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l. INTRODUCTION 

In the last decades the physics of thin films has enormously increased its 
importance in the material science research. Thanks to the technological 
advances that the understanding of these systems has produced this research 
field has conquered a large industriai interest. Notwithstanding the large 
research effort, many aspects stili remain unclear and need further investiga-
tion. Interestingly, the research process in this field has often been accelerateci 
by the same technological achievements it has produced, since new powerful 
rèsearch tools have been made available that enabled to understand more 
complex systems(1]. 
The number of possible application of thin film technology is nowadays so 
large that an exhaustive and detailed list of them is quite impossible. The 
thin film research and technology has exploited most of available materi-
als both of inorganic and organic type. Fig.l.1 shows in a schematic way 
some of the application fields of the two type of films. The major field of 
application of inorganic films science has been and stili is that of microelec-
tronics. The Moore law(2] correctly described in 1965 how the number of 
transistors per square centimetre of a circuit would double every 18 months. 
This miniaturization process has been achieved by developing new metallic 
and semiconductor devices, whose components have rapidly entered the ap-
plication range of the thin film technology. More recently, new applications 
in other fields like magnetic data storage, protective coatings and catalysis 
have become of great interest thanks to advances made in thin films studies. 
Furthermore, regarding the metallic films, some very interesting aspects of 
basic research have been put in evidence in last years and are stili matter 
of discussion among the scientific community. At very low thickness (few 
atomic layers) the films can exhibit some structural and morphological prop-
erty originated by Quantum Confinement along the growth direction of the 
electrons at the Fermi level(3]. 
Another interesting topic in basic research is that of the phase transitions. 
They involve very thin metallic films (in the monolayer thickness range), that 
can undergo electronic and structural transitions when thermodynamical pa-
rameters, like the substrate temperature, are varied; the description of this 
phenomena in some cases is stili debated(4]. 
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Fig. 1.1: Thin films are the basis for many interesting studies and applications. 

More recently organic films have become of interest for the possibility to 
fabricate electronic devices. Their generai low efficieiicy and reliability with 
respect to the inorganic films derived ones are largely compensateci by their 
low-cost production technology and by the possibility to be grown on al-
most all the solid surfaces. In particular, the capability to create flexible 
and differently transparent devices for some applications like monitors or 
even electronic circuits components makes the organic film technology very 
appealing. Up to now the Organic Light Emitting Diodes (OLEDs) are the 
most widely studied and the only largely available to consumer organic-based 
devices[5] . The employment of OLEDs instead of the conventional LEDs has 
allowed during the last 15 years to develop displays with higher performances 
in terms of luminosity and efficiency, based on a technology which is even 
cheaper than the one based on inorganic materials. 
An emerging and promising area of research in organic semiconductor films 
is the production of solar cells. Inorganic photovoltaic devices are usually 
made of crystalline or amorphous silicon; organic devices are formed by a 
junction between two different organic materials composed by polymers or 
small molecules films. The organic cells are still poorly efficient but their 
very low production costs suggest that when reaching slightly higher perfor-
mances they will eventually replace the more expensive conventional devices. 
The advent of the atomic resolution microscopy tools such as STM or AFM 
microscopes and the capability of manipulating single molecules on the sub-
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strate surface has driven the creation of a new branch in the electronics, 
based on the possibility that single molecules devices can replace electronic 
components like the transistors, leading to a remarkable advance in the minia-
turization process cited before. The state of the art of these recent studies 
is at a fundamental research level but the first results are very promising for 
future developments. 

Some of the above mentioned applications are based on films of few atomic 
layers thicknesses. The film electronic properties are correlateci to the film 
structure, which strongly depends on the first stage of deposition, when the 
interface between the film and the substrate is formed. For this reason, a 
large accuracy is essential to monitor and control the first stages of deposition 
in order to both obtain a good film quality and tailor some of its structural 
properties to obtain the required characteristics of the system. As pointed 
out in a recent review by Schreiber [6), the growth process of an organic film 
presents many aspects in common with the growth of an inorganic film. Most 
important, depending on the growth conditions, different growth modes can 
be obtained, i.e. Frank-van-der-Merwe (layer-by-layer), Stranski-Krastanov 
(layer and then island after a criticai thickness), Vollmer-Weber(islands). 
On the other hand, the organic films being composed by extended molecules, 
new degrees of freedom in the molecule orientation with respect to the surface 
are introduced and the interface between an organic film and the substrate 
becomes more complicateci. 

Three different experimental approaches can be in generai used for the 
characterization of the interfaces (see fig.1.2): the X-ray or neutron diffrac-
tion, the microscopy and the spectroscopy. Diffraction techniques provide 
average structural information and need a long range order of the system for 
being properly adopted. On the other hand microscopy achieves a spatial 
resolution in the sub-A range and is therefore sensitive to the local struc-
ture of the film. Spectroscopic techniques are a local probe of the electronic 
properties of the film when associateci to a microscope; otherwise they give 
average information. In generai very thin films have a low response to inves-
tigation techniques because of the small number of atoms they are composed 
of, hence the study of the interfaces has strongly benefited by the advent 
of brilliant photon sources such as the synchrotron ones. The complexity 
the systems can present requires the use of more complementary techniques 
for understanding different aspects of the same problem. This requirement 
is further put in evidence in the case of organo-metallic interfaces. Organic 
molecules are in generai composed by lighter atoms that the substrate ones. 
Techniques with different surface sensitivity have then to be applied for hav-
ing information from both the film and the substrate structural properties. 
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Fig. 1.2: Since the early stages of deposition determines the structure of the whole 
film and then its properties, the study of the film-substrate interface 
is of fundamental importance. In the present work the necessity of a 
multi-technique approach for a proper investigation of this systems will 
be demonstrate. 

The aim of the present thesis work is to show how some of the available exper-
imental techniques for interface investigation can be combined for studying a 
system and obtaining complementary structural and morphological informa-
tion about it. This has been clone by applying a multi-technique approach 
to systems of increasing degree of complexity, some of them being matter of 
study for the applications mentioned above. 

The measurements have been performed at the ALOISA beamline of Elet-
tra Synchrotron in Trieste and its branchline HASPES. Both diffraction and 
spectroscopy experiments have been performed. The quite complex equip-
ment available in these laboratories has allowed me to study the systems 
by means of Grazing Incidence X-Ray Diffraction (GIXRD), PhotoElectron 
Diffraction (PED), Near Edge X-ray Absorption Fine Structure (NEXAFS) 
spectroscopy, Helium Atom Scattering(HAS), Low Energy Electron Diffrac-
tion (LEED), X-ray Photoemission Spectroscopy(XPS). Simple systems have 
been studied at the beginning. The clean Au(llO) surface has been studied 
by means of GIXRD. It is known that this surface presents a l x 2 missing row 
reconstruction; the atomic displacements of its celi have been determined and 
compared with a previous study. PED and NEXAFS techniques have then 
been applied to the determination of the molecular orientation of a CN layer 
chemisorbed on the Pd(llO) surface. These two experiments are presented 
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as case studies in chapter 2, where the main aspects of the used experimen-
tal techniques are described. In chapter 3 the experimental apparatus is 
described together with the investigation method. A section is dedicated to 
the description of the new acquisition procedure I have developed for per-
forming PED experiments. The study of the Ni/Pd(100) system is reported 
in chapter 4. In the early stages of deposition, Ni atoms form a tetrago-
nally strained fcc phase with the same laterallattice spacing of the substrate 
(pseudomorphic phase). In this way, a N i film with different properties from 
the Ni bulk crystal can be obtained. Previous PED measurements suggested 
a structural transition occurring when the film thickness exceeds approxi-
mately 9-12 layers. At this stage the film was supposed to transform into its 
bulk-like Ni fcc structure. We have used GIXRD and PED to fully character-
ize the evolution of the two phases as a function of the thickness. The criticai 
thickness for the transition has been determined. GIXRD scans analysis also 
allowed me to monitor the structural an d morphological changes of the whole 
film during the transition. It is the first time as far as I know that this kind 
of process is described for the entire thickness of the film and not only for 
the uppermost atomic layers. Finally, chapter 5 reports the study of an 
organo-metallic interface. The system consists of a very thin film of Copper-
Phthalocyanine grown on the Au(llO) surface. Metal-Phthalocyanines films 
are among the most promising organic semiconductors devices for applica-
tions in electronics, solar cells, gas sensors. Their transport properties can be 
improved by optimizing the film morphology, which depends on the interface 
structure; for this reason the study of the early stages of deposition of CuPe 
on metals is relevant for possible technological applications. We have studied 
the structure of a thin Cu-Pe film on the Au(llO) surface by means of HAS, 
LEED, NEXAFS and GIXRD as a function of thickness in the 0-2 mono-
layer range. We have shown how different ordered phases are induced by the 
interaction between the molecules and the substrate as a function of the film 
thickness. In particular, two phases have been studied displaying different 
periodicity along the [100] direction of the surface: a 5-fold periodicity is 
present in the sub-monolayer r~nge; at the monolayer coverage a 3-fold pe-
riodicity appears. GIXRD measurements allowed to determine the structure 
of the x3 cell which is present in the both phases and is accompanied by 
residual x 2 cell of the clean surface in the x 5 phase. The complementary 
use of HAS and LEED allowed me to distinguish between the order of the 
substrate and that of the organic layer; while the molecular film is partly 
disordered at the monolayer stage, the substrate presents well defined long 
range order. The NEXAFS spectra determine the molecule orientation with 
respect to the substrate. 



2. EXPERIMENTAL TECHNIQUES 

Being the multitechnique approach one of the main aspects of this work, 
severa! techniques have been used in the presented experiments. A detailed 
treatment of the theoretical basis of each of them would have been neverthe- · 
less quite meaningless because not needed for understanding the data analysis 
performed. In fact I prefer to give a brief introduction to those aspects of the 
techniques which have been considered for having information on the stud-
ied systems. Further details can be found in the given bibliography. Under 
these considerations, in this chapter the grazing incidence x-ray diffraction, 
the photoelectron diffraction and the 

absorption spectroscopy have been introduced. More attention has been 
given to theoretical treatment of x-ray diffraction because a more quantitative 
data analysis of XRD data has been reported in the next chapters and a basic 
comprehension of some concepts is therefore required. Techniques such as 
Low Energy Electron Diffraction and Helium Atom Scattering have been 
used in a very qualitative and marginai way that will be described in the 
chap.3. 

As case studies for the three techniques presented in this . chapter two 
experiments are described, that also can be considered preliminary to the 
more complex cases reported in the second part of the thesis. The first is 
the structural characterization of the clean Au(llO) surface, which is the 
substrate used in the experiment of chap.5. The second is an example of de-
termination ofthe molecular orientation in a very thin film (CN on Pd(llO)). 

2.1 Grazing Incidence X-ray Diffraction 

X-Ray diffraction is one of the most widely used techniques for studying the 
bulk structures of the materials. When a x-ray beam impinges a sample it 
is scattered by the electrons of the atoms of the illuminated area. If the 
incident beam is time- and spatially-coherent the scattered field is coherent 
as well. Under these conditions, depending of the atoms positions, the beam 
energy an d the beam wave vector, the field scattered from different atoms 
coherently adds and originates intensity maxima ( di.ffraction peaks) along 
certain directions. The position and the intensity of the diffraction peaks 
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give information about the reciproca! space of the of the diffracting crystal 
and hence about its structure. As known, the presence of the surface in a 
crystal introduces rods in the reciproca! space, normal to the surface plane 
(see [7] fora generai treatment of this point). The rods intensity is in generai 
much lower than the bulk peak one. This is the reason why in order to 
perform x-ray diffraction measures for determining a surface structure a very 
brilliant source such as the synchrotron light is required. To improve the 
surface signal with respect to the bulk one a grazing incidence measurement 
geometry is chosen. If the incidence angle is close to the criticai angle for 
the material under study, the phenomenom of total refiection occurs and the 
signal arising from the sample is almost totally due to the first atomic layers. 
In the simulation of a surface diffraction pattern the multiscattering effect 
(i.e. the possibility that a photon is scattered more than once before it 
is detected) can be neglected and the kinematical computation approach is 
suitable. In the following section an overview on the theoretical treatment of 
GIXRD is given; more details can be found in [8] and in [9]. In section 2.1.3 
the measurements made on the Au(llO) l x2 reconstructed clean surface are 
reported as an example of application of GIRD technique. 

2.1.1 Kinematical theory of X-ray scattering 

According to classica! .electromagnetism, an electron in a linearly polarized 
electric field Ei = Ei0e-ik;·r irradiates an electric field whose value at a dis-
tance R from the scatterer is: 

(2.1) 

being Rk1 = r, P the polarization factor, r0 the classical electron radius. 
The factor P only depends on the geometry of the measure and it value is 
v'P= (I- (kJ 0 kf )) · Ei, where 0 indicates the dyadic product hetween the 
vectors. 

For the scattering geometry depicted in fig. 2.l(a) 

k f = ( cos a cos ,B, cos a sin ,B, sin a) 

and then: 

( 

l - cos2 acos2 ,B 
v'P = cos2 a sin ,B cos ,B 

-sin a cosa cos ,B 

- cos2 a sin ,B cos ,B 
l - cos2 a sin2 ,B 

- sin a cos a sin ,B 

- sin a cos a cos ,B ) 
- sin a cos a sin ,B · E i 

l- sin2 a 
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Fig. 2.1: (a)Scattering from an electron positioned in O. 2(} is the scattering an-
gle. (b)Scattering from an atom: the relative positions of the electrons 
determine the phase condition of the scattered wave in Q. 

The wave scattered from an atom can be rappresented as the sum of waves 
scattered from the electrons of the atom. This assumption is correct if the in-
cident field energy is far from the threshold energies of the electrons. Consid-
ering an atom in the axis originO, its electron n positioned in~ (fig.2.1(b)) 
is in an electric field 

(2.2) 

According to eq. 2.1 the electric field measured in Q, due to the scattering 
from electron n, is: 

(2.3) 

Taking in t o account t ha t the distance O P is much larger t han interatomic 
distances the following approximation can be made: 

and by summing the scattered waves from each electron the field in Q scat-
tered from the atom becomes: 
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Ef = ro ..;p EieikR L ei(krk;)·fn 
R n 

(2.4) 

The classic theory followed above is based on some approximations. First of 
all the non-elastic Compton component of the scattering has been neglected. 
Since it is incoherent it results as a background in the diffraction pattern 
and has no important role in the structural study that can be performed by 
means of x-ray diffraction. The other point is that a correct treatment of x-
ray scattering should use a quantum description of both the electric field and 
the scattering electrons. Very good results are however obtained by keeping 
a classic rappresentation of the field but introducing a proper description of 
the electrons involved in the interaction, using a density function p(T). Eq. 
2.4 then becomes: 

(2.5) 

being 

p( T)= Lm Pn 

the sum of the electron density of the electrons of the atom. The quantity 
(kf- ki) is the momentum transier and is usually indicated as if. I t is defined 
atomic iorm iactor the quantity: 

(2.6) 

Assuming in a first approximation that p( T) = p( r), the atomic form factor 
is a function of the modulus only of the momentum transfer: io( i/) = io( q). 
As already pointed out, what has been said is correct if the photon energy 
of the incidence beam is far from any threshold of the atom. For taking into 
account the proximity of a threshold, new terms can be added to the atomic 
form factor, that becomes: 

i = io + f' +ii" (2.7) 

where io= io(q), f' and i" are the real and imaginary parts ofthe correction 
for the resonance effects. Values of f' and i" as a function of the incident 
beam energy can be found in literature [10]. 
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2.1.2 Surface sensitive X-ray Diffraction 

X-rays in the 3-10 KeV energy range penetrate quite deepiy (microns) in 
most materiais. Under these conditions a diffraction study of the surfaces 
structure is difficult because of the small ratio between the signai arising 
from the first atomic Iayers of a crystai and that due to the buik. However, 
since materiais have usually a refraction index Iower than unity for x-rays 
in Ke V range, they present a criticai angie Cl!c· If the incident photon beam 
impinges the crystai surface with an incidence angie Cl!in < Cl!c the totai re-
flection phenomenon occurs, the beam in the crystai traveis as an evanescent 
wave and its penetration is strongiy reduced [11). For a more quantitative 
treatment some formuias are needed. The refraction index of the materiais 
can be written as: 

n= 1.- o- if3 (2.8) 

being o an d f3 of the arder of 10-5. By appiying the Maxwell Iaws a t the 
vacuum-materiai interface it resuits that there is a criticai angie [8): 

(2.9) 

and a penetration depth A given by: 

l 

A -l = ..f2k (V (a[ - a~) 2 + 4(32 +a~ - a;) 2 
(2.10) 

In fig. 2.2 a) the calcuiation of A for Au at 4000 eV photons energy has been 
made. The criticai angie is 1.1 o. As shown the penetration beiow the criticai 
angie reduces to few tens of A. Another point to consider is the transmissivity 
coefficient for the eietric fieid trough the vacuum-materiai interface. It derives 
from the continuity conditions at the interface and is given by the Fresnei 
equations as a function of the incidence angie ai: 

(2.11) 



$ 
~ -o 
c o 
·~ 

" c 
~ 

a) o 

2. Experimental techniques 

photon energy = 4000 e V 

2 4 6 8 
Incidence angle ai (deg) 

b) o IO 

ffil 
~ 

2 3 4 5 6 
ai 

14 

Fig. 2.2: a) X-ray penetration depth as a function of the incidence angle. b) Fres-
nel 'fransmissivity function. Calculation has been made for Au, with a 
photon energy of 4000 e V; the criticai angle is l. l o 

being a~ the incidence angle inside the material, given by the Snell law 
n cosa~ = cosai. Eq. 2.11 takes in account the refraction effects for the 
incident beam and indicates that they are no negligible when the incidence 
angle is dose to criticai angle; the same effects are present for the exit beam 
as well andare described by a transmissivity function Tout that has the same 
form of ~n but is calculated for the exit angles of the beam from the interface. 
lt is therefore dear how working dose to the criticai angle with the incidence 
beam increases the surface sensitivity in a x-ray diffraction experiment. If 
also the exit angle is kept grazing the resulting measure is even more surface 
sensi ti ve. 

An x-ray diffraction experiment consists in measuring the intensity and pro-
file of the diffraction peaks. In the case of a three-dimensional crystal each 
diffraction peak is a point of the reciproca! lattice. In the kinematical ap-
proximation the diffracted intensity is calculated as the sum of the diffracted 
signal of each atom building the crystal. Following the same procedure used 
in obtaining eq.2.4 in summing the contributes of single electrons of an atom, 
the beam intensity diffracted by a crystal can be written as [7]: 

(2.12) 

where 10 is the incident beam intensity, F(i/) is the Stucture Factor defined 
as: 
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N 
F(if) =L iJ(q)eiif·fj (2.13) 

j=l 

being the sum performed over the N atoms of the crystal uni t cell. In order to 
take in account that the atoms are not fixed but in thermal vibration around 
their mean position, a Debye-Waller factor [13] is introduced in eq.2.13 and 
the form factor becomes: 

N 
F(if) = L 1J(q)e-Bi(q/47r)eiif·fj (2.14) 

j=l 

with Bj Debye-Waller factor of the j atom, defined as a function of the 
quadratic mean atomic displacement < u] > as: 

811"2 
B - 2 

J·--<u-> 3 J 
(2.15) 

Finally, the function ri in eq.2.12 derives from the sum on the Ni primitive 
cells along the i direction and is written as: 

(2.16) 

being ai and Qi the i component of the crystal lattice vector and the mo-
mentum transfer respectively. Eq. 2.12 indicates that there is a peak in the 
diffraction intensity when the r functions have a maximum; this happens 
when the momentum transfer q is equal to a vector of the reciproca! space 
of the crystal and ri = Ni. The diffraction peaks are as more intense as the 
diffracting atomic domains are larger. If Ni is large enough (Ni > 50) ri can 
be approximated by a gaussian or a lorentzian function[15); the peak width 
is related to the size of the scattering domain by: 

(2.17) 
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surface terminated crystal 
bulk Bragg points 

~ • .. -~ --.. • • • • celi • / 

surface rod 

direct space reciproca! space 

Fig. 2.3: Graphic representation of the direct and reciproca! space of a surface-
terminated crystal. The presence of the 2-dim surface introduces perpen-
dicular to the surface piane rods in the reciproca! lattice. Their profile 
gives information about the structure of the first atomic layers of the 
crystal. 

where Li = Niai is the coherently scattering domain size along the i direction. 

lf a surface terminated crystal instead of a ideai 3-dim one is considered, 
the reciproca! space of the system presents, in addiction to thè Bragg points, 
the perpendicular to the surface plane rods typical of a 2-dim system. 

In fig. 2.3 a graphic representation of the direct and reciproca! space of a 
crystal is reported. The diffraction condition for measuring a peak along the 
rod is that the in-piane component of the momentum transfer corresponds 
to a reciproca! vector of the surface lattice. By keeping fixed this condition 
the perpendicular component L of the momentum transfer can be varied for 
measuring the rod at different points in the reciproca! space and doing what 
is called rodscan. The tipical intensity of a diffraction peak along a rod is 
up to 106 times lower than a bulk peak. This is the reason why a brilliant 
photon source as the synchrotron is required and a grazing incidence geom-
etry is needed. 
Once a se t of X-Ray diffraction reflections h ave been measured, a quantitative 
analysis is made by fitting the data. The fit function is simply the one given 
by eq.2.14. The crystal unit cell structure is the input for the calculation; by 
varying some of the interatomic distances of the cell the diffraction pattern 
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can be reproduced by the calculations. For the present work the Vlieg's sim-
ulation program ROD has been used. It offers a very effective fitting proce-
dure, based on two different minimization methods (the Levenberg-Marqurdt 
and the Simulated Annealing). More information about the program can be 
found in [14] . 

In section 3.2 the experimental details on how the rodscan measurements 
are performed will be given. In the next section the study of the clean 
reconstructed Au(llO) surface is reported as an example of application of 
GIXRD. 

2.1.3 Case study: the Au(llO) clean surface 

The following experiment has been performed as preliminary measure for the 
CuPe/ Au(llO) system study that will be presented in chapter 5. 

Fig. 2.4: The Au(llO) l x 2 missing row 
reconstructed surface. 

It is well known that the Au(llO) 
clean surface presents a l x 2 miss-
ing row[16] reconstruction (fig.2.4) . 
Many both experimental and theoret-
ical studies have been performed in 
the past in order to fix the structural 
properties of the surface. 

An extended x-ray study has been performed by Vlieg and co-workers 
[19]; they found that there is a top-layer contraction, predicted by theoreti-
cal calculations in [20] and in contrast with a previous but less accurate x-ray 
diffraction work [18]. Another point resulting from this experiment is a pair-
ing in the second and fourth layer, already seen by means of LEED in [17]. A 
limit however of Vlieg's measurements is that the rodscans are quite limited 
in L range. This leads in generai to a poor sensitivity to the relaxations of 
the inner atomic layers. We have measured three rodscans with a wider L 
range (1.5 instead of 1). The number of scans should be increased in order 
to have a complete structural charachterization of the surface, nevertheless 
some interesting results have been obtained. 
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Fig. 2.6: Au(l x 2) rodscans. Markers are the experimental data and blue lines are 
the fit obtained. Red lines are the calculated intensity with structural 
parameters from ref.[19) 

Fig. 2.5: Rheed image of the Au(llO) missing row l x 2 reconstructed phase. 

The Au(llO) missing row l x 2 surface reconstruction is obtained after some 
cycles of lKeV Ar+ sputtering and 0.5 KeV Ar+ sputtering during anneal-
ing to 800K. Decreasing the sample temperature the order-disorder phase 
transition to the l x 2 phase takes place. To control the effectiveness of the 
preparation procedure the RHEED has been used during the sample cool-
ing; fig. 2.5 shows a Rheed picture in wiche the I reconstruction spots are 
evident. By means of XPS the cleanness of the surface is checked. 

The measured rod profiles are reported in fig 2.6; the data have been 
collected and reduced as indicated in section 3.2. Photon energy was 7000eV. 
Blu line in figure indicates the fit results; red lines are the rodscans calculated 
using Vlieg's model. As it could be noticed, Vlieg model reproduces quite 
good the results in the first part of the rodscans but fails in the higer L 
values, due to the fact that it has been obtained for a lower L-range scans. 
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Present Work Vlieg's 
(A±.OS) mode l 

dl2 1.28 1.12 
d23 1.51 -
d34 1.44 -
buck 0.24 -
Xl 0.10 0.05 
X2 0.06 0.05 

Fig. 2. 7: Cell structure obtained from the fit. The table reports the comparison 
between the present model displacements and those of Vlieg's model 

Fig.2.7 and relative table report the fit results. The fit has been performed 
by keeping the cell symmetry; the first four layers were allowed to vertically 
relax. Moreover a lateral displacement for the atoms in the second and 
fourth layer has been considered. Two main facts have to be noticed in the 
resulting cell structure. The first is that the introduction in the fit of a larger 
number of relaxing layers reduces the compression of the first layer to a 11% 
of the unrelaxed interlayer distance (1.44A); the second interesting point is 
the presence of an evident buckling in the third layer. The same effect has 
been recently noticed in Pt(llO) l x 2 missing row reconstruction by Blum 
et al. [24]. Furthermore, i t will be shown in chapter 5 that this buckling 
is also present in other missing-row like reconstructions of this surface. It 
suggests that this re-arrangement of the third layer is required by this kind 
of reconstruction of the first layer. 

2.2 Spectroscopic techniques 

A large number of surface analysis techniques is based on the detection of 
photoemitted electrons in the range of 5-2000 e V of kinetic energy. The 
surface sensitivity of these techniques is intrinsic of the mechanism that allows 
an electron to travel through the matter an d be detected by an analyzer. 
During this process an electron in this energy range has an high probability 
of inelasting scattering; therefore, if the analyzer is set in order to measure 
only those electrons having an energy unchanged by dissipation effects, it is 
known that electrons coming from the first atomic layers are measured. The 
process underlying the creation of photoelectrons is qui te simple. A photon of 
energy hv penetrates the surface and is absorbed by an electron with binding 
energy Eb. If hv > Eb the electron has a probability of absorbing the photon 
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and leave the atom it is bonded to with a kinetic energy Eki = hv- Eb· If Eki 
is grater than the work function cp of the materia! and no inelastic scattering 
takes place, the electron emerges from the solid with a kinetic energy Ek = 
hv- Eb- cp an d can be detected. In this way a photoemission spectrum would 
simply be the energy distribution of electron states shifted up in energy by an 
amount hv- cp. The analysis of the spectra is in fact complicateci by features 
due to electrons inelastically scattered (plasmons) and electrons emitted for 
the decay of exited states createci by absorbed photons (Auger electrons) . 
Electrons that have suffered several inelastic scattering events contribute 
to a continuum and featureless background that increases as the measured 
kinetic energy decreases . The X-ray Photoemission Spectroscopy (XPS) is 
a powerful technique for having chemical information about a system. In 
the present work XPS has been used mainly as a check for the status of 
the surface after its preparation, before performing further measurement. 
Two other experimental techniques have been used for the studies that will 
be presented: the PhotoElectron Diffraction (PED) and the Near Edge X-
ray Absorption Fine Structure spectroscopy (NEXAFS). In the next two 
sections a brief theoretical introduction to these techniques will be given. 
The attention has been focused on those aspects that are needed for following 
the data analysis performed in the presented experiments. 
The introduction to PED technique is taken from [7) and [21) and explain how 
the photoelectron diffraction can be used in the so called forward focusing 
regime for investigating the geometrica! properties of the first layers of a 
surface. 
The NEXAFS is used for determining the orientation of the organic molecules 
composing a film on a metallic substrate. For this purpose a qualitative 
analysis of the spectra is needed as it will be explained. We won't enter 
therefore in the detail of the theory of the absorption process. For a complete 
and very clear description of NEXAFS technique and problems related, we 
refer to [23), from where the treatment here presented has also been extract. 

2.2.1 Photoelectron Diffraction 

A photoelectron emitted from an atom of a solid surface feels the field gen-
erateci by the local atomic environment along its escape path towards the 
surface. Components of its wavefield are elastically scattered by the sur-
rounding atoms; these scattered components are coherent with the initial 
electron wavefield and therefore interfere with it. The detected intensity of 
photoelectrons depends therefore both on the emission angle and on the pho-
toelectron energy, due to the changes in the scattering path length. Since 
the scattering path length depends on the interatomic distances as well, a 
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Fig. 2.8: Elastic scattering factor for Ni atom as a function of scattering angle at 
various energies ( after Fadley[22]). 

photoelectron diffraction pattern first of all carries out information about the 
local structure around the emitter. The amplitude of the electron wave is 
proportional to l/ r, w h ere r is the distance of the electron from the emitting 
atom. Therefore, PED is a local structural probe; the nearest neighbour 
environment of the emitter determines the main features of the diffraction 
pattern. The measurements are performed by doing angle-resolved or energy-
resolved scans of the diffracted intensity. The way a wavefield is scattered 
by an atom depends on the scattering factor of that atom. Fig. 2.8 reports 
the angular dependence of the scattering factor of Ni atoms, calculated for 
different energies [22]. It has to be noticed how for high energies (beyond 
about 300e V) the scattering amplitude is focused around a polar angle of 
05 = oo, i.e. in forward direction of the emitter atom towards the detector. 
For lower kinetic energies the scattering factor present a larger component 
in the backward direction. 

The data analysis in this regime has to be performed very carefully. Both 
scattering amplitude and phase shift are strongly dependent on the photo-
electron kinetic energy in the 50 e V - 150 e V range. A 

The scattered components phase shift is also very important for the 
diffraction calculations. In forward direction or at small angles the calculated 
scatter phase shift is small and increase at higer angles. This, combined with 
the fact of a highly anisotropie scattering amplitude in forward direction at 
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Fig. 2.9: In the forward scattering regime the wavefield of the emitter atom (blue) 
is scattered by a second atom mostly in the forward direction. The phase 
shift at this angle is almost 0°. As a result, the diffraction pattern exhibits 
maxima of intensity along the atomic alignment directions. 

high energies, is often called forward scattering and is used for structural 
analysis. 

As depicted in fig.2.9 ifa second atom is positioned between the emitter 
and the analyzer a maximum in the photoelectron intensity is measured. 
According with what has been said about the scattering factor and the phase 
shift, as higher is the incident photon energy end thetefore the electron kinetic 
energy, as more intense is the peak in the forward direction. 

2.2.2 Near Edge X-ray Absorption Fine Structure spectroscopy 

An X-ray absorption spectrum describes how x-rays are absorbed by the 
studied system at energies near and above the core-level binding energy of 
a selected atom. Since a photon energy scan is needed the absorption tech-
niques require a synchrotron light source and have been developed in last 
decades with the advent of storage rings. The absorption spectrum is usually 
divided in two regions: the one dose to the threshold (from few pre-threshold 
eV up to 50-80 eV above the edge) is called NEXAFS (Near-Edge X-ray Ab-
sorption Fine Structure); the regio n a t higher photon energies is indicated as 
EXAFS (Extended X-ray Absorption Fine-structure Spectroscopy) . The dis-
tinction between the two regimes is convenient because of both the different 
analysis approach and the different information about the system that could 
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be obtained. EXAFS result sensitive to the bonding geometry, coordina-
tion number and species of the neighbours of the absorbing atom. NEXAFS 
probes the bonds of the emitter atom to intra-molecular and, even if less 
clearly, extra-molecular (i.e. surface atoms) neighbours. For the aim of the 
present work, absorption techniques have been used for characterizing the 
interaction between thin organic films and metallic substrates and NEXAFS 
has therefore been used. In particular by means of this technique i t is possible 
t o: 

- Detect the presence of specific bonds in molecules. 

- Determine the bond lengths. 

- Determine the molecules orientation with respect to the surface. 

- Reveal which orbitals are involved in the bond with the substrate. 

NEXAFS does not give information about the adsorbate-substrate reg-
istry; a complementary technique for this, such as PED or X-Ray diffrac-
tion should be used. In general, an electron photoemitted by an atom or 
a molecule encounters empty atomic or molecular states before the contin-
uum states above the vacuum level. For a closed shell atom in its ground 
state Schrodinger equation predicts empty Rydberg states below the vacuum 
level Ev. The same situation is found for the core exited atom, with just 
an energy shift of the electronic states. A scheme of what is expected is de-
picted in fig.2.10. For the diatomic molecules there are in addiction unfilled 
or empty molecular orbitals. Usually MOs are labelled in terms of IJ or n 
symmetry and unfilled MOs are denoted with an asterisk. As illustrateci in 
fig.2.10 the lowest unoccupied MO (LUMO) is usually a n* orbital with a IJ* 

. or bi tal at higher energy. These states are typically above the vacuum level 
for neutral molecules but the n* state is pulled below Ev by electron-hole in-
teraction in the ionized molecule. The IJ* remain above the vacuum level and 
no resonances in the absorption spectra due to this state would be therefore 
expected. In fact, as depicted in the top part of the figure, a broad IJ* res-
onance is present. This is indicated in literature as IJ* shape resonance and 
arise from the fact that the potential for the photoemitted electron include 
a centrifugai term which depends on the angular momentum of the electron 
and gives rise to the potential barrier; in this way the IJ* state becomes a 
real MO and the probability that an electron emitted from a core level is en-
trapped in this state is increased. A molecule absorption spectrum is in fact 
more complicateci than that depicted in the figure, which directly reproduces 
the distribution of MOs. Here the multi-electron excitations are neglected 



c 
= ~ 
o 

D .. 

2. Experimental techniques 

.. 

Photon Energy lP Phoion Energy 
-~---=---- --- =- -----=--- -=-=---~ - - - -- -- - - -"'=--=- -=---=~--==----=-=-- ---- --~-----===-=--==-=--- - -- ---=--=-=---
-~--- -- --- --- ----- ---- ------

-~ -- --- -- -----------

~·- -1 
· · Continuum i 

24 

Fig. 2.10: Schemes of the potentials (bottom) and expected k-shell spectra(top) 
of atoms and diatomic molecules[23]. 

and tberefore some possible furtber features are missing in tbe spectrum. It 
bas been assumed in tbis scbeme tbat all tbe transitions from tbe core 1s 
level to unoccupied states are allowed. Tbis is not true in generai since some 
symmetry considerations bave to be taken in account. 
Tbe intensity in an absorption spectrum is proportional to the probability 
tbat an electron tbat is in its initial state < il occupies an bigber energy final 
state IJ > when a pboton beam illuminates tbe material. Tbis transition 
probability is described by tbe Fermi's Golden Rule and can be written as: 

P ex< iJe· P1f > (2.18) 

w bere e is tbe electric field direction an d p is t be momentum operator. I t 
can be easily sbown tbat for a linearly polarized field and a 1s initial state tbe 
2.18 gives a maximum wben eis aligned along a direction of maximum elec-
tron density for tbe final state l! >. Strictly speaking, if we bave a molecule 
witb a certain orientation, we fix tbe photon energy in correspondence of 
one of the resonances of tbe absorption spectrum and rotate tbe polarization 
vector of tbe incident beam, we bave a maximum in intensity w ben tbe polar-
ization is in tbe direction or in tbe plane of spatial elongation of tbe MO we 
are populating. If we know from calculations tbe sbape of tbe selected MO 
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we are therefore able to understand how the molecule is oriented. This is the 
typical measurement that can be performed on an ordered molecular film in 
order to investigate the molecules orientation with respect to the substrate. 
In the next section an example on a simple system is presented. 

2.2.3 Case study: the CN molecule orientation on Pd(llO) 

As an example of application of PED and NEXAFS techniques for determin-
ing the orientation of the molecules with respect to the substrate, the case 
of CN monolayer grown on Pd(llO) is presented below. The experiment has 
been performed at ALOISA in collaboration with F. Bondino. The results 
that are summarized in the present section can be found in detail in [25], 
where also an exhaustive bibliography is indicated. 

The diatomic CN molecule is a functional group for organic and polymeric 
nitriles, where it provides important centres for surface attachment [26].The 
study of its interaction with metals is therefore useful for understanding 
adsorption processes of more complexes molecules. The CN adsorption ge-
ometry on metal surfaces in UHV conditions is rather peculiar. Unlike most 
adsorbed diatomic molecules (CO, NO, N2), on most metal-vacuum interface 
the CN does not bind in the typical end-on geometry but with molecular 
axis essentially parallel to the surface. On Pd(llO) and Ni(llO), CN species 
originated by complete dissociation of C2N2 at room temperature, form an 
ordered c(2 x 2) layer at saturation. In a previous experiment, Angular Re-
solved Ultraviolet Photoelectron Spectroscopy (ARUPS) spectra data were 
interpreted in terms of CN axis aligned along the [110] direction[27].However 
this conlusion was questioned by a recent NEXAFS and PED experiment of 
CN on Ni(llO), wich indicates a CN axis oriented along the [001] direction. 
With the present work we demonstrate, by means of PED and NEXAFS, 
that the CN molecules lie along the [001] direction with a tilt angle with 
respect the surface of about 25°. 

PED measurements 

Scanned angle PED patterns have been obtained by measuring C1s and N 15 

photoemission peaks from a CN saturated surface of Pd(llO). The data ac-
quisition and reduction procedure is described in sec. 3.3. Fig.2.11 reports 
the experimental C1s full-solid-angle PED pattern, measured with photon 
energy of 947eV in TE polarixation, i.e., with the photon polarization vector 
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Fig. 2.11: Full-solid-angle C1s PED pattern measured at 947eV photon energy (a) 
with the PED simulation obtained for a C- N tilt angle of 25° from 
the surface plane(b). Each point in the displayed patterns shows the 
normalized intensity of the C18 core level a t a ( (), <P) point, being <P the 
polar angle (<P = O is the normal) and () the azimuthal angle(() = O is 
the [001] direction). (c) Schematic representation of the CN adsorption 
geometry as derived from PED and NEXAFS measurements 

parallel to the surface plane. The most prominent feature present in the 
pattern is a strong peak along the surface [100] direction, at approximately 
25° from the surface plane. Because of the high kinetic energy of the photo-
electrons ( the C1s binding energy is 284.2e V)the peak has to be attributed 
to forward scattering of C1s electrons due to other atoms located at higer 
vertical position. 

The possibility that the scatterer atom is a first layer Pd atom can be ex-
cluded by the following simple considerations. A forward scattering between 
C and Pd in this azimuthal position would be present if the C atom were 
located at bridge sites of the second layer. However, with a rough extima-
tion based on the covalent radii of C and Pd, the polar position of the peak 
would beat much grazing emission angle ("-' oo- 5°). Therefore, the scat-
terer atom is likely to be the nitrogen atom bonded to the emitting carbon. 
This implies that the C- N bond is oriented along the [001] direction, with 
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the C N axis inclined from the surface plane and the C atoms closer to the 
surface than the N atoms. An analogous N 15 full-solid-angle PED pattern at 
810 e V of photon energy did not show any forward scattering features, but 
appeared uniform over all the measured region. This fact further strengthens 
the conclusion derived from C15 that the N atoms are above the C atoms. 
The azimuthal position of the peak with respect to the surface has been de-
termined by simultaneously recording the Pd3d~ and C1s during PED data 
acquisition. 

To derive quantitatively the C - N bond orientation, multiple scattering 
calculations have been performed1 using the MSCD code[28] at several tilt 
angles a of the CN molecule. The best agreement between experimental and 
theoretical data are obtained for a tilt angle of 25°. 

NEXAFS measurements 

Fig. 2.12 displays a set of Nk shell NEXAFS spectra, measured with the 
electric field é in the surface p lane ( B c = o o) a t different azimuthal angles c/Jc, 
where c/Jc is the azimuthal angle between the E and the [001] direction. The 
NEXAFS spectra were recorded by measuring the Auger KVV intensity with 
the electron analyzer along the surface normal. The main peaks present in the 
spectra are very similar to thos found in corresponding Nk-edge NEXAFS 
scans of CN on Ni(110)[29] and CN on Pd(111)[30]. A single sharp peak 
dose to 395e V with a small shoulder a t 393e V is observed when the electric 
field is oriented along the [110]. In accordance with previous work the sharp 
peak is assigned to the 18 --+ 7r*. By changing the azimuthal orientation 
of the electric field from the [110] to the [001] direction, the intensity of 
the 1r* resonance decreases and a broad feature grows up at 15 eV higher 
photon energy. The energy position of this feature is in agreement with the 
observation of the O"* resonance in the above cited works. The azimuthal 
dependence of the spectra, also reported in the bottom graph of fig.2 .12, 
clearly indicates a non perpendicular absorption of the CN molecules on the 
surface. 

Further evidence of this conclusion is derived from the series of Auger 
yield N k-edge spectra measured as a function of the beam polarization an-
gle, at fixed surface azimethal orientation (é along the [001] direction), fixed 
photon incidence angle (4°) and the analyzer on the sample normal(Fig.2.13). 
The orientation of the linear light polarization was changed from perpendic-
ular (Be = 90°) to nearly parallel (Be = 5°) to the surface by simultaneously 
rotating the sample and the chamber around the beam axis. In this way both 

1 PED calculations ha ve not been performed by the author of this thesis. For this reason 
no further details on the MSCD package use are given 
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Fig. 2.12: Top: set of Auger yield Nk-shel1 spectra taken as a function of the light-
polarization azimuthal angle (cpé), with TE polarization. Bottom: plot 
of the () /1fx ratio as a function of the light-polarization azimuthal angle. 

the illumination conditions and the detection geometry don't change during 
the measurement and therefore it is easier to compare the scans between each 
other. 

The spectra display a strong angular dependence. At ()é = 90° only the 1r* 

resonance at 393 is present. By changing the polar orientation of the electric 
field vector from 90° to 5° the 1r* component intensity decreases and the ()* 

shape resonance grows up. According to the dipole selection rules governing 
the k-shell NEXAFS resonances reported above and keeping in mind that 
in a bi-atomic molecule like CN the 1r orbitals extend perpendicular to the 
molecular axis, the 1r* states can only be exited when the electric vector is 
perpendicular to that axis as well. In this case the molecular orientation is 
therefore highly tilted ( rv 70° - 80°) from the surface normal. Furthermore, 
from the azimuthal-depe:q.dent NEXAFS spectra shown in fig.2.12, it can be 
concluded, confirming what has been seen with PED, that the CN species 
are aligned along the [001] direction. It has also to be noticed that two 
coi:nponents in the 1r* resonance are present. By labelling the [1 IO] (top), 
[001] and surface normal direction as x,y and z respectively, the single sharp 
resonant prak observed for c perpendicular to the surface is assigned to the 
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Fig. 2.13: Top: set of Nk shell NEXAFS spectra, measured as a function of the 
light-polarization polar angle(Be), at fixed surface azimuthal orientation 
(c along the [001] direction), fixed photon incidence (4°) and with the 
analyzer kept nearly normal to sample surface. Bottom: plot of the 
cr j 1r z ratio as a function of the light-polarization polar angle. 

1s ---+ 1r; excitation, while the sharp resonance appearing in the spectrum 
recorded with E along the [l'iO] direction in the surface plane is assigned to 
the 1s ---+ 1r;,y excitation. The energy position of the two resonances differs 
by rv 2eV. The lifting of the degeneracy of the two 1r* orbitals is consistent 
with a configuration where the C - N molecular bond is lying in a plane 
parallel or nearly parallel to the surface, with the 1r; orbitals interacting 
directly with the substrate. The persistence of a 1r; component alsò in the 
spectra taken with E parallel to the surface can be explained with a tilt of 
the molecule with respect to the surface. This fact, already seen in the PED 
measures, is also put in evidence in fig. 2.13, where a rough estimate of the 
orientation of C - N bond axis has been derived from the evaluation of the 
a* j1r* intensity ratio by fitting the a* and 1r* resonance peak with Gaussian 
functions. Neglecting the non complete degree of linear polarization (> 95% 
at ALOISA) the intensity ratio indicates approximatively a 15° ± 10° tilt 
angle of the molecule. 

In conclusion, information on azimuthal molecular orientation as well as 
on tilt of the C-N molecular axis on the Pd(llO) surface has been derived by 
combinig angle-dependent NEXAFS and full-solid-angle PED measurements. 
The experiment is a good example on how these two techniques can be used 
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Fig. 2.14: Comparison of the NEXAFS spectra measured for c along the [1 I O] (top), 
[001] and [llO](bottom) directions of the sample 

for characterizing the absorption geometry of the molecules in the early stages 
of deposition of a film. 



3. EXPERIMENTAL APPARATUS 

3.1 ALOISA beamline 

ALOISA (Advanced Line for Overlayers, Interfaces and Surfaces Analysis) 
is an INFM beamline at the Elettra Synchrotron in Trieste, Italy. Elet-
tra is a third generation light source operating at a storage ring energy of 
2GeV or 2.4GeV. Photon beams with energy in the range 10- 30000eV 
are provided by wigglers and ondulators with high spectral brilliance ( up to 
1019photonsj sjmm2 jmrad2 j0.1/%bw). ALOISA is amultipurpose beamline 
for surface science experiments. It has been designed to work in a wide spec-
tral range (100- 8000eV) with the light beam impinging on the sample sur-
face at grazing incidence. Several kind of detectors have been accomodateci 
inside the experimental chamber for perfoming experiments of surface X-ray 
diffraction, surface reflectivity, photoelectron diffraction, angle-risolved pho-
toemission spectroscopy, momentum resolved (hv- 2e-andhv- e-Auger) 
coincidence spectroscopy. In the next two sections a brief description of the 
beamline is reported. More details and information can be found in [31]. 

3.1.1 The optics 

The ALOISA photon beam is emitted by the U8 Insertion Device in Elet-
tra. Magnetic fields produced in the ID deflects the electrons in their orbit 
in a series of wiggles; the light produced in each wiggle sum along the ID 
axis direction and becomes the light source of the beamline at the pinhole 
separating the beamline optics from the ring. By varying the ID gap values 
i t can operate as an undulator(high gap values("' 40 - 80mm), low criticai 
energy (100- 2000eV)) or as a wiggler (low gap values(rv 20mm), high crit-
icai energy (rv 5000eV)). Fig. 3.1 shows the intensity ofthe photon beam as 
a function of the photon enèrgy, obtained for different values of the ID gap. 
For small gap values the oscillations of the spectra becomes very dose to each 
other and the resulting intensity curves are similar to bending magnet spec-
tra. The light is linearly polarized (polarization degree rv 95%)in the plane 
on wich the electrons are wiggled in their trajectory by ID, i.e. in the plane of 
the synchrotron ring in the case of ALOISA. The monochromator of ALOISA 
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Fig. 3.1: ALOISA ID wiggler-ondulator spectrum at different gap values; at low 
gap values a bending magnet like spectrum is obtained. 

covers the 120- 8000eV range of photon energy. The main characteristic is 
the possibiiity to switch between two types of dispersing systems: a Piane 
Mirror/Grating Monochromator (PMGM) for the 120- 2000eV range and 
a Si(lll) channei-cut crystai for the 3- 8KeV range. The iight is collected 
from the pinhoie by a paraboioidai mirror (Pl) and collimateci towards the 
dispersing system. Then the monocromatic beam (stili parallei) is focussed 
at the Exit Siits (ES) by a second paraboioidai mirror (P2). The diverging 
beam is re-focussed on the sampie by a toroidai mirror (RT). The system is 
characterized by the absence of the Entrance Slits. Moreover the optics are 
used in the sagittai focussing configuration to minimize the aberrations in 
the dispersive piane induced by the siope errors. All the optics are designed 
to work at grazing incidence (defiection angie of l degree for Pl, P2 and RT). 

Pinhole 

wiggler/ 
undulator 

RT 
Sample 

Fig. 3.2: Opticalline of the ALOISA beamline. 
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Due to the high power density generateci by the ID, the first paraboloidal mir-
ror, the PMGM and the channel-cut crystal are water cooled. All the optical 
surfaces have a gold coating. Fig. 3.2 shows the described opticalline. The 
focus of P1 is 21 meters upstream in the middle ofthe Insertion Device. The 
distance between P1 and P2 (parallellight) is approximately 2 meters. The 
Exit Slits are 3 meters downstream P2. Then the beam is collected by RT at 
2.2 m and re-focussed at 2.2 m in the centre of the experimental chamber. A 
third paraboloidal mirror (P3) not indicated in the figure can be put between 
the monochromator and P2 for switching the photon beam to the branch-
line HASPES, that will be introduced in sec.3.5. Table 3.1.1 reports the 

Energy Range 150-1000 e V 1000-2000 e V 3000-8000 e V 

Resolving 4-8000 2-4000 7500 
Power 

Beam size Vertical Horizontal 

JlJ:. the Exit Slits 20 Jlffi 150 Jlffi 

At the sample 20 Jlffi 150 Jlffi 

Photon flux trough the Exit Slits 
with 400 mA of ring current 

2*1012 photonsls/0.1%bw 

Tab. 3.1: ALOISA Monochromator main features. 

main monochromator characteristics (resolution, beams size, photon fiux). 
Resolution measurements are reported in [32]. 

3.1.2 The experimental chamber 

A sketch of the ALOISA chamber is depicted in fig 3.3 The experimental 
chamber is composed by two elements: an hemispherical element dedicateci 
to the sample preparation and a cylindrical one which hosts the electron 
analyzers and the photon detectors. The two elements are coupled via a 
large bronze ball bearing and a system of sliding o-rings. This configuration 
allows the complete rotation of the cylindrical element around the SR beam 
axis, while the hemispherical element stands stili. Two differential pumping 
stages allow the rotation of the cylindrical element and the Frames, while 
maintaining a constant base pressure of 10-11 mBar inside the experimental 
chamber. 
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Fig. 3.3: Scheme of the ALOISA chamber. 

The sample is placed onto a six-degree of freedom manipulator which is 
mounted horizontally into the hemispherical element. The SR beam passes 
through the whole manipulator and impinges at grazing incidence on the 
sample. The preparation chamber is equipped with a MBE cryopanel wich 
can host up to four evaporation cells. Knudsen cells by EPI and two elec-
tron bombardment evaporators by Omicron ( with individuai ion gauge for 
flux control) are available. The cryopanel holds two quartz microbalances for 
flux calibration. Other evaporators can also be mounted in the MBE cry-
opanel provided that they are mounted on a CF38 flange. A gas line allows 
high purity gasses to be bled into the chamber. The ion gun for the Ar+ 
sputtering and two filaments on the sample holder for the annealing allow to 
do the cleaning procedure for the sample. A RHEED system can be used for 
checking the surface status even during the deposition. In the experimental 
chamber, the detectors are hosted on two frames which are mounted inside 
the rotating element. The Axial Frame is mounted at the end of the cylin-
drical element and can rotate around the SR beam axis independently from 
the chamber. Five electron analyzers and a phosphorum plate are mounted 
on the Axial Frame. The Bi-modal Frame is mounted on the side of the 
cylindrical element and it can rotate around an axis which is perpendicular 
to the SR beam; the rotation axis also rotate around the SR beam when the 
cylindrical element rotates. Two electron analyzers and four photon detec-
tors are mounted on the Bi-modal Frame. Finally the three rotation of the 
sample holder allow the sample to be rotated around the SR beam in order 
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Fig. 3.4: Sketch of the angular movements available in the experimental chamber 
and the manipulator. 

to select the surface orientation with respect to the SR polarization, to select 
the grazing angle and to select the orientation of the surface symmetry axis 
with respect to the scattering plane. 

All the movements of the optical elements of the beamline are imple-
mented in the Beamline Contro l System (BCS), a program developed by 
Elettra and available via Tep-lP connection. A home-made Labview program 
has been developed for the data acquisition, detectors control and movements 
of the experimental chamber. 

3.2 GIXRD experiments 

The possibility to work at grazing incidence angle and the high degree of 
freedom in choosing the measurement configuration makes ALOISA very 
suitable to perform GIXRD experiments. Four photons detectors, two cur-
rent Si dio d es an d two energy resolved preamplified Si dio d es (by Eurisys) 
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are mounted o n the Bi-m o dal frame. Current dio d es offer a great dynamic 
range but a poor sensitivity. They are used for monitoring bulk diffraction 
peaks, which are very intense. For surface diffraction peaks the energy re-
solved diodes are used for their higer sensitivity; an Al multistage absorber 
can be used for dumping the beam if the measured intensity is too high for 
the limited dynamics of these diodes. 

3.2.1 Crystal orientation 

Since in a diffraction experiment a good contro! on the crystal axis orien-
tation is obviously required, a proper alignment of the crystal with respect 
to the axes of rotation has to be made. First of all it is inevitable that a 
misalignment between the surface sample and the sample holder plate of the 
manipulator on which the sample is mounted occurs. This means that the 
surface is not perpendicular to the azimuthal axis of the manipulator, giving 
a precession movement that has to be corrected. The acquisition program 
allows to insert the value of the angle between the sample normal and the 
azimuthal rotational axis and then corrects the measurement angles for the 
precession. The misalignment angle is measured in the preparation chamber: 
a laser beam illuminates the sample through a window; the specular beam 
is intercepted through a second window at an exit angle of 90 degrees and 
projected on a screen. The position of the reflected beam is kept fixed on 
the screen for different azimuthal (R2) angles by varying the Rl and R3 val-
ues (see fig. 3.4); the precession curve is then determined and processed by 
acquisition program for the automatic correction. For the orientation of the 
crystal axis with respect to the chamber angles the detection of a diffraction 
peak is required. The simplest way for doing this in the ALOISA setup is 
to measure an in plane peak, i.e. a diffraction peak from a family of atomic 
planes perpendicular to the surface. Fig. 3.5 shows the experimental geome-
try: a photon energy is chosen, the sample and the detector are positioned in 
a grazing incident-exit angle configuration. The detector position is fixed in 
arder to have a 20 scattering angle, being () the required angle for satisfying 
the Bragg condition 2d sin( O) = À. Un der these conditions an azimuthal scan 
is performed and the peak is detected when the crystal planes are properly 
oriented. As pointed out in sec. 2.1 the diffracted intensity of an in-plane 
peak is very surface sensitive due to the dumping of both the incident and 
reflected waves, due to refraction effects. In particular, the Fresnel trans-
missivity for the incidence and exit beam dumps the intensity at the very 
grazing angles and gives a maximum in correspondence to the criticai angle 
of the materia!. This means that in fact a real in-plane peak could not be 
measured and an out-of-plane component of the momentum transfer has to 
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Fig. 3.5: An in-plane diffraction peak is taken by fixing the photon energy, the 
detector position a t 20, the gazing incidence and exit angle. Then the 
azimuthal angle is rotated until the Bragg condition {2d sin{ O) = .>..) is 
reached. 

be present in order to have a non zero intensity on the peak. If a scan of 
the incidence and exit angle are performed on the peak a situation similar to 
he one depicted in fig.3.6 results. In this case the Au(llO) (0,-2) peak have 
been detected, at photon energy of 7000 eV. Both incident and exit angle 
scans show a maximum, deriving from the convolution between the Fresnel 
function and the modulations of the intensity due to the crystal structure. 
The point where the peak intensity starts to increase (i. e. the horizon line) 
is also visible. By setting the incidence and exit angle at the intensity maxi-
mum values the perpendicular component of the momentum transfer is fixed. 
The azimuthal scan presents then a maximum when the parallel component 
of the momentum transfer equals the reciprocallattice vector identifying the 
scattering planes. In this way the the crystal axis orientation with respect 
to the chamber and manipulator angles is completely determined. 

3.2.2 Integrated Intensity: rodscan measures at ALOISA 

In sec.2.1 it has been presented how the diffracted intensity on a peak is dis-
tributed around the correspondent reciprocallattice point, in a finite volume 
6q whose size depends on the size of the coherently diffracting objects. A 
further broadening of the peaks profile can be induced by a mosaicity of the 
crystal. In order to perform a proper data analysis the whole intensity of 
the peak has to be collected. This is done by integrating the peak profile 
obtained performing a scan along a certain direction in the reciproca! lattice. 
The resulting integrated intensity depends not only from the physics of the 
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Fig. 3.6: Incidence (a), exit(b) and azimuthal(c) angle scans performed on the 
(0, -2, O)Au(llO) peak. The azimuthal scan has been taken after the 
optimization of the a an b scans. It results a perpendicular component 
of the momentum transfer 1=0.04. 

system but is also affected by the experimental apparatus and geometrica! 
factors used during the measurements. It is essential to be able to correct the 
scans for these factors if different diffraction peaks have to be compared like 
in the case of a rodscan measurement. Analytic expression for the required 
corrections are available in literature for the most diffuse diffractometers (see 
for example [33]). In the case of a non standard measurement geometry as the 
one of ALOISA apparatus is, corrections has to be properly calculated. The 
following are the necessary correction factors and how they are calculated: 

• Normalization by the photon flux. The set of scans to be compared 
are taken at the same photon energy for avoiding the correction by the 
response function of the monochromator. The normalization for the 
intensity of the beam produced by the synchrotron source is made by 
reading the ring current at every scan. 

• Correction for geometrica! factors. This correction takes into ac-
count the variations of volume of the reciproca! space sampled during 
a peak detection, due to different geometrica! configuration (Lorentz 
factor). These variations mainly depend o n how the detected rods of 
the reciproca! lattice are intercepted by the detector during the scan 
and on the shape of the detector active area. A Monte Carlo simula-
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tion program is available for calculating this correction for the ALOISA 
chamber [34]. The program also considers the spatial and energy reso-
lution of the incident beam. 

• Size of irradiated area. Since there are no collimators before the 
photodiode, the entire illuminateci area is visible by the detector, no 
matter which is its position above the sample. A correction factor 
has to be introduced if the sample has an irregular shape and then a 
variable size of the illuminateci region results for different azimuthal 
angles. 

• Polarization factor. The diffracted intensity has to be normalized 
by the polarization factor defined as in sec.2.1 in order to obtain the 
structure factor of the system. 

In a rodscan, as explained in sec.2.1, a diffraction peak is sampled at dif-
ferent perpendicular components of the momentum transfer ih by keeping 
constant the parallel component lli1 The ALOISA apparatus allow to do this 
by combining a Chamber-Bimodal movement for positioning the detector and 
performing a R2 scan for having the peak profile at the selected ih value. 
Once the crystal has been oriented a software program calculates the angles 
position to be set to sample the reciproca! lattice points. All the angle sets 
of a rodscan are written in a file that can be read by the acquisition program; 
the rodscan measurement is then performed automatically. Fig. 3. 7 reports 
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Fig. 3. 7: Calculated polarization factor P and geometrica! factor G and measured 
photon flux IO for the (0, 5/2) Au(llO) rodscan(left). The measured rod-
scan profile is reported before and after the normalization by correction 
these factors (right) 

the calculated polarization factor P and geometrica! factor G and the mea-
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sured photon flux IO for the (0, 5/2) Au(llO) rodscan. The rodscan profile is 
also shown before and after the normalization by the correction factors. 

3.3 PED experiments: the SmartPED procedure. 

As explained in sec. 2.2.1, a PED experiment consists in measuring the in-
tensity of a photoemission peak as a function of the photon energy or of the 
polar angle. This can be done by orienting the sample along a symmetry 
direction with respect to the polar scan direction, if the structural properties 
of the system are already known and the measure is used just as a check on 
expected features. A good example of this kind of approach is given in chap-
ter 4, where PED measurements are performed along few directions of the 
substrate. The position of a diffraction peak in these scans determines if an 
expected structural transition of the system has taken piace. Nevertheless, 
PED technique is more often applied on systems whose structural properties 
are unknown and fixing them is just the aim of the experiment. In this case 
taking a polar scan at a fixed azimuthal direction is not useful anymore; PED 
measurements are performed for a series of azimuthal angles and at the end a 
complete diffraction pattern azimuth vs polar angle or azimuth vs photoelec-
tron energy is collected. A typical case when this measurement is used is for 
the determination of the position of an absorbed atom or molecule. This is 
usually done in the forward focusing regime, that gives a pattern reproducing 
the direct space of the system and that is therefore simpler to analyze. In 
sec:2.2.3 an experiment has been presented where a PED diffraction pattern 
reveals the absorption geometry of the di-atomic molecule CN absorbed on 
Pd(lOO) surface. As a first step for collecting a PED pattern the sample 
surface orientation with respect to the manipulator and chamber angle for 
correcting the precession is performed, using the same procedure described 
for the GIXRD experiments. A rough alignment of the azimuthal symmetry 
directions can be mede by means of RHEED in the preparation chamber. 
Depending on the kinetic energy of the photoemitted or Auger electron that 
has to be measured and on the chosen scattering regime, a proper photon 
energy is set and the peak is measured with one of the two electrons ana-
lyzers of the bi-modal frame. Once the electron energy spectrum has been 
taken few points of the peak profile are chosen to be sampled for each point 
of the diffraction pattern; usually three points on the peak for determining 
the maximum intensity and two points far from the peak at lower and higher 
kinetic energies for measuring the background are needed. If the peak shape 
is more complicated or the signal very low a larger number of points has to 
be sampled and a fit of the peak is required for a proper determination of the 
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Fig. 3.8: Scheme of the PED points sampled during a pattern measurement. a)In 
a standard R2-bimodal nested scan there is an oversampling of points as 
the detector moves toward the surface normal. b) With the SMARTPED 
procedure a constant density set of points are sampled. This measure-
ment gives the same information as the standard one but saves till the 
50% of the measuring time. 

intensity. In the ALOISA apparatus geometry an azimuthal-polar pattern is 
taken by nesting an R2 and a bi-modal scan one in each other. For each of 
these points the intensity a t the chosen points of the peak profile are sampled. 
The R2 range of the scan has to be large enough for covering the symmetry 
of the surface(at least 100° for a 90° symmetry); the typical extension of 
the diffraction features requires a sampling angular step of l o - 2° both in 
azimutal and in polar direction. Under these conditions the measurement is 
very time expensive, in the order of 15 - 18 hours. As depicted in fig.3.8a) 
by scanning in this way the sky above the surface the sampled points are not 
equally spaced in the solid angle; in particular there is an oversampling as 
the detector moves toward the surface normal. I have developed a procedure 
for the acquisition program called SMARTPED that overcomes the problem 
of the oversampling. The user sets the solid angular density he wants the 
pattern to be collected and then the macro generates a set of points in the 
R2-bimodal space that allows to keep this density constant during the entire 
acquisition. Fig. 3.8b) reports an example of a sampling grid. The procedure 
allows to save up to the 50% of measuring time. 

By measuring the diffraction pattern in this way an irregular matrix of 
data is obtained. In order to analyze and, if necessary, fit the data a regular 
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Fig. 3.9: The irregular matrix of data is projected onto a regular mesh by a 2D 
cubie interpolation. The pattern is therefore plotted in a polar diagram 
also called PED pizza. 

pattern mesh is preferred. This can be obtained with a data treatment macro 
I have written in IGOR[35]. By doing a cubie 2D interpolation the data are 
projected onto a regular matrix. After that the pattern can be plotted in the 
usual polar diagram forming what is often called "pizza". Fig 3.9 describes 
the stages in the analysis for the pattern measured on a Ni ccc Auger peak 
of NiO grown on Ag(OOl) surface. 

3.4 NEXAFS experiments. 

A NEXAFS spectrum consists in measuring the absorption factor of the 
studied system as a function of the photon energy across the edge ( typically 
a K edge) of one of its elements (see sec:2.2.2). 

In the ALOISA experimental apparatus this is done mainly in two ways: 
by measuring the intensity of an Auger peak (Aùger yield) or by measuring 
all the emitted electrons above a background threshold (parti al yield) . In 
the first case an electron analyzer of the bi-modal frame is used, set at a 
fixed kinetic energy corresponding to the chosen Auger peak. The partial 
yield measurements are performed with a channeltron mounted on the top 
of the bi-modal. The mouth of the channeltron is polarized with a negative 
potential with respect to the collector in order to cut off the low energy tail 
of secondary electrons and reduce in this way the background. 
When NEXAFS is used for determining the orientation of organic molecules 
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with respect to the substrate surface, several photon energy scans are needed 
at different orientation of the polarization vector with respect to either the 
azimuthal angle (for azimuthal orientation of the molecules) or the surface 
normal ( for the vertical orientation of the molecules). A simple R2 scan 
is performed in the first case, and a photon energy scan is taken at each 
azimuthal point. In the second case the photon beam polarization is varied 
from the surface plane to the normal direction by rotating the manipulator 
around its axis (Rl scan) . By doing this the entire chamber is also rotated by 
the same amount of Rl angle. This is clone for keeping constant the surface-
detector relative positions and avoiding therefore a correction factor for the 
data analysis taking in account the different geometrica! conditions. When 
the measurements are performed on in situ prepared films, for each NEXAFS 
scan taken on the film a scan with the same measurements conditions is taken 
on the clean surface. In the data analysis the film spectra are divided for 
the clean surface spectra. In this way any feature on the absorption signal 
introduced by the beam harmonic shape or by some absorption edges due to 
impurities or components of the optics are removed. 

3.5 HASPES branchline 

HASPES (Helium Atom Scattering and PhotoEmission Spectroscopy) is the 
branchline of the ALOISA beamline. It is in use since 2003 and some mea-
surements of this thesis work have been performed using its apparatus and 
are presented in chapter 5. The branchline uses the ALOISA monochromatic 
beam in the low energy range. A paraboloidal mirror (P3) can be positioned 
after the monochromator (see fig.3.2) which deviates the photon beam to-
wards the HASPES exit slits, 14 m from P3. The experimental chamber has 
been obtained by modifying an already operating Helium Atom Scattering 
apparatus. A scheme of its top view is presented in fig.3.10. The sample is 
mounted o n a high precisi o n manipulator with six degrees of freedom ( three 
rotations an d three translations). The three rotations labelled Rl, R2 an d 
R3 denotes respectively the rotation about the axix perpendicular to the 
scattering plane (which also determine the incident and exit angle of the 
beams with respect to the surface), the azimuthal rotation an d the rotation 
about the axis which is the intersection of the scattering plane and the sur-
face . 
The He beam source is mainly composed by a nozzle and a skimmer in front 
of it. The kinetic energy of the He atoms in the beam is determined by 
the He stagnation chamber temperature (before the nozzle) and the velo city 
spread by the ratio between the pressure before and after the nozzle[36]. By 



3. Experimental apparatus 44 

electron gun 

Fig. 3.10: Scheme of the top view of the HAS apparatus. 
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cooling the stagnation chamber at the liquid nitrogen temperature atoms of 
19 me V are obtained, with a !lvjv ratio of 10-2 . The atoms impinge on the 
sample in the centre of the chamber and can be detected at an angle of 110° 
by a quadrupole mass filter after being ionized. 
The photon beam enters the chamber through the same collimator the He 
atoms pass through towards the spectrometer. Spectroscopic measurements 
can be performed using the new 150 mm electron analyzer which has been 
mounted at 55° from the photon beam direction. It is designed for operating 
at high energy resolution (!lE/ E = 0.6 · 10-3) in a electron kinetic energy 
range from l to lOOOeV. XPS and PED experiments can be clone. A He 
lamp mounted aside the beam collimator allows to do also UPS measure-
ments. The electron gun positioned 110° from the electron analyzer is used 
for doing Low Energy Electron Diffraction (LEED), by performing Rl scans 
at fixed azimuthal angle of the sample and detecting the reflected electrons 
with the analyzer. Furthermore, a channeltron has been mounted between 
the HAS source and the electron analyzer for NEXAFS partial yield experi-
ments. 
The chamber is equipped with a MBE flange for in situ deposition and an 
ion gun for cleaning the sample. Measurements can be performed during the 
deposition. The combination of the available techniques allows to study both 
the spectroscopic and the morphologic properties of the systems. 

3.5.1 LEED and HAS measurements. 

In chap.5 a set of measurement are presented where the early . stages of an 
organic film growth are observed by means of LEED and HAS. The geometry 
of the experiment is depicted in fig.3.11. The azimuthal angle is chosen in 
order to have the projection of the momentum transfer q= kout- kin along 
the surface direction that has to be monitored. By rotating Rl angle the 
parallel component of q is varied with respect to the system surface. A 
diffraction peak is detected if tli1 is equal to a vector of the reciproca! space of 
the system surface. LEED and HAS measurements can be both performed 
during the deposition. They give the same kind of structural information 
about the system, revealing the presence of any periodicity along the chosen 
azimuthal direction. As it will pointed out in the presented experiment, 
since the sensitivity of He atoms and low energy electrons to the surface is 
different (He is much more surface sensitive) if a difference in the surface 
order is present between the very first layer and the underlying ones, it can 
be put in evidence by the comparison of the spectra taken with these two 
techniques. 
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Fig. 3.11: LEED and HAS measurements geometry. The scattering angle is fixed 
by the source-detector relative position. Once the azimuthal angle has 
been fixed along a chosen direction, by rotating Rl the parallel compo-
nent of the momentum transfer is varied. A diffraction peak is detected 
when i t is equal to a vector of the reciproca! space of the system surface. 
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4.1 Motivation 

Heterogeneous epitaxy1 is a widely exploited technique to fabricate artifi-
cial materials, since it allows to introduce a controlled degree of distortion 
of the interatomic bond length and orientation, which finally allows one to 
tune the electronic properties of nanostructured devices. In the case of semi-
conductors, the strain of a film growing on a heterogeneous substrate can 
be retained up to a thickness of several hundreds of nanometers ( coherent 
growth). Beyond this criticai thickness, the strain is released through the 
formation of a pattern of misfit dislocations, which propagate from the in-
terface to the surface an d drive the gradual relaxation ( decoherence) of the 
growing film to its bulk structure. Thanks to the high degree of long range 
order, the mechanism for semiconductor decoherence can be followed and 
described in much detail. [38] While a reduced misfit is required for coherent 
semiconductor growth, thin artificial phases with a lattice structure much 
different from the bulk one can be stabilized for metal film growth. In the 
case of oxide substrates, the decoherence of metal films through and ordered 
network of misfit dislocations is usually observed when the misfit does not 
exceed rv 10 %.[39] On the other hand, the metal bonding allows the strain 
to be released on a much smaller thickness scale, thus reducing the average 
domain size of the growing film, i.e. the probability of detecting any long 
range order behaviour. Things are getting more complicateci when metal on 
metal heteroepitaxy is considered, since intermixing phenomena have also to 
be taken into account, which can either favour the stabilization of pseudo-
morphic films via surfactant effect (like for the Fe/ Au(lOO) system[40, 41]) 
or inhibit the coherent growth via substrate roughening and alloying (like for 
the Co/Cu(lll) system[42]). 

In the past ten years, metal heteroepitaxy has been widely applied to 
study magnetic systems, since the magnetic behavior of metals (both spin ori-
entation an d magnetic moment) [43] an d their chemical reactivity can be mod-

1 The material presented in this chapter has already been published and can be found 
in [37] 
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ified by appropriate distortion of their lattice structure. These metastable 
artificial phases are decomposed into their ground structural phase when the 
films exceed a criticai thickness of a few layers. These transformations are 
usually observed to be rather sharp and occur through a rather abrupt non-
diffusive distortion mechanism, which is accompanied by a strong morpho-
logical reorganization, like for the much studied Fe/Cu(lOO) ystem,[44, 45] 
thus smearing the mechanisms of domain growth. 

In fact, most of the studies h ave been performed by means of LEED, io n 
scattering and STM, i.e. surface sensitive techniques. The behavior of the 
interface and of the layers beneath the surface is poorly known and is usually 
obtained by photoelectron diffraction (XPD) experiments a t a Synchrotron 
facility, where the photoelectron kinetic energy can be effectively tuned to 
change the penetration depth. On the other hand, XPD data require a rather 
complex analysis, whose reliability is hampered when the number of scatter-
ers (penetration depth) is increased.[46] Grazing incidence x-ray diffraction 
(GIXRD) is certainly the best suited technique to study the structure of 
a buried interface and the layered structure of thin films.[39] Recently, a 
combination of XPD and GIXRD techniques has been applied to study the 
structural dependence on thickness of Fe films on Cu3Au(100) from a pseu-
domorphic phase to the bee one.[47] The structural transformation has been 
shown to be characterized by phase coexistence over a thickness range of a 
few monolayers. 

Hereafter, we have applied GIXRD to study the structure of thin Ni films 
grown on Pd(lOO). The epitaxial growth of ultrathin Ni films on the Pd(lOO) 
surface has been recently studied by means of LEED, XPS and XPD with a 
laboratory x-ray source.[48] 
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This study has shown that in the early stages of the deposition there is 
the formation of a tetragonally strained face centered (fct) Ni phase with 
the same lateral lattice spacing of the substrate (i.e. 3.89 A) and a verti-
cal compression of 0.24 A. When the film thickness exceeds a criticai value 
of approximately 9-12 layers, the film transforms into its bulk-like Ni fcc 
structure (lattice parameter of 3.52 A, see fig.4 .1). The measured strain of 
the fct phase is found to be in full agreement with the elasticity theory, but 
some open questions still remain. In particular, although capable to mea-
sure very nicely the tetragonal strain adopted by the Ni film, the XPD data 
did not yield any clear information on how the phase transition develops as 
the criticai thickness is approached nor it was straightforward to extract in-
formation on the film/substrate interface. For all these reasons we decided 
to perform a more detailed study on this system taking advantage of the 
unique possibilities to acquire both XPS, XPD and GIXRD data offered by 
the ALOISA beamline. An effective limit thickness for the pseudomorphic 
growth has been found. The transformation into the Ni bulk-like structure 
is shown to involve the interface as well, where the intermixing increases. In 
addition, the number of layers in the residual pseudomorphic fct phase does 
not change during the transformation, but simply its domains shrink. The 
transformation thus proceeds via lateral growth of the bulk-like Ni phase. 
The increase of the intermixing beyond the criticai thickness is attributed to 
the lateral propagation of the defects, which drive the transformation of the 
pseudomorphic phase. 

4.2 Experimental 

Both electron spectroscopy and X-Ray surface diffraction measurements have 
been performed in situ at the ALOISA beamline. The Pd(lOO) substrate was 
prepared by Ar+ sputtering at l ke V and annealing to 970 K. The substrate 
order was checked by RHEED, while XPS surveys at grazing incidence (of 
the order of the criticai angle) were used to check for residual contamination. 
Nickel was evaporateci from a carefully outgassed electron bombardment cell 
(Omicron) provided with a water cooled shield. The sample was kept at 
room temperature for all the Ni depositions, but the thinnest one (2.5 A), 
grown at 330 K. With a quartz microbalance the deposition fl.ux has been 
tuned at a constant rate of rv 0.6 A/min (10% accuracy) before deposition. 
The absolute calibration of the growth rate was determined a posteriori by 
measuring the x-ray refl.ectivity (XRR) at fixed scattering angle while scan-
ning the photon energy between 3 and 8 keV. The interference between the 
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Fig. 4.2: Logarithm of the X-ray reflectivity energy scan (dots), taken at a fixed 
scattering angle of 7° and 6° for two films of ,.._, 22 and ,.._, 30 A, respectively. 
The two curves have been shifted far the sake of clarity. The film thickness 
and interface widths are expressed as Ni fcc layer-equivalent (Leq) after 
fitting to the experimental data (full lines) with a simple Ni/Pd bulk 
model. The Ni/Pd and vacuum/Ni interfaces are assumed to have a 
gaussian depth profile, whose widths (FWHM) are also indicated in the 
figure legend. 
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x-ray scattering from the substrate-film and film-vacuum interfaces gives rise 
to maxima and minima as a function of the perpendicular momentum trans-
fer. Fitting to the XRR curves with a simple model of regularly spaced bulk 
layers, thus yields the film effective thickness (from the position of maxima 
and minima) and the width of the interfaces (from the amplitude of the os-
cillation), as shown in Fig. 4.2. Hereafter the films of different thickness 
will be labelled by a nominai coverage (in Angstrom), corresponding to their 
Ni bulk equivalent thickness. For each Ni film, we measured both in-plane 
XRD and XPS from the Pd 3d core level and the valence band (VB), while 
XPD polar scans from the Ni 2p3; 2 were surveyed for a better comparison 
with previous experiments. The in-plane XRD measurements consist of ra-
diai scans across the (2 O O) peak in the Pd(100) reciproca! lattice. These 
measurements were taken scanning the photon energy in a broad range under 
a suitable e-2{} scattering geometry. The observation of diffraction peaks in 
radiai scans allows us to determine the lateral lattice spacing d through the 
Bragg condition 2dsin() = hcjE. Out-of-plane XRD (rod scans) has been 
taken for a few selected films in the criticai thickness range, to determine 
the perpendicular distribution of the Ni layer spacings in the pseudomorphic 
phase. The (2 O L) rods of the Pd(100) substrate were taken at a photon 
energy of 7000 eV with a sampling of b..L =0.03, up to L =2.2. For each L 
value, we performed an azimuthal scan of the sample, while keeping widely 
open the detector slit in the direction parallel to the footprint of the x-ray 
beam, in order to collect the whole diffracted intensity. Rod scan simu-
lations were performed by the Vlieg's program ROD.[14] Both Pd 3d and 
valence band photoemission spectra were taken at a photon ehergy of 500 
eV with a photon energy resolution of"' 125 meV. The surface was kept at 
a grazing angle of 4 o, in transverse magneti c (i. e. p) polarization an d the 
electron spectrometer was placed along the surface normal with a kinetic 
energy resolution of 170 meV. XPD polar scans of the Ni 2p3; 2 peak (at 
hv = 1270 e V) were measured in the same scattering conditions by rotating 
the electron analyzer in the scattering plane. We considered emission along 
the two main symmetry direction (100) and (110) of the substrate unit cell. 
We followed the procedure of Ref. [49] to extract the anisotropy component 
from the XPD polar scans by subtracting an isotropic component, which 
accounts for both geometrica! (field of view, illuminateci area) and physical 
(photoemission matrix symmetry, escape depth, surface roughness) factors. 
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4.3 Results 

4.3.1 Photoemission 

The P d 3d XPS data ( with an overall energy resolution of about 200 me V) are 
reported in Fig. 4.3. We have analyzed the XPS spectra by fitting to Voigt 
functions and using a Shirley background. The Pd 3d5; 2 peak of the clean 
substrate can be fitted with two components, one corresponding to the bulk 
peak (335.2 eV) and the other to the surface (334.85 eV) , in agreement with 
previously reported data.(50] Upon Ni deposition the surface component is 
replaced by a new one at 335.85 e V, which is shifted by 0.65 e V from the bulk 
component, towards higher binding energies, as can be clearly seen in Fig. 4.3, 
where both components are well resolved in the 16 A Ni coverage film. 
The bulk component disappears after the deposition of 22 A of Ni. From 
comparison with valence band photoemission and photoelectron diffraction 
in the early stage of deposition, we have attributed the new P d 3d component 
to the Pd-Ni alloying interface. 

In fact, the formation of an intermixed phase at the beginning of the deposi-
tion is witnessed by the VB photoemission data of Fig. 4.4, taken just after 
the deposition of 2.5 A of Ni. The upper part of the figure shows the differ-
ence spectra obtained by subtracting the clean Pd VB spectrum, multiplied 
by the proper attenuation factor, from the 2.5 A Ni/Pd(lOO) spectrum. 
The result represents the film VB, where the peak at a binding energy of 
5 eV cannot be found in the VB of neither pure Ni(lOO) nor Pd(lOO). It is 
worth to remind that the so-called "6 e V satellite" of the N i 2p spectrum 
is found shifted to lower binding energies in the 2.5 A film with respect to 
the same satellite for a thick film of 22 bulk monolayers.(48] Both the VB 
behaviour and the shift to higher binding energy of the Pd 3d5; 2 core level 
are the fingerprint of the intermixing process at the Ni/Pd interface, i.e. to 
the formation of a NiPd alloy in agreement with literature data.(51] 

The intensity variation of the P d 3d5; 2 peak with the coverage of the N i film 
is reported in Fig. 4.5 (upper panel). The bulk and interface components 
do not follow the same trend. The bulk component can be nicely fitted to a 
simple exponential decay, where the mean free path has been fixed to 4.6 A , 
as calculated with the TPP-2 algorithm,(52] and the only free parameter is 
the Ni film growth rate. As can be seen from the upper panel of Fig. 4.5, 
the interface component requires a more complex function. It is important 
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Fig. 4.3: Pd 3d photoemission spectra taken at a photon energy of 500 e V with an 
overall energy resolution of"" 210 me V. The spectra are ncit to scale and 
they have been amplified and vertically shifted for a better comparison 
of the shape changes. The bulk component is the shoulder at 335.2 eV 
binding energy of the Pd 3d spectrum taken on the clean Pd substrate 
(bottom curve). The surface component yields a core level shift of -
0.35 eV to lower binding energy. As Ni is deposited, a new component, 
due to Pd-Ni alloying, appears at a binding energy higher than the bulk 
one. The Pd surface component fully disappears after the deposition of 
5 A of Ni. The interface component is the main component at 16 A and 
beyond. The vertical bars mark the binding energies of the bulk and 
interface components. Each spectrum is labelled by its nominai coverage. 
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Fig. 4.4: Valence band of the Pd(lOO) sample before and after deposition of 
2.5 A of Ni. The curves have been vertically shifted for the sake of 
clarity. The top curve represents the difference spectrum of the former 
ones and puts in evidence the satellite peak at -5 eV, which is due to 
Pd-Ni alloying. 
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to note that the growth rate, as determined from the fitting procedure of 
the Pd 3d bulk component (0.6±0.1 A/min), is in good agreement with the 
one obtained from the refiectivity curves (0.62±0.04 A/min), measured on 
the the thicker films shown in Fig. 4.2. The fact the Pd 3d signal com-
pletely disappears by further deposition (e. g. for a 30 A Ni film) and that 
the Pd interface component only increases beyond a coverage of 8 A, where 
the film is fully wetting the substrate ( as demonstrated by the next XRD 
analysis), implies that no P d surface segregation occurs in the present ex-
perimental conditions (room temperature growth). The increasing weight of 
the interface component is well represented in Fig. 4.5(lower panel), where 
the ratio between the experimental values and the attenuation law, obtained 
from the bulk component, is reported. According to the figure, the interface 
component is the dominating one at 16 A and beyond. 

From the structural point of view, the intermixing a t the interface determines 
an enhanced pseudomorphism at the early stages of Ni deposition. This 
can be observed from the coverage dependence of the forward scattering 
peaks originated by focussing from dose-compact atom row directions inNi 
2p3; 2 XPD polar scans, as shown in Fig. 4.6. At 2.5 A, the fcc characteristic 
peaks are closer to the nominai fcc position (a t 45° and 54.7° from the surface 
p lane) t han a t higher coverage. The prominent forward scattering peak along 
the surface normal, indicative of a third layer formation, is due to both 
intermixing and cluster growth in the early stage of deposition. By increasing 
the film thickness, the forward scattering peaks shift away froi:n the surface 
normal, indicating an increase of the vertical compression 1due to the elastic 
strain. The strain is released at 16 A by the transformation into the bulk-like 
Ni structure, in full agreement with previous XPD studies.[48] 

4.3.2 X-ray diffraction 

The Ni film transformation from the pseudomorphic fct phase to the bulk-like 
one does not occur through a continuous relaxation of the strained lattice 
cell, rather domains of bulk-like symmetry are formed at 16 A, which grow 
in size as the coverage is increased. This transformation is clearly seen in 
Fig. 4. 7, where in-plane radial scans across the substrate (2 O O) XRD peak 
are shown for a few films of different coverage. Besides the substrate peak, a 
new feature appears at a coverage of 16 A, corresponding to a lattice spacing 
of rv 3.65 A. This feature evolves shortly into a well defined peak (see scan 
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Fig. 4.5: Upper panel: intensity of the components of the P d 3d5; 2 photoemission 
peak (markers) as a function of the coverage of the Ni films (see text 
for the calibration of the film coverage). The full line is a fit to the 
bulk component (filled circles) with an exponential decay. The interface 
component (dotted line and open circles) follows a different decay law. 
Lower panel: intensity of the bulk ( filled circles) an d interface ( open 
circles) Pd 3d 5; 2 components, after normalization to the attenuation 
factor yielded by the exponential decay of the Pd bulk component. 



::>-. o. g 
o 
"' ...... 
~ 
o. 

N z 

4. Inorganic fìlms: Ni on Pd(lOO) 57 

10 20 30 40 50 60 70 80 90 100 

10 20 30 40 50 60 70 80 90 100 

Polar angle (deg.) 

Fig. 4. 6: Anisotropy of the polar scans taken for the N i 2p3; 2 photoelectron 
peak (kinetic energy of,....., 415 eV) along the (100) and (011) substrate 
symmetry directions, upper and lower panel, respectively. The curves 
have been vertically shifted for a better comparison. The vertical bars 
indicate the angular position of the forward scattering focussing peaks 
which are characteristic of an fcc symmetry. Deviations from the nominai 
values, i. e. 45° and 54.7° from the surface, are mainly due to distortions 
of the lattice cell in the topmost layers (which changes with the film 
coverage). 
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at 22 A) which gradually shifts towards the 3.52 A lattice parameter of fcc 
Ni. The appearance of the Ni bulk-like peak at rv 3.65 A is the fingerprint 
of a structural phase transition. 

800xl0-6 

Ni bulk 

~ -200 
3.4 3.6 3.8 4.0 4.2 

Lattice spacing along <l O O >pct (À) 

Fig. 4. 7: Radiai scans of the (2 O O) XRD peak for a few Ni films of different · 
coverage ( alternating full an d dotted lines). The XRD measurements 
ha ve been taken by scanning the photon energy between 5400 an d 7000 e V 
at fixed scattering geometry. The photon beam impinges the surface at 
grazing incidence, forming an angle () ""35° with respect to the fcc(lOO) 
planes of the direct lattice. The substrate XRD peak is always aut of 
scale, and the corresponding lattice spacing is indicated by the vertical 
thick line, as well as the lattice spacing of bulk fcc Ni. 

For a better understanding of the structural transformation, we have studied 
the layer spacing distribution in the pseudomorphic fct Ni film. The XRD 
(2 O L) rod scans are shown in Fig. 4.8 for a few films in the range of the 
criticai thickness of 12-16 A. The XRD scan along the substrate peak rod 
puts in evidence the x-ray scattering interference between the Ni pseudomor-
phic layers which are confined between the film-substrate and film-vacuum 
interfaces. If the deposition is homogeneous on the substrate, well defined 
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interference oscillations can be seen along the rod scans, as in the case of the 
8 and 12 A films. The number of maxima and minima and their position is 
related to the number of Ni layers in the pseudomorphic structure, while the 
amplitude of the oscillations to the sharpness of the N i film interfaces ( the 
larger is the amplitude the sharper is the interface). The increased number of 
maxima and minima from the 8 A film to the 12 A one is thus reflecting the 
increased number of Ni layers in the pseudomorphic structure. The rod scan 
taken at 18 A, where the Ni film structural transition has already started, 
is stili showing a few faint modulations indicating that residual domains of 
the pseudomorphic phase are stili co-existing with the fcc Ni phase. Most 
strikingly, the maxima and minima of the 18 A phase stili occur at the 
same perpendicular momentum transfer of the 12 A film, i.e. the residual 
domains of the pseudomorphic phase contain the same number of Ni layers. 
The strong damping of the maxima and minima amplitude indicates both an 
increase of the pseudomorphic fct phase roughness and the deprivai of the 
pseudomorphic Ni layers due to the shrinking of the corresponding domains. 
At the coverage of 22 A, the whole film has been transformed into the Ni 
bulk-like phase and the rod scan displays a structureless smooth behavior, 
which is characteristic of a bulk-truncated crystal surface. 

The layer spacings and fillings for the 8 and 12 A films have been obtained by 
fitting the rod scans with the structural model reported in Table 4.1. Due to 
the large number of fitting parameters, we have fixed the inner layer spacings 
to the value determined by PED analysis after Ref. [48], and we focussed 
our attention to the substrate-film and film-vacuum interfaces, where XRD 
yields the best sensitivity. With these constraints, we have found that the 
topmost layer is also compressed, in excellent agreement with previous XPD 
studies,[48] while the layers dose to the film-substrate interface are expanded, 
confirming the vertical pseudomorphism indicated by the present XPD scan 
on very thin Ni films (Fig. 4.6). Concerning the buried interface, we admitted 
Ni/Pd intermixing for two 

layers. While this model yields an excellent fitting for the thinnest film, a 
larger number of layers might be affected by the intermixing in the 12 A film, 
as indicated by the incomplete layer filling of a few buried Ni layers (3rd to 
5th) with respect to the intermediate ones. Alternatively, this finding could 
be the fingerprint of the formation of extended morphological defects at the 
Ni-Pd interface, when the criticai thickness is achieved. It has to be noticed 
that no correlation between Ni and Pd atoms positions at the interface has 
been considered; for this reason no reliable information about the position 
of the single atomic layers have to be derived for the intermixed part of the 
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Fig. 4.8: Integrated intensity of the XRD (2 O L) rods of Pd far a few Ni films 
of different coverage (filled markers). The curves have been vertically 
shifted far the sake of clarity. Modulations in the low coverage films arise 
from Bragg interference among the Ni pseudomorphic layers, which are 
confined between sharp interfaces at both top and bottom of the film. 
Fitting to the data (fulllines) yields a structural model as reported in 
Table 4.1. 
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Tab. 4.1: Structural parameters used to fit the 8 and 12 A rod scans. The 
indetermination on the layer spacing and fillings is ± 0.05 A and ± 0.1 
respectively. The indexing of the layers is relative to the topmost bulk 
Pd layer (oth Pd layer) for both Ni and Pd. Each Pd layer spacing is 
always referred to the underneath Pd layer. Each Ni layer spacing, but 
the pt one, is always referred to the underneath Ni layer. See text for 
the explanation of the layer filling behavior. 

8 A film 12 A film 
layer spacing filling layer spacing filling 

6th Ni 
5th Ni 
4th Ni 
3rd Ni 

2nd Ni2 
2nd Pd2 
pt Ni2 
1st Pd2 

1.56 
1.521 

1.521 

1.86 
1.83 
2.07 
2.18 
1.94 

10th Ni 
9th Ni 
8th Ni 
7th Ni 

0.3 6th Ni 
0.7 5th Ni 
0.7 4th Ni 
1.0 3rd Ni 
0.8 2nd Ni2 

·0.2 2nd Pd2 

0.3 pt Ni2 

0.7 1st Pd2 

1.53 
1.521 

1.521 

1.521 

1.521 

1.521 

1.521 

1.82 
1.82 
2.05 
2.08 
1.90 

0.3 
0.7 
0.9 
0.9 
l. O 
0.9 
0.8 
0.7 
0.7 
0.2 
0.3 
0.7 

interface. Nevertheless, the presence of the intermixing and the morphology 
of the interface are well described by this analysis. 

4.4 Discussion 

The evolution of the Ni/Pd(100) film, as a function of the Ni coverage, is 
described by the following sequence. In the early deposition stage a couple 
of intermixed layers are formed with strict pseudomorphic structure. Fur-
ther deposition leads to the formation of strained layers whose lattice cell 
is pseudomorphic to the lateral substrate lattice, but presents a perpendic-
ular compression in agreement with the elastic force constant model. This 
elastically strained structure builds up to a coverage of 12 A, correspond-
ing to a limit thickness of 10 layers (including at least 2 intermixed layers 
at the substrate-film interface), not all of them equally occupied. Beyond 
this coverage, domains of bulk-like structure are formed and the whole film 
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structure is gradually changed through a first arder phase transition. Phase 
co-existence is clearly observed up to 18 A. The strain release at the phase 
transition is not complete and the bulk-like phase gradually relaxes to the 

. orthomorphic fcc phase with increasing thickness. 
The formation of a few deposit layers with a full pseudomorphic struc-

ture (as indicated by XPD scan in Fig. 4.6 and rod scan analysis in table 4.1) 
was also observed for very thin films (2-3 monolayers) of Fe on Cu3Au(100) 
[47, 53] and Ni on Cu(100).[54] The highly strained structure of these layers 
is probably stabilized by the intermixing and might be a generai behavior 
of metal heteroepitaxy, whenever alloying or surface segregation is chemi-
cally favoured. In the present system, and before the phase transition, the 
degree of intermixing remains constant, i.e. the concentration of substrate 
atoms is much smaller in the next deposited layers. From the 3rd layer on, a 
compressed vertical spacing is established, in agreement with the value pre-
dicted by the elastic theory for the given in-piane expansion, dictated by the 
substrate lattice. 

The sequence of rod scans in Fig. 4.8 clearly shows that there exists a 
maximum number of Ni layers that can be stabilized into a pseudomorphic 
structure (10 layers, included the intermixed ones), thus defining an effective 
criticai thickness for the structural phase transition. This configuration is 
established at a coverage of 12 A, corresponding to an effective thickness of 
"' 7 bulk equivalent layers. Beyond this criticai coverage, the roughness of 
the Ni surface measured by XRR is seen to remain about 15 % of the film 
thickness (see Fig. 4.2), thus excluding a dewetting transition, i.e. a transi-
tion of the growth regime from two-dimensional (2D) to three-dimensional 
(3D) . This finding is also consistent with the perfect exponential decay of 
the bulk Pd 3d signal as a function of the Ni film coverage (see upper panel 
of Fig. 4.5), witnessing a continuation of the 2D growth. 

The fact that the maximum number of layers with pseudomorphic fct 
structure does not change throughout the transition, but simply the fct do-
mains decrease their homogeneity and size, indicates that the transition takes 
place through the lateral growth of the N i bulk-like domaihs at the expense of 
the pseudomorphic fct phase. Thus the Ni bulk-like domains are not floating 
on top of the pseudomorphic fct phase nor the transition simply proceeds 
layer by layer from top to the bottom, rather, when formed, the Ni bulk-like 
domains involve locally all the film layers, down to the Ni/Pd interface. A 
possible model for the Ni bulk-like domains could be that of wedges, with 
the apex at the substrate-film interface, which expand at the expense of the 
pseudomorphic phase. Since the phase transition involves three-dimensional 
domains, i t must be of the first arder type. No time evolution of the diffracted 
peaks has been observed at room temperature on the time scale of the exper-
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iments (a few hours for the rod scans), which indicates that the transition is 
kinetically slowed down by the film defects. 

From the XPS analysis in Fig. 4.5, the intermixing at the Ni/Pd interface 
is observed to increase beyond the criticai coverage. It is very tempting to 
associate the increase of the intermixing with the propagation of a defect 
from the Ni/Pd interface ( whose early formation might be witnessed by the 
incomplete layer filling of the buried Ni layers at the criticai coverage of 
12 A), which drives the transformation of the pseudomorphic fct phase. The 
Ni/Pd lattice mismatch of rv 10 %, although not so small, might stili allow 
the formation of an ordered pattern of misfit dislocations originated by the 
stacking faults at the interface, which would yield characteristic satellites of 
the Bragg's peaks in the radiai scans. [39] While we ha ve not checked by in-
piane XRD for these feature on non-equivalent diffraction peaks other than 
the (2 O O) one, LEED pictures taken at the criticai thickness were reported to 
display a Moiré pattern with (10 x 10) periodicity.[48] These patterns dearly 
show one order of extra spots decorating the integer peaks along the (011) 
substrate symmetry directions, i.e. the direction of dose-compact atom rows 
on the fcc(lOO) surface. From comparison with the present data (in particular 
with the intermixing behaviour), we can say that the strain release indicated 
by the extra spots is not limited to the Ni film surface, rather the Moiré 
pattern is originated by defects extending down to the substrate. 

The Ni/Pd(100) system, where the Ni film undergoes a structural transi-
tion between two phases with the same face centered (100) surface symmetry, 
resembles the behavior of the Fe/Cu(100) system, where a more dramatic 
structural change, from an fcc(100) to a bcc(llO) phase, takes place. In the 
latter case, the transition of the Fe film was described through the formation 
of shear planes (from the film surface down to the substrate) along dose-
compact atom rows, which separate domains of different structural phase, 
like for a martensitic phase transition.[44] An alternative microscopic mech-
anism was proposed for the Fe fcc to bee transition by the group Biedermann 
et al. [55]. They observed the formation of small bulk-like domains (needles) 
on the topmost Fe layers in the early deposition stages, which were daimed to 
drive the transition when the film thickness exceeds the criticai one. This mi-
croscopic mechanism, for being compatible with our experimental evidences 
on the Ni/Pd(100) system, would require the needles to be dispersed on the 
film surface with a random crystallographic orientation (which is not the 
case for Fe/Cu(100), according to Ref. [55]), otherwise they would be de-
tected by in-plane XRD radiai scans. Moreover, the needles should vertically 
extend down to the substrate to explain the observed behaviour of the Ni-Pd 
interface, but the available STM observations confine them to the topmost 
layers. [55] In fact, a very recent STM study has demonstrated the martensitic 
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Fe/Cu(100) transition to take place also in absence of bulk-like needles.[56] 
Concerning the growth of the newly formed bulk-like N i domains, a mech-

anism like that driving the decoherence in semiconductor heteroepitaxy can 
be envisaged. The domain walls, either shear planes or misfit dislocations, 
propagate laterally on the Pd substrate, leaving behind a strongly inter-
mixed region. This picture is fully consistent with the increase of the Ni/Pd 
intermixing, which is obser.ved to continue beyond the criticai thickness (as 
indicated both by XPS analysis and by the Ni/Pd interface width obtained 
by the XRR analysis, Fig. 4.2) 

Finally the newly formed bulk-like Ni film is stili strained at small thick-
ness ( see radi al scan a t 22 A in Fig. 4. 7) an d the relaxation t o its bulk fcc 
structure proceeds gradually with increasing thickness. This graduai relax-
ation, witnessed by the radiai scans of the in-plane lattice parameters, is also 
seen in the perpendicular layered structure of the film. In fact the simple 
bulk structural models used to simulate the XRR energy scans yields a fitting 
quality which clearly improves from the 22 to 30 A film (see Fig. 4.2). Such a 
behavior is not surprising, since it has been observed for other metal films . As 
an example, the bulk structure ofFe deposited on Cu3Au(100) (where the 7% 
lattice mismatch is even smaller than the present one) is not fully recovered 
even for film thickness of the order of hundred of monolayers.[57, 58] 

4. 5 Conclusions 

We studied the growth of Ni on Pd(100) by XPS (both core levels and VB), 
XPD, XRR and XRD (both in- and out-of-plane) techniques. In particular, 
we followed the structural evolution of the N i films as a function of the thick-
ness. After the formation of a couple of intermixed layers, (which preserve a 
perpendicular spacing dose to the substrate one) a laterally pseudomorphic 
phase, with a perpendicular strain in agreement with the elastic theory, takes 
place. This pseudomorphic fct structure is stable up to a limit thickness of 
10 pseudomorphic layers (some of them are partially filled and/or intermixed 
at the interface), corresponding to a nominai coverage of 12 A, i.e. 1"-.J 7 Ni 
bulk layers. Further Ni deposition leads to a graduai structural transforma-
tion of the whole film into a Ni bulk-like fcc phase. This phase transition, 
accompanied by an increase of intermixing at the Ni/Pd interface, proceeds 
through the lateral growth of the Ni bulk-like domains at the expense of the 
pseudomorphic fct phase. The latter domains preserve their layered structure 
(maximum number of layers and corresponding spacings), while shrinking. 
Residual strain is stili observed in the Ni bulk-like phase at a thickness of 
30 A. 



5. ORGANIC FILMS: THE GROWTH OF CU-PC ON 
AU(llO) 

5.1 Motivation 

Organic semiconductors have gained a lot of interest during the last years 
because of their application into several devices such as organic thin film 
transistor (OTFT), organic light emitting diodes (OLED), solar cells, gas 
sensors. Appealing applications, including flexible monitors or cheap photo-
voltaic panels, can be made with these devices and this explains the great 
market interest moving around them. Building an organic thin film device is 
quite simple and cheap and deposition techniques such as ink-jet printing[59] 
or spin coating[60] allow to industrialize the production of the devices. Nev-
ertheless, until recently, they have performed poorly in terms of carrier mo-
bility. Slow carrier mobilÙ;y translates into bad response time, which limits 
the ability of a display to render motion, as is common in animated computer 
games or, in the case of solar cells, gives a poor efficiency in the transport to 
the electrodes of the free charges created by an incoming photon. Another 
drawback in using organic films in photovoltaic process is the low efficiency 
these materials offer in the photon-current conversion with respect to the 
more expensive Si based panels. Both polymer-based and molecule-based 
films are used; since the first are easier to produce in large quantities they 
have attracted most interest in these years. Recently, the small molecule-
based systems have gained renovated interest for some possible improvement 
that can be obtained in their use. In particular it is demonstrated how the 
power conversion efficiency of a photovoltaic system can be increased by using 
a donor-acceptor small organic molecules bulk heterojunction[61]. In these 
systems, a blend of donor and acceptor materials is used for growing the film. 
Under certain growing conditions and post-growth treatment a phase sepa-
ration between the two materials occurs and a continuous donor-acceptor 
interface, suitable for the hole-exciton separation, extends in the film. 

Even more important, the degree of crystalline order and the molecu-
lar orientation reached during deposition of an organic film determine the 
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Fig. 5.1: the magnitude of the hole mobility in films of small organic molecules (in 
this case pentacene (a) and diindenoperylene (b)) results to be strongly 
correlated with the degree of arder of the film (after Karl[62]) . 

transport properties of thin organic films. This has been very clearly demon-
strated in a set of transport measurements by Karl [62]. He shows how the 
hole mobility in a molecular thin film increases of orders of magnitude as the 
degree of disorder of the film, measured by the width of diffraction peaks, 
is decreased by varying the deposition conditions (see fig.5.1). Obviously, 
controlling and being able to monitor the very first deposition stages of a 
film is of fundamental importance since the first monolayer structure and 
the film-substrate interface influence the order properties of the whole grow-
ing film. This is what has been clone in the experiment l'm going to present, 
where a very thin layer of widely studied organic semiconductor molecule 
(Copper-Phthalocyanines) has been grown on the Au(llO) surface. Some of 
the reported data and results have already been published [63], some other 
will be subject of future publications. 

Metal-phthalocyanines (M-Pc) 
are planar molecules formed by 

conjugated aromatic macrocycles ( 4 
pyrrolic and 4 benzene rings) where 

the centrai metal atom is surrounded 
by four N atoms. Their high thermal 

and chemical stability make them 
well suited materials for the 

preparation of electronic devices [ 64]. 
Fig. 5.2: Metal-Phthalocyanine 
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The possibility of choosing the host metal atom gives a further degree of 
freedom in tailoring the optical and electronic properties of the materia!. M-
Pcs have been observed to grow and form twodimensional films on a number 
of ordered as well as amorphous substrates[6]. In the low coverage range, 
the orientation of the M-Pc molecules can be driven by a proper choice of 
a reactive substrate. When metal surfaces are considered, the delocalization 
of 1r orbitals in the aromatic rings of M-Pc is expected to favour a flat lying 
adsorption geometry. One expects the driving force for molecule adsorption 
on metals to be the maximization of the contact area with the substrate. 
In fact, a flat growth of the first organic layers has been observed for a 
few M-Pcs on several metals [Cu-Pe/ Au(100),[65] Cu-Pe/ Au(111),[66] Cu-
Pe/ Al(100),[67] Sn-Pc/ Ag(111),[68] Ni-Pc/Cu(lOO) [69]]. Along with this 
argument, the orientation of the molecules can be affected by the surface 
roughness,[70] and adsorption at the step edges on Au(111) has been demon-
strated to effectively change the azimuthal orientation of Cu-Pe molecules 
on narrow terraces [71]. This indicates the possibility of exploiting highly 
corrugateci crystal surfaces to drive the orientation of a growing overlayer 
on an otherwise poorly interacting substrate. Following this guideline, in 
the experiment I will present here the ultrathin Cu-Pe overlayers deposited 
in vacuum on Au(110) have been studied. The Au(110) surface has been 
chosen for its strongly anisotropie structure. As described in sec.2.1.3,the 
clean Au(110) surface displays a (1 x 2) reconstruction, where every second 
atomic row (extending along [liO]) is missing, forming deep troughs across 
the [001] direction. These troughs locally expose (111) micro-facets tilted 
by 35° from the (110) plane, which may also favor an overlayer formation 
with tilted molecular alignement. In addition, higher order (l x n) recon-
structions of the Au surface are energetically very close to the (l x 2) ground 
structure [72] and can be effectively induced by crystal impurities[7 4, 73] or 
gas adsorption [75]. This substrate represents a very promising template to 
grow unidimensional organic structures, where molecules are expected to line 
up along the surface troughs (whose width of 8 Àis larger than the covalent 
diameter of aroma tic rings). As a matter of fact, ordered molecular phases 
of Sexi-Thiophene [76, 77] (T6) and Perylene [78) on Au(110) have been ob-
tained with a series of commensurate phases displaying coverage dependent 
periodicities along the [001] direction. Pentacene has been also reported to 
yield a three-fold substrate reconstruction along the [001) direction at the 
saturation of the first layer on Au(110) [79). 

Recently, ultra high vacuum (UHV) deposition of Cu-Pe molecules on the 
(l x 2)-Au(110) surface has been found to form ordered commensurate phases 
in the monolayer thickness range. In fact, a LEED study by Evangelista et 
al. [80] reported that Cu-Pe molecules line-up along the [liO) direction (i.e. 
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parallel to the Au missing row troughs) yielding a five-fold periodicity. It 
has been further observed that this overlayer induces a surface symmetry 
with three-fold periodicity along the [001] direction, thus forming an overall 
(5 x 3) phase. While the five-fold periodicity along the [liO] (corresponding 
to 14.4 A) can be easily understood in terms of molecular ordering in long 
chains (the Cu-Pe length is 13.8 A), the three-fold periodicity along the 
[001] (corresponding to 12.2 A) suggests a tilted adsorption geometry. The 
most energetically favoured (l x 3) reconstruction of Au(llO) is an extended 
missing row 

(called also deep MR), where profound troughs are formed (down to the 
fourth inner layer), which locally expose (111) micro-facets [81]. This kind 
of substrate reconstruction was proposed for the three-fold phase of Perylene 
[78] and T6 [77] on Au(llO). This model has been also brought forward to 
the four-fold phase of Perylene/ Au(llO), where Perylene was proposed to 
be adsorbed within the troughs of a 5-layer deep missing row reconstruction 
of Au(llO) [78]. Yet, these interpretations were based on STM topographic 
images of the ordered phases and a thorough structural study of the substrate 
is stili missing. In this work the CuPe/ Au(llO) monolayer formation has been 
monitored by measuring the HAS and LEED diffraction pattern evolution in 
real time during the organic layer deposition. 

Morover, a detailed structural study of the Cu-Pe/ Au(llO) monolayer 
phase, corresponding to the previously reported (5 x 3) symmetry, and of the 
submonolayer (5 x 5) phase has been performed. Various experimental tech-
niques have been employed for determining the kinetics of the system during 
the deposition, the substrate structure, molecular orientation and long rang 
order. The complementary probing depths of HAS, LEED and GIXD ex-
perimental techniques has allowed to disentangle the information from the 
organic overlayer and that from the Au(llO) substrate. In particular, GIXD 
measurements were used to determine the type and structure of the induced 
Au(llO) reconstructions, whereas polarization dependent XANES measure-
ments were used to determine the spatial orientation of the Cu-Pe molecular 
plane. Quite surprisingly, at the monolayer range the molecules are indeed 
found to be tilted by rv 32 o from the surface, but the substrate reconstruc-
tion is found to be a shallow (l x 3) missing row structure. This finding is 
indicative of an energy expensiverearrangement of the substrate with a large 
mass transport at the surface, indicating that the interaction of the Cu-Pe 
molecules with the substrate is quite strong. The quantitative estimation 
of the strength of the molecule-substrate interaction is lacking, yet the for-
mation of the interface states in the valence band spectra, reported for the 
early stages of the Cu-Pe/ Au deposition[80] also evidences that the Cu-Pe 
molecules are not simply physisorbed on the Au substrate (i.e. of the van 
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der Waals type) but rather interact strongly with the substrate w h ere the 
molecular electronic states hybridize with the Au surface states. The study 
of the substrate structure in the submonolayer 5 x 5 phase has also been 
performed. It results that the x5 reconstructed unit cell of Au(llO) can be 
described by adjoining the unit cells of the clean surface and the one of the 
monolayer phase. This result gives the proper description of the structural 
evolution of the substrate surface during the deposition and completes the 
kinetics study performed by HAS and LEED. 

5.2 Experimental 

Two different experimental apparati have been used for the present study. 
Helium and electron diffraction measurements have been taken with the 
HASPES apparatus. Either He or electron diffraction patterns can be taken 
in real time during Cu-Pe evaporation. In both cases, one dimensionai diffrac-
tion patterns are acquired by polar rotation of the sample. The sample tem-
perature can be varied by liquid nitrogen cooling and radiati ve heating of the 
sample holder. The Cu-Pe molecules are evaporateci from a boron nitride 
Knudsen cell hosted inside a cryo-panel. Cu-Pe has been evaporateci with 
deposition rates of the order of one monolayer (ML) per hour. A few UPS 
and HAS spectra have been taken simultaneously during the CuPe evapora-
tion at 300K substrate temperature. All UPS spectra reproduce nicely the 
valence band spectrum evolution reported on the same system by Evangelista 
et al. [80]. These results confirm the purity, cleanliness and composition of 
the evaporateci materia!. 

X-ray diffraction, photoemission and absorption spectroscopy measure-
ments have been performed at the ALOISA beamline. The same Knudsen 
cells of the HAS apparatus have been also used in the ALOISA chamber, 
where a RHEED system was used to monitor the sample during Cu-Pe evap-
oration, for comparison with the LEED patterns taken in the HAS apparatus. 
A quartz microbalance was used to adjust the evaporation rate. All GIXD 
diffraction measurements ha ve been taken a t a photon energy of 7000 e V 
and with the incidence angle fixed to 0.5°. From the in-plane fractional peak 
profiles we obtained information about the domain size of the reconstructed 
surface. 

Photoemission spectra have been measured in transverse magnetic polar-
ization at norma! emission with a 33 mm hemispherical spectrometer [84]. A 
photon energy of 500 e V has been used to measure the C ls photoemission 
peak, with an overall energy resolution of rv 200 meV. A channeltron was 
used to measure the total yield absorption spectroscopy across the Cu L2,3 
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thresholds ( Cu 2p) a t 952 an d 933 e V binding energy. The photon energy 
scans of the ALOISA monochromator were performed with a photon energy 
resolution of 300 meV. A series of XANES spectra were collected as a func-
tion of the polar angle between the X-ray scattering plane and the photon 
polarization € as described in section 3.4. 

5.3 Results and discussion 

5.3.1 LEED and HAS: the kinetics 

We have monitored the CuPe/ Au(llO) monolayer formation by measuring 
the HAS and LEED diffraction pattern evolution in real time during the 
organic layer deposition. Both diffraction techniques explore the surface 
long range order properties, yet the helium scattering is only sensitive to 
the outermost valence charge distribution and hence probe the topmost layer 
structure, whereas the low energy electrons of 200-300 e V kinetic energy 
penetrate deeper inside the solid and effectively explore the Au substrate as 
well. Both diffraction scans are reported in the Fig. 5.3, where LEED and 
HAS patterns are respectively shown in the left hand and the right hand side 
panels of the figure. 

LEED HAS 

x 7phale-+ 

1é5phase __ 

x Z substrate phase -
·14 ·12 ·10 -~ .o ·4 ·2 o 

Polar an&le (de g) -7 -6 -5 -4 -3 -2 -1 o 

Fig. 5.3: LEED and HAS pattern taken during the deposition as a function of 
the polar angle. In the first scans the 1/2 peak of the clean Au{llO) 
reconstructed surface is visible. Both scans showed a x5 phase at a 2/3 
ML but are different at the monolayer coverage. 

The substrate surface has been azimuthally oriented with the [001] direc-
tion in the scattering plane in order to reveal the structural evolution of the 
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system along the missing row direction of the substrate. The diffraction in-
tensities are given in a logarithmic scale and a color scale ranging from yellow 
to black is used for indicating the detected relative intensities. Consecutive 
polar scans taken during the deposition are reported. HAS intensity has been 
collected with a beam energy EHe rv 19 meV (wavelength À = 1.02A) and 
energy resolution of ~:::.: rv 0.02, and LEED pattern has been measured with 
a kinetic energy between 200-300 eV. The overall HAS angular resolution is 
rv 0.135° corresponding to a transfer width at the surface exceeding 450 A. 
The substrate temperature was held at 300 K. 

Starting from the first scan, which shows the clean (l x 2)Au(110) pattern 
along the (001] direction with the characteristic half-integer peak due to the 
twofold missing row reconstruction, the CuPe organic layer starts to build 
up from the second scan on. Initially the clean Au surface displays clean 
and well ordered terraces extending over 250 A as judged from the widths of 
the integer and half-integer diffraction peaks: The deposition rate has been 
kept small to 0.1 ML/scan to prevent large modifications of the diffraction 
pattern within a single scan. 

Both, HAS and LEED diffraction scans initially display similar period-
icity. The half-integer peak rapidly splits into two symmetrically displaced 
side peaks, which upon further CuPe deposition gradually shift away from 
the half integer position up to the fivefold periodicity which shows up as an 
ordered phase dose to 2/3 ML. This phase has been previously identified by 
LEED (80] as a (5 x 5) structure where the fivefold periodicity along the liO 
(14.4A) closely matches the lateral size of the CuPe molecule (13.8A), indi-
cating that the organic molecules effectively line up into long chains along 
the [l IO], where a significant inter-chain correlation is essential for the twodi-
mensional fivefold long range order to be established. Upon further CuPe 
deposition at room temperatures LEED and HAS data start to display signif-
icant differences. LEED pattern along the (100] ends up in a threefold phase 
where a CuPe monolayer coverage is presumably reached, since it remains 
unchanged at higher coverages. On the other hand the HAS diffraction pat-
tern beyond the (5 x 5) phase shows no diffraction peaks in correspondence 
to the threefold symmetry seen by LEED and the integer order peaks are 
extremely faint indicating that surface is essentially disordered. A seven-fold 
periodicity is however evident at a slightly lower coverage. 

According to what has been said about the different probing depth of 
the two techniques, the x 7 HAS pattern reflects the overlayer structure and 
the threefold LEED mainly measures the Au substrate. By measuring the 
seventh order peak profile we observe that the mean domain size exceeds 120 
A. 
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5.3.2 XPS and XANES 

An XPS spectrum of the C ls core level collected for a 3 ÀCu-Pc film (as 
estimateci from the quartz microbalance) is reported in fig. 5.4. 

295 290 285 280 

Fig. 5.4: X-ray photoemission spectrum of the C ls core level at. the monolayer 
Cu-Pe coverage taken with the photon energy of 500 eV. Experimental 
points (markers) have been fit to multicomponent spectrum (fullline -
total fit). Different components belong to different C atoms within the 
molecule are shown and denoted. Inset: the real space model of the Cu-
Pe molecule with the centrai Cu atom surrounded by four nitrogens. Left 
hand si de of the inset is a magnified quadrant of the Cu-Pc molecule. The 
carbon atoms belonging to benzene (Cl) and pyrrolic (C2 and C3) ring 
are denoted. 

For this coverage the RHEED and GIXD scans yield a three-fold peri-
odicity along the (001] direction (see next section), in agreement with the 
LEED observation of a (5 x 3) phase by Evangelista et al. [80], and i t can be 
assumed that the Cu-Pe molecules are all in contact with the Au substrate. 
In this case any effect due to the molecule-substrate interaction should show 
up in the XPS spectra. The XPS spectrum presented in fig. 5.4 displays 
two main peaks, which arise from the two inequivalent carbon atoms be-
longing to the pyrrolic (labelled C3 in fig. 5.4) and benzene rings (Cl), and 
a shake-up satellite (Sc3 ) stemming from the HOMO-LUMO transition in 
the molecule [85, 86, 87]. A more detailed analysis reveals the presence of 
other two components, labelled Sc1 and C2. The component Sc1 on the high 
binding energy side of the pyrrolic carbon C3 is acknowledged to 

be the shake-up satellite of the benzene Cl atoms,[88, 89, 90] whereas the 
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highest binding energy shake-up satellite Sc3 is originated by the pyrrolic C3 
atoms. The fifth component C2 might be originated from inequivalent carbon 
atoms in the benzene rings, but recent density functional calculations for the 
similar Pb-Pc molecule have shown that the energy shift between inequivalent 
benzen atoms is much smaller than the observed Cl-C3 splitting.The C2 
component has been rather attributed to the vibrational coupling with the 
C - H stretching mode [ 90 ]. 

In our case, the observed spectrum is indeed quite similar to the pho-
toemission structures observed for the bulk-like Cu-Pe, so it seems that the 
substrate does not affect the molecular electronic structure in a dramatic 
way, thus suggesting only a weak interaction of molecules with the susbtrate, 
at least when compared with other substrates such as Al [91] or Si [87]. In 
order to gain information on the molecular orientation, we have measured 
the Cu L2,3 X-ray absorption edge. The absorption spectrum is composed 
of a main line ( commonly called white line) an d some satellites, as already 
observed experimentally on other substrates [87, 69] and recently calculated 
by a density functional approach [92]. 
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Fig. 5.5: The transition from the Cu 2p level to the empty state derived from the 
atomic or bi tal Cu 3dx2_y2 originates a white line in the absorption spectra 
of Cu-Pe whose intensity exhibits a strong dependence from the polar-
ization angle of the electric field with respect to the molecular plane[92). 

These calculations demonstrate that the white line is due to an atomic-
like transition from the Cu 2p to an empty state, which is mainly of Cu 
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3dxLy2 character and whose dipole momentum lies in the molecular plane. 
This transition is thus strongly enhanced when the radiation electric field 
vector lies in the molecular plane(see fig.5.5). We have therefore been able 
to use the polar angular dependence of the L3 white line to determine the 
molecular orientation at the surface. 

• e= o· 
o e = 90" 

Fig. 5.6: The integrated NEXAFS intensity (markers) as function of polar angle 
(O) for the monolayer 5 x 3 Cu-Pe/ Au(llO) surface. The best fit (full 
line) with the model intensity given by equation 2 yields the molecular 
tilt angle from the surface as 1 = 32° ± 3°. 

The intensity of the 1 3 white line as a function of the polar angle for a 
Cu-Pe coverage corresponding to the monolayer phase is reported in fig. 5.6. 
Each point reported in fig. 5.6 represents the integrated peak intensity after 
the normalization procedure. This includes the division by the photon flux 
(!0 ) and the division by a reference signal below the 1 3 edge, that takes into 
account, as a function of the polar angle (), bot h the variable field of view of 
the analyzer and the variable sample area illuminated by the light. Since the 
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final empty state lies in the molecular plane, the intensity value predicted by 
the dipole selection rules as introduced in sec.2.2.2 can be written as: 

(5.1) 

being N the uni t vector perpendicular to the molecular plane and € the 
electric field. In our measurements we kept the incidence angle a of the 
light fixed to 7°; the projection of the beam on the surface was along the 
[001] direction. Accounting for these considerations, the intensity of eq.5.1 
becomes [23]: 

I ex (l - jsill'y sin '1/! sin a+ Sill'y cos '1/! cose+ cos l sin e cos an (5.2) 

where '1/J is the orientation angle of the molecule with respect to the [001] 
direction(azimuthal angle), while 1 represents the angle between the molec-
ular plane and the substrate surface. Here the two-fold symmetry of the 
substrate must be taken into account; in particular, for our choice of the 
reference frame, XANES data have been collected for '1/J = ±90°, so that the 
expression 5.2 becomes: 

I ex (l - jsin 1 sin a+ cos 1 sin e cos an , (5.3) 

where only the S scale factor and the 1 angle are free fitting parameters. 
The best fit to the experimental points, yielding 1 = 32° ± 3°, is reported as 
a full line in Fig. 5.6. 

5.3.3 GIXD: the substrate structure 

The structure of the Au(llO) substrate has been determined by a GIXD 
study of the two Cu-Pe phases revealed by LEED. Since the monolayer re-
construction involves 3 unit cells of the substrate instead of the 5 interested 
in the submonolayer x 5 phase, the structural study is in generai easier for 
the x 3 phase. For this reason the study of the monolayer phase is presented 
before. For stopping the deposition at the optimal coverage, the surface has 
been monitored by means of RHEED during the evaporation in the prepara-
tion chamber of ALOISA. Fig. 5. 7 shows the RHEED images taken along the 
[001] for the clean surface (x2 reconstruction), the 2/3 ML phase (x5) and 
the monolayer phase (x3). The GIXRD measurements have been performed 
following the procedure described in section 3.2. In Fig. 5.8, the (0, 5/3) in-
piane refiection is reported as a function of the parallel momentum transfer 
expressed in units of q2 = 2

7!". 
a2 
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Fig. 5. 7: RHEED pattern taken, from top to bottom image, on the clean Au(llO) 
surface, on the 2/3 ML phase and on the monolayer phase. 

The notation used for indicating the X-ray reflections are referred to the 
unit cell depicted in the inset of Fig. 5.8. The inverse of the peak width (see 
eq.2.17)yields a 170 Àspatial extension of the average domain with three-fold 
symmetry along [001], whereas the same analysis performed on the (0, 3/2) 
reflection on a clean missing row Au surface yields an (1 x 2) domain size of 
740 A. The real space structure of the l x 3 unit cell of the reconstructed Au 
substrate has been analyzed by measuring the out-of-plane X-ray diffraction 
peaks. Six non equivalent rodscans (in total 292 reflections) along the [010] 
direction have been taken, both on bulk and reconstruction peaks. 

Fig. 5.9 shows the integrated diffraction peak intensity as a function 
of the vertical momentum transfer (rod scans) and the corresponding best 
fit calculated curves obtained with the numerical "ROD" program [14]. No 
overlayer molecules have been included in the numerical calculations and 
only the position of the Au substrate atoms has been varied in the fitting 
procedure. This assumption is based on two evidences: a) as indicated by 
LEED and HAS, the three-fold periodicity mainly arises from a substrate 
distortion, whose atoms have an atomic scattering factor much larger than 
that of the low Z atoms, which mainly consti tute the Cu-Pe molecules; b) the 
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Fig. 5.8: The in-plane X-ray surface diffraction peak characteristic of the 5 x 3 Cu-
Pe monolayer phase taken with the photon energy of 7000 e V (markers). 
The full line is a best fit Lorentzìan curve yielding a peak width 8q = 
0.024qo, where qo is the r.l.u. vector (~:) . The resulting threefold order 
correlation length exceeds 170 A. Inset: Au(llO) unreconstructed unit 
cell; a1 and a2 are surface unit vectors of the unreconstructed surface 
along the [1IO] and [001] direction, respectively, and a3 is twice the (110) 
interplanar distance. The vector lengths are a1 = a3 = 2.88 Aand a2 = 
4.08 A. 

absence of three-fold periodicity in the HAS patterns along [liO], which is 
only sensitive to the the outermost surface charge density, implies a strongly 
disordered overl~yer[96], i.e., no coherent contribution to the X-ray diffraction 
due to Cu-Pe molecules is expected in the three-fold pattern. 

The best fit results are summarized in fig. 5.10 and table 5.1. Filled 
markers in fig. 5.10 indicate the "shallow" Au (l x 3) reconstructed unit cell, 
w h ere two [l IO] Au rows out of three along the [001] are missing. W e ha ve also 
considered the other possible missing row three-fold substrate reconstruction, 
where the central atomic row (number 3 in Fig. 5.10) is missing, exposing 
two (111) micro-facets within the unit cell. The (0, 3) rodscan data and 
the simulations for the two types unrelaxed (1 x 3) unit cells are reported 
in fig. 5.11. It is evident that the shallow cell reproduces the experimental 
data much better. Moreover the best fit parameters obtained for the "deep" 
(1 x 3) unit cell yield a poor quality fit, which also results in unphysical cell 
distortions. 
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Fig. 5.9: Six non-equivalent rod scan analyses of the out-of-plane GIXD for the 
5 x 3 Cu-Pe structure. L denotes the perpendicular momentum transfer 
in units of ~:. Each experimental point (markers) is obtained as an angle 
integrated intensity of a single diffraction peak at a given L. Fullline is 
the best overall fit to the experimental data obtained with the "ROD" 
simulation program [14] and by assuming the "shallow" Au(llO) l x 3 
reconstructed unit cell. The structural best fit parameters are given in 
Table l. 

,,.L 
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Fig. 5.10: Schematic representation of the unrelaxed (filled markers) and best fit 
(open circles) atomic positions of the "shallow" Au(llO) l x 3 recon-
structed unit cell (in scale). The same atom indexing is used in Table 
l. See text for details. 
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Fig. 5.11: (O, 3) integer order rod scan of the 5 x 3 Cu-pC monolayer phase. The 
simulated intensity for both, the unrelaxed "shallow" (full line) and 
unrelaxed "deep" ( dotted line) (l x 3) reconctructions is shown for com-
parison. A sketch of the structure of the two models along the [001] 
direction is also shown. 

The displacements of the single atoms of the shallow (l x 3) uni t cell obtained 
from the best fitto all6 non-equivalent X-ray rod scansare reported in Tab. 
5.1. In arder to obtain a good fit, movements of the atoms are required 
which don't preserve the symmetry of the cell with respect to the centrai 
axis anymore. As a consequence, taking into account the twofold symmetry 
of the substrate, the fitting curve has been obtained by an incoherent sum 
of two 180° azimuthally rotated unit cells. 

The shallow (l x 3) unit cell may be viewed as a pair of up-down correlateci 
monatomic steps, containing a local (l x l) unit, whereas the deep (l x 3) 
unit cell is a pair of up-down correlateci steps made of (111) micro-facets[93). 
The fact that the shallow (l x 3) Au reconstruction is preferred in presence 
of Cu-Pe molecules is quite interesting since, on a clean Au(llO) surface, the 
deep (l x 3) reconstruction is expected to be more favorable [81). This hier-
archy of the energy of Au(llO) surface defects is experimentally confirmed, 
since the (1 x 3) step type has been observed to dominate over the (1 x l) 
type at the Au(llO) roughening transition, which takes place by proliferation 
of monatomic steps(94). Moreover Cu-Pe deposition on Au(lll) has been 
reported to favor molecular alignement along the pre-existing monatomic 
steps(71). On the bare Au(llO)surface monatomic steps mainly extend along 
the [110),[95, 94) so it may not be surprising that Cu-Pe molecules, not only 
align along the [liO), but also induce a particular substrate reconstruction 
in which the (l x 3) unit cell is formed by an up~down correlateci pair of 
m anatomie steps along [l IO). The XANES measurements a t the Cu L23 edge 
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Atom index In-piane Out of plane 
displacement displacement 

l -0.19 -0.13 
2 -0.06 0.03 
3 -0.13 -0.14 
4 -0.17 0.07 
5 -0.09 0.13 
6 -0.06 0.10 
7 -0.10 -0.08 
8 0.05 -0.04 
9 -0.11 0.04 
lO -0.01 -0.04 

Tab. 5.1: Atomic displacements from the ideai bulk position of the Au atoms in 
the shallow (1 x 3) unit cell. Displacements are given in Angstroms with 
an accuracy of ±0.03 A. The atom indexes correspond to labelling of 
Fig. 5.10. 

as a function of polar and azimuthal orientation demonstrate that the Cu-
Pe molecules lie along the (1 x 3) Au(llO) troughs, tilted by 32° from the 
surface. This finding is further consistent with the observed asymmetric re-
laxation of the Au(llO) shallow (l x 3) uni t cell. In fact, in both XANES and 
GIXD analysis an incoherent sum of the two equivalent molecular tilt angles, 
and substrate unit cell relaxations, produced the best fit to the experimental 
data. 

A GIRXD study has been also performed on the (5 x 5) phase. Fig.5.12 re-
ports a radial scan performed along the reconstruction direction. The (0, 3) 
surface peak has been aligned in the in plane diffraction condition and then 
the photon energy has been scanned. In this way the [001] direction is mon-
itored and as indicated in the figure the fifth order peaks revealed. The 
information that can be obtained from the profile analisys in this case is 
different from that given by an azimuthal scan profile, where the reciprocal 
space is sampled along a direction perpendicular to the parallel momentum 
transfer. In a radial scan the momentum transfer is changed along the peak 
vector and its profile analysis tells how the domains extend along the parallel 
momentum transfer. In the case of Fig.5.12 the FWHM of the five-fold peaks 
indicates that the domains are"' 65À wide (i.e. three x5 consecutive cells). 
The (0, 3) surface peak reveals a correlation length of the x l periodicity of 
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Fig. 5.12: Radiai scan on the x5 reconstruction taken aiong the [100] direction. 
The anaiysis of the (14/5, O) peak profiie indicates a reconstruction do-
main size of ""' 65A. The (0, 3) peak FWHM gives a domain size of 150 
A. 

about 150À. The mean domain size of the clean l x 2 reconstruction on the 
same sample extends over 700À. Unfortunately the radiai scan on the (0,3) 
peak on the clean surface has not been performed but its FWHM measured 
in the x 5 phase suggest that the surface reconstruction strongly affects the 
correlation length of the x l uni t cell too. 

(0,9/5) 

2000 

1500 Domain size 150 À 

-0.10 -QOS 0.00 O.G:'i 0.10 
4f'llllllleiMomennunTransfer{À.1) 

Fig. 5.13: Azimuthai scan on the 
(0, 9/5) in piane diffraction 
peak. The FWHM gives a 
domain size aiong the [liO] 
direction of 150 A, very 
dose to the one found in the 
monoiayer phase. 

The azimuthal scan of a five fold diffraction peak ( the (0, 9/5)) is reported 
in fig.5 .13. The resulting domain size along the [liO] direction is 150À. This 
is nearly the same size found for the x3 reconstruction. Supposing that the 
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coherence length along this direction is induced by the molecule alignment 
within the rows, the fact that the first layer order is already achieved at the 
x5 stage is in agreement with what has been seen with HAS and LEED, i.e. 
the presence of a well defined five fold reconstruction along the [1IO] since the 
early stages of deposition an d beyond the ML formation. The structure of the 
x 5 cell has been determined by measuring 8 different rodscans. Experimental 
data and fit results are reported in fig.5.14. The best fit has been obtained by 
allowing the atoms of the first six layers to relax both vertically an d laterally. 
The vertical displacements of the atoms of the sixth layer is forced to be the 
same for each atom, the other displacements are not correlated one to each 
other. As in the ML phase an asymmetrical distortion of the cell is required 
for obtaining a good agreement between data and calculations. As for the x 3 
rodscans, no momentum has been exchanged along the [1 IO] direction and 
therefore no information about the atomic displacements along that direction 
is obtained. 

The most relevant result from the cell structure depicted in the figure is that 
i t can be viewed as a junction of the clean surface x 2 uni t cell and the x 3 
cell reconstruction found for the ML phase. This fact not only confirms the 
shallow reconstruction induced by the molecules on the substrate which has 
been revealed by the x 3 phase study, but also describes the formation of 
the ML phase. The suggested scheme is that since the early stages of de-
position molecules align in chains in the substrate rows, locally inducing a 
x3 reconstruction. These 1-dim structural defects proliferate on the clean 
surface and at the x5 stage they are coupled to residua! missing row. They 
finally cover the whole surface at the monolayer phase, after which no ev-
idences of changes in the film-substrate interaction are recorded anymore. 
Another interesting point derived from the fit is the presence, both in the 
x3 and in the x2 component, of the buckling in the third layer that was 
already noticed on the clean surface and in the ML phase. Its mean value 
is the 22% of the unrelaxed interlayer distance, which is in agreement with 
the results obtained by Blum for the Pt(llO) missing row reconstruction[24]. 
Without entering in the numerica! details, the atomic displacements in the 
x5 phase are in agreement with what has been found for the x 3 phase in 
the first four layers. In particular a vertical mean compression by 13% of top 
most layer is revealed and the centrai atom of the second layer in the x 3 uni t 
cell is relaxed with respect to its two neighbours in the same way of the ML 
phase. Regarding the atomic positions in the inner two layers, they present 
negligible relaxations; nevertheless, it has been necessary to introduce their 
displacements for obtaining a good fit. 
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Fig. 5.14: Data and fit curves for the 8 non equivalent rodscans measured on the 
x 5 phase. In the centrai part of the figure, the structure of the x 5 cell 
structure obtained from the rodscans fit. Yellow markers indicate the 
atomic positions derived from the fit; the black circles are the unrelaxed 
atomic positions in the cell. The green line puts in evidence the buckling 
of the third layer, already seen both in the x2 and in the x3 cells. The 
cell is clearly derived from the junction between the cells found in the 
other two studied phases. 

5.4 Conclusions 

In conclusion, we have studied the structure and order of the Cu-Pe organic 
overlayer deposited at 300 K on the AullO) substrate. It is observed that 
the (1 x 2) missing row reconstruction of the bare substrate is lifted by the 
organic overlayer into a (5 x 5) and then to a shallow (5 x 3) at the monolayer 
coverage. The type of substrate reconstruction at the monolayer phase has 
been determined by GIXRD along the [001] direction as a shallow three-fold 
reconstruction involving only three outermost Au(llO) layers. The geomet-
rica! relaxations of the Au atoms within the (5 x 3) unit cell have been 
also determined. Significant inward and sideward atomic displacements have 
been found with a broken reflectimi symmetry across the missing row, con-
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sistent with the fact that Cu-Pe molecules lie tilted within the Au troughs. 
Indeed, polarization dependent XANES measurements of the Cu-Pe molec-
ular orientation evidence that molecules lie with the molecular plane along 
the [liO] and tilted by 32°±3° from the surface (110) plane. The submono-
layer 5 x 5 phase has also been studied by G IXRD for determining the cell 
structure. It results that the unit cell is the junction between the x3 and 
the x 2 cells found respectively for the ML phase and for the clean surface, 
giving a picture of the kinetics of the deposition where a the x3 molecules 
induced reconstructed rows proliferate on the clean surface as the deposition 
goes o n, alternate with the x 2 rows at the intermedia te coverage and cover 
the whole surface at the x3 stage. Unlike the Au(llO) substrate, the organic 
overlayer formed at 300 K deposition has been observed to lack a significant 
long range order, although a substantial degree of Cu-Pe ordering could be 
observed when Cu-Pe overlayer is grown at higher substrate temperatures. 
It is due to the Cu-Pe molecular lining-up in correlateci chains along the [liO] 
that the overall symmetry of the Cu-Pe monolayer phase eventually yields a 
(5 x 3) symmetry. Although little evidence of molecule-substrate interaction 
could be observed in the XPS measurements of the carbon ls core level spec-
trum, the type of induced (l x 3) Au(llO) substrate reconstruction suggests 
a rather strong Cu-Pe overlayer coupling to the substrate. This finding is in 
agreement with the formation of interface states in the system valence band, 
which was reported to take place at the early deposition stage of Cu-Pe [80]. 



6. CONCLUSIONS 

In the extremely wide and heterogeneous field of thin films, the capability 
of monitoring and controlling the first stages of deposition is recognized as a 
necessary step for obtaining higher performances devices in all the possible 
technological applications. With the present work it has been shown how 
complementary spectroscopical and diffraction techniques can be simultane-
ously applied to obtain a detailed description of the film-substrate interface. 
A brief overview on the individuai application of these investigation tech-
niques to a few case studies has been reported too. 
Two different experiments are described as templates for the multi-technique 
approach. The first one refers to a metal heterostructure, composed by a Ni 
film grown on a Pd substrate. The combined use of diffraction of photoelec-
trons and x-rays has allowed to characterize the interface between the two 
metals and the structural transition that the film undergoes when its thick-
ness becomes larger than a criticai value. For the first time the structural 
evolution of the film atomic layers has been followed during the pseudomor-
phic to orthomorphic transition together with the chemical description of 
the simultaneous increase of intermixing at the buried interface. The sec-
ond set of measurements reported has been performed on an organo-metallic 
interface. The growth of a monolayer film of organic molecules ( copper-
phthalocyanines) on a gold substrate has been studied and the structural 
evolution of both the film and the substrate has been determined. Due to 
the large cross section difference between the low Z atoms of the molecular 
overlayer and the substrate Au atoms, the employment of a larger number 
of experimental techniques, with different surface sensitivity was required for 
probing both the film and the substrate properties. The systems that have 
been studied present different stages of complexity and this is clearly evident 
also in the increasing experimental efforts required for their comprehension. 
The logica! prosecution of this work is the application of the multi-technique 
approach to an organic heterostructure. As mentioned in chapter 5, some 
aspects of the charge carrier creation at the organic interface are unclear and 
the comprehension of them is a fundamental step for obtaining efficiently op-
erating photovoltaic devices. The system that can be interesting to study is a 
film composed by two layers of different organic molecules, grown on a metal 
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substrate. The presence of two very different interfaces (metal-organic and 
organic-organic) stresses the necessity of using differently sensitive probes, 
like shown in this thesis work. 
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