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Abstract 
 

 

Organic semiconductor molecules are often employed as a thin film interlayer to 

improve electronic and optoelectronic devices. The characterisation of the interface is 

thus important to understand the physical properties between the organic thin film and 

the inorganic semiconductor substrate. Also the orientation of the molecules within the 

film can be of importance. Three molecules, SnPc, MgPc and PbPc are studied on two 

different substrates, argon sputtered GaAs(001)-1×6 and Ge(001)-2×1. Two surface 

sensitive synchrotron-based techniques are used for such characterisation, soft x-ray 

photoelectron spectroscopy (SXPS) and near edge x-ray absorption fine structure 

(NEXAFS). With SXPS, the evolution of the shallow core levels of the 

phthtalocyanine’s central metal atom and of the substrates are studied for the clean 

surfaces and for different stages of growth. A fitting procedure was undertaken for 

better comprehension. For the clean GaAs(001) surface, As3d and Ga3d core spectra 

are fitted with a bulk component and one and two surface components, respectively: 

these spectra show no significant change when approximately one monolayer of any of 

three MPc molecules is deposited; also the metal atom spectrum comprises a single 

component. The interaction of MPc with GaAs is described as weak. In some contrast, 

deposition on Ge(001) leads to changes in both substrate and deposit core spectra. The 

clean surface Ge3d core level spectrum is fitted with one bulk, one second layer and 

two surface components, the ‘up’ and ‘down’ atoms in the dimer. Upon deposition of 

approximately one monolayer of any three MPc molecules, approximately 50% of the 

‘up’ intensity is shifted towards higher binding energy, indicative of an electron 

removing interaction. A corresponding electron receiving shift to lower binding energy 

is observed in the metal core level of two of the three molecules, SnPc and PbPc; MgPc 

shows no such satellite feature. These molecules are also to be distinguished by shape: 

MgPc is planar while SnPc and PbPc are non-planar. It seems reasonable to attribute the 

two component spectrum of the latter to the two possible geometries of the metal atom 

in non-planar molecules with respect to the surface of the substrate (‘towards’ and 

‘away’). The growth mode for the films is also deduced from the attenuation curves. 

SnPc has a Stranski-Krastanov growth mode whereas MgPc and PbPc have a growth 

close to layer-by-layer. With NEXAFS, the orientation of the molecule is investigated 
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on both substrates. The spectra show that the films are highly orientated. At a 

monolayer level, the molecules are lying close to flat on the substrate surface. For thick 

films, it is clear that each molecule exhibits a different orientation in the films, e.g. SnPc 

lying close to flat to the surface whereas MgPc is ‘standing up’. The molecules exhibit 

the same behaviour on both substrates. By analysing the evolution of the π* resonance 

intensity, the possible crystalline structures were also deduced. 
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Chapter 1 Introduction 

 

 

In recent years a lot of work has been done trying to improve electronic devices. 

Organic materials have been of great industrial interest since they can be easily prepared 

and are much cheaper than inorganic semiconductors. Organic electronic materials have 

shown to be very suitable components for a wide range of applications such as 

photovoltaic cells [1], organic light emitting diodes (OLED’s) [2-6], molecular 

electronics, biological recognition and chemical sensors [7, 8], organic field-effect 

transistors [9-16] and electronic signal rectifiers and amplifiers [17]. They are also used 

as switching devices for active displays. In addition, OLED displays show a wide 

viewing angle and a broad temperature range at low power consumption. Efficiency and 

the extent of colours of OLEDs are of the order of inorganic based diodes [13]. 

 

Due to the wide range of organic molecules, organic thin films can be used to change 

and tune the properties of electronic devices such as Schottky diodes, designing them 

for specific applications [18]. These heterojunctions have been widely studied in the 

recent years [19-30]. Investigations into the applications of these materials in the field 

of telecommunications include the potential for the use of organic thin films active 

layers in epitaxially grown hybrid organic-inorganic devices. By introducing thin films 

of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) in hybrid Ag/PTCDA/InP 

[3], the effective barrier height can be varied depending on the PTCDA layer thickness. 

An estimate of 42 GHz is given for the high frequency limit for an optimised InP device 

which is about one third of the frequencies obtained in nowadays commercially 

available GaAs Schottky diodes. 

 

The work presented here is part of a large consortium, DIODE, which tries to extend 

such modifications to GaAs Schottky diodes due to its importance for 

telecommunication use. Many areas need to be investigated to characterise such a 

device (figure 1.1). This work focuses on the points (i), (ii) and (iii) shown in figure 1.1; 

that is the GaAs surface, the interface between the organic adlayer and the substrate and 
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the organic film. The principal technique is photoemission spectroscopy, using 

synchrotron radiation, supplemented with NEXAFS. 

 

 

(v) The Overall Device Performance

GaAs(100)

Organic Interlayer

Metal

V

I

(iv) The Interface between the  
Organic Molecules and the metal

(iii) The Organic
Molecular Film

(ii) The Interface between 
GaAs Substrate and 
Organic Molecules

(i) The GaAs Substrate Surface

(v) The Overall Device Performance

GaAs(100)

Organic Interlayer

Metal

V

I

GaAs(100)

Organic Interlayer

Metal

V

I

(iv) The Interface between the  
Organic Molecules and the metal

(iii) The Organic
Molecular Film

(ii) The Interface between 
GaAs Substrate and 
Organic Molecules

(i) The GaAs Substrate Surface
 

 

Fig. 1.1. Organic modified Schottky contacts and principal components for the characterisation 

 

 

The starting point of this work is the inorganic semiconductor surface. Surface 

properties, which can be quite different from bulk properties, play a vital role in the 

performance of electronic components so it is very important to study the electronic 

properties at the interface to get a full understanding. Also the deposition of organics 

may depend on the properties of the surface. Thus we need to investigate the 

reconstruction and properties of the clean surface. 

 

Much work on the epitaxy of organic thin films have focussed on the use of weakly 

interacting [24, 31] or passivated [23, 32] semiconductor substrates. It has been shown 

that the use of such substrates improves the crystallographic growth of semiconducting 

molecules such as perylene derivatives and phthalocyanines. This is thought to be due 

to the reduced interaction between the substrate and the deposited molecules. However, 

some recent work has indicated that the growth of well-ordered organic thin films on 

unpassivated semiconductor substrates is also achievable [33-35]. 

 



 13

The initial stages of formation of such an organic/inorganic interface can be followed by 

surface sensitive soft x-ray photoelectron spectroscopy (SXPS), with organic molecular 

beam deposition (OMBD) providing good control of depositing conditions. The 

molecule-substrate interaction has an important role for the first monolayer 

morphology. For subsequent layers, the structure is determined by the molecule-

molecule interaction; in that case the role of the substrate is to define a plane of 

reference.  

 

In the organic-based heterostructures the metal/organic and organic/inorganic interfaces 

play a role but the structure of the organic films is essential in determining the transport 

properties. In particular, the polycrystalline nature of organic films [2] may be a limiting 

factor for the carrier mobilities. In this work, the film structure is investigated in two 

ways: first the growth mode, secondly the molecular orientation within the film. 

 

Gallium arsenide is mainly used in this work since it was the substrate of choice in the 

DIODE network. To widen the scope, germanium was also used as a substrate. It is 

monoatomic, has a different reactivity and provides a more reproducible surface. It is 

also well characterised in the literature. The molecules of choice were metal 

phthalocyanines: SnPc, PbPc and MgPc. These molecules were chosen firstly because 

they have a low vapour pressure. Secondly, the central metal atom can be easily tracked 

by photoemission spectroscopy. And thirdly they are different in shape.  

 

This work focuses on the interaction of metal phthalocynanines with gallium arsenide 

(001) and germanium (001) surfaces and on the morphology of these thin films. It is 

divided into eight chapters. Chapter 2 is an overview of the germanium and gallium 

arsenide substrates, the morphology of the organic film and the different growth modes. 

It also contains an introduction to the basic concepts of the experimental techniques 

used to characterise the organic/inorganic interface and the thin films. Chapter 3 

describes the experimental set up and experimental details, the sample preparation 

method and the curve fitting procedure. In Chapter 4, the substrate/adlayer interaction is 

investigated by means of core level spectroscopy. In Chapter 5, this interaction is 

further investigated by valence band spectroscopy. Energy band alignments for 

molecules deposited on GaAs(001)-1×6 are also examined. The growth mode of the 
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adlayer is studied in Chapter 6. In Chapter 7, the morphology of the thin films is 

examined using near-edge x-ray absorption fine structure. Finally, general conclusions 

are presented in Chapter 8. 
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Chapter 2 Theory 

 
Firstly, the substrates structure of the Ge(001)-2×1 and GaAs(001)-1×6 surface 

reconstructions are explained. Secondly, the metal phthalocyanine molecules and their 

crystalline structure are described with a distinction between planar and non-planar 

molecules. In a third part an introduction to the experimental techniques used to 

characterise the organic/inorganic interface and the thin films is made.  

 
 
2.1. Inorganic semiconductor substrates 

 

2.1.1. Germanium (001) 

 

Germanium is a group-IV semiconductor with a bulk crystal structure consisting of two 

interpenetrating face-centered cubic primitive lattices, also known as the diamond 

structure (figure 2.1a). It has a band-gap of 0.67 eV at 300 K and a Ge-Ge bulk bond 

length of 2.45 Å. The (001) and equivalent planes correspond to the faces of the unit 

cell.  

 

(a) 

 

 

(b) 

 

 

Fig. 2.1. (a) Bulk diamond structure of crystalline germanium. Each atom has an sp3 hybridisation and is 
tetrahedrally bonded to four nearest neighbours. (b) Side representation of an ideal Ge(001) surface (top) 
and of the asymmetric dimer formation (bottom). 
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On an ideally truncated Ge(001) surface, each surface atom possesses two dangling 

bonds (figure 2.1b). To minimise the surface free energy, atoms at the surface will 

reorganise. The reconstruction of the Ge(001) surface is based upon the ‘dimerisation’ 

of surface atoms. Two nearest neighbours Ge atoms pair together creating dimers. The 

number of dangling bond is then reduced by a factor of two. This reduces the free 

surface energy due to the stability gained by creating a chemical bond outweighing that 

lost from strain. Each Ge surface atoms has four valence electrons, two of which are 

used in bonding to Ge atoms in the second layer; a third one is used in the formation of 

the dimer (dimer length: 2.46 Å [36] and 2.55 Å [37]). This leaves one electron in the 

dangling bond per Ge surface atom. However, this configuration is unstable, leading to 

a tilt out of the surface plane of the surface dimers (figure 2.1b) [36, 38-40]. The dimers 

are tilted by 10° to 20°. This induces a significant transfer of electronic charge from the 

recessed atom (or ‘‘down atom’’) to the protruding atom (or ‘‘up atom’’) [41]. 

Consequently, the down atom is electrophilic and the up atom is nucleophilic [42].  

 

There are two stable arrangements at low temperature: the c(4x2) and p(2x2) 

reconstructions [43-46]. The tilting of the dimers alternates down the rows, the latter 

being separated by trenches. For the c(4x2) reconstruction, the dimers are buckled in 

opposite orientations in adjacent rows whereas they are buckled in the same direction 

for the p(2x2) surface. The c(4x2) reconstruction is considered to be the ground state 

[47-49]. At room temperature a 2x1 reconstruction is observed which is believed to be 

due the ‘flipping’ of the unstable Ge-Ge dimers [37, 46, 50]. But the c(4x2) and p(2x2) 

reconstruction can also be seen at room temperature due to the ‘freezing’ of the dimers 

by defects or step edges. Although the number of dangling bonds is reduced by the 

reconstruction, Ge(001)-2×1 is still highly reactive and sticking probabilities of many 

organic molecules are near unity at room temperature [51]. 

 

 

2.1.2. Gallium Arsenide (001) 

 

GaAs is one of a group of III-V semiconducting solids that have a zinc blende (ZnS) 

crystal structure, i.e. a diamond lattice where the positions are filled alternatively by 

elements from the third (Al, Ga, In) and fifth main group (P, As, Sb) of the periodic 
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table. It has a direct bandgap of 1.42 eV at 300 K. The ideal (001) surface is polar. Thus 

the top layer would consist of either arsenic anions or gallium cations. GaAs(001) 

surfaces are, in practice, not ideally terminated and they exhibit a number of different 

reconstructions and stoichiometry depending on sample preparation [52-55]. The lattice 

of a tetrahedrally coordinated III-V semiconductor has only a two fold symmetry about 

the [001] axis and therefore cation (Ga) dangling bonds will always lie along the [011] 

direction and the anion (As) dangling bonds along the [ 101 ] [56]. Diffraction patterns 

of reconstructions with ×6 symmetry can result from a superposition of two or more 

local phases. For example, it has been reported that the 4×6 reconstruction is a 

combination of the 4×1 and 1×6 phases [53, 57]. In the case of the 1×6 reconstruction 

obtained by argon sputtering and annealing [53, 54, 57], three surface reconstructions 

have been proposed (figure 2.2).  

 

   

Biegelsen et al [52] Chizov et al [58] Kuball et al [59] 

  

 

Fig. 2.2. Structural models for the GaAs(001)-1×6 surface proposed by Biegelsen et al (left), Chizhov et 
al (middle) and Kuball et al (right). 

 

 

Biegelsen et al [52] have proposed a model for the ‘2×6’ model consisting of two As 

dimers and four missing As dimers stacked along the x6 direction (i.e. the [011] 

direction). The net effect is that a 2×6 cell has four As dimer-atoms and four Ga dimer-
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atoms in the next layer (described as a trench) with the row separation of 24 Å. The four 

As dimer-atoms are bonded to six Ga atoms, of which four have non-bulk 

environments. The streaks observed on the LEED pattern are due to the stacking 

disorder in the [ 101 ] direction. The model of Chizhov et al [58] retains the trench but 

suggests a more complicated arrangement between the trenches, an idealised 12x6 unit 

cell. The 2x6 rows exhibit a certain degree of disorder which suggests that the As 

dimers do not have a unique arrangement suggesting that it is a transition phase. A third 

model was also proposed by Kuball et al [59], where the top-layer consists of regular 

two-As-dimer rows and the x6 comes from the missing dimer row. The structure of the 

GaAs(100)-1x6 is reported to be a transition structure and many stoichiometries have 

been reported [53, 54, 57]. Thus there might not be a unique model for this surface 

reconstruction. 

 

 

2.2. Metal Phthalocyanines 

 

A wide range of organic molecules is available for thin film deposition. Among the 

many studies on organic molecule adsorption two main types have emerged so far – 

perylenes derivatives (e.g. PTCDA, PTCDI) and metal phthalocyanines. In this work, 

the molecules of choice were metal phthalocyanines: SnPc, PbPc, MgPc. These 

molecules were chosen for the possible tracking of the central metal atom and for the 

difference in their shape (see next section). Phthalocyanines have a low vapour pressure 

(10-14 torr) suitable for UHV sublimation and in-situ experiments. They are 

semiconducting, thermally stable and high purity can be obtained. There is no 

noticeable degradation in air up to 400-500°C. They are also chemically stable. Only 

with very strong oxidising agents can the molecules be broken down to phthalimide or 

phthalic acid [60, 61]. 

 

In the following sections, the molecular structure, the crystalline structures, multilayer 

growth on a substrate and finally the monolayer structure will be described. 
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2.2.1. Molecular structure 

 

Metal phthalocyanines, MC32H16N8, are symmetrical macrocycle molecules composed 

of four benzene pyrrole groups (isoindole groups) connected together by four meso-

bridging aza nitrogens. The structure has a central cavity of sufficient size to 

accommodate various metal ions (up to 70 metal phthalocyanines have been reported), 

which are bonded to the pyrrole nitrogens (figure 2.3). They exhibit aromatic behaviour 

due to the delocalised electron density of the π-bonds above and below the plane of the 

molecules. The choice of the central atom can influence the physical properties of the 

molecule [62]. The metal is usually in a 2+ oxidation state and the macrocycle backbone 

usually exists as a dianion (Pc2-). The molecule is planar for low Z central atoms and 

has a four-fold rotation axis, i.e. belonging to the D4h point group. MgPc is an example 

of this type. 

 

SnPc 

 

 

PbPc 

 

 
Fig. 2.3. Top view of a planar phthalocyanine metal complex (left). Side view of the SnPc (top right) and 
PbPc (bottom right) are also represented, courtesy of Seán M. O'Flaherty. Carbon, nitrogen and hydrogen 
atoms are represented in light blue, dark blue and grey respectively. 
 

 

In the case of SnPc and PbPc, the size of the central metal atom induces the molecule to 

depart from a planar geometry resulting in a steric effect protrusion [63]. The molecules 

exhibit a ‘shuttlecock’ shape. This suppresses the horizontal plane of symmetry and thus 

the molecules belong to the C4v point group. The protrusion of the Pb atom varies 

depending on the crystalline structure. It is 0.91 Å for the monoclinic phase and 1.28 Å 
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in the triclinic phase. This is due to the intermolecular interactions within the crystalline 

film. 

 

 

2.2.2. Crystalline structure 

 

The crystalline structure of metal phthalocyanines is complex and there are many 

different structures depending on the molecule (i.e. shape, ligands). Also forces within 

these organic films are weak, thus there are different possible crystalline forms for a 

specific metal phthalocyanine. They have been extensively studied and some good 

reviews have been published [62, 64-66]. 

  

For metal phthalocyanines with no side or axial ligand, the molecules can be separated 

into two distinguishable types, planar and non-planar. MgPc belongs to the former type 

whereas SnPc and PbPc belong to the latter. 

 

 

2.2.2.1. Planar phthalocyanines, structure of the monoclinic αααα and ββββ form 

 

The structure of planar phthalocyanines crystals was first investigated by X-ray 

diffraction [67, 68]. For planar phthalocyanines (e.g. CuPc, MgPc) there are two main 

crystalline forms, the α and β forms (figure 2.4) [62]. They differ from one another in 

the degree of tilt within the columnar stacks. The angle of tilt of the plane of the 

molecule is between 25° and 28° with respect to the a-axis of the crystal for the α-form 

and between 45° and 48° for the β-form. Both are of the monoclinic structure (i.e. 

a≠b≠c and α=γ=90°≠β). The molecules in neighbouring stacks in the β-form are nearly 

orthogonal producing a ‘herringbone arrangement’. The β-form is the most 

thermodynamically stable polymorph for planar phthalocyanines. Other crystalline 

forms such as the X-form have also been reported. Annealing the α-form converts it 

irreversibly to the β-form. Different conversion temperatures have been reported 

depending on the metal phthalocyanine [69-71]. 
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Fig. 2.4. Schematic showing the columnar stacking of the α-phase (top) and β-phase (bottom) for planar 
Pcs [65]. The data shown refer to the cell parameters for CuPc. Both phases are monoclinic. The α-phase 
has four molecules in the unit cell, the β-phase has two. 
 

 

2.2.2.2. Non-planar phthalocyanines 

  

Non-planar phthalocyanines exhibit a different behaviour. SnPc and PbPc have been 

reported to grow in a triclinic structure [72, 73]. There is also another crystalline form 

for PbPc, the monoclinic form [74].   

   

 

2.2.2.2.1. SnPc and PbPc triclinic form 

 

Figure 2.5 shows the triclinic form for SnPc and PbPc. In this form, the molecules stack 

along the a-axis with alternating convex and concave sides. In the case of SnPc all the 

columns are identical but for PbPc there are two columnar types differing by their 

rotation about the a-axis. In both cases, the molecular arrangement within the 

neighbouring columns is the same. 
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For PbPc, the molecules are tilted 59.9° with respect to the plane perpendicular to the 

stacking axis. In this crystallographic form the Pb2+ ions are 6.42 Å and 8.33 Å apart 

and the d.c. conductivity is 10-10 Sm-1. Such differences between the two forms make it 

important to understand and control film growth for electronic applications. SnPc is not 

as widely studied as PbPc. In this material, the angle of tilt of the molecules with 

respect to the plane perpendicular to the stacking axis is estimated from crystallographic 

data [64] to be 50°. 

 

a-axisa-axis

 
 
Fig. 2.5. SnPc (left) and PbPc (right) triclinic crystalline structures. The top row is a view with the 
stacking axis in the plane of the sheet. The bottom row is a side view of the molecules stacking within a 
column. Reproduced from [64].  
 

 

2.2.2.2.2. PbPc monoclinic form  

 

PbPc can also grow in the monoclinic form in which the molecules stack linearly along 

the c-axis to form molecular columns. Nearest-neighbour columns are in opposite sense 

(e.g. Pb above/below the molecular plane). This linear stacking places the Pb2+ ions in a 

linear stack, with a separation of 3.73 Å, creating a 1D conductor. This creates a d.c. 

conductivity of 10-2 Sm-1, four to five times higher than other phthalocyanines. This 

makes this molecule very interesting for molecular electronic purposes. The monoclinic 

form for SnPc has also been reported but only the abstract was available [75]. 
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Fig. 2.6. Monoclinic crystalline structure of lead phthalocyanine adapted from [72] 

 

 

2.2.3. Multilayer growth on a substrate 

 

The crystalline form of a phthalocyanine film is dependent of the central atom (i.e. 

planar or non-planar molecules), on the rate of deposition and on the substrate [76]. The 

temperature at which the substrate is held during deposition also has an important role. 

Higher substrate temperatures yield rough films composed of micro-crystallites [77] and 

different crystalline forms can be obtained [78]. A key issue for this thesis is the 

orientation of a given crystallite relative to the plane of the substrate but this is not 

always available in the literature. Where possible, this is discussed in terms of the main 

stacking crystalline axis. The planar and non-planar types are discussed separately. 

 

 

2.2.3.1. Planar phthalocyanines 

 

Films deposited at room temperature are mainly of the α-form [70, 71, 79, 80]. 

However different orientations of the crystallites relative to the substrate have been 

observed. These possibilities are summarised in figure 2.7. Highly ordered α-form thin 

films have been observed to have crystallographic b-axis parallel to the surface [70, 81], 

this corresponds to model (a) in figure 2.7. Ashida et al [71] also reported a different 
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orientation of the α-form where one molecule out of two lies parallel to the surface 

(model b). Yamada et al [79] proposed a model where all the molecules are lying flat on 

the surface (model c). Finally, Hassan et al [69] reported brush-like α-form crystallites 

for thick films grown on substrate at room temperature with the crystallographic b-axis 

perpendicular to the substrate  (model d).  

 

 

 
 
Fig. 2.7. Schematic of plausible growth of a film of planar MPc (a) with the columnar axis (i.e. the b-axis) 
parallel to the surface; (b) where one out of two molecules is parallel to the surface as proposed by Ashida 
et al; (c) growth with all the molecules parallel to the surface; (d) vertical columnar growth with the b-
axis perpendicular to the surface. Reproduced from [65]. 
 

 

The molecular orientation within the film can also be dependent on the quality of the 

substrate. Peisert et al report that CuPc appears to ‘lie flat’ on ordered surfaces but 

‘stands up’ on rough surfaces [76]. However they do not give a more precise relation 

between the crystallographic axis and the surface of the substrate. In addition, a 

coverage-dependent re-orientation of CuPc has been observed on InSb(111), where the 

molecules show an orientation away from the surface in the thicker film [22]. It has also 

been suggested that the structure of these organic layers is molecular flux dependent 

[82]. 
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2.2.3.2. Non-planer Pc 

 

Previous studies have concentrated almost exclusively on PbPc. To our knowledge there 

is no literature for SnPc in which crystal orientation with respect to the substrate surface 

has been reported.  The following review therefore concerns only PbPc. 

 

The type of crystalline form obtained depends on the temperature of the substrate. 

Generally, the monoclinic crystalline form is obtained on samples at room temperature. 

Higher substrate temperatures favour the triclinic form [78].   

 

The crystalline form also depends on the deposition rate. However the boundary is not 

quite clear. Miyamoto et al [78] obtained mainly monoclinic crystalline form for rates 

greater than 1.0 nm.s-1 and a mixture of both forms for lower rates. Ottaviano et al [83] 

have reported mainly monoclinic phase with a deposition rate as low as 0.02 nm.s-1 and 

a substrate kept at room temperature. Again, a mixture of monoclinic and triclinic form 

is obtained for lower deposition rates. 

 

Ottaviano et al [83] have reported mainly monoclinic phase with the c-axis parallel to 

the substrate. After annealing at 170°C, they observe the triclinic form with the a-axis 

parallel to the substrate whereas the remaining monoclinic phase rotates such that the c-

axis is perpendicular to the substrate. Myamoto et al [78] also observe the two 

orientations for the monoclinic phase. They also obtain a mainly triclinic film when the 

substrate is held at 100°C. They observe a triclinic structure for low deposition rates and 

when the substrate is kept at room temperature; however, in this paper the orientation 

with respect to the substrate is not explicitly defined. Collins et al [84] observe a 

mixture of monoclinic and amorphous phase deposited on substrates held at room 

temperature; again, the orientation relative to the substrate is unavailable. 

 

There is a transition from the monoclinic form to the triclinic after annealing. However, 

different annealing temperatures have been reported in the literature. Myamoto et al 

[78] observe such a change after an annealing of 100°C whereas Böttcher et al [85] 

report a value of 130°C. Ottaviano et al [83] do not observe the change until 170°C for 
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films deposited on silicon. This transition was reported to start between 50° and 70°C 

[86]. 

 

 

 
 

Fig. 2.8. Phase diagram of the monoclinic and triclinic phase of PbPc depending on the deposition rate 
and the annealing temperature of the organic film. Different temperatures have been reported in the 
literature for the transition from the monoclinic to the triclinic phase. The light dotted area represents this 
transition. Similarly different deposition rates at which the triclinic phase appears have been reported.  
This is represented by the dark filled region. 
 

 

 

2.2.4. Monolayer structure  

 

Up to completion of the first monolayer the structure, in principle, is two-dimensional. 

The literature exclusively describes molecular lattices which are commensurate with 

crystalline substrates. The shape of these large molecules is an important factor in the 

resulting two-dimensional lattice, which is a balance of adsorption and steric effects. In 

all these studies the molecules are reported to ‘lie flat’ on the substrate. 
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The archetype molecules studied to date are CuPc and PbPc. CuPc presumably is a 

reasonable model for MgPc; PbPc presumably is a reasonable model for SnPc. 

 

Copper phthalocyanine has been shown to form a well ordered initial layer on reactive 

metallic and semiconductor surfaces [33, 35, 83, 87-91]. Cox et al report that on the In-

terminated (001) and (111) surfaces of InSb and InAs, CuPc molecules lie flat on the 

surface and are commensurate with the substrate structures [21, 33]. 

 

 

 
 

Fig. 2.9. Adsorption model of PbPc on c(8×2)-InSb(100) reconstruction [92] 

 

 

Forrest et al [93] showed by RHEED that the first layer of PbPc molecules lie flat with a 

square commensurate lattice on KBr(001), NaCl(001) and KCl(001). Non-planar 

phthalocyanines such as PbPc raise a further issue as to which side of the molecule is 

towards the substrate. STM studies from Papageorgiou et al show that PbPc molecules 

are commensurate with the surface and that they lie flat on InSb but with the Pb atom 

towards the substrate (see figure 2.9) [94]. STM studies from Strohmaier et al [35] 

suggest that PbPc lies flat on the basal face of MoS2; the molecules can adopt three 

different phases, described as ‘close-packed’, ‘row-like’ and ‘alternating’ [35]. They 
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also report both possible adsorption geometries i.e. the Pb lying towards and away from 

the surface. 

 

The common theme of the above studies is that the molecules lie flat on the substrate.  

However, these techniques may not distinguish a small angle of tilt with respect to the 

substrate, as is known to occur for thicker films. 

 

  

2.3. Characterisation techniques 

 

The two main techniques used in this work are photoemission spectroscopy and near-

edge x-ray absorption fine structure (NEXAFS). Photoemission spectroscopy is a good 

technique to monitor the interaction between the substrate and the adlayer. It is also an 

indirect monitor of the growth mode of thin films. It is possible to find the molecule 

orientation on a substrate or within thin films using NEXAFS. A limited access to 

scanning tunnelling microscopy enabled a preliminary investigation of the orientation of 

the molecules for submonolayers with respect to the substrate.  

 

 

2.3.1. Photoemission spectroscopy 

 

Photoemission spectroscopy is based on the photoelectric effect discovered by Hertz in 

1887 and explained in 1905 by Einstein when he introduced the quantum theory of 

photoemission. In the 1960’s, Kai Siegbahn (Nobel prize winner 1981) at the University 

of Uppsala significantly developed the technique as a tool for chemical analysis. 

 

Spectroscopic techniques use interactions between photons and matter to probe the 

electronic structure and measure thereby the energy distribution of electronic states in 

atoms, molecules or solid states materials. Depending on the energy of light source, 

PES is divided into ultraviolet (UPS), soft X-ray (SXPS), and X-ray photoemission 

spectroscopy (XPS). UPS is commonly used to study states near the Fermi level EF, in 

the valence band, and XPS is used to investigate the more strongly bound core levels. In 
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utilising synchrotron radiation (SXPS) both valence band and core levels can be probed 

in a simple experiment. 

 

 

2.3.1.1. Basic concepts 
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Fig 2.10. Schematic energy level diagram relating the atomic levels to the measured spectrum for an 
electron emitted in vacuum with a photon energy hu. The right part of the diagram is a schematic of the 
valence band and the core levels. The right hand side shows the resulting photoemission spectrum. 
 

 

In PES, the surface of a sample is irradiated with monochromatised light of energy hu, 

which causes photoionisation of atoms in the sample. In the ‘one-electron’ model, if the 

incident photon is of sufficient energy to ionise an atom then the ejected photoelectron 

will have a kinetic energy (Ekin) which is characteristic of its energy state for a given 

photon energy (Eq. 2.1).  

 

Ekin = hu - EB - φ      (Eq. 2.1) 

 

where EB is the binding energy of the initial state of the photoelectron and φ is the work 

function of the system. This process is shown schematically in figure 2.10. This binding 

energy is characteristic of the type of atom and its chemical state. In commercial PES 

systems, Ekin and EB are referenced to the common Fermi level of sample and analyser. 



 30

Synchrotron radiation is the electromagnetic radiation emitted when a charge moving at 

relativistic speeds in a storage ring follows a curved trajectory [95]. This radiation 

represents the main energy loss mechanism for particles so constrained. The light is 

emitted in a continuous spectrum from infrared to hard x-rays in a very narrow cone 

tangential to the electron orbit. It is strongly collimated in the forward direction and 

strongly polarised in the plane of the storage ring (see figure 2.11).  

 

 
Fig. 2.11. Schematic of a synchrotron radiation source 

 

 

The radiated power of the relativistic charged particles is inversely proportional to the 

fourth power of the particle mass, leading to the use of electrons in synchrotron 

radiation storage rings. The basic components of a synchrotron radiation source are a 

number of dipole magnets to bend the electron beam along a circular trajectory and 

therefore to act as the basic source of radiation. Radiofrequency cavities are used to 

accelerate the electron beam to the required energy and to make up for the energy lost 

due to the emission of synchrotron radiation. These devices generate an electric field 

parallel to the beam orbit alternating polarity, usually sinusoidally at high frequency, 

typically in the range of 50-500 MHz [96]. Electrons stored in such a magnetic lattice 

form into bunches. This effectively means that an observer only sees light whenever a 

bunch passes an observation window, giving synchrotron radiation a well-defined 
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pulsed time structure (i.e. at the SRS Daresbury a pulse is seen every 2 ns in multibunch 

mode).  

 

The flux of synchrotron radiation can be enhanced using undulators or wigglers instead 

of bending magnets. In a wiggler or an undulator, electrons travel through a periodic 

magnetic structure. In an undulator constructive interference is achieved between light 

pulses emitted at different magnets generating a narrow cone of light at a characteristic 

frequency and 100% polarised in the plane of the ring. In a wiggler, the interference 

effects are less important and radiation from different parts of the electron trajectory 

adds incoherently. In this work, bending magnet and undulator beamlines were used. 

 

In the normal experimental set up a monochromator is placed between the ring and the 

experimental chamber allowing a narrow range of photon energy to be selected. In this 

lies the main advantage of the synchrotron over the lab sources. By varying the photon 

energy it is possible to use the corresponding change in the photoelectron mean-free 

path to achieve maximum surface sensitivity. Other useful properties are high photon 

flux and strong polarisation. 

 

 

2.3.1.2. Theoretical background 

 

2.3.1.2.1. Interaction of light with matter 

 

In non-relativistic quantum mechanics [97] the electromagnetic radiation field A is a 

vector potential operator at position ri and time t, 
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  (Eq. 2.2) 

   

where ,αka and 
,

†

αk
a  are annihilation and creation operators, which decrease and increase 

the number of photons by one, respectively. In Eq. 2.2, k and α stand for wave vectors 

and spin quantum numbers. ˆαε are unitary polarisation vectors and ω gives the photon 
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frequency. For the electron of an atom in a quantum mechanical system describing 

some material, the interaction Hamiltonian can be written as: 

 

 ( )
2

2 2intH A p p A A A= ⋅ + ⋅ − φ + ⋅e e
e

mc mc
   (Eq. 2.3) 

 

where φ is the scalar potential of the incident light field, e is the electron charge and m 

its rest mass. Following the Green function approach, the photocurrent within the 

sudden approximation is simply given by the spectral representation of the one-particle 

Green function: 

 

 ( ) ( )2

int
f ,i

I f i Ak kH∑ω ωh � h     (Eq. 2.4) 

 

where the summation runs over all initial states and final states with energy Ei and Ef 

and ωh  denotes the energy of the incident photons. If the Coulomb gauge is chosen,      

φ = 0, and using the commutator i .A p p A A⋅ + ⋅ = ∇h , equation 2.3 can be written as: 

 

 ( )
2

i .
2 2intH 2A p A A A= ⋅ − ∇ + ⋅e e

mc mc
h    (Eq. 2.5) 

 

It can be shown that .∇ A  is small or zero [98], by writing the vector potential A as a 

plane wave in free space: 

 

 ( ) ( )0A exp i it ωt += − ⋅A r, q r     (Eq. 2.6) 

 

here q is the electric dipole vector of the light, r its position vector and the term in ωt 

describes the phase of the wave. At a surface .∇ A  is not usually zero, or even small 

compared to ⋅A p  [99, 100]. Complications from this effect can be avoided when 

experiments are performed with photon energies well above the plasmon energy of the 

surface, reinstating the approximation . 0∇ =A . The rest of the analysis will follow this 

assumption [98-103]. Equation 2.5 gives together with the Hamiltonian of the 

unperturbed system, 
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 ( )1

20H p r= +V
m

      (Eq. 2.7) 

 

the total Hamiltonian of the system: 

 

 ( ) ( )21

20 intH H H p A r= + = + +e V
m

   (Eq. 2.8) 

 

where p  is the momentum operator of the electron and ( )rV is the scalar potential of 

the system under consideration. 

 

 

2.3.1.2.2. Evaluation of the photoemission transition probability 

 

For a single electron transition, the eigenvalue of the photon number operator has to 

change by exactly one. The second term ∝ ⋅A A  in equation 2.5 changes the total 

number of photons by 0 or ±2. Also, the diamagnetic term ⋅A A  is small and can be 

neglected [98, 101]. For single photon processes only the first term of equation 2.5 

contributes and the transition probability is proportional to the square matrix element of 

the interaction Hamiltonian between the initial i  and final f  photon state. If the 

perturbation, Hint, is small this can be written in terms of Fermi’s Golden rule: 

 

 ( )2

if

2
P f iintH= δ − ± h

h
f i

π
E E ω     (Eq. 2.9)  

 

where Pif is the transition probability per unit time. The delta distribution takes care of 

the energy conservation, ( ) 0− ± ω =hf iE E , between final and initial states, and − ωh  

and + ωh  refer to the absorption or emission of a photon respectively. As the photon 

momentum is much smaller than the electron momentum, A can be treated as a constant 

(this approximation is also known as the dipole approximation in which the vector field 

is approximated by an oscillating dipole and is good below 10keV) [102]. The transition 

probability Pif can be written as: 
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m c
   (Eq. 2.10) 

 

The x-ray absorption cross-section, σx, can be defined as the number of electrons 

excited per unit time divided by the number of incident photons per unit time per unit 

area [104]: 

 

 if
x

ph

P

F
σ =        (Eq. 2.11) 

 

where Fph is the photon flux defined as the number of photons per unit time per unit 

area. It can be obtained by dividing the energy flux of the electromagnetic field by the 

photon energy. 
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Combining equations 2.12 and 2.10 into 2.11, the cross section can be written as: 

 

 ( )
2 2

2

if 2

4
f ipσ = δ − ± hf i

π e
E E ω

m cω
    (Eq. 2.13) 

 

The energy dependence of photoionization cross sections can be used to identify 

contributions from different atomic states to the valence-band photoemission spectra.  

 

Two main phenomena can be of particular interest, Fano resonances [105] and Cooper 

minima [106]. Fano resonances provide an enhancement of the photoemission signal 

due to a many-body effect caused by coupling of the direct photoemission channel with 

photoexcitations into localised intermediate states and subsequent autoionisation. 

Cooper minima provide a decrease of the photoemission signal and represents a simple 

matrix element effect: due to a node of the initial state wave functions the transition 

matrix element into final states with oscillating free-electron-like wave functions 
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becomes canceled. Calculations from Yeh and Lindau provide the photoionization cross 

sections for all elements of the periodic table in a wide range of photon energies [107]. 

 

 

2.3.1.2.3. Electric dipole selection rules  

 

Assuming emission of a photon in a continuous energy interval ( )  ω, ω+dωh h  in to a 

solid angle dΩ, the number of allowed states is ( ) ( )2d d d∝ Ωρ ω ω ωh h . Multiplying by 

the latter, integrating equation 2.10 over the photon energies dω by using equation 2.2 

leads to the transition rates:  

 

 ( ) 2

if d
ˆP f i dpαΩ ∝ ε ⋅ Ωω      (Eq. 2.14) 

 

Equation 2.14 can be converted using the commutation relation of the unperturbed 

hamiltonian H0 with r giving [102]: 

 

 ( ) 23
if d

ˆP f i drαΩ ∝ ε ⋅ Ωω      (Eq. 2.15) 

 

Angle integration of equation 2.15 for incident radiation of a known polarisation 

imposes dipole selection rules for single photon. They state that only transitions are 

allowed, which change the angular momentum quantum number l by one, ∆l = ±1. In 

addition the z-component of the orbital quantum number m has to fulfill ∆m = ±1, 0 and 

the spin must be conserved, i.e. ∆s = 0. 

 

 

2.3.1.2.4. The three-step and one-step models 

 

There are two main approaches to the theory of photoemission, both of which employ 

the independent particle approximation. The first, the three-step model, assumes direct 

transitions between states of the crystal. In a simple approximation the cross-section can 

be calculated assuming that the initial and final state can be described in terms of single 

electron wavefunctions and that the remaining electrons in the final state ionized atom 
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remain unperturbed. This approximation is better known as the “frozen orbital 

approximation” and the binding energy can be calculated by the Hartree-Fock theory. 

The binding energy calculated in this way is better known as Koopmans binding energy. 

The second method, the one step model is based on the scattering theory initially 

developed for the analysis of low energy electron diffraction beam intensities. 

 

The three-step model 

The three-step model was developed by Berglund and Spicer [108]. As the name 

suggests, the photoemission process is considered to comprise three steps: 

 

(1) In the first step, the photon enters the solid and excites an electron from an initial 

state of energy Ei to a final state Ef, where Ef lies above the vacuum level. The first step 

takes into consideration the interaction between an electron and its initial state and an 

electromagnetic field. The optical excitation can be determined by the x-ray absorption 

cross-section (§ 2.3.1.2.2).  

 

(2) The second step involves propagation of the excited electron to the surface, and 

takes into account inelastic scattering and an effective mean free path for the excited 

electron [109, 110].  

 

(3) In the final step, the electrons can either be transmitted across the barrier or be 

reflected back, the escaping electrons being those that have enough energy normal to 

the surface to overcome the surface barrier. 

 

It was shown [111] that in the limit of sufficiently weak electron damping, the transition 

matrix elements become the usual crystal-momentum conserving matrix elements. 

Thus, besides the energy conservation, the crystal momentum is conserved within a 

reciprocal lattice vector G:  

 

 f ik k G= +        (Eq. 2.16) 

 

The crystal lattice provides the momentum difference between initial and final states, in 

quantities of G. This equation demonstrates that direct interband optical transitions are 
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Umklapp processes (i.e. assisted by a reciprocal lattice vector) as they involve 

absorption of a photon and diffraction by the crystal lattice through a lattice vector G. 

The momentum of the photon can be neglected for energies in the VUV and thus, only 

vertical transitions are allowed. If the final state energy is large enough, and in the 

absence of inelastic scattering, the electron can be emitted in the vacuum. By passing 

through the surface, the components parallel to the surface of the final state electron 

momenta inside and outside the solid are related by 

 

 i o
f // f //k k g= +        (Eq. 2.17) 

 

where g is a reciprocal lattice vector of the surface. 

 

The primary photoelectron distribution (for a given symmetry direction in the Brillouin 

zone) may be written as: 

 

 ( ) ( ) ( )N P D( )T=ω,E ω,E E Eh h     (Eq. 2.18) 

 

where ( )P ω,Eh is the photoionisation probability, D(E) is the probability of an electron 

escaping without being scattered and T(E) is the probability of an electron being 

transmitted across the surface barrier. This model is an approximation since these terms 

are not truly independent. Berglund and Spicer [108] found that the description of the 

transport can be described in terms of the electron mean free path λe and the optical 

attenuation length of the incident photons λph at energy ħω, and D(E) is given by: 
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     (Eq. 2.19) 

 

For electrons of energy > +FE E Φ  excited into plane-wave like final states where 

2 2 / 2=E k mh , an escape cone of angle θ relative to the surface normal is defined: 

 

 cos
+= FΦ E

θ
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      (Eq. 2.20) 
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If the distribution of electrons within the solid is isotropic then the escaping fraction is 

given by: 

 

 

( )1
T( ) 1 cos
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   (Eq. 2.21) 

 

In general, D(E) and T(E) may be expected to distort the energy distribution of emitted 

electrons. However they slowly vary with energy; thus sharp structure in ( )N ω,Eh  

must result from ( )P ω,Eh . ( )P ω,Eh  is given through momentum conserving 

transitions from occupied states Ei into unoccupied states Ef. Thus over all possible final 

states: 

 

( ) ( ) ( )23
f i f

i,f

P( , ) d k f ip k k k   ∝ δ − − δ −   ∑∫ f i fω E E E ω E Eh h  (Eq. 2.22) 

 

For a constant dipole matrix element fiM f ip=  the so-called energy distribution of 

the joint density of states is obtained: 

 

 ( ) ( ) ( )3
f i f

i,f

P( , ) d k k k k   ∝ ⋅δ − − δ −   ∑∫ f i fω E E E ω E Eh h  (Eq. 2.23) 

 

and the photoelectron distribution curve is a distorted version of the initial and final 

state densities. The three-step model therefore predicts a feature in the energy 

distribution curve when an occupied state at energy Ei is separated from an unoccupied 

state at the same k (direct transition). The three-step model is limited, as it cannot 

accommodate surface effects on either the bulk initial of final state wavefunctions. 

Other problems with this model associated with the first two steps are also experienced 

[112]. As a consequence, one-step photoemission models have been developed. 

  



 39

 
Fig. 2.12. Comparison of the three-step (left) and one-step (right) models in the theoretical treatment of 
the photoemission process. 
 

 

The one-step model 

One-step models have used the response formalism or Green’s function methods [113] 

both employing ‘a static method’ where stationary Bloch initial and final states are 

used. Another ‘dynamic’ approach uses multiple scattering effects for initial and final 

states in the time reserved LEED formula. This was suggested by Liebsch [114] and 

developed by Pendry [115]. The method deals directly with bulk and surface emission, 

whilst accurately accounting for electrons scattering and k conservation. The one-step 

model is more rigorous than the three-step model but the calculation involved is more 

difficult. The work of many experimenters performing angle-resolved photoemission 

has resulted in the conclusion that the great majority of features in photoelectron spectra 

are well described by direct transitions. So although the one-step model has an 

important theory for generating the photocurrent, experimenters tend to analyse their 

data based on the three-step model. 
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2.3.1.2.5.  Symmetry of wavefunctions 

 

In many photoemission experiments the electron energy distributions are measured 

normal to the sample surface. Some interesting selection rules associated with the 

symmetry of the initial and final state wavefunctions then apply. Hermanson [116] 

showed that for normal emission, or emission in a plane containing the surface normal, 

the one-electron final state is invariant under crystal symmetry operations that leave the 

surface component of the measured momentum unchanged. Hermanson pointed out that 

the parity of the final state wavefunction must be even with respect to the mirror plane 

for there to be measurable current at the detector. So only an initial state with the 

symmetry of the dipole operator itself gives rise to dipole allowed transitions. Thus for 

⊥A , ⋅A p  has odd parity so that optical transitions from odd initial states only are 

allowed. For //A the converse is true, ⋅A p  is even and transitions from even initial 

states only are allowed. This selection rule is useful for identifying both bulk and 

surface states in ARUPS data. 

 

 

2.3.1.3. Concentric hemispherical analysers (CHA) 

 

In order to record a photoemission spectrum, the photoelectrons have to be separated 

according to their kinetic energy. In all experiments in this work a concentric 

hemispherical analyser (CHA) is used. The spectrometer consists of two parts: the 

analyser and a lens system, focusing the sample spot onto the analyser entrance slit, 

together with preretardation to a pass energy (figure 2.13). The analyser is based upon 

the electrostatic deflection of the electrons between two concentric hemispheres. A 

potential difference is applied to the inner and outer hemispheres with the outer more 

negative than the inner. Electrons having too great a kinetic energy will strike the outer 

hemisphere and electrons with too low an energy will strike the inner hemisphere. In 

this way the hemispheres act as a narrow energy filter; only electrons of a specific 

energy E0 (known as the pass energy) will reach the exit slits and be detected. 
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Fig. 2.13. Diagram of concentric hemispherical analyser (CHA). Electrons pass between the two 
concentric spheres (Rin and Rout) and are collected at the exit slit. 
 

 

Deflected electrons follows a path of radius Ro where, 
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Rin is the radius of the inner hemisphere and Rout is that of the outer hemisphere. The 

potential of the outer hemisphere (Vout) must be, 
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and the potential of the inner hemisphere must be, 
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The absolute resolution of an analyser ∆E is usually defined as the full-width at half-

maximum of a given peak. The resolving power of an analyser is usually expressed as 

∆
0E

E
. 

 

If the voltages on the spheres are varied and hence the pass energy Eo, then the relative 

resolution of the analyser will vary with Eo across the spectrum. For this reason the 

electrons are usually retarded before they enter the analyser and the pass energy is kept 

constant. This enables to keep the absolute resolution constant over a spectrum.  

 

The most common type of electron detector used in such analysers is a channeltron. The 

channeltron consists of a small glass spiral coated on the inside with a resistive material 

and across which a voltage has been applied. When an electron reaches the channeltron 

it will strike the inner wall of the tube and cause secondary emission of electrons. Due 

to the applied voltage these electrons will be accelerated along the tube causing further 

secondary emission. The result is an avalanche effect; a single electron may result in an 

output pulse of ~108 electrons. These pulses are then counted electronically.  

 

For an analyser such as has been described above the relative resolution is usually 

expressed as, 

 

2

∆ = + α
0 0

E s

E R
       (Eq. 2.27) 

 

where Ro is the radius of the path of the electron through the analyser and s is the width 

of the entrance and exit slits. α is an angular term. The absolute resolution can be 

selectively varied by changing the pass energy accordingly. It can also be changed by 

varying the slits settings of the analyser.  

 

 



 43

2.3.1.4. Core level shift spectroscopy 

 

Each element has its own ‘fingerprint’ core level spectrum so it is possible to do 

element analysis. Moreover, the binding energy is sensitive to the chemical environment 

of the element, providing chemical analysis. In addition, atoms at the surface of the 

sample may have a different environment compared with the bulk due to missing 

nearest neighbours and surface reconstruction. Thus they may experience a change in 

bonding geometry and in charge distribution. Therefore, the core level binding energies 

of surface atoms are generally expected to shift with respect to the bulk value. Surface 

core level shifts (SCLS) provide important information concerning the electronic and 

atomic structure and it becomes possible to distinguish the environment of the same 

element (e.g. bulk, surface, dimers, interface). Such shifts are also experienced when an 

adlayer is deposited due to the chemical or physical interaction of the adlayer with the 

substrate. Although photoemission is not properly a structural technique, a correct 

assignment of the SCLS of the inequivalent surface atoms can provide useful 

information about the surface structure.  

 

To do such an analysis one needs to fit the raw data and to assign components to each 

supposed “chemical” environment of the element. The overall core level peak lineshape 

is a convolution of a gaussian and lorentzian profile, also called a Voigt profile [117]: 
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with the gaussian component: 
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and the lorentzian component: 
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     (Eq. 2.30) 

 

where EG (EL) is the centroid of the gaussian (lorentzian) and ΓG (ΓL) is the FWHM. 

The lorentzian broadening is associated with the finite lifetime of the core hole. The 

gaussian broadening is due to surface inhomogeneity, phonon broadening, thermal 

broadening and the non-zero resolution of the monochromator and detector. The 

gaussian width can vary when an interface is modified due to a different chemical 

environment which can modify the phonon spectrum. In the case of a metal an extra 

parameter accounting for an asymmetry of the peak needs to be added. In that case the 

lorentzian function is replaced by the Doniach and Sunjic function. This can also be 

required at semiconductor surfaces when the substrate surface atoms form metallic 

droplets. 

 

Levels with a non-zero value of the orbital angular momentum quantum number (l > 0), 

i.e. p, d, f… levels, show spin-orbit-splitting. This is due to the electromagnetic 

coupling of the orbital momentum l and the spin momentum s which results in the total 

angular momentum j where: 

 

j=l+s  and s = ±1/2      (Eq. 2.31) 

 

The number of states for each total angular momentum is given by 2j+1, the degeneracy 

and is therefore different for each value of j. This results in two peaks of different 

energy and intensity. The intensity ratio between the two peak components is called the 

branching ratio R and is generally described by [118]: 
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 = R      (Eq. 2.32) 

 

Due to diffraction and cross-section effects, the observed intensity ratio of the two 

components will never be exactly at the theoretical value, but the theoretical ratios (1/2 

for p-orbitals and 2/3 for d-orbitals) are good starting points for fits. 
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2.3.1.5. Growth mode 

 

Incident X-rays penetrate several microns into the sample. However electrons travel 

much smaller distances in solids. They lose energy through inelastic scattering events 

that can be due to electron-hole pair excitation, electron-plasmon excitation, electron-

phonon scattering or electron-impurity scattering. These events produce a secondary 

electron background upon which the main features are superimposed. The number of 

primary photoelectrons that leave the crystal depends exponentially on the distance 

travelled. The intensity decay can be expressed as: 

 

0I( ) I exp
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= − 

 kin

x
x

λ E Z
     (Eq. 2.33a) 

 

where I0 is the original photoelectron intensity, I(x) the intensity remaining after passing 

through the distance x within the sample and λ the inelastic mean free path. λ is 

dependent on the material and kinetic energy. Applying this to the effect of an overlayer 

of thickness d, the expression must include, θ, the angle of emission with respect to the 

surface normal: 
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    (Eq. 2.33b) 

 

The dependence of λ on the energy follows the so-called “universal curve” which 

reaches a minimum of about 4 Å around 50 eV kinetic energy (figure 2.14). This is the 

basis for the surface sensitivity of PES. 

 

From the decay of the substrate core level intensity one can also define the growth mode 

of the adlayer. For normal emission, the cosine term in equation 2.33b equals unity and 

the equation can be rewritten: 
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Fig 2.14. Experimental dependence of the mean free path versus electron kinetic energy [119]  

 

 

There is a linear dependence between 
0

I( )
ln

I

 
 
 

x
 and the thickness of the adlayer. By 

plotting the expected model for a uniform film growth and comparing it to the 

experimental substrate intensity decay, three main growth modes can be distinguished 

(figure 2.15). 

 

Firstly, with layer-by-layer growth (or Frank-van der Merwe growth), the arriving 

molecules form first a complete monolayer, followed by the growth of further complete 

monolayers. This case corresponds to a uniform film growth and as described above 

there is a linear dependence between 
0

I( )
ln

I

 
 
 

x
 and the thickness of the adlayer with a 

slope equal to 
1−
λ

. Secondly, with island growth (or Volmer-Weber growth) small 

three-dimensional clusters nucleate directly on the substrate surface and then grow into 

bigger islands. The intensity decay also exhibits a straight line but the slope is larger 
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than 
1−
λ

. Such growth results when the interaction between the molecules of the 

overlayer is stronger than the interaction of the molecules with the substrate. Finally, 

with layer plus island growth (or Stranski-Krastanov growth), a few complete 

monolayers grow during the initial stage of the growth, subsequently followed by the 

nucleation of islands on top of these monolayers. For such a growth, the intensity decay 

exhibits two distinct behaviours, uniform film growth for the first few complete 

monolayers and linear with a slope larger than 
1−
λ

 for the rest of the film.  
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Fig. 2.15. Representation of three different types of growth mode, Frank – van der Merwe, Volmer – 
Weber and Stranski – Krastanov  (top). Expected decay profile of the substrate core level for each type of 
growth (bottom). 
 

 

2.3.1.6. Energetics 

 

Photoelectron spectroscopy can also be used to determine electronic surface and 

interface properties via valence electrons. In particular, energy level alignment at an 

organic/inorganic semiconductor heterojunction can be established. A schematic of a 

substrate/organic film interface is shown in figure 2.16. The key elements are the offset 

of the band edges and of the vacuum level on either side of the interface. To establish 

these energy level diagrams, it is necessary to know the valence band maximum (VBM) 

position with respect to the Fermi level for the clean surface, the HOMO-edge for the 
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organic adlayer and the ionisation energy (IE) of both the clean substrate and the 

organic film.  
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Fig. 2.16. Energy band alignment of a substrate/organic film interface. VBM represents the valence band 
maximum, HOMO-edge is the edge of the highest occupied molecular orbital level, EF the Fermi level, IE 
the ionisation energy and ∆ the interface dipole. 
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Fig. 2.17. Example of valence band maximum (left) and HOMO-edge (right) extrapolation for a 
GaAs(001)-1×6 surface and a 60Å SnPc film. 
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The VBM is determined by the extrapolation of the valence band emission (figure 2.17, 

left). The equivalent to the valence band maximum for the organic film is the HOMO-

edge (highest occupied molecular orbital) and is determined in the same way (figure 

2.17, right). 

 

The ionisation energy of the substrate (or adlayer) is the difference between the photon 

energy and the width of the energy distribution curve (EDC). In practice, measuring the 

EDC width is achieved by biasing the sample to ensure the collection of the low energy 

secondary electron cut-off. 
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Fig. 2.18. Diagram representing the energy distribution curve width 

 
 

From these values it is possible to establish the valance band offset, the interface dipole 

and the position of the conduction band. The valence band offset is defined as the 

difference between the VBM of the substrate and the HOMO-edge the organic film at 

the interface. Thus it is necessary to know the position of the valence band maximum at 

the interface. This is assumed to be the value at the clean surface plus the amount by 

which the band bending is reduced in the final coverage. The change in band bending 

can be measured through the energy shift of the substrate core level. 

 

To obtain the interface dipole between the two materials at their interface, the respective 

vacuum levels need to be determined. This is done by aligning the Fermi level on each 

side of the interface. The position of the vacuum level can be plotted using the VBM, 
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the HOMO-edge positions and the respective ionisation energies. The interface dipole is 

then the difference between the vacuum levels of the substrate and the organic film. 

 

The conduction band is easily obtained for the inorganic substrate by adding the 

bandgap to valence band value. It is more complicated for the inorganic film. The 

energy difference between the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) (i.e. the HOMO-LUMO bandgap) may 

be considered as being analogous to the energy bandgap in inorganic semiconductors. 

For inorganic semiconductors, band-gap measurements are often made using 

photoluminescence techniques which give a value for the optical band-gap (Eopt) which 

is considered to be a good value for the transport band-gap (Et), defined as the minimum 

energy required to create a free electron and hole. This is acceptable in the case of 

inorganic semiconductors due to the relative insignificance of effects such as charge 

carrier screening and polarisation; exciton (electron-hole pair) binding energies can be 

ignored. This is not the case for organic semiconductors where the exciton binding 

energies can be significant and hence the optical gap cannot give an accurate value of 

the transport gap. Measurements of the HOMO-LUMO band-gap for many organic 

molecules have been performed by Kahn et al [120] using valence-band UPS 

measurements and inverse photoemission (IPES) spectra. For example for CuPc, the 

transport gap is 0.6 eV larger than the optical gap. 

 

Using all those assumptions, the energetics at an organic/inorganic semiconductor 

heterojunction can be established. 

 

 

2.3.2. Near Edge X-ray Absorption Fine Structure (NEXAFS) 

 

NEXAFS is an ideal tool to investigate the geometry of thin films of near-planar 

organic molecules [104]. In this technique, the photon energy of synchrotron radiation 

is scanned across an absorption edge. Spectra are recorded either directly by measuring 

the drain current from the sample or indirectly by collecting the emitted photoelectrons. 

When photoabsorption is measured versus photon energy around the ionisation 

threshold of an adsorbate core level there will be a sudden increase in absorption at the 
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ionisation edge. Near the ionisation edge the electron has a low kinetic energy and, in a 

molecule, can be excited into unoccupied orbitals below the vacuum level (see figure 

2.19) [104]. The resulting fine structure of the X-ray absorption cross section reflects 

the electronic structure of the unoccupied molecular states. 

 

 
Fig. 2.19. Schematic effective potentials and the corresponding absorption spectra. 
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Fig. 2.20. Representation of the link between the orientation of the molecule, the polarised light and the 
expected spectra. 
 

 

Since synchrotron radiation is highly linearly polarised, the angle of incidence 

dependence of the absorption spectrum can be used to probe molecular orientation 

(figure 2.20). The intensity of a NEXAFS resonance depends on the orientation of the 
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linearly polarised X-ray beam with respect to the corresponding transition dipole. For 

π*-states, for example, the photoabsorption cross-section has a specific dependence on 

the orientation of the molecule relative to the polarisation of the radiation. For 

phthalocyanine, the delocalised π system is perpendicular to the plane of the molecule. 

So if the molecule lies flat, as in the example of figure 2.20, the characteristic peak of 
π* features grows with increasing angle of incidence. The π* and σ* absorption have 

opposite angle-dependences. 

 

The intensity of the π* features is proportional to the square cosine of the angle between 

the polarisation vector E and the π orbital (Eq. 2.35). 

 

β∝ ²cosI             (Eq. 2.35) 
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Fig. 2.21. Angle description of NEXAFS scheme. The electron field E is in the xz plane. Π  represents 
the π orbital direction for a molecule with a tilt angle α, in a general azimuth φ from x . α, the tilt angle 
of the molecule, is the angle between Π  and the surface normal. It is also the angle between the plane of 
the molecule and the surface of the substrate. θ is the angle of incidence of the photon beam with respect 
to the surface normal and β is the angle between E  and Π . 
 

 

However, the angle that varies is the angle of incidence θ of the photon beam relative to 

the surface normal; it is also the angle between the E-vector and the surface. A further 
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complication arises when the molecule is tilted within some azimuth, rotated through an 

angle φ  with respect to the projection of the E-vector in the surface plane. The relation 

between β, θ, the angle of tilt of the molecule α and the angle of rotation of the 

molecule on the surface, φ, is:  

 

αθ+φαθ=β cossincossincoscos         (Eq. 2.36) 

 

In the case of a 100% linear polarised light parallel to the plane of the ring, the intensity 

is then proportional to: 

 

φθθαα+φαθ+αθ= coscossincossin2²cos²sin²cos²cos²sinI   (Eq. 2.37) 

 

This expression can be simplified in the case of a non-preferential azimuthal ordering of 

the molecules on the surface or a threefold or higher structure symmetry. Then the 

intensity can be integrated over all angles of rotation of the molecule φ  on the surface: 
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  (Eq. 2.38) 

and 

αθ+αθ∝ ²sin²cos
2

1
²cos²sinI     (Eq. 2.39) 

 

It should be noted that for one angle of incidence of the polarised light the resonance 

intensity is independent of the angle of tilt of the molecule. Taking the derivative of 

equation 2.18 with respect to the tilt angle α, this angle is equal to 35.3°. 

 

Regardless of the tilt angle the intensity at an angle of 35.3° will be constant and the 

intensity should be 0.33 on a scale normalised to one. This value is used to normalise 

and fit the data collected on undulator beamlines where the polarisation is 100%. 

However, in the case of a bending magnet beamline, the light is elliptically polarised. 

The electrical field vector can then be divided into two phase-related, orthogonal 

components. The larger component //I  lies in the plane of the ring and the resonance 
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intensity is expressed in equation 2.40a. The second component is perpendicular to the 

plane of the ring and its associated resonance intensity is expressed in equation 2.40b. 

 

φθθαα+φαθ+αθ= coscossincossin2²cos²sin²cos²cos²sinI //   (Eq. 2.40a) 

φα=⊥ ²sin²sinI         (Eq. 2.40b) 

 

The total intensity is then a sum of //I  and ⊥I  weighted by the polarisation factor P (Eq. 

2.41). P is typically between 0.8 and 0.9 for a bending magnet and ≅1 for an undulator. 

 

( )( )⊥−+= IP1PICI //       (Eq. 2.41) 

 

where C is a constant which describes the absolute angle-integrated intensities. 

  

In the case of a non-preferential azimuthal ordering, they reduce to: 

 

αθ+αθ∝ ²sin²cos
2

1
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and similarly 

 α=⊥ ²sin
2

1
I        (Eq. 2.43) 

 

As for the linear polarised case, for one angle of incidence of the polarised light the 

resonance intensity is independent of the angle of tilt of the molecule. Introducing 2.42 

and 2.43 into equation 2.41 and taking the derivative with respect to the tilt angle α, we 

obtain: 
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and  
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For a bending magnet, assuming a polarisation factor of 0.85, this angle becomes 38.8°. 

Regardless of the molecular tilt angle, the intensity for an incident angle of 38.8° will be 
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constant and, as for the linearly polarised light, the intensity should be 0.33 on a scale 

normalised to one. This value is used to normalise and fit the data for data recorded on 

bending magnet beamlines.  

 

The approximation of the azimuth-integrated expression is discussed further in chapter 

7. 

 

NEXAFS normalisation is a two-step process. Firstly, spectra were normalized to 

constant step height. Secondly, as described above, the intensity should be 0.33 on a 

scale normalised to one for incident angles of 38.8° and 35.3° for beamline magnets and 

for undulators respectively. These values are used to normalise the data. 

 

 

2.3.3. Low Energy Electron Diffraction (LEED) 

 

LEED is the principle technique for determining surface structure with a high degree of 

ordering [121, 122]. It is widely used for the study of solid crystal surfaces and ultra 

thin films. Electrons in the energy range of 20-1000 eV have very short mean free 

energy paths, between ~5 and 20 Å which approximately corresponds to five atomic 

layers. Their corresponding wavelength can be calculated using de Broglie equation: 

 

150 6

(eV)
= .
λ

E
       (Eq. 2.46) 

 

This corresponds to wavelengths between 2.74 to 0.39 Å. Thus electrons have 

wavelengths comparable to lattice spacing of a typical crystal and hence they may 

undergo diffraction if a periodic structure is present. 

 

The experiment consists of an electron gun that forms a monoenergetic beam with a 

narrow kinetic energy spread. The filament temperature largely determines the energy 

resolution. Electrons have a thermal spread of 3/2kT or 0.1 eV at 1000 K, 0.3 eV at 

2500 K. Various anodes in the electron gun allow the electron beam to be focused on 

the sample. Only the elastically scattered electrons contribute to the diffraction pattern; 
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the lower energy (secondary) electrons are removed by an energy-filtering grid 

(suppressor grid) placed in front of the fluorescent screen used to display the pattern. In 

order to improve the brightness of the LEED pattern, additional grids are placed behind 

the suppressor grid to accelerate the electrons towards the screen.  

 

The beam can be thought of an infinitely wide beam that can be described by a plane 

wave of amplitude at point r: 

 

A exp(i . )k r     

 

of energy  
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and direction defined by k . More realistically, the beam would consists of a whole set 

of waves having slightly different directions and energies. The phase varies in a manner 

not entirely predictable due to the uncertainties in k . Atoms close together would be 

illuminated by a simple wave whereas atoms far apart (farther than the coherence 

length) will be illuminated by waves whose phase relationship is arbitrary. No surface 

structure on a scale larger than the coherence length will form a diffraction pattern. For 

a LEED pattern to be visible the surface must be ordered at least over 100 Å since this 

is approximately the coherence length of the incident electron beam.  

 

The emitted electrons are accelerated towards the fluorescent screen and form a glowing 

diffraction pattern, which is a representation of the surface symmetry in the reciprocal 

space. At normal incidence the spot patterns will have exactly the same symmetries as 

the surface structure (without considering domain effects). Thus from the position of the 

diffracted beams, the two-dimensional periodicity of the surface unit cell may be 

deduced. The diffraction pattern observed at the hemispherical LEED screen is 

dependent of two main parameters. Firstly, as mentioned above, the geometry of the 

sample surface and secondly the electron energy. Further details on the relation between 

those two parameters can be found in several handbooks on LEED [121, 123]. 
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Fig. 2.22. Schematic of LEED optics. 

 

 

LEED provides information about three properties of the crystal structure in the surface 

region: the symmetry, the periodicity and the atomic arrangement. The first two are 

easily obtainable by mere inspection of the LEED pattern. LEED patterns will easily 

indicate whether the surface structure is bulk-like (so-called 1x1) or reconstructed (2x1 

or c(2x2) or 3x3 or others), involving a rearrangement of the atoms at the surface. The 

third involves the study of I-V curves (intensity of spots versus energy of accelerated 

electrons), which involves heavy computational calculations. In this work, LEED is 

used to check the symmetry and the periodicity of the clean surfaces. 

 

 

2.3.4. AES 

 

When atoms are ionised either by incident x-rays or electrons, the energy released when 

an electron from a higher level drops down to fill the empty level can be carried off 

either by a characteristic x-ray (“x-ray fluorescence”), or by another electron from the 

same atom (“Auger emission”). The energy of the Auger electron is characteristic of the 
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three energy levels of the atom involved in the process. A schematic diagram of an 

Auger emission process is shown in figure 2.23. Different levels can be involved in the 

transitions, and the Auger electrons are labelled accordingly. The transition of figure 

2.23 produces a KL1L2,3 electron. 

 

V acu um  leve l 

 

Auger e- 

 

Fig. 2.23. Schematic diagram of a KLL Auger emission process. An incident electron of energy Ep 
(equivalently, an incident x-ray of energy hν) ionises the atom and creates a hole in the K shell (left and 
middle diagram). This hole is filled by an electron from a higher level. The energy released in the 
transition, EK - EL1 , is carried off by another electron. The Auger energy is EK - EL1 -EL2,3. EK, EL1 and 
EL2,3 are binding energies. 
 

 

Auger electron spectroscopy is based on the excitation of ‘Auger electrons’ created by a 

primary electron beam of energy ranging typically from 2 to 5 keV. The surface 

sensitivity is set by the energy of the emitted electrons. In the 10 to 1000 eV range the 

mean free path is in the order of 5 to 20 Å. Normally the beam reaches the sample at a 

grazing angle which further enhances the technique’s surface sensitivity. The beam 

focuses on an area of the scale of the millimetre. Each atomic species has its own 

characteristic Auger spectrum, which provides elemental analysis and some degree of 

chemical analysis. This excitation can also be created by photons, which explains the 

presence of the Auger peaks in XPS. In this work AES was used to check the 

cleanliness of our substrates. 
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2.3.5. Scanning Tunnelling Microscopy (STM)  

 

The fundamental concept of scanning tunnelling microscopy [124, 125] is the quantum 

mechanical tunnelling of electrons through the potential barrier between the analysed 

surface and the probe. When the spatial separation is small enough (a few Å), the 

electron wavefunctions of the tip and the sample overlap. When a small bias is applied 

between the surface and the tip, a current It flows between them, typically (0.01 nA - 50 

nA), although they are not in “physical contact”. The exponential dependence of the 

tunnelling current on the tip to sample distance results in a high vertical resolution. A 

significant lateral resolution is also obtained. By scanning the tip across the surface and 

detecting the current (one can also use the current as a vertical positioning signal for the 

tip) a map of the surface local density of states can be generated with a resolution in the 

order of atomic distances. The image cannot just be interpreted simply as a topographic 

map as the tunnelling current is influenced by the lateral and vertical variation of the 

electronic state density at the surface and from the tip. The lateral resolution is about 1 

Å whereas a vertical resolution up to 0.01Å can be achieved.  

 

 
Fig. 2.24. 1-D schematic representation of sample-vacuum-tip tunneling. Quantum mechanical theory 
recognises the wavelike properties of particles and it can therefore be demonstrated that there is finite 
probability of the electron tunnelling through the barrier Φ. The wavefunction Ψ1 decays across barrier 
with a decay constant κt and reappears on the other side as a different wavefunction Ψ2. 
 

 

Early analysis of tunnelling current was based on a one dimensional tunnelling barrier 

(see figure 2.24) [126]. An electron at a surface feels a potential from the surrounding 

nuclei. To remove an electron sufficient energy needs to be provided to overcome this 

barrier potential. This energy quantity is known as the work function, Φ, which is 
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typically of a few eV. Classically there is zero probability for an electron to be found on 

the other side of the barrier if the particle had insufficient energy. However by treating 

the electron as a wave, the electron wavefunction solutions do not fall to zero 

probability past the barrier, hence there is a finite probability of finding the electron 

beyond the barrier. The electron is said to have tunnelled through the barrier. In STM 

the electrons tunnel from the tip to the sample or vice versa. Applying a bias voltage to 

one of the electrodes creates a tunnel current in a specified direction depending on the 

voltage. The tunnelling current is approximated by: 

 

( ) z2
0t

teIzI κ−=       (Eq. 2.47) 

 

I0 is a function of the applied voltage and the local density of states of both tip and 

sample. z is the distance between the tip and sample. κt is the decay constant for 

wavefunctions in the barrier and: 

 

 t

2κ = mΦ

h
        (Eq. 2.48) 

 

where Φ is the barrier height, m is the mass of the electron and ħ is Planck’s constant 

over 2π. As an approximation, if the distance is increased by one Angstrom, the current 

will decrease by an order of magnitude. 

 

Very small changes in the tip-sample separation induce large changes in the tunnelling 

current. The tip-sample separation can then be controlled very accurately by varying the 

current. By changing the polarity of bias voltage, occupied or unoccupied surface states 

can be probed. When the tip is negatively biased, electrons tunnel from the occupied 

states of the tip to the unoccupied states of the sample. If the tip is positively biased, 

electrons tunnel from the occupied states of the sample to the unoccupied states of the 

tip (see figure 2.25). 
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Fig. 2.25. Energy level diagrams of tunnelling from negative sample bias (left) and positive sample bias 
(right). Φs and Φt being the sample and the tip workfunctions respectively. Z is the tip-sample distance. 
 

 

The STM can be run in two different modes. In the ‘topographic’ or ‘constant current’ 

mode the z position of the tip is varied to keep the tunnelling current constant. In 

‘constant height’ mode the image is created with the variation of the tunnelling current 

as the tip is kept at constant height during the scan. 
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Chapter 3 Experimental details 

 

 

Most of the results presented in this work were obtained at synchrotron radiation 

facilities, using standard apparatus and methods. This chapter begins with the more 

specific details of substrate preparation and the organic film deposition. Then the core 

level curve fitting procedure is described. To finish, a brief description of each beamline 

is given. 

 

 

3.1. Substrate preparation 

 

The substrate preparation method was characterised on the home systems in Trinity 

College Dublin and Dublin City University. Both substrate types were prepared using 

argon sputtering followed by annealing. LEED and AES were used to check the 

cleanliness of the substrates (see section 3.1.1). Due to different equipment, slight 

variations in the preparation settings were used at different SR facilities, all yielding 

essentially the same results.  

 

The n-type GaAs (001) substrates used in this work are furnished by Freiberger 

Compound Materials Gmbh (0.1 ohm.cm Te doped). GaAs epi-ready substrates were 

sputtered for an hour at with an ion energy of 500 eV at room temperature with a 

working pressure of 7×10-5 mbar and a sample current of 10 µA. Then the samples were 

annealed at 500°C for 20 minutes and cooled at a rate of 20°C/min. A 1×6 LEED 

pattern was then observed. AES was used to check the cleanliness of the substrates.  

 

The n-type Ge(001) substrates (0.4 ohm.cm Sb doped) were supplied by University 

Wafers. These were prepared in the same way using several cycles of sputtering and 

annealing until a sharp 2×1 LEED pattern was observed (figure 3.2). 
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3.1.1. LEED and AES 
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Fig. 3.1. AES spectra of a clean GaAs(001)-1×6 substrate after a one-hour argon sputtering at 0.5 keV 
beam energy and annealing at 500°C for 20 min. 

 

 

 

Fig. 3.2. LEED pattern of the GaAs(001)-1×6 surface taken with a kinetic energy of 55eV 

 

Figure 3.1 and 3.2 show the AES spectra and the LEED pattern obtained for the 

GaAs(001)-1×6 surface prepared by argon ion bombardment. The AES spectra are free 

of carbon or oxygen signals. The LEED pattern exhibits the 1×6 reconstruction with the 

×1 and the ×6 periodicity (oriented dimers) in the [101 ] and [011] directions 
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respectively. This surface has already been reported in the literature and three models 

have been suggested for the structure [52, 58, 59]. 

 

The AES spectra for the Ge(001)-2×1 surface using the sample preparation described 

above is shown in figure 3.3. The spectrum is free of carbon and oxygen. The LEED 

pattern displaying a two-domain 2×1 reconstruction is shown in figure 3.4.  
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Fig. 3.3. AES spectra of a clean Ge(001)-2×1 substrate after cycles of 20 minutes argon sputtering at 0.5 
keV beam energy and annealing at 500°C for 20 min. 
 

 

 

Fig. 3.4. 2×1 LEED pattern of the Ge(001) surface taken at 118eV. 
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3.1.2. STM, Dublin City University 

 

Scanning tunnelling microscopy experiments were performed at RT in an ultra-high 

vacuum system with a base pressure of 5×10-10 mbar, using a commercial Omicron 

variable temperature system in Dublin City University. An electrochemically etched 

polycrystalline tungsten tip was used. STM images were recorded in constant current 

mode. The voltage Vsample corresponds to the sample bias with respect to the tip. No drift 

correction has been applied to any of the STM images presented in this work. Metal 

phthalocyanine evaporation was performed in a preparation chamber isolated from the 

STM chamber. 

 

Figures 3.5 and 3.6 show STM images of the Ge(001) surface which largely exhibit a 

2×1 reconstruction. As discussed in section 2.1.1, the basic unit is the asymmetric 

dimer. At room temperature a 2x1 reconstruction is observed which is due the ‘flipping’ 

of the asymmetric Ge-Ge dimers [46]. The average spacing along the dimer rows is 

4.1Å and the spacing between the dimer rows is 8.1Å which matches the theoretical 

values and previous studies [37, 46, 47, 50, 127]. In minority regions the c(4x2) 

reconstruction can also be observed as in figure 3.6 [37, 50, 127]. The ‘locking’ of the 

dimers in their tilted position is probably due to the presence of step edges or defects on 

the surface. 

 

 

 
 

 

 
Fig. 3.5. Room temperature STM image of the 2×1 reconstruction of the Ge(001) surface. The unit cell 
(black) is superimposed to the image. The cross section profile is represented on the right hand side and 
corresponds to the blue line on the image. (Vsample = -1.0V, It = 1.00nA). 
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Fig. 3.6. Room temperature STM image of the Ge(001) surface exhibiting the 2×1 (bottom left) and the 
c(4×2) reconstructions (top right). The unit cell (black) for the c(4×2) reconstruction is superimposed to 
the image. Individual dimers are not resolved in the 2×1 phase. (Vsample = -2.0V, It = 0.20nA). 
 

 

3.2. Organic film deposition 

 

The organic semiconductor thin films were deposited by organic molecular beam 

deposition (OMBD) using a Knudsen cell (figure 3.7). The organic molecules were 

firstly purified in UHV by degassing for several hours at just under evaporation 

temperature. The three molecules, MgPc, PbPc and SnPc have very similar sublimation 

temperatures. They are sublimated at temperatures between 370°C and 450°C 

(depending on the molecule and the deposition rate required). Stable evaporation rates 

of 1 Å min-1 were obtained at pressures <1×10-9 mbar.  

 

The deposition rate was monitored using a quartz microbalance. The quartz crystal is 

placed near the sample and it is assumed that film thickness detected on the crystal is 

the same as the film thickness on the sample, i.e. that sample and crystal surface exhibit 

the same sticking coefficient. The estimation of layer thickness is based on the bulk 

density of the metal phthalocyanine films. For SnPc this value is 1.72 g.cm-3. A 4 Hz 

frequency change was estimated as an equivalent nominal thickness of 3 Å. However, 
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as the structure of the film is unknown there is no ready connection between this layer 

thickness and monolayer coverage. 
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Fig. 3.7. Photograph one of the Knudsen cells used in these experiments 

 

 

3.3. Synchrotron radiation facilities 

 

PES and NEXAFS experiments were performed on a number of different beamlines at 

different synchrotron radiation sources. Figure 3.8 shows a schematic of the 4.1 

beamline at the SRS, Daresbury, which is a typical set up for a PES beamline. From the 

source (i.e. the storage ring) the beam of synchrotron radiation passes firstly through a 

horizontally focussing mirror (HFM). This mirror deflects the beam and focuses it 

horizontally on the mean position of the monochromator exit slit. The vertically 

focussing mirror (VFM) deflects the beam upward and focuses it vertically at the 

monochromator entrance slits. Once past the entrance slits the beam is diffracted and 

focused at the exit slits by one of three interchangeable diffraction gratings. Different 

monochromator gratings are usually available to select the different photon energy 

ranges. The position of the exit slit is adjustable to allow for the position of the beam at 

different photon energies. Once the photon beam has left the monochromator exit slits it 

is focused once more by a pre-focusing mirror onto the sample.   

 

Photoelectrons emitted from the sample are collected using a concentric hemispherical 

analyser (CHA). Different commercial analysers were used depending on which 

beamline the measurements were done. The two main differences between the analysers 
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are their diameter and their angle of acceptance. For small angle of acceptance (angle-

resolved analysers), diffraction effects can occur when using single crystal samples. 

Those effects can significantly affect the spectrum (i.e. the branching ratio). When using 

large aperture analysers (angle-integrated analysers) they tend to be reduced. 

 

 

 

Fig. 3.8. Schematic arrangement of the mirrors and gratings on Beamline 4.1 at the SRS, Daresbury. The 
light beam enters from the left and passes through in the following order: the horizontal focus mirror 
(HFM), the vertical focus mirror (VFM), the entrance slits, the monochromator (with the selected 
grating), the exit slits, the refocusing mirror. It then reaches the analysis chamber in which the sample is 
contained. 
 

 

All SXPS spectra were taken at an emission angle normal to the sample. The Fermi 

level was referenced to that of a tantalum plate in contact with the sample. A base 

pressure of 5 x 10-10 mbar or better was obtained in all analysis chambers. 

 

 

3.3.1. SRS Daresbury, beamline 4.1 

 

Beamline 4.1 was designed for UHV photoemission spectroscopy experiments [128]. 

Core level and valence band SXPS measurements were carried on this beamline. The 

photon energy range covered is 14-170 eV, using three interchangeable diffraction 

gratings. Two different angle-integrated analysers were used to collect photoelectrons. 



 69

The first analyser was a hemispherical electron energy analyser Scienta SES200 with an 

energy resolution of 180 meV at 105 eV. The second is a CLAM2 analyser with an 

overall resolution of 200 meV at 105 eV. Sample annealing was done using direct 

heating (passing current through the sample) and monitored with a pyrometer. LEED 

optics were available to check the reconstruction of the clean substrate surfaces. The 

beam at the sample position measures approximately 0.5mm x 0.5mm [129]. 

 

 

3.3.2. SRS Daresbury, beamline 1.1 

 

Beamline 1.1 is a soft X-Ray UHV beamline, providing monochromatic photons over 

the energy range 200-1000 eV. It is suitable for surface X-Ray absorption (SEXAFS 

and NEXAFS) experiments, photoemission and photoelectron diffraction experiments, 

and studies in the area of structural material science (EXAFS). For this work NEXAFS 

measurements were performed to analyse the morphology of the thin films. 

Photoelectrons were collected with a VSW HA100 electron analyser with multi-channel 

detection. Total and partial electron yield NEXAFS spectra were taken at the nitrogen 

and carbon 1s edge. Samples were annealed using an electron beam heater and the 

temperature was monitored with an in-situ thermocouple plus a pyrometer. Since no 

LEED was available to check the surface reconstruction, the same preparation 

parameters were used as for previous experiments.  

 

 

3.3.3. Elettra, VUV beamline 

 

The VUV beamline is an undulator with a photon energy range of 17 eV to 900 eV. 

Total electron yield NEXAFS spectra were taken at the nitrogen and carbon 1s edges. 

Additional SXPS experiments were also performed at this beamline using an angle-

resolved ADES-type analyser. The overall resolution is 150 meV for a photon energy of 

100 eV. The samples were annealed using direct heating. 

 

The beamline is on an undulator, which means the photon flux is much higher than on 

bending magnet beamlines. High photon flux can induce beam damage on organic thin 



 70

films. The flux at this undulator beamline is estimated to be in excess of 1012 photons 

per second in a spot size of diameter 0.5 mm. The photon flux on an undulator is 

roughly two orders of magnitude larger than on a bending magnet beamline. Each 

spectrum was recorded on a fresh area of the surface and a spectrum was re-taken to 

ensure absence of beam damage.  

 

 

3.3.4. ASTRID, SGM1 

  

The SGM1 beamline (spherical grating monochromator) was used for SXPS 

measurements of shallow core levels and valence band. It has a usable energy range 

from 30 eV to 400 eV. The system is equipped with a 200 mm mean radius spherical 

electron analyser (Scienta) with a video based multichannel detector system. A typical 

working resolution is about 140 meV for a photon energy of 100 eV. The sample was 

annealed using a radiant resistive heater. LEED was used to check the surface 

reconstruction of the clean substrate. The typical photon flux on this beamline is 2x1010 

photons/sec. Normalisation problems were encountered on this beamline. In this case 

the normalisation was done using the ring current as the beam current reaching the 

chamber could not be measured. Local variations (i.e. beam position) along the 

beamline and at the end-station affecting the beam current reaching the sample are not 

reflected in the ring current and increase the error upon normalisation. This station was 

particularly prone to this error. 

 

 

3.3.5. Max-lab, beamline 41 

 

Beamline 41 is used for angle resolved photoelectron spectroscopy on solids in the 

photon energy range from 15 to 200 eV. The beamline is suited for measurements of 

both valence bands and shallow core levels. The experimental station consists of an 

angle-resolved analyser chamber with a goniometer mounted angle resolved electron 

analyser (VSW HA50), a sample storage chamber and a sample introduction chamber. 

The overall resolution is 400 meV for a photon energy of 100 eV. LEED was not 
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available to check surface reconstruction of the clean substrate. Previous sample 

preparation parameters were used to ensure reproducibility of the clean substrate. 

 

The quartz crystal monitor was mounted directly on the manipulator. This position 

closely mirrors the sample position. However, the thermal mass of the manipulator was 

quite large and after annealing the time scale over which the whole manipulator cooled 

down was rather long. During that period the quartz crystal could not be used generating 

quite an important loss of time. The quartz crystal monitor was stable when substrate 

temperatures reached 50°C. Thus the deposition was often carried out at temperatures 

between 40° and 50° to avoid further loss of time. This would have induced an extra 

error in the thickness measurement. This was the oldest beamline used and the 

resolution was far from ideal. 

 

The main beamline parameters are summarised in table 3.1. 

 

Beamline 4.1 SRS   4.1 SRS 
VUV 

ELETTRA 
SGM1 

ASTRID 

41 
MAXLAB 

 

Source 
bending 
magnet 

bending 
magnet 

Undulator 
bending 
magnet 

bending 
magnet 

Analyser CLAM2 SES200 
angle 

resolved 
VSW HA50 

angle 
resolved 
SES200 

angle 
resolved 

VSW HA50 

Photon flux 
pho/sec 

4×1010 4×1010 1012 1010 1010 

Slit width*  
µm2 

250×250 250×250 50×50 50×50 150×150 

Overall resolution 
meV 

200 180 150 140 400 

* The width of the slits were closed when the low energy cut off was measured to avoid damaging the 
equipment due to the high electron rate in that region 
 

Table 3.1. Beamline parameters: analyser, source, photon flux, slit width and overall resolution 

 

 

3.4. Curve fitting 

 

Core level spectra were fitted with a sum of Voigt functions and a background 

calculated with a Shirley-plus-polynomial model [117]. The parameters used for peak 

fitting are the peak position, its height, its width, its shape (gaussian, lorentzian or 



 72

mixture), the branching ratio and the spin orbit splitting. Spin orbit splittings and 

lorentzian width values were kept constant and are summarized in table 3.2 alongside 

the other fitting parameters. The programme used for fitting is UniFit Version 3.2 by 

Ronald Hesse (University of Leipzig). A least squares method is used to optimise the 

fit. 

 

Core level As3d Ga3d Ge3d Sn4d Pb5d Mg2p 

Spin-orbit-split    
EV 

0.69 0.44 0.60 1.05 2.61 0.28 

Branching ratio 
CLAM2 

0.65 0.65 0.65 - 0.79 - 

Branching ratio 
SES200 

0.65 0.65 - 0.71 - - 

Branching ratio 
VSW HA50 

0.62 0.62 0.52 - - 0.50 

Branching ratio 
AR-SES200 

- - 0.60 0.70 - - 

Lorentzian eV 0.11 0.16 0.15 0.20 0.39 0.12 

Gaussian* 
eV - CLAM2 

0.51 0.50 0.35 - 0.60 - 

Gaussian* 
eV – SES200 

0.51 0.49 - 0.59 - - 

Gaussian* - eV -
VUV-VSW HA50 - - 0.27 - - 0.80 

Gaussian* - eV 
ASTRID -VSW HA50 0.63 0.61 - - - 0.70 

Gaussian* - eV 
AR-SES200 

- - 0.28 0.60 - - 

hν** 
eV 

97 and 
105 

97 and 
105 

100 
97 and 

105 
100 and 

105 
100 and 

105 
* Gaussian widths are given for bulk component of the clean surface for the substrate core levels and for 
the bulk component of the metal core level for the largest overlayer deposited. 
** Photon energy used to record the specific core level 
 
Table 3.2. Core level fitting parameters for data taken with different analysers. The spin-orbit-splitting 
and the lorentzian width are independent of the analyser.  . 
 

  

Figure 3.9 represents the Ge3d core level measured from a clean Ge(001)-2×1. With 

reference to figure 3.9, the notation in the graph for the fitted core levels is as follows: 

the original data is shown by small circles, the coloured lines show the individual 

components and the solid black line gives the total contribution of the components. In 

the case of the Ge3d core level, the red and green lines correspond to the bulk and 

second layer contribution. The dark and light blue lines correspond to the contribution 

from the ‘up’ and ‘down’ atoms in the dimer, respectively. The same notation will be 
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used throughout this work. Spectra were fitted using a minimum number of components 

and a minimum number of parameters were allowed to vary. 
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Fig. 3.9. Curve fitting example of the Ge3d core level for a clean (001)-2×1 surface. The original data is 
shown by small circles, the red lines refer to the Ge3d bulk component, the green line denotes the Ge 
second layer component. The blue and light blue lines denote the Ge ‘up’ and ‘down’ components from 
the Ge atoms in the surface dimers. The solid black line gives the total contribution of the components. 
Spectrum taken at a photon energy of 100eV. 
 

 

The statistical branching ratio is employed as a starting point: for angle-integrated 

spectra, the fitted value is close to this value except for Pb5d and Sn4d due to the large 

variation of their respective cross section. Once established, these ratios do not change 

significantly throughout deposition or from analyser to analyser. For data collected with 

an angle resolved analyser, the departure from the statistical branching ratio is greater 

and was seen to vary with deposition. This is due to diffraction effects and their 

attenuation upon deposition of the adlayer.  
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Chapter 4 Core level spectroscopy 

 

 

The interaction between the organic adlayer and the inorganic substrate is investigated 

in this chapter by analysing core level evolution of the substrate and of the adlayer. 

Firstly, a description of the clean substrate is made. The core level fitted components 

are also assigned in detail. Secondly, the interaction of the phthalocyanine molecules, 

SnPc, PbPc and MgPc with the GaAs(001)-1×6 surface is studied. Thirdly, the 

interaction of the same molecules with the more reactive Ge(001)-2×1 surface is 

considered. The chapter concludes with some measurements of the effects of annealing 

on thick films and of the effect of beam damage at a high flux storage ring source.  

 

As mentioned previously, this work has been carried out on different experimental set-

ups, each having a specific resolution. This difference in resolution is seen in the 

different width of the core level peaks. Moreover, when using single crystal samples, 

diffraction effects can occur. Those effects tend to be reduced for large aperture 

analysers (angle-integrated analysers) but they can be significant on angle-resolved 

analysers, which have a smaller aperture. Diffraction can strongly affect the branching 

ratio of a doublet peak. Thus different branching ratios were used for the same core 

level to allow for the difference between analysers. The branching ratio can also be 

affected in another way. The large deviation from the statistical value of the branching 

ratio for the Pb5d doublet (and to a lesser extent of the Sn4d) is due to a strong variation 

of the core level cross section in that energy region. Throughout this chapter the peak 

positions are referred to the lower binding energy spin-orbit component, i.e. As3d5/2, 

Ga3d5/2, Ge3d5/2, Pb5d5/2, Sn4d5/2 and Mg2p3/2. 

 

 

4.1. Substrate surfaces 

 

The GaAs(001)-1×6 and the Ge(001)-2×1 surfaces need to be well understood and 

characterised to be able to understand the changes and interactions upon organic 

molecule deposition. These two substrates were well characterised on the home 
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systems; as far as possible, the same preparation recipes were used when performing the 

experiments at synchrotron radiation facilities. 

 

 

4.1.1. GaAs(001)-1××××6  

 

Figure 4.1 displays the Ga3d core level spectra for the clean GaAs(001) surface for 

three different samples prepared by using the same argon ion bombarded and annealing 

procedure (described in Chapter 3). Slight variations in peak shape between different 

substrates are observed. This is attributed to the complex surface reconstruction which 

is very susceptible to sample preparation. 
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Fig. 4.1. Ga3d core level for the clean surface of three different GaAs(001)-1×6 samples. Spectra were 
taken on beamline 4.1 at the SRS Daresbury with a photon energy of 97eV. 
 

 

Typical Ga3d and As3d fitted core level spectra for the clean surface are shown in 

figure 4.2. The As3d spectra is fitted with two components: the main component is 

assigned to the bulk (As-B) and the smaller component, shifted by 0.56 ± 0.04 eV 

towards lower binding energy, is assigned to the surface (As-S). The surface component 

represents 13 ± 2 % of the total As3d contribution. The Ga3d core levels are fitted with 

three components. The main component is assigned to the bulk (Ga-B) and the two 

smaller components, one towards lower binding energy (Ga-S1) and one towards higher 

binding energy (Ga-S2), are assigned to surface components. The Ga-S1 component is 

shifted by –0.40 ± 0.04 eV and is constant in all fits. The Ga-S2 component varies from 
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0.41eV to 0.49eV depending on the substrate. Each surface component represents         

9 ± 2 % of the total Ga3d contribution. 

22 21 20 19 18 1744 43 42 41 40 39

Ga3d

Clean  

 

Binding energy (eV)

As3d

 

In
te

ns
ity

 (
a.

u.
)

 
Fig. 4.2. As3d and Ga3d core level photoelectron emission spectra for the clean GaAs(001)-1x6 surface. 
The small circles represent the measured data and the dotted lines represent the fitted components. The 
black solid line represents the sum of the fitted components. As3d: one component is assigned to the bulk 
(As-B) and the component shifted towards lower binding energy, to the surface (As-S). Ga3d: one 
component is assigned to the bulk (Ga-B) and the components shifted towards lower and higher binding 
energy, to the surface (Ga-S1 and Ga-S2, respectively). Spectra are normalised to unity for better 
comparison. Spectra were taken at a photon energy of 105 eV. 

 

 

The spectra are free of gross satellite structures, such as surface oxides or metallic 

gallium. The components of the fits presented here are very similar to those of Larive et 

al [130] but in that work the components have not been assigned within any model 

structure. The 1x6 surface is sometimes described in the literature as 2x6 and a general 

structure is believed to involve missing As dimers.  

 

As discussed in section 2.1.2, Biegelsen et al [52] have proposed a model consisting of 

two As dimers and four missing As dimers stacked along the x6 direction (see section 

2.1.2). The net effect is that a 2x6 cell has four As dimer-atoms and four Ga dimer-

atoms in the next layer (described as a trench); moreover, the four As dimer-atoms are 

bonded to six Ga atoms, of which four have non-bulk environments. In this model the 

single As-S component is assigned to As dimer-atoms while the Ga-S1 and Ga-S2 

components are assigned to either of the four Ga dimer-atoms in the trench and the four 
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non-bulk Ga atoms beneath the As dimers. We have no a priori argument for which is 

which. In this model, a ratio of 1:1 is expected between the Ga-S1 and Ga-S2 surface 

components.  

 

Another assignment derives from the model of Chizhov et al [58] which retains the 

trench but suggests a more complicated arrangement between the trenches. In this 

structure the Ga dimer-atom to Ga non-bulk atom ratio is 1:2. In this work, the curve 

fittings of the Ga3d suggest a 1:1 ratio between Ga-S1 and Ga-S2 which would favour 

Biegelsen. However the GaAs(001)-1×6 has been reported to be a transition phase [55] 

and more than one reconstruction is probably possible. Also since no definitive 

assignment of the two Ga surface core level shifts is made it is not possible to strongly 

distinguish between those two models. 

 

 

4.1.2. Ge(001)-2××××1 

 

Figure 4.3 displays the Ge3d core level spectra for the clean Ge(001) surface for three 

different samples prepared by argon ion bombarded and annealing (see Chapter 3). This 

monoatomic substrate shows a much higher reproducibility than the compound GaAs. 
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Fig. 4.3. Ge3d core level spectra after surface preparation described in Chapter 3 for three different 
samples. Spectra were taken on the VUV beamline at Elettra with a photon energy of 100 eV. 
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Fig. 4.4. Ge3d core level for clean sputtered Ge(001)-2×1 surface. The original data is shown by small 
circles, the red lines refer to the Ge3d bulk component, the green line denotes the Ge second layer 
component. The blue and light blue lines denote the Ge ‘up’ and ‘down’ components from the Ge atoms 
in the surface dimers. The solid black line gives the total contribution of the components. Spectrum taken 
at a photon energy of 100eV. 
 

 

The Ge3d fitted core level spectrum for the clean surface is shown in figure 4.4. The 

spectrum is fitted with four component doublets in agreement with the literature [131-

133]. The main component Ge-B is assigned to the bulk. The next largest component 

Ge-S shifted by 0.20 ± 0.04 eV towards lower binding energy is assigned to the Ge 

atoms in the second layer. The component Ge-D shifted by 0.16 eV ± 0.04 eV to higher 

binding energy corresponds to the ‘down’ atom in the asymmetric dimer. The 

component Ge-U, assigned to the ‘up’ atom in the dimer, is shifted by 0.53 ± 0.04 eV 

towards lower binding energy. The relative area of the four components is 61 ± 2 % 

(Ge-B), 17 ± 2 % (Ge-S), 11 ± 2 % (Ge-U) and 10 ± 2 % (D). Assuming that the ‘up’ 

and the ‘down’ atoms form the entire first layer then the electron mean free path λ is 

estimated to be 5.6 ± 0.4 Å. 
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4.2. Molecules deposited on GaAs(001)-1××××6 

 

4.2.1. SnPc 

 

Measurements were performed on beamline 4.1 at the SRS, Daresbury. Photoelectrons 

were collected using a Scienta SES200. A branching ratio of 0.65 was used for Ga3d, 

As3d core levels and 0.71 for Sn4d core level. 

 

 

4.2.1.1. Ga3d and As3d core levels 

 

Figures 4.5 shows As3d, Ga3d and Sn4d core-level spectra for the clean surface and for 

three sequential deposits of SnPc. As described in section 4.1.1, the As3d core levels are 

fitted with two components, one related to the bulk and one related to the surface atoms. 

The Ga3d are fitted with three components: the main component is assigned to the bulk 

(Ga-B) and the two smaller components are assigned to the surface; the Ga-S1 

component is shifted by -0.38 eV (i.e. towards lower binding energy) and the Ga-S2 

component is shifted by +0.41 eV (i.e. towards higher binding energy).  

 

After the first deposition of SnPc, a shift of 0.11 eV towards lower binding energy is 

observed for the As3d emission envelope, along with a broadening of the main peak. 

This broadening slightly increases upon further depositions. The surface component 

position and its relative intensity do not change with respect to the bulk peak throughout 

the depositions.  

  
As observed for the As3d core level, the Ga3d emission envelope shifts by 0.11 eV 

towards lower binding energy after the first deposition of SnPc. This can be attributed to 

an initial reduction in bandbending of 0.11 eV (this parameter enters into the calculation 

of interface energetics below, but only via the final deposit value of 0.06 eV). A 

broadening of the same order accumulates throughout the deposition range. The 

position and the relative intensity of the surface components remain constant upon 

deposition with respect to the bulk. Overall, there is no evidence of strong interaction 

between the adlayer and the substrate. 
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Fig. 4.5. As3d, Ga3d and Sn4d core level photoelectron emission spectra for the GaAs(001)-1x6 surface 
and for different coverages of SnPc. The small circles represent the measured data and the dotted lines 
represent the fitted components. The black solid line represents the sum of the fitted components. As3d: 
one component is assigned to the bulk (As-B) and the component shifted towards lower binding energy, 
to the surface (As-S). Ga3d: one component is assigned to the bulk (Ga-B) and the components shifted 
towards lower and higher binding energy, to the surface (Ga-S1 and Ga-S2, respectively). Sn4d: one 
component is assigned to the bulk (Sn-B). All spectra are normalised to unity for better comparison. 
Spectra were taken at a photon energy of 97 eV. 
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4.2.1.2. Sn4d core level 

 

The Sn4d spectrum is fitted with one component attributed to the ‘bulk’ phthalocyanine 

(Sn-B). With increasing coverage the spectra sharpen (gaussian width decrease from 

0.76 to 0.59) and no shift of the component is observed. Once again, there is no 

evidence in this spectroscopy of strong interaction between the molecule and the 

substrate. 

 

 

4.2.2. PbPc 

 

Measurements were performed on beamline 4.1 at the SRS, Daresbury. Photoelectrons 

were collected using a CLAM2 analyser. A branching ratio of 0.65 was used for Ga3d, 

As3d core levels and 0.79 for the Pb5d core level. 

 

 

4.2.2.1. Ga3d and As3d core levels 

 

As3d, Ga3d and Pb5d core levels for the clean GaAs(001)-1×6 and for various PbPc 

coverages are shown in figure 4.6. As described in section 4.1.1, the As3d core level is 

fitted using one bulk component (As-B) and one surface component (As-S) shifted by   

–0.56 eV. The surface represents 13% of the total weighting. The Ga3d core level is 

fitted with one bulk component (Ga-B) and two surface components Ga-S1 and Ga-S2 

shifted by –0.41 eV and +0.45 eV respectively. The two surface components weight 9% 

each of the total Ga3d contribution.  

 

No major change is observed in the shape of the substrate core levels throughout the 

coverage range. The relative intensity of the surface components remains constant with 

respect to the bulk peak upon further deposition. In addition, a broadening of the main 

envelope is observed throughout the depositions. This is reflected in the increase in the 

gaussian component width of the Voigt function from 0.54 eV to 0.58 eV in the case of 

the As3d and from 0.51 eV to 0.54 eV in the case of the Ga3d. 
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Fig. 4.6. Ga3d, Pb5d and As3d core levels for the GaAs(001)-1×6 and for various PbPc coverages. The 
original data is shown by small circles, the red lines refer to the As3d and Ga3d bulk components, the 
green and blue lines denote the Ga3d and As3d surface components, the light blue line is the Pb5d 
component and the magenta line is the valence band component. The solid black line gives the total 
contribution of the components. The insert in an enhancement of the Pb5d3/2 core level. All spectra are 
normalised to unity for better comparison (expect for the As3d core level for 40 Å coverage).  Spectra 
were taken at a photon energy of 105 eV. 
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4.2.2.2. Pb5d core level 

 

The Pb5d peak is fitted with one bulk component at 19.94 eV binding energy consistent 

with previous studies [134]. No shift is observed throughout deposition. The overlap of 

the Ga3d and Pb5d5/2 core levels and the lower cross section of Pb5d compared to the 

Ga3d make it hard to study qualitatively the Pb5d core level. However the Pb5d3/2 can 

be isolated (see insert in figure 4.6) and is fitted with only one contribution. An extra 

component at 2.6 eV lower binding energy had to be added to the fitting to account for 

the high binding energy tail of the valence band of the PbPc overlayer. 

 

As for SnPc, there is little change in the overall shape of the substrate core levels after 

deposition and the metal core level is fitted with only one component. This suggests a 

weak interaction between the adlayer and the substrate.  

 

 

4.2.3. MgPc 

 

Measurements were performed on beamline 41 at MAXlab, Lund. A branching ratio of 

0.62 was used for Ga3d, As3d core levels and 0.50 for the Mg2p core level. The overall 

resolution is 400 meV for a photon energy of 100 eV and larger than on any other 

beamlines. This explains why the spin-orbit-splitting is not as well resolved. In the 

fitting, this is reflected in a larger value of the gaussian parameter. LEED was not 

available to check surface reconstruction of the clean substrate. Previous sample 

preparation parameters were used to ensure reproducibility of the clean substrate. 

 

 

4.2.3.1. Ga3d and As3d core levels 

 

The Ga3d, As3d and Mg2p core levels for a clean GaAs(001)-1×6 surface and for three 

different coverages of MgPc are shown in figure 4.7. As previously (see section 4.1.1) 

the As3d is fitted with two components and the Ga3d with three. Ga-S1 is shifted 0.40 

eV towards lower binding energy and Ga-S2 by 0.49 eV towards higher binding energy. 

After the first deposition of MgPc, there is a broadening of the components upon 



 84

deposition. No shift of the components is observed and their relative intensity is 

unchanged. There is no evidence of strong interaction between the substrate and the 

organic adlayer. 
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Fig. 4.7. As3d, Ga3d and Sn4d core level photoelectron emission spectra for the GaAs(001)-1x6 surface 
and for different coverages of MgPc. The small circles represent the measured data and the dotted lines 
represent the fitted components. The black solid line represents the sum of the fitted components. As3d: 
one component is assigned to the bulk (As-B) and the component shifted towards lower binding energy, 
to the surface (As-S). Ga3d: one component is assigned to the bulk (Ga-B) and the components shifted 
towards lower and higher binding energy, to the surface (Ga-S1 and Ga-S2, respectively). Mg2p: one 
component assigned to the bulk (Mg-B). Two additional components (dark green and grey lines) were 
required for the thin coverages and are assigned to the Ga MNN auger transitions. All spectra are 
normalised to unity for better comparison (except for substrate core levels for a 42 Å film). Spectra were 
taken at a photon energy of 105 eV. 
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4.2.3.2. Mg2p core level 

 

The Mg2p spectra are also fitted with one core level component. However, two 

additional components were required for the fit and they were assigned to MNN Auger 

transitions of the Ga. These overlap the core level contribution at the chosen photon 

energy.  In principle different photon energy could have been used but so many other 

factors can potentially change when varying the photon energy so it was kept constant.  

 

Within the limitations of the fitting, the only change upon deposition is a sharpening of 

the Mg2p feature. The gaussian width decreases from 0.84 eV for a 1 Å film to 0.70 eV 

for a 42 Å film. Also there is a 0.45 eV shift towards higher binding energy of the 

‘bulk’ component with increasing coverage. This shift may be related to a reorientation 

and relaxation of the MgPc thin film into a preferential crystalline structure as the 

thickness increases (see NEXAFS in Chapter 5).  Overall, there is no evidence of strong 

interaction between MgPc and the substrate. 

 

 

4.2.4. Conclusion 

 

For all the three molecules, there is little change in the substrate core level spectra. Also 

the metal core level is fitted with only one component corresponding to the ‘bulk’ 

contribution. This is indicative of a minimal interaction of these metal phthalocyanines 

with the GaAs(001)-1×6 surface. This is also in accordance with previous studies of 

PbPc on InSb and InAs (001)-4×2/c(8×2) [135] and of SnPc on the same substrate [136] 

and on sulphur passivated GaAs(001)-2×1 [34]. 

 

Curve fitting can be misleading, particularly in the matter of small changes. In a 

preliminary report of the SnPc/GaAs interface, small shifts in surface components were 

indicated, suggesting a specific mode of interaction between molecule and substrate.  

With a more extensive dataset it could be seen that these small shifts were artefacts of 

the fitting.    
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4.3. Molecules deposited  on Ge(001)-2××××1 

 

4.3.1. SnPc 

 

Measurements were performed on the SGM1 beamline at ASTRID, Arhus. This 

beamline has a very good resolution (40 meV). However, normalisation problems were 

encountered on this beamline. As described in Chapter 3, the reference current is the 

storage ring current. This does not reflect local variations along the beamline or at the 

endstation. This introduces an extra error in the overall peak intensity (and area) after 

normalisation. This is of importance for the intensity decay profile in the next chapter. 

Branching ratios of 0.60 and 0.70 were used for the Ge3d and Sn4d core levels 

respectively. 

 

 

4.3.1.1. Ge3d core level 

 

Figure 4.8 shows the Ge3d and Sn4d core level spectra for the clean surface and for two 

sequential deposits of SnPc. As described previously (see section 4.1.2), Ge3d spectra 

are fitted with four components. The Ge-S component is shifted by -0.20 eV with 

respect to the bulk component Ge-B. Ge-D and Ge-U components are shifted by +0.15 

eV and -0.53 eV respectively.  

 

After a 3 Å deposition of SnPc, the component assigned to the ‘up’ dimer decreases in 

intensity and a new component appears at higher binding energy, +0.46 ± 0.04 eV with 

respect to the bulk component. The new component represents 4 ± 1 % of the total 

signal and the ‘up’ signal has decreased by half to 5 ± 1 %. The component assigned to 

the ‘down’ atom shows no change in intensity.  

 

There is no change in position nor intensity for the peak assigned to the atoms in the 

second layer. But there is a broadening of all the components after the first deposition. 

This broadening is bigger for the surface components (0.10 eV) than for the bulk 

component (0.05 eV). The fitting forces small shifts on the ‘up’ and ‘down’ surface 

components of –0.11 and +0.05 eV, respectively but these are not regarded as 
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significant.  The surface component positions and their relative intensities do not change 

with respect to the bulk peak throughout the further depositions. 
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Fig. 4.8. Ge3d and Sn4d core levels for the Ge(001)-2×1 surface and two coverages of SnPc. The original 
data is shown by small circles, the red lines refer to the Ge3d and Sn4d bulk components, the green line 
denotes the Ge second layer component. The blue and light blue lines denote the Ge ‘up’ and ‘down’ 
components from the Ge atoms in the surface dimers. The grey line is assigned to the Sn4d interface 
contribution. The solid black line gives the total contribution of the components. All spectra are 
normalised to unity for better comparison. Spectra were taken at a photon energy of 100eV. 
 

 

4.3.1.2. Sn4d core level 

 

The Sn4d spectra comprises two components: the main component is attributed to the 

‘bulk’ phthalocyanine (Sn-B); the component shifted by 0.81 ± 0.04 eV towards lower 

binding energy is assigned to the Sn atom at the interface (interacting with the ‘up’ 
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germanium atom). With increasing coverage the spectra sharpen and the Sn-B shifts by 

0.25eV towards higher binding energy. 

 

 

4.3.2. PbPc 

 

Measurements were performed on beamline 4.1 at the SRS, Daresbury. Photoelectrons 

were collected using a CLAM2 analyser. A branching ratio of 0.65 was used for Ga3d, 

As3d core levels and 0.79 for the Pb5d core level. 

 

 

4.3.2.1. Ge3d core level 

 

Ge3d and Pb5d core levels for the clean Ge(001)-2×1 and for various PbPc coverages 

are shown in figure 4.9. As described in section 4.1.2 the Ge3d spectra are fitted with 

four components. The Ge-S component is shifted by -0.21 eV towards lower binding 

energy with respect to Ge-B and represents 16 % of the total Ge signal. The components 

assigned to the germanium atoms in the dimer are shifted by -0.53 eV and +0.13 eV for 

the ‘up’ and ‘down’ atom respectively. The peaks assigned to the dimer atoms represent 

11 % each of the total Ge3d signal. 

 

After the deposition of 3 Å of PbPc, the component assigned to the ‘up’ dimer decreases 

in intensity and a new component appears at higher binding energy (+0.50 ± 0.04 eV) 

with respect to the Ge3d bulk component. Ge-S and Ge-D components do not change. 

After this deposition the ‘up’ atom represents 6.5 ± 1 % of the total Ge3d signal. The 

new component represents 4 ± 1 %. This stays constant throughout further depositions. 

There is a broadening of all the components after the first deposition. This broadening is 

larger for the surface components. The gaussian width varies from 0.35 eV to 0.41 eV 

for the bulk component and from 0.35 eV to 0.44 eV for the surface components. The 

surface component positions and their relative intensities do not change with respect to 

the bulk peak throughout the depositions. 
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Fig. 4.9. Ge3d and Pb5d core levels for the Ge(001)-2×1 and three coverages of PbPc. The original data is 
shown by small circles, the red lines refer to the Ge3d and Pb5d bulk components, the green line denotes 
the Ge second layer component. The blue and light blue lines denote the Ge ‘up’ and ‘down’ components 
from the Ge atoms in the surface dimers, the grey lines represent the interface components for Pb5d and 
Ge3d component and the magenta line is the valence band component. The solid black line gives the total 
contribution of the components. Spectra were taken at a photon energy of 100 eV. 
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4.3.2.2. Pb5d core level 

 

The Pb5d spectrum for the 1 Å deposition comprises two components. The first one has 

a binding energy 19.82 eV and corresponds to the binding energy  in ‘bulk’ PbPc, 

similar to the value obtained on GaAs(001)-1×6.  

 

The Pb-I component is shifted by 0.79 eV towards lower binding energy. For a 

deposition of 1Å, the component at higher binding energy represents 48 % of the Pb5d 

signal and the one at lower binding energy represents 52 %. The weight of the latter 

decreases upon deposition and disappears for a coverage of 40 Å. There is an overall 

shift of 0.10 eV towards higher binding energy of the Pb-B component with increasing 

coverage. An extra component at lower binding energy had to be added to the fitting to 

account for the high binding energy side of the valence band. 

 

 

4.3.3. MgPc 

 

Measurements were performed on the VUV beamline at Elettra, Trieste. It is an 

undulator beamline meaning that the photon flux is much higher than on bending 

magnet beamlines. Each spectrum was recorded on a fresh area of the surface and a 

spectrum was re-taken to ensure absence of beam damage. Photoelectrons were 

collected using an angle-resolved ADES-type analyser. A branching ratio of 0.52 and 

0.50 were used for the Ge3d and Mg2p core levels respectively. 

 

 

4.3.3.1. Ge3d core level 

 

Figure 4.10 shows the Ge3d and Mg2p core level spectra for the clean surface and for 

three sequential deposits of MgPc. As described previously, Ge3d spectra are fitted with 

four components. The Ge-S component is shifted by -0.18 eV with respect to the bulk. 

The Ge-D and Ge-U components are shifted by +0.19 eV and -0.52 eV respectively.  
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Fig. 4.10. Ge3d and Mg2p core levels for the Ge(001)-2×1 surface and three coverages of MgPc. The 
original data is shown by small circles, the red lines refer to the Ge3d and Mg2p bulk components, the 
green line denotes the Ge second layer component. The blue and light blue lines denote the Ge ‘up’ and 
‘down’ components from the Ge atoms in the surface dimers. An extra component was required for the 
thicker layers and is related to Auger peaks. The solid black line gives the total contribution of the 
components. All spectra are normalised to unity for better comparison (except for the Ge3d core level for 
the 30 Å film). Spectra were taken at a photon energy of 100eV. 
 

 

After a 3 Å deposition of MgPc, the component assigned to the ‘up’ dimer decreases in 

intensity and a new component appears at higher binding energy (+0.48 ± 0.04 eV) with 
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respect to the bulk component. The new component Ge-I represents 7 ± 1 % of the 

signal and the ‘up’ signal has decreased by half to 4 ± 1 %. The components assigned to 

the ‘down’ dimer atom and to the atoms in the second layer do not change. There is a 

broadening of all the components after the first deposition. The surface component 

positions and their relative intensities do not change with respect to the bulk peak 

throughout the depositions. 

 

 

4.3.3.2. Mg2p core level 

 

Mg2p spectra are fitted with a single component attributed to the ‘bulk’ phthalocyanine 

(Mg-B). This is a significant difference compared with SnPc and PbPc. There is an 

overall shift of the Mg-B by 0.20 eV towards higher binding energy with increasing 

coverage.  

A small component at 2 eV higher binding energy is apparent for a very thick layer. 

This may be an auger feature. It is not a significant component at low coverage, and has 

no implications for the interface.  

 

 

4.3.4. Conclusion 

 

The main effects of the first deposit on the Ge3d spectrum are similar for all three 

molecules. There is a decrease in intensity of the component assigned to the ‘up’ dimer 

and the creation of the new surface component at higher binding energy. This suggests 

that the metal phthalocyanine first layer mainly interacts with the ‘up’ Ge atom in the 

dimer. One possible explanation is some charge transfer from the ‘up’ dimer atom into 

the molecules at the interface. 

 

One could expect to see this effect of charge transfer in the metal core level spectra. 

This is consistent with the spectroscopy of two of the three molecules studied: both Sn 

and Pb spectra show an ‘interface’ component at some 0.8 eV lower binding energy.  

However, the third molecule (MgPc) shows no such component. Because of this, charge 
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transfer from the ‘up’ dimer atom seems not to be the explanation for these observed 

components. 

 

Rather, what distinguishes MgPc from the other two is that it is a planar molecule.  The 

Mg atom has only one possible environment on the surface. By contrast, Sn and Pb 

atoms have two possible environments because of the shape of the molecule (e.g. 

shuttlecock). These molecules can lie on the surface with either their ‘concave’ or 

‘convex’ sides next to the surface (see figure 4.11). In the former the metal atom is 

further away from the surface and in a more ‘bulk’environment; in the latter, the metal 

atom is close to the surface and hence has an ‘interface’ environment. These latter 

atoms can be the explanation for the component shifted towards lower binding energy in 

the metal atom spectra of SnPc and PbPc. This is agreement with the STM results of 

PbPc deposited on MoS2 from Strohmaier et al [35]. It should be noted that on a very 

similar surface, Si(001)-2×1, Ottaviano et al do not see such an interaction [88]. This 

can be explained by the fact that their measurements have lower resolution (XPS) and 

that they have deposited more than a monolayer reducing the interface contribution with 

respect to the ‘bulk’ contribution. Previous studies on more reactive surfaces observe a 

bigger shift of 2eV indicative of the Pb atom leaving the molecule to react with the 

surface [137]. The smaller shift observed when deposited on Ge(001)-2×1 suggest a 

weaker interaction and that the Pb atom remains in the molecule. 

 

 

 
 

Fig. 4.11. Predicted environment for the first PbPc layer deposited on Ge(001). Molecules can lie on the 
surface with either their ‘concave’ or ‘convex’ sides next to the surface. 
 

 

The suggestion then is that the charge transfer from the ‘up’ dimer atom affects the Pc 

spectrum in a less dramatic way. For all three molecules, there is a shift of the adlayer 

metal component assigned to the ‘bulk’ to higher binding energy as the coverage 
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increases. The interaction of the substrate with the first layer affects the next few layers 

(2 to 3) until the thin film relaxes into its preferential crystalline structure. That this shift 

is towards higher binding energy as the coverage increases, is consistent with electronic 

transfer into the initial few layers. XPS of PbPc and CuPc on different substrates [134, 

137, 138]  also show a shift of the C1s and the N1s towards higher binding energies as 

the film thickness increases. 

 

A final point is that only some 50% of the ‘up’ dimer atoms are affected. This is not 

unreasonable given the size of the Pc molecule. The area of one molecule corresponds 

to approximately 16 dimers. If the molecules in the first layer are tilted with respect to 

the surface plane as suggested by NEXAFS results (see chapter 7), the interaction with 

the substrate can be localised on a certain part of the molecule (the closest part of the 

molecule to the substrate). The ‘up’ atom in the dimer will be affected by such an 

interaction. The neighbouring dimers will also be affected on a lesser extend. The effect 

of the interaction will diminish the further the dimer is from the interaction site. Due to 

the tilt of the molecule on the surface, the molecule-substrate distance will increase the 

further away from the interaction site. For a molecular angle of tilt of 25° (see chapter 

7), the largest molecule-substrate distance is approximately 6 Å. It is reasonable to 

assume that the effect of the molecule on the underlying dimers at this point will be 

small in comparison to the effect on the dimers at the interaction site explaining that 

only part of the dimers are affected by the adsorption of the molecules. 

 

 

4.4. Comparison of GaAs and Ge substrates 

 

The main difference between these two substrates is that there seems to be a stronger 

interaction between the molecules and the Ge substrate. This is evidenced both by the 

modification of germanium surface components and by the observation of a second 

interface component for two of the molecules. As discussed above, it is reasonable to 

connect the differences in metal atom spectra with the different shapes of molecules.  It 

is more difficult to determine the nature of the interaction between this substrate and the 

molecules in general, as well as to compare the two substrates.  Certainly, the two 
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substrates differ in crystalline quality.  But it also seems reasonable to describe the 

germanium substrate as more ‘electron-rich’ than the GaAs substrate. 

 

 

4.5. Annealing of thick organic layers 
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Fig. 4.12. Mg2p core levels after a 10 minutes anneal at 400°C of a thick MgPc film. The original data is 
shown by small circles, the red line corresponds to the Mg2p ‘bulk’ component. The spectrum was taken 
at a photon energy of 100eV. 
 

 

Figure 4.12 shows the Mg2p spectra after the annealing of a thick MgPc layer at 400°C 

on Ge(001)-2×1. There is no major change in the overall shape of the peak. This 

indicates that the molecule is not affected by the annealing. A similar behaviour is 

observed for MgPc on GaAs(001)-1×6. 

 
 

Figure 4.13 and 4.14 show the Pb5d and Sn4d core levels after annealing at 400°C a 

thick adlayer deposited on Ge(001)-2×1. The Pb5d is fitted with two components  Pb-B 

and Pb-A. The Pb-B component has a binding energy of 19.83eV corresponding to the 

Pb2+ in the phthalocyanine molecule. The Pb-A component is shifted to lower binding 

energy by 2eV at 17.83eV. This is close to the reported value of 18.1eV for metal Pb5d 

[139-141] suggesting that the Pb atom leaves the molecule. This is in agreement with 

previous experiments on InAs and InSb [135, 142]. No asymmetry factor was used for 
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the fitting of the Pb-metal peak, this is due to the poor signal to noise ratio. The 

lorentzian width of the Pb-M component is narrower at 0.16eV. This is in accordance 

with literature where the FWHM of metal Pb is reported to be narrower than Pb in a 

higher oxidation state.  
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Fig. 4.13. Pb5d core levels after anneal of the 60Å PbPc layer at 400°C for 10 minutes. The original data 
is shown by small circles, the red lines refer to the Pb5d ‘bulk’ component, Pb-B. The green line is the 
component  Pb-A appearing after the annealing. Spectra were taken at a photon energy of 100eV.  
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Fig. 4.14. Sn4d core levels after a 10 minutes anneal at 400°C of a thick SnPc film. The original data is 
shown by small circles, the red lines refer to the Sn4d ‘bulk’ component. The grey line is assigned to the 
interface component Sn-I and the green line is the component Sn-A appearing after the annealing. Spectra 
were taken at a photon energy of 100eV. 
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The Sn4d is fitted with three components. As for the non-annealed surface one 

component is assigned to the Sn in the molecule, Sn-B. Sn-I shifted towards lower 

binding energy is assigned to the interaction at the interface. Sn-A appears after the 

annealing and is shifted 1.9 eV towards lower binding energy. This new component 

corresponds to Sn metal indicating the Sn atom has left the molecule.  

 

After annealing at 400°C, the central atom leaves the molecule in the case of PbPc and 

SnPc (e.g. non-planar molecules). This effect is not seen for MgPc which is a planar 

molecule indicating that this molecule is more stable. 

 

 

4.6. Beam damage 

 

Figure 4.15 shows photoelectron spectra of Sn4d and Mg2p core levels for a thick 

adlayer of SnPc and MgPc deposited on sulphur-passivated GaAs(001) samples. Spectra 

were collected on the VUV beamline at the Elettra synchrotron radiation facility. The 

flux at this undulator beamline is estimated to be two orders of magnitude larger then on 

a bending magnet beamline. It is clear that the overall shape of the Sn4d core level 

envelope changes as a function of exposure to the light at this high photon flux facility. 

A clear satellite feature develops at around 1 eV higher binding energy upon beam 

exposure. The spectra have been fitted into two separate components which are a ‘bulk’ 

feature and a ‘damage’ feature at 1.01 eV higher binding energy. In contrast there is no 

equivalent change in the overall shape of the Mg2p. There is a just a broadening upon 

increasing exposure. 

 

The simplest interpretation of the satellite feature is an increase in the charge state of the 

Sn ion; SnPc normally has Sn in the 2+ state but it is also possible to have the 4+ state, 

either by oxidation or by sharing one Sn between two Pc arrays (SnPc2). Sn is in a 4+ 

state in SnOPc and a Sn4d shift of about 0.9eV with respect to Sn4d in SnPc had been 

reported [143]. This is of the same order of the shift observed after exposure suggesting 

the beam damage induces an oxidation from a 2+ to a 4+ state. The origin of the 

‘oxidation’ remains unclear; sulphur from the substrate might account for it but the 

same effect is observed on sulphur-free GaAs(001)-1x6 substrates. The sharing of one 
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Sn between two Pc arrays can be discounted as there is no evidence of production of 

‘free’ tin. These effects are further discussed in the following chapter. 
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Fig. 4.15. Left: Sn4d core level of a thick (40 Å) SnPc adlayer exposed to high photon flux. The open 
circles represent the measured data, the full line is the sum of the fitted components. Right: Mg2p core 
level of a thick (50 Å) MgPc adlayer exposed to the same photon flux. Spectra were collected on the 
VUV beamline at Elettra with a photon energy of 105 eV. 
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Chapter 5 Valence band spectroscopy and energetics 

 

 

Firstly in this chapter, the interaction between the organic adlayer and the inorganic 

substrate is further investigated by analysing valence band spectroscopy. The valence 

band of SnPc, MgPc and PbPc deposited on GaAs are analysed. Secondly, the PbPc 

valence band deposited on GaAs and Ge will be compared. Thirdly, photoelectron 

emission from the occupied bonding states and the valence band states provides the 

band offset for the filled states and the overall energy band profile for this organic–

inorganic heterojunction of the molecules deposited on GaAs. The chapter concludes 

with some measurements of the effect of beam damage on the valence bands at a high 

flux storage ring source.  

 

 

5.1. Valence band spectroscopy 

 

Photoemission valence band spectra for SnPc, PbPc and MgPc deposited on 

GaAs(001)-1×6 are shown in figure 5.1. The spectra of the clean surfaces and for 

various coverages are plotted. In each case, after a deposition of 3Å, the spectra are 

dominated by the organic adlayer contribution and the orbital features of the organic 

molecules are already very clear. The only discernible change with coverage is a 

narrowing of features. 

 

The valence bands for thick adlayers show a very similar shape with the main features 

at the same energies. The highest occupied molecular orbital (A) is 1.5 eV below the 

Fermi level. The second and third main features (B and C) of the valence band are 4.0 

eV and 6.4 eV below the Fermi level. However for SnPc, B is 0.4 eV towards lower 

binding energy. Such a value is also obtained for thinner films of MgPc and PbPc. The 

apparent shift of B with increasing coverage is due to a decrease of the contribution of 

the substrate as the thickness of the adlayer increases. However due to the growth mode 

of SnPc (see Chapter 6) the substrate contribution for a 60 Å adlayer is still quite 

significant compared to MgPc and PbPc, accounting for the difference in position of B.  
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Fig. 5.1. Valence band photoelectron emission spectra for the SnPc/GaAs(001)-1x6 (top), PbPc/ 
GaAs(001)-1x6 (middle) and MgPc/GaAs(001)-1x6 (bottom) systems. In each case spectra for the clean 
surface and various coverages are plotted. Spectra are normalised to the incident photon flux. 
SnPc/GaAs(001)-1x6 and PbPc/GaAs(001)-1x6 measurements were taken on beamline 4.1 at the SRS 
Daresbury using a Scienta analyser in the first case and a CLAM4 in the second. Data for 
MgPc/GaAs(001)-1x6 were collected on beamline 41 the MAXlab radiation source. The photon energy 
used is indicated in top right corner of each diagram. 
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Thus the general shape of the valence bands is very similar for all three molecules but 

small changes can be seen which are attributed to the central atom disturbing the 

delocalised electron density of states. The low proportion of metal electrons compared 

to the phthalocyanine molecule backbone explains the similarity of spectra of all three 

molecules. The molecular features are very clear for the very lowest coverages; this 

supports the core level spectroscopy results, which indicates a low interaction between 

the substrate and the adlayer. 

 

The valence band of PbPc deposited on GaAs and Ge are shown in figure 5.2. This data 

set was taken on the same beamline using the same settings (analyser, deposition 

rate…) so they can be directly compared. For a 3 Å layer, the spectra for PbPc 

deposited on these substrates differ slightly. The molecule features, in particular the 

HOMO, are more pronounced for PbPc deposited on GaAs. This is consistent with a 

weaker interaction on this substrate in agreement with core level spectroscopy. As the 

thickness increases, the molecular features become predominant and the spectra for the 

40 Å film are very similar. 
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Fig. 5.2. Valence band photoelectron emission spectra for the PbPc/GaAs(001)-1x6 (left) and 
PbPc/Ge(001)-2x1 (right) systems. In each cases spectra for the clean surface and various coverages are 
plotted. Spectra are normalised to the incident photon flux. Measurements were taken on beamline 4.1 at 
the SRS Daresbury using a CLAM4 analyser. The photon energy used is indicated in top right corner of 
each diagram. 
 

 

5.2. Energetics 

 

As discussed in section 2.3.1.5, the key parameter to establish the energy band 

alignments are the valence band maximum (VBM) position with respect to the Fermi 
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level for the substrate, the HOMO-edge for the organic adlayer and the ionisation 

energy of the clean substrate and the organic film. Figure 5.3 shows the evolution of the 

secondary electron onset (e.g. cut-off) and of the valence band maximum for clean 

GaAs(001)-1×6 and increasing coverages of PbPc. The secondary electron onset shifts 

reflect the vacuum level shifts and the creation of an interface dipole. The valence band 

maximum shift to lower kinetic energy reflects a band offset. Such shifts are observed 

for all interfaces in this work (not shown).  
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Fig. 5.3. Evolution of the low energy cut-off and of the valence band maximum for the clean GaAs(001) 
and increasing coverages of PbPc. 
 

 

The ionisation energy of all clean GaAs(001)-1×6 surfaces (IEs) is 4.55 ± 0.10 eV, as 

shown here for SnPc and PbPc. However for one substrate the IEs had the higher value 

4.86 eV. This difference could be due to the lower resolution on that particular beamline 

(see section 3.4.5). More significantly, there was no LEED system to check the 

reconstruction, even though the surface core level suggested a clean good surface. Small 

differences in the IEs of the substrate also depend on the degree of surface 

reconstruction. The adlayer ionisation energies are 4.66 ± 0.10 eV, 4.78 ± 0.10 eV and 

4.88 ± 0.10 eV for 60 Å SnPc, 40 Å PbPc and 40 Å MgPc layers respectively. 
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In order to determine the energy band alignment, it is necessary to know the position of 

the GaAs valence band maximum at the interface. This is assumed to be the value at the 

clean surface plus the amount by which the band bending is reduced in the final 

coverage. Such a reduction (or increase) in band bending was only observed for SnPc 

on GaAs(001) and then, only by a value of 0.06 eV. The average value of the valence 

band maximum of the clean surface as determined by the extrapolation of the valence 

band emission is 0.44 ± 0.10 eV below EF. This means that the Fermi level is pinned 

below mid-gap. 

 

The position of the HOMO-edge also needs to be known to establish the energy band 

alignment. No sample charging was seen for the film thickness used. The HOMO-edge 

are the same for all the molecules on GaAs and Ge and is 0.95 ± 0.10 eV below the 

Fermi level. This value is in agreement with Giovanelli et al for PbPc [135] and Vearey-

Roberts et al for SnPc [34]. This indicates that the Fermi level is pinned in the HOMO-

LUMO gap. Similar behaviour was observed for PTCDA/metal interfaces [144]. The 

energy band alignments of the interfaces between thick films of SnPc, PbPc and MgPc 

on GaAs(001)-1×6 are summarised in figure 5.4. It is clear that there is the creation of 

an interface dipole. The average interface dipole is 0.4 ± 0.2 eV. The average valence 

band offset (the separation of the valence band maximum and the HOMO edge) is 

therefore 0.5 ± 0.2 eV.   

 

The separation of the vacuum level and the lowest unoccupied level is the electron 

affinity (EA). The electron affinity of the GaAs substrate is closely approximated by 

subtracting the bandgap of 1.42 eV from the measured ionisation potential; the electron 

affinity of the organic is less tractable. Subtracting the optical gap of 1.7 eV from the 

measured ionisation potential yields the lower bound of the hatched region in figure 5.4. 

However for CuPc, it is estimated from PES and IPES that the transport gap is some 0.6 

eV larger than the optical gap and this results in the upper bound of the hatched region 

[120]. 

 



 104

Ar+-GaAs(001) PbPc

0.34eV

0.98eV

EF

-0.38eV

EHOMOEVBM

4.78eV

4.52eV

ELUMO

ECBM

EVAC

1.4eV

GaAs(001)/PbPc

0.52eV

0.97eV

Ar+-GaAs(001) SnPc

EF

-0.37eV

EHOMOEVBM

4.66eV

4.58eV

ELUMO

ECBM

EVAC

1.4eV

GaAs(001)/SnPc GaAs(001)/MgPc

0.42eV

0.95eV

Ar+-GaAs(001) MgPc

EF

-0.53eV

EHOMO
EVBM

4.88eV

4.86eV

ELUMO

ECBM

EVAC

1.4eV

Ar+-GaAs(001) PbPc

0.34eV

0.98eV

EF

-0.38eV

EHOMOEVBM

4.78eV

4.52eV

ELUMO

ECBM

EVAC

1.4eV

GaAs(001)/PbPc

0.52eV

0.97eV

Ar+-GaAs(001) SnPc

EF

-0.37eV

EHOMOEVBM

4.66eV

4.58eV

ELUMO

ECBM

EVAC

1.4eV

GaAs(001)/SnPc GaAs(001)/MgPc

0.42eV

0.95eV

Ar+-GaAs(001) MgPc

EF

-0.53eV

EHOMO
EVBM

4.88eV

4.86eV

ELUMO

ECBM

EVAC

1.4eV

 

 

Fig. 5.4. Energy band alignment of the SnPc/GaAs(001)-1x6, MgPc/GaAs(001)-1x6 and PbPc-
GaAs(001)-1x6 heterojunctions.  The upper and lower limits of the hatched region marked LUMO are 
derived from the transport and optical gaps, respectively. EVAC represents the vacuum level, EF the Fermi 
level, ECBM the conduction band edge, EVBM the valence band edge, EHOMO the HOMO edge and ELUMO 
the LUMO edge. 
 

 

The existence of an interface dipole indicates that the vacuum alignment rule does not 

apply. In a recent study of PTCDA on various GaAs surfaces, Zahn et al [18] have 

noted that the driving force for such dipoles seems to be the difference in electron 

affinity. This approach focuses on the relative position of the GaAs conduction band 

edge at the interface (ECBM) and the LUMO of the organic. As shown in figure 5.4, for 

small negative interface the ECBM at the interface lies in the lower part of the hatched 

region, which suggests that electron affinity difference may indeed determine the 

interface dipole of this system [32]. 

 

Because the IP’s of phthalocyanines are very similar this analysis of different molecules 

on the same substrate does not show dramatic differences in dipole creation. An 

alternative approach is to examine one molecule on different substrates. Vearey-Roberts 

et al [143] have produced a graph showing a linear dependence between the interface 

dipole and electron affinity difference in SnPc on GaP, InP and different treated GaAs 

(see figure 5.5). The result from this thesis of SnPc on GaAs(001)-1×6 fits well into this 
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scheme, suggesting that the interface dipole formation is indeed driven by the difference 

in electron negativities.  

 

By extrapolation from the linear fit in figure 5.5, an interface dipole of zero would be 

obtained for a substrate with an EAs of 2.5 eV. Assuming that the interface dipole 

formation is driven by the EA difference, EASnPc is then also equal to 2.5 eV. Using this 

value, the HOMO-LUMO gap for SnPc can be estimated to be 2.2 eV (i.e. IP-EA). This 

value is close to the transport gap model proposed by Hill et al [120] for CuPc in which 

the transport gap is 0.6 eV larger than the optical gap.  

 

 

 
Fig. 5.5. Interface dipole versus substrate electron affinities for SnPc on several substrates. The interface 
dipole obtained for SnPc/GaAs(001)-1×6 is marked with a star. The other results were obtained on 
sulphur passivated GaAs, InP and GaP, courtesy of A. Vearey-Roberts. 
 
 
 

5.3. Beam damage 

 

Figure 5.6 shows the valence band spectra of a 40 Å film of SnPc and the valence band 

maximum for a 50 Å film of MgPc for increasing exposure time to high photon flux. In 

both cases photon-induced damage is seen. For SnPc, the HOMO feature 1.7 eV below 
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the Fermi level is clearly reduced. There is also a general broadening of all the features 

in the valence band. In the case of the MgPc film only the valence band top was 

measured. As for SnPc the HOMO is reduced. There is also a shift of the first and 

second HOMO orbital towards higher binding energy. The damage was irreversible. 

Such effects were not observed on experiments carried out on bending magnets 

beamlines. 
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Fig. 5.6. Valence band of a 40 Å SnPc adlayer (left) and of a 50 Å MgPc adlayer (right) for increasing 
exposure to high photon flux 
 

 

From this limited dataset, the effect of damage is a broadening of the valence band 

features and a reduction in the HOMO intensity. Koch et al [145] observe similar 

behaviour when exposing p-sexiphenyl (6P) and tris(8-hydroxy quinoline) aluminum 

(Alq3) to high photon flux. They assign the reduction of the HOMO and the second 

HOMO and the broadening of the valence band feature to a breaking of the bonds in the 

molecules. This is also supported by a decrease and disappearance of the 
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photoluminescence of the sample upon irradiation. Such a model would be in agreement 

with this work.  

 

It would also provide an explanation for the beam damaged Sn4d component core level 

spectra presented in Chapter 4. The natural explanation is that Sn is changing its 

oxidation state from a 2+ to a 4+ state. The broken bonds could recombine with the Sn 

atom within the same molecule or with neighbouring molecules. There is no equivalent 

change in Mg2p core level as Mg is a group II element. 

 

Returning to the valence feature, the main visible effect of damage is on the HOMO. 

The HOMO is a π-type molecular orbital of C2p character mainly originating in the 

pyrrole carbons [94, 146-148] and on a lesser degree in the carbons in the benzene ring. 

No contribution is found to this molecular orbital from the N atoms [134]. This would 

suggest that one or both of the C-N bonds or/and the C-C bonds within the pyrrole 

group are affected by the beam damage. Downes et al [149] also observe a modification 

of the carbon SXE spectra from CuPc showing that high photon flux exposure affects 

strongly the molecular backbone. 

 

Finally, within the limited dataset, the MgPc and SnPc seem to differ in that MgPc 

features show a gradual shift to higher binding energy; for SnPc the shift is much 

smaller. This may reflect differences in the film morphology. Additional photoemission 

measurement on C-1s and N-1s core levels would provide a more complete picture.  
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Chapter 6 Film growth mode 

 

 

As discussed in section 2.3.1.4, the growth mode of the organic film can be deduced 

from the attenuation of the substrate core level photoemission signals. Normalising the 

substrate peak area to the initial peak area, A0, the following expression describes a 

layer-by-layer growth mode:   

 

exp
cos

 = − θ 0

A d

A λ
      (Eq. 5.1) 

 

where d is the thickness of the film, λ is the electron mean free path and θ is the angle 

between the incident beam and the normal to the surface (i.e. θ =0 for normal emission). 

For photoelectrons of kinetic energy between 60eV and 90eV, the mean free path has a 

minimum value of between 4 and 5 Å [150].  

 

In this chapter, the growth mode of the SnPc, MgPc and PbPc on Ge(001)-2×1 and 

GaAs(001)-1×6 will be investigated. 

 
 
 
6.1. PbPc growth mode 

 

Figure 6.1 shows the photoelectron intensity-decay profiles of the Ge3d, As3d and 

Ga3d envelopes as a function of PbPc coverage. The data is fitted with a straight line 

with a slope corresponding to an electron mean free path of 5 Å ± 1 Å. This suggests 

that the initial growth of PbPc (up to 40Å) on GaAs(001)-1×6 and Ge(001)-2×1 is 

similar and is close to layer-by-layer. AFM studies of PbPc deposited on Si(001)-2×1 

has been reported to have a typical island growth but with a good thickness 

homogeneity [88]. This is in agreement with a layer-by-layer growth of small 

homogeneous crystallites. 
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Fig. 6.1. Attenuation of As3d, Ga3d and Ge3d core-level areas with increasing PbPc film thickness. The 
full line is the fit for a uniform growth assuming an escape depth of 5 Å. Escape depth for Ge3d with a 
kinetic energy between 60 eV and 90 eV is 4 to 5 Å. Experiments were performed on beamline 4.1 at the 
SRS Daresbury. 
 

 

6.2. MgPc growth mode 

 

6.2.1. MgPc deposited on Ge(001)-2××××1 
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Fig. 6.2. Intensity profiles of the integrated Ge3d core level upon increasing deposition of MgPc on 
Ge(001)-2×1. The full line is the fit for a uniform growth assuming an escape depth of 5 Å. Experiments 
performed on VUV beamline, Elettra. 
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Figure 6.2 shows the photoelectron intensity profiles of the Ge3d envelopes as a 

function of MgPc coverage. The intensity-decay profile is again linearly fitted but the 

slope corresponds to an electron mean free path of 3.2 Å. This value is lower than the 

expected value (4 to 5 Å) for a layer-by-layer growth at that electron kinetic energy. 

This can be explained by the fact that the quartz crystal microbalance was not exactly in 

the sample position. Thus the deposition rate was underestimated. Even so, it seems that 

the growth mode of MgPc is also close to layer-by-layer on Ge(001). 

 

 

6.2.2. MgPc deposited on GaAs(001)-1××××6 

 

The decay-profile of the Ga3d and As3d with respect to MgPc coverage is shown in 

figure 6.3.  The data is linearly fitted with a slope corresponding to an electron mean 

free path of 5 Å suggesting a growth close to layer-by-layer. The combination of data 

sets for MgPc on both substrates suggests that the growth mode is close to the layer-by-

layer model. 
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Fig. 6.3. Intensity profiles of the integrated Ga3d and As3d core levels upon increasing deposition of 
MgPc deposited on GaAs(001)-1×6. The full line is the fit for a uniform growth assuming an escape 
depth of 5 Å.  
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6.3. SnPc growth mode 

 

6.3.1. SnPc deposited on Ge(001)-2××××1 

 

Figure 6.4 shows the photoelectron intensity profiles of the Ge3d envelopes as a 

function of SnPc coverage for substrates held at room temperature. The lower accuracy 

compared to other decay profiles is due to the normalisation process. In this case the 

normalisation was done using the ring current as the beam current reaching the chamber 

could not be measured. Local variations (i.e. beam position) along the beamline and at 

the end-station affecting the beam current reaching the sample are not reflected in the 

ring current. After a deposition of 6Å of SnPc, the intensity of the substrate emission is 

reduced to 40%. The intensity then recovers around 15Å and the reduction is much 

slower upon further depositions. The intensity variation of the substrate core levels can 

be compared with the predicted behaviour for layer-by-layer growth. This predicted 

behaviour is plotted along-side the data in all graphs in this chapter assuming an 

electron mean free path of 5 Å. Assuming that the sticking coefficient is constant and 

close to unity it is clear that the growth mode is not layer-by-layer. The intensity-decay 

profiles of the Ge3d show an initial layer-by-layer growth followed by islanding, thus a 

Stranski-Krastanov growth mode. 
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Fig. 6.4. Intensity profiles of the integrated Ge3d core level upon increasing deposition of SnPc deposited 
on Ge(001)-2×1. The full line is the fit for a uniform growth assuming an escape depth of 5 Å. 
Measurements were taken on beamline SGM1, ASTRID. 
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6.3.2. SnPc deposited on GaAs(001)-1××××6 

 
Figure 6.5 shows the photoelectron intensity profiles of the Ga3d and As3d envelopes 

as a function of SnPc coverage. From the intensity-decay profiles of the Ga3d and As3d 

envelopes it is clear that the growth mode is not layer-by-layer. Upon the first deposit of 

3Å, the intensity of substrate emission is reduced to about 20%; thereafter, the reduction 

is considerably slower. The natural explanation is initial layer-by-layer growth followed 

by islanding; that is, the growth mode is Stranski-Krastanov. As on the Ge(001)-1×6 

there is a recovery in the intensity of the substrate core level at around 15 Å. 
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Fig. 6.5. Intensity profiles of the integrated Ga3d, As3d and Sn4d core levels upon increasing deposition 
of SnPc deposited on GaAs(001)-1×6. The full line is the fit for a uniform growth assuming an escape 
depth of 5 Å. Measurements were performed on beamline 4.1 at the SRS Daresbury. 
 

 

SnPc exhibits a Stranski-Krastanov growth on both Ge(001)-2×1 and GaAs(001)-1×6. 

A similar growth is also seen for SnPc on sulphur passivated GaAs(001) [34]. On both 

substrates the recovery of the substrate intensity around 15Å is evidence of a 

restructuring of the adlayer. This restructuring can also be seen is the Sn4d core levels, 

where the interface component also recovers around 15Å. One possible explanation is 

the drawing up of adlayer material into developing islands. 
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Each molecule displays the same growth mode on either substrate suggesting that the 

substrates have a weak influence on the overall growth of the bulk crystalline structure. 

There is a significant difference between the growth modes of the three molecules. PbPc 

and MgPc have a similar behaviour and exhibit a layer-by-layer growth whereas SnPc 

exhibits a Stranski-Krastanov growth mode. Also a layer restructuring is observed for 

the SnPc adlayer at around 15 Å. When annealing the metal phthalocyanine films as low 

as 200°C, the substrate core level intensities increase. The first explanation is a 

desorption of the adlayer. The second explanation is a formation of clusters. This would 

be in accordance with previous studies where rough films where obtained on substrates 

held at high temperatures [77]. However, it is not possible to distinguish between those 

two processes with photoemission spectroscopy. 
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Chapter 7 Molecular orientation 

 

 

In this chapter, the molecular orientation of each of the three molecules within the film 

when deposited on GaAs and Ge substrates has been monitored by NEXAFS.  

NEXAFS spectra show an angle dependence, which is different for each of the 

molecules. 

 

A point to clarify is the validity of the azimuthal integration expression derived in 

section 2.3.2. This expression is derived for completely random azimuthal orientation of 

molecules on the surface. However, it is also valid for ordered surfaces with three-fold 

or higher symmetry.   

 

The Ge(001) surface has two orthogonal domains, in effect, an overall four-fold 

symmetry. Thus the azimuthal integration expression is appropriate for ordered 

orientation on the Ge(001)-2×1 surface. This reasoning is not valid for the GaAs 

surface, which only has an overall two-fold symmetry reconstruction. However, it is 

found experimentally that data collected in both azimuths (in the ×1 and ×6 directions) 

is essentially the same. Thus the azimuthal integration expression seems also 

appropriate in this case. 

 

NEXAFS experiments were performed on beamline 4.1 at the SRS Daresbury and on 

VUV beamline at Elettra. All of these NEXAFS spectra are recorded at the N-1s edge. 

The variable angle θ is the angle of incidence of the photon beam relative to the surface 

normal which is equivalent to the angle between the E-vector and the surface. The order 

of presentation is MgPc, SnPc and PbPc; the first two are deposited on both substrates, 

the last on Ge(001) only, and only for a thick layer.  
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7.1. MgPc 

 

7.1.1. MgPc deposited on Ge(001)-2××××1 

 

Figure 7.1 (left panel) shows N1s edge NEXAFS for a thick adlayer 60 Å of MgPc 

deposited on Ge(001)-2×1. The resonance intensities of the NEXAFS spectra clearly 

show that the π* features are strongly enhanced at small angles and vice versa for the 

σ*. This means that the plane of the molecule is closer to perpendicular to the surface. 

For a 1 Å layer (i.e. submonolayer), it is the opposite. The π* features are strongly 

reduced at small angles meaning that the plane of the molecule is close to parallel to the 

surface of the substrate. The evolution of the π* peak intensity versus the angle of 

incidence for the 1 Å and 60 Å films is shown in figure 7.1 (right panel). The average 

molecule tilt angle α is defined as the angle between the plane of the molecule and the 

surface of the substrate. For the 1 Å deposition π* peak intensity is best fitted assuming 

an average molecule tilt angle α of 25°. For the 60 Å layer the best fit is for an angle of 

65°. More, the curve for a molecule tilt angle of 0° does not range from 0 to 1 as 

expected. This is due to the limited degree of polarisation on a bending magnet 

beamline. 
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Fig. 7.1. Left: Normalised NEXAFS spectra at the N1s absorption edge for a thick MgPc film (60Å) 
deposited on the Ge(001)-2×1 surface. Spectra were taken in total yield  mode. Right: Evolution of the π* 
peak intensities versus the angle of incidence for a 1 Å (blue) and a 60 Å (red) MgPc film deposited on 
the Ge(001)-2×1 surface. Expected curves for an average molecule tilt angle of 0°, 25° and 65° are 
plotted along side the original data. 
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7.1.2. MgPc deposited on GaAs(001)-1××××6 

 

Figure 7.2 (left panel) shows the N1s edge NEXAFS for a 60 Å layer of MgPc 

deposited on GaAs(001)-1×6. As on the Ge(001)-2×1 substrate, the π* features are 

enhanced for small angles of incidence indicating that the molecules lie close to 

perpendicular to the surface. The evolution of the π* intensities is also best fitted with a 

molecule tilt angle of 65° (figure 7.2 right panel). For a 3 Å layer the best angle for the 

fit is 45°. 
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Fig. 7.2. Left: Normalised NEXAFS spectra at the N1s absorption edge for a thick MgPc film (60Å) 
deposited on the GaAs(001)-1×6 surface. Spectra were taken in total and partial yield mode. Right: 
Evolution of the π* peak intensities versus the angle of incidence for a 3 Å (blue) and a 60 Å (red) MgPc 
film deposited on the GaAs(001)-1×6 surface. Expected curves for average molecule tilt angle of 0°, 45° 
and 65° are plotted along side the original data. 
 

 

7.1.3. Summary of MgPc NEXAFS 

 

The spectra for thin and thick layers of MgPc are very similar indicating little changes 

in the unoccupied states upon deposition. This is indicative of a weak interaction 

between the first layer and the substrate.  

 

The behaviour of thick layer MgPc is very similar on both substrates. The intensities of 

the π* features indicate that the plane of the molecules has an angle of 65° with the 

surface of the substrates. As MgPc is known to crystallise in the monoclinic structure, 
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this corresponds to an α-form stacking with the b-axis parallel to the surface of the 

substrate.  

 

At the monolayer level on Ge(001), the plane of the molecule has a tilt angle of 25° 

with the surface of the substrate whereas a best fit angle of 45° was obtained for a 3 Å 

layer on the GaAs substrate. This may represent a difference in interaction but it can 

also be explained by the possibility that in fact a slightly thicker layer was deposited. In 

this case the molecules in the second layer are already starting to lift off the surface thus 

increasing the average angle of tilt. Thus there is a change in the molecular orientation 

in the first few layers where the molecules rearrange themselves into the α-form 

crystalline structure with the b-axis parallel to the surface of the substrate. 

 

 

7.1.4. STM of a submonolayer of MgPc on Ge(001) 

 

 
 

Fig. 7.3. Room temperature STM image of the 2×1 reconstruction of the Ge(001) surface with a 
submonolayer deposition of MgPc. The rows created by the Ge dimers and four MgPc molecules are 
clearly observed. (Vsample = 0.4 V, It = 0.05 nA). 
 

 

Figure 7.3 shows an STM image of a submonolayer of MgPc deposited on Ge(001)-

2×1. Four MgPc molecules are clearly visible on Ge dimer rows. However it is not quite 
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clear if the unoccupied states of the molecules are imaged (sample biased positively, see 

§2.3.5) or if the Ge dimers are imaged tunnelling through the molecule. Each molecule 

covers the width of two dimer rows. The width of two dimer rows is 16.2 Å and the 

width of the molecule is 14 Å. This seems to indicate that the molecules are lying close 

to flat to the surface. However the exact interaction site on the molecule and the 

substrate cannot be located due to the large molecular size. It is also clear that the four 

molecules have a preferential orientation. This suggests that NEXAFS would show this 

preferential azimuth on a single domain Ge(001)-2×1 surface.  

 

 

7.2. SnPc 

 

7.2.1. SnPc deposited on Ge(001)-2××××1 

 

Figure 7.4 (left panels) shows NEXAFS spectra for a 3 Å and a 60 Å SnPc film 

deposited on Ge(001)-2×1. Spectra for the 3 Å film were taken on beamline 1.1 in 

Daresbury whereas the spectra for the 60 Å film were taken on the VUV beamline in 

Trieste. The former are partial yield at a bending magnet, the latter are total yield at an 

undulator. 

 

The resonance intensities of the NEXAFS (figure 7.4, right panels) spectra clearly show 

that the π* features are strongly reduced at small angles and vice versa for the σ*. The 

π* orbitals being roughly perpendicular to the surface, this means that the plane of the 

molecule is roughly parallel to the surface. 

 

Figures 7.4 (top right panel) show the evolution of the π* peak intensity versus the 

angle of incidence. For the 3Å layer, theoretical curves for two angles of tilt of the 

molecules (0° and 25°) have been drawn alongside. The best fit is for an average angle 

of tilt of the molecule of 25°. 

 

For the 60 Å layer, the curve assuming all molecules are lying flat (i.e. α=0°) ranges 

from 0 to 1 due to the 100% polarisation of the undulator beamline. This model is 
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represented by the full black line in figure 7.4 (bottom right panel). Data again is well 

fitted for an average angle of tilt of the molecules of 26°, the blue line. 
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Fig. 7.4. Left: Normalised NEXAFS spectra at the N1s absorption edge for 3Å and 60Å SnPc films 
deposited on the Ge(001)-2×1 surface. Spectra were taken using a partial yield detector and total yield 
mode for the 3Å and 60Å films, respectively. Right: Evolution of the π* peak intensities versus the angle 
of incidence for the 3 Å and 60 Å SnPc films. For the 3 Å film, expected curves for an average molecule 
tilt angle of 0° and 25° are plotted along side the original data assuming a polarisation factor of 0.85 
(experiment carried on a bending magnet beamline). For the 60 Å film, curves for known crystalline 
structures are plotted assuming a polarisation factor of 1 (experiment carried on an undulator beamline, 
i.e. VUV Elettra). 
 
 

The curves representing the different bulk crystalline forms are also plotted. The most 

reported form is the triclinic (see figure 2.6). Two extreme orientations are shown for 

the crystallographic a-axis parallel and perpendicular to the substrate, the green and blue 

dashed lines respectively. The sole mention of a monoclinic form [75] is not specific but 

two possibilities can be considered. The first possibility is a PbPc-like monoclinic form 

(see figure 2.7). In this case, curves for two extreme orientations are plotted in which 



 120

the c-axis is parallel and perpendicular to the substrate, the red and black full lines, 

respectively (the orientation with the c-axis perpendicular to the substrate is equivalent 

to all the molecules lying flat on the surface (i.e. α=0°) as described in the previous 

paragraph). The second possibility is a MgPc-like monoclinic form (see figure 2.4). 

 

 

7.2.2. SnPc deposited on GaAs(001)-1××××6 
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Fig. 7.5. Left: Normalised NEXAFS spectra at the N1s absorption edge for a thin SnPc film (3Å) 
deposited on the GaAs(001)-1×6 surface. Spectra were taken using a partial yield detector. Right: 
Evolution of the π* peak intensities versus the angle of incidence. Expected models for an average 
molecule tilt angle of 0° and 25° are plotted along side the original data. For the 60 Å film, curves for 
known crystalline structures are plotted. A polarisation factor of 0.85 is used (experiment carried on an 
bending magnet beamline, i.e. BL 1.1 at the SRS Daresbury). 
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Figure 7.5 (left panels) shows N1s edge NEXAFS for thin and thick adlayers (3 Å and 

40 Å) of SnPc deposited on GaAs(001)-1×6 and the evolution of the π* peak intensity 

versus the angle of incidence. As on the Ge(001)-2×1 substrate, the resonance 

intensities of the NEXAFS spectra clearly show that the π* features are strongly 

reduced at small angles meaning that the plane of the molecule is roughly parallel to the 

surface. For the 3 Å and 40 Å, the evolution of the π* peak intensity is again best fitted 

assuming an average molecular tilt angle of 25°. Crystalline structure models for the 40 

Å layer are the same as the ones described in the previous section. 

 

 

7.2.3. Summary of SnPc NEXAFS 

 

The spectra for thin and thick layers are very similar, indicating that there is no change 

in the unoccupied states upon deposition. This is indicative of a weak interaction 

between the first layer and the substrate.  

 

The NEXAFS spectra are the same on both substrates for both thin and thick layers. The 

best fit for a 3 Å layer is for an angle of tilt of 25°, which indicates that the molecules 

are not lying exactly flat on the surface. This picture is very similar to that of MgPc. 

 

For the thick layers, the data should be discussed with respect to known crystalline 

structures. It is clear that the range of the triclinic curves cannot accommodate the data. 

The range of curves for the PbPc-like monoclinic form would place the data close to the 

case of the c-axis normal to the substrate (black line). A tilt of 25° of the stacking c-axis 

would accommodate the data as would a polycrystalline mixture in which this form is 

dominant. Finally, a MgPc-like monoclinic α-form would also fit. These are 

indistinguishable.  

 

Similar NEXAFS results have been observed for SnPc molecules on passivated 

semiconductor substrates, suggesting that the adlayer orientation of SnPc is largely 

independent of substrate type [34]. 
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7.3. PbPc deposited on Ge(001)-2××××1 

 

Figure 7.6 shows the N1s K-edge total yield spectra for a 60Å PbPc film deposited on 

Ge(001)-2×1. The overall shape of the spectra for PbPc is very similar to those of the 

SnPc and MgPc films. However the angle dependence of the π* features is not as 

strong. 
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Fig. 7.6. Total yield N1s K-edge NEXAFS spectra corresponding to a 60Å PbPc film grown on Ge(001)-
2×1. 
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Fig. 7.7. Angle dependence of the N-edge π intensities for a 60Å PbPc film. The solid and the dashed 
lines correspond to the expected theory for the monoclinic and the triclinic crystalline forms for different 
orientations. The data is represented by the dots.  
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Figure 7.7 shows the angle dependence of the N-edge π* intensities for a 60 Å PbPc 

film. Bulk PbPc has two main crystalline forms, the monoclinic and the triclinic phase 

(see figures 2.6 and 2.7). Examples of the monoclinic have been reported with both      

c-axis parallel and perpendicular to the substrate. The two curves for these possibilities 

have been plotted along side the data. Curves for the triclinic structure have also been 

plotted for the a-axis parallel and perpendicular to the substrate. 

 

None of the crystalline structure curves fit the PbPc data. This suggests that the film is 

formed by a mixture of crystalline forms. 

 

 

7.4. Overall conclusions 

 

It would appear that the molecular orientation in both thick and thin films is 

independent of the substrate; this could not be confirmed for PbPc/GaAs due to shortage 

of time during our beamtime run. In all cases there are no strong changes in the 

unoccupied states upon deposition indicating that the molecules are still intact and that 

the interaction between the substrates is weak. 

 

For a monolayer, both SnPc and MgPc are lying close to flat to the surface. Studies on 

PbPc on other substrates are very similar [35, 93]. LEED and STM studies tend to 

report completely flat structures. NEXAFS suggests that a degree of tilt is also involved. 

Of course, admixing of opposing structures can create this result. If the molecules show 

the same orientation for monolayers, they clearly differ for thicker films.  

 

MgPc grows in the α-form but with its b-axis parallel to the surface. In this case the 

plane of the molecule makes an angle of 65° with the surface of the substrate. This 

involves a reorientation of the molecules in the first few layers.  This means that the 

stacking axis is parallel to the surface. The π orbitals of adjacent molecules will overlap 

in the plane parallel to the substrate thus the charge mobilities should be enhanced in 

that plane. Due to the flipping of the molecules in the first few layers, the characteristics 

of hybrid devices could be highly dependent on the MgPc interlayer film thickness.  
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For SnPc, there are different possible interpretations as to the crystalline form adopted. 

A pure triclinic form can be excluded. For a PbPc-like monoclinic form, the data is 

closer to the case with the c-axis normal to the substrate. The presence of another 

crystalline form or a tilt of 25° of the stacking c-axis of the PbPc-like monoclinic form 

would accommodate the data. Equally, a MgPc-like monoclinic α-form would also be 

possible. 

 

For PbPc, no fits for a pure crystalline structure matched the data. This suggests that at 

room temperature PbPc films have more than one crystalline structure and could be 

partly amorphous. This is agreement with Collins et al [84] who reported a mixture of 

monoclinic and amorphous phases for PbPc deposited at room temperature. 
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Chapter 8 Conclusion 

 

 

The main aim of this work was to characterise the organic/inorganic interface between 

metal phthalocyanines and Ge and GaAs substrates by means of photoemission 

spectroscopy.  With the latter technique, the growth mode of the organic adlayer was 

also established. NEXAFS was used to determine the orientation within the organic 

film.  

 

From photoemission core level studies, the interaction between the organic adlayer and 

the GaAs(001)-1×6 surface was found to be very weak. The lineshapes of the As3d and 

the Ga3d core level spectra remain very similar throughout the coverage range. The 

weak interaction is also confirmed by the fact that the metal core level is fitted with 

only one component corresponding to the ‘bulk’ contribution. The interaction is 

stronger on Ge(001)-2×1. This is evidenced both by the decrease of Ge surface 

components assigned to the ‘up’ dimer, the creation of an interface Ge component and 

by the observation of a second interface component in the metal core level spectra for 

two of the molecules. However, the latter differences in metal atom spectra probably 

reflect the different shapes of these molecules and the position of the metal atom 

relative to the surface of the substrate (towards or away from the surface). The weak 

molecule-substrate interaction is confirmed by NEXAFS measurements, which show 

that there are no changes in the unoccupied states upon deposition, also indicating that 

the molecule is still intact. The general shape of the valence bands is very similar for all 

three phthalocyanines, indicating that the major contribution is from the molecular 

backbone. Small changes are attributed to the central metal atom. The molecular 

features are very clear for very small coverages again supporting the core level 

spectroscopy results of a weak interaction between the substrate and the adlayer. 

 

The photoemission data of the molecules deposited on Ge suggests that an interaction 

can be located at the metal atom level (component assigned to the interface) in the case 

of non-planar molecules when the metal atom lies towards the surface. This is not seen 

for the planar MgPc. NEXAFS allowed the orientation of the molecules within the film 

to be determined. At a monolayer level, the molecules are lying close to flat on the 
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surface with a tilt angle of 25°. Using this tilt angle alongside SXPS data, it is possible 

to get an insight of the bonding of the molecules on the surface. If the molecules in the 

first layer were tilted with respect to the surface plane as suggested by NEXAFS results 

(see chapter 7), then one possible interaction location would be between the outermost 

carbons of a benzene ring and the substrate surface (involving loss of hydrogen atom(s) 

and possible breaking of π bond(s)). This interaction would affect the C1s 

photoemission core level of the involved carbon atoms, and affect slightly the 

neighbouring carbons; such an interaction would be hard to observe since the other 

carbons in the molecule would not be affected and would still be the major contributors 

to the C1s spectra. Due to the tilt of the molecule on the surface and the large size of the 

molecule, the effect of the molecule on the underlying dimers will be different 

depending on how far from the interaction point the dimer is located; the further away 

the larger the distance between the dimer and the molecule. This explains that only part 

of the dimers (i.e. 50% reduction of the component assigned to the ‘up’ atom)  are 

affected by the adsorption of the molecules. 

 

For thicker films, NEXAFS results suggest that the molecular orientation is independent 

of the substrate and each molecule exhibits a different molecular orientation. MgPc 

grows in the α-form with its b-axis parallel to the surface, which involves a 

reorientation of the molecules in the first few layers. For SnPc, PbPc-like monoclinic 

crystallites with the c-axis normal to the substrate is an approximate interpretation. 

However, the presence of other crystalline forms or a tilt of 25° of the stacking c-axis 

for this structure would fully accommodate the data. Equally, a MgPc-like monoclinic 

α-form is possible. For PbPc, no models for a pure crystalline structure fitted the data 

suggesting that PbPc films deposited at room temperature have more than one 

crystalline structure and possibly some amorphous regions. MgPc shows a higher 

degree of orientation which could be much more suitable for the fabrication of hybrid 

devices. However due to the flipping of the molecules in the first few layers, the 

characteristics of such a device could highly depend on the interlayer film thickness. 

 

The energetics of three MPc-GaAs interfaces have been established. There is a 

significant valence band offset of 0.4 ± 0.2 eV and the creation of an interface dipole. 

The vacuum alignment rule does not stand for these organic/inorganic semiconductor 
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heterojunctions, confirming previous studies [4, 21, 23]. The interface dipole is broadly 

consistent with the difference in electron affinity of the organic and inorganic 

semiconductors. By extrapolation and assuming that the interface dipole formation is 

driven by the EA difference, the HOMO-LUMO gap of SnPc was estimated to be       

2.2 eV. 

 
Beam damage is clearly evident in core level and valence band spectroscopy for SnPc. 

For MgPc, this beam damage is clearly observed only with the valence band 

spectroscopy. The component assigned to the beam damage in the Sn4d spectra can be 

related to a change from 2+ to 4+ of the charge state of the group IV Sn atom. An 

explanation for such an effect is that the beam damage affects the molecular backbone 

and that the broken bonds recombine with the Sn atom within the same molecule or 

with neighbouring molecules, thus changing the oxidation state. Such an effect would 

affect the internal structure of the molecule and the local environment in the organic 

film. This is in accordance with the reduction of the HOMO and the second HOMO and 

the broadening of the valence band feature.  

 

From the decay of the core level intensities, the growth mode for each molecule was 

also determined. Growth mode of SnPc is different from PbPc and MgPc. PbPc and 

MgPc exhibit a growth mode close to layer-by-layer whereas SnPc exhibits a Stranski-

Krastanov growth mode. Also a layer restructuring is observed for the SnPc adlayer for 

an equivalent thickness of around 15 Å. When annealing as low as 200°C, there is a 

desorption and/or a clustering of the metal phthalocyanine films. An AFM study would 

be required to distinguish between those two possibilities. 

 

 

The work presented in this thesis has also raised many questions, requiring further 

work. The exact nature of the interaction was not exactly pinpointed. More attention 

could be paid to the submonolayer regime, especially on Ge(001) (i.e. initial 

adsorption). Further work would include spectroscopy of C1s and N1s core levels as 

representation of the molecular backbone. The preferential azimuth for phthalocyanines 

deposited on Ge(001)-2×1 can be investigated using NEXAFS and a single domain 

Ge(001) substrate. 
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The shape of the molecule could be further investigated. In this work, two out of three 

molecules have a ‘shuttlecock’ shape, PbPc and SnPc. GePc or SiPc would be a good 

choice for further work since they also have a central group IV metal atom and their 

shape is closer to planar. Other values of valency for the central metal atom could be 

further investigated. 

 

Beam damage can be further investigated on high photon flux beamlines. A study of the 

molecular backbone is required to get a better understanding. Again, this can be done by 

photoemission spectroscopy of the C1s and N1s core levels. The influence of the 

molecule shape also needs to be investigated in this regard, PbPc and GePc/SiPc would 

suit such a study. Again, other valency for the central metal atom could be investigated. 

NEXAFS is another technique that can be used to investigate beam damage. This can be 

done by probing the evolution of the C1s and N1s edges. 

 

The overall aim of the DIODE network being to improve Schottky diode characteristics, 

the metal/interlayer interface should be investigated. In a NEXAFS study [151], it was 

observed that the PTCDA film was roughened by Ag deposition, which diffused into 

the organic film, inducing disorder in the film. A similar behaviour might be expected 

in the case of silver deposited on the metal phthalocyanines used in this work. There can 

also be a reaction between the deposited metal and the phthalocyanine in which the 

metal ion can be removed and/or substituted from the phthalocyanine framework. Wells 

et al [151] reported such an interaction for Fe deposited on PbPc films as well as for 

SnPc deposited on polycrystalline Fe. 

   

Finally, scanning probe techniques could be very useful. AFM would be a good 

technique to probe the evolution of the film morphology upon annealing. This technique 

can also be used to probe the evolution of the films upon annealing. Initial STM has 

shown that the morphology of the first monolayer can be investigated and preferential 

adsorption sites can be determined. This work should be extended. 
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