuPc at higher coverages. As
discussed in previous chapter coverage dependant shift of LUMO have been observed for CuPc
deposition on Au(110). Importantly, it has been observed that change in the molecular
orientation with thickness results in energy level shifts at the interfaces and significantly
influences device performance.
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LUMO+1
LUMO

Figure 3 Valence band* and Normal Incidence Inverse photoemission spectra for CUOEP/Au(111) * Courtsey
Barbara Ressel

DFT calculations for CUOEP show the presence of two almost degenerate states near Fermi level
having ayu(r) and az() symmetry. The CUOEP gas phase spectrum shown in Figure. 1 exhibits
two sharp features between 0.8 eV and 1.8eV in accordance with DFT calculations.[38-40]
Therefore, broader feature near Fermi level can be tentatively assigned to filled molecular
ortbitals with a;, and a,, symmetry. Here, it is worthwhile to mention that energy level ordering
at metal-organic interfaces also depends theoretical framework adopted for calculations.[9]

The peak at 2.8eV is due to gold substrate. It is worthwhile to mention that monolayer spectrum
for the deposition of strongly CoOEP on Ag(111) shows a feature at about 0.6eV,which is due to
the interaction of Co with underlying substrate and absent for H,OEP on Ag(111). However, no
such feature is observed for the deposition of CUOEP on Au(111) further excluding molecule-
substrate hybridization. Thus, in the absence of stronger molecule-substrate interactions, weaker
intermolecular interactions play significant role in molecular thin films. The filled states peak
assignments are in good agreement with the literature results.[10] The peaks at about 2eV and
3.2eV can be assigned to HOMO and HOMO-1 and show good agreement with literature results
for the deposition of CuOEP on Ag(111) and Ag(100). [6] STM studies show that ethyl group
points ‘up’ i.e. they tend to orient away from the substrate to adopt stable configuration.

Our preliminary DFT calculations performed by Arrigo Calzolari (CNR-SPIN, Modena) found
that CUOEP molecules with the conformer with all the ethyl group up, exhibit 2.25 D of dipole
moment due to ethyl groups up configuration. It leads to slightly negatively charge porphyrin
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ring while ethyl groups acquire positive charge. Finally we found that the work function of 1ML
CUuOEP/Au(111) is decreased of about 0.65 eV with respect to the clean Au(111). It indicates
that in the absence of strong molecule-substrate interactions, electrostatic effects can impact the
energy level alignment.

4.2.2 NiOEP on Au(111)

In continuation with our study to investigate the impact of intermolecular interactions in weakly
interacting MOEP systems, interfacial electronic properties for the deposition of NIOEP on
Au(111) has been investigated. In this case two different ordered molecular layers are observed
in the submonolayer regime, in contrast to CUOEP. The cavity size for the prophyrin ring is
0.2nm and due to smaller size of Ni ion, N-Ni bond get shortened and pyrrole groups are pushed
towards the centre of the ring resulting in macrocycle distortions.[5] Although, NiOEP molecule
posses structural similarity with CuOEP, however, due to different central metal atom the
intermolecular interactions can be significantly distinct.

The fact that the NIOEP molecules adopt two different structural phases on Au(111l) can be
ascribed, together with the weak bond with the substrate, to dissimilar intermolecular
interactions, that impacts the charge distribution at the organic-inorganic interface, and the
molecular orbital alignment.

Figure 4(a) Figure 4(b)

Figure 4(a) IPES spectrum for the depsotion of NiOEP on Au(111) as function of coverage .(b) LEED images
corresponding to 0.7ML and 1ML coverage
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Figure 4(b) shows the LEED images of NIOEP molecules on Au(111) substrate corresponding
to submonolayer and monolayer regime. It is evident that the molecular arrangement is unique
for two coverages and there is clear signature of changes in molecular arrangment with
submonolayer coverages. STM studies [5] confirm the ethyl-up configuration even in this case.
DFT calculations found for this conformer a dipole of 0.64 D, lower with respect to the CUOEP
similar case. In the monolayer regime the LEED spots can be interpreted by the two quasi
hexagonal domains similar to CuOEP. However, LEED analysis indicates that in contrast to
CUuOEP where no ordered phase is found up to 0.75 ML, NIOEP adopts in two dissimilar
molecular arrangements probably due to the balance between molecular dipole and
intermolecular interactions among NiOEP molecules induced by different central metal atom.

Figure 4(a) shows the normal incidence IPES spectra taken as a function of NiOEP film
thickness. The clean Au(111) and the 3ML NIiOEP spectra are shown for comparison. The
unocuppied molecular states becomes prominent with increasing film thickness of NIOEP
molecules on Au(111).

More in detail, the empty orbitals of NiOEP are characterized by three peaks that originate by the
Ni central atom and the porphine macrocycle ring. The assignments of the experimental features
are labeled in Figure 4(a) according to the results obtained by our calculations. The first feature
is assigned to the by4 state that is related to the orbital with mainly Ni 3d(x*- y?) character; the
second is assigned to the 2eq4(n*) degenerate orbital with organometallic character mainly due to
the ligand N orbitals in the porphine cycle and partly to the C 2p*. The third peak is a by, orbital.
The states at higher energies result densely distributed in energy and are mainly attributed to the
external ethyl groups. In particular, we single out a strong contribution of the ethyl group to the
intense IPES feature at 2.8 eV.

Theoretical calculations (Dr. Arrigo Calzolari) have been performed to calculate filled and
unoccupied density of states for the assignments of IPES spectral features. The IPES spectrum
solid line labeled 3 ML results more resolved. The broadening and/or shifting of the spectral
features in the 15 ML is due to charge screening and polarization effects induced in the thick
molecular film. Disordered molecular stacking at higher coverages could also contribute in
broadening of spectral features The energy separation between LUMO and LUMO+1 is about
0.6eV which is in good agreement with IPES multilayer spectrum as shown in Figure 5(a)
According to theoretical calculations the spectral features related to peripheral ethyl groups are
between 3 to 4eV. As shown in Figure 4(a) emission near the Fermi level still persists without
broadening at 1ML coverage, similarly to valence band spectra [10] indicating that there is no
significnat intermixing of molecular frontier orbitals with underlying substrate. It can be inferred
that similar to CuOEP, NIOEP also exhibits weaker intraction with Au(111). It is evident that
energy separation between LUMO and LUMO+1 is notably different for 1ML as compared to
0.7ML coverage corresponding to two distinct ordered NIOEP structures. It shows that
unoccupied density of states are sensitive to structural changes in the molecualr arrangements
induced by intermolecular interactions. Simulation are in progress to rationalize these results.
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Figure 5(a) Figure 5(b)

Figure 5(a) Comparison of calculated density of states for NiOEP with multilayer IPES spectrum,(b) Calculated
density of states along with nature of molecular orbitals.

Photoemission analysis of NIOEP molecular conformer

STM studies for the deposition of metal octaethylporphyrin on metallic substrates establish that
ethyl groups adopt an “up’ configuration as shown in Figure 6(a,b) in the monolayer regime.[6]
However, in the gas phase, ethyl groups adopt a “flat” configuration in the absence of substrate
induced interactions. In order to investigate the impact of different conformer adopted by NiOEP
XPS C1s spectra are investigated. As shown in Figure 6(a) there are different inequivalent
carbon atoms in the octethylporphyrin molecule belonging to pyrrole carbons (C;, C,), bridge
carbons (Cs) and ethyl groups carbon atoms(C,, Cs).

Theoretical calculations suggest that energy separations between C; and C; carbon atoms is
small, both in ‘up’ conformer as well as in “flat” conformer. Secondly, the energy separation
between ethyl groups carbon atoms C4, Cs and C, is higher in flat conformer as compared to up
conformer. C1s XPS Curve fitting are performed for gas configuration as well as for the NiOEP
deposition on Au(111) in monolayer regime as shown in Figure 7. The curve fitting analysis
show that energy separation among different components follow almost similar trends as
predicted by theoretical calculations for ‘up’ as well as “flat’ conformer.
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Figure.6 Figure.7

Figure.6(a) Schematic representation of ‘Up’ and ‘Flat’ conformer(b) Calculated relative binding energy separation
between different C 1s components Figure.7 XPS C1s spectrum for the deposition of NiOEP on Au(111) as
function of coverage along with gas phase spectrum.

4.3 Octaethylporphyrin Thin Films

In order to utilize organic molecules for novel functional devices it is crucial to gain
understanding of various factors influencing the physical properties of thin films in addition to
interfacial electronic properties. One of the important parameter which notably influences the
optoelectronic properties of the molecular thin films is the electron affinity of the molecular TF,
i.e. the energy of the LUMO (See chapter 1). The information about the energy position of
LUMO is significant due to its implications on the transport band gap. The energy position and
nature of LUMO as well as other unfilled orbitals is notably influenced by the nature of central
metal atom as it controls the hybridization with porphyrin ring MOs.[6]

We employed inverse photoemission spectroscopy to investigate the energy position of LUMO
corresponding to various octaethyl porphyrin molecules investigated in the study. As we have
discussed previously this technique has the ability to provide information about the unoccupied
density of states therefore, provides direct access to determine the energy position of LUMO. In
addition to IPES, X-ray absorption is also widely used to investigate the nature of LUMO,
though the presence of the hole in the process strongly perturbs the final energy of the system.
Often in the literature the energy position of LUMO is determined by knowing the energy
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position of HOMO, assuming an unchanged transport gap (Egp=LUMO-HOMO), or from
measurements of electron affinity of similar systems. Figure 8 shows the occupied as well as
unoccupied molecular orbitals for the MOEP molecules. In case of metal octaethyl porphyrin
molecules 3d metal atom orbitals hybridize with porphyrin ring MOs and under D4, Symmetry
transform into aiq(dz?), big(dx*-y?), eg( dx), bag(dxy).

As shown in Figure 8 multilayers of OEP molecules were deposited along with H,OEP to gain
information about the energy position of LUMO and other orbitals. H,OEP molecule is presented
as a reference so that impact of insertion of transition metal atom in the macrocycle can be
determined. It is evident that energy position of Molecular orbitals is notably modified by the
insertion of transition metal atom. There is an apparent similarity in the energy position of
unoccupied density of states for ZnOEP and CuOEP molecular thin films. In order to determine
the nature of MOs involved in HOMO, LUMO and LUMO+1, we compared our IPES
measurements with the DFT [13] calculations performed to determine the nature of molecular
orbitals in porphyirn molecules. In case of ZnOEP and CuOEP the LUMO is 2ey( d.) MO while
LUMO+1 has empty porphyrin by, MO character. blg(dxz-yz) MO in case of NiOEP is strongly
anti bonding and lies below ey( d,), making it LUMO. DFT calculations show that ethyl groups
lie between the energy range of 3 to 4eV as shown in Figure 8. Although NIOEP is diamagnetic
and exhibits a closed shell configuration similar to ZnOEP however, the orbitals character as
well as energy position is notably different due to dissimilar empty orbitals involved in the
hybridization. big MO lies below 2e4 MO in case of NIOEP and becomes LUMO. However, in
case of ZnOEP HOMO has no contribution from metal 3d orbitals and has porphyrin ring az,
character. Due to absence of central metal atom HOMO and LUMO has porphyrin ring MOs (as
and ay,) character. The orbitals assignments are according to DFT calculations for isolated
porphyrin molecules. However, it is worthwhile to mention that solid state packing of molecules
can lead to shift in the energy position of frontier orbitals leading to decrease in the HOMO-
LUMO gap ref Ishii (see Introduction). The cause of changes in the electronic properties of
molecular thin films as compared to molecular phase can be due to geometrical distortions within
the molecule and/or enhancement of electronic screening. It has been reported that many body
perturbation theory calculations using GW method can better estimate the HOMO-LUMO gap in
thin film phase as compared to DFT calculations.[14] Nevertheless, DFT calculations for the
isolated molecule provide useful information about the assignment of MOs and their character.

An accurate determination of transport gap is crucial for the utilization of porphyrin molecules
for solar cell applications. Theoretical calculations show that optical properties of porphyrin
molecules are strongly dependent on the t conjugation network.[15] ZnOEP molecular thin films
have been investigated due to high photo-absorption coefficient in the visible region and their
applicability in photovoltaic applications. Moreover, ZnOEP is an efficient electron donor for the
OPV cells and multilayer structure of ZnOEP with Cgp has been found as a promising system for
photovoltaic applications with good efficiencies.[16] Moreover, ZnOEP molecules have the
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ability to arrange in well ordered structure and easy experimental availability by cost effective
thermal evaporation technique.[16]

Figure 8 Combined UPS and IPES spectrum for the MOEP multilayer

As shown for NIOEP and CoPc multilayers measurements (Figure 8 this chapter and Figure 3
MPc chapter) IPES measurements revealed variations in the broadening and energy position in
differently layered molecular TF, and the high sensitivity of the Empty orbitals from thickness,
order, screening, polarization etc. in accordance with ref. 17. Controlled growth ZnOEP TF on
technologically important substrates (quartz, ITO, Au poly etc) are planned in the next future to
determined the Electron Affinity and the Transport Gap, in comparison with the optical gap and
long range order.

4.4 ZnOEP thin films as model systems: Interconnection between structural
and physical properties

We investigated the physical properties of ZnOEP on technologically important substrates such
as SiOx/Si and ITO. The objective of this study is to establish an interconnection between
structural and physical properties of ZnOEP thin films. ZnOEP molecule presents a closed shell
configuration with completely filled d shell (3d'°).Therefore, strong hybridization effects with
underlying substrate are not expected in case of ZnOEP similar to CuOEP on Au(111)
investigated in the previous section. Here, we have investigated about 40nm thick ZnOEP
molecular films on technologically important substrates such as SiOx/Si and ITO substrates in
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order to explore the impact of solid state packing on physical properties and intermolecular
interactions.

The spectral features are boarder as compared to solution and gas phase spectrum probably due
to molecular distortions in the thin film phase. It has been observed that the elongation of the ©
conjugation and loss of symmetry in porphyrins cause broadening and a red shift of the
absorption bands together with an increasing intensity of the Q bands (500-600nm) relative to
that of the Soret band ( near 400 nm).[18] Light harvesting ability and transport of porphyrin thin
films are influenced by the molecular packing and long range order. It is evident that relative
intensity of Q bands is higher than Soret band for semiordered crystalline ZnOEP films on the
transparent substrate 1ITO as compared to disordered film. Further, the optical absorption spectra
obtained in solution and gas phase are notably different than semiordered crystalline ZnOEP
films on ITO highlighting the impact of unique molecular packing and long range order.[18,19]

Figure 9 The optical absorption spectra of disordered and semiordered ZnOEP TF on ITO are compared with
literature spectra of gas phase and solution ZnOEP dissolved in dichloromethane . Peaks labeled with arrows are
related to the inter-molecular charge-transfer excitons in the films

The impact of solid state packing on physical properties is evident from the comparison of
ZnOEP molecules solution phase optical absorption spectrum with ZnOEP thin films spectrum
deposited on ITO (Figure 9). [19] The photoenergy conversion efficiency has been found to be
related to long-range order in ZnOEP films In case of Cg-ZNOEP heterojunctions the hole
mobility in the ZnOEP film becomes higher by crystallization increasing the number of inter-
molecular charge-transfer (IMCT) excitons and enlarging the mobility of carriers. It results in
significant improvement of photoabsorption band efficiency under illumination.[16]

ZnOEP molecule can adopt two conformers that differ in mutual orientations of ethyl groups.
These are alternatively oriented for the isolated free molecule, labeled SM flat in Figure 10 (gas
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phase and solutions). In the solid triclinic structure, labeled SM TR the ethyl-groups are in a
trans configuration with respect to the basal plane with four ethyl groups pointing upward, while
the other four pointing downward, probably to reduce steric (and repulsion) effects in solids.
Generally, porphyrins present a pronounced tendency of polymorphism in crystal packing. At
variance the ZnOEP is considered as a good model system, which has no structural
polymorphism in the single crystal and present the triclinic structure, labelled TR in Figure 10.

ZnOEP has a relatively simple structure with eight ethyl groups linked to the pyrrole ring
surrounding the M-N macrocycle, in close relation to the native porphirine, presenting two
different conformers, in the free molecules (gas phase and solutions) and in the solid aggregation
related to the ethyl groups orientation. Though, in general the outer groups orientation is
considered a minor factor in the energy alignment of orbitals, theoretical calculations of NiOEP
aggregations found that the ruffling of the ethyl groups induces perturbation on the electronic
properties.

Figure 10 Figure 11

Figure.10 The ZnOEP conformers: SM Flat isolated flat molecule, SM TR ZnOEP with out of plane ethyl groups
orientation within the triclinic structure, TR Crystal the same conformer in the triclinic structure. D indicates the
adiacent plane distance( ~ 3.4 A). Figure11 Comparison of the DOS* of ZnOEP triclinic crystal and single molecule
in isolated (flat) and Triclinic (SM TR) comformers *courtesy Arrigo Calzolari.

DFT calculations for the density of states (DOS) shows that electronic properties of the two
conformations present differences in the Molecular orbitals energies. HOMO-LUMO gap which
is reduced for SM TR configuration by ~100 meV with respect to SM flat configuration. The
different spatial orientation of the lateral C-H group also imparts a modification of the intrinsic
molecular dipole, which is n=0.20 D for SM flat conformer as compared to p =0.25 D for the
SM TR confomrer. Moreover the triclinic crystal present n-mt intermolecular interactions due to
ordered stacking of molecules in adjacent planes which are reflected in the modification of
density of states. It is worthwhile to mention that DFT calculations can overestimate the HOMO-
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LUMO gap and GW calculations taking into account many body perturbation effects are more
suitable to estimate the HOMO-LUMO gap.[14] Nevertheless, DFT calculations do reflect
alterations in density of states corresponding to SM flat and SM TR molecular conformer.

In order to highlight the impact of unique molecular packing and long range order to =
conjugation network, we adopt multi-technique characterization to gain complementary
information on vibrational properties and the degree of order/dimension of the crystallites in the
film using Raman spectroscopy, grazing incidence X-ray diffraction (GIXRD) and atomic force
microscopy (AFM). X-ray absorption fine structure (XAFS) plays an important role in
elucidating the local atomic structure by using the protocol established for the molecular
characterization in TF in literature. Our results indicate that the degree of order in the ZnOEP
films is determined by the substrate, its treatment and by the growth procedures. We found that
the increasing of long range order, leading to greater overlap of = orbitals, is also related to the
symmetry reduction of ZnOEP conformers involving the outer C, and Cg and ethyl carbon
atoms.

In this study, ZnOEP thin films of about 40nm thickness were deposited on SiOx/Si and ITO at a
deposition rate of ~ 2 A/min (base pressure 2 10™° mbar, pressure during deposition 5 10 mbar)
from resistively heated quartz crucibles containing ZnOEP powders. The thickness was
measured by oscillating quartz microbalances. The ITO substrates were rinsed in acetone before
introducing them in the UHV chamber. In order to increase the ordering, the annealing of the TF
was performed after deposition at temperature far below the sublimation point at 80 °C for 10
hours in UHV.The ZnOEP TFs deposited on ITO at RT are labeled as “disordered” and
“semiordered” on SiOx/Si. While annealed TFs on ITO are labeled as “semiordered” and
annealed TF on SiOx/Si are labeled as “ordered”.

4.4.1 Structural and morphological Characterization ZnOEP thin films

Figure 12 shows the bidimensional diffraction patterns for the different classes of ZnOEP films,
which clearly reflect differences in the long range order. Several diffraction spots are clearly
detectable for the annealed ZnOEP TF on SiOx/Si demonstrating a highly crystalline and ordered
structure. The diffraction spots are comparatively wider and relatively less intense at higher
diffraction angles for the ZnOEP TF deposited at RT on SiOx/Si, therefore termed
“semiordered”. Annealing was also effective in obtaining a better ordering in TFs deposited on
ITO. The rings in the bottom panels ¢) and d) are related to randomly oriented polycrystalltes in
the ITO substrate while Si bulk reflections are also visible in the upper panels.
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Figure 12 Top Panel : Bidimensional diffraction patterns on the ZnOEP films a) ordered sample on SiOx/Si, b)
semiordered on SiOx/Si ¢) semiordered annealed sample on ITO and d) disordered sample on ITO. The indexing
has been assigned through the powder simulated XRD pattern (Mercury code) from reported data®’. Bottom Panel:
AFM images of ZnOEP films deposited on (a) ordered (b) semiordered/Si (c) semiordered/ITO and (d) disordered
film.

GIXRD analysis shows that ZnOEP TFs adopt a triclinic structure with a =4.692 A, b =13.185
A ¢ =13.287 A, =113.94, B=91.177 and y=92.16. The patterns are compatible with the reported
triclinic structure [20-22] of the ZnOEP single crystal. [20] In all the cases, including the
disordered sample, the first order (higher intensity) reflections are detectable and exhibits good
resemblance to the results obtained by laboratory sources.[23] The dominant orientation of
crystallites for ordered, semiordered and disordered ZnOEP thin films is such that the [0 -1 1]
direction is perpendicular to the substrate surface. No polymorphs were detected, while a certain
degree of random misorientation of the crystallites was present, especially in annealed TF on Si,
giving rise to a faint powder-like component of the patterns. The cell parameters were checked
against reference data [20] by means of the Mercury [24] and SimDiffraction[25] codes. Peak
positions were extracted by means of Fit2d in association with WinPlotr.[26] The results for the
average crystallite size are summarized in Table 1 for comparison with AFM observations.

The average crystallite size is lower for the semiordered film on the SiOx/Si substrate compared
to ITO; this can be attributed to the different growth mechanism induced by different surface
roughness and molecule-substrate interactions. AFM images were analyzed using average
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crystallite size and root mean square (rms) parameters as listed in Table 1 and reveal smaller
grain size and lower surface roughness for the ordered film testifying higher order of ZnOEP
crystallites on SiOx/Si surface as shown in Figure 12.

GIXRD Average AFM AFM RMS
crystallite Average (Roughness)

volume weighted | grain size nm

Size nm nm
Ordered 24.0 nm 20.2 2.25
Semiordered/Si 25.8 nm 39.3 2.52
Semiordered/ITO 28.5 nm 39.4 4.42
Disordered/ITO No data 455 7.39

Table-1 Comparison of average grain size as obtained from GIXRD and AFM analyes along with surface roughness

The evaluated crystallite size of the ordered ZnOEP TF is 20.2 nm while for the semiordered
(both for ITO and SiOx substrates) it is about 39.4 nm. While the grain sizes measured by AFM
and GIXRD have a similar dependence on the TF preparation, the values determined by AFM
are in most cases greater. This is because AFM provides information about agglomerated
crystallites, i .e. domains of crystallites.[28] Instead, crystallite sizes determined by GIXRD are
related to the coherent scattering domains having perfect molecular order in the specified
crystallographic direction. Thus, both GIXRD and AFM show that the crystallite size of ZnOEP
TFs is lowest for of ordered films.

4.4.2 Consequences of long range molecular order on vibrational properties:
Raman spectroscopy analysis

Raman spectroscopy characterization (Figure 13) provides the vibrational properties of the
ZnOEP TF. Ab-initio calculations have been performed to simulate Raman spectra after the
structural optimization of ZnOEP molecule at B3LYP-D* level. ZnOEP structural optimization
confirms the trans configuration (Fig. 10). The detailed assignment of the peaks along with
calculated Raman bands can be seen in table 2.[30,31] As shown in Figurel3 (a), absence of
Raman shift for the vibrational modes involving central metal atom bound to 4 N atoms in the
macrocycle suggests that in spite of dissimilar molecular stacking, no significant structural
changes occur in the macrocycle.

Moreover, intermolecular interactions in the closely packed ordered films (triclinic structure) do
not lead to macrocycle deformation. However, for skeletal carbon atoms (Cg, Cr, C,) Vvibrational
modes, we observe small but notable Raman shift indicating a probable structural deformations
related to (Cp, Cm, C,). Such Raman shifts related to vibrational bands at 1561 cm™(CsCp), 1621
cm™(C,Cr) and 1376 cm™(C,N) due to m-r interactions have been observed for CUOEP [32] and
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zinc(11) and palladium(Il) octakis(Bdecoxyethyl) porphyrins.[33] Notably, there is a significant
decrease in the intensity of vibrational modes related to C-N-zn (357cm™) and Zn-N, (254cm™)
and 1561 cm™ (CyCy), 1621 cm™ (C,Crm) and 1376 cm™ (C,N) for disordered film as compared
to ordered film.

Due to dissimilar molecular stacking and higher disorder of ZnOEP molecules, the intensity of
Raman bands is least for disordered TFs deposited at RT on ITO. Such a sensitive dependence of
macrocycle vibrational band intensities for the disordered film has been reported for Titanyl
Phthalocyanine[34] TF grown on amorphous quartz plates at different temperature. Disordered
molecular stacking of iron and cobalt phthalocyanine (FePc and CoPc) TFs deposited on ITO has
been revealed by the dependence of macrocycle vibrational band intensity on molecular order. In
the low frequency range simulated Raman spectrum shows good agreement with the observed
ordered film spectrum as shown in the Figure 13a.

Two distinguishable peaks at 225 cm™ (calculated 234cm™) and 245 cm™ (calculated 249cm™)
are related ethyl groups vibrational modes. In addition, modes at 1320cm™ and 1492cm™ are also
related to peripheral ethyl group vibrations. Calculations reveal that the anti-phase bending
motions of the CH3 and CH, moieties give rise to the set of peaks concentrated around 1500 cm™
that has been experimentally observed as a single peak at 1492 cm™ only in case of the ordered
film deposited in SiOx/Si. As shown in Fig. 13 (a) and (b) vibrational modes corresponding to
external ethyl groups are much broader and exhibit lower intensity for disordered film as
compared to ordered ZnOEP film further highlighting the influence of molecular order on
vibrational properties of the film.

Moreover, Bader analysis of charge density reveals the formation of weak ionic-like inter-
molecular interactions between protons belonging to the CH3 moieties in different lattice planes.
Such interactions are not anticipated for disordered film with randomly oriented ZnOEP
molecules, justifying that intermolecular interactions are prevalent for ordered ZnOEP film
which can have significant implications on the charge transport properties of ZnOEP films.

Thus, differences in molecular packing lead to significant changes in intermolecular interactions,
which are revealed by the Raman spectra. In order to establish structural deformations related to
the (Cg, Cm, C,) for the as deposited ZnOEP TFs a detailed structural analysis is needed to shed
more light on this issue. We address this issue in the next section devoted to comprehensive X-
ray absorption analysis.
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Figure.13(a) Figure.13(b)
Figure 13 The Raman spectra of ZnOEP films acquired at 532 nm excitation wavelength in the ranges(a) 200-450 cm‘and (b)
1000 -1700 cm™ compared totheoretical calculations of the frozen ZnOEP molecule. Peaks labeled as * are related to peripheral
ethyl group vibrational modes.

. Experimental Calculated

Assignment 1 1
frequency cm frequency cm
(ordered film (Frozen Molecule)

(CiCy) 1023 1038

(CuCp) 1139 1174

(CH) 1210 1229

CHatwist 1257(weak) 1285

(CpC1H) 1320 1368

(CuN) 1376 1360

(CaN) 1404 1392

(C1H-CzH) | 1492 1492-1511

(CpCp) 1561 1587

(CpCp) 1588 1615

(CoCh) 1621 1650

Table -2 Peak assignments are according to references 30, 31.

4.4.3 Molecular orientation and intermolecular interactions: X-ray absorption
results

Based on GIXRD and AFM results it is evident that molecular stacking, grain size and order are
notably different in ZnOEP TFs. In order to further corroborate the molecular orientation of
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ZnOEP molecules with respect to underlying substrate and implications of ordered =n-n stacking
on intermolecular interactions detailed X-ray absorption analysis on ZnOEP thin films has been
performed. An asymmetrical stretching of skeletal carbon atoms of the porphyrin conformer has
been observed and attributed to the ordered molecular stacking and intermolecular interactions.
A detailed MXAN fitting analysis[36] of X-ray absorption near edge structure (XANES)
establishes a symmetry reduction in the molecular conformer involving skeletal carbon atoms of
the porphyrin ring for the ordered films highlighting the consequences of increased = stacking of
ZnOEP molecules adopting triclinic structure.

The Figure 14(a) depicts the Zn K edge spectrum normalized at 9720 eV for the ordered,
semiordered and disordered samples taken at the magic angle 55°.In case of disordered film the
line shape of peak D appears distinct while peak L around 9660 eV shows notable decrease in
intensity. N K edges (Figurel4b) were taken on the same ex-situ grown samples. No valuable
differences were found in the XAS of in-situ grown samples. A slight shift in the Lowest
Unoccupied Molecular Orbital (LUMO) position and a general broadening is detected for
disordered films as compared to semiordered and ordered films for N K edge spectra. The feature
D above the N K edge appears distinct for the disordered sample. The spectral line shape is in
agreement with the data reported in the literature [35] with the feature labeled L corresponding to
the transition to the (LUMO).
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Figure 14 (a) Figure 14(b)

Figure 14(a) Normalized Zn K edge (b) N K edge XANES spectra of bulk and TF ZnOEP samples.

The average molecular orientation in molecular layers can be extracted by analyzing the LUMO
dichroism of Zn K edge and N K edge NEXAFS collected at several incident angles for ordered
and semiordered samples. The normalized Zn K edge and N K edge NEXAFS spectra of the
ZnOEP TFs taken at different angles are reported in Figurel5.
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Figure 15 Normalized Zn K edge and N K edge XANES spectra of ZnOEP TF

Dichroic ratio R has been calculated to determine the average tilt molecular angle in TFs. Our
quantitative analysis, taking into account the different light polarization in case of Hard X-rays
Zn data (GILDA-LISA P =95%) and soft X-rays N spectra (BACH P=100%), found agreement
from the two edges. For ordered ZnOEP TF, we observe a negative R factor of -0.33 to -0.36. If
these films were completely crystalline, with a single crystal orientation, this tilt could be
interpreted as a macrocycle plane tilt of = 44° with respect to substrate. For semiordered samples
analogous analysis provides an average angle of about 50° as shown in Figure 16.[33]

This value of average tilt angle for the semi ordered sample is in good agreement with the results
discussed in ref 33. Therefore, annealing of the semiordered sample leads to a change of
macrocycle plane tilt from 50° to 45° with respect to substrate. N K edges for the three
differently ordered films are almost similar, suggesting that macrocycle structural variations are
feeble. The result is complementary to the Raman spectroscopy observation where no significant
Raman shift has been observed for macrocycle vibrational modes.

In order to gain insight into the impact of long-range order in the ZnOEP TFs on intermolecular
structural alterations, curve fitting of Zn K edge spectrum was performed considering multiple
scattering as shown in Figure 17 Though, XANES provides the averaged data within the films,
the fits provide useful indications on the structural changes related to the differences in the
XANES line shapes among the samples.
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Figure. 16 (a) Comparison of the LUMO intensity versus grazing angle for N K edges in the ordered (black
point) and semiordered (blue squares) ZnOEP film. (b) Analysis of the LUMO intensity versus angle of incidence
for both edges in case of ordered film(c) Schematic representation of ZnOEP molecular orientation for semiordered
and ordered films based on XANES analysis.

The magic angle spectra of the films have been fitted adopting the structural coordinates as
fitting parameters. Two different coordinate models have been used: the single molecule (SM
TR) of Figure. 10 b, and the TR structural model consisting in the addition of the nearest C and
N atoms (Figure.10 c) of the top and bottom ZnOEP molecules within the triclinic structure.
Namely the coordinates of the Cg, C; and C, atoms are taken as variables of the fit procedure.
Both SM TR and TR model fits indicate that the C; and C, ethyl groups present a broaden
distribution of distances in a sort of confusion ring (Table 3) confirming the Raman observation
related to peripheral ethyl groups vibrations.

Figurel? (a) Figure 17(b)

Figure 17 Comparison of the Zn K edge experimental spectra (dots) and the MXAN simulations for the ordered
(a) and disordered films (b) taken at magic angle at about 55°
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| Disordered | Disordered | Ordered ] Ordered _____|

I  SM TR TR SM TR TR

0.06 €2 0.04e2 0.31e2 0.12e2

Rsq Parameter

4.29along X  4.29 along X 4.29 along X 4.24 along X
43lalongY 4.30alongY 4.33along Y 4. 36 along Y

Zn-C1/A Confusion Confusion 5.95 along X 5.84 along X

- 5.93along X  5.87 along X 5.32along Y 5.50 along Y
553alongY 5.55alongY

Zn-C2/ A Confusion Confusion 6.47 along X 6.42 along X
6.58 along X  6.57 along X 6.00 along Y 6.03 along Y

- 6.20alongY  6.12 along Y

Table.3 List of the ZnOEP distances in A, as found by the structural MXAN fit by using the different models
described in the text (see Fig.1). The X and Y directions are described in the inset. Confusion indicates a substantial

insensitivity of the simulation to the ethyl C,and C, coordinates.

Good quality simulations for the ordered ZnOEP TFs are obtained for angle 55°, indicating that
the outer C atoms (C,, Cg) present a deformed symmetry. The observation establishes a
symmetry reduction of skeletal carbon atoms due to higher molecular order and increased =
stacking of ZnOEP molecules adopting triclinic structure. As shown in table-3 outer C atoms
(Ca, Cp) do not present a deformed symmetry for disordered films in contrast of ordered ZnOEP
TFs. The observation highlights the implications of molecular order on electronic properties of
ZnOEP TFs. The TR fits result improved with respect to the SM. The average of Cg distances
remain practically unchanged, though a weak reduction of the square symmetry (Cay) of the Cg,
shell is found, with longer distances along the X direction (see inlet in Table 3) in the plane of
macrocycle.

4.4.4 Conseqguences of long range molecular order on electronic properties:

Photoemission analysis

Photoemission measurements have been conducted on ordered, semiordered and disordered
samples with photon energy of 600 eV. The spectroscopic features of the ordered samples result
well pronounced with respect to the semiordered films and even more with respect to the
disordered film. The C1s presents a more complex structure due to the different species of C
atoms in the molecule, as labeled in Figure. 18. The table below lists the experimental binding
energies and the FWHM of the Gaussian contributions of the carbon atoms components obtained
by the core level fit performed by standard procedures. A broadening has been evaluated for the
semiordered sample which further increases in the disordered films. The possible cause of such
broadening in the C1s can be due to inhomogenities caused by the disordered molecular stacking
which influence vibrational and screening effects. [37] Such inhomogeneities can induce a
variation of the charge density which may lead to changes in the local molecular environment of
the emitting atoms inducing, a probability distribution of the molecular emission peaks and an
experimental broadening of the spectra.
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Figure 18 XPS C1s of ordered, semiordered and disordered ZnOEP TF along with table showing fitting components
details

4.4.5 Discussion

It is evident from Figure 19(a) that an ordered stacking of molecules favours substantial ©-nt
interactions. The calculated charge density contours depict the influence of = electron cloud on
the neighbouring molecules in the triclinic ZnOEP framework as shown in Figure 19(b). Small
Raman shifts observed in the higher frequency range corresponding to skeletal carbon atoms (Cg,
Cm, C,) for the ordered films as compared to disordered film can be attributed to alterations of ©
charge density. We note that it has been reported that molecular stacking induced alterations in
the = charge density can lead to minor Raman shifts for the prophyrin thin films.[28]

Figure 19 (a) Schematic representation of the enhanced molecular order of ZnOEP molecules depending on
substrate and annealing (b)Charge contours as calculated in the triclinic ZnOEP structure between neighbour
molecules
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N K edge XANES spectra for the three differently ordered films are very similar, suggesting that
macrocycle structural variations are very small. The result is complementary to the Raman
spectroscopy observation in which no significant Raman shift has been observed for macrocycle
vibrational modes.

The structural MXAN fits of the Zn K edge spectra reveal that spectral features for the
disordered film can be reproduced considering 25 atoms instead of 31 atoms for ordered film, as
indicated by the shell by shell analyses .1t suggests that due to random molecular stacking in case
of disordered films structural orientation of ethyl groups (C1, C,) with respect to Cg becomes less
pronounced. As shown in Figure 13a two peaks at 225cm™ and 245cm™ related to ethyl group
vibrational modes are absent for disordered films, revealing the impact of ethyl groups
(C1,C2)random orientations due to molecular disorder. The observation highlights the influence
of molecular order on electronic and vibrational properties of the molecular films.

Using XRD, Melamed et al. reported that 40 nm thick ZnOEP TFs on SiOx/Si have orientation
along [0 -1 1] direction perpendicular to the substrate, with ZnOEP molecules inclined by 50°
with respect to the substrate. [33] These observations are in good agreement with ours, and agree
with the observation that the XRD patterns of semiordered ZnOEP films on SiOx/Si substrate are
similar to those deposited on ITO/glass. At variance with the semiordered film, we obtained an
angle of about 45° for the ordered film with respect to substrate. It appears that annealing of the
ZnOEP TF deposited on SiOx/Si at 80°C improves the ordering along with small but notable
change in angle of orientation, as shown in Figurel6.

In addition, our detailed MXAN fitting analysis of XANES spectra establishes a symmetry
reduction in the molecular conformer involving Cg and C, carbon atoms highlighting the
consequences of increased m stacking of ZnOEP molecules adopting triclinic structure. Such a
strain in the structure is not observed in the macrocycle as shown in Table 3. These observations
complement Raman analysis in which no Raman shift has been observed for the vibrational
modes involving the macrocycle while small but detectable Raman shifts has been observed for
the vibrational modes of skeletal carbon atoms for the ordered film as compared to semiordered
and disordered film.

The probable cause of such asymmetrical stretching of skeletal carbon atoms can be related to
intermolecular interactions due to proximity with neighboring molecules in the triclinic
framework. Such alterations of the = conjugation network are not expected for disordered film
grown on ITO at room temperature. Thus, we anticipate higher cell efficiency for the ordered
ZnOEP thin films on SiOx/Si obtained by annealing films grown at room temperature.
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Chapter-5
Interfacial Electronic properties of Iron Complexes on Graphene
5.1 Introduction

Metal complexes adsorption on surfaces with and without graphene buffer layers is a crucial
issue for their interconnection between electronic and magnetic properties and a fine
characterization of these interfaces is mandatory in their applications. Research on graphene (Gr)
has experienced explosive growth in the last few years. [1] When associated to magnetic
nanostructures the hybrid systems are expected to lead to the possibility of engineering the
magnetic functionalities. Recent results of phthalocyanines deposited on ferromagnetic metallic
surfaces and Gr buffer layers have revealed a substrate-molecular coupling mechanism, showing
a delicate interplay between long-range interactions and local chemical bonding, magnetic
moment. [2]

In this chapter, a combination of NEXAFS and Photoemission results are presented and
employed to study the adsorption of Fe-complexes molecules, (ferrocene Fe(CsHs), and
Fe(ll)tetraphenylporphyrin chloride, FeTPP-CI) deposited on well characterized Gr supported
by metal substrates and compared with their adsorption on HOPG substrate. The two molecules
have been chosen for their different structural surrounding of the Fe ion and the different
distance between Fe in the adsorbed molecules and the substrate. Inverse photoemission
characterization is in progress in our group to get a complete description of these interesting
systems.

5.1.1 Electronic properties of Tetraphenyl porphyrin

Tetraphenylporphyrins are an important class of tetrapyrrole complexes which exhibits high
potential to be utilized as building blocks in modern electronic and spintronics devices. [2]
Single molecule DFT calculations show also in this case the effect of the central metal atom 3d
occupancy on occupied and unoccupied density of states as shown in Figure 1. The purpose of
the IPES measurements shown here is to highlight the differences in the unoccupied density of
states near Fermi level induced by the partially filled 3d orbitals (FeTPP-CI, d° system) as
compared to fully filled 3d orbital (ZnTPP, d'° system).

As discussed in previous chapters the degeneracy of metal 3d orbitals is removed due to Dap
ligand field symmetry. However, theoretical calculations for MTPP orbital energy level
alignment show qualitatively that the sequence of energy levels are modified.[3] As shown in
Figure 1, the degenerate d, orbitals lie above the d, orbital and represents semi occupied
HOMO. It is evident that unoccupied d—orbitals have also out of plane character in case of
FeTPP. We have performed IPES measurements of thin molecular films grown by vapor
deposition in UHV in order to investigate the unoccupied density of states as shown in Figure 2.
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DFT calculations for the ZnTPP thin films show that the peak at around 4eV above the Fermi
level is related to peripheral phenyl groups while peak at about 1.7eV is associated with
unoccupied states of the porphyrin ring. [4]

Similar to ZnTPP spectrum, FeTPP-CI and H,TPP spectrum also have peak around 4eV and we
tentatively assign these peaks to be related to peripheral phenyl groups unoccupied states.
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Figure 1 computed orbital energy levels for the outer orbitals of TPP and MTPP single molecules (Gas Phase).
[Reproduced from ref.3]

In addition to the peak at around 4eV, the FeTPP-CI spectrum shows addition peaks at about 0.7
eV and 2.4eV above the Fermi level. As expected from the theoretical calculations the
unoccupied states near Fermi level are associated to unoccupied 3d central iron atom orbitals in
case of FeTPP. Therefore, we can assign the first feature above the Fermi level to the singly
unoccupied LUMO 1eg state and second feature to the 2eq state.[3] H.TPP spectrum is shown for
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comparison with MTPP spectrum in order to highlight the influence of partially filled 3d orbitals
on unoccupied density of states. As per theoretical calculations the LUMO of H,TPP is a,, state
with ligand character and we assign the peak at about 1.1eV to the LUMO of H,TPP.

Figure 2 IPES spectrum for about 8nm FeTPP-Cl, ZnTPP and H,TPP thin films

DFT calculations show that in the occupied states, the HOMO is assigned to the singly occupied
eg and lie above ay state in case of FeTPP.

5.1.2 MTPP Interfaces

As discussed in the first chapter, interfacial electronic properties at metal-molecule interfaces
plays crucial role in the performance of molecular electronic devices. In this section, we explore
the potential of graphene in altering the interfacial energy level alignment, influencing interfacial
charge transfer, interface dipole, metal-molecule hybridization and charge injection barriers.
Graphene can be grown on various metallic substrates such as Au, Ag, Co, Ni, and Pt etc. and
presents peculiar behavior related to density of states, corrugation, work function changes and
distance from underlying metallic substrate. We specifically choose Gr/Ni(111) and Gr/Pt(111)
systems for our study due to different characteristics of graphene for these systems.
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Another important issue is the conformation of Tetraphenylporphyrins molecules adopted on
metallic substrates. Due to intramolecular strain between porphyrin core and peripheral phenyl
groups, planar conformation is energetically not favorable. In the gas phase, phenyl groups align
at about 74° with respect to porphyrin core which adopts aplanar configuration. However, on
metallic substrates, porphyrin core adopts a saddle-shaped structure in order to minimize the
steric hindrance, in the monolayer regime.

In general, metallo-tetraporphyrins adopt densely packed ordered structures on strongly
interacting surfaces. STM studies for the adsorption of FeTPP, CoTPP on Ag(111) confirms the
saddle—shaped molecular conformer.[5]

5.2 C-based Substrates

5.2.1 Graphene/Ni(111)

Graphene on Nilll) can be grown using hydrocarbons such as ethylene or propylene under
UHV conditions by keeping Ni(111) at elevated temperature . Growth temperature and carbon
content of the substrate notably influence the graphene growth [56] as indicated in Figure 3.
Growth temperature and carbon content can lead to epitaxial graphene growth or with rotated
domains with respect to underlying substrate. There is a probability of nickel carbide formation
during growth of graphene on Ni(111) but with appropriate selection of growth conditions
carbide formation can be avoided or it can be converted to graphene.

Figure 3 Schematic overview of the different graphene growth routes on Ni(111). [Reproduced from ref. 56]
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Angle resolved photoemission measurements show that electronic structure of graphene is
modified due to interaction with Ni(111). DFT as well as PES studies show strong chemical
interaction between Ni and graphene resulting in hybridization of = states of graphene and Ni 3d
band.[57] It results in 2.4eVV down shift of = states of graphene and opening of gap in graphene.
n-band is observed at a binding energy of 10.1eV with respect to Fermi level.

C Kedge NEXAFS shows that C 1s to «* transitions exhibits double peak feature as compared to
single peak in case of graphite. This indicates two unoccupied interface states for epitaxial
graphene—Ni(111) due to the hybridization of Ni(111) with graphene.

C-K edge Gr/Ni(111) Gr/Ni(111) C1s

20°
— 55°
— 90°

2éo 2;35 25'90 25'95 360 | 2é8, _ZEIS EIB4 2é2
Photon Energy(eV) Binding %nergy%eV)

Figure 4 Figure 5

Figure 4 C K edge for the epitaxial Gr/Ni(111) at different X-ray angle of incidence and Figure 5 PES Cl1s for
Gr/Ni(111) (This work) along with LEED.

C K edge NEXAFS at photon incidence angles of 20°, 55° and 90° is shown in Figure 4. The
epitaxial Gr/Ni(111) C K edge is primarily dominated by two main peaks at 285.5V and
287.1eV. Theoretical calculations [61] indicate that the peak at 285.5eV originates by transitions
from C1s to interface state above Fermi level formed due to Cp,-Ni 3d hybridization. The other
peak at 287.1eV is due to the dipole transition of an electron from the C1s core level to the
interface state above the Fermi level formed by the hybridization of from Cp,-Ni py,py,3d
orbitals. C1s of graphene/Ni(111) exhibits a sharp peak at 284.8eV as confirmed by fitting
analysis. The small contribution is at 284.4eV is due to graphitic carbon. [Figure 5]

5.2.2 Graphene/Pt(111)

Graphene growth of Pt(111) can be performed by thermal decomposition of hydrocarbons
similar to graphene on Ni(111) however graphene growth requires higher substrate temperatures
of above 1000K .Due to lower solubility and reactivity of carbon with Pt(111) as compared to
Ni(111), carbide formation is not observed on Pt(111) in contrast to Ni(111).[59] The
comparison of Cls fitting analysis for Gr/Pt(111) and Gr/Ni(111) clearly demonstrate the
absence of carbide on Pt(111) as shown in Figure 7. Angle resolved photoemission studies
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demonstrate that the electronic structure of graphene on Pt(111) is least perturbed as compared to
free standing graphene. DFT calculations suggest that due to difference in work function of free
standing graphene and Pt(111) substrate, graphene on Pt(111) is p doped. [58] The LEED images
show clearly six spots due to Pt(111) surface due to six fold symmetric structure. Moiré patterns
are observed due to possible rotation of graphene lattice domains with respect to Pt(111) lattice.
There is a good resemblance of the LEED image with the literature.[58] C Kedge NEXAFS
shows that C 1s to n* transitions exhibits single peak feature in contrast to Gr/Ni(111)
suggesting a weaker interaction of graphene with Pt(111). [58]

Gr/Pt(111)
C Kedge

— 20°
— B5°
— 90°

285 290 295 300
Photon Energy(eV)

Figure 6 Figure 7

Figure 6 C K edge for the Gr/Pt(111) at different X-ray angle of incidence and Figure 7 FPES C1s for Gr/Pt(111)
along with LEED (This work).

Figure 8 Atomic resolution STM image of six rotational domains with different moiré supercell with respect to
primary graphene lattice (Vs=—0.4 V, 1=0.2 nA): (a) 2x2, (b) 3x3, (c) 4x4, (d) (V37x\37) R21°, () (V61x\61)
R26°, and (f) (V67x67) R12°. The (21”170} direction of graphene lattices is indicated by the yellow arrows and
moiré unit cells are in green rhombus. [reproduced from ref.60]
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It is worthwhile to mention that there are considerable differences in the epitaxial graphene on
Ni(111) and Pt(111) induced by lattice mismatch with underlying substrate. STM studies
confirm that corrugations of graphene domains are 0.02nm in case of Gr/Ni(111) with least
lattice mismatch between graphene honeycomb lattice and Ni(111) hexagonal lattice
underneath.[15] However, in case of Gr/Pt(111) STM studies show that the presence of two
categories of moiré superstructures In the first category, the lattice vectors of moiré
superstructures are parallel to the lattice vector of graphene as shown in Figure 8. The
corrugation of these domains is within 0.03 nm, indicating the graphene film is very flat without
much distortion in vertical direction. In the second category, there are angles between the lattice
vectors of moiré superstructures and graphene as shown in Figure. The corrugation of these
domains increased to 0.05-0.08 nm.[60] The corrugation difference originates from the different
rotation angles of each domain with respect to the Pt substrate.

STM combined with C1s core level photoemission, shows that the presence of defects and the
morphological properties on graphene grown on Ni(111) [14] . Moreover, it has been observed
that graphene is more corrugated on Pt(111) as compared to Ni(111).[60] The Gr layer
separation is 0.31 nm in case of Pt(111) and 0.21nm in case of Ni(111).[15]

5.2.3 HOPG

Highly oriented pyrolytic graphite is layered carbon material with highest degree of three-
dimensional ordering in C-axes perpendicular to the surface of the substrate. It is obtained by
graphitization heat treatment of pyrolytic carbon or by chemical vapor deposition at temperatures
above 2500°K. The sp? hybridized adjacent layers of carbon are separated by 0.34nm and
exhibits van der waals interaction. It is evident that C Kedge of HOPG is primarily dominated by
two main peaks at 285.4eV and 291.8eV. The C Kedge spectrum of pristine HOPG shows a
sharp resonance at a photon energy of 285.4 eV, corresponding to a C 1s - ©* transition. While
the second dominant feature at 292 eV shows a double peak, corresponding to C 1s - o*. This
double resonance arises from excitonic (the sharp resonance at 291.8 eV) and band-like
contributions (the broader signal at around 293 eV).[61] This region between (286eV to 290eV)
is related to interlayer states as confirmed theoretically [61]. Band structure calculations for
HOPG predicts the presence of three dimensional states in the gap between the bonding and
antibonding states at the Brillouin zone center. These three-dimensional states exist in the gap
between the carbon layers.

The C Kedge spectrum of pristine HOPG shows a sharp resonance at a photon energy of 285.4
eV, corresponding to a C 1s - =* transition.(Figure 9) While the second dominant feature at
about 292 eV shows a double peak, corresponding to C 1s - o*. This double resonance arises
from excitonic (the sharp resonance at 291.8 eV) and band-like contributions (the broader signal
at around 293eV).[46,51] The region between 286eV and 290eV is related to interlayer states as
confirmed by theoretical calculations.[51] Band structure calculations for HOPG predicts the
presence of three dimensional states in the gap between the bonding and antibonding states at the
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Brillouin zone center. These three-dimensional states exist in the gap between the carbon layers.
Therefore, existence of such states provides useful information about the confinement of specie
into HOPG layered structure.

C K edge HOPG
20°
— 55°
— 90°
1 1 1 1
280 285 290 295 300

Photon Energy(eV)
Figure 9 C K edge for the HOPG at different X-ray angle of incidence (This work).

5.3 Interfacial Electronic properties of Tetraphenyl porphyrin/Graphene
interface on ferromagnetic surface

5.3.1 Influence of Graphene-Substrate Coupling On Interfacial Electronic Properties

Graphene holds the potential to alter the molecule-substrate interaction effects, including
hybridization, charge transfer etc. thereby, notably influencing charge transport at interfaces and
energy level alignment. [4] Graphene has been found to decouple FePc from Ir(111) while FePc-
Ni(111) interaction has been suggested for FePc on Gr/Ni(111) system.[7] An intermediate
graphene layer has been found to alter the molecule-substrate hybridization. The presence of an
interfacial state is ascribed in the literature to the hybridization of central metal atom orbitals
with the substrate.[7] An interface state at 0.3 eV has been observed for FePc on Gr/Ni(111)
system in contrast to Gr/lr(111) where no interface state has been observed. Similar interfacial
state has been observed for other tetrapyrrole complexes systems such as FePc on Au(111),
CoOEP on Ag(111) and related systems.[6]  In addition, interaction of central metal atom with
underlying substrate is also influenced by different filling of the 3d orbitals, which influences
the properties of the substrate-molecule interface.[8]

Metal(111) porphyrin complexes occur with chloride ligands such as AuTPP-CIl, MnTPP-CI and
FeTPP-Cl where the axial Cl ligand exhibits oxidation state of -1 (we have Fe 2+ without Cl and
Fe 3+ with CI) and result stable enough for thermal evaporation. However, it has been reported
that chloride ligand can be removed by annealing or by interaction with substrate resulting in a
change of the central metal atom oxidation state and leading to possible spintronics
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application.[9] Although, the dechlorination of FeOEP-CI and FeTPP-CI on metallic substrates
has been studied using STM however a detailed model is still lacking. Dechlorination of FeOEP-
Cl is observed on epitaxially grown Ni on Cu(100) with a change of the | ron oxidation state and
consequently leading to a ferromagnetic coupling with the substrate. DFT calculations performed
for this system indicate that a ferromagnetic coupling is possible only after dechlorination which
leads to change of iron oxidation state from +3 to +2 as depicted by XAS analyses.[10] Recent
STM studies for the adsorption of FeOEP-CI on Cu(111) cooled at 80K [11] and onto Au(111)
[12] reveal a partial dechlorination of the molecules after adsorption. In case of Cu(111), STM
images show the presence of both dechlorinated FeOPE-CI molecules as well as intact
molecules. The one type of species with a central protrusion are reported to be intact FeOEP-CI
molecule with the chlorine atom oriented away from the surface while other species with a
central depression was assigned as the dechlorinated FeOEP.[11] In addition, DFT calculations
reveal that molecules with chlorine pointing upward are energetically more favorable. STM
studies reveal the presence of chlorine on substrate in case of MnTPP-Cl on Co(001) and
AuTPP-Cl on Au(111).

In this section, we investigate the interfacial electronic properties for the deposition of FeTPP-
Cl on epitaxial Gr/Ni(111), Gr/Pt(111) and HOPG. These substrates are selected to explore the
processes influencing the interfacial charge transfer in order to highlight the impact of dissimilar
graphene-substrate coupling. HOPG has been found to interact weakly with tetrapyrrole
complexes, therefore is taken as the reference substrate to compare interaction of FeTPP-CI on
Gr/Pt(111) and Gr/Ni(111). Dispersion corrected DFT calculations confirm these findings [21].

Due to these dissimilarities the molecule—substrate coupling, the charge transfer and the energy
level alignment are expected to be notably distinct. In order to highlight the consequences of this
unique substrate driven interactions and interface energetics we analyze the FeTPP-CI
adsorption on the mentioned Gr/Ni(111), Gr/Pt(111) and HOPG substrates, in the monolayer
and multilayer regime utilizing a multi-technique characterization approach employiing X-ray
photoemission and X-ray absorption spectroscopy. Recent theoretical calculations [17] propose
that, among the MTPP, only the FeTPP molecule should induce an opening of the Graphene gap
when deposited. If confirmed this could be a promising topic in the graphene technological
applications. This issue is one of the motivations of our work.

5.3.2 Valence band analysis

Figure 10(a,b) shows the evolution of the valence states of FeTPP-CI on Gr/Ni(111), Gr/Pt(111)
and HOPG in the monolayer and multilayer regime. The valence band spectra for the deposition
of FeTPP-CI on Gr/Ni(111) and Gr/Pt(111) are shown in Figure 10a. The two grey curves,
related to the uncovered Gr/Ni(111) and Gr/Pt(111) reveal that graphene related features are
clearly detectable at about 10eV for Gr/Ni(111) and at about 8eV for Gr/Pt(111) related to the
different Gr doping. As mentioned above, due to the significantly different nature of graphene-
substrate interaction and corrugation, the interfacial electronic properties are notably distinct in
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the two cases. In order to single out the impact of intermediate graphene layer on metal-molecule
interaction in case of FeTPP-CI/Gr/Ni(111) and FeTPP-CI/Gr/Pt(111) interfaces, we analyzed in
more details the spectral region close to Fermi level as shown in Figure 11. The FeTPP-CI
adsorption on Gr/Ni(111) leads to a new feature at about 0.3 eV near Fermi level along with
reduction of the Gr feature and the Ni 3d band. This peak can be observed for the 0.5ML and
~1ML coverage of FeTPP-CI deposited on Gr/Ni(111) at RTand disappears at higher converages
which is the behavior of an interfacial state [7]. The interfacial state can be due to the
overlapping of the partially empty out-of-plane d like orbitals of Fe with the hybridized d—n
states of Ni-Gr. The existence of an interfacial state can be associated with the charge transfer
from substrate to the molecule. As noted previously, the presence of such interfacial state shows
the coupling of molecule with substrate as observed for the adsorption of FePc on Gr/Ni(111)[7].
and for adsorption of other tetrapyrrole complexes on metallic substrates such as CoTPP on
Ag(111)[3], FePc and CoPc on Au(111)[19]. On the other hand in contrast to Gr/Ni(111). no
interface state has been observed for the deposition of FeTPP-Cl on Gr/Pt(111) shown in Figure
12 suggesting that the presence of a weakly interacting graphene on Pt(111) decouple FeTPP-ClI
from the underlying Pt(111) substrate The FeTPP-CI/HOPG interfaces are shown in Figure
10(b). The presented valence band of HOPG is in agreement with literature; in particular it is
dominated by the peak at about 7.6eV corresponding to = states of HOPG [20]. The intensity of
HOPG valence states peaks decreases as the thickness of FeTPP-CI thin films increases. It can be
inferred that hybridization of empty Fe 3d orbitals with underlying Pt(111) and HOPG is feeble.

Figure 10(a) Figure 10(b)

Figure 10(a) Valence band spectra for the depostion of FeTPP-CI on Gr/Ni(111) and Gr/Pt(111) on monolyar and
multilayer regime. (b) Valance band spectra for the depostion of FeTPP-CI on HOPG in monolayer and multilayer
regime.
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At multilayer thickness the spectrum is primarily influenced by valence states corresponding to
FeTPP-CI molecule on HOPG. There is an apparent similarity between the valence band
spectrums of the HOPG with that of annealed film at 523K as shown in the Figure 10(b). This
result clearly indicates towards a weaker interaction of FeTPP-Cl with HOPG. No valence state
corresponding to the FeTPP-CI molecule can be detected which leads to the conclusion that
FeTPP-Cl molecule is desorbed completely from the substrate.

It seems that the electronic structure of 1 ML FeTPP-Cl on HOPG is only weakly perturbed due
to adsorption, but dechlorinated, as discussed in the next paragraph. The weak interaction is
coherent with STM studies for the adsorption of porphyrins on HOPG which show that although
porphyrin molecules lie flat on HOPG the interaction with the substrate not sufficient to form a
stable chemical bond.[21] Importantly, no interfacial state has been observed for the deposition
of FeTPP-CIl on HOPG. This result seems to be of more general significance as STM study for
the adsorption of H,OEP and CoOEP on HOPG confirms that the adsorption strength is directed
by the interactions between the porphyrin ring and the HOPG surface while the central metal
atom does not play a significant role in the interaction with HOPG.[21]

Figure 11 Figure 12

Figure 11 Valence band spectra for the deposition of FeTPP-Cl on Gr/Ni(111) and HOPG and (12) Gr/Pt(111). No
interface state at 0.3 eV for FeTPP-CI/Gr/Pt(111).
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In order to investigate the presence of chlorine in the valence band spectrum, FeTPP-CI valence
band spectrum is compared with CoTPP monolayer spectrum obtained by annealing the CoTPP
multilayer at 523 K as shown in Figure 13. Notably, FeTPP-Cl monolayer obtained by annealing
multilayer at 523K shows good resemblance with CoTPP monolayer on Gr/Ni(111) and depicts
absence of chlorine. Comparison of valence band spectrum of CoTPP molecule with room
temperature deposited FeTPP-CI thin films allows to assign peak at about 5eV above Fermi level
to the chlorine. The annealing of FeTPP-CI multilayer at about 523K does not result in complete
desorption of FeTPP-CI molecules form Gr/Ni(111) and Gr/Pt(111) indicating higher coupling
strength with respect to HOPG. The presence of a peak at about 5eV above Fermi level in case
of multilayer curve shows the presence of chlorine as shown in Figure 10(a).

Figure 13 Valence band for the annealing of FeTPP-Cl and CoTPP multilayer on Gr/Ni(111) at 523K

In order to further investigate the energy level alignment at FeTPP-CI/Gr/Ni(111), FeTPP-
Cl/Gr/Pt(111) and FeTPP-CI/HOPG interfaces, hole injection barriers and work function values
are measured in the monolayer regime using secondary cutoff photoemission spectroscopy as
shown in Figure 14. Hole injection barriers are obtained by measuring difference between Fermi
level and HOMO onset binding energy positions. The difference between the substrate and
molecular deposit system WF defines the interface dipole (A) (See Figure 1, Chapter 1). It is
evident that interface dipole at FeTPP-CI/Gr/Ni(111) interface is 0.5eV as compared to 0.25eV
for FeTPP-CI/Gr/Pt(111) interface. Importantly, hole injection barriers and interface dipole
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values for FeTPP-CI/HOPG interface show good agreement with that of FeTPP-Cl/Gr/Pt(111)
interface. As discussed earlier, graphene on Pt(111) behaves as a free standing graphene and
exhibits weaker graphene—substrate interaction. It results in a weaker molecule-substrate
interactions for FeTPP-CI/Gr/Pt(111) interface similar to FeTPP-CI/HOPG interface (interplanar
separation is 0.34nm). As shown in Figure 11 comparatively, FeTPP-CI/Gr/Ni(111) interface
exhibits stronger molecule-substrate interactions due to higher proximity of graphene to Ni(111)
than Pt(111).

Due to such dissimilarities molecule—substrate coupling appears notably distinct in the two cases.
The charge injection barriers and work function at FeTPP-CI/Gr/Pt(111) are reduced almost by
50% as compared to FeTPP-CI/Gr/Ni(111) interface. The probable cause of higher work function
alterations for FeTPP-CI /Gr/Ni(111) system can be attributed to the significant contribution
from charge transfer, push back effect and hybridization effects.

Figure.14 Schematic representation of energy level alignment and hole injection barriers for the deposition of
FeTPP-CI on Gr/Ni(111), Gr/Pt(111) and HOPG in the monolayer regime. Bottom panel: example of secondary cut
off measurements of FeTPP-CI deposited onto Gr/Ni(111) and HOPG
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As previously discussed, due to smaller graphene-Ni(111) separation, FeTPP-CIl molecules are
exposed to electron density from Ni(111) substrate, thereby enhancing possibility of push back
effect. It is suggested by valence band analysis that there is notable hybridization of FeTPP-CI
with Gr/Ni(111) , which further contributes in lowering the work function in monolayer regime.
On the other hand, in case of FeTPP-CI/Gr/Pt(111) system, push back effect and hybridization
effects are expected to be feeble due to higher graphene—Pt(111) separation as compared to
graphene-Ni(111). It demonstrates the ability of graphene to alter interfacial electronic properties
at metal-molecule interface. In general, adsorption of MTPP on metallic substrates results in
significant lowering of work function. For example in MTPP interfaces the work function of
Ag(111) has been found to decrease by 0.72eV ,0.91eV and 0.84eV for the adsorption of CoTPP,
CoTTBPP and CoOEP receptively.[23] Notable hybridization and charge transfer at the interface
are reported to contribute towards decrease of work function in case of metal substrates.

However, the situation is unique in case of Gr/Ni(111) and Gr/Pt(111) due to the presence of
intermediate graphene layer that can influence metal-molecule hybridization and probably push
back effect. On the other hand HOPG interaction is attributed by the presence of delocalized =
electron, due to which the interaction between FeTPP-Cl and HOPG should be primarily Van der
Waals in nature. Therefore significant push back effect and hybridization effects are not expected
for FeTPP-CI/HOPG system resulting in small work function changes of about 0.2eV.

Table-1 Work function variation for the deposition of FeTPP-CI on Gr/Ni(111), Gr/Pt(111) and HOPG
corresponding to monolayer and multilayer regime.
5.3.3 X-ray photoemission core levels analysis

We analyze Fe2p and CI 2p core level XPS to clarify in detail the probable change of iron
oxidation state due to dechlorination of FeTPP-CI. Figure 15 shows the Fe 2ps;, XPS spectrum
for the deposition of FeTPP-CI on Gr/Ni(111), Gr/Pt(111) and HOPG. Curve fitting of Fe 2ps;,
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XPS spectrum is performed by Kol-XPD software for ~1ML and multilayer coverages in order
to foster investigation of change in iron oxidation state due to loss of chlorine upon interaction
with substrate. Although, Fe 2p core level exhibits complex multiplet structure described by
utilizing Zeeman-like final state effect [24] or splitting of states based on total angular
momentum [25], it is possible to model sublevels by two peaks while the third peak represents a
satellite due to Plasmon loss as shown in Figure 15.[26]

Peak A and B corresponding to two sublevels are separated by 1.5eV while peak C related to
Plasmon loss is close to 712 eV in the three 1ML cases. The presence of Plasmon loss peak at
about 712 eV is a typical finger print of +2 oxidation state for iron.[25] In addition, multilayer Fe
2p spectrum (top panel in Figure. 15) does not show this plasmon loss peak within our resolution
limits, indicating a change of Fe oxidation with film thickness. At FeTPP-CI coverages above
1ML the Fe 2p core level multiplet structure becomes complex so more than two components are
required for curve fitting.[25] Nevertheless, here the deconvolution of Fe 2p core level is
intended to highlight the change of iron oxidation state utilizing the absence of plasmon loss
peak at about 712 eV for multilayer coverage and does not necessarily represent the full
complexity of these signals.

Analysis of Cl 2p XPS spectrum also provides useful information regarding interaction of
chlorine with underlying substrates. Figure 16(a,b) shows the Cl 2p XPS spectra for the
depsotion of FeTPP-CI on Gr/Ni(111), Gr/Pt111) and HOPG. Surprisingly, Cl 2p XPS spectrum
indicate towards complete dechlorination of FeTPP-CI molecules for the adsorption on HOPG
as no Cl 2p is detectable on HOPG at ~1ML coverage in contrast to Gr/Ni(111) and Gr/Pt(111).

Notably, the binding energy of Cl 2p is 197.9 eV on Gr/Pt(111) as compared to 198.7eV on
Gr/Ni(111) at ~1ML coverage indicates that comparatively chlorine is strongly bound to
Gr/Ni(111). However, at multilayer coverage the binding energy is at about 198.4eV in both
cases, related to the ClI-Fe bond within the molecule.

CI/N area ratio (~0.25 for FeTPP-CI) for the spectrum taken at 515eV photon energy, extracted
from our XPS data for FeTPP-CI/Gr/Ni(111) and FeTPP-CIl/Gr/Pt(111) systems at the ~1ML
coverage are found to be (~0.08) almost similar suggesting the extent of dechlorination on
Gr/Ni(111) and Gr/Pt(111) is not significantly different. Moreover, comparing with the
multilayer spectra this value indicate that the molecules dechlorinated are about 70% in both
cases.
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Figure.15 Fe 2p XPS for the deposition of FeTPP-Cl on Gr/Ni(111), Gr/Pt(111) and HOPG. Peak at about 712eV
corresponds to plasmon loss for the +2 oxidation state of iron.

Partial dechlorination has been observed for FeOEP-CI/Cu(111), FeTPP-CI/Au(111), AuTPP-
ClI/Au(111), MnTPP-CI/Ag(111) and MnTPP-CI/Co(001)[23,24] systems. STM analysis for the
deposition of AUTPP-CI on Au(111) reveals the presence of chlorine species on the Au(111)
surface.[27] Similar observation has been reported for the adsorption of MnTPP-CI on Co(001)
thin film.[28,29] In addition, STM based studies found partial dechlorination for FeTPP-
ClI/Au(111) and FeOEP-CI/Cu(111) systems. It appears that three possibilities can arise when
FeTPP-CI adsorb on metallic substrate.(i) FeTPP-CI molecules do not get dechlorinated .(ii)
Molecule get dechlorinated upon adsorption and chlorine get desorbed from the surface.(iii)
Molecules get dechlorinated upon adsorption and chlorine get stabilized by the substrate as
evident from STM investigation of AuUTPP-Cl on Au(111) and MnTPP-Cl on Co(001). There is a
possibility that chlorine get stabilized by the underlying metallic substrate. It may happen that in
case of HOPG the chlorine does not get stabilized and desorbs. In this way complete absence of
Cl 2p XPS signal can be justified. As discussed previously in the valance band analysis, Cl 2p
core level shows that annealing at 523K leads to complete dechlorination of both single layers
deposited on Gr/Ni(111) and Gr/Pt(111).
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Figure 16(a) Figure 16(b)

Figure 16(a) Cl 2p XPS for the depsotion of FeTPP-CI on Gr/Ni(111) and HOPG,(b) CI 2p XPS for the depsotion of
FeTPP-CI on Gr/Pt(111). Annealing at 523K results in comlete dechlorination of FTPP-CI molecules.

Cls XPS analysis reveal notable dissimilarities for the deposition of FeTPP-CI on Gr/Pt(111)
and Gr/Ni(111) as demonstrated by distinct line shape of C1s line shape in monolayer regime.
Cl1s fitting analysis reveals the causes for the significance differences in the C1s line shape at
~1ML coverage. Figure 17(a,b) shows the C1s spectra and their curve fitting for the deposition
of FeTPP-CIl on Gr/Pt(111) and Gr/Ni(111). The deconvolution of XPS C1s spectrum for ~1IML
and multilayer FeTPP-CI coverages has been performed using four components due to presence
of four inequivalent carbon atoms. The details of different components used for curve fitting is
shown in table 2. Similar fitting model has been adopted for the adsorption of ZnTPP on Si(111)
and Ag(110) [30].

In case of FeTPP-CI/Gr/Pt(111) system for ~1ML coverage the double peak is due to strong
contribution from graphene Cls at 283.9eV(peak E) together with inequivalent FeTPP-CI
carbon atoms(See table 2). In case of FeTPP-CI/Gr/Ni(111) system the line shape for ~IML and
multilayer coverage appears similar because the contribution from graphene Cls at
284.8eV(Peak F) merges with the signal from 24 phenyl carbon atoms at 284.8eV(Peak A) . In
case of FeTPP-CI/Gr/Pt(111) the peak due to 8 pyrrolic C-C-C atoms(peak C) merges with
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peak E due to contribution from C1s of Gr/Pt(111) for ~1ML coverage due to proximity in the
binding energy values. At multilayer coverage the signal from graphene Cls at 283.9eV is
significantly suppressed and contribution from FeTPP-CI carbon atoms dominates the spectrum.
Therefore, C1s fitting involves four components corresponding to four inequivalent FeTPP-CI
carbon atoms and shows good agreement with ZnTPP multilayer fitting parameters on
Si(111)[30]. An asymmetry of about 0.1 has been used for ~1ML coverage curve fitting using
Doniach Sunjic convoluted Gaussian line shapes. FWHM for different components is found to
be 0.4+0.1eV.

Figure 17(a) Figure 17(b) Table 2

Figure 17 (a) C1s XPS spectra for the deposition of FetPP-CI on Gr/Pt(111) in monolayr and multilayr regime, (b)
C1s XPS specra for the deposition of FetPP-CI on Gr/Ni(111) in monolayr and multilayr regime.Table 2 shows the
details of curve fitting components

Summarizing, the photoemission analysis reveals that dissimilarities in the coupling of FeTPP-CI
on Gr/Ni(111) and Gr/Pt(111) have significant implications on energy level alignment and
overall charge redistribution at the interface.
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Table-3 summarize the core level binding energy shifts for ~1ML and multilayer coverages and
provides useful information about the charge transfer and energy level alignment at the interface
for the deposition of FeTPP-Cl on Gr/Ni(111),Gr/Pt(111) and HOPG.

Fe 2ps core level does not show notable chemical shift for ~IML to multilayer thickness for
FeTPP-CI deposition on Gr/Pt (111) in contrast to Gr/Ni(111). It suggests that no significant
charge transfer takes place from Gr/Pt(111) to FeTPP-CI. Such a dearth of charge transfer across
the interface induced by the graphene layer on Pt(111) can be attributed to the weaker interaction
of Gr with the underlying Pt(111) substrate. This inference complements the absence of interface
state in the valence band for FeTPP-CI / Gr/Pt(111) system.

Substrate Thickness | Fe 2ps,, N 1s Cls Cl2p
Binding Binding Binding Binding
energy(eV) | Energy(eV) | Energy(eV) Energy(eV)

Gr/Ni(111) 0 284.8
~1ML 708.6 399.0 284.8 198.7
Multilayer 708.4 398.8 284.6 198.4

HOPG 0 284.4

~1ML 708.2 398.4 284.4

Multilayer 708.2 398.4 284.4

Gr/Pt(111) 0 283.9
~1ML 708.2 398.2 283.9 197.9
Multilayer 708.2 398.7 284.7 198.5

Table -3

In case of FeTPP-CI/Gr/Pt(111) system, N1s and C1ls PES core levels show a chemical shift
towards higher binding energies which can be associated with core hole screening due to
presence of metallic substrate and a difference in the charge transfer with respect to the
Gr/Ni(111) case.

Interestly, the Fe 2ps2, N1s and C1s spectra do not show notable chemical shifts in case of
FeTPP-Cl/ HOPG system which indicates a weak interaction of FeTPP-CI with HOPG with
almost no charge transfer and screening effects. It is worthwhile to mention that significant
screening of core hole is generally observed for metallic substrates for the deposition of
molecules in the monolayer regime.

Absence of chemical shift on HOPG can be associated to almost negligible core hole screening
on HOPG due to its semi metallic character. The trend is similar to previous observations of
weaker interaction of HOPG with tetrapyrrole complexes based on STM, DFT and
Photoemission analysis [21].

On the contrary, Fe 2ps;;, C1s and N1s XPS data exhibit a chemical shift of about 0.2 eV towards
lower binding energy for multilayer coverages in case of FeTPP-CI/Gr/Ni(111). It can be
inferred that although central metal atom interacts with Ni (111) as indicated by our previous
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valence band analysis (6.3.2), there should be a redistribution of the charge due to different
charge transfer channels involving the back donation of charge density from the molecular
orbitals nitrogen to substrate. As summarized in Table 3 the trend of the C1s and N1s chemical
shifts in case of FeTPP-CI/Gr/Ni(111) interface is opposite to FeTPP-CI/Gr/Pt(111), strongly
suggesting additional mechanisms.

Given the possibility of charge back donation, there can be net transfer of charge density from
molecule to substrate resulting in small but notable chemical shift of 0.2eV for Fe 2ps,, C1s and
N1s towards lower binding energy for multilayer coverages. Actually, a back donation from
nitrogen has been observed for CoOEP/Ag(111),CoTPP/Ag(100) and CoPc/Au systems resulting
in redistribution of charge density across interface[31,32]. However, this point needs further
exploration using DFT calculations in the future.

5.3.4 X ray Absorption analysis

Figure 18 shows the Fe L; edge spectra taken in PEY (Chapter 2) for FeTPP-CI/Gr/Pt(111),
FeTPP-CI/Gr/Ni(111) and FeTPP-Cl /HOPG systems in monolayer and multilayer regime.
These data can enlighten the change of iron oxidation state due to dechlorination, found by core
level phoptoemission.

It is worth noting that in these XAS measurements the transition from the initial 2p level has
mainly the Fe 3d orbitals as final state (the p—s channel having 1/5 lower cross section) and
dominate the spectrum. The line shape of spectrum changes from normal incidence to grazing
incidence because of different orientation of empty (d,2, dyy etc.) orbitals. At grazing incidence
orbitals with out-of.plane orientation such as d,, dominate the spectrum as compared to in-plane
orbitals such as dyy and dyo.y2.

It is evident that the line shapes of the spectra in monolayer regime are almost identical for the
three substrates and indicates towards a prevalent +2 oxidation state for iron. The line shape for
Fe +2 oxidation state is consistent with the deposition of CI-FeOEP on Co/Cu(100) and
Ni/Cu(100) substrate[10]. As discussed previously (5.3.3) core level analysis shows that almost
70% FeTPP-CI are dechlorinated, therefore, we can expect that the majority of the molecules
exhibits +2 oxidation state.

The relative intensity for the A; and A, peaks labelled in the Figure 18 reverses for the
multilayer case, due to the change of the Fe oxidation state from +2 to +3 and coherent with the
reported Fe L3 line shape for +3 oxidation state.[10] We remind that in the FeTPP-Cl molecule
the Fe central atom is bonded to two nitrogen and a chlorine atom with+3 oxidation state and a
change of oxidation state is feasible only with Cl atom being detached from the iron. Thus,
NEXAFS Fe L3 results indicate towards a substrate induced a dominant dechlorination of
FeTPP-CI for the three substrates.
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Figure 18(a) Figure 18(b)

Figure 18(a) Fe L; edge NEXFS for the depsotion of FeTPP-CI on Gr/Pt(111) in monolayer and multilayer regime;
(b) Fe Lz edge NEXFS for the depsotion of FeTPP-CI on Gr/Ni(111) and HOPG in monolayer regime

Figure 19 shows the NEXAFS spectrum of the C K edge for the adsorption of FeTPP-CI on
Gr/Ni(111), Gr/Pt(111) and HOPG respectively. Due to the MTPP molecular flexibility stressed
in 6.1 paragraph, the orientation of the phenyl rings is notably influenced by the type of substrate
[30]. We have monitored the C K edge NEXAFS spectrum in the monolayer regime to
investigate this point. The C K edge for the adsorption of FeTPP-CI on Gr/Ni(111) is primarily
dominated by two peaks at 284.55eV and 285.4eV in the low energy range. The intense peak at
285.4eV has a shoulder at about 285.65eV. The corresponding peak positions for the deposition
on HOPG are shifted by 1eV towards higher photon energy and exhibits similar line shape in the
low energy range. In case of Gr/Pt(111) the C K edge shows almost similar line shape to that of
Gr/Ni(111) and HOPG. However, two peaks are at 284.1eV and 285eV in the low energy range
present a more pronounced shoulder at 285.35V. In general there are three sets of equivalent
carbon atoms in metalloporphyrins taking into account the symmetry considerations.[30] Based
on DFT calculations the intense peak at about 285.4eV is assigned to C(1s) to n* involving
phenyl rings, while the peaks at about 284.55eV and the weak shoulder at 285.65eV are due to
the excitations of C(1s) to =* orbitals involving carbon atoms of the porphin ring [30].

At normal incidence the intensity of the peak at about 284.55eV corresponding to the macrocycle
7 transitions vanishes completely in comparison to grazing incidence for all the three substrate,s
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confirming that FeTPP-Cl molecules lie flat on the Gr/Ni(111), GrPt(111) and HOPG. In
addition the C K edge provides information about the orientation of the FeTPP-CI phenyl groups
after adsorption on to the three substrates. The dichroism of the intense peak at 285.4eV assigned
to phenyl groups is less pronounced for the adsorption of FeTPP-Cl on Gr/Ni(111) and
Gr/Pt(111) as compared to HOPG as shown in Figure 19. It suggests that there is higher
randomness in the orientation of phenyl groups on Gr/Ni(111) and Gr/Pt(111) than on HOPG.
Such a disorder in the orientation of phenyl groups is also observed for ZnTPP adsorbed on
Si(111) while phenyl groups lie flat on Ag(110). Moreover the phenyl groups lie flat in the
monolayer regime for the adsorption of 2H-TPP on Ag(111) after iron metalation, suggesting the
influence of the electronic interaction with substrate on the phenyl group orientation.[30]

The observation that phenyl groups do not lie flat on Gr/Ni(111) and Gr/Pt(111) for ~1ML
further highlights the influence of graphene on the interaction with adsorbed molecule. In the gas
phase phenyl groups are almost orthogonal to the macrocycle in order to minimize the steric
hindrance with the hydrogen atoms of macrocyle. [30] Considering large dichroism shown by
phenyl group peak for FeTPP-Cl on HOPG, it can be inferred that phenyl groups are nearly
orthogonal to the substrate as expected due to the weaker interaction with HOPG. Thus,
intramolecular conformations of FeTPP-CI seems to be influenced by the specific surface
properties of the substrates.

Figure 19 C-K edge NEXAFS for the deposition of FeTPP-CI on Gr/Ni(111), Gr/Pt(111) and HOPG
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In conclusion the FeTPP-CI deposition on the three substrate preset notably differences
between epitaxial Gr/Ni(111) and HOPG. The Gr/Pt(111) present an intermediate framework.
We interprete these finding as due to = substrate orbitals and the Gr-metal separation. Notably
the presence of an interface state at 0.3 eV below the EF measured in Gr/Ni(111) suggest the
possibility of the gap opening previewed by the recent theoretical calculations [17], though the
simulation is referred to a free-standing graphene layer. Notably the interface state is absent in
the case of Gr/Pt(111) case. Further work is mandatory to confirm this point.

5.4 Electronic properties of Ferrocene/Graphene interface on ferromagnetic
surface and pyrolytic graphite

Ferrocene (FeCp,, table-1, Chapter-1) exhibits typical sandwich structure where two
cylopentadienyl (Cp) rings lie above and below an iron ion with +2 oxidation state. Ferrocene
have diverse applications as high-temperature lubricants, dopants to stabilize organics and
polymers against UV degradation, photopolymerization catalysts etc. In recent years,
considerable attention has been given to exploiting the potential of FeCp, molecular TFs for
spintronic applications. Due to strong correlation between electronic and magnetic properties of
organic molecules, we investigate the electronic structure of the FeCp.interfaces with carbon
based materials, graphene on ferromagnetic Ni(111) substrate and HOPG.

Among the motivation exposed previously (chapter-1) we aim at the study of the pertubation of
the oxidation state of adsorbed ferrocene. Actually, magnetic and electronic properties of
transition metal complexes adlayers on surfaces are strongly related to the oxidation state of the
central metal atom. It motivates us to perform detailed characterization of electronic properties of
Ferrocene/Graphene interface on ferromagnetic surface.

A variety of impactful applications has been explored for hybrid system composed of
metallocene and carbon based materials ranging from biosensing, catalysis and spintronics.[33],
including the metallocene interaction with carbon nanotubes[33], graphite[34], graphene[35],
graphene nanoribbons [36] as well as graphene oxide.[37] Density functional theory calculations
show that ferrocene adsorption on pristine graphene nanoribbons gives rise to perfect
magnetoresistive effect. While for ferrocene adsorption on p-type graphene nanoribbons, the
perfect magnetoresistive effect disappears but a high-efficiency spin-filtering effect can be
observed.[36] Moreover, the electrical properties of CNTs can be altered by the intercalation of
FeCp, or CoCp,.[33] CNTs filled with iron, synthesized by the decomposition of ferrocene
intercalation into CNTs have found applications in the biosensing.[33] Intercalation of ferrocene
into layered carbon hosts such as graphene oxide (GO) or reduced graphene oxide (RGO) has
been investigated, [37] demonstrating that the intercalated ferrocene compound presents an
improved thermal stability due to the confinement effect arising from the m-conjugation system
in the composite.
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Importantly, such immobilization of organometallic compounds in a host material have shown
potential to act as catalytic centers for heterogeneous catalytic reactions. Ferrocene adsorption on
metallic substrates such as Ag(100), Cu(111) and Cu(100) has been investigated [38, 39]. It has
been observed that ferrocene interacts weakly with Ag(100), dissociating under electron beam
leading to strongly interacting iron containing species. STM study for the adsorption on
Ferrocene on Cu(111l) and Cu(100) shows that FeCp, adopts two-dimensional molecular
arrangement having vertical as well as horizontal orientations. DFT calculations shows that a non
covalent T shaped interaction is necessary for that stability of physisorbed molecular layer.[38]
High resolution electron energy loss spectroscopy (HREELS) analysis reveals that ferrocene is
stable on HOPG at 140 K and interacts weakly.[40] In addition, ferrocene has been utilized to
form small metallic iron clusters on HOPG by depositing ferrocene on HOPG at temperatures
above 1200K. In addition to layer carbon materials ferrocene has been found to intercalate into
layered dichalcogenide material. Spectroscopic results confirm ferrocene intercalation and
change of iron ion oxidation state due to charge transfer from TiSe; to ferrocene.[41]

Although, ferrocene adsorption has been investigated on metallic substrates, a photoemission and
X-ray absorption based study for ferrocene adlayers on transition metallic substrate such as
Ni(111) passivated by graphene is still lacking. In this paragraph, we employed photoemission
and XAS to investigate the interfacial electronic properties of FeCp; interfaces with Gr/Ni(111)
and HOPG. The study aims to provide insights into the strength of interaction and alterations in
the oxidation state of iron due self assembly at well below desorption temperatures and at room
temperature (RT). In order to achieve this objective, FeCp, multilayer was deposited on
Gr/Ni(111) at about 200K and desorbed at RT . A coverage of ~IML on Gr/Ni(111) was
achieved by desorbing FeCp, multilayer at about 250K.

In order to depict the interaction of FeCp, /HOPG system, ~1ML FeCp, coverage on HOPG was
achieved at about 250 K (labeled as 1ML at LT) and subsequently annealed at RT labeled as
(desorbed at RT). Corresponding PES and NEXAFS measurements were performed at these
coverages. Photoemission and XAS results indicates that oxidation state of iron ion does not
change on Gr/Ni(111) and HOPG. Moreover, Fe L,3, C-K edge and valence band analysis
strongly suggest that FeCp, molecules do not desorbs at room temperature on HOPG in contrast
to Gr/Ni(111).

5.4.1 Valence Band Analysis

Figure 20 (a) shows the valence band PES spectra of FeCp, deposited on Gr/Ni(111) and HOPG
in the monolayer regime, as obtained either after annealing a multilayer film at LT= 250K, and
after annealing at RT. The presence of molecular induced peaks on Gr/Ni(111) at LT is followed
by their disappearing after annealing at RT.

The multilayer of FeCp, on Gr/Ni(111) performed at 155eV and 400eV photon energies lead to
the suppression of the Ni 3d peak intensity, as expected, and to prominent photoemission
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features at approximately 2.3 eV, 4.4 eV, 7.9 eV, 123 eV and 17.2 eV with respect to the
Fermi level ( Figurel2(b)). The assignments of various features are summarized in Table-3, [
44]. There is general trend of lower intensity of all features for the spectra taken at hv=at 400 eV
due to the decreased C 2p and Fe 3d cross sections in comparison with hv=155eV.
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Figure 20 (a) Figure 20 (b)

Figure 20(a) Valence band photoemission spectra for the deposition of Ferrocene on Gr/Ni(111) and HOPG for two
cases of 1 ML, as obtained by annealing of a FeCp, multilayer at the indicated RT and LT=250 K ;(b) Valence band
spectra for the deposition of Ferrocene multilayer taken at different photon energies. (see text for labels)

The MOs 6azy, 3€24, 324, 3€1g, 5€1y and 7ayq contribute to the feature at 7.9 eV, while 5ay,, 6a1g,
2ey, 2614 MOs lead to the peak at 12.3eV, while the peak E at 17.2eV has C 2s origin [44].
Theoretical calculations show that the 4e;y 7a;y 6e1y and 6ay, MOs are associated with the
hybridization of cyclopentadieny! orbitals n-Cp with Fe 3d states. The 8a;y and 4e,q3 MOs are
associated with localized Fe 3d orbitals. As shown in Figure 20(b) the features at 2.3eV is
prominent at resonance (hv=709eV) as compared to ‘off resonance’ (hv=693.2eV) confirming
the contribution from iron metal atom associated orbitals to these MOs. There is a good
similarity of the above photoemission features with the FeCp, adsorbed on Mo(112)[38, 43]
where FeCp,is reported to be weakly interacting with Mo(112) as compared to Ag(100) and
Cu(100). MOs at 4.4eV and 7.9eV are associated with hybridization of Fe 3d and C2p of
cyclopentadienyl ring. The valence band spectrum at 7.9eV shows a broader feature with
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maxima at 6.2eV and can be associated to the ‘on resonance’ contribution from MOs at 4.4eV
and 7.9eV due hybridized Fe 3d orbitals.

Valence band Peak | Binding energy Molecular orbitals “
assignments
Fe(Cp),

Peak C 7.9eV 6aoy, 3€2u, 3€2g, 3€1g, S€1y
and 7aygq

1239V 5a2u, 68.19, 2e2u, 2elg

Table.3 Assignments of FeCp, Molecular Orbitals [44]

The MOs features in 1ML regime appear shifted and broader as compared to the multilayer case,
due to molecule-substrate interactions, though, MOs of FeCp, appear less pronounced on HOPG
as shown in Figure 20(a). The FeCp, MOs shifts in case of Gr/Ni(111) substrate are about 0.7eV
with respect to the 1 ML on HOPG.

Valence Band of HOPG (Fig. 20a) is primarily dominated by peaks at 7.2eV and 20eV
corresponding to HOPG orbitals with = and o character respectively. Importantly, the peak at
about 13 eV is present for the 1ML at low temperature (LT,), remaining persistent at RT. There
are significant electronic and geometric structure differences in the HOPG basal and step edges
planes. [13] The presence of this peak can be assigned to the C 2s valence emission from sp®
hybridized carbon species.[44]

5.4.2 NEXAFS and XPS Analysis

Figure 21 shows the Fe L3 edge spectra for the deposition of ferrocene on Gr/Ni(111) and
HOPG for the 1ML LT and RT and the multilayer regime. The spectral line shape is in
agreement with gas phase Fe L3 edge spectrum, with two peaks in the region between 705eV
and 715eV corresponding to transitions from Fe 2ps, levels into 4ey4(-like) Fe 3d unoccupied
orbitals and 3eyu(-like), Cp n*[46]. The features between 718eV to 726V are assigned to
transitions from Fe 2p12 levels. In order to eliminate the intensity variations effects due to light
polarization and to highlight the alteration in the spectral features due to charge transfer and/or
interaction with underlying substrate we have analyzed the spectrum at 55° (magic angle).
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As shown in Figure 21 the line shape of FeCp, multilayer Fe L, 3 XAS spectrum on Gr/Ni(111)
exhibits good resemblance with ~LML coverage spectrum obtained by desorbing multilayer at
250 K and confirms the Fe +2 oxidation state [46]. It suggests that ferrocene interacts weakly
with Gr/Ni(111) with no significant charge transfer between the Fe central metal atom and the
underlying substrate. As shown in Figure 21, desorption of FeCp, multilayer at RT results in an
almost complete suppression of Fe L,z signal confirming the weak molecule-substrate
interactions.

The analysis of Fe L, 3 XAS spectrum for the adsorption of FeCp, on HOPG reveals that the 4e;q
Fe 3d feature at about 710eV is weaker for ~IML at RT as compared to ~1ML coverage

obtained by depositing FeCp, on HOPG at about 250K (labeled ~1ML at LT). It indicates that
FeCp, does not desorb from HOPG at RT in contrast to Gr/Ni(111).

Further insights on the interaction of Ferrocene with Gr/Ni(111), are provided by the C K edge
NEXAFS at photon incidence angles of 20°, 55° and 90° as shown in Figure 22. The Gr/Ni(111)
C K edge as discussed in 6.1, is primarily dominated by two main peaks at 285.5V and 287.1eV.
Theoretical calculations [49] indicate that the peak at 285.5eV originates by transitions from C1s
to interface state above Fermi level due to Cp,-Ni 3d hybridization. The other peak at 287.1eV is
due to the dipole transition of the photoemitted electron from the C1s core level to the interface
state above the Fermi level formed by the hybridization of from Cp,-Ni py,py,3d orbitals. These
peaks are very close in energy to the C K edge peaks of ferrocene at 285.7eV and 287.21 eV.

Fe |—2,3

|Ferrocene/Gr/Ni(111)|

Annealed at RT

Multilayer

1ML
Annealed at 250K

Ferrocene/HOPG

Annealed at RT

| 1 | 1 | 1 1NIIL atlLT |
700 710 720 730 740
Binding Energy(eV)

Figure21 Fe L edge NEXAFS spectra for the deposition of Ferrocene on Gr/Ni(111) and HOPG in the monolayer
and multilayer regime CHECK THE LABELS; COHERENTLY WITH PREVIOUS FIGURES
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Theoretical calculations on Ferrocene show that peak at 285.7eV originates due to transition to
degenerate MOs formed by the overlap of ligand ©* orbitals hybridized with Fe 3dy, (LUMO) or
3dy; (LUMO+1) atomic orbitals. The second peak at 287.21eV corresponds to ©* orbital that is
strongly localized on the Cp ring containing the excited carbon atom.[50] As shown in Figure 22
C Kedge peaks corresponding to Gr/Ni(111) exhibits strong dichroism as compared to FeCp,
related peaks. At Normal incidence the intensities of C K edge peaks of FeCp, at 285.7eV and
287.21 eV do not vanish suggesting that FeCp, molecules do not adopt completely flat
orientation on Gr/Ni(111). Notably, Ferrocene NEXAFS C K edge peaks does not present
significant dichroism as shown in Figure 23 indicating that there is no preferred orientation of
Ferrocene on Gr/Ni(111).

Figure 22 Figure 23

Figure 22 C K edge NEXAFS spectra for the deposition of Ferrocene on Gr/Ni(111) in the monolayer regime and
Figure 23 shows C K edge NEXAFS spectra for Ferrocene monolayer at room temperature on HOPG(See text for
labels)
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This observation appears to be in good agreement with STM investigation of Ferrocene /Cu(111)
system, where the STM study indicates that FeCp, adopts vertical as well as horizontal
orientations on Cu(111) and T shaped interactions among molecules [38]. Moreover, there are
no significant changes in the spectral line shape indicating that bonding environment of FeCp,
carbon atoms does not change significantly. In order to minimize substrate influence and to
highlight ferrocene C K edge related features difference curves are investigated as shown in
Figure 22 and presents no notable difference in the spectral line shape and photon energy
position indicating that FeCp, interacts weakly with Gr/Ni(111).

XPS Cl1s spectrum for the FeCp, multilayer at about 285eV binding energy is in good agreement
with ferrocene multilayer on Ag(100).[54] It has been observed that ferrocene exhibits a layer
by layer growth on metallic substrates. Moreover, no significant binding energy shifts have been
observed with ferrocene growth on Ag(100) suggesting a weaker interaction with underlying
substrate. Due to proximity of C1s binding energy of Gr/Ni(111) at 284.8eV with the ferrocene
core level, these peaks are indistinguishable in monolayer regime within our experimental set up
as shown in Figure 24. These results appear to compliment our Fe L,3 edge and C K edge
observations that ferrocene interacts weakly with Gr/Ni(111).

Ferrocene /Gr/Ni(111) Cils

hv=800eV

Multilayer

~1ML
(Annealed at 250K)

300 295 290 285 280 275
Binding Energy(eV)

Figure 24 C1s XPS for the deposition of Ferrocene on Gr/Ni(111)

We analyzed C K edge spectrum for FeCp, ~1ML adlayer on HOPG desorbed at RT as shown in
Figure 23. These spectra are compared with C K edge of pristine HOPG (discussed in 6.1) and
difference curves have been made, so that information about Ferrocene interaction can be
revealed. The ferrocene features in case of 1ML RT/HOPG result slightly in different energies
and broadered.

The 3D interlayer states also indicate deviation from ideal 2D layered structure for HOPG. C K
edge spectrum at 55°(magic angle) exhibits higher intensity corresponding to features related to
interlayer states between 286ev to 290eV as shown in Figure 23.
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Figure 25 C1s XPS for the deposition of FeCp, on HOPG (see text for labels)

Finally, we analyzed the XPS C1s for the deposition of Ferrocene on HOPG as shown in Figure
25. ~1ML of ferrocene deposited at about 250K (labeled as ~1ML at LT) exhibits a shoulder at
285eV corresponding to Ferrocene in addition to peak 284.4eV related to the strong contribution
from HOPG C1s. When Ferrocene was allowed to desorb at RT, the shoulder at 285eV binding
energy persists with an increased tail at higher binding energies indicating that ferrocene
desorption is not prominent for FeCp,/HOPG system in contrast to FeCp,/Gr/Ni(111) system.
This inference compliments the Fe L edge observation that FeCp, desorption is not significant on
HOPG. Therefore, our study highlights differences in the interaction of FeCp, on HOPG and
Gr/Ni(111) and establishes that iron ion oxidation state does not change for both systems.

Summarizing, there is an evident change of Fe L, 3 line shape similar to a fractional oxidation
state intermediate between +2 and +3 in case of intercalation of ferrocene on TaSe; [41] related
to charge transfer. This is in contrast to 1ML at LT FeCp; adsorption on HOPG and Gr/Ni(111).
It provides an evidence that for HOPG and Gr/Ni(111) iron does not change oxidation state and
FeCp.is physisorbed. This result, together with the broadening of the C K edge, C1s core level
and VB features indicates that residual ferrocene molecules at RT remains trapped on the HOPG
surface. This phenomenon can be ascribed to a n—n interaction between sp? hybridized Carbon
atoms of HOPG surface and FeCp,. The sp® hybridized carbon species revealed in VB (Figure
20) can arise from defects in the sp? hybridized layered HOPG structure. The presence of such
types of defects in the otherwise sp® hybridized carbon in graphite has been proposed to exist in
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thermally reduced graphite oxide samples. [45] The peak at about 13eV in the valence band due
to sp® hybridized carbon species has also been observed for graphene-based transparent and
conductive thin films fabricated by thermal reduction of graphite oxide, which exhibits very
similar electronic and structural properties as highly oriented pyrolytic graphite.[44]

Among carbon based materials HOPG is peculiar due to its layered structure with interlayer
distance of about 0.35nm. In general, HOPG surface is prepared by peeling off top layers of
HOPG by adhesive scotch tap which induces external step edges in addition to internal step
edges. Figure 26(a) shows the topographic STM image of HOPG clearly demonstrating internal
and external step edges. It has been observed that external step have higher work function and
chemical reactivity than internal step edges.[43]

Figure.26(a) Topogrphy of HOPG(b) Line profile along the white dashd line for the step edges heights Labels (i) to
(v) are used to represent the step edges of graphite marked in (a).(c) schematic representation of HOPG internal and
external step edges of (a). (d) Schematic diagram showing a cross section along the horizontal dashed line in (a) and
(b). The highest (I;) and lowest (ls) layers are indicated by the blue and red lines that cross over the subsurface layers
(I- 1, and lg), respectively. Steps i, iii, and iv are internal step edges under the top single graphene layer. (e)
Structure of Ferrocene. Reproduced from Park and Salmeron [43]

As shown in Figure 26 line profile in the HOPG topographic image shows that the height of
these step edges is 0.34 nm for single atomic layer. The situation becomes interesting when
ferrocene is adsorbed on the HOPG surfaces as the size of ferrocene is also 0.34 nm comparable
to the step edges on HOPG surface. Due to the diffusion of ferrocene molecules on HOPG
surface, there is a finite probability that ferrocene get trapped by the captive environment
provided by HOPG interlayers facilitated by step edges. However, a detailed STM study can
shed more light on this issue. Intercalation of FeCp, on layered carbon materials (graphene oxide
and reduced graphene oxide) has been reported [37] and on layered TiSe; [41]. surface.
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Summarizing, the results on RT for Ferrocene/HOPG system, the C 1s core level, the Fe L,3
edges and the VB data show a persistence of the molecule and a broadening of the molecular
features. On the other hand Fe L edge, C K edge and valence band of Ferrocene/Gr/Ni(111)
system strongly suggest that though, ferrocene molecules do not change oxidation state similar to
HOPG but at RT there is almost complete desorption on Gr/Ni(111). These finding strongly
suggest notable difference in the surface properties of Gr/Ni(111) and HOPG.
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Chapter -6

Conclusion and Outlook

The nanoscale material science of tetrapyrrole transition metal complexes, as porphyrin,
phthalocyanine and related complexes, is an active area of research due to enormous variation in
the reactivity, electronic and magnetic properties depending on the type of the central metal atom
and molecular structure. The driving force to explore the surface science of these conjugated
molecules is due to their relevance in both fundamental sciences as well as in technological
applications. In particular, a thorough understanding of metal-molecule interfaces is highly
desirable to utilize these molecules for functional molecular devices. Interaction with the
substrate can result in substantial conformational changes, especially if the porphyrins carry
large substituent, such as phenyl rings in the meso-positions. The complexity of these systems
induces the use of a multi-technique approach based on electronic and absorption spectroscopies
and structural diffraction techniques. Inverse photoemission spectroscopy has been utilized to
highlight the influence of intermolecular interactions on unoccupied density of states, as empty
orbitals are more sensitive to the intermolecular interaction due to their higher delocalization
around the macrocycle.

There have been considerable efforts in analyzing interfacial electronic properties and molecular
structure adopted by organic conjugated molecules on inorganic substrates utilizing techniques
such as scanning tunneling microscopy, photoemission and X-ray absorption etc. However, there
are certain gaps in the detailed knowledge of porphyrin and phthalocyanine molecular TFs as far
as unoccupied density of states investigations based on IPES are concerned. The present thesis is
an attempt to address this issue. Another important issue in molecular opto-electronics is to
establish relation between structure and properties of molecular thin films and develop a
generalized framework for the dependence of properties on molecular structure adopted by
molecules.

The thesis aims to add to the existing knowledge related to metal-molecular interfaces and
establish relationship between molecular structure of thin films and their vibrational and
electronic properties. We have specifically selected certain metal-molecule systems to serve this
purpose. It has been established that nature of substrate and its treatment significantly impact
molecular order and polymorphism adopted by molecular thin films, thereby influencing their
vibrational and electronic properties. Inverse photoemission has been extensively utilized to
study the unoccupied density of states for phthalocyanine and prophyrin molecular thin films in
order to obtain hints on a coherence picture of unoccupied molecular states together with valence
band states.

The research activity involves the characterization and analysis of perturbations induced by the
interaction of stiff phthalocyanine molecules with conducting substrate as compared to more
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plastic porphyrin molecules with different peripheral groups. The motivation is to rationalize the
impact of the different factors which influence energy level alignment at interface, such as
molecular conformations, electrostatic effects, polarizability, interface dipole, symmetry of
substrate, charge transfer and chemical interaction etc. As the structural and chemical properties
of molecular monolayer on substrates strongly influence multilayer growth, it is crucial to
characterize organic-inorganic interfaces in monolayer regime. Therefore, we have devoted our
study to characterize the interfacial electronic properties of tetrapyrrole transition metal
complexes interfaces with conducting substrates focusing on the molecule-substrate interactions
for different interaction strength. Overall the high resolution of our IPES instrument provides us
unprecedented details of the unoccupied states for octaethyl porphyrin, tetraphenyl porphyrin and
phthalocyanine TFs that were unseen in previous investigations. These results open further future
characterization.

We establish that the interaction of more flexible porphyrin molecules with peripheral groups
with underlying substrate is notably different as compared to more rigid phthalocyanine
molecules. We have observed that structural perturbations of the molecular conformers in the
molecular layers and substrate symmetry lead to the alterations in the opto-electronic properties
and energy level alignment of the molecular orbitals.

In the following a summary of the specific achievements of this thesis is reported.

Third chapter has been devoted to provide fundamental understanding of MPc TFs unoccupied
density of states corresponding to different central metal atom. DFT calculations provide basis
for the sequence of unoccupied states for MPc, though, certain contradictions are observed in
case of MPc ground state configurations. Soft X-ray absorption studies provide useful
information about the nature of orbitals involved in the interaction process due to variation of x-
ray absorption intensity related to the symmetry and the orientation of the molecular orbitals.

IPES measurements are preformed on about 8nm MPc TFs with the aim to investigate the
contribution of unoccupied states. Overall high resolution of our IPES instrument enable us to
clearly reveal unoccupied states and we have assigned the relevant peaks based on soft x-ray
analysis of MPc TFs.

We have utilized IPES to investigate the unoccupied states involved in the interactions process
by selecting CoPc/Au(110) and CuPc/Au(110) system. The purpose of selecting these systems is
to unambiguously highlight the involvement of unoccupied states in interaction and charge
transfer process at the interface due to difference in electronic configuration of 3d central metal
atom. A depletion of density of states close to the Fermi level can be observed upon CoPc
adsorption on the highly anisotropic Au(110) substrate, while CuPc levels slightly intermix with
the underlying Au substrate. The out of plane Co 3d orbitals strongly hybridize, as deduced also
by momentum-resolved inverse photoemission, and the contribution from molecular unoccupied
density of states is enhanced. Importantly, XMCD studies reveal total quenching of CoPc
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magnetic moment on Au(110) for low coverages, in contrast to CuPc, demonstrating the
possibility of rehybridization of the CoPc frontier orbitals with the underlying Au states. A
detailed comparison with the empty density of states obtained with the element selective X-Ray
absorption enlightens and complements the IPES results and confirms the driving forces of the
interaction process. We can thus provide a coherent picture of the interface electronic structure
of CoPc and CuPc, induced by the different occupancy of 3d level of central metal atom,
complementary to recent X-ray absorption studies.

Phthalocyanine TFs present pronounced polymorphism. Theoretically a strong perturbation of
the electro-magnetic and vibrational properties is expected in the various polymorphs. o and
polymorphs of phthalocyanine differ in the interlayer distance of central metal atom thus can
influence the magnetic coupling with the substrate and can impact vibrational properties of MPc
TFs. As mention in the first chapter, the objective of the study is to correlate MPc TFs
vibrational properties with molecular order and polymorphism. In order to achieve this , o
phthalocyanine powders were synthesized from the commercial f powders in order to study their
structural details with grazing incidence X-ray diffraction (GIXRD). About 50nm thin films of
Iron phtathalocyanine (FePc) and Cobalt phtathalocyanine (CoPc) were deposited in Ultra High
Vacuum (SIPE lab, TASC) on to technologically important substrates Si(111), ITO and
polycrystalline gold. The structure of phtathalocyanine thin films and powders were studied
using grazing incidence GIXRD at XRD-1 beamline at Elettera.

Raman spectroscopic analysis shows lower intensity for the frequencies corresponding to
phthalocyanine macrocycle for the CoPc and FePc thin films grown on ITO as compared to
SiO/Si due to the higher order of phthalocyanine molecules on SiO,/Si. Atomic force
microscopy displays a higher grain size for FePc and CoPc thin films on ITO as compared to
SiOy/Si and polycrystalline gold indicating towards the influence of molecule—substrate
interactions on the molecular stacking. Grazing incidence X-ray diffraction(GIXD) reciprocal
space maps analysis reveal that FePc and CoPc molecules adopt a combination of herringbone
and brickstone arrangement on SiO,/Si and polycrystalline gold substrate which can have
significant implications on the optoelectronic properties of the films due to unique molecular
stacking.

In continuation with our research activity to establish interconnection between structural and
physical properties of transition metal complexes thin films, CoPc thin films of about 40nm
thickness were deposited on Gr/SiOx and Au(111) substrates. Two systems are selected due to
different registry of first CoPc monolayer on these substrates as revealed by STM studies.
GIXRD reciprocal space maps show that CoPc molecules adopt predominantly herringbone and
brickstone molecular arrangements, respectively. Analysis of reciprocal space maps establish
that in case of CoPc deposition on Au(111) brickstone molecular phase is dominant as compared
to the more common herringbone molecular arrangement. Co L, 3 NEXAFS compliments these
findings. Excited state dynamics studies indicate towards two decay channels. It is suggested
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that the hybridization of central metal atom d orbitals with the -orbitals of macrocycle provides
extra decay channels or fast relaxation is also possible by charge transfer states. As herringbone
and brickstone molecular arrangements (a-Phase) have notably distinct molecular arrangement ,
therefore , faster decay process involving Co atoms is expected to show notable differences for
herringbone and brickstone molecular arrangements

Visible Pump-probe measurements performed with ultrafast laser to excite Q-band at FORTH
research laboratory show notable differences in the hopping relaxation dynamics, related to the
transport properties, of CoPc thin films on these substrates in the sub picoseconds and
picoseconds timescales.

The objective of the fourth chaper is to investigate interfacial electronic properties of MOEP
molecular TFs and to highlight the impact of different intermolecular interactions due to distinct
central metal atoms. In order to surve the purpose, we selected NIOPE/Au(111) and
CuOPE/Au(111) systems and inverstigated their unoccupied density of states with IPES.

Morevoer, in case of metal octaethyl porphyrin molecules ethyl groups can adopt different
orientations in order to minimize steric hindrance and to obtain energetically stable
configuration. We investigates the basic mechanisms in the ordering of single layers of metal
Octaethylporphyrin molecules (MOEP) onto surfaces and the role played by the central atom in
octaethylporphyrin molecules in their interaction with substrate and the effect on the molecular
orbitals in the intermolecular interaction. We investigated the formation of the interface between
the Au(11l) single crystal surface and the MOEP, namely CuOEP (copper(ll) octaethyl
porphyrin) and NIiOEP. These interfaces are taken as model systems of weak interaction.
Au(111) presents a prototypical model substrate to understand weakly interacting metal-
molecule interfaces and relevant in organic electronics due to its applications in optoelectronic
devices. It has been observed that NIOEP molecules adopt two different structural phases in the
monolayer regime while CuOEP exhibits single structural phase as confirmed by LEED
investigation. IPES studies highlight the consequences on unoccupied density of states
corresponding to different structural phases. A redistribution of the MO energies is measured and
an important role of intermolecular interaction is proved, with a good agreement with DFT
calculations. This achievement show that even in weak interaction organic-inorganic interface
the effects on the electronic properties and energy level alignment are relevalint.

In order to understand the implications of ordered molecular stacking on physical properties of
transition metal complexes, we have employed vacuum deposited Zinc Octaethyl porphyrin
(ZnOEP) thin films with a different degree of long-range order as model systems. This choice is
due to the fact that though similar to the CuOEP, ZnOEP presents a higher photovoltaic
efficiency and no polymorphism in the film structure. In the literature higher photovoltaic yield
is found for ordered ZnOEP TF. Our intention is to provide an insight into the inter-relation
between the intermolecular interaction and the long range ordering of organic semiconductors by
considering Zinc octaethyl porphyrin (ZnOEP) as model system. In order to highlight the

131



influence of intermolecular interaction, ZnOEP thin films are typically grown on ITO and silicon
and characterized by a combination of complementary techniques to study the structural,
vibrational and morphological details of organic thin films at different size scales, from the
molecular comformers structure to the grain size. Grazing incidence X-Ray diffraction(GIXRD)
analysis reveals that the differently grown ZnOEP films obtained by UHV vapor deposition
presents different degree of long range ordering, paracrystallinity and average crystallites size.
Raman spectroscopy together with x-ray absorption analysis indicates towards weak
intermolecular interactions among adjacent ZnOEP molecules in the thin films while the
alterations in the macrocycle bond distances are found to be modest. Influence of peripheral
ethyl groups conformations on vibrational properties are more pronounced for ordered thin films
grown on silicon substrate as compared to disordered films. Theoretical modeling of Raman and
XAS spectrum are performed to further comprehend the effect of molecular stacking of
differently grown ZnOEP thin films on the intermolecular interactions. Zn K edge of the as
grown ZNOEP films has been modeled by MXAN analysis, establishing a symmetry reduction
in the molecular conformers and a relevant influence on the ethyl conformations on the
molecular ordering. These structural variations in ordered ZnOEP TF correspond to a higher
density of inter-molecular charge-transfer excitons found in the optical absorption spectra and
could be related to an improvement of the photovoltaic yield.

It has been demonstrated that work function and interfacial charge transfer can be significantly
influenced by the introduction of graphene buffer layer between transition metal complexes
adsorbed on metallic substrates. There are few investigations to explore the impact of
intermediate 2D layer on the interfacial electroninc properties of adsorbed moelcules on metallic
substrates. Influecne of graphene layers on the work function alterations and chargre injection
barriers for porphyrin adlayers on different metallics substrates is still an open questions. We
devote chapter six to address this issue. To achieve this goal we selected Gr/Ni(111), Gr/Pt(111)
and HOPG substrates so that comparison between weakly interacting graphene can be made with
strongly interacting graphene. HOPG is taken as refrecne substrate due to its weakly interacting
nature with porphyrin.

These substrates enable us to highlight the impact of dissimilar graphene-substrate coupling and
unique surface properties of these substrates on interaction with adsorbed molecules, which in
turn control the interface dipole, energy level alignment, and bond strength and adsorption
geometry of the molecules. In this context, photoemission and X-ray absorption spectroscopy
have been utilized to demonstrate the ability of graphene to control the interaction of FeTPP-CI
adsorbed onto Gr/Ni(111) and Gr/Pt(111) substrates. FeTPP-Cl molecules decouple from the
underlying Pt(111) substrate in contrast to Gr/Ni(111) due to weaker graphene-substrate
interaction. Photoemission analysis reveals that work function alterations and energy level
alignment at Gr/Pt(111) interface exhibits resemblance with adsorption onto HOPG
demonstrating weaker metal-molecule interactions. C K edge NEXAFS demonstrates that the
peripheral phenyl groups of FeTPP-CI adopts near gas phase configuration for the adsorption on
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HOPG in contrast to Gr/Ni(111) and Gr/Pt(111). The study establishes the ability of graphene to
alter the energy level alignment at tetrapyrrole complexes interfaces onto conducting substrates.
The presence of an interface state at 0.3 eV below the Er measured in the caase of Gr/Ni(111)
substrate suggesst the possibility of the gap opening in the FeTPP-Gr system, previewed by the
recent theoretical calculations [17], though the simulation is referred to a free-standing graphene
layer. Notably the interface state is absent in the case of Gr/Pt(111) case. Further work is
mandatory to confirm this point.

Second part of chpater five is focused on the electronic properties of ferrocene/Graphene
interface on ferromagnetic surface and its comparative behviour on HOPG. The motivation of
the study is to invesitgate the dissimilarties in the intrfacial electroninc properties of
Ferrocene/HOPG and Ferrocene /Gr/Ni(111) systems due to peculier differecnes in the surface
proeperties of graphene and HOPG. Interestingly, Fe L3 analysis indicates no significant charge
transfer from Ni(111) to the iron ion and ferrocene almost desorbs completely due to weaker
interaction with underlying transition metal substrate passivated by intermediate graphene layer.
Moreover, ferrocene molecules do not desorb at room temperature on HOPG in contrast to
Gr/Ni(111) probably due to captive environment provided by layered HOPG structure and nt-nt
interactions.

Although, considerable attention has been given to understand the electronic and magnetic
properties of porphyrin and phthalocyanine molecules adsorbed on metallic substrates. However,
adsorption of these molecules on oxides and nitrides surfaces is still not widely studied. The
potential of IPES can be utilized to explore the perturbations of unoccupied density of states
induced by the interaction of these molecules with oxide and nitride surfaces. Another interesting
area is the tuning of porphyrin and phthalocyanine molecules interfacial electronic properties by
the adsorption on 2D nanostrucutured materials such as GdAu, 2D-layers on Au(111) which
forms a moiré pattern when Gd ions adsorbed on Au(111). [results published in Correa et al.
Nanoscale 2017, 9, 17342, in collaboration with Dr. Lucia Vitali Universidad del Pais Vasco,
Spain] .These findings can provide insight into the interface effects on the electronic properties
of 2D materials and on the importance of their distortion from the planar geometry. Magnetic
properties studies of these systems using XMCD(X-ray magnetic circular dichroism) can provide
plethora of information about magnetic behavior of porphyrin and phthalocyanine molecules.
Therefore, there are still certain loose ends in the surface science of porphyrin and
phthalocyanine molecules, which needs further investigations.
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Appendix

It is worthwhile to mention that splitting of the molecular orbitals for transition metal complexes
in the ligand field strongly depends on the coordination geometries as shown in figure below

Figure Al Splitting of d-orbital energy levels in ligand fields of different symmetries [1]

It is important to highlight some important aspects when molecules form crystalline thin films on
substrates. Actually, in the solid state form gas phase values of IEg and EAg and corresponding

energy gap are modified due to polarization energies. The Figure below represents the schematic
diagram for the IE4 and EAq of isolated molecules in gas phase. As shown in Figure in the solid
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state form due to the polarization of the surrounding media IEg4 decreases by the positive
polarization energy P+ and increases EAq by the negative polarization energy P—.[2]

The polarization energy of the cation (P") is defined as the difference in energy between the
ionization energy of the molecular system in the crystal (IE) and the ionization energy of the
molecular system in the gas phase (IEgas). Similarly (P”)can be defined for anion.

P* = IE-IE,
P = EA-EA,

Importantly, transport band gap is further affected by geometric distortions which can change the
bond lengths of molecule.The energy associated with geometrical change in the molecular
structure is known as the geometric relaxation energy A, and the charge traveling through the
molecular crystal, that comes along with the geometric distortion of the molecules, is commonly
referred to as “polaron”. Moreover, the geometrical reorganization energy A+/— further
decreases/increases the vertical IE/EA resulting in an energy gap of Agans. Further, the transport
band gap is not equal to optical band gap. The difference between Atyans and Aqp is the Coulomb
attraction between electron and hole, called exciton-binding energy (Eexciton). The Figure
below summarizes difference contributions resulting in change of gas pahse values of IE and EA.

Figure A2 Schematic HOMO and LUMO frontier energy levels, of (a) an isolated molecule in the gas phase, with
IEgas, EAgas and the energy gap Agas. (b) Respective energy levels of a molecule in a solid (condensed film),
where the polarization of the surrounding media decreases IEgas by the positive polarization energy P* and increases
EAgas by the negative polarization energy P~. The energetic difference between both energy levels is the
conductivity gap Acond. Moreover, the geometrical reorganization energy _+/— further decreases/increases the
vertical IE/EA resulting in an energy gap of Atrans. In (c) the fundamental optical transition E° _ E* (triplet (E®) or
higher excitations (E*, , E%) are indicated) yields the optical band gap Aopt. Comparing Atrans and Aopt yields an
energy difference corresponding to the exciton binding energy (Eexciton)-[2]-
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Symbols and Abbreviations

2H-TPP-- 2H-5,10,15,20-tetra-phenyl-porphyrin
2H-OEP-- 2H-octa-ethyl-porphyrin
AFM—Atomic Force Microscopy

CoTPP-- Co(ll)-tetra-phenyl-porphyrin
CuOEP-- Copper octathyl porphyrin

CuPc-- Copper phthalocyanine

CoPc -- Cobalt Phthalocyanine
FeCp,--Ferrocene

DFT-- Density functional theory

DOS--local density of statesFeOEPCI --Fe(l11)-octa-ethyl-porphyrin-Cl
Fe-TPPCI-- Fe(ll)-tetra-phenyl-porphyrin-Cl
GIXRD—Grazing Incidence X-ray Diffraction
HOMO--highest occupied molecular orbital
hv—photon energy

IPES—Inverse Photoemission Spectroscopy
LEED -Low WIwctron Energy Diffraction
LUMO-- Lowest unoccupied molecular orbital
MO—Molecular Orbitals

MOEP—Transition Metal Octaethyl Porphyrin
MPc--Transition Metal Phthalocyanine

MTTP--Transition Metal Tetraphenyl Porphyrin
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ML--monolayer

NEXAFS--Near-edge X-ray absorption fine structure
PES -- Photoemission spectroscopy
P&P—Pump and Probe

RT — Room Temperature

STM—Scanning Tunneling Microscopy
WEF — Work Function

XAS — X-ray Absorption Spectroscopy
XMCD --X-ray magnetic circular dichroism
XPS—X -ray Photoemission Spectroscopy
UHV—Ultra High Vacuum

ZnOEP-- Zn(I1)-octa-ethyl-porphyrin
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