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Abstract
Metal phthalocyanines (MPcs) prepared as single crystals, polycrystalline powders and thin
films have been analysed using a combination of surface science techniques, diffraction based
structural characterisation and magnetic characterisation.
Vanadium oxide phthalocyanine (VOPc) prepared as thin films on the (111) surface of gold,
silver and copper is analysed by (STM) low energy electron diffraction (LEED) and ultraviolet
photoemission spectroscopy (UPS). Similar surface and electronic structure is observed on gold and
silver, but profoundly different assembly and electronic properties were observed on copper.
The effect of increasing the substrate temperature during growth on the structure and
morphology of iron phthalocyanine (FePc) and manganese phthalocyanine (MnPc) is investigated
using atomic force microscopy (AFM), scanning electron microscopy (SEM) and X-ray diffraction
(XRD). An evaporated copper iodide (CuI) structural template layer is also used to alter the
arrangement of FePc molecules in thin films.
The single crystal structure of fluorinated copper phthalocyanine (F16CuPc) is re-determined
using synchrotron X-ray diffraction. Thin films of F16CuPc grown on graphene oxide supports are
analysed using X-ray diffraction (XRD), transmission electron microscopy (TEM) and selected area
electron diffraction (SAED). This allows assignment of both crystal structure and texture in
polycrystalline thin films of a variety of thicknesses.
F16CuPc is also analysed using superconducting quantum interference (SQUID)
magnetometry in both powder and thin film morphologies. 3, 4, 9, 10-perylenetetracarboxylic
dianhydride (PTCDA) structural template layers are used to alter the orientation of crystallites and
the effect of this on the magnetic properties are analysed.
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1 - Introduction

Chapter One
Introduction
1.1 – Introduction
Small molecular semiconducting materials have attracted significant interest in the
last three decades due to their potential applications in a variety of organic electronic
devices1. This chapter will summarise the state of the art of each of the analysis techniques
used to study phthalocyanine semiconductors. All materials and substrates selected for
study will also be introduced and selected previous work will be discussed.
Organic semiconductors (OSCs) possess some important advantages over the
inorganic materials which currently dominate commercial devices in electronics 2 and
photovoltaics3. Chief among these is the ability to use chemical modification to select
desirable characteristics in materials used to fabricate devices4. Such routes allow a unique
approach to materials design where a variety of theoretical and experimental organic and
physical chemistry can be applied. Similar modification is not possible with inorganic
materials as the irreducible building block of any device structure is atomic, whether a single
atom (in the case of silicon) or a collection of atomic species for binary or ternary materials.
As such adding functional groups or chemical moieties changes the composition of the
material rather than simply modifying its behaviour. While adding dopants to crystalline
materials is an effective method of property control2, this is a markedly different approach
to chemical modification and similar doping studies have been conducted with organic
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materials5. Design of molecular systems through chemical synthesis offers precise control
over frontier orbital energy levels, crystal structure and physical properties6.
The ability to make these changes to materials systems presents a new set of
problems, as intentionally changing one aspect of a molecule’s behaviour can have
unforeseen implications. For example, adding fluorine atoms as electron withdrawing
substituents around a phthalocyanine ring to alter the position of highest occupied
molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO) states can
drastically alter its self-assembly on surfaces7,8. Changes in axial substituents in large
aromatic molecules made to affect crystal structure can affect charge transport and
performance in devices such as transistors. As such each material system must be
understood from a chemical, electronic and structural perspective before chemical or
physical changes are made and evaluated.

To this end a wealth of research has

demonstrated the effective application of multi-technique characterisation to films
prepared and maintained in ultrahigh vacuum9.

As with inorganic semiconductors in

previous decades, the understanding of OSCs is approaching the point of maturity where
measurements on model systems can provide insight into and allow further development of
electronic devices10.
Vacuum processing is widely used industrially to fabricate commercial electronic
devices so using preparation and characterisation methods based in vacuum is highly
complementary. Combination of real space and reciprocal space structure determination
and photoemission spectroscopy with versatile in-vacuo preparation methods can provide
in depth understanding of new or established materials systems11,12.
2
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In order to gain an understanding comparable with that present in inorganic
semiconductors many of the same or similar techniques have been used over the past few
decades to probe the properties of organic semiconductor materials. Understanding
electro- or optically active organic materials can be split into two broad and overlapping
fields, techniques which aim to understand the bulk properties of materials and those
designed to probe surfaces. Bulk measurements are usually conducted with materials
deliberately prepared as large single crystals or as purified powders composed of smaller
crystals13. Crystal structure and transport properties of organic materials are routinely
conducted to understand their intrinsic behaviour14. Single crystals allow removal of the
problems associated with grain boundaries that are known to complicate structural
measurements and scatter charge carriers in electrical measurements15. Structural
measurements are of particular significance and in a single crystal sample all lattice planes
are present with scattering intensities large enough to map atomic positions within unit
cells. Without this information indexing and understanding the more limited data routinely
collected from thin film samples is extremely difficult.
A huge variety of materials have been demonstrated in device architectures and
some devices nearing commercial maturity have emerged in the last few years16. Despite
this a huge disparity exists between the amount of device characterisation and basic
structural and spectroscopic characterisation of the materials applied therein.
Archetypal materials including acenes17,18, phthalocyanines19,20 and perylenes21,22
have been widely characterised on a variety of substrates by real space and reciprocal space
structural analysis techniques and an assortment of spectroscopies. As a complete literature
3
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these studies emphasise the sensitivity of small molecule semiconductors to substrate,
preparation conditions and even characterisation method23. Without a definitive knowledge
of each material and substrate or preparation method combination application of these
materials in commercial devices or technological platforms is fraught with difficulty. As
phthalocyanines are most widely used in this work they will be the only molecules discussed
at significant length.

4
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1.2 - Materials
1.2.1. Phthalocyanines

Phthalocyanines (Pcs) are a class of organic semiconductors based on the ‘parent’
dihydrogen phthalocyanine which was first synthesised in 190724. Phthalocyanines all
contain the fourfold isoindole-centred phthalocyanato ligand and a complexed chemical
species within the central cavity (Fig. 1.1). The phthalocyanato ligand is capable of
accommodating a variety of atoms, and a wide variety of phthalocyanines have been
synthesised25. The first metal centred phthalocyanine to be synthesised was in 192726 and
since then MPc molecules have been demonstrated in a huge variety of applications in
electronic and optoelectronic devices27.

(i)

(ii)

(iii)

Figure 1.1 – The chemical structures of (i) the ‘parent’ dihydrogen phthalocyanine, (ii) Cu(II)
phthalocyanine and (iii) vanadium xxide (vanadyl) phthalocyanine

5
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1.2.1.1. Surface studies of Phthalocyanines

Phthalocyanine thin films have been prepared using most available film preparation
techniques, both by solution processed routes28 and vacuum deposition29. Active layers are
often in the tens of nanometre range and can present properties significantly different from
bulk crystalline samples of the same material30,31, so careful analysis is necessary to fully
understand their nature and properties. As the surface area is so large in films with these
dimensions, understanding the surface structure of organic semiconductors and establishing
surface to property relationships is crucial.
A huge variety of phthalocyanine-surface combinations have been studied using
surface science methodologies. Techniques typically used to study OSC interfaces include
scanning tunnelling microscopy (STM)32, atomic force microscopy (AFM)30, low energy
electron diffraction (LEED)33 and ultraviolet photoemission spectroscopy (UPS)34. Identical
samples are commonly analysed by each technique in turn without exposure to air when
films of evaporable materials are prepared in vacuo.

6
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1.2.1.1.1 Scanning Tunnelling microscopy

With the increase in availability of user friendly commercial scanned probe surface
imaging systems in the last decade years it is hardly surprising that scanned probe
microscopy has become hugely popular in the study of organic semiconductors. Recent
developments in sample and tip preparation in atomic force and scanning tunnelling
microscopy conducted in ultrahigh vacuum have allowed unprecedented resolution of
molecules and even individual bonds35.
The scanning tunnelling microscope has proved an indispensable tool for the
exploration of two dimensional structures and local density of states in isolated molecules
and thin films of phthalocyanines. Routinely resolving sub-molecular structure, selfassembly and molecular packing allows a deep understanding of the surfaces of
phthalocyanine thin films.

7
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(ii)

(i)

Figure 1.2 – STM contour map before (i) and after (ii) correction for piezo drift of a single CuPc
molecule (reproduced from 36).

The first molecular resolution images of phthalocyanines were published by
Gimzewski et al.36 from results obtained at IBM research labs in Zurich (Fig. 1.2). While other
molecular systems such as lipid bilayers and DNA37 had been imaged with STM, this work is
the first example of using evaporation in UHV to prepare and directly image the surface
structure of a technologically useful molecule at an interface. In this case the interface was
between CuPc molecules and a polycrystalline silver surface which had also been
evaporated in UHV conditions.
While advances in data acquisition and STM instrumentation have produced higher
resolution images from which more information can be extracted, important questions that
are still relevant to the field today were raised in this early work. The complex nature of the
tunnelling process is both recognised and discussed, along with the nature of the moleculesubstrate interaction in the adsorption process. Unlike inorganic surfaces the orbitals
involved in the process of tunnelling and therefore the images produced are not
immediately obvious as molecular orbitals in small molecules are often complex.

8
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Observations including the narrow range of appropriate voltage biases for imaging,
the presence of molecular surface diffusion at low coverage and, most importantly, that
high electric fields applied to the tunnel junction can change the surface topology due to the
delicate nature of the surface-molecule interaction were made.
Over the next decade numerous other works explored the possibilities of using STM
to image phthalocyanine molecules and films prepared on surfaces by evaporation in UHV.
Theoretical approximations to molecular density of states38 and even direct simulation of
STM images39 were approached with a variety of computational methods. It became clear
that comparison of sub molecular resolution images with simulations of the orbitals
involved in the tunnelling process could provide insight into the electronic structure of MPc
molecules on surfaces. The first group to successfully use the approach of STM imaging on
MPc films to explore an issue of chemical enquiry was that of Hipps40 at Washington state
University.
The motivation for Hipps’ research was the lack of understanding of the interaction
between metal phthalocyanines and supporting substrates, despite a variety of publications
in which MPc molecules were successfully imaged at surfaces41,42,43. With the postulate that
the electronic charge distribution and adsorption geometry reflects the nature of the MPcsubstrate interaction, STM was employed to explore monolayers of CoPc and CuPc on the
Au (111) surface. Significant theoretical work existed in which STM images of
phthalocyanines were simulated using local density of states approximations. Calculations
predicted a ‘hole’ in the centre of the CuPc molecule when imaged by the STM tip,
rationalised by the occupied and unoccupied orbitals centred on the copper atom being
9
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much further (approx. 1eV) from the Fermi energy than that of the LUMO of the
phthalocyanine ligand. Tunnelling into the ligand was therefore energetically favoured
producing large tunnelling currents and a peak in the constant current height profile. As the
tip travelled across the Cu atom the less favourable tunnelling conditions required the tip to
move closer to the sample to maintain the tunnelling current and as such produce a dip in
the height profile. It follows then that exchanging the central metal atom of the MPc species
would change the height profile of the centre of the molecule by affecting the local electron
density.

(i)

(b)
(ii)

(iii)

2.5nm

2nm

2nm

Figure 1.3 – STM images of (i) a CuPc monolayer, (ii) a CoPc monolayer and (ii) a mixed
monolayer. The red circle marks a CuPc molecule and the black circle a CoPc molecule
(reproduced from 40)

CoPc and CuPc molecules were used to demonstrate this phenomenon, evaporated
firstly into single component thin films and finally co-deposited into a mixed monolayer
structure. Profound differences were observed in the visualisation of CoPc and CuPc by the
STM (Fig. 1.3) which could be rationalised by electron density differences in the metal at the
centre of the molecule. For CuPc the cross like shape of the ligand system was clearly
10
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resolved with a depression in the centre leading to the assumption that the Cu is not
participating in the tunnelling process. However for CoPc the same ligand visualisation is
present but instead of a hole in the centre of the molecule a protrusion is evident. When a
mixed layer of molecules was prepared the individual species could be discerned by the
presence of a depression for CuPc or a peak for CoPc, confirming the observed differences
as the same tip and conditions could be used to image both species.
The apparent height of features in STM does, however, depend on a variety of
parameters and with this in mind the authors discussed both a simplified model for the
tunnelling process and three possible tunnelling mechanisms. In the simplest terms the
Cu(II) species is considered to be acting as an insulator while the Co(II) acts as a conductor,
and as STM images are composed of contours of constant current the dip and rise of the tip
to maintain constant tunnelling conditions gives rise to these features.
Three tunnelling mechanisms are also suggested, first among which is that the
tunnelling electrons are mediated mainly through the molecular LUMO. The bright central
point could then be assigned to the empty 3dz2 orbital of the Co (II) centre. Secondly, a
situation where the HOMO is the dominant tunnelling pathway and therefore the d z2 or (dxz
,dyz) pair provide the observed contrast. These orbitals do show significant projection out of
the plane of the molecule but are located 2eV below the unbound ligand HOMO in CuPc and
CoPc making such a tunnelling transition unlikely. Mediation by d-orbitals or coherent
coupling of the molecular orbitals with the substrate and tip are also suggested. Finally, an
incoherent process similar to orbital mediated tunnelling seen in MPc tunnel diodes is

11
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considered, but this offers no information about the tunnelling process or the recorded
image.
This work was the first to demonstrate the ability to solve a chemical problem, in this
case the effect of changing the metal centre on the molecular density of states, by using
STM and the phthalocyanine family of molecules. Contrary to previous reports and
theoretical expectation this confirmed that the central metal atom (and its orbital
configuration) as well as the ligand system needs to be considered to fully understand STM
imaging of phthalocyanines.
More recent data present in literature have focused on understanding the structural
and electronic aspects of the earliest stages of film formation. To overcome the problems of
surface mobility at much less than one monolayer cryogenic temperatures are employed to
kinetically freeze molecules at their adsorption sites, supressing thermal diffusion to allow
low coverage imaging.
Countless examples of cryogenic STM studies of MPc molecules from isolated
molecules up to monolayer coverage can be identified from literature in the last decade.
However many studies are not carried out systematically and many gaps exist in the
understanding of the MPc-substrate interaction. Iron phthalocyanine (FePc) has attracted
significant attention due to its interesting magnetic properties and unusual behaviour in
ultrathin layers. Cheng et al.44 observed the very early stages of crystallisation of FePc on
the (111) surface of gold, selecting 0.1, 0.3, 0.6 and 1 ML in order to observe coverage
dependant behaviour (Fig. 1.4).

12
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(a)
(i)

(ii)

(c)
(b)
(iii)

(iv)

(v)

(d)

(vi)

Figure 1.4 – STM images of FePc at (i,ii) 0.1ML (iii,iv) 0.3ML (v) 0.6ML and (vi) 1ML. A digitally
enhanced section of (v) is included along with a model for the packing motif (reproduced from
44
).

At 0.1 and 0.3 ML the surface reconstruction of the gold produces an
inhomogeneous distribution of molecules due to the preference for adsorption on face
centred cubic (fcc) sites rather than body centred cubic (bcc) sites. In both cases molecules
are dispersed across the surface rather than forming aggregates or ordered structures,
suggesting intermolecular interactions are not causing self-assembly or directing the surface
structure. As more molecules are added to the surface self-assembled structures begin to
emerge, the most striking of which is a circular hexamer of molecules with a triangular
vacancy at the centre.
The formation of this open framework structure is explained by considering
adsorption configurations determined by the MPc-substrate interaction and the effect of
elbow sites in the herringbone reconstruction. As a monolayer is reached a completely
ordered structure is observed and no unusual assembly or orientation is present, only the
most stable molecular orientation in a closely packed layer.
13
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Emergent in the field of cryo-STM of MPc systems is the ability to use the STM to
directly observe properties of isolated molecules. The interesting magnetic properties of
FePc have made it a prime candidate for this kind of research. Tsukahara et al. 45 showed in a
2009 paper that the magnetic characteristics of FePc on both clean and oxidised copper
surfaces is highly sensitive to the adsorption architecture of the molecule. Two
geometrically different adsorption geometries were identified, both of which correspond to
the molecule adsorbing ‘flat’ with respect to the substrate with the ligand π system
orthogonal to the substrate plane. The difference between the two, labelled alpha and beta,
is the angle created by an imaginary line passing through opposite lobes of the
phthalocyanine and the (001) direction of the substrate. While this difference is only 15° the
effect on the properties of the molecule, in this case the zero field splitting and magnetic
anisotropy as measured by inelastic electron tunnelling spectroscopy, is profound. On the
clean Cu (110) (2x1) oxygen reconstructed surface the response to an applied magnetic field
of each adsorption motif is different due to the different magnitudes of the zero field
splitting present.
By monitoring and understanding very subtle changes in the structures of MPc thin
films a much better understanding of their properties can be achieved. STM studies allow
the morphological and electronic surface structure of films to be studied and correlated
with other physical properties.

14
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1.2.1.1.2 Low Energy Electron Diffraction (LEED)

Low energy electron diffraction has become an increasingly neglected technique
since the wide adoption of high-resolution real space scanning probe techniques. Other
electron diffraction and imaging techniques such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and selected area electron diffraction (SAED) are
useful to study phthalocyanine films, but are limited in resolution or experimental
suitability. For example, TEM and SAED have been applied to a variety of phthalocyanine
crystals46 and thin films47, but samples are extremely sensitive to electron beams. While
using low-dose electron optics and cryogenic sample stages can alleviate some of these
problems48 they remain limited in scope experimentally and most often exposure to air is
necessary before characterisation. SEM is also routinely employed to characterise the
structure and composition of phthalocyanine thin films. SEM allows high resolution of
surface structures but lacks the ability to resolve individual molecules and only gives limited
depth of field information.
Application of LEED can be hugely complementary to scanned probe imaging and
electronic structure measurements as it provides insight into the surface structure of
crystalline samples. LEED optics employing a nano-amp primary beam current have been
shown to cause no damage to samples at the beam energies required to collect diffraction
patterns49.

15
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(i)

(ii)

Figure 1.5 – LEED patterns of (i) monolayer and (ii) multilayer films of CuPc on the Cu(100)
surface. Beam energies are 15eV in each case (reproduced from 50, inverted for clarity)

Buchholz et al.50 were among the first to observe LEED patterns (Fig.1. 5) for ordered
layers of MPc molecules, publishing patterns from CuPc and FePc as well as metal free
phthalocyanine on copper single crystal surfaces in 1976. This work long predates the
invention of scanned probe techniques for real space surface imaging and was one of the
first to suggest surface crystal structures for thin MPc films. Monolayer films were grown
onto Cu (111) and Cu (100) surfaces held at room temperature and patterns were recorded
which were dependant on the substrate and the molecule present. The most significant
observation of all was that the surface structures observed did not match any of the
crystallographic planes present in single crystals of the materials used. Two possible
explanations of this behaviour are that a reconstruction or reorganisation of the surface is
present, or that a completely new crystal structure is present in the MPc over-layer due to
constraints imposed by the substrate. This provides even more evidence that the MPcsubstrate interaction is of huge importance as in this case the crystal structure and growth is
different from that observed in bulk samples of the same material.
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Examples exist of both planar and non-planar phthalocyanines deposited on
semiconducting51 and insulating substrates as well as a variety of metal surfaces52. Papers
using LEED as the lone analysis technique often include quantum mechanical or
thermodynamic simulations to provide insight into the epitaxial relationships in MPc thin
films.
More recently LEED has been demonstrated in combination with other surface
analysis techniques to either confirm observations from other methods or provide more
information about complex MPc systems. Gopakumar et al.53 used both LEED and STM to
investigate PdPc on HOPG in the same multi technique UHV system. LEED patterns displayed
far more spots than expected from the quadratic unit cell of perfectly ordered MPcs
adsorbed with π systems orthogonal to the substrate. Indexing of the patterns was possible
if the over-layer symmetry was considered to be 10° mismatched with one of the graphite
lattice directions, and as such six rotationally inequivalent domains were present (Fig 1.6).
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While high resolution images were produced large scale imaging in such quantity to
be able to statistically predict the number of rotationally unique domains present would be
onerous. In LEED experiments an average representation of the surface crystallography
within the probed area is produced so the consequences of polycrystallinity in thin films
such as these are obvious from a single pattern.

(i)

(ii)

(iii)

Figure 1.7 – LEED patterns of FePc on Ag (111) with increasing coverage. Patterns correspond
to (i,ii) commensurate submonolayers and (iii) incommensurate structure at one monolayer
(reproduced from 54).

While STM can be effective in imaging films at various stages of growth it is often not
feasible to use the STM as a real time monitoring tool in the growth of MPc films. LEED can,
however, be applied in real time during deposition as no instrumental components or
probes must be exposed to the flux of molecular beams. Bobaru et al.54 investigated FePc
from submonolayer to monolayer coverage using a combination of STM and LEED on the
(111) surface of silver. So called ‘live-LEED’ experiments tracked the evolution of the LEED
pattern of the film during deposition and the intensity profile of the (10) substrate spot was
used to monitor order in the film. Three significant patterns (Fig. 1.7) are highlighted at 180,
240 and 330 seconds during growth at 0.22 ML/min. Firstly a diffuse ring pattern attributed
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to a two dimensional gas phase being formed on the surface is observed followed by a
commensurate overlayer and finally an incommensurate phase. STM was used to probe
these three points on repeated growth runs and produced very similar molecular resolution
images for both spot patterns observed. Without using LEED to probe the surface
crystallography it would be hard or impossible to discern any of the subtle differences in the
two structures.

1.2.1.1.3. Ultraviolet Photoemission Spectroscopy

Since the electronic properties of organic semiconductor films depend strongly upon
the nature of the interface between the organic material and substrate55, it should be
expected that work is currently being undertaken to characterise films and interfaces. While
core level X-ray photoelectron spectroscopy (XPS) is of huge importance to understand the
higher binding energy portions of the electronic structure of molecules it will not be
discussed here as none was undertaken during this work.
Ultraviolet photoemission spectroscopy (UPS) allows determination of the low
binding energy region of the electronic structure of molecules which ultimately governs
their charge transport behaviour. UPS is widely used to measure the work function and
highest occupied molecular orbital (HOMO) position of organic materials evaporated in thin
films. As the UPS spectrum of a molecular system is an approximation to its density of
states, theoretical calculations can enhance the amount of information extracted from the
technique56. Huge insights can be gained into the energy level alignments at interfaces
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whether these interfaces are applied in electronic devices or purely studied from a surface
science perspective.
One of the first systematic UPS studies of solid state organic semiconductors was
undertaken by Sato et al.57 in 1981 in order to investigate polarisation energies in molecular
solids. Comparison of gas phase UPS spectra and their solid state counterparts was used to
evaluate the magnitude of polarisation energies in a total of 44 materials. Polycyclic
aromatic hydrocarbons were shown to share a common polarisation (P+) value of 1.7eV
regardless of differences in molecular size and crystal structure. A few compounds did
exhibit values significant higher or lower than this common value, with these observations
attributed to large molecular polarisabilities and structural complexity respectively. The
authors make an important conclusion; polarisation energy in a molecular solid is
dependent upon the intrinsic molecular polarisability and molecular packing in crystalline
solids.
This understanding of the difference in behaviour from gas to condensed phase and
the impact of such changes upon electronic structure are hugely important in interpreting
UPS data in the solid state. In a more recent article the topic was revisited by Hill et al.58
from the perspective of investigating charge separation in organic semiconductors. When
we consider applying organic materials in electronic or optoelectronic devices we are really
considering their method of and ability to transport electrons and holes.
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(i)

(ii)

(iii)

Figure 1.8 – Combination UPS/IPES spectra for (i) CuPc and (ii) PTCDA along with (iii) a
schematic of the impact of polarisation energies upon band structure (reproduced from 58).

In contrast to covalently bound inorganic semiconductors localisation and
polarisation effects dominate excitation and transport dynamics in organic materials which
are held together by relatively long range forces. Particularly for organic photovoltaic (OPV)
applications the exciton binding energy, or charge separation energy, is of huge importance
and values are significantly larger than those found in inorganics 59. The authors used a
combination of UPS to observe the occupied states at low binding energy (HOMO) and
inverse photoemission spectroscopy (IPES) to observe low lying unoccupied states (LUMO)
in five organic materials including CuPc (Fig. 1.8). This allowed the transport gap (Et), (the
energy required to create a free electron and hole pair) to be calculated and compared to
the optical gap (Eopt) which is calculated from the onset of optical absorption. Values for the
transport gap were significantly larger than those for the optical gap suggesting a strong
electron-hole correlation in organic semiconductors.
Although approached from a more fundamental standpoint than most experimental
work relating to device structures, work such as that of Hill et al. provides an understanding
of the electronic structure and transport phenomena in organic semiconductors which is
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indispensable. Hill and Kahn presented another particularly significant contribution to the
field by discussing the nature and importance of energy level alignment at organic/organic
interfaces in semiconductor heterostructures60. The authors suggest that predicting the
energetic position of the HOMO and LUMO of materials present at an organic/organic
interface (like those found in organic light emitting diode (OLED) or OPV structures) is the
most important energetic concern. However the assumption that a common vacuum level is
present across the organic/organic interface and the requirement of Fermi level alignment
at thermal equilibrium complicates matters.
A variety of work had already shown that the assumption of vacuum level alignment
at organic/metal interfaces did not hold, partly due to the presence of interface dipoles. Hill
and Kahn approached organic/organic interfaces with a similar question in mind; are
vacuum level shifts evident in interfaces between two organic semiconductors? In order to
address this question, organic layers were deposited onto gold supporting films and another
organic layer was sequentially added and UPS spectra recorded. These measurements
showed that unlike organic/metal interfaces, in organic/organic interfaces vacuum level
alignment can be applied to understand energy level alignment. This is rationalised by
highlighting the differences between organic/metal and organic/organic interfaces, namely
the lack of chemical changes in the organic/organic case which may be present at
metal/organic interfaces. Phenomena such as charge transfer or large interface dipoles may
be present in the latter which can create states within the band gap of the OSC.
Understanding transport behaviour in such architectures is clearly high dependant on our
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understanding of the nature of the interaction between organic molecules and other
species, whether an organic molecule or a part of an inorganic surface.
In the last decade a wide variety of both fundamental and device architecture
experiments have been conducted using UPS. While many have tended to combine
electronic surface probes like XPS and UPS with scanned probe or diffraction methods, the
UPS component of such work provides the most robust electronic structure determination.
UPS has been used to great effect to evaluate both Fermi level pinning61 and electron
transfer at organic/metal interfaces62 and to understand the dominant electronic effects
when such an interface is formed.
Niederhausen et al.63 demonstrated both the importance of Fermi level pinning in
understanding molecular heterointerfaces and the role it plays in the final electronic
structure observed. The approach employed was to examine the interaction of a C60 sub
monolayer which had been physically separated from a supporting Ag(111) surface by an
evaporated interlayer of alpha-sexithiophene molecules. By preventing direct contact
between the molecule and the surface electronic coupling is not possible and any direct
interaction with a surface state or charge ‘spilling out’ of the surface is prevented.
The possibility of pinning the Fermi level of the C60 using a sexithiophene
(6T)/Ag(111) structure which has a workfunction lower than the molecule’s electron affinity
is also introduced. Monitoring the change in the valence density of states by UPS allows a
tentative explanation of the observed behaviour of this relatively complex heterostructure
(Fig. 1.9).
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(i)

(ii)

(iii)

(e)
(v)

(d)
(iv)

Figure 1.9 – UPS spectra for (i-iv) for C60/6-T/Au(111) hetero-structures along with (v) a band
structure schematic with induced charge transfer indicated (reproduced from 63).

Initially the C60 LUMO sits below the Fermi level of the 6T/Ag(111) structure which
has a workfunction of 3.85 eV while the electron affinity of the C 60 is approximately 4eV. An
energetically favourable electron transfer occurs and a dipole is formed between the
negatively charge C60 molecule and the residual metal hole. Dipole-dipole repulsion
essentially limits the possible density of charged molecules and experimental observations
confirm that both charged and neutral C60 molecules are present on the surface. These
negative C60 dipoles can screen the energy levels of other nearby C60 molecules and lift their
LUMO levels above the Fermi level of the underlying layer therefore allowing them to
remain unchanged. This suggestion rationalised the coexistence of both charged and neutral
molecules and creates a ‘doped’ two dimensional C60 array physically separated from the
substrate.
Experiments such as these shed even more light on the rich and complex nature of
surface interactions and charge transport in organic semiconducting materials. As the field
of organic electronics matures predicting the electronic properties of both materials and
structures created from them will be of utmost importance. Examples of trends in electronic
structure that can be used to predict properties of new molecules and unusual examples
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that do not fall in line with expectations are prevalent in the literature. As such a keen
experimental understanding and a robust approach to experimental design and data
analysis are vital when techniques such as UPS are applied to organic molecules.

1.2.1.2. Crystal Structure of Phthalocyanines

Crystal structure determination of phthalocyanine materials is a widely studied,
complex and often inconsistent field of research. Some of this is due to inherent difficulties
with the crystallography of large molecules which are highly sensitive to preparation
conditions and exhibit multiple subtle variations on similar crystal structures 25. Unlike
inorganic semiconductors sample preparation for single crystal XRD and TEM measurements
can either drastically change the structure of a sample or destroy it completely64. As such
knowledge of phthalocyanine crystal structures is a mixture of full structures from single
crystals, unit cells without atomic positions from powder diffraction experiments and
inference from comparison to molecules that are assumed to be iso-structural due to
chemical similarities13.
Although

the

phthalocyanine

molecule

was synthesised

and

structurally

characterised in 1934 only chemical methods were initially used for structural analysis65.
While molecular structure is vital in understanding a material for use in organic electronics,
the solid state ordering of molecules in a crystal or film are of equal importance where
phenomena such as charge transport are concerned. The first crystal structures were solved
from single crystals of metal free, nickel, copper and platinum phthalocyanines in work by
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Robertson et al.66 from crystals prepared by sublimation (at low pressure in a flow of carbon
dioxide). While atomic positions were not generated due to the relative simplicity of the
available equipment and analysis methods, unit cell parameters could be determined in
each case. Transition metal centred phthalocyanines have since been extensively studied by
X-ray diffraction but due to the difficulties in preparing large single crystal samples
methodology and results have varied considerably.

1.2.1.2.1. Single Crystals

One of the most commonly studied phthalocyanines, and one of the most widely
studied small molecule semiconductors, is copper(II) phthalocyanine. From the original
experiments by Robertson CuPc was found to be monoclinic with P2 1/a symmetry and a
tendency to elongate along the b axis (corresponding to the face-to-face molecular packing
direction) in crystals to form high aspect ratio needles66. The unit cell was found to contain
two flat molecules with square symmetry with an intrinsic tilt angle with respect to each
other to create a ‘herringbone’ packing arrangement when viewed along the molecular axis
(Fig. 1.10). In 1968 Brown et al. published a structural refinement based on single crystals
which enabled atomic positions to be calculated67. Once again the tendency for the growth
habit to elongate the crystal along the b axis was noted, and a two molecule unit cell with a
tilted herringbone structure was observed. While only two significant studies had reached
publication at this point they agreed on the volume and dimensions of the unit cell for the
particular polymorph in question. They also concurred upon the herringbone arrangement
of molecular planes within the unit cell.
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65°

45°

Figure 1.10 – Schematic of molecular packing in the reported alpha and beta modifications of
the reported66 CuPc crystal structure (viewed along the molecular plane).

Despite this, controversy surrounds the analysis of molecular packing within crystals
of phthalocyanine molecules. This is partly due to the existence of multiple similar
polymorphs of a single molecular species such as the archetypal alpha and beta
modifications of the CuPc crystal structure68. Such subtle changes in structure are often
difficult to observe making interpretation protracted and dependant on experimental and
analytical accuracy. These difficulties are compounded by instances of structural inference,
assuming that chemically similar compounds are isostructural, for example PtPc and CuPc.
This has led to accepted terminology which is at best misleading and at worst scientifically
incorrect. More detailed analysis of crystal structures can disprove such assumptions, which
was shown by Hoshino at al. in the case of CuPc69.
A wide variety of proposed structures and nomenclature for MPc crystal structures
had been presented in the literature up to 2003 with a variety of packing motifs,
intermolecular spacings and orbital overlaps. In CuPc the beta modification, as mentioned
above, had been fully characterised by XRD experiments on single crystals. The alpha
polymorph had been partially analysed by TEM of thick films grown on alkali-halide
substrates with the assumption that PtPc and CuPc shared the same structure. Hoshino’s
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SAED patterns suggested that rather than the herringbone arrangement, the molecules
were instead arranged in slipped parallel stacks (Fig. 1.11).

Space group: P -1
a: 12.886 (Å)
b: 3.769 (Å) α: 96.22°
c: 12.061 (Å) β: 90.62°
γ: 90.32°

(c)

(0)
(a)

(b)

Figure 1.11 – Visualisation of the revised CuPc crystal structure (created with data from69)

Lattice constants suggested that a single molecule was present in each unit cell, so
each molecule must have the same relative orientation within the crystal. With this in mind
four unique packing motifs could be identified, in contrast to those already suggested in the
literature, which could be broadly applied to planar phthalocyanine molecules. Many more
recent papers do not, however, recognise this deduction and refer to the original alpha and
beta labels in films and crystals. This is one example of how convoluted and confusing the
crystallography of phthalocyanines has become; a variety of proposed crystal structures and
an assortment of labels for polymorphs applied to either the same or similar structures. This
complicates analysis of phthalocyanine materials when they are applied in devices,
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especially as charge transport and related phenomena are so dependent on crystal
structure.
Many phthalocyanines that contain a non-planar central moiety such as vanadium
oxide, titanium oxide or aluminium chloride exhibit more complex crystal structures than
planar varieties. This is often attributed to the highly anisotropic intermolecular interactions
in these molecules which contain large electronic or magnetic dipoles in their central
species70. Structural analysis of non-planar phthalocyanines has received far less attention
as a field than that of planar equivalents. Metal centred phthalocyanines with either oxygen
species or counter ionic halides have been widely applied in electronic devices (for example
titanium oxide71, aluminium chloride72 and vanadium oxide73 phthalocyanines). Despite this
complete structural characterisation of single crystals has not been undertaken for many of
these compounds. Inference from similar molecules or characterisation of single structures
within a polymorphic system has been used to gain an understanding of the molecular
ordering present.

1.2.1.2.2. Thin Films

Crystallographic measurements on thin films of MPcs bring with them another set of
intrinsic difficulties. The thicknesses of most technological interest are in the nanometre
range, for example the tens or hundreds of nanometres used in OPV and organic thin film
transistor (OTFT) devices, respectively74. The highest electron density atom in an MPc
molecule is the metal in the central cavity, and as such it interacts with X-rays most strongly.
Miller planes within the structure containing most metal atoms represent the highest
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electron density planes through a crystal. In planar phthalocyanines the (100) plane
exemplifies this and is observed most often and most easily in diffraction experiments75.
Order in other directions may be hidden by these intense diffraction maxima or at such low
intensity in laboratory X-ray diffractometers that they cannot be observed. Concomitant
with this is the large degree of preferred orientation and the nano-crystalline nature of MPc
thin films76. These factors lead both to a broadening of the diffraction peaks and can create
unexpected intensity differences that may not be indicative of the true texture of the film.
To address these problems the intensity of the X-ray light can be increased by using a
diffraction end station at a synchrotron light source where high intensity grazing incidence
diffraction experiments have produced impressive results. Experimental time at
synchrotrons is, however, limited and as such representative sets of samples are often
measured rather than a full set of all possible preparations. Design of experiments is also
difficult as experimental provision for evaporation monitoring and characterisation varies
with synchrotron, beam line and end station. Laboratory X-ray diffractometers are much
more commonly employed for crystal structure measurements due to cost, availability and
ease of access. Modern diffractometers can be specified with highly flexible optics and
geometries allowing a variety of experiments to be undertaken with organic thin films of
sufficient crystallinity.
With the limitations discussed above in mind alternative methods of structure
determination are used, and electron diffraction methods have been employed with some
success. As previously discussed LEED is a powerful tool in the determination of surface
crystal structure, but severe limitations are imposed by the MPc layers under investigation.
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The extensive polycrystallinity observed in active layer films makes coherent scattering from
surface features impossible. Most substrates used as electrodes in organic electronic
devices are not flat and crystalline on the scale required for LEED experiments. The
structural information provided by LEED can also only be applied to the surface of the
substrates so the underlying structure cannot be interrogated. LEED is therefore not an
appropriate technique for overall determination of crystal structures of phthalocyanine
films thicker than a few monolayers.
Selected area electron diffraction (SAED) used in transmission electron microscopes
has been successfully employed as a crystallographic tool for phthalocyanine materials.
Once more many restrictions and limitations exist, the first of which is the choice of
substrate or support. For use as a TEM support substrates must be thin enough for electrons
to be transmitted through them and the film under study. This often requires bespoke grids
or meshes which bear no resemblance to the substrates used for surface science studies77.
Sample preparation is also problematic, as crystalline samples cannot easily be cut and
polished as inorganic materials are, and molecular crystals are prone to damage from the
transmitted electron beam. Despite such problems examples exist in the literature of in
depth structural analysis of MPcs using both TEM imaging and selected area electron
diffraction.
Kobayashi et al. published impressive molecular resolution images of ZnPc films on
vacuum deposited carbon films as early as 198148. By using a minimum exposure method
and specially designed low dose electron optics crystalline domains of the polycrystalline
film were resolved. Interpretation of images of weakly crystalline films of organic materials
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(where the mechanism responsible for contrast is not clear) is fraught with difficulty. No
electron diffraction patterns were published in this work, and structures are calculated from
imaging alone (Fig. 1.12).
(a) (
(b)
(ii)

(a)
(i)

(d)
e)

(b)
(iii)
(c)(
(f)
a)

24 Å
Figure 1.12 – TEM images of three proposed structural phases of ZnPc; (i) α-1 (ii) α-2 and (iii) α3. Each image is on the same scale (reproduced from 48)

Rather than concentrating on the unit cell structure conclusions presented by the
author, it is important to address the general view large scale images present of
phthalocyanine thin films (Fig. 1.13). Small domains with a variety of lateral orientations and
clear interference effects from stacking faults and small changes in angle are in evidence
(Fig. 1.13, red circle). As the image is a cross sectional view through the out-of-substrateplane structure of the film this agrees with many other observations of highly polycrystalline
thin films.
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100Å
Figure 1.13 – TEM image of a ZnPc film; single domains are highlighted with coloured circles
(reproduced from 48)

Diffraction patterns of planar phthalocyanines have been reported widely in the
literature and structural assignments as well as epitaxial correlations have been made. In
many cases films must undergo preparation before SAED experiments can begin; a
supporting film is commonly evaporated on to the top of the film of interest. The substrate
is then removed by flotation and the thin film is inverted onto the specimen grid. The
problems presented by this are two-fold; firstly the new supporting film which is evaporated
may either cause damage epitaxial strain or small changes in the crystal structure of the
film. Secondly immersion in floatation media such as hydrofluoric acid can produce
significant chemical or physical changes, and acid treatment can in fact induce phase
transitions in phthalocyanines78 (while sharp diffraction patterns are produced and
discussions of structure are made the guarantee that no changes have been induced by
sample preparation cannot).
Non-planar phthalocyanines have also been analysed by SAED, with structures
indexed from diffraction patterns and compared to simulated structures or single crystal
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reports. A recent paper by Pan et al.79 investigated the effect of a thin under-layer upon the
crystal structure of VOPc in layers then used for OTFT devices. Diffraction patterns were
indexed to the only fully characterised phase of VOPc, despite the existence of multiple
polymorphs in the literature which have not been solved. The same support film flotation
technique was also used, and an assignment of the VOPc layer with respect to the
underlying molecular templating layer is made (Fig. 1.14).

(ii)

(iii)

(i)

Figure 1.14 – (i) TEM image (ii) SAED pattern and (iii) proposed epitaxial structure of VOPc/F2P4T multilayer structure (reproduced from 79).

After the substrate is removed assignment of the relative direction of the incident
beam with the axis of the crystalline film does not necessarily have any bearing to the
original substrate/film relationship. While diffraction patterns do suggest a highly crystalline
film over a large area the structure and relationship with the substrate are not robustly
solved. Many other examples of useful but partial structural information of organic thin
films from SAED exist in literature80, but problems of sample preparation and the lack of
thorough material structure investigation limit their scope.
Understanding the crystal structure of crystals and films of MPc molecules is a
difficult task for both practical experimental reasons and due to the lack of a robust
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catalogue of structural data in the literature. Single crystal structures are vital in
understanding the solid state ordering crucial to charge transport and physical properties,
while creating and analysing appropriate crystals is very difficult. Once processed into thin
films laboratory diffraction techniques are useful in understanding their crystal structure but
ultimately rely on indexing or comparison to a completely solved unit cell.

1.2.1.3. Magnetic properties of phthalocyanines

While phthalocyanines are established as useful organic semiconductors other
aspects of their physical properties are attractive for technological applications, such as
their magnetic characteristics. Characterisation of the magnetic properties of d-metal
centred phthalocyanines has attracted significant interest and produced a variety of
publications using an assortment of techniques. Research has centred mainly on two
specific examples, phthalocyanines with central moieties of manganese and iron atoms.
While other molecules have been investigated including CrPc81, CoPc82, NiPc83, CuPc82 and
even briefly VOPc81 the main discussion will be centred upon the two molecules on which
most research has been based.
Systematic investigations into the magnetic properties of MPcs date back at least 48
years to the work of Lever et al.81. While measurements had been undertaken before this
point no systematic study considering both experimental measurements and theoretical
treatment of planar MPc systems had been conducted. MPc molecules were of interest
mostly as a chance to study transition metal ions in a stable square planar geometry rather
than as a useful material class for organic electronics. This work demonstrated that radically
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different behaviour could be observed when the central species of the MPc was changed,
and ground state configurations were suggested for all materials studied.
Of particular note in terms of magnetic properties is the Manganese centred planar
metallo-phthalocyanine. MnPc is the most widely characterised MPc with respect to
magnetism with experimental observations dating back to 194084 and detailed studies as
early as 196581. A variety of magnetically sensitive techniques have been used to
characterise MnPc single crystals, powders and thin films at various temperatures and
magnetic field strengths. Rather than focus on similarities and differences between
methodologies and results, some clear trends and observations can be extracted from the
literature as a whole. The most profound of these observations is a clear reliance of
magnetic properties on crystal structure, rationalised by a change in through space
intermolecular interactions85. In short MnPc in alpha and beta structural polymorphs is
differentiated by a ca. 0.2 nm intermolecular spacing difference. This change is proposed to
convert an antiferromagnetic one dimensional molecular chain structure (along the pistacking directions of the MnPc molecules) into a strongly ferromagnetic one. Once again
the delicate balance of long range interactions in crystalline organic semiconductors is
responsible for powerful property changes. While other MPc systems (including FePc, VOPc,
CrPc and CoPc) have attracted some attention for magnetism studies such drastic behaviour
changes have not been observed.
More recent work has attempted to reconcile structural changes with modifications
in the exchange potentials which govern the observed magnetic characteristics in MPc thin
films.

If such changes could be firstly understood theoretically and finally controlled
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experimentally stable materials with tuneable magnetic properties could be realised. Heutz
et al.86 achieved this in a publication of 2007 concerning the magnetic properties of MnPc
and the widely used and closely related CuPc molecule. The polymorphism of planar MPc
films is exploited here to produce changes in magnetic response and an under layer of
another molecular system is used to alter the structure of the semiconductor in question to
further alter the observed magnetic response. Alpha phase films were produced by
evaporation onto ambient temperature substrates, beta phase by post growth annealing
and a final ‘new’ phase utilising a PTCDA interlayer (Fig. 1.15).

(i)

(ii)

(iii)

Figure 1.15 – AFM images of CuPc thin film structures: (i) CuPc/Kapton (ii) CuPc/Kapton
(annealed) and (iii) CuPc/PTCDA/Kapton structure. Each structure has a crystal structure
diagram below (reproduced from 86).
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The previously reported antiferro- to ferro- magnetic transition in MnPc was
confirmed and the behaviour of CuPc through an analogous structure transition was
contrasted to it. In CuPc initially antiferromagnetic character was converted to
paramagnetism in the thermally modified beta phase film. The suggestion, therefore, was
that by thermally converting between a metastable phase and global energy minimum
magnetic interactions in a material approximated by one dimensional chains could be
modified. While annealing produced an irreversible change in structure, if a reversible route
to structural (and therefore magnetic) modification could be achieved a significant route to
technological application of organic semiconductors with switchable spin states could be
realised. In contrast to previous work AFM and XRD were used to characterise the films and
ab initio calculations were employed to understand experimental observations.

1.3. Other Materials
A small selection of other materials (outside of MPc systems) has been employed during the
course of the experimental work presented in this thesis and as such they are briefly summarised
below.
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1.3.1 PTCDA
3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) is a planar semiconducting small
molecule which has been studied extensively both from a surface science perspective and in
electronic devices87. This has been motivated partly by the ease with which high quality thin and
ultrathin (approx. 1-2ML) films can be prepared in UHV conditions; usually attributed to the flat-lying
geometry (molecular plane with respect to substrate plane) it adopts (Fig. 1.16). PTCDA was also
demonstrated as a useful material88 in organic-inorganic junction devices early in the lifecycle of
organic electronics research.

(a)
(i)

ɑ

(ii)
β
Figure 1.16 – The (i) chemical structure and
(ii) molecular orientation in both alpha and beta
phases (reproduced from97).

While PTCDA exhibits useful characteristics and complex behaviour on surfaces, in this work
the reason for its use is the structural templating effects it can impose upon other organic materials.
Heutz et al.89 demonstrated the ability of thin layers of PTCDA deposited onto glass substrates to
control the crystal structure observed by XRD in an overlayer of the dihydrogen phthalocyanine
derivative. Later work demonstrated that this effect could be exploited to improve the performance
of OPV devices incorporating MPc films as active layers90. While this behaviour might be initially
surprising, considering the weak and long range nature of the interactions present in organic
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crystals, introduction of a periodic ‘template’ layer could easily disrupt preferred adsorption
geometries.

1.3.2 Copper Iodide

Copper (I) iodide is a binary metal halide which has been applied in this work as another
vacuum evaporable structural templating layer. Other uses in industrial and research chemistry are
widespread, but CuI has been shown to affect a change in crystal structure in organic
semiconductors in recent literature. Copper iodide is considered to be a large band gap (approx. 3
eV) p-type semiconductor which can be prepared as thin films by evaporation in vacuum91.
Copper iodide exists in three polymorphs in the solid state, a low temperature zinc blende
intermediate beta phase wurtzite structure and a final high temperature rock salt alpha phase92.
Each of these shows different electrochemical and semiconducting properties as can be expected
from polymorphs of a semiconducting metal halide. Structural and topographical characterisation of
evaporated thin films is not present in literature up to this point.
Layers of copper iodide have been shown to affect the crystallisation mechanism of MPc
layers in a similar way to PTCDA. Cheng et al. demonstrated the efficacy of CuI ‘buffer’ layers in
modifying the relative orientation of crystallites in a CuPc thin film employed as an active layer in an
OPV device93. XRD analysis indicated that the overall out-of-plane orientation of the MPc layer
changed on the addition of the CuI layer, suggesting switching from the pi-stacking MPc along the
substrate plane to being out of plane. This is based on the indexing of the observed diffraction peaks
in XRD traces, and agrees qualitatively with the previous work on controlling the orientation of MPc
layers.
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(i)

(ii)

(iii)
Figure 1.17 – (i) XRD traces for ZnPc
(bottom) before and (top) after templating
with CuI. Schematics of the ZnPc/C60
interface (ii) before and (iii) after
templating (reproduced from 94)

More recently Rand et al.94 further developed the understanding of this effect by applying
CuI as a templating layer in ZnPc/C60 OPV devices. Structural changes induced by the thin CuI layer
were observed (fig. 1.17) but the authors stress the importance of considering the interface between
the ZnPc and C60 rather than the ZnPc/CuI interface alone. By modelling charge transfer processes it
was suggested that charge transfer far from the templating interface is improved, and the change in
structure of the ZnPc active layer is significant at both interfaces.
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1.4. Substrates
The selection of substrates for the study of organic molecules is a difficult task, since if the
intrinsic properties of materials are to be studied any influence of substrate chemistry or structure
would ideally be removed. Restrictions are also imposed by the techniques involved, the two most
stringent of which are for LEED and STM studies. In the case of LEED the surface should be both flat
and highly ordered over large regions (approx. 100 nm) for patterns to be routinely recorded and
indexed. For STM the surface must be conductive to allow the tunnelling of electrons between the
sample and the tip, and for high resolution imaging should be as flat as possible over large (approx.
100 nm2) areas.
To satisfy these restrictions metal single crystals were chosen as they provide robust,
reusable, chemically inert and well characterised platforms for the study of organic molecules while
being commercially available and simple to prepare in UHV.

1.4.1. Metal Single Crystal Surfaces

Noble metal single crystal surfaces (silver, gold and copper) were selected as they fulfilled
the requirements described above. In order to produce measurements of wide applicability and
relevance crystal surfaces that represent those used as electrodes in commercial applications were
chosen. As evaporation is widespread as a method for metal electrode creation and evaporated
metal films tend to a (111) orientation on most substrates, the (111) face of the three coinage
metals was chosen.
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1.4.1.1. The (111) surface

The only single crystal surfaces used as substrates for UHV surface science were aligned to
the (111) Miller plane, so it is the only one that will be described here. The (111) plane of a face
centred cubic (FCC) unit cell (Fig 1.18) represents a high density hexagonally packed array of atoms,
and each of the metals used crystallise in this manner.

1.4.1.1.1 Au (111) surface reconstruction

Au (111) is the only face centred cubic metal surface which exhibits a surface reconstruction
without adsorbates. This reconstruction is a long range transition between face centred cubic and
hexagonal close packing, and the strain-induced buckling of the surface is visualised as bright lines
running along the surface in a ‘herringbone’ pattern95 (Fig. 1.19). The nature and structure of the
22x√3 reconstruction is well characterised and understood, and is only mentioned here to highlight
the difference between reconstructed and unreconstructed metal surfaces.
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In the case of Au (111) a non-uniform energetic landscape is presented to an impinging
molecule where local energy minima are found in the ‘elbow’ sites of the 120° turns in the
reconstruction lines. This behaviour is not observed in the case of the unreconstructed surfaces of
Ag (111) and Cu (111) and can have dramatic impacts on the adsorption architecture of molecular
species96.
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1.5 – Thin film growth modes
The morphological and structural changes observed during the growth of thin films are an
expression of the interplay between substrate-adsorbate and adsorbate-adsorbate interactions. In
the growth of thin films this behaviour is conventionally be split into three dominant modes of
growth98. While organic and inorganic systems show pronounced differences in growth
characteristics due to the different interactions present in their solid state structures99,

100

these

three modes are useful models in both cases.
The first (and simplest) growth mode is layer by layer (Frank-van der Merwe, Fig 1.20)
growth wherein each monolayer is completed before the next begins to grow. In general this
behaviour is observed where the interaction between adsorbates (atoms of molecules) and the
substrate is the stronger or more favourable than that between adsorbates. This kind of behaviour is
commonly observed when epitaxial relationships are present between the overlayer and the
substrate.

Below 1ML

1ML to 2ML

Above 2ML

Figure 1.20 – Frank-van der Merwe (Layer-by-layer) film growth schematic

In the second case a ‘wetting layer’ can form on the substrate followed by the three
dimension island (Stranski-Krastanov, Fig 1.21) growth out of the substrate plane. This modification
of morphology after the first layer is attributed to factors including disparity in lattice parameters or
surface energies between the growing layer and substrate. The wetting layer can be composed of
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more than a single atomic or molecular layer but this type of growth usually features a critical
thickness at which the growth is modified from layer-by-layer. Deposition past the critical thickness
will result in larger 3D islands or nucleate more but will not produce two dimensional layers.

Below 1ML

1ML to 2ML

Above 2ML

Figure 1.21 – Stranski-Krastanov (wetting layer plus island) film growth schematic

The final mode considered in classical growth models is that of island growth from the
earliest stages of film formation (Volmer-Weber, Fig 1.22). In this regime the interactions between
impinging atoms or molecules are stronger than with the substrate. Islands are formed to minimise
the contact area of the film with the substrate and successive deposition leads to larger islands.

Below 1ML

1ML to 2ML

Above 2ML

Figure 1.22 – Volmer-Weber (three dimensional island) film growth schematic
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These islands can grow until they coalesce and completely cover the substrate but this will
be at a much greater thickness than either of the other growth modes considered here. Archetypal
systems for this kind of growth are metals such as gold on flat insulating substrates such including
mica or alkali halide single crystals.
In each of these growth modes the thermodynamics of film formation are governed by the
relative surface energies of the two materials (starting surface and film), γA and γB (γA<γB) and the
interfacial energy of the growth interface, γ*. This final term is the excess energy present at the
surface when compared to the bulk of the material due to the disruption of the equilibrium bonding
arrangement. If material A with the higher surface energy is deposited onto a surface of material B,
γA+ γ*< γB and layer by layer growth is usually observed. In a situation where the lower surface
energy material is deposited onto a surface of the other γB+ γ*> γA island growth minimising the
overall area of the interface is preferred. Factors including crystallographic strain and thickness
dependant structure can alter each of the surface energies which can complicate the growth modes.
For this reason growth is often considered using combinations of these simplistic models.
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1.6 – Motivation and aims
1.6.1. - Motivation

The fundamental motivation for the research undertaken here is the understanding of the
relationship between the structure and morphology of thin phthalocyanine films and their physical
properties. Properties of phthalocyanine films including; absorption of visible light, transport of
electron or holes and response to magnetic or electric fields can be exploited to create useful
electronic devices. Changes in the structure or morphology of phthalocyanine thin films have been
demonstrated to strongly alter their physical properties, for example changes in crystal structure
altering peak adsorption wavelengths in non-planar varieties. Phthalocyanines are also very sensitive
to preparation conditions: factors such as choice of substrate along with rate and temperature of
deposition can strongly affect structure and therefore physical properties. Fundamental
understanding of structure-property relationships and accurate measurement of physical properties
in phthalocyanine systems will inform the design and creation of more efficient and well understood
devices.
The methods for phthalocyanine film preparation in vacuum for use in devices are relatively
mature, allowing the creation of efficient devices with complex multi-layered structures. Most of the
vacuum systems used do not include in-situ characterisation and complete devices are fabricated for
testing. Probing structure or properties at points before the end of growth can therefore only
realistically be undertaken by preparing single-component films of a variety of thicknesses. This
process can be onerous, especially if the end goal of the growth process is a complete device from
which a single figure of merit will be extracted. For this reason many fundamental investigations of
structure-property relationships have not been undertaken and there is a lack of high quality data in
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the literature. This dearth of understanding is compounded by the experimental impossibility to use
a single characterisation method or instrument to monitor changes in structure or properties during
growth. For example, monolayers of phthalocyanines create highly ordered structures but the X-ray
intensity available in laboratory diffractometers makes measuring their periodicity impossible. While
surface sensitive diffraction techniques (such as LEED) can be used to negate this problem the
ultrahigh vacuum conditions required are not achieved in growth systems used for device
fabrication. While thicker films can be analysed using laboratory X-ray diffractometers, any changes
in structure below the critical thickness at which a signal is observed will be hidden. Despite this, a
few examples of thickness dependant structure and properties are present in the literature and
make the importance of probing multiple thicknesses apparent.
Three film thickness regimes have been chosen; the first monolayer, intermediate layers of
10-50 nm thickness and ‘thick’ films between 100-200 nm. Ideally the same characterisation
methodology would be used to continuously monitor growing films; experimental limitations and
the hugely polycrystalline nature of phthalocyanine films prevent this. Also, not all characterisation
methods can be successfully applied in all thickness regimes due to the sensitivity limits of the
available equipment. For example, XRD can only be used to probe crystal structure above
thicknesses of approximately 30 nm in phthalocyanines but at this point film surfaces become too
rough for meaningful STM imaging. These two factors necessitate the separation (to a certain
extent) of property and structure measurements but it is the intention in this work that information
gained in each regime can improve the understanding in the others.
The earliest stages of formation of phthalocyanine films are hugely important in determining
the properties of the final film. In order to understand and control the surface and electronic
structure of these interfaces model systems are commonly used to produce high quality surface
characterisation data. Metal single crystals are used due to their commercial availability, relative
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ease of preparation in vacuum and similarities to electrodes used in commercial electronic devices.
Differences may, however, be expected in the surface and electronic structure produced by the
same molecule on the (111) faces of different metals. This complicates the choice of metal crystal for
a single molecular system and this is compounded when comparisons between molecules are
desired. Using the same experimental equipment to probe each surface will make differences in the
self-assembly and electronic structure immediately evident. These data can then be used to
compare the behaviour on multiple metals and inform the choice of both model substrate and
possibly even electrode system in commercial devices.
Another issue in using phthalocyanine molecules in electro- or optically active devices is the
lack of control of surface morphology in active layers between 10 and 50 nm (commonly used in OPV
and OTFT devices). Although structural and morphological control of phthalocyanine layers using
evaporated organic and inorganic layers has been demonstrated the nature of the interaction and
underlying causes are not known. With this in mind copper iodide (which has previously been used
as a structural template for phthalocyanines) was to be prepared and characterised and subsequent
controlled growth of phthalocyanine layers will be undertaken. Surface characterisation of this
system will allow a deeper understanding of the underlying cause of the structural modification
which has previously been reported.
Chemical modification of phthalocyanines has been used to alter their optical and electronic
properties in recent years but the effect of the modification on their magnetic properties has been
largely ignored. This is surprising as phthalocyanines, especially transition metal centred versions,
have shown unique and promising magnetic behaviour in thin films and powders. The copper
phthalocyanine and fluorinated copper phthalocyanine pair of molecules can be used to test this
behaviour. In both cases the molecule is commercially available and can be purified and processed
into thin films using evaporation in vacuum. It is hoped that magnetic measurements of the
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fluorinated system will increase our understanding of the impact of the modification of the
electronic structure of the molecule upon its magnetic properties.

1.6.2 – Aims


To compare and contrast the growth of monolayers of phthalocyanines on the (111) surfaces
of gold, copper and silver. Vanadium oxide phthalocyanine will be used as the central
oxovanadium moiety creates a non-planar structure and much less previous characterisation
has been carried out on this class of phthalocyanine.
o

Surface structure will be probed using STM and LEED while electronic structure
measurements will rely on UPS



To grow copper iodide thin films by evaporation in vacuum followed by characterisation of
their surface and crystal structure. Substrate growth temperature will be used in an attempt
to control the morphology before these films are used as molecular templates for the
growth of a planar phthalocyanine film.
o

XRD will be used to measure the crystal structure of both the template layer and
phthalocyanine film and a combination of (SEM) and AFM will be used to monitor
changes in morphology and growth behaviour.



To establish the magnetic characteristics of fully fluorinated copper phthalocyanine and
compare this behaviour to the previously measured hydrogenated equivalent
o

Thin films and powders will be subjected to the same magnetic characterisation, and
the effect of an organic templating layer (PTCDA) on this system will be investigated
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Chapter Two
Experimental
The experimental techniques used in this work can be split into those housed in a
homebuilt multi-chamber UHV system and those under ambient conditions and as such ex
situ to the creation of samples. The UHV system will be described first followed by the
techniques housed within along with brief theoretical aspects key to their operation and
interpretation. Ex-situ techniques will then be described in the same manner.

2.1 – The UHV system
The processes of substrate preparation, film growth and a variety of analysis
techniques were undertaken in a custom built multi chamber UHV system (Fig. 2.1). Vacuum
was maintained by a combination of oil free scroll pumps which provided backing pressures
for turbo-molecular pumps and finally ion getter pumps for the highest vacuum. The system
is made up of four chambers; the fast entry chamber (FEC), the transfer chamber housing
the STM (STM/TRANS), the film growth chamber (GROWTH), and finally the analysis
chamber (ANALYSIS). Each chamber is separated from the others by gate valves and each
chamber (excluding the STM/TRANS) can be individually vented to atmospheric pressures of
nitrogen and pumped to UHV. The FEC facilitates fast sample introduction and removal
without venting any other chamber, and the base pressure of the system is in the low 10 -10
mbar region after bakeout.
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Figure 2.1 – Photograph and schematic of the UHV system
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2.2 - UHV techniques
2.2.1 - Substrate Preparation
Each of the metal surfaces used as a substrate was prepared in vacuum by a
combination of Ar+ bombardment and high temperature annealing. A PSP Vacuum
ISIS3000© sample cleaning source was used to produce an energetically well-defined beam
of Ar+ ions. The energy of the impinging ions used was between 0.5 and 2 keV and the
current at the sample due to bombardment could be measured with a Keithley©
sourcemeter.

(i)

(ii)

Ar

+

Ar

+

+

Figure 2.2 – A schematic (i) of the argon sputtering (Ar bombardment) process and (ii) an STM
image of sputter damage to an Ag (111) surface

Argon ion bombardment cleans the surface of metals by creating controlled sputter
damage in the topmost atomic layers (Fig. 2.2). The relatively large size of the argon ion
means that its kinetic energy is transferred to multiple smaller metal atoms, which are
ejected from the surface. This creates holes in the surface which, on single crystal surfaces,
often reflect the symmetry of the surface. Impurities such as oxide layers, atmospheric
contaminants carried in to vacuum, or organic molecules can be removed by this procedure
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as they are more volatile than metal atoms. As such they will not readily condense back on
to the surface and are usually removed by the pumping in the UHV system.
A high temperature annealing step is then used to smooth the sputter damage and
create large flat terraces which are desirable for the deposition of organic molecules.
Increasing the temperature of the surface increases the mobility of adatoms and as such the
holes left by sputtering can be filled in. In the UHV system used in this work a resistively
heated tantalum filament is used to heat the plates upon which the metal surfaces are
mounted. A thermocouple mounted in the head of the manipulator is used to measure the
temperature produced which has a maximum of approx. 700°C. Cleanliness of substrates
was checked with a combination of STM, UPS and LEED.

2.2.2 – Organic Molecular Beam Deposition (OMBD) of thin films
Thin films were grown by evaporation from solid powder using standard
commercially available evaporation cells, while growth rates and thicknesses were
monitored using a calibrated Quartz Crystal Microbalance apparatus.
All materials were commercially available and purchased as powders, details of the
supplier will be given when each material is discussed later. Before use all materials were
purified using thermal gradient sublimation1 in a custom built high vacuum purification
system (Fig. 2.3). Thermal gradient sublimation allows the separation of the desired majority
molecular weight fraction of the sample from more and less volatile impurities. This is
achieved by evaporation along a temperature gradient which exploits the difference in
mean free path with molecular weight to fractionally separate impurities. Depending on the
material between one and three cycles of purification were used to ensure no volatile
impurities remained. After purification the materials were loaded into quartz or graphite
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crucibles inside the evaporation cells and thoroughly degassed for at least 24 hours before
use. When not in use the cells were maintained just below each materials evaporation
temperature to avoid condensation of impurities.
Quartz work tube
Glass lining tube
Vacuum Pump
and Pressure
measurement
Glass wool
Volatile
impurities

Pure
material

Hot Zone

Starting
Powder

Figure 2.3 – Thermal gradient sublimation diagram

During growth substrates were held at ambient temperature, heated or annealed
after growth without exposure to air. The manipulator used during growth has a dual k-type
thermocouple assembly to monitor the temperature and a resistively heated tantalum
element for high temperature growth and annealing.
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2.2.3 – Low Energy Electron Diffraction (LEED)
LEED is a powerful technique for probing the long range two-dimensional order of
the surfaces of crystalline samples2. In this work an Omicron SPECTALEED rear-view micro
channel plate LEED optics was used to probe the structure of molecule-metal interfaces (Fig.
2.4). The system consists of an electron gun which creates an electron beam which is
scattered by the sample through optics designed to eliminate inelastic scattering and finally
illuminate a fluorescent screen (observed through a viewport in the UHV system). Patterns
were captured using a commercially available CCD camera or a digital still camera. Energies
in the region of 15 eV were necessary to observe the large lattices of the MPc molecules
studied here.

Screen

(i)

(ii)

n
Sample

-

e gun

Grids
Figure 2.4 – (i) rear view LEED optics diagram and (ii) pattern from an InAs (001) (4x2) surface
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2.2.3.1 – Surface Structure Notation
Classification of surface structures from LEED is often approached using Wood’s
notation, expressing the relationship between surface lattice vectors (a1 and a2) and
adsorbate lattice vectors (b1 and b2). Structures are described as the ratios of the lengths of
these vectors (|b1 |/|a1|) and (|b2 |/|a2|) and any rotational angle between them, θ.
Surface lattices can be either primitive or centred like three dimensional unit cells. Wood’s
notation is extremely useful and simple for the description of commensurate structures with
common periodicity (Fig. 2.5).

(i)

(ii)

(iii)

30°

Figure 2.5 – Three related overlayer structures (i) 2x2 (ii) c(2x2) (iii) (√3 x √3)R30°

Wood’s notation cannot be used in situations without commensurate epitaxial
relationships and for these situations matrix notation more completely describes the surface
structure. Matrix notation is demonstrated below where a and b are the same basis vectors
as above.

(

)

[

](

)
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If we consider a 2x2 structure on an FCC (100) surface we can construct a simple
matrix to describe the vector relationship.

Therefore:

[

(i)

(ii)

]

Figure 2.6 – Vector notation of surface structures (i) 2x2 and (ii) c(2x2).

And in the case of a c(2x2) structure the vector notation is as follows:

Therefore:

[

]

In contrast to Wood’s notation matrix notation describes each basis vector as a
linear combination of the overlayer vectors (Fig. 2.6). Wood’s notation is simpler but more
limited as substrate basis vectors are described as multiples of overlayer vectors and the
angle of rotation between them is defined (when this is not zero).
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2.2.4 – Scanning Tunnelling Microscopy (STM)
The scanning tunnelling microscope (STM) was developed by Binning and Rohrer and
demonstrated practically for the first time in 19823, which led to the award of the Nobel
Prize for Physics in 1986. Surface science was significantly enriched by the invention of STM,
and after commercialisation the routine real space analysis of surfaces down to the atomic
scale truly revolutionised the field.
Experimentally the STM is simple (Fig 2.7), an atomically sharp and well defined tip is
positioned close to a conductive surface to facilitate electron tunnelling from one to the
other. This tunnelling creates a small but measureable current in an external control circuit
and the tip is scanned across the surface by piezoelectric positioners while this current is
monitored. Variations in tunnelling current relate to changes in the local density of states
(LDOS) at the surface and as such a three dimensional approximation to the electronic

X/Y/Z Piezo
Tube
Scanner

Image
V

MATRIX
Control
Electronics

(i)
Control
Computer

I

(iii)
(ii)

Tip path

tunnelling
current
(It)

Figure 2.7 – (i) Schematic of the STM used in this work (ii) tip-sample relationship in
constant current mode (iii) the OMICRON AFM/STM
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topography of the surface is produced. Two modes of operation are used in STM, either a
constant current is maintained by the control circuitry and the tip (and therefore the piezo
positioners controlling tip motion) responds to corrugations in the LDOS or the tip height is
maintained at an approximate constant and changes in tunnelling current are directly
constructed into an image. In either case the LDOS of the surface is used to create an
intrinsically three dimensional map of its topography. On clean flat surfaces this can
produce images with atomic resolution and at interfaces with organic molecules submolecular resolution can routinely be realised. All images in this work have been recorded
at room temperature in constant current mode using an Omicron AFM/STM, so only the
constant current mode will be discussed.

The theoretical aspects of STM have been well described in a variety of research
papers4 and books5,6 and as such only the most important theoretical aspects of operation
will be considered here. The simplest treatment of a tip-surface tunnel junction is that of a
one dimensional barrier model to represent the vacuum barrier between the two (in this
work UHV is the only imaging environment). When separated we can consider the tip and
sample to share a common vacuum level but have non-equivalent Fermi levels the position
of which is defined by their work functions. At the surface of both the tip and the sample
electron wave functions from the lattice decay exponentially into the vacuum (equation).
This is constructed from the solution of the Schrödinger equation for a simplified square
barrier to tunnelling.
(
Where

(

(

)
)
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Figure 2.8 – Energetic considerations in STM for (i) isolated tip and sample (ii) tip and sample in
tunnelling condition and the effects of a (iii) positive and (iv) negative applied bias

If the tip and sample are brought to a critical separation (typically 5-10 Å) and begin
to interact they must reach thermodynamic equilibrium causing their Fermi levels to align
(in effect a vacuum level shift) (Fig. 2.8). Transferring an electron between sample and tip in
either direction would take place across an energetic barrier in the order of the work
function of the sample or tip. While tunnelling can occur in this scenario applying a voltage
bias across this junction shifts the energy levels in question up or down with the sign of the
bias. This makes tunnelling into and out of states more accessible energetically and allows
the selection of certain energy levels or orbitals as the contrast mechanism with careful
choice of voltage. Depending on the direction (tip-sample or sample-tip) and sign of the
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voltage bias applied filled or empty states in the LDOS of the sample can be selected for
imaging.
The situation is complicated in the case of organic molecules at surfaces due to
complexity of the LDOS due to molecular hybrid orbitals and the substrate-molecule
interaction. Geometric protrusions and physical corrugation impact the path of the tip
across contours of constant current, so STM topographs represent both the electronic and
geometric properties of the surface.
When we consider imaging organic molecules with STM the states which tunnelling
is occurring into or out of (from the tip) are closely related the HOMO and LUMO of the
isolated molecule (Fig 2.9).
VL

(ii)

Ef

Ef
Au(111)

LUMO
HOMO

LUMO
HOMO

Phthalocyanine

Au(111)

VL

(i)

Phthalocyanine/Au(111)

(iii)

VL

(iv)
VL

HOMO

TIP

Au(111)

HOMO
V

e-

LUMO

TIP

e-

Au(111)

LUMO

V
Figure 2.9 – Molecular orbitals in STM; (i) isolated phthalocyanine/substrate (ii) phthalocyanine
molecule/substrate interface and the tunnelling mechanisms at (iii) positive and (iv) negative bias
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On the surface of a metal the filled (HOMO) states of a phthalocyanine molecule will
be positioned at higher binding energy than the Fermi level of the metal and unoccupied
(LUMO) states above. It follows that empty states (positive bias) images will be
representative of the LUMO of the adsorbed molecule and filled states will be
representative of the HOMO. If all tunnelling is assumed to be purely elastic and only
involving the LUMO and HOMO derived states into and from the tip the surface topography
produced can be directly related to the LDOS of the molecular HOMO and LUMO.
Although the electronic structure of the free molecule can be heavily modified by
adsorption onto metallic surfaces phthalocyanine molecules tend to retain a band gap and
therefore have HOMO and LUMO derived levels. This suggests that differences in the
images produced at positive and negative biases should be observed due to tunnelling into
LUMO and HOMO states respectively.
The STM used in this work is an unmodified OMICRON UHV AFM/STM operated in
STM constant current mode at ambient temperature. Tips were produced by
electrochemical etching of polycrystalline tungsten wire in sodium hydroxide solution
before rinsing in nitric acid and isopropanol. Once loaded into UHV voltage pulses and
controlled indentation into single crystal metal surfaces were used to produce tips capable
of atomic resolution if ex situ preparation was insufficient.
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2.2.5 – Ultraviolet Photoemission Spectroscopy (UPS)
UPS is a valence band photoemission spectroscopy (PES) technique used here to
probe the low binding energy portion of the electronic structure of organic thin films (Fig.
2.9). In principle when a solid is irradiated by photons with sufficient kinetic energy
absorption of these photons leads to ejection of electrons due to the photoelectric effect.
The kinetic energy of the emitted electrons is related to the binding energy of the state they
were emitted from and the energy of the impinging photon (Fig 2.9).
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Figure 2.9 – Valence band photoemission in (i) metals and (b) semiconductors and an
example of (iii) an organic/metal interface UPS spectrum
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For an electron emitted from an occupied state below the Fermi level:

Where

is the kinetic energy of the electron,

binding energy and

is the incident photon energy,

is

is the work function of the sample.

We can therefore express the energy of the electron ejected from the solid as either
kinetic energy or binding energy, and in this work all spectra will use the binding energy
scale. A typical UPS spectrum is shown in Fig 2.9 and each of the important features of the
spectrum used to compute relevant values are labelled. The position of the low binding
energy edge of the HOMO peak is indicated (EHOMO) near to the Fermi edge (EF) which
corresponds to the closest measurable point to zero kinetic energy for metal surfaces. By
taking the width of the spectrum (from the Fermi edge to the secondary electron cut-off)
and subtracting this from the energy of the impinging photons the work function of the
sample can be calculated (equation).

As the system is calibrated to zero binding energy using the Fermi edge of a clean metal the
position of the secondary electron cut-off is identical to the width of the valance band.
Ionisation potential measurements are made by considering the work function of the
substrate in combination with the barrier to hole injection (ΔH).
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The UPS system used in this work was made up of a SPECS UVS 10/35 Helium I/II
source (operating to produce He(I) plasma with ultraviolet photons of 21.21eV) and a SPECS
PHOIBOS 100 hemispherical electron analyser. Energy scales in all spectra were referenced
to the Fermi edge of argon sputter cleaned polycrystalline silver or single crystal substrates
used for deposition. The analyser has a workfunction of around 4 eV and for this reason a
negative 10 Volt bias was applied when collecting electron cut-off spectra. This allows low
energy electrons to be measured as their energies would normally not allow them to
overcome the work function difference between the sample and analyser.
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2.3 – Ex-situ techniques
The operating principles of the ex-situ characterisation techniques used in this work
will be briefly outlined and discussed in this chapter.

2.3.1 – Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) is a scanned probe microscopy technique allowing
high resolution imaging of surfaces7 (Fig. 2.10). Modern AFM instrumentation has shown
routine resolution down to the atomic scale in UHV liquid environments and ambient
conditions. AFM was developed by Binnig and Rohrer to extend the capabilities of STM to
samples that are too insulating or rough for investigations requiring electron tunnelling.
All AFM images in this thesis were recorded using tapping mode (rather than contact
mode) so only this mode will be described. The AFM operates by oscillating the tip close to
its resonant frequency with amplitude A0. The piezo positioners are used to approach the
tip towards the surface and a feedback loop senses changes in frequency due to damping of
the oscillations as the tip begins to interact with the surface.

Phase sensitive
detector

Image
Lock-in
Amplifier
Drive
Piezo

Control
Computer

Tip
Intermittent
contact
Sample

Sample
Piezo

Figure 2.10 – Schematic of an AFM instrument operating in tapping mode
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The sample is then scanned in the x and y directions by piezo pads to produce
motion relative to the tip. As the force set-point is maintained by the feedback loop a
constant separation from surface features is achieved. A laser beam is reflected from the
back of the tip onto a four quadrant photo detector which allows the position of the tip to
be tracked. Movement of the tip towards or away from the sample produces a change in the
position of the laser spot on the detector and a corresponding voltage is produced. In this
way three dimensional surface topographs can be recorded of soft or sensitive samples as
the tapping mode of the tip does not exert large amounts of force on the sample surface.
The frequency to which the tip is tuned and the set point chosen for imaging can be selected
to provide a harder or softer tapping motion.
An MFP-3D AFM (Asylum Research, Santa Barbara, USA) operated in AC mode was
used to record all AFM images presented in this work, using AC240TS (Olympus) tips.

2.3.2 – X-ray Diffraction (XRD)
X-ray diffraction (XRD) allows characterisation of crystalline structures by monitoring
the diffraction angles of X-rays projected into the sample (Fig 2.11). Diffraction phenomena

Incident
X-rays

Diffracted
X-rays

θ

θ

d

Figure 2.11 – Schematic of the process of X-ray diffraction
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are observed when a path difference is introduced to the propagating X-ray wave front, in
this case by atomic species arranged in an ordered structure. X-rays are scattered from the
electron density of the crystal. Scattering by periodic arrays with interatomic spacings
similar to the wavelength of the incident X-rays can produce coherent diffraction. A Cu Kα Xray source with a wavelength of 1.5418 Å (a weighted average of the Kα1 and Kα2 lines) was
used in this work and is widely used in laboratory thin film diffractometers. Interplanar
spacings (dhkl) in crystals are in the same order of magnitude as the wavelength of the probe
X-rays so diffraction can be observed. These spacing correspond to the perpendicular
distances between Miller planes, imaginary planes passing through the unit cell of the
crystal defined by three integer values (h, k and l) known as Miller indices. These indices are
defined as the reciprocal of the fractional intercept of the crystal a, b and c unit cell edges.

Upon being scattered, X-rays can constructively interfere if they are in phase, and
the angle at which this constructive interference occurs is determined by the Bragg
equation:

nλ=2dsinθ

where λ is the wavelength of the X-rays, d is the spacing responsible for the diffraction and
θ is the diffraction angle.
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This equation describes the condition for constructive interference: when the path
difference between scattered X-rays is an integer number of X-ray wavelengths. As a simple
model we can consider a set of lattice points (Figure 2.12) and two impinging X-rays, one of
which is scattered elastically from a lattice point and another which is transmitted through
to scatter from a second lattice plane.
If their angular path changes by the same amount there will be a path difference
between the two scattered X-rays. Both rays can reach a point in space after diffraction and
undergo constructive interference only if the path difference is equal to an integer value of
the incident X-ray.

Incident X-rays

Diffracted X-rays

θ

α

β

θ

d

γ

Figure 2.12 – Origins of path difference in X-ray diffraction
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The path difference created is therefore αγ + γβ which must be equal to an integer
number of wavelengths of the X-ray beam, nλ, to satisfy the Bragg condition and to observe
constructive interference. This can be expressed as:

nλ = αγ + γβ

and as sinθ = αγ/d

αγ = d sinθ

and αγ = γβ

2dsinθ = nλ

also expressed as:

nλ=2dsinθ

Therefore by using a monochromatic source of X-rays and observing the angles at
which diffraction maxima are observed the size of the spacing responsible for the peak can
be ascertained. Due to the geometry employed in the Bragg-Brentano experiments
performed in this work, 2θ is usually recorded and reported along with an arbitrary unit of
intensity. In the configuration used in this work the sample is angularly scanned through θ
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with respect to the X-ray tube and detector moves through 2θ. This is useful for powder
samples which may spill if tilted through large angles during scanning.
Peaks of diffraction intensity can be indexed directly to lattice planes if the lattice
parameters (unit vectors and angles separating them) are known, as was the case in this
work. Single crystal diffraction experiments are often used for OSC systems to measure the
unit cell and atomic positions and peaks from thin films are indexed by comparison to
previously solved single crystal structures.
In single crystal diffraction experiments all possible intensity maxima are present
(although systematic absences and weak reflections may be observed) and no preferred
orientation is observed. The crystalline sample is placed in a multi-axis goniometer stage
allowing rotation of the crystal during collection. In each orientation a CCD detector is
commonly used to collect all of the diffracted beams at once rather than scanning the
detector through space as in powder type scans. Experimental requirements are more
stringent for full structural characterisation; crystal quality and size are key factors in
obtaining accurate crystal structures.
In this work all thin film XRD data were obtained using an X'Pert PRO (PANalytical)
instrument with Cu Kα radiation (λ ≈ 1.5418 Å); the mode and geometry will be presented
with each data set. Single crystal measurements were undertaken at end-station I19 of
Diamond light source at Harwell Science and Innovation Campus in Oxfordshire.
Synchrotron radiation with λ = 0.68890 Å was used in single crystal diffraction experiments.

81

2 - Experimental

2.3.3 – Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is an electron microscopy technique which uses
the interaction of a beam of electrons with a surface to produce high resolution images
constructed from backscattering interactions8 (Fig. 2.12). SEM probes the surface and near
surface features of a sample using a beam of approximately 1-30 kV electrons which are
focused onto an area in the tens of nanometre range at the sample. Scan coils further down
the optics of the instrument raster the electron beam across the surface and the secondary
electrons generated within the interaction volume of the primary beam are used to create
an image.
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Figure 2.12 – Schematic diagrams of (i) the SEM (ii) the TEM
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The primary beam is of relatively high energy but due to the interactions within the
solid (and losses due to the generation of heat, X-rays and other mechanisms) secondary
electrons are ejected with much lower energy. Accelerating voltages are therefore applied
in the detection instrumentation where the detector is within the electron focusing optics
(in-lens) or oriented to detect only secondary electrons (se-detector). The nature of the
imaging mechanism in an SEM limits the resolution to the nanometre range and the
contrast mechanism is dominated by differences in electron density.
In this work a SUPRA 55-VP (ZEISS) FEG-SEM was used to produce electron
micrographs of solid samples. Samples were exposed to air after growth and before
imaging, in some cases (to avoid charging) samples were coated with an amorphous thin
film of carbon by evaporation.

2.3.4 – Transmission Electron Microscopy (TEM) and Selected Area
Electron Diffraction (SAED)
Transmission electron microscopy (TEM) uses a high energy electron beam (80-200
kV) transmitted orthogonal to the substrate plane to image thin samples of solid materials
(Fig 2.12). Electron focussing optics are used to control both spot size and the intensity
profile being transmitted through the sample. As the electrons pass through the sample
electrons both interact with and are scattered and can be imaged in the near-field
diffraction plane or focused into an image further down the optics. When viewed in the
diffraction plane spot and ring patterns are observed (which can be explained using very
similar methods to those described above for XRD) for crystalline and semi crystalline
materials. While calibration and orientation effects make crystallography complicated
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selected area electron diffraction patterns can be extremely powerful in elucidating the
crystal structures of samples.
If the imaging plane is selected bright field modes are most commonly used to create
images. In this mode the interaction of the electron beam with the sample produces massthickness contrast in the imaging plane. By increasing the thickness of the sample (which
reaches a maximum for transmission at a few hundred nanometres) or by introducing
higher atomic number species (i.e. higher electron density) more scattering is present so a
lower electron yield is present at the image plane.
In this work a 200FX (JEOL) TEM with a Gatan Orius CCD camera was used to produce
electron micrographs and selected area diffraction patterns from solid samples. Samples
were exposed to air after growth but no ex situ preparation or coating was undertaken.
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Chapter 3
Surface and electronic structure of VOPc

Understanding the relationship between molecular self-assembly, surface structure and
electronic properties at the earliest stages of film formation is critical if MPc molecules are intended
for use in electronic devices1. The use of surface probes for analysis of thin MPc films in UHV has
been established as the state of the art for evaporable systems over the last few decades. By
combining scanning probe microscopy (AFM and STM) surface sensitive diffraction techniques (LEED
and other ion or electron diffraction methods) and electronic structure measurements (UPS, XPS,
Kelvin Probe) a comprehensive knowledge of MPc molecules at solid surfaces can be built up.
In this chapter the non-planar phthalocyanine VOPc is prepared in thin film morphology on
the (111) surfaces of three noble metal single crystals (Au, Cu and Ag) by molecular beam
deposition. The morphology of thin films is investigated using STM and LEED while UPS is used to
measure their electronic properties.
LEED measurements indicate a multi-domain structure in which molecules adopt one of
three symmetrically unique azimuthal orientations with respect to the surface on Au (111) and Ag
(111). STM imaging allows the observation of each of these molecular environments simultaneously
and 2-D Fourier analysis is used to relate LEED patterns and STM images.
A markedly different surface structure is observed on the Cu (111) surface by both LEED and
STM, and UPS measurements are used to probe the underlying electronic interaction causing the
change in molecular assembly compared to Au (111) and Ag (111).
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3.1 – VOPc / Au (111)
At very low coverage (less than 0.2 ML) the VOPc/Au (111) surface is difficult to image with
STM at room temperature (coverage was estimated from LEED spot intensities and calibrated quartz
crystal microbalance measurements). This suggests that the VOPc molecules are highly surface
mobile, similar to literature examples of other MPc molecules2,3. Most images consisted purely of
lateral noise with some visible substrate step edges, but a few contained discernible features. The
region shown in Fig 3.1 (approximately 0.1 ML) shows a low density of VOPc molecules adsorbed
along the elbow sites of the herringbone reconstruction of the Au (111) surface. Molecular structure
could not be discerned and only dark roughly circular depressions of around 2 nm in lateral size were
observed.

Figure 3.1 – STM of VOPc/Au (111) at approximately 0.1ML, Vs = -1.5 V, I = 65 pA

This kind of assembly is common in MPc films on Au (111)4 as the elbow sites represent the
lowest surface energy sites on the surface, although the influence of the tip cannot be disregarded.
The tip may be dragging mobile molecules around the surface which then ‘stick’ at the elbow sites.
Further analysis was not possible with the resolution obtained, and no further images could be
recorded due to the instability of the surface.
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On increasing the VOPc coverage (to approximately 0.2 ML) a higher density of features,
assumed to be individual VOPc molecules, was observed. The ‘herringbone’ reconstruction of the Au
surface is not observed and the features are harder to discern. This may be due to the surface
mobility of molecules or adsorption of weakly bound molecules from the surface onto the STM tip.

Figure 3.2 – STM of VOPc/Au (111) at approximately 0.2ML, Vs = -1.5 V, I = 65 pA
Further deposition (to approximately 0.3 ML) leads to an increase in the density of features
observed and lines which can be observed between them (which may be a modified version of the
herringbone reconstruction of the Au (111) substrate5) appear.

Figure 3.3 – STM of VOPc/Au (111) at approximately 0.3ML, Vs = -1.5 V, I = 65 pA
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Due to the poor resolution of the topographs further comment on these features and structures
impossible, and more images could not be recorded due to the instability of the tip and surface.
As the coverage is increased (to approximately 0.5ML), some areas of the substrate that
appear to be self-assembled VOPc islands are observed (Fig. 3.4). These domains are small (approx.
20 x 20 nm) and are separated by areas in which no features can be discerned. High resolution
imaging was not possible and the edges of self-assembled regions seem diffuse, suggesting that the
surface structures are mobile and unstable at room temperature.

Figure 3.4 – STM of VOPc/Au (111) at approximately 0.5ML Vs = -1.5 V, I = 65 pA

Clear LEED patterns were not observed up to this point, a ring close to the specular beam
was observed but focusing this feature for capture was not possible due to technical limitations.
When close to one monolayer (to approx. 0.9 ML) was present the film was stable enough to
be imaged with molecular resolution at room temperature (Fig. 3.5). Single crystalline domains of
approximately 10 x 10 nm2 up to 50 x 50 nm2 are observed, composed of molecules which are
visualised similarly to those in the work of Barlow et al.6. As such they are assumed to be lying with
their ligand Pi system orthogonal to the plane of the surface and the oxygen atom facing outward.
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Figure 3.5– STM of VOPc/Au (111) at approximately 0.9ML, Vs = -1V, I = 85 pA
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Single- and multi-molecule vacancies, missing rows and small (approx. 5 x 5 nm) areas of
bare substrate (Fig. 3.6) can be observed within domains. Without changing imaging parameters
frequent changes in contrast and resolution along with molecular visualisation were observed. This
may be symptomatic of the adsorption and desorption of weakly bound molecules from the tip or
surface.

Figure 3.6 – STM of VOPc/Au (111) at approximately 0.9ML, Vs = -1V, I = 100 pA. White boxes show
single and multi-molecule vacancies
The density of these defects is relatively high, to the extent that the largest regions
observable without such imperfections is only 10 x 10 nm2. While some of this may be due to the
‘unfinished’ nature of the surface the presence of ad-molecules and high polycrystallinity suggest a
lack of layer-by layer growth. Areas with single isolated molecules (those not incorporated into
islands) adsorbed on top of the monolayer are found on the surface. Figure 3.7 shows one such area,
where a single VOPc molecule is positioned on top of a 15 nm wide section of VOPc monolayer.
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Figure 3.7 – STM of VOPc/Au (111) at approximately 0.9ML, Vs = -1V, I = 100 pA

A similar situation is shown in Fig 3.8 where a row of molecules (separated by longer
distances than those in the monolayer) are shown on top of a monolayer island. Where these
features are observed they are molecularly resolved rather than as appearing as stripes or ‘spikes’ in
the tunnelling current. This leads to the assumption that they are weakly chemisorbed in metastable
geometries rather than diffusing freely around the surface.
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Figure 3.8 – STM of VOPc/Au (111) at approximately 0.9ML, Vs = -0.9 V, I = 100 pA
While high resolution imaging was possible, the surface appeared to be metastable at room
temperature, shown by the mobility of surface features during imaging. The images presented in
Fig 3.9 were recorded one minute apart and show changes in molecular vacancies and ad-molecules
as the surface is scanned repeatedly. A threefold molecular vacancy (white circle 1) evolves into a
single molecule vacancy, a double vacancy (white circle 2) to a triple vacancy and a single vacancy
(white circle 3) is filled. The red circle shows a molecule adsorbed onto the top of the molecular
island and between images it is seen to move laterally across the long axis of the molecular rows.
These observations suggest that either the surface is spontaneously undergoing local structural
changes or imaging the sample is causing the observed differences. As a small tunnelling current
(100 pA) is being used at a moderate sample bias (-0.9 V), the interaction between the tip and the
surface should not be large enough to remove molecules from their adsorption sites. However, the
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nature and magnitude of the interaction between the VOPc and the Au surface has not been fully
characterised so a small perturbation may be enough to change the surface structure.

2

2
1

1
3

3

Figure 3.9 – STM of VOPc/Au (111) at approximately 0.9ML, Vs = -0.9 V, I = 85 pA. The right
hand panel was obtained 1 min after the left hand panel, white circles mark vacancies and red
circles mark ad-molecules

Changes in the azimuthal rotation between molecules are also obvious at multiple points on
the surface. As the molecules pack with the electron dense lobes of one molecular ‘cross’ nesting
into the gaps between lobes on each neighbour, this affects a dislocation within the domain
(Fig 3.10). Where rotationally different domains meet, a difference in stacking angle of close to 30° is
evident. While the molecule is not planar, and as such does not belong to the D4h point group of
planar phthalocyanines, the symmetry of the Pc ligand is almost unchanged. If the oxovanadium
moiety is projected out of the surface plane, the Pc ligand system will be the dominant interaction
with the surface and therefore the largest driving force for self-assembly.
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Figure 3.10 – STM of VOPc/Au (111) at approximately 0.9ML, Vs = -1 V, I = 85 pA

A large scale (75 x 75 nm2) image demonstrating sub-molecular resolution is shown in Fig
3.11 together with the corresponding LEED pattern. The LEED pattern contains three concentric
rings: the outermost is defined by collections of three spots, the middle barely visible in the CCD
capture (although visible to the naked eye) and the innermost made up of single spots. These
patterns appear initially unrepresentative of the square unit cell common to many MPc molecules
(due to the D4h symmetry of the Pc ligand). However, as previously discussed in the literature, the
pattern can be understood as a superposition of multiple patterns with the same dimensions (and
therefore arising from the same d-spacings on the surface). As LEED is sensitive to symmetry over
the spot size of the primary electron beam (which is much larger than the image presented in Fig.
3.11 of 75 x 75 nm2) the diffraction features cannot be related to single island domains of the VOPc
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layer. Rather, there must be a number of symmetrically in-equivalent orientations with respect to
the substrate that all molecules on the surface adopt.

Figure 3.11 – STM of VOPc/Au (111) at approximately 0.9ML, Vs = -0.8 V, I = 85 pA and
corresponding LEED pattern at 12 eV (inverted for clarity)

With this in mind the two dimensional fast Fourier transform (2D-FFT) was taken of the
image presented in Figure 3.11. This produces a good approximation of the real space structure
mapped in reciprocal space7 and as such can be directly compared to LEED. It is immediately obvious
from Figure 3.12 that the 2D-FFT of the image produces a good match for all of the features
observed in the LEED pattern.
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1 nm

-1

Figure 3.12– LEED pattern at 12 eV (inverted for clarity) and 2D FFT of the image in 6.12
(arbitrarily scaled to match LEED pattern)
In order to ascertain which features are producing the component patterns of the overall
pattern sections of the large scale molecular resolution image were taken and separate 2D-FFT
patterns were produced (Fig. 3.13). As the large scale image was sufficiently resolved two principle
packing axes could be assigned to the VOPc molecules in each domain.

Figure 3.13 – STM of VOPc/Au (111) at approximately 0.9 ML (from Fig. 6.12) with coloured
overlays to mark domains. Right hand panel shows sections from each orientation in the larger
image and their 2D-FFT power spectra (scale bars are 5 nm)
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This allowed the surface to be split into three symmetrically unique domains with respect to
the crystallographic axes of the single crystal surface. These are shown and colour coded in Figure
3.13 with the two arbitrary axes used for this assignment marked. One section from each of these
was taken and used for the 2D-FFT analysis discussed above.

Each region produces a similar pattern with square symmetry, showing multiple repetitions
of the reciprocal space representation of the irreducible symmetry of the surface. If the first order
pattern on each is considered, the rotation of each pattern with respect to the others (and therefore
the surface) is obvious.

The pattern is a combination of three square patterns which match the unit cell shape of
planar phthalocyanines previously analysed using LEED. The relative intensities of each spot appear
to be the same in both the inner and outer patterns, suggesting that averaged over the LEED primary
beam spot each of the relative orientations has the same population on the surface.

Figure 3.14 – LEED pattern at 12 eV (inverted for clarity) and LEED pattern with over layed
domain assignment

As twelve spots are present in both the inner and outer patterns, alignment of all spots with
a substrate spot is impossible. The patterns are oriented such that that half of the spots of each
98

3 – Surface and electronic structure of VOPc
pattern are aligned with principle crystallographic axes of the Au (111) substrate and half are
centred between the spots. As the hexagonal Au (111) pattern is made up of six spots they are
separated by 60° so the midpoints between them are 30° which matches the previous assignment.

This suggests that the origin of the symmetrical in-equivalence of each unique domain
orientation is due to alignment with one of the principle surface axes. The square unit cell must
therefore be positioned in three unique orientations with respect to the surface, aligned with one
principle axis in each case.

Similar behaviour and LEED patterns have previously been observed with InClPc (a nonplanar MPc) on the MoS2 (0001) surface which also has a hexagonal close packed symmetry. The
assignment here agrees with a triple-domain structure presented by the authors although no
scanned probe imaging was previously used.

UPS spectra of the sample used for STM and LEED analysis is presented in Fig 3.15, with
expanded views of the secondary electron cut-off region (3.15(i)) and low binding energy region
(near the Fermi Edge, Ef) (3.15(iii)). The low binding energy region (3.15(iii)) shows the previously
observed8 asymmetric HOMO peak at 0.93eV binding energy. In contrast to previous studies of
planar phthalocyanines, a double-peak form is completely formed at one monolayer rather than the
multilayers required to produce such a feature9. While this feature has been previously assigned to
multilayer growth the same feature is observed here with just under a monolayer of molecules10.
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A more likely scenario is described by Toader et al.11 where hybridisation of an MPc
molecule (CoPc) by the surface electronic states is suggested as the reason for this feature.
Moreover, the authors suggest a site-dependent charge transfer process to be occurring in a
monolayer film, and the effect of the metal can be demonstrated by comparison to other work using
organic/organic interfaces with non-planar phthalocyanines where a single peak is observed12.
Therefore, this peak form is due to the interaction of the metal surface and the monolayer of VOPc
present.
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Figure 3.15 – UPS data for approximately 0.9ML VOPc/Au(111); the lower panel (iii) is an
expanded view of the low binding energy region of the valence band (ii)
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The VOPc molecules are weakly physisorbed on to the surface as had been previously
suggested by the observation of the herringbone reconstruction underneath the molecular layer.
The lack of states over the Fermi edge strongly suggest that the VOPc molecular states are pinned to
the local vacuum level not the Fermi level and as such are not pseudo-metallic. Analysis of the
position of the secondary electron cut-off allows the work-function of the interface to be assigned at
4.62 eV, a drop of 0.58eV compared to pristine Au(111). This drop in work function can be explained
by the pushing back of charge into the metal surface or passivation of the surface state charge of the
gold surface. As such the presence of each molecule, while not adding or removing electrons
through charge transfer, lowers the local work function. At close to one monolayer almost all
adsorption sites are filled resulting in a global work function reduction due to the summation of all
local shifts.

This situation should also result in the molecular states of the VOPc molecule being shifted
with respect to the Fermi edge with increasing coverage (molecules added to the layer reduce the
overall pinning to the local vacuum level of the system due to molecule-molecule screening). Films
were therefore grown for UPS analysis from 0.25ML up to 0.9ML and the results are presented in
Figure 3.16.

In the thinnest (0.25ML) film no feature relating to the HOMO of VOPc can be discerned
although a state close to Ef is observed, assigned as the supressed surface state of the Au (111) (Fig
3.16(iii)). Even with only 0.25ML coverage the work function shifts by 0.3eV indicative of the ‘pushback’ effect involved in the physisorption of the VOPc molecules. STM images presented earlier
suggest that molecules are spread evenly over the surface at very low coverage presumably to
minimise repulsive lateral interactions between them.

Low binding energy HOMO peaks are observed close to the Fermi edge in 0.5ML films and
move to higher binding energies in 0.75ML and 1ML films (Fig. 3.16(iii)). The work function drops to
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4.62eV at 0.75ML and remains unchanged in thicker films due to the saturation of surface
adsorption sites causing no further push-back of charge (Fig. 3.16(i)).

The HOMO peak moves further from the Fermi edge as the thickness of the film is increased
and evolves into a split peak above 0.75ML (Fig. 3.16(iii)). These observations confirm the
assumption that the VOPc/Au (111) interaction is relatively weak involving physisorption and longrange interactions. Although the work function of the Au (111) surface is decreased by the growth of
VOPc layers this change is small (0.58 eV) and no charge transfer is inferred in this interaction.
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Figure 3.16 – UPS data for 0.25 ML (red) 0.5 ML (blue) 0.75 ML (green) and 0.9 ML (black) VOPc/Au (111)
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3.2 – VOPc / Ag (111)
Identical conditions were used to prepare VOPc/Ag (111)/Mica films up to 0.9 ML thick to
compare surface and electronic structure with VOPc/Au (111). LEED patterns (Fig. 3.17) are similar to
those for the VOPc/Au (111) system and can therefore be explained using ideas presented in the
proceeding section.

Figure 3.17 –LEED pattern for approximately 0.9ML VOPc / Ag (111) and
overlayed domain assignments

STM images indicate that the VOPc islands present on the Ag (111) surface are larger than
those on Au (111) (up to 40 x 40nm2 on Au and 100 x 100nm2 on Ag) but possess the same molecular
vacancy and ad-molecule features. Molecular and sub-molecular resolution images demonstrate the
same visualisation of the LDOS of the VOPc molecule and similar slipped-stack features within
islands are observed.
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Figure 3.18 – STM of VOPc/Ag (111) at approximately 0.9ML, Vs = -0.6 V, I = 85 pA
The larger domain size may be due to the lack of surface reconstruction on Ag (111)
compared with Au (111), providing no low energy nucleation sites (elbow sites and reconstruction
lines) and therefore larger single domains. This is difficult to comment upon as STM only probes local
structure in the vicinity of the tip, and the transfer width of the low energy electrons used in LEED is
larger than the smaller islands on Au (111).

Figure 3.19 – STM of VOPc/Ag (111) at approximately 0.9ML, Vs = -1 V, I = 115 pA. The left
panel is raw data and the right has been low pass filtered to remove noise
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At 0.9 ML coverage a similar double peak feature to that recorded from Au (111), assigned
as the VOPc HOMO, is observed in the low binding energy region of the UP spectrum (Fig. 3.20(iii)).
The position of the centre of the two peaks is 0.4 eV further from the Fermi edge on Ag compared to
Au. Similar behaviour was previously observed on Ag (111) with CuPc13 although experiments were
conducted at low temperatures rather than room temperature. The shape of the HOMO peak is also
subtly different although the lack of scanned probe imaging and the difference in molecular species
makes comparison difficult.
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Figure 3.20 – UPS data for approximately 0.9ML VOPc/Ag(111) (i) and (ii); the lower panel
(iii) is an expanded view of the low binding energy region of the valence band. The blue
shading highlights the charge transfer induced electron density near the Fermi edge
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The appearance of a populated state close to the Fermi edge suggests the presence of
charge transfer at the VOPc/Ag(111) interface unlike VOPc/Au(111). This extra state may be a former
LUMO state which has been populated by electron density from the d-band of the Ag (111) surface,
and as such is shifted just under the Fermi level. The most intense of the d-band features also
appears split in the VOPc/Ag(111) film compared to the clean Ag(111) surface. Thinner films were
grown to observe the appearance of this state and any shifts in position or changes in form of the
HOMO features of the VOPc molecule (Fig. 3.22)
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At 0.25 ML a broad HOMO peak is observed 1.2eV below the Fermi level and no filled LUMO
state is obvious at the Fermi edge (Fig. 3.22(iii)). If the coverage is increased to 0.5ML the HOMO
position does not move but its peak shape is more defined and the filled LUMO state begins to
emerge. At 0.75ML a clear double-peak HOMO, with the lower binding energy portion still centred
at 1.2 eV and an additional feature emerging at 1.6 eV, and the former LUMO level still present over
the Fermi edge is observed. If the low binding energy regions of the 0.75ML and 0.9ML spectra are
compared their similarity is obvious other than the increase in intensity of the higher binding energy
portion of the double HOMO peak. They both show the filled LUMO feature characteristic of charge
transfer at the metal/organic interface.

The work function of the Ag (111) surface is decreased by the addition of VOPc by a similar
amount to Au(111), 0.52 eV compared with 0.58 eV. The difference in these values is within the
energy resolution of the analyser used for these measurements. This shows that despite the filling of
the LUMO level by the Ag surface the presence of VOPc molecules still lowers the work function of
the surface by pushing charge back into the metallic surface.

3.3 – VOPc / Cu (111)
Identical parameters were also used to fabricate monolayer films on the Cu (111) surface.
LEED patterns (Fig. 3.22) were significantly different to those observed on Ag (111) and Au (111),
containing twice the amount of spots. The first Laue zone is hexagonal rather than circular (some of
the spots must therefore be further from the specular beam than others). This shows that the
symmetrical relationship of the molecule with the surface is different on Cu (111) compared to Au
(111) and Ag (111). This suggests that a single lattice is not responsible for all of the spots present in
this pattern although the lattice spacings must be very similar if they are observed in such close
proximity at the same beam energy.

The contributions to the pattern can be separated into two parts, hexagonal and
rectangular, by careful examination of the spot intensities and positions. The pattern closest to the
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specular beam (therefore the largest lattice parameters) consists of twelve spots and can be indexed
as a combination of rectangular unit cells rotated by 30° with respect to each other. Although the
shape of each pattern (and therefore the unit cell) is different from that observed on Ag (111) or Au
(111), the symmetrical relationship of the VOPc unit cell with the surface lattice is similar.

Figure 3.22 – LEED pattern for approximately 0.9ML VOPc / Cu (111) collected at 12 eV and the
1x1 substrate pattern at 120 eV

The remaining twelve spots of the pattern cannot be indexed to the same unit cell due to
their radial positions and distance from the specular beam. This separate pattern also consists of
twelve spots but each pair of spots is positioned such that an angle of approximately 15° is defined
between them and the specular beam. One possible assignment of this is two superimposed
hexagonal patterns rotated about the specular beam (Fig 3.23). This indicates a deviation from both
the square unit cell observed on Ag(111) and Au(111) and the rectangular cell in the other pattern
on Cu(111). The complexity of the LEED pattern suggests that multiple assembly modes, and
possibly adsorption geometries, are present on the surface.
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Figure 3.23 – LEED pattern for approximately 0.9 ML VOPc / Cu (111) at 12 eV and
overlaid domain assignments

STM topographs of the same surface revealed two distinct molecular appearances and
packing modes; cross-like molecules in square symmetry lattices and more rounded or spherical
features (Fig. 3.24).

Figure 3.24 – STM of VOPc/Cu (111) at approximately 0.9ML, Vs = -1.6 V, I = 85 pA . The green
square marks ‘square’ assembly and the red rectangle shows a line of the rounded visualisation
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Figure 3.25 – STM of VOPc/Cu (111) at approximately 0.9 ML, Vs = -1.5 V, I = 65 pA . The red
and black lines show the lattice vectors for the square and hexagonal structures, respectively

Some areas of the surface contain high densities of the second visualisation assembled into
hexagonally packed domains (Fig 3.25). These species appear highly mobile and with repeated
scanning of the same area islands grow and shrink along close-packed axes while larger islands seem
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unstable at the edges (Fig 3.26). In other areas of the surface molecular vacancies within islands are
observed and are highly mobile. The underlying (or coexisting) surface is made up of VOPc molecules
packing similarly to the inter-digitated self-assembled structures observed on Au and Ag. Multi-layer
growth may be in evidence on the surface although the possibility of different tunnelling pathways
producing height differences in the topographs makes this assignment problematic.

Figure 3.26 – STM of VOPc/Cu (111) at approximately 0.9ML, Vs = -1.64V, I = 85 pA . The right
hand pane is taken one minute after the left hand pane. Green and red circles highlight areas of
growth between scans
To produce hexagonal packing, the adsorption geometry of the VOPc molecule must deviate
from the flat-lying cross-shaped adsorption mode observed on Au (111) and Ag (111). This suggests
that either the molecule is tilted off axis with its molecular plane at an angle to the substrate (similar
to the case of TiOPc on Ag (111)14), or by interacting with the surface the molecular shape has been
altered. In Figure 3.28 the visualisation is that of cross-shaped features and in Figure 3.29 cross-like
molecules and rounded hexagonally packed molecules appear at very similar height scales. This
makes the assignment of the hexagonal VOPc as the topmost layer difficult to confirm.
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Figure 3.27 – STM of VOPc/Cu (111) at approximately 0.9 ML, Vs = -1.2V, I = 100 pA .

Figure 3.28 – STM of VOPc/Cu (111) at approximately 0.9 ML, Vs = -1.5 V I = 125 pA
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Two models can be constructed for hexagonal packing, firstly a layer of molecules with
modified symmetry altering the packing of molecules adsorbing on top, and secondly charge transfer
directly causing the packing changes.

The self-assembly of symmetrically altered MPcs would produce an electronically nonuniform periodic surface defined by the lobes of the Pc ligand and the central oxygen atom of the
VOPc (Fig. 3.29). This is a similar assignment to one suggested in literature for planar
phthalocyanines on Cu (111) surfaces. As VOPc is adsorbed on top, a ‘tilted’ geometry may be
adopted to maximise the interaction of the oxovanadium moiety with the electron rich or poor lobes
of the underlying VOPc. A smaller separation between molecules in the topmost layer would then be
produced due to the tilted molecular plane and a slipped stack hexagonal packing motif observed.

Figure 3.29 – Schematics of molecular packing in (left) square and (right) hexagonal structures.

More VOPc was deposited in an attempt to increase the surface coverage of hexagonally
packed molecules for higher resolution imaging. This did not have the desired effect and only square
packing was observed when another 0.5 ML equivalent was deposited (Fig 3.30). Some mobile
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molecules are evident on top of the square layer but no extended areas with hexagonal packing
were observed. This suggests that adding more molecules drives assembly to square packing, and
molecules are screened from the effect of the electronically corrugated first layer by lateral
neighbours. LEED patterns collected of the surface after adding more VOPc did not, however,
suggest any change in structure.

Figure 3.30 – STM of VOPc/Cu (111) at approximately 0.9ML (left) and 1.4ML (right) , Vs = -1.6V,
I = 85 pA . The corresponding LEED patterns are shown underneath
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If charge transfer was directly causing the change in packing due to modification of the
structure of the molecule, annealing should preferentially produce the most stable assembly mode
in the thin film. In a situation where charge transfer was present we assume that a charge transfer
directed assembly mode would be the most stable and lowest energy conformation possible. The
previously observed surface is assumed to be away from equilibrium in terms of occupation of
multiple metastable assembly environments.

Annealing experiments were performed to produce larger molecular islands for imaging by
STM and to observe the influence of temperature changes on the assembly of the VOPc molecules. A
film was grown using the same parameters for 0.9 ML growth on Au and Ag at room temperature
and annealed to 175°C in vacuum for 12 hours, after which LEED patterns were collected (Fig. 3.31).

A pattern very similar to that produced by the non-annealed sample was observed although
a lower inelastic background was observed and diffuse (1,1) spots were weakly visible. STM images
(Fig. 3.31) showed a mixture of isolated molecules, small clusters of close packed molecules and
finally large molecular islands (around 100 nm). The packing inside these islands is different to that
observed on Ag and Au, with molecules in closest contact on the edges of their ligand pi systems
rather than inter-digitated. This produces a larger unit cell which is confirmed by the smaller
specular beam-pattern distance observed at 12 eV on Cu compared with Au and Ag.

Further annealing to 200°C was used to attempt to desorb the topmost layer of molecules
and test if a second layer was actually present on the sample. Once temperatures above 180°C were
reached, no LEED pattern could be observed even after the sample was cooled to room
temperature; no useful STM images were produced. This indicates that while the sample may be a
collection of single and double layers locally, it is not possible to selectively desorb the second layer.
It is possible that films of VOPc on Cu(111) grow in an inherently 3D manner due to the screening
energetics of adsorbing multiple layers simultaneously.
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Figure 3.31 – STM of VOPc/Cu (111) at approximately 0.9 ML, Vs = -1.6 V, I = 85 pA at various
scan sizes with corresponding LEED at primary beam energy of 12eV
The predominant packing mode is defined by a rectangular unit cell with dimensions of
approx. 1.9 nm x 2.1 nm2 although no calibration has been applied to the images. This is larger than
that observed on Ag and Au suggesting that close contact is not energetically favourable within
these islands.

In order to explain this change in packing, we can consider the previously reported charge
transfer characteristics of phthalocyanines on Cu (111). If charge transfer is inducing a change in
symmetry (and therefore shape) in the VOPc molecule at the surface it follows that the VOPc
molecule is most probably adsorbed with the oxygen atom of the oxovanadium component close to
the substrate. This is based on the STM experiments of Niu et al.15 which show that only when the
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component projected out the molecular plane in non-planar MPcs is in close contact with the
surface is symmetry modification observed. Recent studies using DFT and X-ray standing wave (XSW)
techniques on the related molecules ClAlPc16 and ClGaPc17 reach the same conclusion.

If this geometry leads to molecular distortion due to charge transfer the two lobes of the Pc
ligand on opposite sides of the VO centre would both become either electron rich or poor. The
molecule-molecule assembly could therefore be driven by the edge to edge repulsion of the electron
rich lobes and attraction of the electron poor lobes or interactions between electron rich and poor
lobes. In either case the intermolecular interaction would be maximised when the molecules were
positioned with the Pc ligands of nearest neighbours touching i.e. edge to edge. This would avoid
contact with the other set of arms of the Pc ligand and maximise the screening of the charge or hole
accumulation in the molecule.
Molecular symmetry modification at the Cu (111) surface has also been demonstrated18 to
have dependence on the position of the molecule with respect to the crystallographic axes of the
substrate. The ‘symmetry reduced’ molecules can be assumed to be constrained by the surface
lattice which would direct assembly along surface lattice directions rather than being lead purely by
molecular interactions. If the distortion of the molecule is energetically favourable, movement
between similar adsorption sites would be preferred over movement to sites that did not produce
this distortion. This seems to be the case for VOPc on Cu (111) as molecular vacancies appear most
often connected together diagonally rather than edge to edge.

If significant charge transfer was present into the VOPc molecule, a filled LUMO state similar
to that seen on Ag(111) could be expected. UPS was therefore used to probe the electronic structure
of the interface, initially at the nominal 0.9 ML thickness which produced hexagonal packing of
VOPc.
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UPS spectra differ from Au (111) and Ag (111) surfaces in both form and the position of
features observed. UPS of 0.9 ML coverage shows a split feature at low binding energy close to the
Fermi edge together with a single broad feature closer to the d-band states of the Cu (111)(Fig.
3.32(iii)). The form of the low binding energy region is similar to that recently observed in GaClPc on
Cu(111)17 and as such the feature closest to the d-band states can be assigned as the HOMO peak of
the VOPc. The origin of the states closer to the Fermi edge is not clear and in order to improve our
understanding thinner films were grown.
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Figure 3.32 – UPS data for 0.9 ML VOPc/Cu (111); the lower panel (iii) is an expanded view
of the low binding energy region of the valence band (ii)
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Figure 3.33 – UPS data for 0.25 ML (red) 0.5 ML (blue) 0.75 ML (green) and 0.9 ML (black)
VOPc/Cu (111)

For the thinnest films (of 0.25 ML coverage) no feature is observed in the HOMO region but
two broad peaks are observed 0.1-0.8 eV below the Fermi edge (Fig. 3.33(iii)). These peaks appear to
be remnants of the Shockley surface state (just below the Fermi edge) of the Cu (111) surface and a
parasitic Helium emission line d-band satellite. At higher coverage (0.5 ML) the peak closest to the
Fermi edge shifts to higher binding energy and appears less well defined. At 0.75 ML a pair of peaks
similar to those seen for the split HOMO state on Au and Ag is observed centred 0.6eV under the
Fermi edge. At 0.9 ML these peaks are still observed, and a broad feature centred 1.7 eV below the
Fermi edge derived from the molecule HOMO state also emerges. Annealing experiments had no
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impact on electronic structure as very similar UPS spectra were collected and are not presented
here.

The lack of interface states just below the Fermi edge (as in the case of VOPc / Ag(111))
suggests that if charge transfer is occurring, it is not populating a LUMO state in the VOPc. This could
either be due to a lack of charge transfer or the re-hybridisation of the molecular orbitals of the
VOPc molecule. If, as other authors suggest, MPcs form covalent bonds with Cu (111) and a large
geometric distortion occurs, the form and population of the molecular orbitals of the isolated VOPc
molecule will be radically altered. Therefore HOMO and LUMO states may be mixed with the
energetically most accessible substrate orbitals, the d band and surface state of Cu (111). This would
produce a situation where no state over or close to the Fermi edge would be observed due to the
modified electronic structure of the molecule-metal interface.

The form of the two low intensity peaks close to the Fermi edge in 0.75 ML and 0.9 ML films
are similar to those observed as the HOMO derived state in 0.9 ML films of VOPc / Au (111) and
VOPc / Ag (111). This peak shape has been previously discussed in the literature and assigned as
being due to vibronic progression of electrons through the Pc ring13. If a similarly shaped feature is
present close to the Fermi edge, this suggests an energetic separation of density of states
contributions from the central oxovanadium portion and the Pc ligand system. Further experiments
including synchrotron based studies are planned to provide deeper insight into this complex system.

The work function change induced by adsorption of VOPc molecules clearly proceeds rapidly
below 0.25 ML, with a 0.4 eV change observed with respect to clean Cu (111). At 0.9 ML coverage a
0.6 eV change is realised which is unaffected by the annealing step discussed earlier in this chapter.
This suggests that the spontaneous adsorption geometry of the VOPc molecule produces the work
function change, and the orientation of the dipole moments produces the largest possible change
without the need to anneal the substrate. The affinity of Cu surfaces for oxygen is widely known as
demonstrated by the spontaneous and rapid oxidation of clean samples on exposure to air. This
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allows us to rationalise the difference between the behaviour observed here with VOPc to the
behaviour observed by Gerlach et al. with GaClPc17.

The overall change in work-function is very similar to that observed on Au(111) (0.58 eV) and
Ag(111) (0.52 eV). This seems to negate the influence of the adsorption geometry of the VOPc
molecule on the work function of the interface, as experimental evidence shows Au (111) and Ag
(111) have the same VOPc adsorption behaviour while Cu (111) differs significantly. The situation is
complicated by the unclear nature of the interaction between VOPc and Cu (111) indicated by the
complex surface structures observed in STM and LEED experiments, and the unusual features
present in the low binding energy region of UPS spectra. Charge transfer, changes in molecular
shape and electronic structure induced by interaction with the Cu (111) surface may be convoluting
the influence of the presence of the VOPc molecule on the work function of the substrate.

3.4 – Conclusions
In conclusion, the non-planar MPc VOPc has been prepared in ultra-thin film morphology at
a variety of thicknesses on the Au(111), Ag(111) and Cu(111) surfaces and characterised by STM,
LEED and UPS. In the case of Au (111) self-assembled layers composed of molecules lying with their
oxygen atoms projecting away from the surface are observed in STM images. LEED patterns reveal
multiple azimuthal orientations with respect to the principal crystallographic axes of the surface, and
STM is used to observe the thin films’ morphology. Electronic structure analysis by UPS suggests no
electron transfer is induced at the interface and a thickness-dependant work function change is
observed.

On the Ag (111) surface, very similar molecular assembly is observed in STM and LEED
patterns are almost identical. UP spectra show that charge transfer is present from the substrate
into the LUMO of the molecule, most probably from d band states. This populates the LUMO and
produces an occupied state just below the Fermi level of the Ag (111) surface.
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The behaviour of VOPc on Cu (111) is in contrast to both of the other surfaces used,
producing markedly different LEED patterns and surface structures in STM experiments. A unique
rounded topography is present along with more familiar square molecular features. A range of
assembly modes are observed including a hexagonally close packed structure which allows a
tentative assignment of the complex LEED pattern produced. This behaviour is rationalised by
assuming that the shape of the VOPc is altered and its symmetry changed by interacting with the Cu
surface and by charge transfer from or into the molecule. UPS spectra are also dissimilar to those
produced from Au (111) and Ag (111) surfaces, with no clear molecular HOMO derived state. The
nature of the electronic structure shown by the UPS experiments is discussed, but the underlying
molecule-surface interaction remains difficult to assign unambiguously.
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Chapter 4
High temperature deposition of organic thin films
In this chapter the influence of substrate temperature (Tsub) on the morphology and
crystal structure of MPc films is investigated. Surface morphology (measured by AFM) is
monitored as a function of substrate temperature (Tsub) during deposition for MPc films on
oxidised silicon (SiO2) surfaces. Finally a copper iodide (CuI) structural template layer is
prepared at elevated temperature on SiO2 and used to control the growth of OSC layers
subsequently deposited. The effect of Tsub on the morphology and structure of the CuI layer
during deposition and subsequent impact on OSC templating behaviour is examined.

4.1 – FePc and MnPc single layers on oxidised silicon
MPc layers have been employed in a wide variety of OPV and OTFT devices, usually
grown at room temperature, on substrates specifically useful for each application. An
example of this is using indium tin oxide (ITO) coated glass to provide a transparent back
electrode for OPV applications1. The weak van der waals (VdW) forces that hold organic
crystals together can be easily influenced by changing the chemical nature of the substrate
used or by applying heat or other physical stimulus (e.g. magnetic or electric fields) during
or after the growth process2,3,4. This can produce drastic changes in the structure or
properties of the OSC layers and is therefore of scientific and technological interest. The
simplest approach to incorporate into a mass production environment is the use of elevated
temperatures such as those used in dye sublimation or powder coating processes. Although
a variety of work has been carried out exploring the effects of using elevated temperatures
during the deposition of MPc layers but few extensive studies have been undertaken5,6,7.
With this in mind, two MPcs (iron phthalocyanine (FePc) and manganese phthalocyanine
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(MnPc)) were used to explore the structural changes observed with elevated temperature
deposition.

4.1.1 – FePc thin films

FePc films grown on room temperature substrates with little chemical reactivity
(such as glass, quartz, SiO2 or mica) demonstrate morphology typical of the α phase of
planar phthalocyanines. Films are composed of roughly 100 nm crystallites upon which no
faceting or crystallographic features can be discerned, so they are commonly referred to as
spherical8. At 10 nm thickness smooth films with complete surface coverage are obtained
and negligible surface morphology changes with thickness are observed (Fig 4.1(i)).

(i)

(ii)

Figure 4.1 – AFM images of (i) 10nm and (ii) 100nm thick FePc films at ambient Tsub

With SiO2 substrates held at room temperature coated with 10nm of FePc no
diffraction peaks are observed in XRD traces (Fig 4.2(i)). Using sufficiently thick films (in this
case 50nm) diffraction patterns consisting of only a single peak can be recorded showing
strong preferred orientation in films (Fig 4.2(ii)). A number of crystal structures based on
single crystal and powder minimisation experiments have been proposed for FePc, and
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simulations of XRD patterns from each structure produce either a (100) or (001) reflection
between 6° and 7°. In each case this corresponds to a d spacing above 1 nm, which is the
inter-stack spacing between molecules rather than the smaller face to face separation
distance. The conclusion that molecules are predominantly stacking edge to edge (and are
therefore edge rather than face on to the substrate) with respect to the substrate is made.
Similar behaviour has been observed for a variety of planar phthalocyanines on chemically
inert (weakly interacting) substrates, and used to approximate the relative molecular
orientation (with respect to the surface) within crystals9.

(ii)
FePc (001)/(100)

(i)

Figure 4.2 – XRD traces of (i) 10 nm and (ii) 50 nm thick FePc films at ambient Tsub

Changing Tsub during deposition has a huge impact upon the crystal structure, size
and morphology of phthalocyanine thin films with a range of molecule-substrate
combinations explored. The work of Miller et al. 10 used elevated temperatures on a
sapphire (1120) substrate to control the crystal size of evaporated FePc thin films. Some
discussion is presented on the nature of the interaction of the single crystal surface with the
impinging molecules in the molecular beam, but similar results had been obtained
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previously on glass or oxidised silicon substrates11,12. While these demonstrate similarly
chemically inert characteristics and possess low Rq values (surface roughness of approx. 0.20.5nm) no surface structure (e.g. atomic steps) can be observed with scanned probe
techniques. The nature of the interaction between amorphous SiO2 surfaces and FePc
molecules is not immediately obvious in this case. We can assume that the intermolecular
VdW interaction between FePc molecules absorbing on to the surface as the film is formed
are stronger (and therefore have more influence on film morphology) than the
molecule/surface interaction.
To test this hypothesis, high Tsub deposition was carried out on solvent-cleaned and
UV-Ozone treated SiO2 wafer pieces. These were cleaved from a single crystal Si (100) wafer
(IDB technologies) to a size of approximately 10mm x 10mm. They were attached to an
Omicron® style sample plate using spot-welded tantalum foil strips. Substrates were pre
heated to growth temperatures for 30 mins before deposition and no in-situ cleaning was
carried out.
In order to have a reproducible, accurate and representative measurement of the
surface temperature of the SiO2 during growth, both a fixed thermocouple I contact with the
sample and optical pyrometry measurements were used. The thermocouple was fixed in the
sample holder and an optical pyrometer (IRCON®) was positioned at surface normal to
measure the sample temperature concurrently. Measurements suggest a 24°C temperature
difference between the surface and the temperature measured by the thermocouple, and a
constant offset was assumed as the lowest temperature measurable by the pyrometer was
300°C.
Due to the length of time required to grow and analyse each sample, the
temperature range of ambient (approx. 23°C) to 100°C was not investigated. A surface
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temperature of 109°C was used as the starting point for elevated Tsub experiments. At 109°C
changes are observed in the surface morphology of the thin film, with grain size increasing
and elongation obvious along the crystallites in the plane of the surface (Fig 4.3(i)). The RMS
surface roughness increased from 0.730 nm (at room temperature) to 0.866 nm which can
be explained by the presence of larger crystallites with more protrusion out of the surface
plane due to growth along preferred axes. When Tsub is increased to 173°C an obvious
change in morphology is clear, the substrate surface is covered with highly anisotropic
crystallites (Fig 4.3(ii)). These crystallites demonstrate a large degree of preferred
orientation with their longer axis in the plane of the surface. Faceting is clear along the
plane parallel to the surface, but reliable step heights are difficult to obtain as the features
are non-uniform and not completely flat. The clear presence of areas of bare SiO2 substrate
suggests non uniform nucleation across the surface, with a tendency for growth along
certain axes of existing crystallites rather than creation of new crystals. A large increase in
surface roughness is observed, with a roughness of 5 nm at 173°C compared to 0.957 nm at
109°C.

(i)

(ii)

Figure 4.3 – AFM images of 10 nm FePc films at Tsub of (i) 109°C and (ii) 173°C
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The largest single features were observed for Tsub = 193°C with what appear to be
single crystals of up to several micrometres in length formed on the surface (Fig 4.4). Step
heights of 1.3-1.4 nm are observed on top of the crystallites, and long protrusions on the
highest features suggesting anisotropic growth along the surface plane, rather than out of it,
are present. One explanation for this is that each layer of 1.3-1.4 nm in height is a single
molecular layer with the FePc molecule standing upright. XRD measurements presented
later in this chapter will provide further evidence for this assignment. The growth
mechanism is difficult to comment on, as incomplete coverage is obvious due to ‘holes’
down to the substrate layer separating film features.

1.3 nm

Figure 4.4 – AFM image and corresponding height profile for 10 nm FePc/SiO2 film at Tsub = 193°C

Layers also appear incomplete with missing rows and the extrusions along the
surface plane appear at multiple points on the surface and height scale. This may suggest
preferential growth along the face-to-face packing direction of the FePc molecules (high
anisotropy in domains and step heights provide more evidence). Molecular resolution
imaging, which was not possible with the equipment available, would be necessary to
comment on orientation and packing further.
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At Tsub of 203°C surface morphology undergoes another change; smaller features are
present with the same molecular scale height as at Tsub = 193°C (Fig 4.5(i)). The roughness
also decreased from 2.755 nm to 1.125 nm, but imaging was difficult due to the presence of
high protrusions spread randomly across the surface. The height of these features cannot be
commented on as the AFM could not track them reliably. Presumably these are due to outof-plane nucleation of nanocrystallites as previously observed in literature13.

(i)

(ii)

Figure 4.5 – AFM images of 10 nm FePc films at Tsub of (i) 203°C and (ii) 213°C

Another 10°C increase in Tsub to 213°C produced a low surface coverage of FePc with
a randomly shaped island morphology (Fig 4.5(ii)). The height of these islands is uniformly
1.4 nm suggesting that the first monolayer layer is composed of upright molecules. At this
temperature the sticking coefficient is clearly greatly reduced which in turn reduces the
effective growth rate to around one tenth of that in lower temperature films. Higher
temperatures were not investigated and longer growths at this temperature were not used
in order to maintain a uniform measured growth rate between samples.
In order to confirm the assignment of the film’s structure inferred from AFM, XRD
measurements were used to probe the crystal structure out of the plane of the substrate.
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XRD patterns were not produced by films with a thickness of 10nm due to the very limited
number of planes present to diffract X-rays and the weak scattering properties of all atoms
except the Fe at the centre of the molecule. This is in direct contrast to the work of Miller et
al.10 where 10 nm films produce not only diffraction peaks but associated interference
fringes indicative of high quality thin film growth. In order to analyse the crystal structure of
the films 50 nm samples were necessary to provide sufficient diffraction intensities. As Tsub =
193°C produced the largest domains in 10nm films this temperature was used for thicker
growth for XRD analysis.
Substrate temperature and growth rate were kept constant for all film thicknesses,
and while AFM analysis showed a modified morphology, step heights matched the height of
an on-edge molecule and molecular orientation was judged to be identical to that observed
in thinner samples (Fig 4.6). Diffraction patterns were recorded for this film with only a
single strong feature observed at 6.95°, corresponding to an inter-planar distance of 1.27
nm (Fig 4.6). A very weak second order reflection of this peak at 14° is observed at low
intensity with no further reflections. A diffraction pattern from a film grown at room
temperature and one grown at 193°C are presented in (Fig 4.7).

FePc (001) / (100)

Figure 4.6 – AFM image and XRD trace for a 50 nm FePc film at Tsub = 193°C
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While a small shift in the (001) peak is observed with an increase of Tsub to 193°C
(indicative of an α to β phase transition14), the alignment accuracy of the diffractometer
make this difficult to quantitatively analyse. This does not affect the assignment of the peak
which matches the interplanar distance corresponding to the spacing between stacks of
molecules along the (001) direction of the unit cell. This is a common motif in XRD of planar
phthalocyanines but due to the lack of other peaks in the pattern no further structural
conclusions can be made. Due to the weak nature of the peaks no comment on peak width
or correlation with domain size is made, especially as the full width at half maximum
(FWHM) of the peak increases from 0.17 to 0.22 while scanned probe studies show that
crystal size increases.

FePc (001) / (100)

(i)
45°
Alpha

(ii)
65°
Beta
Figure 4.7 – XRD traces of 50 nm FePc films at Tsub of (i) ambient and (ii) 193°C
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4.1.2 – MnPc thin films
MnPc films grown at room temperature on SiO2 substrates also demonstrate
morphology typical of the alpha phase of planar phthalocyanines15.
At Tsub = 123°C the film undergoes a change in morphology with larger features that
appear to be elongated crystallites or aggregates of crystallites appearing (Fig 4.8(i)). This is
a similar but less pronounced effect than that observed in FePc, with the introduction of
larger crystallites and therefore long range order.

(i)

(ii)

Figure 4.8 – AFM images of 10 nm MnPc films at Tsub of (i) 123°C and (ii) 173°C

When Tsub is increased to 173°C a more profound change is observed with larger
interlocking faceted crystals (Fig 4.8(ii)). Crystallites range between 250 and 500 nm in
lateral size, but grain boundaries are difficult to discern making this analysis inherently
inaccurate. It is difficult to discern if the features are individual crystallites or bundles of
axially oriented fibre like crystals. The growth shows 3D character as the surface rapidly
roughens in thin films and protrusions are obvious in the topography while the thickness by
QCM is identical.
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As the temperature is increased by 10°C to 183°C the grain size increases along with
surface roughness with larger bare SiO2 patches separating crystallites (Fig 4.9). At Tsub =
193°C grain size and surface roughness increase but the surface morphology is very similar
to that observed at 183°C.

(i)

(ii)

Figure 4.9 – AFM images of 10 nm MnPc films at Tsub of (i) 183°C and (ii) 193°C

Tsub of 203°C and 213°C produce crystallites with similar morphology but more of the
bare substrate is exposed at the higher temperature (Fig 4.10).

(i)

(ii)

Figure 4.10 – AFM images of 10 nm MnPc films at Tsub of (i) 203°C and (ii) 213°C
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A temperature of 223°C produces similar morphology to 213°C but features
protruding further from the surface increase the RMS roughness. The highest temperature
at which growth of MnPc is observed is 233°C at which point elongated crystallites ranging
from 200 to 500nm wide and 200 to 1500nm long are present on the surface separate by
large (approx. 500nm x 500nm2) portions of bare substrate (Fig 4.11).

(i)

(ii)

Figure 4.11 – AFM images of 10 nm MnPc films at Tsub of (i) 223°C and (ii) 233°C

The crystals appear to be collections of multiple smaller elongated needle-like
crystals, or are much more highly faceted that those observed in FePc. If Tsub is increased to
243°C no growth is observed on the SiO2 substrate suggesting that the surface is too hot for
molecules to adsorb.
Surface roughness increases non-linearly with temperature (Fig 4.12) suggesting
sensitivity to surface temperature that varies in different temperature ranges. While a clear
change in morphology with temperature was observed, no layer-by-layer growth
characteristics were obvious and high protrusions out of the substrate plane were observed.
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It is interesting to note that the lateral dimensions of crystals formed on the surface
are much smaller than those observed for FePc. While measurements of crystal size are
unreliable the largest dimension (width or length) of crystallites found in any MnPc film is
450nm compared to 3500nm in FePc. While lateral dimensions of the crystallites are hard to
measure due to their shape and the presence of interlocking crystals the large difference in
domain size is apparent. In samples of MnPc prepared by thermal gradient sublimation, the
macroscopic crystals recovered are much smaller and finer than those observed with CuPc
and FePc (Fig 4.12). The reason for this is not known but further experiments are planned to
understand this observation.

(iii)

(i)

1 mm

(ii)

1 mm
Figure 4.12 – (i) Graph of RMS roughness vs. temperature and optical micrographs of
(ii) MnPc and (iii)FePc crystals

With both FePc and MnPc larger crystallites and modified film morphology is
observed with increases in substrate temperature. As both are planar MPc molecules we
can assume that their surface interactions with SiO2 are similar, and discuss the changes
observed together.
Increasing Tsub will increase the ease of lateral diffusion of MPc molecules which
adsorb at the SiO2 surface (assumed to be uniform, flat and inert). The presence of bare
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areas of SiO2 suggests that after nucleation molecules have a preference for adsorption on
top of or next to other molecules rather than bare surface. This leads to the creation of
three dimensional crystallites rather than growth of a layer by layer film. This in turn
suggests that the molecule-molecule interaction is the most important consideration in
creating large crystalline domains of MPc molecules. Increasing Tsub allows molecules to
diffuse to their energetically preferred orientation with respect to each other and
crystallographic axes of growing crystallites. As such they no longer ‘hit and stick’ to the
substrate and the substrate plays only a very small part in the formation of the film past the
first monolayer.
At a critical Tsub (different for each MPc molecule) the temperature reaches an
approximation to equilibrium between adsorption and diffusion so that single crystalline
domains are grown preferentially and nucleation is greatly reduced. The size of domains is
presumably governed by surface imperfections/contamination, local sites that act either as
nucleation points or barriers to the highly anisotropic growth of FePc crystals, or
contamination in the molecular beam of FePc.
As Tsub is increased further the equilibrium is shifted away from adsorption of
molecules, or rather the sticking coefficient of the surface with respect to the molecule is
reduced. As such sufficient surface energy is present for the molecule to not attach to the
surface at all, re-sublime in to vacuum or grow into an ordered structure.
With these assumptions in mind, each molecule-substrate combination should have
a Tsub at which this balance of interactions is achieved. Factors such as surface reactivity (e.g.
the presence of dangling bonds on semiconductors) and the relative strength of the
molecule-molecule interaction should also affect this temperature.
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4.2 – CuI template layers
4.2.1 – CuI thin films
CuI thin films have been demonstrated as structural templating layers in OPV
devices, but little emphasis has been placed on the preparation and characterisation of CuI
or the mechanism by which it causes structural changes in MPcs. With this in mind thin films
were prepared by molecular beam deposition onto solvent-cleaned SiO2 wafer pieces. This
substrate was chosen to provide a flat and chemically inert platform on which to explore the
innate morphology of thin CuI films.
When CuI powder (Sigma-Aldrich, UK) is sublimed on to SiO2 pieces at ambient Tsub
flat (Rq of 0.687 nm) film composed of small (approx. 50-150nm in diameter) crystallites is
formed (Fig 4.13). Films prepared on room temperature substrates by this method have
been employed in literature to alter the orientation of phthalocyanine over-layers16,17 but
surface characterisation was not used.

CuI (111)

Figure 4.13 – AFM image and XRD trace for 14nm CuI layer at ambient Tsub
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XRD traces (Fig 4.13) show only a single peak at 25.38° when films are grown to a
thickness of 14nm (at ambient temperature). The peak is relatively broad with full width at
half maximum (FWHM) of 0.53° and corresponds to the (111) spacing of the cubic CuI
crystal structure18. AFM and XRD therefore suggest that CuI grows as a highly polycrystalline
thin film with predominantly (111) preferred orientation (or (111) texture) at room
temperature on SiO2.
To investigate the nature of the CuI-MPc surface interaction (responsible for the
templating effect) model layers with large single crystal domains, ideally single crystal
surfaces, were desirable. Two approaches were used for this purpose; annealing in vacuum
after deposition and deposition at elevated substrate temperature. Films were first
annealed at 193°C for one hour and then cooled back to room temperature before ex situ
analysis, where a profound change in surface morphology was observed.

Figure 4.14 – AFM image and 3D representation for 14nm annealed CuI film
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CuI (111)

CuI (222)

CuI (333)

Figure 4.15 – XRD trace for 14nm CuI layer annealed at 193°C and expanded view of higher angles

Rather than a smooth film composed of small interlocked grains much larger (100500nm) dispersed islands were present in annealed films (Fig 4.14). These islands were
distributed such that only approximately 10% of the surface was covered by CuI and the rest
was assumed to be bare SiO2.
The islands possess roughly hexagonal symmetry and the top surfaces are flat with
some obvious steps. XRD traces (Fig 4.15) once again show a strong reflection
corresponding to the (111) plane but now the (222) and (333) reflections are also visible.
As (111) surfaces are hexagonally symmetrical in cubic crystal structures (a
combination of two three-fold symmetry axes) these islands are assumed to be crystalline
domains growing with their (111) surface projected out of the plane of the substrate. The
unit cell viewed along the ‘a’ axis is illustrated Figure 4.16, along with a view perpendicular
to the (111) plane.
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CuI (111)

Figure 4.16 – Crystal structure of CuI viewed along the a axis and perpendicular to the (111).
The (111) plane is shown in blue, Cu atoms in orange and I in purple

The hexagonal symmetry along the (111) plane is obvious and is in evidence in the
growth habit of the isolated crystals. The production of these features from a less crystalline
film with smaller grains suggests a sufficiently weak CuI/SiO2 interaction to allow surface
diffusion and recrystallization at 193°C. While it is tempting to assume that these features
are single crystals, measurements to prove this are not possible in the current experimental
geometry.
When elevated substrate temperatures were used during growth, a similar change in
morphology is observed. A Tsub of 193°C produced hexagonal structures distributed such
that approximately 28% of the surface was covered.
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AFM height images show that the crystallites have flat top faces and phase contrast
images reveal their faceted nature (Fig 4.17). As these samples were produced at elevated
temperature this suggests a growth regime where absorption of CuI onto the SiO2 surface is
in equilibrium with surface diffusion. The weak nature of the interaction between the film
and the substrate is clear, as the differences between annealed films and high temperature
growth are small.

Figure 4.17 – AFM of CuI grown at Tsub = 198°C with corresponding phase contrast image
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Higher temperatures were also used in an attempt to select larger domain sizes in
the CuI film. Increasing the Tsub to 203°C produced smaller isolated crystallites than those
observed at 193°C. A tendency for elongation along the plane of the surface is also evident
which could indicate a change in growth habit (Fig 4.18). While this behaviour was
interesting, the goal was to increase crystal size so further analysis was not undertaken. At
223°C no growth was observed at the surface suggesting that the sticking coefficient was
sufficiently reduced to prevent adsorption from the impinging CuI beam.

Figure 4.18 – AFM images of a 14nm CuI thin film grown at Tsub = 223°C

In each case, some post growth annealing was unavoidable as the sample was not
actively cooled to room temperature with the time taken to cool completely around 45
minutes. AFM images suggest that the selected substrate temperature was responsible for
the changes in morphology, but to test this hypothesis further annealing experiments were
undertaken. A sample grown at a surface temperature of 193°C was maintained at growth
temperature for 1 hour and 12 hours to compare the effects of intentional post growth
annealing.
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(i)

(ii)

Figure 4.19 – AFM of CuI annealed for (i) 1 hour and (ii) 12 hours at Tsub = 193°C

Annealed samples showed little changed in domain size or surface coverage
compared with non-annealed samples (Fig 4.19). A few areas were identified where clear
layer by layer growth of hexagonal islands was apparent. Similar areas were observed in
annealed and non-annealed samples so the assumption can be made that these structures
are formed during growth rather than annealing. It should be emphasised that while films
were composed of mostly hexagonal isolated features they were fairly inhomogeneous with
a broad variation in feature height and crystallite lateral size. It is difficult, therefore, to
assign any subtle changes in morphology to annealing effects or rates of cooling. However
the obvious difference between films grown on room temperature substrates and those
produced either by annealing or high Tsub during growth demonstrates control of film
morphology and feature size.
To produce complete surface coverage of crystallites and provide a smooth
crystalline film the target thickness was increased from 14 nm to 42 nm (calibrated QCM
thickness reading). This procedure produced continuous hexagonally faceted films and while
AFM analysis showed some pits and holes this surface provided a better approximation to a
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single crystal than ambient Tsub films (Fig 4.20). As the final thickness of films was 42 nm a
calibrated growth rate of 0.03 angstroms per second could be approximated.
Analysis by XRD confirmed that strong (111) ordering was present in the thicker film
and interference fringes were also observed around the (111) reflection suggesting higher
quality growth at high Tsub (Fig 4.20(i)). SEM images confirm the presence of approximately
200-750 nm hexagonal grains with visible grain boundaries (Fig 4.20(ii)). These films
therefore provide almost purely (111) faces upon which to deposit thin organic films and
allowed the effect of grain size upon MPc templating to be investigated.

CuI (111)

(i)

(ii)

(iii)

Figure 4.20 – (i) XRD (ii) SEM and (iii) AFM analysis of a 42nm thick CuI film grown with Tsub = 193°C
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4.3 – Templated films and high temperature templated films
Two different approaches were used to investigate the interaction of FePc molecules
with the surface of the high Tsub CuI films. Either films were allowed to cool to room
temperature before FePc was evaporated or elevated Tsub was maintained during the
growth of the organic layer. SEM, AFM and XRD were used to compare the films produced
by each of these methods.

4.3.1. – Room temperature Tsub FePc

Firstly FePc was grown to 10nm thickness on a CuI layer grown at room temperature
(21-23°C). In comparison to growth on unmodified SiO2 the templated film shows larger
grains and a much rougher surface, with an RMS roughness of 2.7 nm compared to 0.75nm
(Fig 4.21). This is in contrast to the observations made by Rand et al.16, although the ITO
substrates used in their work are inherently rougher than SiO2 and as such changes in
roughness may have been difficult to detect.

(i)

(ii)

Figure 4.21 – AFM images of (i) untemplated and (ii) CuI templated 10 nm FePc thin films
grown at room temperature
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High Tsub (193°C) CuI thin films were then employed as substrates for FePc growth;
SEM images of 5 nm, 10 nm, and 50 nm films of FePc/CuI are presented in (Fig 4.22). Images
show the non-uniform coverage of the CuI surface by the FePc layer in all films. At a
thickness of 5 nm the FePc film is composed of irregularly shaped islands with a wide
distribution of lateral sizes. Small regions of growth can be observed at grain boundaries
between CuI grains and larger areas with thickness contrast (suggesting multilayer growth)
are also present. The brightest portions are bare CuI and the enhanced contrast is due to
partial electron beam charging as the films were not conductively coated before imaging. At
10 nm and 50 nm thickness the film still demonstrates inhomogeneous coverage with bare
areas of CuI.

(i)

(ii)

(iii)

Figure 4.22 – SEM images of (i) 5 nm (ii) 10 nm and (iii) 50 nm FePc/CuI(111) bilayers grown
at room temperature
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At ambient Tsub the structural evolution of the films seems to be directed by the
morphology of the underlying CuI surface. AFM images (Fig 4.23) show that FePc grains do
not grow across grain boundaries and appear to be a mixture of rounded and faceted
crystallites. At 50 nm thickness large grains (up to 1 μm) are observed with 20-30 nm deep
boundaries running between them. The crystallites in the final film are of comparable size to
the grains in the CuI(111) film, so it seems that the grain boundaries act as both nucleation
sites and energetic barriers to the propagation of crystal growth and coalescence of crystals.
While the assignment of these features as single crystals cannot be made, their size is much
greater (up to 10 times) that those observed without the CuI(111) layer.

(ii)

(i)

(iii)

Figure 4.23 – AFM images of (i) 5 nm (ii) 10 nm and (iii) 50 nm FePc/CuI(111) bilayers grown
at room temperature
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XRD traces (Fig 4.24) of 50 nm films do not exhibit the low angle peaks usually
observed in MPc thin films deposited at ambient temperature. Only a single extra peak is
observed (compared to XRD traces of CuI(111)/SiO2 bilayers) at 28.02° with a d spacing of
0.32 nm. Peaks at similar angle have previously been indexed to the inter-molecular spacing
of the face-to-face packing direction of molecules in MPc layers19. This suggests that the
majority of the out-of-substrate plane structure is due to the molecules stacking face-to face
with respect to the substrate. This situation has been previously observed and indexed in
literature and is in agreement with similar experimental work with ZnPc molecules on CuI
layers16. The difference in assignment here and in the previous work on ZnPc can be
understood because of the lack of a solved single crystal structure for the ZnPc molecule.
This has presumably caused the (313) spacing (to which the 28° peak is indexed by Rand et
al.) to be assigned purely from comparison to simulated powder patterns. This plane does
not pass through any electron dense regions of the ZnPc molecule and as such is not
expected to be highly scattering.

CuI (111)

FePc (1-2-2)

Figure 4.24 – XRD trace for a 50 nm FePc/CuI(111)/SiO2 bilayer grown at room temperature
(right hand pane shows an enlargement of the area of interest)
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4.3.2 – High Tsub FePc

Due to the sensitivity of the CuI layer to annealing, high Tsub deposition of FePc on to
room temperature CuI is not representative of either room temperature or high
temperature growth regimes. However, an experiment was undertaken in which a 14 nm
layer of CuI was deposited, then annealed at 193°C for 30 minutes and held at this
temperature while FePc was deposited. Another marked change in morphology was
observed, with the production of nanowire protrusions from 10 nm of growth. AFM was
attempted (Fig 4.25(i)) but was difficult due to the height of the features, so SEM imaging
was used. Images (Fig 4.25(ii)+(iii)) showed an incomplete coverage of needle like
crystallites 200-1000 nm in length and 25nm in width (all approximated from SEM images).

(i)

(ii)

(iii)

Figure 4.25 – AFM image (i) of 10 nm FePc film deposited at Tsub = 193°C onto Sio2 partially
covered with CuI (111). SEM images (ii) and (iii) of the same sample
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Crystals appear to be nucleating from the edges of the CuI islands (which are visible
in the higher resolution image marked with red circles) rather than from the (111) faces
(white circles). When the thickness of the FePc layer was increased to 50 nm, a higher
coverage of nano-crystallites was produced separated by hundreds of nanometres at their
ends (Fig 4.26). The surface is also partially visible through the forest-like collection of
nanocrystallites.
The needles were found to be sensitive to beam damage in the SEM, so cryo
temperatures were employed to produce more stable high resolution images. Images
produced at approximately 77 K (with liquid nitrogen cooling) were more stable and allowed
easier imaging due to the protective layer of ice that encases the samples when they are
prepared at cryo temperatures.

Figure 4.26 – SEM images of 50 nm thickness FePc films grown at Tsub = 193°C on partial
coverage of CuI(111)
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Areas of the surface appear similar to 50 nm films grown on unmodified SiO2 at high
Tsub, which are presumably the areas of bare substrate not covered by CuI (Fig 4.27).
Bunches of crystals have nucleated from points on the surface which are assumed to be
CuI(111) islands which are not visible due to nano-crystallite growth. The crystals are not
growing orthogonally out of the surface plane as would be expected if the (111) facets of
the CuI islands were nucleating this kind of growth. Some areas (marked by red circles)
appear similar to those observed without the CuI layer suggesting these are FePc layers
grown on the bare SiO2 between CuI(111) islands.

(i)

(ii)

(iii)

(iv)

Figure 4.27 – SEM images of 50 nm FePc grown at Tsub=193°C on (i),(ii) partial coverage of
CuI(111) and (iii) SiO2. (iv) shows the XRD trace for the sample shown in (i) and (ii) with an
inset enlargement of the low angle region
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It is also interesting to note the transparent nature of the crystallites, as features of
the surface can be observed through them. This suggests that their thickness is less than the
transmission path length of the electron beam in the SEM of approximately a few tens of
nanometres.
XRD of the 50nm film (Fig. 4.27) showed a pair of peaks at 6.9° and 7.4°
corresponding to d-spacings of 1.27 nm and 1.20 nm respectively. While it is difficult to
comment on the absolute crystal structure of MPcs due to the variety of polymorphs
observed20, it is clear that each type of growth (nanowire and layer-by-layer film) is
producing one of the diffraction peaks. As a large d-spacing is indicated by the low angle of
the peak this suggests that the edge to edge spacing is different in the two forms of FePc
present on the surface.

High Tsub grown films were then used as FePc templates, with Tsub held at the growth
temperature of the CuI film. The surface roughness of the FePc film rapidly increases making
AFM analysis impractical (reliable imaging of 50 nm films was not possible for this reason) in
this regime. SEM imaging (Fig 4.28) of a 10 nm thick film shows a subtle change when
compared to the ambient temperature growth, slightly more of the CuI substrate seems to
be uncovered and thickness contrast in the FePc crystals can be discerned. This suggests
preferential growth directed out of the plane of the surface which produces the high aspect
ratio features which makes AFM imaging difficult. AFM images of thinner (5nm and 10nm)
films show tall features which may be the initial stages of this form of growth mixed with
flatter more rounded crystallites (Fig 4.29).
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(i)

(ii)

(iii)

Figure 4.28 – SEM images of (i) 5 nm (ii) 10 nm and (iii) 50 nm FePc/CuI(111) bilayers grown
at Tsub = 193°C on complete Cu(111) layers

(i)

(ii)

Figure 4.29 – AFM images of (i) 5nm and (ii) 10nm FePc layers grown at Tsub = 193°C on
complete CuI (111) layers
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Structural analysis by XRD was performed on the 50 nm film and showed a similar
reflection at 28° (spacing of 0.32nm), but also included a pair of low angle peaks at 6.9° and
7.4°, similar to those observed in the partial coverage FePc/CuI(111) layers (Fig 4.30).

Figure 4.30 – XRD trace for a 50 nm FePc/CuI(111) bilayer grown at Tsub = 193°C. Inset is an
enlargement of the low angle peaks

This suggests that in the high Tsub film three distinct d spacings are present; face-toface stacking (28°) and two different edge-to-edge spacings previously observed in
templated FePc. The relative intensities of peaks are also different to those observed with
incomplete CuI template layers; at higher coverage, the higher angle peak is more than
eight times more intense. While only a qualitative analysis of this can be made, this suggests
that more of the crystallites producing the higher angle peak are present, or more are
oriented out of the plane of the surface with complete CuI coverage.
While the relative orientation of the molecules is altered by the presence of the CuI
layer growing at elevated temperatures still produces peaks corresponding to the edge-toedge packing of the FePc molecules. This suggests that the FePc crystal structure is
unaltered by the CuI layer as both orientations can be grown on the CuI layer (both peaks
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can be indexed to the same crystal structure) and application of heat is simply driving the
growing system to the thermodynamically more stable orientation, which minimises the
surface energy. The lack of full surface coverage of FePc on top of the CuI(111) layer agrees
qualitatively with this assumption, as the surface-molecule interaction is minimised by 3D
growth of islands rather than multiple nucleation sites.

4.4 – Conclusions
The effect of changing the temperature of an amorphous and inert substrate during
the deposition of two planar phthalocyanines, FePc and MePc, has been investigated. In
both cases larger crystalline domains were observed with increasing temperature up to a
critical point at which the sticking coefficient was sufficiently reduced to prevent molecular
adsorption. While both molecules produced larger crystals at high temperatures those
observed with FePc were always larger, a characteristic also observed in macroscopic
crystals.
The effect of adding a CuI structural template layer which was prepared both at
ambient and elevated substrate temperature was also investigated. Higher temperatures
produced larger crystalline domains in the (111) oriented CuI layer and these in turn
produced large grains of FePc which was grown on top at room temperature. The
orientation of the FePc layer was changed such that the molecules switched from a face-on
orientation with respect to the substrate to edge-on.
When FePc was deposited on to elevated temperature substrates on to the largegrained CuI(111), a mixture of edge-on and face-on orientations were observed, suggesting
that the templating effect does not produce the most thermodynamically stable crystalline
form of FePc. The surface morphology rapidly roughened with growth on heated CuI(111)
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suggesting that increasing the thermal energy of the system and therefore ease of
molecular diffusion allowed a minimisation of the contact between the FePc crystallites and
the CuI(111) surface.
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Chapter 5
5.1 - Morphology and crystal structure of F16CuPc thin films
While F16CuPc has been employed as a semiconducting material in OPVs and OTFTs
only a few studies have concentrated on structural and morphological analysis of thin films
with thicknesses equal to those used in devices1. Evidence for thickness-dependant
structural transitions and polymorphic behaviour also make it an interesting molecule from
a crystal structure perspective2.
In this section the single crystal structure is firstly re determined by synchrotron Xray diffraction and compared to literature. This structure differs significantly from the
structures already reported in literature due the lack of the common herringbone packing
motif present in phthalocyanines. Thin evaporated films supported on solution-processed
graphene oxide layers are then analysed by AFM, XRD and TEM. Thickness dependant
structural changes where investigated by varying the thickness of the F16CuPc films, and
characterisation of the crystalline starting material is also undertaken.

5.1.1 – Structural analysis of single crystals
In order to obtain a complete single crystal structure, F16CuPc crystals were grown
using controlled recrystallization from vapour in high vacuum. F16CuPc powder (SigmaAldrich UK) was firstly triply purified by thermal gradient sublimation to remove volatile
contaminants present in the powder. For each purification experiment only the purest band
closest to the hot zone of the furnace was collected for further use. After this the sample
consisted of small (smaller than 0.05mm in length) blue-purple needles that were too small
to easily handle individually. This made their use in X-ray measurements impossible, so
larger single crystals were required. In order to prepare larger crystals the same purification
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apparatus was used but with only a small amount of material (approx. 500mg) and a
modified ramping and cooling procedure. Temperature was ramped at 1°C per minute up to
a temperature 50°C lower than the evaporation temperature of F16CuPc (370°C). After this
the temperature was ramped in 0.1°C increments every minute and the final temperature
was maintained for twelve hours. In addition to this solvent cleaned pieces of a single crystal
Si (100) (20 x 15mm with a thermally grown oxide layer) were placed at various points along
the purification tube to provide a variety of substrate temperatures. These acted as ultraflat recrystallization platforms for the molecules and produced larger needle like crystals.
After cooling the substrates were inspected by eye and the largest single crystals were
selected for further analysis.
XRD measurements were carried out at beam line I19 at Diamond light source at
Harwell Science and Innovation campus (UK). Diffraction measurements had been
previously attempted using a laboratory single crystal diffractometer, but the intensities
were too low for full data collection. Integration was performed using Rigaku CrystalClearSM Expert 2.0 r5 while refinement was carried out using SHELXL-97 and the structure was
solved in SHELXS-97. This allowed unit cell parameters and atomic positions within the
lattice to be resolved, producing the structure which is summarised in Fig 5.1. Unlike other
recent reports the unit cell is found to be triclinic and contain only a single molecule. This
effectively halves the unit cell volume and negates the possibility of the herringbone packing
arrangement found in some phthalocyanine polymorphs.
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5.1.2 – Structural analysis of bulk purified F16CuPc
TEM was used to confirm that the single crystal structure (from synchrotron
measurements) was representative of the material used for growth of thin films. SAED
patterns were recorded by sprinkling a small number of the single crystals obtained by triple
purification onto a lacy carbon TEM support (Fig 5.2). A liquid nitrogen cooled single tilt
specimen holder was used to avoid damage to the sample during diffraction measurements.
Patterns could readily be obtained from the crystals and the most commonly observed
orientation at zero specimen tilt corresponded to a view along the (01-1) axis. These
patterns could be indexed to the structure refined from synchrotron measurements and
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good agreement between the two datasets was found. Full structural characterisation from
TEM for comparison was attempted but limitations of sample morphology and the single tilt
axis available on the sample holder prevented views down appropriate zone axes. Twinning
of crystals was observed in multiple patterns, doubled spots suggesting the twin axis was
the (100) plane. This agrees qualitatively with other reports of electron diffraction
experiments on single crystals of planar phthalocyanines3.

(i)

(ii)

Figure 5.2 – SAED patterns from F16CuPc single crystals. Patterns are both taken down the
(01-1) plane with predicted spot positions in red (i); (ii) shows doubling of spots consistent with
twinning along the (100) axis.

X-ray diffraction measurements were also performed on the purified F 16CuPc
powders using a Panalytical X’Pert Pro MRD (Cu Kɑ) for further confirmation of structure
(Fig 5.3). Due to the large lattice spacings present in the material, data was only collected
between 5° and 40° for comparison to the new structure (from synchrotron measurements).
Diffractograms show a strong reflection at 28.5° which corresponds to the (1-2-2)
plane from the refined crystal structure presented here. Herringbone stacked structures
(such as the structure present by Yoon et al.) do not predict this peak when powder patterns
are simulated. This can be rationalised by considering the nature of the intermolecular
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spacings and the differences between them in planar slipped stack structures and
herringbone packing. With parallel stacks, the spacing separating molecules (dint) must
always correspond to an inter-planar spacing between Miller planes as only one molecule
defines the unit cell. In herringbone-stacked structures dint does not necessarily correspond
to a unit cell lattice plane. Reflections from planes close to the plane of the flat molecule will
also be increased in intensity due to the high concentration of electron density along the
plane passing through the plane of the molecule (therefore an increased structure factor in
this plane).

(001)
(010)

(1-2-2)

Figure 5.3 – Powder XRD of purified F16CuPc with over-layed single crystal structure

By comparing the simulated pattern from the Yoon et al. structure, the simulated
pattern from our proposed structure and experimental powder XRD we can confirm that
only a single reflection is observed at 28.5° in both the experimental data and our simulated
pattern. The presence of this and the absence of multiple reflections around this angle
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confirm that a parallel stack rather than herringbone packing is present in F16CuPc powders
and single crystals.

5.1.3 – TEM imaging and AFM of GO supported F16CuPc thin films
Graphene oxide was used as a low contrast support for the deposition of F16CuPc to
allow high resolution imaging and diffraction experiments without obscuring the features
and diffraction spots of the organic film. Previous research has demonstrated the use of GO
as a support for TEM and describes the methodology used to produce it in solution in
detail4,5. Briefly, GO solutions were produced by oxidation of graphite powders using a
modified Hummers’ method. These were spin coated from hydrazine onto single crystal
Si(100) wafers with a thermally grown oxide layer and drop cast onto lacy carbon TEM grids.
A custom sample holder based on an Omicron sample plate was fabricated to hold
both the GO coated wafers and TEM grids and allow simultaneous deposition of F16CuPc
onto both (Fig 5.4).

Grid holder
SiO2 piece

TEM Grid
Screw

Sample plate

Figure 5.4 – Side and front view of the custom sample holder used in this work

Film thickness was monitored by a QCM, with only the total mass of the film
deposited was recorded rather than the actual thickness of the film. While external AFM
measurements were used to calibrate the QCM, thick (50-100 nm) films were used for these
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measurements and the morphology of the films was not considered. Three thicknesses were
deposited; 1 nm, 5 nm and 80 nm to observe any thickness dependant structural changes,
with each film grown at the same rate of 0.03Ås-1. At 1 nm a film approaching a monolayer
was expected as the height of a phthalocyanine molecule is around 1.3 nm (previous
measurements suggest that planar phthalocyanines stand with their pi systems parallel to
non-interacting substrates). Thicker films (5 nm) should begin to reflect the bulk structural
properties of F16CuPc; 80 nm films are assumed to reflect completely bulk crystal structure
with little influence from the substrate.
AFM images of 1 nm and 5 nm films are shown in (Fig 5.5) and while imaging was
attempted for 80 nm films the surface was found to be too rough. Images show that the film
is highly polycrystalline even at 5 nm suggesting that a vast number of crystals nucleate and
grow on nanometre length scales simultaneously. This behaviour is common in the growth
of planar MPcs on non-interacting surfaces at room temperature. Even in the thinnest films
a island formation is obvious, three dimensional features forming even after a very small
amount of material has been deposited (1 nm total thickness). In 5 nm films island features
reach heights of 9 nm which emphasises the extent of the individual crystallisation of small
crystals rather than layer formation.

(i)

(ii)

Figure 5.5 – AFM images of (i) 1nm and (ii) 5nm thickness F16CuPc/graphene oxide/SiOx layers

167

5 – Structural and magnetic properties of F16CuPc
As 80 nm films were too rough to image by AFM, SEM was used to image the surface
of 1 nm, 5 nm and 80 nm samples (Fig 5.6). A 30 nm thick film was also fabricated to allow
further analysis of the change in morphology. Films of 1 nm thickness show few features
large enough to discern with the SEM, but the graphene oxide sheets are clearly visible on
the surface of the silicon oxide layer. As the thickness is increased to 5 nm, crystallites are
visible on the surface of the GO flakes and the SiO2 surface but are too small to resolve in
detail with the limited resolution of the SEM. Previous SEM and AFM studies have made
similar observations describing the crystals as ‘spherical’ and assigning them as ɑ-phase in
structure6. The film is composed of interlocking crystallites which seem to have a tendency
to elongate preferentially along one axis (similar to large needle like single crystals of the
same material). At a thickness of 80 nm multiple crystallites can be seen protruding from
the film surface which explains the difficulties encountered with AFM imaging. A transition
(with increasing thickness) to growth out of the surface plane as high aspect ratio needles
has previously been observed in literature.

(i)

(ii)

(iv)

(iii)

Figure 5.6 – SEM images of (i) 1nm (ii) 5nm (iii) 30 nm and (iv) 80 nm thick F16CuPc/graphene
oxide/SiO2 films
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Films evaporated onto drop cast GO films on lacy carbon TEM grids were also imaged
by bright field TEM. Sufficient contrast could not be achieved with 1 nm films; this could be
due to lack of material or instantaneous damage to the structure by the electron beam. TEM
images were captured of the 5 nm and 80 nm thick films and are presented in Figure 5.7.
TEM images confirm that small (10-50nm diameter) crystallites form on the graphene oxide
sheets and are also observed along the lacy carbon support. In 80 nm thick films a similar
morphology is observed to that inferred from SEM images, larger crystallites covering the
whole surface with darker regions indicating crystal growth out of the plane of the
substrate. The overall picture of the growth of F16CuPc on oxidised silicon and GO is that of a
largely polycrystalline thin film composed of nanometre-scale crystallites with a tendency to
form elongated preferentially oriented networks as thickness increases.

(i)

(ii)

Figure 5.7 – Bright field TEM of (i) 5nm (ii) 80nm F16CuPc/GO/Lacy carbon

169

5 – Structural and magnetic properties of F16CuPc
5.1.4 – Structure of GO supported F16CuPc thin films by SAED
SAED was used to probe the crystal structure of the same 1,5 and 80 nm films
imaged by bright field TEM. The presence of the GO lattice provided an in-situ calibration as
the lattice parameters are well known and can be used to calibrate the hexagonal diffraction
pattern produced. This in turn allows the spacings responsible for other simultaneously
recorded diffraction patterns to be accurately ascertained.
Even in the thinnest (1 nm) films diffraction features corresponding to the F 16CuPc
film can be observed together with the GO pattern (Fig 5.8). Due to the polycrystalline
nature of the film, rings are observed rather than the spots observed for highly crystalline
samples. Two weak rings are present between the transmitted beam and the diffraction
spots from the GO support film, the reciprocal length of which corresponds most closely
with the (100) (inner) and (1-2-2) (outer) planes of the F16CuPc crystal structure.

Graphene
F16 1-2-2
F16 100

Figure 5.8 – SAED pattern from 1 nm film
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When thickness is increased to 5 nm (Fig 5.9), the ring corresponding to the (1-2-2)
plane increases in intensity, providing further evidence of parallel stacks of molecules rather
than herringbone packing (the (1-2-2) reflection would be absent or very low in intensity in
a herringbone packed structure). As the diffraction pattern was collected with the
transmitted beam perpendicular to the substrate, the (1-2-2) plane of the polycrystalline
film is also roughly perpendicular to the substrate plane. The intensity is radially even
around the ring, suggesting that no epitaxial alignment with the underlying GO lattice is
present. If this were the case intensity fluctuations in the same regions as the GO spots are
observed would be expected.

(i)

(ii)

Graphene
F16 1-2-2
F16 100

Figure 5.9 – (i) SAED pattern from 5 nm film and (ii)corresponding bright field region
(marked with red circle)

At a film thickness of 80 nm patterns (Fig 5.10) still contain the same features as the
other two thicknesses, diffraction spots from the GO support and rings corresponding to the
(001) and (1-2-2) planes. Bright field imaging and SEM images suggest that the morphology
of the film evolves into a collection of fibre like nano-crystals at this point. The similarity
between the diffraction patterns at 80 nm, 5 nm and 1 nm suggest that the fibre-like
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crystals have the same crystal structure as the rest of the film. While this observation is
limited to the out-of-substrate plane structure due to the experimental geometry, the highly
polycrystalline nature of the sample leads to some averaging in other spatial orientations.

(i)

(ii)

Graphene
F16 1-2-2
F16 100

Figure 5.10 – (i) SAED pattern from 80 nm film and (ii)corresponding bright field region
(marked with red circle)

In order to assess the overall out-of-plane morphology of the films radial averages
were taken through the diffraction rings and compared to patterns simulated from the
proposed single crystal data (Fig 5.11). Intensity differences between the observed and
simulated patterns are clear in the (100) reflection and both the (001) and (0-11) reflections
are absent. This suggests some degree of preferred orientation which has removed the
(001) and (0-11) from a geometry preferable for scattering in SAED.
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Figure 5.11 – Intensity averages for 1 nm 30 nm and 80 nm films

As the (1-2-2) peak shows a surprisingly high intensity, we may assume preferred
orientation relating to the (1-2-2) plane. This hypothesis was tested by altering the angle of
incidence between the transmitted beam and the film by tilting the sample holder by 45°
(Fig 5.12).
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(i)

(ii)

Figure 5.12 – (i) Tilted SAED pattern for 80 nm film and (ii) the corresponding un tilted pattern

Two distinct effects are obvious when the patterns taken at 0° and 45° are
compared; the splitting of rings into arcs and the appearance of rings not previously
observed. In the 0° pattern rings corresponding to (011) and (1-2-2) appear radially
equivalent in terms of intensity, but at 45° both split into pairs of arcs. As the original
patterns were taken at 0° we can assume that the axis along which the film is strongly
morphologically oriented is perpendicular to both the (011) and (-122) axes. The appearance
of the arcs at 45° that are not present at 0° can be rationalised by the introduction of planes
that are not normally incident with the transmitted electron beam into its path by tilting the
sample. Further structural conclusions from cannot made due to the weakness of the
reflections and the limitations of a single tilt axis on the holder used for these experiments.
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5.2 - Magnetic properties of F16CuPc
While MPc molecules are widely studied as semiconducting materials, they also
exhibit interesting magnetic characteristics7. Understanding and controlling these
characteristics is of huge interest for applications such as information storage and magnetic
sensors8. With these results in mind the reliance of magnetic properties of F 16CuPc films on
crystal structure and morphology were investigated. Kapton® polyimide films were used as a
support film due to their chemically inert nature and non-magnetic properties.

5.2.1 – Film morphology and structure
Films were grown from powders of F16CuPc and PTCDA (Sigma-Aldrich, UK) which
were further (triply) purified by thermal gradient sublimation. Films were evaporated onto
pieces of Kapton® polyimide film (Katco) cleaned with isopropyl alcohol before growth and
held at room temperature. Growth rate and film thickness was monitored by a QCM
positioned close to the substrate.

(i)

(ii)

(iii)

Figure 5.13 – SEM images of (i) 100 nm F16CuPc/Kapton (ii) 160 nm F16CuPc/Kapton and (iii)
F16CuPc/PTCDA/Kapton
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When F16CuPc was directly grown onto the Kapton substrate to a thickness of 100nm
(necessary for good signal to noise for magnetic measurements) multiple crystallite
morphologies and height profiles are obvious in SEM images (Fig 5.13).
As the thickness was increased to 160 nm similar features were observed but their
density increased with respect to the surface suggesting more nucleation of out-of-surface
plane crystallites. When a PTCDA template layer was grown on the Kapton before the
F16CuPc even higher density features are observed with a slight decrease in their lateral size.
Similar growth behaviour has been observed on SiO2 and indium tin oxide (ITO) coated glass
suggesting that the Kapton film is similarly non-interacting with respect to the F16CuPc layer.
XRD patterns from these samples are presented in (Fig 5.14) along with powder XRD
data for the purified F16CuPc film and a simulated pattern based on the crystal structure
solved above.
In F16CuPc films grown directly on Kapton, an apparent change in morphology and
structure is observed with the increase in thickness. At 100 nm, a single diffraction peak at
6.2° corresponding to the (001) spacing of the F16CuPc crystal structure is observed. With an
increase of thickness to 160 nm an additional broad feature centred at 28.4° is also in
evidence. This suggests one of two things; that thickness dependant structure or preferred
orientation is observed and secondly that the texture is identical in both films but too few
diffracting planes responsible for the second peak are present in the thinner film. With the
similarity in morphology from SEM imaging in mind the second of these situations seems
most likely. The thicker film appears to have a higher density of the high aspect ratio
protrusions out of the substrate plane which may be producing higher scattering intensity at
the 28.4° peak. Electron diffraction data presented earlier in this work does not show any
evidence for thickness dependant crystal structure changes or texture. Preferential growth
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of high aspect ratio ribbons or needles of F16CuPc past a critical thickness has been observed
in literature, so assuming that differences in XRD traces is purely due to thickness rather
than texture seems logical.

Figure 5.14 – (bottom panel) XRD of (ii) F16CuPc powder and (ii) corresponding single crystal
data. (top panel) XRD of (i) 100 nm F16CuPc (ii) 160 nm F16CuPc and (iii) F16CuPc/PTCDA

When a structural template layer of PTCDA (5 nm thickness) is evaporated onto the
Kapton before the F16CuPc a marked change in the XRD trace is observed. The low angle
feature at 6.2 is no longer observed and the higher angle peak at 28.4° increases in intensity
and appears sharper. As this templated film thick enough to expect the low angle (001) peak
from α-phase phthalocyanines its absence can be associated with a change in orientation or
structure.
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A similar templating effect was previously observed with CuPc on PTCDA layers and
the angles of peaks present (and therefore their assignments) are comparable. This suggests
that the unit cell of the F16CuPc molecule is ‘rotated’ with respect to the substrate when the
templating layer is introduced. This produces a situation in which the plane defining the π
system of the phthalocyanine ligand is laying orthogonal to the surface plane rather than
along it in non-templated films. In this situation the (1-2-2) plane defining the
intermolecular face-to-face packing direction is oriented out of the substrate plane and
therefore detected by the diffractometer in θ-2θ scans in the grazing incidence geometry
employed.
A schematic of the packing directions and relative orientation of F 16CuPc in
templated and non-templated films are presented in (Fig 5.15).

(i)

(ii)

Figure 5.15 – Orientation of molecules within single crystals with respect to the substrate
before (i) and after (ii) PTCDA interlayers are introduced
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While scattering from other planes (particularly those close to the (001) and (1-2-2))
will also be detected by the diffractometer, the properties and of MPc thin films reduces the
likelihood of this. The strong preferred orientation within crystalline grains of the inherently
polycrystalline films masks other local order within crystallites; and only the planes which
contain the Cu atom at the centre of the molecule are usually observed due to the weak
scattering ability of the lighter carbon and nitrogen atoms of the Pc heterocycle. These
features combine to reduce the number of peaks observed in thin films, even when
compared to powder XRD collected from bulk samples of F16CuPc.

5.2.2 – Magnetisation measurements of F16CuPc samples
SQuID magnetometry was used to measure the magnetic characteristics of purified
F16CuPc powders and thin films (both templated and non-templated). Magnetisation (M)
versus magnetic field (H) curves (M-H) are presented for all samples measured in (Fig 5.16).
The Brillouin function for a 1/2 spin paramagnet appropriate for F16CuPc is also plotted on
the same axes.
The data wer corrected for the number of Cu atoms based on the density of the
material from single crystal XRD measurements and calibrated thickness measurements in
film samples. Almost identical characteristics are observed in F16CuPc prepared as powders,
thin films on Kapton and templated films grown on PTCDA layers. Due to the high aspect
ratio of the features present in the thin films the number of spins present is inherently
overestimated for these samples, but this manifests as a constant scale factor which can be
corrected.
For comparison purposes the curves are independently scaled such that the
magnetisation at a field strength of 7 Tesla (at which point all of the curves are assumed to
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be saturated) each experimental curve matches the Brillouin function. The difference in the
factor of this scaling can be explained by the different molecular orientation presented to
the sensing coils of the magnetometer (as well as film density differences). The expected
isotropy of the field response of the d9 Cu centre of each F16CuPc molecule is consistent with
this observation.

Figure 5.16 – Collected magnetism data for F16CuPc powders and thin films

The Brillouin function provides a good fit to experimental data across the range of
applied fields confirming the expected paramagnetic nature of all samples. This result is also
consistent with DFT calculations (presented in the next section) which predict an interaction
temperature of 0.02K which is experimentally indistinguishable from 0. As such, all samples
are assumed to have the same crystal structure (their intermolecular interactions and

180

5 – Structural and magnetic properties of F16CuPc
therefore spacings are identical) but possess different morphology and preferred
orientation due to templating.
It should be emphasised that despite a fair understanding of the magnetic properties
of F16CuPc the data collected were not perfect. Small amounts of ferromagnetic
contamination were present in the 160 nm thick templated film and were in evidence at all
temperatures up to 150 K. This contribution was removed by subtracting the experimental
magnetisation data at high field and temperature. This produces an artificial peak at low
field (less than 0.05 T) as the contamination is not saturated at this point, but as this only
affects the lowest field portion of the data and a good fit to the data can still be produced.

5.2.3 – Simulation of magnetic properties of F16CuPc
Kohn-Sham single electron orbitals were first simulated for isolated F16CuPc and
CuPc molecules in the region close to the Fermi level for comparison and are presented in
Fig 5.17. The b1g state (one of the components of the HOMO) is one irreducible
representation of the D4h symmetry group occupied by the molecule. Simulations suggest
that the b1g state is derived mostly from the Cu dx2-y2 orbital and is singly occupied in
contrast to the doubly occupied a1u (HOMO) and empty eg (LUMO) states which have mostly
Pc ligand character. If we compare the computed values for states these to those of CuPc9,
we notice a 1 eV shift in both eigenvalues due to the electronegativity of the fluorine atoms
present in the Pc heterocycle. This matches experimental observations and while the
absolute eigenvalues are shifted the form of the orbitals is not perturbed by fluorination.
The b1g state is almost identical which is unsurprising as the spin polarisation of the central
Cu atom is spatially far from the peripheral fluorine atoms of the Pc rings. All of these
observations match previous observations made in literature, and suggest that the magnetic
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intermolecular interaction is identical to CuPc (namely indirect exchange by spin
polarization of the Pc ligand by the Cu centre followed by through space intermolecular
propagation).

Figure 5.17 – Forms and energetic positions for CuPc and F16CuPc molecules

Once the isolated molecules had been simulated and understood, the simulation was
extended to a 1-D molecular chain to understand the electronic structure and exchange
interaction in the solid state (Fig 5.18). This model has been demonstrated as a good model
for MPc systems due to anisotropic through-space interactions in the solid state due to the
large difference in spacings within and between stacks of MPc molecules.
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(i)
(ii)

(iii)
Figure 5.18 – The F16CuPc molecule (i) and the stacking (ii) and sliding (iii) angles

The exchange interaction was computed with the sliding (ϕ) and stacking (ɸ) angles
as variables to understand the influence of each parameter. The result is presented in Fig
5.19 and demonstrates strong dependence upon the intermolecular stacking angle but only
weakly on the sliding angle within the molecular plane.

Figure 5.19 – Dependence of exchange interaction on stacking and sliding from DFT
calculations
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The exchange interaction reaches its maximum at 90° (ɸ), which is when the
molecules are face to face in orientation. This value is twice that observed for CuPc9 and
represents the maximum possible exchange in the ideal geometry. When parameters are
fixed to those observed in the single crystal structure of F16CuPc, a good agreement is found
between the simulation and the experimentally observed paramagnetic behaviour.
In order to approximate the band structure and density of states of the molecular
chain anti-ferromagnetic (a-FM) and ferromagnetic (FM) exchange are considered. The
computed band gap is 2.0 eV which closely approximates the electronic structure of the
isolated molecule and matches the Q-band optical adsorption previously reported for
F16CuPc10 (wavelength of 650nm, approx. 1.9 eV).
The magnetic super cell considers the interaction between two molecules and as
such is double the length of the crystallographic unit cell (‘a’ axis of 0.978 nm). By
comparison of a-FM and FM partial density of states (PDOS) the singly occupied Cu dorbitals can be identified and lie 1.5 eV below the valence band consistent with isolated
molecular electronic structure calculations.
The form of the computed bands is similar to those computed for CuPc emphasising
the small influence of fluorination on the spin states of the molecule. These bands are not
dispersed among the other DOS of the molecule, suggesting that adjacent copper spins
cannot readily interact through direct super-exchange. This band is close to the Pc ligand
DOS, so ligand spin polarisation should be a much simpler process, confirming the
assignment of the through-space interactions of the molecules.
Other possible geometries (from other variants of the crystal structure) vary
significantly in terms of band width, highlighting the strong dependence of π-π interactions
between Pc ligands on inter-molecular geometry. These interactions mediate the spin
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polarisation transfer between molecules and hence between Cu centres; geometry
dependant bandwidth should produce geometry dependant exchange interactions.
This was tested using Green’s Functional Perturbation Theory (GFPT) using the same
approach as earlier (varying the X (ϕ) and Y (ɸ) positions with exchange interactions
(hopping integrals produced from the DFT calculations) as input (Fig 5.20). A strong
dependence on stacking angle but a weak dependence on sliding angle is demonstrated
agreeing qualitatively with the DFT calculations.

Figure 5.20 – Dependence of interaction on stacking and sliding from GFPT calculations

The maximum exchange interaction suggested by GFPT for F16cupc is double that
previously calculated for CuPc. This may be a reflection of the larger hopping integrals
between ligand π systems due to the slightly smaller inter-plane spacing of F16CuPc
compared with CuPc.
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5.3 – Conclusions
F16CuPc has been studied as powder and prepared as thin films by SEM, XRD and
SQuID magnetometry with theoretical modelling to support observations. The crystal
structure of 100 nm and 160 nm thick films is consistent with the single crystal structure
solved in this chapter. A comparable templating interaction in the F16CuPc/PTCDA system to
that in CuPc/PTCDA is observed and is shown to cause a change in texture and relative
molecular orientation rather than crystal structure.
Magnetic measurements show that all films and powders are paramagnetic and the
behaviour of each sample can be modelled using the same Brilloun function. Simulations of
exchange interactions match the paramagnetic character of all samples well. In contrast to
CuPc (with antiferromagnetic character in the α-phase and paramagnetic character in the β
phase), the magnetic character of F16CuPc does not change depending on preparation
conditions suggesting that no change in crystal structure is present.
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Chapter 6
Conclusions and further work
6.1 - Surface and electronic structure of VOPc
Thin films of VOPc on Au (111) Ag (111) and Cu (111) surfaces were prepared and
characterised using STM, LEED and UPS. On Au (111) molecules assemble with their oxygen atoms
projecting away from the surface and LEED patterns show multiple orientations with respect to the
principle crystallographic axes. Electronic structure analysis suggests no electron transfer at the
interface and a thickness-dependant work function change is observed. On Ag (111) similar
behaviour is observed with STM and LEED while UP spectra show that charge transfer is present
from the substrate into the LUMO of the molecule.

Growth behaviour on Cu (111) is markedly different; LEED patterns and surface structure in
STM images differ significantly from Au (111) and Ag (111). Multiple assembly modes are explained
using the postulate that the molecule’s shape is altered by interacting with the copper surface and
charge transfer into the molecule. UP spectra are also dissimilar to those produced from Au (111)
and Ag (111) surfaces, with no clear molecular HOMO derived state. The nature of the electronic
structure shown by the UPS experiments is discussed but the underlying molecule-surface
interaction remains ambiguous.

6.2 – High temperature deposition of organic thin films
The effect of changing the temperature of SiO2 substrates during the deposition of two
planar phthalocyanines, FePc and MnPc, was investigated. With both molecules larger crystalline
domains were observed with increasing Tsub up to a temperature at which the sticking coefficient
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was reduced, preventing adsorption of molecules. Larger crystals were produced from both
molecules at high temperatures, but FePc crystals were always larger. This characteristic also
observed in macroscopic crystals of the molecules studied.
Copper iodide structural template layers prepared both at ambient and elevated substrate
temperature were investigated. Higher temperatures produced larger crystalline domains in the
(111) oriented CuI layers and these in turn produced larger grains of FePc grown sequentially on top
at ambient temperature. The orientation of the FePc layer was changed such that the molecules
switched from a face-on orientation (100) (with respect to the substrate) to edge-on (1-2-2).
FePc deposited at elevated substrate temperature on to the CuI (111) showed a mixture of
edge-on and face-on orientations with respect to the substrate. This suggests that the templating
effect does not produce the most thermodynamically stable form of FePc. The surface morphology
rapidly roughens as the thickness is increased suggesting minimisation of the contact between the
FePc crystallites and the CuI(111) surface.

6.3 – Structural and magnetic properties of F16CuPc

As a starting point for structural analysis of F16CuPc, its single crystal structure is solved and
shown to be different to previously published structures. Thin F16CuPc films were grown and a
combination of AFM, TEM imaging and electron diffraction experiments were used to characterise
them. This revealed the strong preferred orientation in the films and allowed proposed changes in
structure and morphology as a function of thickness to be analysed.
F16CuPc was then prepared as purified powders and thin films on non-magnetic substrates
before SEM, XRD and SQuID magnetometry were used for analysis. XRD patterns showed that films
of 100 nm and 160 nm thickness are consistent with the single crystal structure presented here.
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PTCDA was also used as a structural template to control the orientation of crystallites in F16CuPc thin
films. A templating interaction in the F16CuPc/PTCDA system comparable to that in CuPc/PTCDA is
observed and is shown to cause a change in preferred orientation and relative molecular orientation
rather than crystal structure.
Magnetic measurements show that all F16CuPc films and powders are paramagnetic and the
behaviour of each sample can be modelled using the same Brilloun function. Simulations of
exchange interactions match the paramagnetic character of all samples well. In contrast to CuPc
(with antiferromagnetic character in the α-phase and paramagnetic character in the β-phase) the
magnetic character of the material does not change depending on preparation conditions suggesting
that no change in structure is present.

6.4 – Further work

The surface studies of VOPc presented here have provided an insight into the behaviour of a
non-planar phthalocyanine within the first monolayer of growth. Further work is clearly necessary to
fully understand the underlying processes responsible for the surface morpholgies and electronic
properties observed. Synchrotron-based surface measurements would provide a great deal of
information about VOPc, both structurally and electronically. Fine structure techniques such as X-ray
standing wave (XSW) or photoelectron diffraction (PhD) would allow the molecule and the topmost
layers on the supporting substrate to be probed without damaging the sample. X-ray absorption
spectroscopies such as extended X-ray photoelectron fine structure (EXAFS) or near edge X-ray fine
structure (NEXAFS) would also provide a wealth of information useful in understanding the structure
of the interface. The presence of an adsorbate induced surface reconstruction could also be probed
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with all of these techniques. Planning is currently underway to construct an experimental proposal
for this work.
Low temperature STM, UPS and LEED experiments would facilitate the observation of
structures at lower coverages than those possible at room temperature. The earliest stages of film
formation may be important in the assembly and electronic structure observed and understanding
this would provide a more complete picture of the surface interactions which occur at MPc /metal
interfaces. While this equipment is not available in our own labs discussions with collaborators are
ongoing.
The growth of phthalocyanines and inorganic templating layers at high temperatures has
shown promise in controlling and understanding the structure of MPcs in thin films. If highly
crystalline CuI (111) layers can also be prepared on conductive substrates the possibility of atomic
resolution imaging via STM can be realised. This would also allow imaging of the formation of the
phthalocyanine over-layer as it could be evaporated in situ without exposure to air. LEED
experiments could also be used to probe the crystal structure of the interface and UPS would allow
the electronic structure to be analysed. Preliminary experiments for this work are currently
underway with further work planned.
Magnetic characterisation of phthalocyanines remains a neglected field of study and
systematic studies are uncommon. Development of a high throughput method of screening MPc
molecules for interesting or useful properties would be hugely important if the field is to progress.
As such, single crystal, powder and thin film samples could be created in exactly the same way using
optimised experimental parameters and used for magnetic measurements. Combining this with the
ability to tune the structure and magnetic properties through structural or chemical modification
would allow rapid accumulation of a catalogue of interesting and technologically relevant molecules
for magnetic applications.
191

6 – Conclusions and further work
Concomitant with this the single crystal structures of each of the planar metal
phthalocyanines could be checked or analysed for the first time. This would allow a much more
complete understanding of the through space interactions responsible for the physical and
electronic structure of MPc systems. The use of sublimation techniques developed in our labs allows
the reproducible fabrication of high quality single crystal samples. This negates problems associated
with the production of single crystals from solutions of highly insoluble materials. Preliminary
experiments on this topic are currently underway and a wide variety of MPc molecules are planned
for use in crystal structure determination experiments.
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