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Abstract 

Poly(3-hexylthiophene) (P3HT) and oligo(quarterthiophene) (4-thiophene) belong to a 
group of organic materials, with semiconductor properties, that are developed for application 
in molecular electronic devices, like polymerie LED's and FET's. The interactions at the 
metal-to-polymer interfaces influence the properties of such devices. In this view, mainly 
Low Energy Ion Scattering (LEIS, outermost surface) and X-ray Photoelectron Spectroscopy 
(XPS, first 10 nm.) were employed to investigate the surfaces of amorphous spin-coated 
P3HT and polycrystalline evaporated 4-thiophene films. 

Siloxane impurities in poly(3-hexylthiophene) films were found to segregate towards the 
P3HT surface were they preferably formed an outermost surface resembling that of pure 
polydimethylsiloxane on top of a siloxane-enriched overlayer with a thickness of (3.6±0.5) 
nm. In addition, the structural sensitivity of LEIS was clearly illustrated by the observation 
that siloxane molecules are site-specifically distributed at spin-coated poly(3-hexylthiophene) 
surfaces, such that sulfur atoms are not covered by siloxane-backbones, but are 'shadowed' 
by the methylgroups bonded to silicon 

The complementarity of LEIS and XPS observations was used to obtain information 
about the dependenee of the surface composition on the preparation metbod (spin speed and 
concentration) of poly(3-hexylthiophene) films, which was satisfactorily explained by 
combining the various limiting factors of siloxane segregation with in literature reported 
effects of spin speed and concentration on the film formation time and film thickness. 

Measurements of the characteristic veloeities for 3He + neutralization by carbon and sulfur 
atoms at the surfaces of quarterthiophene and poly(3-hexylthiophene) clearly indicated, that 
interpretation of LEIS sputtering "depth" profiles requires knowledge about the influence of 
shielding by hydragen on the neutralization probabilities as a function of the iondose, for 
these change due to the preferential sputtering of hydrogen. 

No sign of interaction between gold and poly(3-hexylthiophene) was observed by LEIS 
and XPS, in contrast a strong interaction was found between quarterthiophene and gold. 
More specifically, the 4-thiophene film was found to be cleaved in two thin films ( < 10 nm), 
one remaining on the substrate and one printed on the gold. The outermost surface of the 
remaining 4-thiophene film was found to differ from that of the printed film on gold. 
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General introduetion 

1.1 Surfaces 

Surface properties of solids are encountered in everyday life applications, like the 
reduction of the exhaust of carbonoxide gasses by automobiles using catalysis. Another 
example of the use of surface properties is the coating of objects with a thin layer of another 
solid in order to control properties like corrosion-resistivity and chemica! stability. The 
properties of materials are dependent on the composition, structure and morphology of the 
surf ace. 

The differences between surface and bulk are fascinating, yet not unexpected for surface 
atoms are in contrast to bulk atoms subjected to an asymetrical force field. Since surfaces 
with a bulk-like composition and structure are not in a state of equilibrium, the composition, 
structure and morphology of a created surface are adepted such that their free energy is 
minimized. Therefore, the composition and structure of surfaces can be rather distinct from 
those of the bulk. In order to lower the surface free energy three surface processes are known 
to occur: 

• suiface relaxation; 
surface atoms are displaced by a small amount with respect to bulk positions, but no 
honds are broken, 

• suiface reconstruction; 
honds are broken and new honds are formed in order to create an energetically 
favorable surface structure, 

• suiface segregation; 
surface composition is changed with respect to that of the bulk by the preferential 
migration of one of the constituent elements towards the surf ace. 

Note that the word "surface" is not well defined, for in literature the surface can be found 
to vary from 1 to 1000 atomie layers. Surface science typically deals with surfaces to a depth 
of 10 atomie layers deep. In practice, the surface is defined by the prohing depth of the 
surface sensitive technique employed for the investigation of the property of interest. 



General introduetion 5 

1.2 Polymer surfaces and interfaces 

Last decades polymerie matenals have been developed and researched at a high and 
constantly increasing rate. Polymers posses tunable properties like lightness of weight, 
relative easy processing, corrosion-resistivity and elasticity, which are used in applications 
such as coatings and construction matenals. Last decades were also marked by the impact of 
inorganic semiconductor matenals on everyday life and on the development of new 
technologies. Hence, matenals that posses simultaneously the properties of organic polymers 
and inorganic semiconductors are of considerable interest from both an academical and 
industnal point of view. Since the end of the seventies, conducting polymers are studied in 
view of their multiple potential technological applications. The essential structural 
charactenstic of this class of polymers is their conjugated 7t-system extending over a large 
number of repeated monomer units. The potential of conjugated polymers bas been clearly 
demonstrated by the fabncation of molecular electronic devices such as FET' s (Field-Effect 
Transistors) and PLED's (Polymerie Light-Emitting Diodes) in which polyphenylenevinylene 
or polythiophene constituted the active component [1,2]. 

metaJ electrode 

(a) substrata 

top electrode 

(b) bottorn electrode 

Figure 1.1: Scheme ofthe two different types ofmetal/organic substance/metal 
structure: (a) in-plane; (b) sandwich structure [3}. To exploit the 
functionalities of the molecules it is necessary to conneet 
electrically the molecules, which can be realized in two different 
manners. 

An important aspect of these devices are the interfaces between the conjugated polymer 
and metal contacts where charge injection occurs (see figure 1.1). Although the general 
behavior of a metal-to-polymer contact can be predicted from electronic properties of the 
separated components, the nature of the actual interface may be strongly influenced by 
chemica! interactions between the two components. For instanee Lazzaroni et al. reported in 
1995 the fundamentally different reaction of Al and Ca with organic surfaces: the Al forms 
new covalent bonds onto the polymer backbone, while the Ca tends to dope the conjugated 
system similar to the "classica!" n-doping of conjugated systems [4]. Also mechanica! 
properties of the multilayer system, such as the adhesion between the metal and polymer, 
may be influenced by the interfacial interactions. Since interfaces between organic polymers 
and solid substrates occur in a variety of applications such as interconnects, packaging of 
electronic devices and thin film insuiators in multilayer structures, the technological 
importance of polymer-to-solid interfaces is evidently large. A specific problem in this area is 
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the relation of the polymer-to-solid interface to the structure and dynamics of interfacial 
chain molecules. 

Because the mobility of organic polymerie solids is know to be much higher than that of 
inorganic solids at roomtemperature, one bas to consider that overall properties of polymers 
are effected by dynamica! phenomena. More specifically for surfaces and interfaces, 
polymerie surfaces can restmeture upon a change of the interfacing phase, in order to 
minimize the surface/interface free energy. For instanee poly(hydroxyethylmethacrylate) 
(PHEMA) was found to expose the hydrophobic methyl groups at the polymer-to-air 
interface and the hydrophilic hydroxyl groups when it is interfaced with water [5]. Motionsin 
polymers occur on various scales and can involve rotation around the backbone and side
groups, but also macromolecular movements of large segments or the molecule as whole. The 
dynamics in a polymer are complex and depend for instanee on the mass density, length of 
the macromolecules, kind of side groups, inter- and intramolecular forces, crystallinity, 
crystallographic structure and temperature. 

Intuitively, one would expect the decreased constraints of macromolecules at surfaces, to 
result in an increased mobility. Various reports can be found in literature which indeed 
indicate this is probably the case [6]. Interactions between polymers and solids are found to 
be particulary strong between organic polymers and metal substrates. Combined with the 
mobility of polymers, especially the enhanced-mobility of polymer surfaces, these systems 
form interesting subjects for scientific studies. 

1.3 Thiophene based organic materials 

Among numerous conjugated polymers, polythiophene bas rapidly become subject of 
considerable interest (figure l.l(a) shows a schematic representation of the chemical 
structure of a molecule consisting of two thiophene monoroers connected to one another). 
From a theoretica! point of view, polythiophene bas been considered as a model for the study 
of charge transport in conjugated polymers with a nondegenerate ground state. On the other 
hand, the high environmental stability and high resistivity to heat of polythiophene [7] have 
led to multipe developments aimed at applications. 

For instance, film preparation is straightforward when materials are traetabie (e.g. 
dissolution or melt processable). While the pure unsubstituted polythiophene is an intraetabie 
material, remarkably good solubility bas been achieved for polythiophene by putting on its 3-
position alkyl side-groups with the carbon number of four or more [8,9]. This is because 
these side-groups mitigate the strong interchain interaction between the polythiophene 
chains. To be able to study the relationship between structure and electronk properties 
probieros like mislinkage (leading to a more regio-random structure) and conformational 
defects (coiled form insteadof fully stretched macromoleculair chains), have to be solved. In 
order to do so, researchers started to develop and investigate oligothiophenes (3-10 
monoroers linked to one another), which structures are much better defined, as model 
compounds of polythiophenes. 

Polythiophene bas been extensively studied for the relation between the geometrical 
structure and the optie and electronk properties. The large amount of existing information 
about, the possible applications of and the environmental stability of poly(3-hexylthiophene), 
motivate the choice to investigate surfaces of these polymerie materials. An extensive review 
about conductive polymers in general, of which a significant part is devoted to thiophenes, 
can be found in a recent pubHeation [ 10]. 
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1.4 Scope of this thesis 

In this research surfaces of thiophene based organic materials are investigated with Low 
Energy Ion Scattering (LEIS) and X-ray Photoelectron Spectroscopy (XPS). The latter 
technique is the most frequently used analytica! technique to study polymer surfaces and 
provides information about the composition and chemica! state of the surface. In contrast to 
XPS, LEIS is a much less used metbod for the analysis of polymer surfaces, yet it exhibits an 
extreme surface sensitivity and is in principle very suitable to look at polymer surface 
structural effects and molecular orientations. For instanee the group of Gardelia showed LEIS 
possesses a eertaio structural sensitivity [11]. 

This research is centered around the possibilities of LEIS to provide information about 
the structure of thiophene surfaces, which is determined by the orientation and conformation 
of molecules at the surface. The primairy goal is to obtain information about the preferred 
surface compositions (e.g. molecular orientation and conformation) of thin poly(3-
hexylthiophene) and oligo(quarterthiophene) films as a function of time, temperature and 
environment. Since in particular polymer-to-metal interfaces are of interest, the thiophene 
interface is altered from Ultra High Vacuum (UHV) to gold. This is experimentally done by 
pressing golden plates against thiophene surfaces at elevated temperatures during a eertaio 
time in vacuum. If the surface composition is effected by this change of environment, LEIS 
measurements before and after this treatment will provide direct information about the 
surface mobility and preferred surface structure as a function of time, temperature and 
environment. Findings of these experiments will be compared with the work done by Lachkar 
et al. [12] and F. Elfeninat et al. [13], who investigated the metallization of poly(3-
hexylthiophene) both experimentally (XPS) and theoretically, respectively. 

A second goal is to quantify results obtained from LEIS measurements on poly(3-
hexylthiophene) and quarterthiophene films. Since LEIS on polymers is still an almost 
unexplored area, quantification is pioneering and results will therefore be incomparable to 
findings of other researchers. However, it will be interesting to compare the findings to the 
bulk structures of these materials as proposed in literature. 

In chapter 2 the principles of LEIS and XPS, the used experimental set-ups and the data 
interpretation are outlined. Chapter 3 presents investigations of substrates and golden press 
plates surfaces by LEIS and XPS. The metbod of preparation of thin poly(3-hexylthiophene) 
films on substrates is discussed in chapter 4. Furthermore, in chapter 4 observations 
conceming the segregation of siloxane impurities in poly(3-hexylthiophene) films are 
presented and additionaly results that yield clear information about the specific structure of 
these siloxane-enriched surfaces are discussed. Experiments performed in order to obtain 
information about the surface structure of poly(3-hexylthiophene) and quarterthiophene films 
are discussed in chapter 5, as wellas the observed thiophene-to-gold interactions. Finally, in 
chapter 6 the conclusions are summarized and some recommendations for future work are 
given. 



Techniques 

2.1 Low Energy Ion Scattering (LEIS) 

The study of organic surfaces described in this thesis mainly focusses on the 
investigation of the outermost surface composition by Low Energy Ion Scattering (LEIS). In 
the past years, LEIS bas provided unique information about the surface composition of for 
example catalysts, ceramics, metals and single crystals. So far, polymer surfaces are only 
sporadically investigated by LEIS, despite of its extreme surface sensitivity and the fact that 
it is in principle very suitable to look at polymer surface structural effects and molecular 
orientations. This is caused by a number of difficulties encountered when studying polymer 
surf aces, which will be outlined in the subsections below. 

2.1.1 Principle of LEIS 

In Low Energy Ion Scattering (LEIS), also known as Ion Scattering Spectroscopy (ISS), 
incident man oenergetic low energy i ons (0.1-10 ke V) are scattered by atoms from the target 
surface (see figure 2.1). Significant scattering of an ion only occurs when its interaction 
energy with an atom is about equal to its kinetic energy. Since the interaction energy 
(according to the Molière approximation to the Thomas-Fermi potential [16]) between a He+ 
ion and a carbon atom when passing at a distance of 0.3 A is '" 13 eV, He+ ions with a kinetic 
energy in the order of 3000 e V can be supposed to interact with a single atom at a time. 
Hence, He+ scattering of surface atoms can be described as single binary collisions. If one 
assumes an elastical callision between an incident ion (mass m,on, incident energy E; ) and a 

surface atom (mass matom, in rest), then the energy of the ion after scattering (final energy 

Et) through a scattering angle 8 is given by (according to the laws of energy and 

momenturn conservation): 

= . (cose ± ~r2 - sin2 e ]
2 

Et E; . 1 ' +r 
(eq. 2.1) 

m 
with r = ----i!!Q!!!... This equation indicates the direct relation between the energy loss of a 

In; on 

scattered ion and the mass of the surface atom it collided with. Hence, the energy distribution 
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inert gas ion 

surface atoms 

Figure 2.1: Schematic representation ofthe 
scattering process during LEIS. 
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of the scattered (and recoiled) particles 
can be interpreted as a mass spectrum of 
the surface. Furthermore, the equation 
indicates that the highest mass resolution 
is obtained when the scattering angle is 
180°. However, in that configuration the 
scattering cross-section is smallest and 
also practicle problems dealing with the 
identical trajectories of ingoing ions and 
outgoing ions have to be solved. 
Therefore, commonly a scattering angle of 
about 140° is used when a good mass 
resolution is desired. Since backscattering 
(scattering angle > 90°) of an incident ion 
requires r > 1 (see equation 2.1), only 
elements with a mass larger than the ion-
mass can be detected. 

The surface investigated with LEIS is defined by the surface sensitivity of this technique. 
Brongersmaand Mul [14,15] showed that LEIS measurements with inert gasionscan be used 
to selectively study the outermost atomie layer of a surface. The high neutralization 
probability of inert gas ions insures the scattered ion contributions from deeper layers are 
effectively eliminated. 

The interaction between an incident ion and a surface atom is often described by the 
Thomas-Fermi potential which is a screened Coulomb potential. For calculations usually the 
Molière approximation to the Thomas-Fermi potentialis used [16]. Due tothese interactions 
a so-called shadow cone is created bebind an atom hit by a parallel flux of ions. This shadow 
cone defines an area were no ions can penetrate, so an atom residing in this area can not be 
detected and is therefore shadowed. Similarly, scattered ions can be blocked by surface 
atoms. Besides the fact that neighboring surface atoms cause structural blocking and 
shadowing, they also cause an increase of the neutralization probability, e.g. shielding. These 
concepts are responsible for the fact that LEIS is sensitive for the structure of a surface. 

LEIS measures the number of scattered ions over a certain angle (} as a function of their 
final energy. This results in a spectrum with surface peaks superimposed on a background. 

The area of a peak ~ in the energy window [ E
0

, E1] is equal to: 

Et (d ) Y = J I. · __!!_ · P+1 • n. · T · e · a. 1 ·dE, 
1 wn dQ . 1, 1 1, 

E0 1 

(eq. 2.2) 

with ["" the primary ion current per cm2
, (:;J the differential scattering cross-section for 

scattering of element i per unit solid angle, P;~ the ion fraction after scattering of element i 

in surface matrix I, ni the atomie surface density of element i in the topmost atomie layer, 

T the transmission of the analyzer, e the efficiency of the partiele detector and ai,t a factor 

taking into account the roughness of surface matrix I on blocking, shadowing and shielding of 
element i . So direct quantification of the surface composition is only possible when all 
parameters from this equation are known. The instromental and measurement parameters can 
be determined and the differential scattering cross-section can be calculated using the 
Molière approximation to the Thomas-Fermi potential. This leaves the ion fraction and 
roughness as unknown parameters. 
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Since the surface roughness depends on the target under investigation and the way it was 
treated, the roughness parameter a;,t is hard to determine which complicates quantification 

of the surface composition. Models reported in literature that describe the ion fraction are 
similar to the functional form of the model introduced by Hagstrum [17] and depend on the 
interaction time ofthe ion with the surface in the following form [18]: 

(eq. 2.3) 

with vc,i,t the so-called characteristic velocity fora given ion-target combination and V; and 

v1 the ion veloeities before and after the collision, respectively. The status of the theory and 

the restricted amount of experimental data do not allow the general prediction of the possible 
influence of the chemica! state of atoms on neutralization probabilities. 

Although relative straightforward quantification against the surface composition of 
calibrated standards seems possible, the validity of this quantification is determined by the 
fact whether or not the ion fraction depends on the surface matrix and by the knowledge 
about the surface roughness. Furthermore, LEIS signals originating from surfaces (partially) 
covered by hydrogen atoms are hard to interpreted, for hydrogen is undetectable with an 
"ordinary" LEIS setup (a forward scattering geometry allows for measurement of hydrogen 
atoms) and causes a significant reduction of the LEIS signal mainly due to shielding, e.g. 
neutralization of the incident i ons 1• Hence, quantification of surface compositions by LEIS 
and in particular polymer surfaces, which contain many hydrogen atoms in general and are 
moreover likely not atomically flat, is subjected to various uncertainties. 

One of the main concerns in LEIS is the surface damage induced by the ion 
bombardment The primary ions transfer energy to the surface when colliding, due to which 
surface atoms can leave the surface. This can happen as a result from single binary collisions 
(recoils) or due to collisioncascades (sputtered atoms or fragments). Therefore, meaningfull 
surface analysis with LEIS requires so-called static conditions: exposure of the target surface 
to the ion beam is such that no change in surface composition can be detected with LEIS. 

Besides this uncomfortable effect of ion scattering spectroscopy, damage inflicted by 
incident ions can be used as a tooi to obtain information about the composition of atomie 
layers below the outermost surface. In that case so-called sputtering profiles are taken of 
target surfaces. Such profiles have to be interpreted carefully especially when analyzing 
polymer surfaces which are known to be highly sensitive for ion irradiation. Ion irriadiation 
on polymer surfaces for instanee leads to the preferential sputtering of some species, breaking 
of bonds, formation of cross-links, rearrangements of bonds which are sensitive to the 
polymer chemistry and the release of gas. Hence the measured surface composition as a 
function of the sputteringdoseis not necessarily representative for the polymer but (partially) 
induced by ion irradiation. 

2.1.2 LEIS on polymers 

Although LEIS exhibits an extreme surface sensitivity and is in principle very suitable to 
look at polymer surface structural effects and molecular orientations, it is not a widely used 
method for the investigation of polymer surfaces. This is partially due to the surface damage 
inflicted by LEIS measurements. Since polymer surfaces are rapidly modified under ion 

1 Shadowing and blocking only play a secondary role, for the shadowcone of 3He+ 3 keV ions due to hydrogen is -
0.14 A, when assuming a typical C-H bond distance of 1 A. 
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bombardment, static conditions are not easily met during LEIS measurements. Due to the fact 
that polymer surfaces contain in general many hydragen atoms and are presumably not 
atomically flat, the detection signal is lowered. Moreover, the neutralization probability was 
found to be significantly higher for He+ i ons scattered of carbon atoms than of oxygen atoms, 
which was explained by the location of the valenee bands with respect to the He 1s ionization 
level [19]. This causes a decrease of the intensity of the carbon signal. Consequently, analysis 
of polymer surfaces demands in general a higher number of incident ions to obtain enough 
count-statistics than needed for the analysis of other solid surfaces. So, the analysis of 
polymer surfaces requires an experimental setup with a very efficient analyser and detector 
and moreover with the capability of distributing the ion flux over a large target area. 

Despite of these problems some earlier work concerned with LEIS on polymers is 
reported in literature. Biemental analysis of polymer surfaces with LEIS started at the end of 
the seventies. In 1978, Sparrow and Mismash publisbed a study on a commercial polymide 
(Kapton) [20]. Their results showed large variations in C, N and 0 signals from sample to 
sample and many impurities (especially alkali and alkaline-earth metals) were found. 
Furthermore, they noticed a low carbon peak. In 1980 Thomas et al. publisbed an extended 
LEIS study on many different polymers among which PMMA, PE and PVC [21]. They were 
very sensitive to surface contamination and also noticed a low carbon intensity. Since no 
static conditions were maintained (iondose "" 2·1016 2 keV 4He+ ions/cm2

) data interpretation 
was hard, for they could nat distinguish whether or not their observations were due to 
preferred molecular orientations or preferential sputtering effects during analysis. In 1988 
the group of Gardelia attempted to obtain nondestructive depth profiles of polymers chemica! 
compositions by using various analytica! techniques with different prohing deptbs [11]. They 
concluded only LEIS and HREELS have enough surface sensitivity to monitor 
macromolecular rearrangement at polymer surfaces and realized the importance of static 
conditions to minimize the sample damage during the LEIS analyses. They claimed that LEIS 
is sensitive to structural differences in the extreme surface region ("" 1-2 Á) [22]. 

These reports found in literature indicate that nat only the chemica! composition of 
polymers bas to be taken into account to understand LEIS data, but that also ion beam 
modification bas to be considered in detail and a campromise between static conditions 
during analysis and acceptable counting statistics must be found. Besides these mentioned 
authors, other reports dealing with LEIS on polymers can be found in literature. For instanee 
a more detailed discussion about ion scattering by polymer surfaces can be found in a report 
by Eertrand and De Puydt [19]. 

2.1.3 Experimental setup 

During this research the Low Energy Ion Scattering (LEIS) measurements were 
performed with the ion scattering apparatus ERISS (Energy Resolved Ion Scattering 
Specotroscopy), which was specifically designed for the use on fragile non-crystalline 
samples. The ERISS consists of a main Ultra High Vacuum (UHV) chamber pumped by a 
turbomolecular pump (Balzers TPH450H) and a HV pre-treatment chamber pumped by a 
turbomolecular pump (Leybold-Heraeus turbovac 50). Typical base pressure in the main and 
pre-treatment chamber is 5·10-10 and 1·10-5 mbar, respectively. The pre-treatment chamber, 
also used as loading chamber, is equipped with an oven with thermocouple and can be filled 
with 0 2, H2 and N2 gas during treatments. A transfer rod is used to transport samples between 
the pre-treatment chamber and main chamber. Influences of magnetic field in the main 
chamber are minimized by a double j..l.-metal shield. 

lans for measurements are generated in a Leybold-Heraeus IQE-12/38 ion source, where 
they are accelerated to energies of typically 3 keV. The inert gasses of 3He+, 4He+, Ne+ and 
Ar+ enter the ion souree through a leak valve. To enable measurements on insulating 
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Figure 2.2: Schematic cross-section of the ER/SS 
double cilindrical toroidal analyser 
designed by Helling et al. [24]. 
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samples, a neutralizer (e.g. electron 
flood gun) is built in [23]. hl general, 
an electron current equal to 10 times 
the ion current is sufficient to prevent 
charging of the target. 

hl the ERISS, backscattered ions 
and other positively charged particles 
are detected with a double cilindrical 
toroidal analyser designed by Hellings 
et al. [24] (see figure 2.2), which is 
capable of measuring charged particles 
within a energy resolved window. 
Measurement of an energy window 
instead of one single energy, makes it 
possible to acquire sufficient count
statistics in a short time, which will 
minimize damage inflicted by the ion 
beam to the target. The ion-dose can be 
lowered even further in the ERISS by 
rastering the target surface with the ion 
beam. hl this way the dose needed to 
acquire an energy spectrum of a 
polymer surface can be as low as 2·1012 

ions/cm2
, which is extremely low 

compared to other Ion scattering 
apparatus [34]. 

During operation the analyser 
plates of the ERISS are set to a eertaio 

voltage to insure that only particles in the energy range [Epass·(l+Ö), Epass·(l-Ö)] are let 
through (Epass is the so-called pass energy). This constant pass energy has the advantage that 
all ions finishing at the end of the analyser will hit the channelplates with the same energy. 
The collectorplate/channelplate system is designed such that particles leaving the analyser 
close to the symmetry axis will generate an electron cloud different from that when leaving 
far from the symmetry axis. Due to the shape of the analyser, positively charged particles end 
up closer to the symmetry axis when their kinetic energy is higher. Therefore, this analyser 
can perfarm energy resolved measurements within a eertaio energy window defined by Epass 
andö. 

The energy resolution is determined by (i) a misalignment of analyserplates and 
channelplate/collectorplate system, (ii) the detection of particles that are not well foccused 
onto the entrance of the analyser and (iii) intrinsic width of a LEIS peak due to inelastic 
effects. Consequently, the effective energy resolution of the ERISS setup is about 10% of the 
detectable energy window. The specifications and engineering of the analyser/detector are 
explained in great detail in the PhD thesis of Hellings [25]. 

2.1.4 Interpretation of LEIS spectra 

hl this subsection the features visible in LEIS spectra are discussed. hl particular 
examples, originating from measurements on poly(3-hexyl thiophene), will be presented that 
illustrate how the information obtained by LEIS depends on the used projectile and its kinetic 
energy. Furthermore, procedures employed for the extraction of data out of LEIS spectra are 
described. 
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Figure 2.3: LEIS spectra of a spin-coated poly(3-hexyl thiophene) film with a siloxane
enriched suiface. The spectra show the number of detected ions per second 
as ajunetion oftheir kinetic energy. Spectra (a) and (b) were measured with 
3He+ ions (3 keV, I;on=0.65 nA) and 4He+ ions (4.75 keV, I;on=0.51 nA), 
respectively. In these plots three speetral features can be observed: 
sputterpeak, background and suiface peaks. 

The performed research mainly involved LEIS measurements on poly(3-hexylthiophene) 
(P3HT) films occasionally contaminated with siloxane impurities. Figure 2.3 shows two 
LEIS spectra of a spin-coated P3HT film with a siloxane-enriched surface, which were 
measured with (a) 3He+ (3 keV, Epass=3000 eV) ions and (b) ~e+ (4.75 keV, Epass=3300 eV) 
ions, respectively. The spectra exhibit various speetral features: 
(i) A region of high intensity at low energies which is the so-called low energy sputter peak 

[26]. Likely, the sputterpeak is caused by the detection of positively charged sputtered 
fragments or light-weighted elements like hydragen and carbon. However, other possible 
causes have to be taken into consideration. Thomas et al. proposed two possible origins 
of this peak. Bither it is produced by H+ sputtered ions or by multiple scattered He after 
peneteation in the sample and being reionized at the surface befare leaving the solid [21]. 
A similar peak bas also been observed in some inorganic oxides used as catalysts and was 
attributed to hydragen on the surface [27,28]. Eertrand et al. detected this peak also on 
PTFE, a fluorinated polymer without hydragen [19]. Moreover, they noticed this peak is 
only observed on insuiator samples for which a charge compensation by low energy 
electrans is needed and found the peak intensity varies with the energy of these electrons. 
They suggested the sputter peak was produced by the gas released under ion 
bombardment and ionized by the low energy electrons. However, this is nat the case for 
the investigated thiophene films, for no change of the sputterpeak was observed between 
measurements with and without charge compensation. 

(ii) A background signal caused by He that experienced multiple scattering events below the 
surface atomie layer and reionized upon leaving the target. 

(iii) Peaks superimposed on the background caused by primary ions that backscattered of 
particular surface atoms. Due to inelastic effects such as excitation and ionization, peaks 
are positioned at lower energies than predicted by the binary elastic scattering expression 
(see equation 2.1). 
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Clearly, the peaks visible in spectrum (a) have a higher intensity than those in spectrum 
(b ). Figure 2.3 illustrates a second disadvantage of investigating P3HT films by LEIS with 
4He+ (4.75 keV) ions. The use of 3He+ (3 keV) ions allows a better separation of the carbon 
peak from the sputter peak. However, the sulfur peak can only be (clearly) separated from 
silicon when 4He+ (4.75 keV) ions are used. Hence, depending on the objectives LEIS 
measurements are performed with 3He+ (3 keV) ions or 4He+ (4.75 keV) ions. 

As discussed in subsection 2.2.1 LEIS yields information about the chemica! surface 
composition. The peak area is a measure for the average surface density of a certain 
constituent at the outermost atomie layer (see eq. 2.2). In order to accurately determine the 
peak area, the signa! is integrated after linear background subtraction using a consistent 
energy interval. However, when the noise to signal ratio is significant, fitting of the peak with 
a so-called reference peak is required. A self-written program called P ALP (Program for the 
Analysis of LEIS Peaks) is used for the determination of areasof high noise to signa! peaks. 
Below procedures foliowed by P ALP for background subtraction and fitting are descri bed: 

(1) A linear background is calculated and subtracted from the LEIS signa! in a given energy 

window [ E0 ,E1], resulting in a background-free peak. The intensities / 0 and 11 

(necessary for computation of the background) are approximated by means of linear 
regression through the 10 nearest neighbouring datapoints of E0 and E1 , respectively 

(see figure 2.4.a). 
(2) The background-free signa! is fitted with the reference peak(s) using the metbod of least 

squares which tells to minimize q [29]: 

~ 2 

q = L[smeas(E;}-Sfi,(E;}], 
i=no 

with S fit ( E;) a linear combination of one or two measured reference signals and 

i denoting the datapoint(Ei'Smeas(E;}) such thatEno = E0 and En
1 
= E1 • Figure 2.4.b 

shows an example of a LEIS signa! fitted with two reference peaks. In appendix A the 
expressions used by PALP to fit a peak with one (or two) reference peak(s) are derived. 
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Figure 2.4: Results of the self-written program PALP used for the determination of peak 
areas. (a) Shows the method usedfor the calculation of an appropriate linear 
background given a certain energy window and (b) shows the deconvolution 
(using reference signals) of a peak that contains two contributions. 
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(3) The peak areas2 of fitted contributions are determined by integration with the 
trapezoidalrule [30]. Standard deviations of contributions are calculated with respect to 
the background-free peak, assuming (i) the fit gives the ideal curve through the measured 
datapoints and (ii) the datapoints are scattered around the fit following a normal 
distribution [31]. Note that this computed deviation is not the absolute deviation, because 
deviations such as due to erroneous background subtraction and uncertainties in the ion
current, are not taken into account. However if LEIS measurements are performed 
identically, then the described metbod to determine peak areas, makes it possible to 
compare the areas using the calculated deviation as an indication of their accuracy. 

2.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS (X-ray Photoelectron Spectroscopy) is widely used to study all kinds of surfaces. 
For the investigation of polymer surfaces it is the most adopted analytica! technique and in 
general used to obtain information about the composition of and the chemica! honds present 
in polymer surfaces. In recent years high-resolution XPS is also utilized to investigate 
chemica! interactions between polymers and metals. For instanee Lazzaroni et al. presented a 
joint experimental (XPS) and theoretica! study of the electronic structure of the aluminium
to-polythiophene interface [32]. Another example of the use of XPS to monitor the formation 
of interfaces upon metallization can be found in the work by Lachkar et al. [12]. 

2.2.1 Principles 

XPS is basedon the emmitance of photoelectrons by atoms upon irridiation with X-rays. 
In figure 2.5 the photoelectric effect is schematically shown. The kinetic energy of an emitted 
photoelectron in vacuum Ekin is equal to: 

Ekin = /i(iJ- Ebinding -<I>' (eq. 2.4) 

with litiJ the energy of the X-ray quant, Ebinding the binding energy of the electron (with 

respect to the Fermi level) and <I> the work function of the solid. 
Thus, measuring the kinetic energy of photoelectrons yields the electron binding energies 

in final atom states, which can be related to binding energies in the initia! atom state. Hence, 
XPS provides information about the 'surface' composition, for orbitals and elements have 
unique electron binding energies. Due to the chemica! bondings in a solid, core levels can be 
shifted (0-5 e V) with respect to binding energies in free atoms which yields information 
about the organic 'surface' structure. 

Sofar quotes are used around the word 'surface' to emphasize that the surface analysed 
with XPS is not identical to that investigated with LEIS. X-rays can penetrate 1-10 J.Lm in 
samples, but probabilities of (photo )electron interactions with matter far exceed those of the 
photons. Thus, the surface sensitivity of XPS is a consequence of the limited electron mean 
free path which is in the order of 1-3 nm for kinetic energies of 400-1000 eV [33]. This 
implies that on average only electrons within this travelling distance of the outermost solid 

2 Since the LEIS intensity is proportional to the ion current (see eqation 2.2), all calculated areas are given for an 
ion current 1;00 of 1 nA to make comparison of peak areas effortless. 



Techniques 16 

surface can leave the surface without energy loss, resulting in an infonnation depth of 
approximately 3-10 nm. In the remainder of this thesis, the 'surface' analysed with XPS will 
be named the surface region. 
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Figure 2.5: Photoelectric process that occurs during XPS measurements; a X-ray 
knocks a co re-electron out of its orb i tal which is emitted. The excited 
ion can emit so-called Auger electrans upon relaxation. 

2.2.2 Experimental setup 

XPS measurements are like LEIS measurements perfonned in the UHV chamber of the 
ERISS. The used X-ray souree is VG Scientific type 427 Twin Anode, with a conically 
shaped anode with 2 flat sides. One side is coated with Al, the other with Mg. Two filaments, 
one for each side, are positioned at small distance from the anode to allow the extraction of 
electrons. The electron bombardement of the anode will generate Al or Mg X-rays. A thin Al 
foil ensures that only Al Ka (1486.6 eV) or Mg Ka X-rays (1253.6 eV) are let through. Since 
no monochromator is present, theemission lines have an intrinsic width of 0.7 and 0.9 eV for 
Mg and Al, respectively. 

The flange of the X-ray souree enables it to point at the target. However, the angle of 
incidence with respect to the target surface normal is large for the X-rays. To decrease the 
target area irridiated by the X-rays, the manipulator is rotated in the direction of the X-ray 
souree and the distance between the souree and the sample is reduced as fas as possible. The 
result is an increase of the X-ray intensity on the target and a decrease of the possible 
generation of electroos out of non target materials. However, the tilting of the target and the 
still large area of irridiance cause the analyser to detect also electroos that are not emitted 
from the ideal focal point, which complicates quantification of the results. 

During XPS measurements positive ions are created by the photoelectric proces. In 
conducting solids bulk electroos move towards the surface to neutralize the developed 
positive charges. However, in insulating solids the operatien of the neutralizer, an electron 
flood gun present in the ERISS setup, is required to prevent charging of the target. Electroos 
emitted from the target are analysed and detected with the same setup used for LEIS. Since 
for practical reasoos no energy resolved measurements are possible, the channelplates are 
used as conventional partiele detectors [34]. To eosure sufficient energy resolution a pass 
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energy between 3 and 15 eV is selected. The minimum step size achievable with the 
decelaration voltage is 0.37 Volt. 

All XPS measurements performed in this research are executed with the sample tilted 
over an angle of 45° towards the X-ray souree and the souree positioned as close as possible 
to the target, resulting in an irridiated area of approximately 5-8 mm2

• The pass energy is 
chosen such that the background to signal ratio and the energy resolution are adequate. 
Mostly, a pass energy of 10 eV and step size of0.37 eV are used. 

2.2.3 Data interpretation 

In a XPS spectrum the number of detected electrons in a fixed small energy window are 
plottedas a function of their kinetic energy. Customarily, a binding energy scale beginning at 
zero and increasing to the left is used. Figure 2.6 shows a typical XPS spectrum of a poly(3-
hexyl thiophene) film with a siloxane-enriched surface. In the spectrum various speetral 
features can be observed (an extensive discussion of the photoelectron process and energy 
loss processes can for instanee be found in [35]): 

(1) A background formed by electrons that undergo loss processes before emerging. The 
background is continuons because the energy loss processes are random and multiple. 

(2) Photoelectron lines caused by the detection of photoelectrons that left the target without 
energy loss. 

(3) Auger lines caused by auger electroos (see figure 2.5). 
(4) X-ray satellites due to the fact that the X-ray emmision spectrum used for irradiation 

exhibits not only the characteristic X-ray but also some minor X-ray components at 
higher pboton energies. 

(5) Shake-up satellites due to the finite probability that a created ion is left in an excited 
state, a few electron volts above the ground state. In this event, the kinetic energy of the 
emitted electron is reduced, resulting in the formation of a satellite peak at higher binding 
energies. 

( 6) Energy loss satellites caused by the enhanced probability for loss of a specific amount of 
energy due to interactions between the photoelectron and other electrons in the surface 
region of the sample. These quantized excitations are called plasmens and can be 
separated in bulk and surface plasmons. 

(7) Multiplet splitting. Emission of an electron from a core level of an atom that itself bas a 
spin can create a vacancy in two or more ways. Also the coupling of a new unpaired 
electron left after photoemission with other unpaired electrens in the atom can create an 
ion with various configurations and energies. 

Analysis of XPS data starts with the identification of all speetral features, in order to 
deterrnine the chemica! composition of the surface region. Since chemical shifts are small (0-
5 eV), binding energies have to be deterrnined precisely to obtain reliable inforrnation about 
chemica! bondings. This requires a calibration of the energy scale, which is accomplished by 
shifting the spectrum until, a certain photoelectron line corresponds to the 'correct' position 
as found in literature. Prior to deterrnination of the binding energy and photopeak area, a 
linear background is subtracted. Although more sophisticated background models exist, such 
as the Shirley background [35,36,37], the linear approximation is acceptable. 

In general, the C1s peak is used for calibration, with the common convention that Ebinding 

is 285.0 and 284.7 eV for saturated, unfunctionalized and aromatic carbon, respectively [38]. 
Since the carbon atoms in poly(3-hexylthiophene) have various chemica! honds, the S2p 
photopeak is used for calibration with Ebinding,s2p = 164.1 eV [33,32,13]. To check the 

rightness of this calibration XPS spectra are taken of P3HT films (with siloxane-enriched 
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Figure 2.6: Typical XPS spectrum of a poly(3-hexyl thiophene) film with a siloxane
enriched surface (Mg-Ka radiation, Epass=lO eV, step 0.37 eV). As indicated, 
various speetral features are visible in a XPS spectrum. 

surfaces), spin-coated on silica/Si(lOO) and Au/Cr/glass substrates, with a small film 
thickness such that the substrates are visible with XPS (<30 nm.). hl that case, the well 
known peak positions of Si(100)2p and Au4f712 can be used to check the calibration with the 
S2p photopeak. hl appendix B, figure B.l shows the used XPS spectra of P3HT/silica/Si(100) 
and P3HT/Au/Cr/glass and table B.l lists the determined binding energies tagether with 
values found in literature. From this table is concluded, that calibration using 
Ebinding .s2p = 164.1 e V is satisfactorily. 

The intensity of a specific speetral peak I; given a eertaio density n; (z) of element i as 

a function of the depth z can be described by the following expression: 

~ 

I;= f K ·n;(z) · S; · f(z) ·dz, (eq. 2.5) 
0 

with K an instromental factor, S; the atomie sensitivity depending on the atomie orbital of 

interest which can be found in literature [33] and f (z) a function that describes the 

contribution to the photopeak intensity of an atom at depth z with respect to an atom at the 
outermost surface ( z = 0). Because the target is tilted with respect to the analyser no 
analytica} expression can be derived for f (z) . However, if one assumes a homogeneaus 

surface region n;(z) -7 n;, a simple expression can be derived from equation 2.5: 

(eq. 2.6) 

Since the intensity I; is determined by means of integration of the measured photopeaks3
, the 

average surface composition can calculated in atomie fractions ni,o/o with the equation: 

3 In principal the area underneath shake-up satellites should be included. However, it is difficult to separate these 
from the background and electron-loss satellites and are usually not of great influence except for metals. 
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with i denoting the main photoelectron line of a certain constituent. 
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3.1 Introduetion 

One of the aims of this research is to investigate interfaces between poly(3-
hexylthiophene) (P3HT) and metals. To be able to study the influence of interfacing P3HT 
with a metal by LEIS and XPS, a metal plate is pressed on top of the film at elevated 
temperatures and removed after a certain time. If one wants to study the effects of the 
interface with gold on the orientation and conformation of molecules, no chemica! bonds 
should form between the gold and P3HT, for this will destroy the outermost surface upon 
removal of the metal. Because gold is only weakly chemically active and known to have an 
affection for sulfur, gold plates are used for the mentioned experiment. In addition this choice 
is stimulated by the fact that Lachkar et al. showed, by in situ XPS measurements of the Au 
metallization of poly(3-hexylthiophene), that gold does notinteract with P3HT [12]. 

Deposition of poly(3-hexylthiophene) films by means of spin coating or salution casting 
requires substrates. For practical reasons pieces of Si(100) wafers with a native oxide 
overlayer are used for this purpose. To be able to determine whether or not the surface 
structure of thin poly(3-hexylthiophene) films is affected by the substrate, attempts are made 
to use the golden plates as substrates besides silica/Si(100). In literature experimental 
evidence can be found for the dependenee of preferred molecular orientations in evaporated 
oligothiophenes films on the used substrate. Fore instanee differences are observed between 
the orientation of the molecules in films evaporated on oxidized Si(100) [39,40] and on (2x1) 
reconstructed Au(llO) [41] or Ag(l11) [42] surfaces. Naturally, surfaces of silica/Si(100) 
substrates and Au plates/substrates have to be as clean as possible or at least analysed to 
define the poly(3-hexylthiophene) samples and the 'gold-to-P3HT experiments'. In section 
3.2 and 3.3 results conceming the silica and Au surfaces, respectively are presented. 

3.2 Surface of silica/Si(lOO) substrates 

Pieces of P-type (dopant boron) Si(lOO) wafers with a native oxide overlayer were used 
as substrates for the deposition of poly(3-hexylthiophene) films. The samples were carved in 
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pieces of lxl cm2 with a diamond scribe out of Si(lOO) wafers (thickness 500-550 IJ.m). 
Before usage, silica/Si(100) substrates were ultrasonically cleaned in ethanol (Y2 hour) and 
subsequently dryed in air with flowing N2 gas. 
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Figure 3.1: Typical LEIS spectrum and XPS spectrum of the prepared silica/Si(JOO) 
substrates. XPS and LEIS measurements were peiformed with Mg-Ka radiation 
and 3He+ (3 keV) ions under static conditions, respectively. 

The surface of silica/Si(lOO) substrates was investigated by LEIS and XPS (see figure 
3.1). The LEIS spectrum clearly shows the first atomie layer of the substrates contained 
oxygen, silicon and carbon atoms. XPS confirmed the presence of these elements in the 
surface region. Furthermore, the XPS spectrum shows the different contributions of silicon 
atoms in silica and Si(100). The relatively large Si(100) contribution with respect to that of 
Si(silica) indicates the substrates consisted of Si(100) covered by a silica toplayer with a 
thickness of only a few nanometers. 

Additional analysis of the surfaces of silica/Si(100) substrates was performed by takinga 
sputtering profile with LEIS, to obtain information about the composition of the atomie 
layers just below the outermost surface. The sputtering depth as a function of the iondose can 
be approximated using a typical atomie density for a polycrystalline surface of 1.6·1015 

ions/cm2 and a 6% sputtering yield for the sputtering of C, Si and 0 with 4He+ (4.73 keV) 
ions [43]. 

Figure 3.2 shows the peak areasof oxygen and silicon as wellastheir ratio as a function 
of the sputtering dose. The figure shows that initially the peak areas of silicon and oxygen 
increased while their ratio was constant as a nmction of the increasing sputtering dose. The 0 
peak area was found to stabilize when the ion irradiation exceeded a dose of approximately 
3·1015 ions/cm2

, yet the Si peak area still increased. This is clearly illustrated by the 0/Si 
peak area ratio plotted in figure 3.2(b). Moreover, no carbon could be detected by LEIS after 
a sputtering dose ;<:5·1014 ions/cm2

• 

These results suggest that the topmost atomie layer of the substrates consisted of silica 
contaminated by carbon impurities. Apparently only the outermost layer is contaminated by 
carbon, for the carbon signal disappeared and the oxygen peak area saturated after sputtering 
of -0.02 and -0.1 ML (monolayer), respectively. Furthermore, the fact that the 0/Si peak 
area ratio decreased from 0.8 to 0.3 after sputtering of -3.5 ML. indicated the substrates 
contained a very thin silica overlayer, as was already pointed out by XPS. 
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Figure 3.2: Sputtering 'depth' profile of silica/Si(JOO) substrates. Graphs (a) and (b) show the 
peak areas ofthe constituents (ILEis,;on = 1 nA) and the peak area ratio of oxygen to 
silicon, respectively. LEIS measurements and sputtering were peiformed with 4He+ 
( 4. 73 ke V) ions. 

3.3 Surface of Au/Cr/glass 

Gold films are used for pressing against surfaces of thiophene based organic films and 
perchance as substrates forthespin coating of poly(3-hexylthiophene) films. The gold films 
are made by evaporation of 500 À gold on borosilicate (sodium poor, thickness 0.5 mm.) 
substrates. To improve the acthesion of gold to glass 50 À of chromium have been evaporated 
on the glass prior to the deposition of gold. Before usage, Au/Cr/glass samples are 
ultrasonically cleanedinethanol (Y2 hour) and subsequently dryed in air with flowing N2 gas. 

3.3.1 Surfaces of as-prepared and spottered gold films 

The surface of as-prepared gold films was investigated by LEIS and XPS (see solid lines 
in figure 3.3), for usage of the gold films as press plates and/or as substrates requires that 
their surfaces are atomically clean. Since a gold peak is absent in the LEIS spectrum, it 
appears no Au was present at the outermost surface of the prepared gold films. In addition, 
the clearly visible (high) background indicates the prepared gold films were only covered by 
a thin layer of contaminants. It was found by XPS that the surface region of the film 
contained carbon (39%) and oxygen (6%) besides gold (55%). 

The surface of gold films was forther analysed by means of sputtering -3 ML. with an 

iondose of 4.6 ·1015 Ne+ (4.75 keV) ions/cm2 and subsequent LEIS and XPS measurements 
(dotted lines in figure 3.3). After sputtering a clear gold peak was detected by LEIS and the 
'average' C/Au atomie fraction ratio of the surface region was found to be decreased from 
0.7 to 0.1. This substantiates the proposed existence of a thin overlayer that mainly consists 
of carbon. Although sputtering provides clean gold films in UHV, these can not be used as 
proper substrates for the deposition of P3HT films in air, because it was observed that 
spottered gold samples outside the UHV system become rapidly contaminated by carbon. 
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Figure 3.3: Typical LEIS spectra and XPS spectra of goldfilms evaporated on glass substrates 
aft er evaporation of 50 A chromium. Spectra of the as-prepared film are denoted by 
solid lines and dotted lines denote the spectra of a gold film sputtered with 

4.6·1015 Ne+ (4.75 keV) ions. XPS and LEIS measurements were peiformed with 
Mg-Ka radiation and 4He+ (4.73 keV) ions under static conditions, respectively. 

Since in general sputtering increases the reactivity of a surface, a less-violent metbod for the 
removal of carbon and oxygen bas been explored. 

3.3.2 Heating of gold films in UHV and 0 2 

Gold films were heated in UHV in an attempt to remove carbon (and oxygen) impurities 
from the gold surface. Upon heating desorption and adsorption processes are expected to 
become activated. Since an increase of temperature likely results in a higher desorption rate 
and lower adsorption rate, the density of gold at the outermost surface is expected to increase 
exponentially untill an equilibrium is reached. The equilibrium gold density is expected to 
increase upon rising temperature. In figure 3.4 the gold peak area x Au (expressed as a fraction 

of the peak area of a clean, e.g. sputtered, gold surface) is plotted as a function of 
time/temperature. 

The figure shows the gold surface density x Au initially increased as a function of 

time/temperature, which is in agreement with the expectation. When the temperature reached 
-500 °C after annealing for 3 hours, x Au was equal to 60%, the 'average' C/Au atomie ratio 

was reduced from 0.83 to 0.25 and no oxygen was present in the surface region. However, 
annealing for longer times and/or at higher temperatures caused x Au to decrease and Cl Au to 

increase, which implies the amount of carbon at the surface increased. This can be explained 
by supposing the activation of a diffusion process, like carbon segregation towards the 
surface or lateral surface diffusion of carbon that originates from screws used to mount the 
gold sample on the sampleholder. Another possibility is that the observed increase of carbon 
is caused by an increase of the carbon concentration in UHV due to the outgassing of ERTSS
parts that are also heated u pon annealing of the gold film. 

In an attempt to increase the rate of carbon removal at temperatures below 500 °C, gold 
films were heated in an oxygen atmosphere. When the temperature is higher than 200 °C no 
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Figure 3.4: Heating of gold films in UHV. Plot (a) and (b) show respectively, the 
development of x Au (gold peak area expressed as a fraction of the peak area of 

a clean, e.g. sputtered, gold surface) and the temperafure as ajunetion of time. 
XPS measurements were taken at the time/temperafure combinations denoted by 
(1), (2) and (3). 

formation of goldoxides is expected, for decomposition temperatures of the gold compounds 

Au20 2, Au20 3 and Au20 are all less than 200 o C [ 44]. Figure 3.5 shows the LEIS and XPS 

spectra measured before and after heating of a gold film in an oxygen atmosphere 
( p

02 
= 25 mbar) at 300-350 oe for 45 minutes (in the pre-treatment chamber of the ERISS). 

After processing the LEIS spectrum shows no surface peak, which implies no clean gold 
surface was obtained by heating in Üz. In addition, a decrease of only 30% of the 'average' 
C/Au atomie ratio, an increase of the 0/Au ratio and traces of sodium (<1 %) and chromium 
(31%) (possibly Cr20) were found by XPS. Chromium and sodium atoms segregated to the 
gold surface from the Cr layer and glass substrate, respectively, yet these elements appear not 
to be present at the outermost surface layer, which is possibly due to the high background 
signal of gold. 

In order to investigate the effect of annealing gold films in oxygen on the level of carbon 
contamination properly, segregation of chromium (and sodium) has to be prevented. It is 
feasible that only those Cr atoms segregate which are not neccesary for the adhesion of gold 
to glass. Therefore, a second batch of gold films was prepared with a thinner chromium layer 
at the gold-to-glass boundary of -20 A. In figure 3.6 the effect of heating a gold film from 

batch 2 in oxygen ( p 
02 

= 25 mbar) at a temperature of 300- 340 o C for 45 minutes is 

shown. Mter annealing the XPS spectrum clearly shows a photopeak of Na (3% ), but no 
photopeak of Cr is visible. Furthermore, the 'average' C/Au atomie ratio was found to have 
decreased 30% and the 0/Au ratio decreased slightly. No Au or Na atoms were found present 
by LEIS at the outermost surface of the gold films after heating in 0 2• 
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Figure 3.5: LEIS and XPS spectra of 50 nm. thick goldfilms evaporated on glass substrates 
after evaporation of 50 A Cr, taken before (solid lines) and after (dotted lines) 

heating in oxygen ( p
02 

=25mbar) at 300-350°C during 45 minutes. XPS 

and LEIS measurements were peiformed with Mg-Ka radiation and 4He+ (4.73 
ke V) ions under static conditions, respectively. 

In summary, the Cl Au ratio (XPS) was found to decrease only -30% upon annealing gold 
films at -325 °C in 0 2• In addition, LEIS measurements indicated that the outermost surface 
layer of gold was still contaminated after the anneal for no gold peaks were found. 
Furthermore, the segregation of chromium and sodium to the gold surface was observed at 
these temperatures, in contrast to heating in UHV at more than 500 °C. Hence, segregation of 
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Figure 3.6: LEIS and XPS spectra of 500 A Au/20 A Cr/glass before (solid lines) and after 

heating ( dotted Zin es) in oxygen ( p 
02 

= 25 mbar) at 300- 340 ° C during 45 

minutes. XPS and LEIS measurements were peiformed with Mg-Ka radiation 
and 3He+ (3 keV) ions under static conditions, respectively. 



Silica!Si( 100) substrates and Au press plates 26 

chromium and sodium seems to be induced by an oxygen atmosphere. The thickness of the 
chromium boundary layer was found to influence the segregation of Cr and Na. fu gold 
samples with a 50 A Cr layer the segregation of both Na and Cr towards the gold surface was 
observed, in contrast to only segregation of Na when the Cr boundary layer was 20 A. 
Moreover, the oxygen concentration in the surface region appears to be related to the 
segregated impurity at the surface. Upon the segregation of sodium the oxygen concentration 
was hardly changed, but the oxygen concentration was observed to increase significantly 
upon the segregation of chromium. 

3.3.3 UV /ozon cleaning of gold surfaces 

The action of ultraviolet (UV) light and ozone bas been employed since 1972 as a 
metbod for the remaval of organic contamination [45]. In 1995 David E. King showed that a 
combination of ultraviolet (UV) light and ozone can be used to produce clean hydrophilic 
gold surfaces [46]. 

Gold films from batch 1 were treated for 3 minutes at roomtemperature in an UVOCS 
ultra-violet ozone cleaning system at the Phillips Laboraties. fu this system a low pressure 
quartz-mercury vapor lamp generates UV emmisions of two wavelengths, in particular 184.9 
and 253.7 nm. As a consequence ozone is generated by the absorption of the 184.9 nm 
wavelength by oxygen and organic contaminants are excited or dissociated by the absorption 
of the 254 nm. wavelength. Hence, organic impurities are removed, because excited organic 
contarninants react with the atomie oxygen tofarm volatile products, such as C02 and H20. 
Extensive information about the UV/ozone metbod for the cleaning of surfacescan be found 
in the workof John R. Vig. [47]. Mter processing, the gold films were exposed to air (5-10 
min.) prior to transport in an N2 atmosphere to the glovebox (Ar) present at the FOG 
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Figure 3. 7: Sputtering depth profiles of as-deposited and UV/ozone treated gold films from 
batch 1 and an as-deposited gold film from batch 2. Sputtering profiles we re 
taken by LEIS with 3He+ (3 keV) ions. 
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chemica! laboratory. Transfer from the glovebox to the loading chamber of the ERISS was 
also performed in an argon atmosphere. 

The effect of the UV/ozone treatment becomes visible upon comparison of the sputtering 
profiles of as-deposited and UV/ozone treated gold films from batch 1 (see figure 3.7). 
Evidently, UV/ozone reduces the level of contamination at the gold surface. In figure 3.7 also 
the sputtering profile of a gold film from batch 2 is shown. A clear difference between the 
sputtering profiles of as-deposited gold films from batch 1 and 2 is visible. The level of 
contamination at the surface of the gold film from batch 1 is much higher than at the gold 
film from batch 2. Secondly, the figure shows that the profile of an UV/ozone cleaned gold 
film from batch 1 resembles that of as-deposited gold from batch 2. Since it was found that a 
sputtered gold film becomes completely covered by carbon impurities after a 10 min. 
exposure to air, the contamination present at the surfaces of UV/ozone treated gold films and 
gold films from batch 2 is possibly due to the exposure to air. However, strictly this 
comparison is not allowed, because an ion bombarded gold surface is hydrophobic and an 
UV/ozone cleaned gold surface is hydrophilic [46]. 

3.3.4 (;oldplates 

In the previous subsections was shown that various attempts to prepare clean gold 
surfaces besides sputtering, were unsuccesfull, although some improvements were observed. 
Therefore clean gold plates used for pressing against thiophene films were prepared by 
means of sputtering with Ne+ (4.75 keV) ions. Since the 'gold-to-thiophene experiments' 

were performed in the pre-treatment chamber of the ERISS ( p ""' 1· 1 o-s mbar), the stability 

of a sputtered gold film in this chamber was investigated. 
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Figure 3.8: LEIS spectra of sputtered goldfilms before (solid lines) and after (dotted lines) 
exposure to a vacuum pressure of 1·10-5 mbar. Graphs (a) and (b) show the 
spectra of a gold film from batch 1 and 2 after an exposure time of 5 and 2 
minutes, respectively. Sputtering was peiformed with Ne+ (4.75 keV) ions. LEIS 
spectra shown in (a) and (b) were measured with 4He+ (4.75 keV) ions and 3He+ 
( 3 ke V) i ons, respectively. 
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Sputtered gold films from batch 1 and 2 were transported to the pre-treatment chamber 
and retumed to UHV after 5 and 2 minutes, respectively. Figure 3.8(a) shows the LEIS 
spectra of the sputtered gold film from batch 1 before and after the stay in the loading 
chamber. The spectra clearly indicate that almost the entire gold peak vanished after 5 min. in 
the pre-treatment chamber. In addition, a carbon photopeak was observed with XPS after the 
short stay in the pre-treatment chamber. So, the level of carbon contamination at the surface 
of a sputtered gold film from batch 1 seems to increase rapidly when staying in the loading 
chamber. The gold film from batch 2 was found to be reasonably stabie after sputtering in the 
pre-treatment chamber ofthe ERISS (see figure 3.8(b)). 

3.4 Discussion 

The silica/Si(100) samples used as substrates for the deposition of poly(3-
hexylthiophene) films were found to consist of a thin silica overlayer (few nanometers) with 
an outermost surface slightly contaminated by carbon impurities. A first batch of gold films 
was prepared by deposition of 50 nm. of gold on top of borosilicate (sodium poor) substrates 
after evaporation of 50 A chromium. V arious attempts to prepare clean gold surfaces besides 
sputtering were unsuccesful. Hence gold plates for the 'gold-to-thiophene experiments' are 
prepared in UHV by means of sputtering. Although an UV /ozone treatment was found to 
lower the surface carbon contamination significantly, the short exposure to air afterwards 
made it impossible to determine whether or not such a treatment provides atomically clean 
gold surfaces. 

The carbon contamination at the surface of UV /ozone treated gold films from batch 1 
was found to resembie that of non-treated gold films from batch 2 (prepared analogously to 
batch 1, but with a Cr boundary layer of only 20 A). The level of carbon contamination at the 
surface of gold films from batch 1 was found to be higher that of films from batch 2. This is 
likely due tothefact that the gold souree used for evaporation of batch 1 was supported by a 
carbon container in contrast to the metal support of the gold souree used for deposition of 
batch 2. Possibly the observation, that sputtered gold films from batch 1 are unstable in the 
pre-treatment chamber of the ERISS (p:::: 1·10·5 mbar) at roomtemperature whereas sputtered 
gold films from batch 2 are almost compeletely stable, is related to the high level of carbon 
contamination. 

No impurities seem to segregate towards the gold surface upon heating in UHV (at least) 
at temperatures below 500 °C, yet sodium and chromium do segregate when gold films from 
batch 1are exposed to an oxygen atmosphere Poxygen= 25 mbar at a temperature of only -325 
°C for 45 minutes. Hence, an oxygen atmosphere seems to induce the segregation of Cr and 
Na towards the gold-to-oxygen interface. In addition, the oxygen concentratien in the surface 
region apppears to be related (e.g. increased) to the segregation of Cr for the segregation of 
Na seemsnot to affect the oxygen concentration. 

J. Chevrier et al. [48] and L. Huang et al. [49] reported the oxygen induced restructuring 
of Au(l11) surfaces. They investigated Au(lll) surfaces prepared from a single crystal and 
prepared by a short anneal in a glas flame of gold films (200 nm. evaporated on glass 
substrates with a 20 A Cr boundary layer). Upon annealing in an oxygen atmosphere (1 bar) 
at a high temperature (800 °C) the chemisorption of oxygen on the Au(l11) surfaces was 

found to take place, due to which the growth of a ( .J3x.J3 )R30° phase and a long-range 
hexagonal superstructure were induced. Moreover, STM results indicated the same 
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( .f3x.J3 )R30° structure is formed on the Au(lll) single crystal surface as on the (111) 
facets of the gold films. The authors proposed that the restructuring of the Au(111) surfaces 
upon exposure to oxgyen proceeds via a nucleation and growth process. In addition, they 
concluded that surface defects or impurities might play a crucial role in the nucleation of the 
oxygen-induced surface reconstruction, as bas been proposed previously by other authors 
[50,51]. Their suggestion was substantiated by the fact that after annealing of the gold films 
the presence of chromium at the surface was detected with Auger electron spectroscopy. 

Moreover, they observed that the cleaner the Au(111) single crystal became, the more 
and more it became resistant to the nucleation of the long-range hexagonal superstructure. 

Also no signature of oxygen adsorption or formation of a ( .f3x.f3 )R30° structure could be 
observed on a carefully prepared clean Au(111) surface after exposure to oxygen at 
Poxygen=l0-6 Torrand T=900 K for several hours. 

Since the gold films investigated in the current research, although only 50 nm. thick, 
were annealed at -325 °C for 45 minutes in an oxygen atmosphere with Poxygen=25 mbar, it is 
thinkable that impurities indeed segregated towards the Au( 111) facets u pon annealing at 800 
°C in an oxygen atmosphere and possibly played a keyrole in the chemisorption of oxygen on 
the Au(111) facets. Remarkably, the oxygen concentration appears to be increased by the 
segregation of chromium and not by the segregation of sodium. Possibly chromium belongs 
to a group of elements (at least silicon and calcium) that are claimed to trigger the 
chemisorption of oxygen on gold surfaces [50,51,52]. 

Most importantly, although the surface structure of evaporated gold films were found to 

form large Au( 111) terraces with a long-range hexagonal superstructure and a ( .f3x..J3 )R30° 
structure at atomie scale, these films contain an overlayer consisting of oxygen, Cr and Na 
impurities. Hence, these gold films are not suitable to serve as well-defined gold substrates 
for, for instanee the investigations of thin molecular films on surfaces as suggested by L. 
Huang et al. [49]. 



Siloxane-enriched surfaces 
of poly(3-hexylthiophene) 
films 

4.1 Poly(3-hexylthiophene) 

Since their first synthesis in 1986, poly(3-alkylthiophenes) have attracted increasing 
interest, owing to the significant impravement of the solubility of polythiophene. The 
solubility is a very important property of poly(3-alkylthiophenes) because it provides 
straightforward methods, like spin coating and salution casting, for the preparatien of films. 
A solution-casted film is formed by solvent evaporation from a dissolved polymer (polymer 
salution will be referred to as coating-liquid). Spin coating is performed by dispensing a 
certain amount of coating-liquid on a substrate (not necessarily at rest) after which the 
rotational speed of the substrate is rapidly accelerated to a certain final spin speed. As aresult 

75%coupled 
head-to-tail 

N"' 100 

Figure 4.1: Scheme ofthe chemica[ 
structure ofpoly(3-hexyl
thiophene ). 

a thin nearly uniform layer is formed in a relatively 
short time. fu section 4.2 the process of spin coating 
is discussed in more detail. 

A schematic representation of the chemical 
structure of poly(3-hexylthiophene) is sbown in 
figure 4.1. The poly(3-hexyltbiophene) material 
investigated in tbis research bas been syntbesized 
by B. Langeveld-Voss4

. A free-standing film was 
formed of this matenals by means of salution 
casting. Hexylthiopbene rnanamers were 
cbemically polymerized with FeCh as tbe oxidation 
agent. As a results the synthesized poly(3-
bexyltbiopbene) is partially stereoregular, with 
about 75% of the thiophene rnanamers connected 
bead-to-tail (or tail-to-bead) and 25% connected 
head-to-bead ( or tail-to-tail). Ex perimental evidence 
exists that stereoregularity bas a major effect upon 
tbe degree of crystallinity and upon the average size 
of the crystalline regions [53]. 

4 B.M.W. Langeveld-Voss, Laboratory of Organic Chemistry, Faculty of Chemica! Technology, Eindhoven 
University ofTechnology. 
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In poly(3-hexylthiophene) the linked thiophene rings forma stiff planar main chain and 
are believed to be organized in an altemating anti-syn configuration (e.g. twisted 180° with 
respect to its neighbors). The planar structure and anti-syn confonnation can be distorbed by 
the regiorandomness of the synthesized material and/or by steric effects caused by the 
flexible side-chains, which are not necessarily situated in plane with the main chain. The 
crystallinity of bulk poly(3-alkylthiophenes) is 10-30% according to the X-ray cristallinity 
parameter, yet the actual numbers are uncertain and depend on material properties like chain 
Iength, side-chain length and stereoregularity [53]. A great amount of research work over 
several years bas been devoted to the study of the structure of this small crystalline part, 
which resulted in a reasonable degree of consensus about the major features. An 
oversimplified model, proposed by Gustafsson et al. [54], for the structure of poly(3-
alkylthiophenes) (PAT's), bas an assumed orthorhombic unit cell defined by the values of 
three lattice parameters a,b and c. 

s s 

s 

a 
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Figure 4.2: Basic orthorhombic structure of PAT, shown in three different projections. 
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The model (shown in figure 4.2) is not in detail representative for the bulk structure, 
because there are considerable doubts about the position of the side-chains and the twisting 
of the rigid rnain chain. Ho wever, it does illustrate the tendency of PAT' s and therefore 
poly(3-hexylthiophene) molecules to form planar larnellar structures. Feil et al. reported that 
in P3HT films spin-coated on glass slides the polyrner molecules have both the rnain chain 
and the side ebains preferentially oriented parallel to the substrate surface [69]. So possibly 
sorne parts of the surface structure resembie (when observed along the direction of the 
surface norrnal) the 'a x c projection' of the oversirnplified model shown in figure 4.2, but the 
rnain part of the surface is arnorphous. In addition, possible effects such as a preferred 
orientation and conformation of surface molecules can not be predicted. However, as clearly 
illustrated by tigure 4.2, poly(alkylthiophenes) have a tendency to orientate the thiophene 
rings parallel to one another, which is also the case for molecules in the arnorphous phase. 

4.2 Spin coating of poly(3-hexylthiophene) films 

During this research rnainly surfaces of poly(3-hexylthiophene) films, deposited on 
substrates by rneans of spin coating, were investigated. Therefore, the concept of spin coating 
as well as the exact procedures followed for the preparation of P3HT films are described in 
this section. 

4.2.1 Introduetion to spin coating 

The technique of spin coating is widely used for deposition of uniform polyrner films on 
flat substrates. Spin coating is performed by dispensing a certain arnount of coating-liquid on 
a substrate. Subsequently the rotational speed of the substrate is rapidly accelerated to a 
certain final spin speed. As the substrate is accelerated most of the liquid is sloughed frorn it. 
Conversion to a thin (ranging frorn few nrn to IJ.rn) nearly uniform layer takes place within the 
first seconds of spinning. This film thins further due to a combination of radial convection 
and solvent evaporation. As a consequence the viscosity of the solution increases, which 
reduces the radial flow until it is halted. Further shrinkage of the film then arises solely frorn 
solvent evaporation. 

Due to the irnportance and cornplexity of spin coating, scientists have put a considerable 
effort in establishing empirica! relationships that describe the dependenee of spin coating on 
process parameters. Contributions in this field are for instanee made by Ernslie et al. , who 
showed that a uniform film thickness is attained independent of the initia! distribution of the 
coating-fluid on the substrate [55]. In addition, Daughton and Givens [56] described the film 
thickness to be independent of the arnount of fluid dispensed, the disk rotational speed at 
which the fluid is dispensed and the acceleration rate to the final spin speed (assurning 
taccelerate << t filmformation ). However, they did observe a clear dependenee of the film thickness 

on the final rotational speed, initia! solvent content and the material properties of the fluid. 
In genera!, the studies reported in literature suggest that the final film thickness is 

proportional to a function of the initia! solvent concentration and to sorne power b of the 
rotational speed. Y onkoski et al. showed theoretically that b is equal to -0.5 under the 
assurnption that a film is spun untill it bas dryed cornpletely [58]. This result is supported by 
the experirnental evidence obtained throughout the years by various scientists. A more 
detailed description of the spin coating process is beyond the scope of this thesis, but can for 
instanee be found in workof J. Lawrence [57], R.K. Yonkoski et al. [58] and D.E. Bomside 
et al. [59]. 
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4.2.2 Procedures foliowed for spin coating of P3HT films 

The procedures foliowed for the spin coating of poly(3-hexylthiophene) films are based 
on self-attained experimental fmdings. Spin coating was found to be successful when a 
substrate is accelerated to the desired spin speed after the dispension of an abundant volume 
of coating-liquid on the substrate at rest. The spin coating is performed with a Heka spin 
coater set to rotation-mode 4 and a supplied voltage between 80 and 160 Volt. The spin 
coater bas been calibrated with a Cenco xenon stroboscoop in order to determine the spin 
speed as a function of the supplied voltage. In appendix C the results of the calibration are 
presented. During calibration the spin speeds were measured when the angular frequency had 
reached a stabie value, which was the case approximately 9 seconds after switching on the 
spin coater. Hence, the investigated films are likely formed with a non-constant spin speed 
lower than the calibrated value. 

The coating-liquid used forthespin coating of poly(3-hexylthiophene) films is prepared 
by solving a piece of the synthesized free-standing P3HT film in toluene. Initially, 
tetrahydrafuran (THF) was used as solvent, but observations with an optical microscope 
revealed that surfaces of spin-coated P3HT films using a THF based coating-liquid were 
pitted. This effect is known to occur with rapidly evaporating solvents and is called the 
orange peel effect [60]. Surfaces of P3HT filmsusinga toluene based coating-liquid are also 
slightly pitted, but this is further reduced by the use of a coating-liquid with a concentration 
smaller than 8.7 mg/rnl (P3HT/toluene). Since poly(alkylthiophenes) are reported to be 
chemically and thermally stable, spin coating of poly(3-hexylthiophene) films can in 
principle be done in air. To verify this, both preparation of the coating-liquid and spin coating 
were performed entirely in an N2 atrnosphere5

• Mter preparation the P3HT films were 
transported in a sealed container filled with argon to the loading chamber of the ERISS. Since 
no differences between P3HT films spin-coated in air or argon were observed by LEIS and 
XPS, it is concluded that spin coating of P3HT films in air is adequate for the planned 
investigations. Furthermore, LEIS and XPS indicate that surfaces of P3HT films prepared by 
means of spin coating following the above metbod are reproducible (see section 4.5 and 
appendix D). 

4.3 Impurities at surface of poly(3-heyxlthiophene) 

Surfaces of poly(3-hexylthiophene) films, deposited on silica!Si(lOO) substrates by 
means of spin-coating, have been investigated by LEIS and XPS. Figure 4.3 displays typical 
LEIS and XPS spectra ( dotted lines) obtained from measurements on a spin-coated P3HT 
film (coating-liquid: 7.1 mg P3HT per rnl toluene, spin speed 7.3·103 r.p.m.). The LEIS 
spectrum clearly shows that the topmost atomie layer contained carbon, oxygen and silicon. 
Deconvolution6 of the high-energy peak resulted in the detection of a small sulfur signal 
equal to -5% of the silicon peak area. The presence of silicon and oxygen in the surface 
region besides that of sulfur and oxygen was confirmed by XPS. Moreover, comparison of 
bindingenergiesof the main pbotapeaks 01s(531.1 eV), C1s(284.3 eV), S2p(164.1 eV) and 
Si2p(102.3 eV) to values listed in literature, indicates the 0 and Si atoms are likely bonded to 
one another. 

The presence of oxygen and silicon at the outermost surface of the sample is not caused 
by a partial coverage of the silica/Si(100) substrate, for in that case the background-intensity 
would have been higher than that visible in the LEIS spectrum. Since oxygen and silicon are 

5 Glovebox at the Laboratory of Organic Chemistry, Faculty of Chemica! Technology, Eindhoven University of 
Technology. 
6 Section 2.1.4 deals with the deconvolution of LEIS peaks that consist of two contributions. 
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Figure 4.3: LEIS and XPS spectra of the synthesized P3HT free-standing film (solid lines) 
and a -26 nm. thick P3HT film (dotted lines) spin-coated on silica/Si(JOO) 
substrates (coating-liquid: 7.1 mg P3HT per ml toluene, spin speed 7.3HY 
r.p.m). XPS and LEIS measurements were performed with Mg-Ka radialion 
and 4He+ (4.75 keV) ions under static conditions, respectively. 

neither part of the chemical composition of poly(3-hexylthiophene), it can be concluded that 
surfaces of spin-coated P3HT films are contaminated by impurities that consist (at least) of 
silicon and oxygen. 

In order to determine the souree of the contamination, the synthesized P3HT free
standing film was investigated by LEIS and XPS (see solid lines in figure 4.3). Similar to the 
spin-coated film, the LEIS spectrum indicates the topmost atomie layer contained carbon, 
oxygen and silicon, and XPS ascertained the presence of 0 and Si impurities in the surface 
region. Thus, the Si and 0 impurities observed at surfaces of spin-coated P3HT films are 
found to originate from contamination of the synthesized poly(3-hexylthiophene) free

SIC SiJS 0/Si 
spin-coated P3HT film 0.087 0.69 1.04 
synthesized P3HT film 0.047 6.60 0.90 

Table 4.1: Atomie ratios calculated with XPS 
data under the assumption of a 
homogeneaus surface region. Ratios 
are accurate within 7%. 

standing film. 
In addition, some differences are 

observable between the spectra of the 
spin-coated and synthesized P3HT 
film. No sulfur was detected at the 
outermost surface of the synthesized 
film, and the Si and 0 photopeaks 
obtained by XPS measurements on the 
synthesized film are clearly more 
intense. Hence, the impurity 
concentration at the surface of the 

synthesized P3HT film is higher than at the surface of the spin-coated film. 
lf the surface region is assumed to be homogeneous, then XPS data can be used to 

express the 'average' composition of the surface region in atomie fractions (see section 
2.2.3). Table 4.1 presents the ratios of atomie fractions calculated for the surface regions of 
the synthesized and spin-coated P3HT film. The table shows that the SIC and Si/S ratios are 
significantly different for both films, while the OISi ratios differ only marginally and are 
approximately equal to 1. More specifically, the table indicates the SIC ratio decreases upon 
an increase of the Si/S ratio. This implies the impurities also consist of carbon, for otherwise 
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the SIC ratio would be equal or (in case of a preferred molecular orientation) at least close to 
the expected stoichiometrie ratio of 0.1 and independent of the level of contamination (e.g. 
the Si/S ratio). Hence, the impurities consist probably of CxSiO units and contain perhabs 
also hydragen atoms. Although hydragen can neither be detected by XPS or the used LEIS 
setup, H atoms are likely to be present in organic compounds. Suppose the densities of 
CxHySiO and C10H14S units as a function of the depth z are given by ncont (z) and nP3HT(z), 
respectively. Then the SIC ratio, calculated by dividing the photopeak areas Is and Ic, and 

after correction for the atomie sensitivities Ss and Sc, can be expressed as (see equation 

2.5): 

I 1· np3Hf(z) · f(z) · dz 
S Js Sc ----'0"-------------

C =~;·Ss= f[lO·nP3HT(z)· f(z)+x·nco)z)· f(z)].dz 

1 
(eq. 4.1) I ncont(z). J(z). dz 

0 10 +x. --'~0'-------

I nP3HT(z) · f(z) · dz 
0 

with f (z) a function descrihing the contribution to the photopeak intensity of an atom at 

depth z with respect to an atom at the outermost surface. Since the ratio of integrals on the 
right-hand side of the equation is equal to the Si/S ( or analogously OIS) ratio, x can be 
written as: 

CH3 
r 

+Sf-07; 
r n 

CH3 

Figure 4.4: Schematic representation of 
the chemica/ structure of 
polydimethylsiloxane. 

(eq. 4.2) 

With this formula and the ratios listed in 
table 4.1, x is calculated to be approximately 2. 
Hence, the contamination observed at the surface 
of the synthesized film and surfaces of spin
coated P3HT films supposedly consists of 
C2HySiO units. Mter communications with Bea 
Lange veld-Voss4

, who synthesized the poly(3-
hexylthiophene) material, it was concluded that 
the structure of the silicone contaminant 
resembles polydimethylsiloxane (PDMS) and 
that the impurities probably originate from 
siloxane grease used during the synthesis. In 
literature occasionally the presence of siloxane 
impurities at polymer surfaces bas been reported 
[38,61 ,62,63,64]. 

Since the surfaces of the investigated P3HT 
film were found to be siloxane-enriched, it is 
reasanabie to suggest siloxane impurities 
segregate towards the surface of poly(3-
hexylthiophene) films. The apparent segregation 

of siloxanes could be due to their low surface energy of 15-22 mJim2 which is at least 10 
mJim2 lower than that of many other polymers [65]. In order to verify the segregation of 
siloxane impurities in poly(3-hexylthiophene), the synthesized P3HT film was investigated 
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by Rutherford Backscattering Spectroscopy (RBS)7
• The measurements were performed by L. 

van llzendoorn at the cyclotron facilities of the Eindhoven University of Technology. The 
obtained RBS spectrum (see appendix E) showed the presence of a siloxane-enriched 
overlayer (3.6±0.5 nm thick), which implies siloxane impurities indeed segregated towards 
the surface. lt was impossible todetermine with RBS whether or not siloxane impurities were 
present in the bulk, for small signals superimposed on a relative high sulfur signal are 
undetectable. Deliberately the term 'siloxane-enriched' overlayer is used, for the discussed 
measurements do not yield any information about the distribution of siloxane and poly(3-
hexylthiophene) molecules in the overlayers. 

4.4 Preparation metbod and surface composition 

Two series of poly(3-hexylthiophene) films were deposited on silica/Si(100) substrates 
with different coating-Iiquids; (I) 4.3 mg and (11) 7.1 mg P3HT per mi toluene, at spin speeds 
of zero (solution-casted)- 4.7-7.3 and 14.8 xlOOO r.p.m. The coating-Iiquids were nat made 
by dillution. Figure 4.5 shows the data obtained by LEIS and XPS. In the left column the 
carbon, silicon and sulfur peak areas (LEIS) are plotted as well as the development of the 
0/Si ratio as a function of spin speed for bath prepared series. The 'average' C, Si and S 
atomie fractions and the Si/S atomie fraction ratio (XPS) are displayed as a function of spin 
speed for both series in the right column of the figure. The 0/Si atomie fraction ratios were 
found tobeon average equal to 1 (see table 4.2). 

The oxygen and carbon peak areas (LEIS) of the film spin-coated with coating-Iiquid (I) 
at 7.3·103 r.p.mare unreliable, for the calculated deviations are as large as 50% indicates the 
measurement was nat succesfull due a high noise to signa! ratio. For the same reasons, the 
sulfur peak areas of the films spin-coated with coating-liquid (11) are also uncertain. 
However, these do indicate whether or nat some sulfur was present at the outermost surface. 
Furthermore, spin speeds indicated at the horizontal axis ( except zero) are the static speeds 
reached approximately 9 seconds after starting the spin coating process. Since the film 
formation-time is presumbly shorter, spin-coated films were formed at a non-constant 
increasing spin speed lower than the values denoted at the axis in figure 4.5. 

Figure 4.5 shows the silicon and oxygen peak areas (LEIS) decrease similarly for bath 
series as a function of spin speed. Although hardly visible, the Si/S atomie fractions (XPS) 
were found to decrease (on average) as a function of the spin speed (see table 4.2). So, 
possibly the siloxane concentration at the surfaces of P3HT films decreases upon an increase 
of the spin speed. Moreover, all C and S peak areas determined for spin-coated films were 
observed to be invariable or to decrease as a function of spin speed. Since these peak areas 
seem to be related to the used coating-liquid, this could be accounted for by a changing 
siloxane enrichment of the surface. On the other hand, the observed decrease and/or 
mvarianee of the Si, 0, C and S signals could indicate that the total surface density decreases 
u pon an increase of the spin speed. 

The XPS results show the 'average' siloxane concentration in the surface region of P3HT 
films (volume concentration of siloxane is estimated with the Si/S atomie fractions, see table 
4.2) was higher when prepared with coating-Iiquid (11) instead of (1). The difference in 
siloxane concentration was found to be the largest between the surface regions of solution
casted films. These findings imply the siloxane concentration of coating-liquid (11) is higher 
than that of coating-liquid (1). Note this is nat necessarily related to the higher P3HT 
concentration, for the siloxane impurities are nat homogeneously distributed in the 
synthesized free-standing film. 

7 A detailed description of Rutherford Backscattering Spectroscopy can be found in Fundamentals of Thin Film 
Analysis by L.C. Feldman and J.W. Mayer, North Holland, New York (1986). 



.-
ril c.. ·u 
'-' 
ca 

~ 
~ ca 
QJ 
c.. 

""""' ril c.. 
CJ ._, 
ca 
~ ca 
~ 
ca 
QJ 
c.. 

..-.. 
ril 
c.. 
CJ 
'-' 
ca 
~ 
ca 

,!o::l 
ca 
QJ 
c.. 

.sa -e 
ca 
~ ca 

,!o::l 
ca 
QJ 
c.. 

Siloxane-enriched surfaces of poly( 3-hexylthiophene) films 37 

LEIS XPS 

8000 
carbon .- 90 carbon 

~ 
'-' 
c 

6000 .9 80 -CJ ca 
4000 4::: 

CJ 70 
13 

2000 0 -ca 60 
0 

25 silicon silicon .-
~ 20 

20000 c 
.9 15 -CJ ca 10 4::: 

10000 CJ 

"ä 5 
0 - 0 ca 

0 
2000 10 sulfur 

..-.. 
~ 

1500 
'-' 8 c 
.9 - 6 CJ 100 ca 
4::: 
CJ 4 

500 "ä 
0 2 -0 
ca 

0 
0.4 0/Si 

.9 6 Si/S 
..... ca .... 

0.3 c 
0 4 ..... ..... 
CJ 

0.2 ca 
4::: 
CJ 2 "ä 0.1 0 -ca 

0 
0 l 

0 5000 10000 15000 0 5000 10000 15000 
spin speed (r.p.m.) spin speed (r.p.m.) 

Figure 4.5: LEIS and XPS spectra obtainedfrom measurements on P3HT films spin-coated 
with various coating-liquids and spin speeds. The open and filled squares 
denote the films prepared with coating-liquid (I) 4.3 mg and (Il) 7.1 mg P3HT 
per ml toluene, respectively. Errors are only indicated when exceeding the 
symbol size. XPS and LEIS measurements were peiformed with Mg-Ka 
radiation and 4 He+ ( 4. 75 ke V) ions under static conditions, respectively. 
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Next a discussion is presented (separated in two parts; (A) spin-coated and (B) solution
casted films) to explain how the siloxane enrichment of P3HT surfaces is probably 
influenced by the applied preparation metbod and used coating-liquid. The discussion is 
based on the observation that siloxane contaminants segregate towards the surfaces of P3HT 
films and on the in literature reported effects of the spin speed and P3HT concentration on 
the film thickness and formation-time. 

• Two differences exist between the coating-liquids used for the preparation of P3HT 
films: (i) the P3HT concentration and (ii) the siloxane concentration. 

• In genera!, a coating-liquid with a lower P3HT concentration is expected to result in a 
shorter formation-time and a smaller thickness of spin-coated films, due to a lower initial 
viscosity [66]. Furthermore, an increasing spin speed decreases the film thickness and 
formation-time [58]. Table 4.2lists the thicknesses of the investigated films, which were 
determined by measurements with a Tencor Alpha-step 100 profilometer at typically 6 
spots on the samples. In agreement with the observations reported in literature, a smaller 
film thickness is found upon a decrease of the P3HT concentration of the coating-liquid 
and an increase of spin speed, respectively. 

• Segregation is a dynamic process and the amount of segregated material depends on the 
strengthof the driving force, the time available for segregation, and the mobility, 
concentration and (in some cases) the total amount of the segregating species. 

A) Spin-coated films 

Mobilities of siloxane impurities are higher during the formation process of films when 
spin-coated with coating-liquid (I) instead of (11), for it is plausible to suppose that the 
siloxane molecules become less mobile when the viscosity increases. On the other hand, the 
formation-time of films spin-coated with coating-liquid (I) is shorter due to the lower P3HT 
concentration. As mentioned before, the siloxane concentration in coating-liquid (11) is higher 
than in coating-liquid (1), which results in thicker films when spin-coated at the same speed 
(see table 4.2). This implies the total amount of siloxane present in films spin-coated with 
coating-liquid (I) is lower than in films prepared with coating-liquid (11), due to the fact that 
more of the dispensed volume was swept of the substrate during formation. So, siloxane 
segregation in films spin-coated with coating-liquid (11), with respect to films prepared with 
coating-liquid (1), is: 

(1) enhanced due toa higher siloxane concentration, 
(2) enhanced due to a larger film thickness and therefore larger total amount of siloxane 
(3) opposed by lowever mobilities of the siloxane impurities. 

Since the outermost surfaces of films spin-coated with coating-liquid (ll) were found to be 
the most siloxane-enriched, segregation of siloxane impurities during the spin coating of 
poly(3-hexylthiophene) filmsappears to be dominated by the first two factors. 

Whether or nat siloxane segregation is limited by the total amount of siloxane present in 
spin-coated P3HT films8 or by the formation-time (e.g. time available for segregation) of 
these films, can not be deducted from the measurements. However, in both cases the siloxane 
concentration at the surfaces of spin-coated films is expected to decrease as a function of spin 
speed, for an increase of the spin speed causes a decrease of the film thickness as well as a 
shorter formation-time. The Si and 0 peak areas (LEIS) were indeed found to decrease upon 

8 This is the case when (i) all present siloxane impurities segregate towards the surface within the formation-time 
or when (ii) siloxane impurities are able to segregate at roomtemperature towards the surface of a P3HT film after 
preparation. 
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spin speed (x 1000 r.p.m.) film thickness (nm) SiJS XnM~ (%)* 0/Si 
coatinR-liquid (I) 

0 --- 1.7±0.1 54 0.93±0.05 
4.7 16±2 0.37±0.02 21 1.06+0.07 
7.3 14±2 0.28±0.02 16 1.13±0.08 
14.8 11±2 0.21+0.01 13 ?. 

coatinR-liquid (Il) 
0 (1.7±0.3)·103 5.7±0.3 80 0.74+0.04 

4.7 40±5 1.09±0.07 43 1.00+0.07 
7.3 --- 0.69±0.04 33 1.00+0.07 
14.8 32±5 0.74±0.04 34 0.92+0.06 

* When assuming a homogeneous surface region, XpvMs can be approximated by using 
28 

Si _ 7Q ·x· PoMs with PoMS = 1.1 and PP3m=l.6 g/cm3
• X is the volume fraction of DMS. 

s- 32 ' 
166·(1-x)p·P3Hr 

** This ratio could not be determined, because the oxygen and silicon photopeaks consisted of contributions 
from the silica substrate besides those from siloxane impurities. Hence, the information depth dinf of the used 
XPS setup can be estimated: 11 ±2 s: dinf s: 14±2 nm. 

Table 4.2: Film thicknesses, and SiJS and 0/Si atomie fraction ratios of the spin-coated 
and solution-casted poly(3-hexylthiophene) films. The thicknesses were 
measured with an alpha-step profilometer and the ratios were calculated 
with XPS data obtainedfrom measurements with Mg-Ka radiation. 

an increasing spin speed, yet it is uncertain whether or not this is partially caused by a 
decrease of the surface density. 

B) Solution-casted films 

The viscbsity of the dispensed volume on the substrate slowly increases during the 
process of solution casting, until all of the solvent has evaporated. Since the formation-time 
of the salution casted films was 4 to 5 hours, segregation of siloxane impurities during this 
process is limited by the total amount of siloxane or by a decreasing strength of the driving 
force. Consequently, if the amount of siloxane in the dispensed volumes was such that a 
siloxane-enriched topmost surface could be formed as energetically favorable, then the 
siloxane concentrations at the outermost surfaces of the solution-casted films, prepared with 
coating-liquid CD and (ll) are expected to be comparable. The observations by LEIS show this 
appears to be the case. Furthermore, the detected LEIS signa! of Si and 0 for these 
'energetically favorable surfaces' resembie the signals found for pure polydimethylsiloxane 
(Si=(22.6±0.5)·103

, 0=(6.3±0.7)·10\ 
Remarkably, the siloxane concentrations in the surface regions of the solution-casted 

films were found to differ significantly. This urge for more siloxane impurities at the surface 
than needed for the formation of the favorable siloxane-enriched topmost atomie layer can be 
explained by assuming there exist factors, besides the lowering of the surface energy, that 
stimulate the segregation of siloxane impurities towards the surface of P3HT films. For 
instance, segregated siloxane molecules will interact differently with poly(3-hexylthiophene) 
molecules at the surface than in the bulk. These interactions affect the total free energy of the 
system and could therefore influence the driving force of siloxane segregation. 



Siloxane-enriched surfaces of poly(3-hexylthiophene) films 

.--, 
Cll 

~ 

LEIS 
200 rr--.,---,----,---.-----, 

150 c 

.~ 100 Si 
Cll 

.~ 
50 

0 ~--~~~~~~~-~~ 
1000 1500 2000 2500 3000 

final energy ( e V) 

40 

XPS 

C1s S2p i 

575 475 375 275 175 150 125 100 
binding energy ( e V) 

Figure 4.6: LEIS spectrum and XPS spectrum of a spin-coated P3HT film (coating-liquid: 
4.7 mg P3HT per ml toluene, spin speed 4.7HY r.p.m.) before (solid lines) and 
after (dotted lines) rinsing in hexane at roomtemperature. XPS and LEIS 
measurements were peiformed with Mg-Ka radiation and 4He+ (4.75 keV) ions 
under static conditions, respectively. 

4.5 Removal of siloxane impurities 

In literature siloxane impurities are reported to be removed by means of solvent 
extraction in hexane [67]. Since no specifications about this treatment were given, three 
different cleaning methods were attempted. A spin-coated P3HT film was rinsed for 20 min. 
in boiling hexane. LEIS and XPS spectra measured befare and after this treatment showed no 
evidence for the remaval of siloxane. Secondly, a P3HT film was shak:ed for 15 min. in 
hexane at roomtemperature with a Branson 200 ultrasonic cleaner. Afterwards a step-like 
feature, ranging from side to side of the sample, was visible across the surface. During 
subsequent shak:ing for 30 min. this feature was observed to 'walk' across the surface until it 
reached the sample edge. LEIS and XPS indicated that siloxane impurities were removed 
from the surface by this process. 

Finally, a spin-coated P3HT film (coating-liquid: 4.7 mg P3HT per ml. toluene, spin
speed 4.7·103 r.p.m.) was rinsed for 1 min. and subsequently stared for 4 min. in hexane at 
roomtemperature. This procedure was repeated two more times. Figure 4.6 displays the LEIS 
and XPS spectra measured befare and after this treatment. The LEIS spectra indicate that 
siloxane impurities are thoroughly removed from the outermost surface. In addition, only a 
smal! oxygen (atomie fraction ~ 1%) and no silicon signa! we re observed by XPS. This 
treatment was ebasen to remave siloxane impurities from the surface of spin-coated poly(3-
hexylthiophene) films. A smal! LEIS signa!, probably due to the presence of Cl on the 
outermost surface was detected. With XPS no signa! due to Cl was observed. The Cl 
probably originates from contamination in the solvents used for the synthesis, preparation 
and purification of P3HT films. 

Figure 4.6 shows that the sulfur signa! obtained by LEIS on a purified P3HT film has a 
low intensity. It is only -15% of the Si peak: area found for solution-casted P3HT films (::::Si 
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signal observed for polydimethylsiloxane). Furthermore, the sulfur and carbon signals 
measured with LEIS after the removal of· siloxane impurities are comparable to the signals 
measured before this treatment. This is remarkable, for siloxane contaminants at the 
outermost surface shadow, block and shield underlying atoms, which therefore should 
become (better) detectable with LEIS after removal of the impurities. The explanation of this 
observation is presented in the next section. 

Of major irnportance for investigations is the fact whether or not the spin-coated poly(3-
hexylthiophene) films are reproducible. Five samples were spin-coated according to the spin
coated P3HT film discussed above. In appendix D, the peak areas and atomie fractions found 
by LEIS and XPS, respectively are given. These values show that the surface of spin-coated 
poly(3-hexylthiophene) films is reproducible, according toLEIS and XPS. 

4.6 Surface structure of siloxane-enriched 
poly(3-hexylthiophene) surfaces 

Information about the surface structure of poly(3-hexylthiophene) films contaminated 
with siloxane, is obtained by taking sputtering profiles. In order to interpret these sputtering 
profiles, a sputtering profile of a purified spin-coated P3HT film was taken by subsequent 
LEIS measurements with 3He+ (3 keV) ions (see figure 4.7). 

The fluctuations of the carbon and sulfur peak areas at low sputtering doses are likely 
introduced by uncertainties of the peak areas due to relatively high noise to signal ratios. The 
C peak area was observed to gradually increase when the sputtering dose exceeded a value of 
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Figure 4. 7: Sputtering profile of a purified spin-coated P3HT film ( coating-liquid: 4. 7 mg 
P3HT per mi toluene, spin speed 4.7·Jd r.p.m.). The profile was taken with 
3He+ (3 keV) ions. 
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-2·1015 ions/cm2
• The S pea.k area was found to increase and saturate after an iondose of -

3·1014 and -6·1015 ions/cm2
, respectively. These observations indicate how sensitive the 

outermost surface composition of poly(3-hexylthiophene) is to ion irradiation. 
The P3HT surface densitl is approximately 1.5·1015 at/cm2 when neglecting the presence 

of hydrogen atoms. If additionally a sputtering yield of 10% is assumed for carbon and sulfur 
atoms, then iondoses of -3·1014 and -6·1015 correspond to the sputtering of ~0.05 and 
(monolayers), respectively. This is only a rough estimate for the sputtering of hydrogen 
atoms is neglected. The 300% increase of the S pea.k area after sputtering ~ ~ ML, indicated 
most of the detected sulfur atoms were probably shielded by hydrogen atoms which are 
preferentially sputtered. The surface structure of a purified spin-coated P3HT film will be 
discussed further in chapter 5. 
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Figure 4.8: Sputtering profile of a spin-coated P3HT film with a siloxane-enriched suiface 
(coating-liquid: 4.7 mg P3HT per ml toluene, spin speed 4.7-J(f r.p.m.). The 
profile was taken with 3He+ (3 keV) ions. 

Figure 4.8 shows the sputtering profile of a spin-coated P3HT film that is partially 
covered by siloxane impurities. The film was prepared in like manoer as the previous 
discussed film, but it was not treated with hexane. LEIS measurements with 3He + (3 ke V) 
ions were used to obtain the sputtering profile. The figure shows that the C peak area 
decreased and started to increase (marginally) when ion irradiation exceeded a sputtering 
dose of -2·1015 and -6·1015 ions/cm2

, respectively. The Si peak area was initially constant, 
but decreased gradually aftera sputtering dose ~2·1015 ions/cm2

. The 0 peak area appears to 
be invariant as a function of the iondose. The behavior of the Si and 0 peak areas resulted in 
an increasing 0/Si pea.k area ratio upon an increasing ion irradiation, as is shown in figure 
4.6(b). Since the chemica! structure of the siloxane contamination was found to resembie 
PDMS, the observations seem to agree with the results reported by Hook et al. [63]. They 

9 In literature, the mass density of P3HT is reported to be -1.6 glcm3
• Then the surface density (at/cm2

) can be 

[ ]

2/3 
1.6 10·12+32 

approximated: · · 6.022 ·1023 ·11 (number of atoms) 
166 (mol.mass) 166 



Siloxane-enriched sulfaces of poly( 3-hexylthiophene) films 43 

reported an increase of the 0/Si ratio as a function of the 3He + (2 ke V) iondose for the surface 
of polydymethylsiloxane (PDMS) and suggested this is caused by the shadowing, block:ing 
and shielding of oxygen by methyl groups bonded to the silicon. 

Hence, the siloxane enrichment of the topmost atomie layers of poly(3-hexylthiophene) 
films is probably best indicated by the Si peak area, which implies the siloxane concentration 
at the outermost surface gradually decreased as a function of the sputtering dose. Since a 
decrease of the siloxane concentration would counteraffect an expected rise of the 0 peak 
area (due to less 'shadowing'), this explains why the oxygen peak area was observed to be 
constant. 

In figure 4.8(b), the S peak area is plotted as a function of the sputtering dose, with 
respect to the obtained saturation value Ssarurated of the previously discussed purified P3HT 
film. The S peak area was observed to increase upon an ion irridiation ;?:5·1014 ions/cm2

• 

Moreover, the figure shows that the S/Ssaturated ratio gradually approached to a value of 1 upon 
an increasing sputtering dose. This is remarkable, for the Si and 0 peak areas indicate a 
considerable amount of siloxane impurities was still present at the outermost surface after 
sputtering of -2·1016 ions/cm2 

"" 1-1Y2 ML, yet the obtained S signa! was found to be 
comparable to that of a clean P3HT surface. In addition, note the S/Ssaturated becomes almost 
equal to 1 after an iondose larger than that needed for the saturation of sulfur at the purified 
film. These observations suggest, that at this level of contamination, the siloxane impurities 
are situated at the outermost surface, such that sulfur atoms are not shadowed, blocked or 
shielded by the backbone of the siloxane impurities, but by the methyl groups bonded to 
silicon. The observations by Hook et al. of the influence of sputtering on the LEIS signals for 
PDMS illustrate the 'shadowing' by the methylgroups of atoms undemeath decreases upon 
ion irradiation. In other words, the backbones of siloxane impurities prefer apparently not to 
be situated near/on top of sulfur atoms, which is substantiated by the observation with LEIS 
that the sulfur signa! of a siloxane-enriched spin-coated films is comparable to that measured 
after the removal of the siloxane impurities (see figure 4.6). 

In order to verify the above observations for a higher contamination level of siloxane at 
the outermost surface, a sputtering profile was taken of a spin-coated P3HT film, spin-coated 
such that the siloxane concentration at the outermost surface was comparable to that of the in 
section 4.4 discussed solution-casted films (yet with a clearly lower siloxane concentration in 
the surface region). LEIS measurements were performed with ~e+ (4.75 keV) ions, for small 
sulfur signals and high silicon signals can not be separated when obtained by LEIS with 3He + 
(3 ke V) i ons. Also XPS measurements were performed as a function of the sputtering dose. 

Figure 4.9 shows the acquired sputtering profiles by (a) LEIS and (b) XPS. The Si peak 
area was observed to be constant, which indicated the siloxane concentration at the outermost 
surface was invariant as a function of the sputtering dose, although XPS clearly indicated 
siloxane contaminants were spottered from the surface by the ion bombardment In that case, 
the 0 peak area is expected to increase upon sputtering, for they should become less 
'shadowed' by methylgroups bonded to silicon according to the observations reported by 
Hook et al. Indeed, the 0 peak area was observed to increase as a function of the sputtering 
dose (iondose ;?:5·1014 ions/cm2

). 

The C peak area was observed to decrease slightly as a function of the iondose. The S 
peak area was found to be invariant until the sputtering dose exceeded a value of - 5·1014 

ions/cm2
• From thereupon the S peak area increased to a possibly steady value of 

approximately (1.2-1.3)-S.sarurated· s'sarurated is an estimate of the saturated S peak area of the 
purified P3HT film that would be obtained by LEIS measurements with 4He+ (4.75 keV) ions 
insteadof 3He+ (3 keV). s'sarurated was estimated with the S peak area obtained by LEIS with 
4He+ (4.75 keV) ions, after the sputtering of the previously discussed siloxane-enriched 
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Figure 4.9: Sputtering profile of a spin-coated P3HT film with a siloxane concentration at 
the outermost surface comparable to that of the solution-casted films discussed 
in the previous section. The sputtering profile was obtained by (a) LEIS 
measurements with 4He+ (4.75 keV) ion and (b) XPS measurements with Mg-Ka 
radiation. 

film10
• The estimate substantiates that sulfur atoms are nat covered by the backbone of 

siloxane molecules but 'shadowed' by the methylgroups bonded to the silicon. 

4. 7 Discussion 

The metbod used for the spin coating of poly(3-hexylthiophene) films is based on trial
and-error experimental findings. Spin coating of P3HT films was performed in air by 
dispension of an abundant volume of coating-liquid (P3HT in toluene < 8.7 mg/rnl.) on a 
substrate at rest and subsequent rapid acceleration to the final spin-speed. Surfaces of 
(purified) spin-coated P3HT films were found to reproducible according to LEIS and XPS. 
Hence, poly(3-hexylthiophene) films deposited by means of spin coating on silica/Si(lOO) 
substrates are well defined in a way that the surface composition of the substrates is known 
(see chapter 3) and that the surfaces of the P3HT filmscan be reproduced. 

Investigations by LEIS and XPS of the synthesized poly(3-hexylthiophene) film and 
films prepared by means of spin coating and salution casting, revealed their surfaces are 
siloxane-enriched due to the segregation of siloxane molecules, which were found to have a 
chemical structure resembling that of polydimethylsiloxanes. This impurity originate from 

10 
Note this is only a rough approximation, for the 'shadowing' caused by siloxane molecules at the outermost 

surfaces of P3HT films, might have a different impact on the LEIS signal when obtained with 4He+ (4.75 keV) 
i ons. 
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the synthesized poly(3-hexylthiophene) material and is likely introduced by the use of 
siloxane grease. · 

The surface composition, e.g. siloxane enrichment, of poly(3-hexylthiophene) films was 
found to depend on the preparation method; spin speed, P3HT and siloxane concentration of 
the coating-liquid. The observations can be satisfactorily explained when taking into account 
the various limiting factors of siloxane segregation (e.g. driving force, time, mobility, 
concentration and total amount) and the in literature reported effects of spin speed and P3HT 
concentration on the film formation time and film thickness. 

Siloxane concentrations at the outermost surfaces of solution-casted films were found to 
be comparable to one another, to that of the synthesized film and to that of 
polydimethylsiloxane, yet the 'average' siloxane concentrations in the surface regions were 
clearly different. Hence, their appears to be an urge for more siloxane molecules in the 
surface region than needed for the formation of an outermost siloxane surface, which implies 
there exist factors, besides the lowering of the surface energy, that stimulate the segregation 
of siloxane impurities towards the surface of P3HT films. The 'average' siloxane 
concentration at the surface of a solution-casted film and the synthesized film were found to 
be comparable 80% and 82%, respectively. Since the total amount of siloxane must have 
been higher in the synthesized film, the siloxane-enriched toplayer of the synthesized film is 
probably formed such that the total free energy of the system is lowest. This implies the 
preferred thickness of the siloxane-enriched overlayer on poly(3-hexylthiophene) films is 
probably equal to the thickness of the overlayer on the synthesized film; 3.6±0.5 nm (RBS). 

Strong experimental evidence was obtained that siloxane molecules are site-specifically 
distributed on outermost surfaces of (spin-coated) poly(3-hexylthiophene) film, such that 
sulfur atoms are not covered by the backbone of the siloxane molecules, but are 'shadowed' 
by the methylgroups bonded to the silicon. Due to the fact that carbon is present in siloxane, 
the thiophene aromatic ring and the hexyl side-chains, it is impossible to deduct from the 
sputtering profiles whether or not siloxane backbones prefer not to be located on top of the 
electron-rich aromatic ring. Furthermore, the 0/Si ratios of siloxane-enriched P3HT were 
found to increase upon sputtering, which is analogously to the observations reported by Hook 
et al. of a LEIS sputtering profile of polydimethylsiloxane. They suggested, that oxygen 
atoms are 'shadowed' by methylgroups bonded to the silicon. 

In literature, a preferred orientation of the side-chains normal to the film surface is 
reported for solution-casted P3HT films on glass substrates [68]. In contrary, Fellet al. found 
that in P3HT films spin-coated on glass slides the polymer molecules have both the main 
chain and the side chains preferentially oriented parallel to the substrate surface [69]. 
Consequently, the observed site-specific distribution of siloxane impurities at the surface of 
spin-coated P3HT films, is not necessarily similarly for surfaces of solution-casted films. 

Prosa et al. reported the preferred orientation of the side-chains normal to the surface of 
solution-casted films was not affected by varying substrate and solvent [70]. Further 
investigations indicated that this effect can be associated with the solution-to-air interface 
during the formation of the film [68]. So, possibly the surface and bulk structures of poly(3-
hexylthiophene) films prepared with siloxane contaminated coating-Iiquids, are influenced by 
the presence of siloxane molecules at the outermost surface, which implies the surface and 
bulk structures of these films are not necessarily similar to those obtained when an 
uncontaminated coating-liquid was used. 

Conclusively, the large impact of impurities in polymers on their outermost surface 
compositions was illustrated by LEIS measurements on poly(3-hexylthiophene) films in 
which the segregation of siloxane impurities towards the surface was observed. Moreover, 
the structural sensitivity of LEIS was clearly demonstrated by the observation that siloxane 
molecules are site-specifically distributed at poly(3-hexylthiophene) surfaces, such that sulfur 
atoms are not covered by their backbones, but 'shadowed' by the methylgroups bonded to 
silicon. 



Surface structure of poly(3-
hexylthiophene) and 
quarterthiophene films 

5.1 Introduetion 

In this chapter, LEIS and XPS investigations of poly(3-hexylthiophene) and 
oligo(quarterthiophene) films by are outlined and discussed. A first series of investigations 
was performed to obtain information about the structure and composition of the outermost 
surfaces. Secondly, interfaces between gold and surfaces of P3HT and 4-thiophene were 
studied to acquire knowledge about the interactions between gold and thiophene. 

The investigated poly(3-hexylthiophene) films were spin-coated on silica/Si(100) 
substrates (coating-liquid: 4.7 mg P3HT per ml toluene, spin speed 4.7·103 r.p.m.) (see 
section 4.2) and thereafter purified by means of solvent-extraction in hexane (see section 
4.5). In section 4.1 the surface structure of poly(3-hexylthiophene), according to studies 
reported in literature, was discussed. Summarized, poly(3-hexylthiophene) molecules at the 
surface are likely present in an amorphous phase, analogously to bulk molecules, in which 
there is a tendency to orientate the thiophene rings parallel to one another. In addition, P3HT 
molecules at the surface possibly assume an orientation and conformation that differs from 
those assumed by bulk molecules. 

Quarterthiophene films were deposited on silica/Si( 1 00) and glass substrates (kept at 
roomtemperature) by thermal evaporation in a high vacuum environment at typical 
background pressures of 1·10·7 mbar11

• Figure 5.1 illustrates the chemica! structure of 4-
thiophene. The non-substituted carbons of bath the terminal a-positions, are marked with 
asterisks, are easily subjected to chemical deterioration because of their high chemica! 
activity [71]. 

In contrast to the mainly amorphous poly(3-hexylthiophene) films, evaporated 
quaterthiophene (4T) films are polycrystalline. Most of all studied thiophene oligomers are 
planar or nearly planar, and there is a clear tendency for the molecules to order with their 
long axes mutually parallel [72] (see tigure 5.1). Schoonveld et al. reported that evaporated 
quarterthiophene films, similarly prepared as the investigated 4-thiophene films, have a 
layered structure which can be described by a set of parallel layers with a spacing 
corresponding to the height of one molecule [40]. The orientation of the molecules is nearly 

11 The samples were prepared by W.A. Schoonveld, Department of Applied Physics and Materials Science Centre, 
University of Groningen. 
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* 

Figure 5.1: (a) Scheme of the chemica! structure of quarterthiophene. (b) Monoclinic unit 
cellof the quarterthiophe crystal structure a=30.52 A , b=7.86 A, c=6.09 A , 
P=9I.!fl !731. 

perpendicular to the substrate with a slight tilt angle of -22° between the long axis of the 
molecule and the substrate normaL The layer spacing was found to be 15.4 A. At 
submonolayer coverages of Si02 by 4-thiophene, terraces separated by monomolecular steps 
were observed by AFM during the Volmer-Weber type growth of 4-thiophene films in a cross 
sectional view of a 3D island. These observations indicate the structure of the topmost 
molecular layer, e.g. orientation of surface molecules, is probably comparable to that of the 
bulk. 

5.2 Surfaces of 4T and P3HT films 

Figure 5.2 exhibits (dotted lines) the typical LEIS and XPS spectra of a spin-coated 
poly(3-hexylthiophene) film, prepared according to the specifications mentioned in the 
previous section. The typical peak areas (LEIS) and atomie fractions (XPS) found for such 
spin-coated P3HT films are listed in table 5.1, as well as the values determined for a 4-
thiophene film evaporated on silica/Si(lOO). The LEIS and XPS spectra of the 4-thiophene 
film (solid lines in figure 5.2) were taken after storage in air for 4 months with respect to the 
first measurements on 4-thiophene films, performed after a short storage in an argon 
atmosphere. The 'average' 0 atomie fraction was found to be -7% and LEIS clearly 
indicated the presence of oxygen at the outermost surface, in contrast to 4 months earlier 
when XPS indicated an 0 atomie fraction of -2% and only a minute 0 peak was detected by 
LEIS. This increase of the oxygen surface concentration due tostoragein air could be caused 
by photo-oxidation or by the adsorption of oxygen containing impurities, like 0 2 and H20, at 
the highly chemica! active terminaliX-positions of quarterthiophene. 

LEIS, peak areas (x1000 cps) XPS, atomie fractions (%) bulk 
0 c s SIC 0% C% S% OIC SIC SIC 

4.6±0.5 12 ±1 6.7±0.7 0.56±0.08 7.3±0.4 76 ±4 16.8±0.8 0.096±0.006 0.22 ±0.02 0.25 
P3HT 0 12.0±0.9 2.8±0.2 0.23±0.02 <1 90.0±0.7 9.4±0.7 <0.01 0.105±0.008 0.10 

Table 5.1: Peak areas (LEIS) and atomie fractions (XPS) of evaporated 4-thiophene and spin
coated poly(3-hexylthiophene) films. The peak areas are given for an ion-current of I 
nA. XPS and LEIS measurements were performed with Mg-Ka radiation and 3He+ (3 
ke V) ions under static conditions, respectively. 
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Figure 5.2: LEIS and XPS spectra of an evaporated 4-thiophene film (solid lines) and of a 
spin-coated poly(3-hexylthiophene) film (dotted lines). XPS and LEIS 
measurements were peiformed with Mg-Ka radiation and 3He+ (3 keV) ions 
under static conditions, respectively. 

The 'average' carbon and sulfur concentrations in the surface region of the P3HT films 
were found to be respectively, higherand lower than those of the 4-thiophene film (see table 
5.1). The determined 'average' SIC atomie ratios of the surface regions of the 4-thiophene 
and P3HT films, indicate the 'average' compositions of these surface regions resembie the 
expected bulk ratios. So, only the composition of the topmost atomie layers of 4-thiophene 
and P3HT possibly differs from that of the bulk. 

The LEIS speetraldata show the measured S4T peak area was higher than Sp3Hf and 
moreover that the carbon signals detected for 4-thiophene and P3HT films were 
approximately equal. The high background intensity in the LEIS spectrum of 4-thiophene 
with respect to that in the P3HT spectrum, is possibly caused by the presence of oxygen at 
the outermost surface of 4-thiophene, for oxygen is known to have a relatively high 
reionization probability. Since LEIS signals are influenced by shadowing, blocking and 
shielding (see section 2.1.1), interpretation of the observed carbon and sulfur peak areas 
requires information about the surface structure, which can be obtained by the combination 
of sputtering profiles and quanti.fication of LEIS signals. 

5.3 Sputtering profiles 

Sputtering profiles were taken of oligo(quarterthiophene) and poly(3-hexylthiophene) 
films by means of subsequent LEIS measurements with 3He + (3 ke V) i ons, in order to obtain 
knowledge about the composition and therefore structure of the first atomie layers. Figure 5.3 
shows the peak areas of the detected LEIS signals as a function of the sputtering dose for 
both the 4-thiophene (a,b) and the P3HT (c,d) film. In addition, figure 5.4 shows the 
development of the SIC peak area ratios. The sputtering depth can be roughly estimated when 
assuming a surface density of 1.5·1015 ionslcm2 and a sputtering yield of 10%. 
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The CPJHT peak area was found to be on average constant as a function of the ion 
irradiation until a dose of -2·1015 ions/cm2 was reached. At higher iondoses the CP3HT peak 
area gradually increased and reached a value of (14.2±0.9)·103 cps (linear regression through 
the last 6 datapoints) after a sputtering dose of 1.8·1016 ions/cm2

• The SP3HT peak area was 
found to be (on average) constant until the iondose exceeded a value of -3·1014 ions/cm2

• 

From thereupon SP3HT increased as a function of the sputtering dose and appeared to saturate 
aftera sputtering dose of -6·1015 ions/cm2 which corresponds to a sputtering depth ~Y2 ML. 
The saturation value was found to be (15.7±0.6)·103 (linear regression through the last 6 
datapoints). 

As shown in figure 5.3(b), the 04T peak area gradually decreased upon ion irradiation, 
which indicated the oxygen concentration in atomie layers underneath the outermost surface 
was lower. Hence, degradation of 4-thiophene films, caused by the uptake of oxygen or 
photo-oxidation after starage in air for 4 months, appears to be limited to the topmost atomie 
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Figure 5.3: Sputtering depth profiles of evaporated oligo(quarterthiophene) films (a,b) and 
spin-coated poly(3-hexylthiophene)films (c,d), which were obtained by means of 
subsequent LEIS measurements with 3He+ (3 keV) ions. The graphs show the 
peak area of the detected LEIS signals as a function of the sputtering dose. 
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C.n s4T (S/C)4T CP3HT SP3HT (S/C)P3HT 
before 12 ±1 6.7±0.7 0.56±0.08 12.0±0.9 2.8±0.2 0.23±0.008 
after sputtering 11.3±0.6 29.6±0.3 2.6 ±0.1 14.2±0.9 15.7±0.6 1.11 ±0.08 

Table 5.2: Peak areas (xlOOO cps) and ratios asfound by LEIS before and 
after sputtering 4-thiophene and poly(3-hexylthiophene) films 
with an iondose of 1.8·1016 3He+ (3 keV) ions/cm2

) which 
approximately corresponds to a sputtering depth of 1-01 ML. 

50 

layers. The C4T peak area was observed to be approximately constant and equal to 
(11.3±0.6)·103 cps (average of the last 7 datapoints) after an iondose of 1.8·1016 ionslcm2

• In 
contrast, the S4T peak area increased immediately upon ion irradiation and was found equal to 
(29.6±0.3)·103 cps aftera sputtering dose of 1.8·1016 ionslcm2

• Despite of the clear regressive 
increase of the S4T peak area as a function of the sputtering dose, S4T did nat become 
saturated after the maximum applied iondose. Table 5.2 lists the C and S peak areas 
deterrnined by LEIS for the P3HT and 4-thiophene surfaces prior to and after sputtering with 
an iondose of 1.8·1016 ionslcm2 

!à 1-1 'h ML, and also the SIC peak area ratios. 
The observed development of the Sp3m peak area as a function of the sputtering dose is 

remarkable, for it increased by a factor of 5.6 to a saturation level after sputtering less than a 
'h ML. This indicates sulfur atoms (and carbon atoms) at the topmost P3HT surface are 
probably shielded by hydragen atoms. This suggestion is substantiated by the fact that 
besides the sulfur signa! also the carbon signa! was observed to increase as a function of the 
sputtering dose. Hence, the increase of the (SIC)p3m value is nat necessarily representative 
for the composition of the outermost surface with respect to that of the bulk, for the increase 
could be (partially) due to the preferential sputtering of hydrogen. 

The increase of the (SIC)4T ratio as a function of the sputtering dose was found to be due 
to an increase of the sulfur signa! intensity, for the intensity of the carbon signa! appeared to 
be constant. This behavior of the (SIC ratio )4T could be inherent to the surface structure of 4-

- 4-thiophene 
e---e poly(3-hexylthiophene) 

3 r-r---------.---------~---------

0 le16 2e16 3e16 
sputtering dose (ionslcm2

) 

Figure 5.4: The carbon to sulfur peak area ratio as determined by LEIS for the outermost 
sulfaces of quaterthiophene and poly(3-hexylthiophene) films as a function of 
the sputtering dose. LEIS measurements were peiformed with 3He+(3 keV) ions. 
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thiophene, for the surface concentration below the outermost surface is higher in the 
presumable surface structure and (S/C)4T was not found to saturate after sputtering 1-1 Y2 ML. 
In addition, the abrupt increase of the (S/C)4T ratio upon ion irradiation indicates the LEIS 
signals were influenced by the preferential sputtering of hydrogen. 

5.4 Quantification of LEIS signals 

In section 2.1.1 the relation of the LEIS peak area Y; to instromental and physical 

parameters was given by equation 2.2. Since the width of a peak is small, the energy 
dependenee of the integrand on the righ-hand side of this formula can be neglected. So the 
equation can be written as: 

Y; + 

( 
d 

) 

= P 1 • n. ·a. 1 • e · T, (j l, l l, 

/ion· dQ. . 
l 

(eq. 5.1) 

with l,M the primary ion current per cm2
, ( ~~) the differential scattering cross-section for 

scattering of element i per unit solid angle, ~~ the ion fraction after scattering of element i 

in surface matrix I, n; the atomie surface density of element i in the topmost atomie layer, 

T the transmission of the analyzer, ê the efficiency of the partiele detector and ai.l a factor 

taking into account the roughness of surface matrix I on blocking, shadowing and shielding of 

element i . When substituting the ion fraction ~~ by equation 2.3 and taking the natura! 

logarithm equation 5.1 becomes equal to: 

(eq. 5.2) 

with vc,i,l the so-called characteristic velocity for a given ion-target combination and V; and 

v 1 the ion veloeities before and after the collision, respectively. The parameters n;, T and ê 

are independent of the kinetic energy of the incident ion. If it is assumed that au can be added 
to this group of energy independent parameters, the characteristic velocity vc,i of 
neutralization by element i can (in genera!) be determined by taking LEIS measurements as 
a function of the kinetic energy of the incident ions, e.g. [1/v; + llv1]. SinceLEIS experiments 
were performed with a normal incidence of the ions with respect to the plane of the target 
surface and with a scattering angle of 145°, the effect of the energy dependenee of the 
shadowcone on the roughness parameter can be neglected. However, if the value of au is 
dominated by shielding (e.g. additional neutralization), which is the case for most polymers, 
the energy dependenee of the roughness parameter has to be taken into consideration. 

The characteristic veloeities of 3He + neutralization by carbon and sulfur atoms present at 
surfaces of oligo(quarterthiophene) and poly(3-hexylthiophene) films were determined by 
taking LEIS spectra with the kinetic energy of 3He+ ions ranging between 1500 and 4500 eV. 
To limit the damage inflicted by ion bombardment the used iondoses were kept as low as 
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possible: 1.1·1014 and 0.9·1014 ions/cm2 for the 4-thiophene and P3HT film, respectively. As 
mentioned in the previous section, the sulfur peak area of the 4-thiophene film increased 
immediately upon ion irradiation. Therefore, the measured S4T peak area was corrected using 
a linear fit through the first 9 datapoints of the measured sputtering profile. 

In order to be able to quantify the outermost surface composition in terms of absolute 
surface densities, a calibration sample is needed with a well-defined surface structure. For 
this purpose a GeS(001) single crystal, with a lamellar structure consisting of double layers, 
was investigated. Upon cleavage of the GeS(OOl) crystal a fresh surface is created with a 
defined surface structure and composition (ns = noe = 6.4·1014 at/cm2

), for the crystal breaks 
at specific planes between the double layers [74]. However, after creation of a fresh 
GeS(001) surface by means of stripping in a glovebox (Argon) and transport to the loading
chamber of theERISSin a sealed container filled with Ar, the GeS(001) surface was found to 
be severely contarninated by carbon. Since the sputtering of approximately 1 ML was 
required to remave most of the carbon and to obtain saturated sulfur and germanium signals, 
the well-defined surface structure of the GeS(OOl) crystal was destroyed. Hence, absolute 
quantification of LEIS signals will nat be further addressed in this thesis. 

In figure 5.5, the logarithm of the LEIS signal divided by the differential cross-section 
and ion current is plotted for carbon (a) and sulfur (b) at surfaces of 4-thiophene and poly(3-
hexylthiophene) films as a function of the sum of the reciprocals of the initial and final 
velocity of the ions. It appears reasanabie to fit the datapoints with straight lines, which 
implies these measurements can be used to determine characteristic veloeities of 
neutralization by carbon and sulfur atoms present at the thiophene surfaces. Furthermore, if 
the energy of the incident ions could be increased to infinity, e.g. [llv; + 1/v1] 10, the ion 
fraction would become equal to 1, for na neutralization occurs when the interaction time 
between 3He and target atoms is infinitely small. Hence, the intercept Y;c,i,l of the straight 

line, corresponding to neutralization by element i , with the vertical axis is related to n; 

according to: 

Y;c,i,l = ln(n;) + ln(a;,1 • e · T). (eq. 5.3) 

Figure 5.5(a) as well as table 5.3, show that the measured characteristic veloeities of 
3He + ion neutralization by carbon atoms in 4-thiophene and P3HT are consistent with one 
another. Furthermore, the intercepts with the vertical axis indicate the carbon densities at the 
outermost surfaces of the 4-thiophene and spin-coated P3HT film are approximately equal, 
provided ac.4rlac.PJHT :::: 1. Analogously, the sulfur surface densities ns.4T and ns.PJHT were 
found to be also of the same order of magnitude. In addition, the sulfur density at the 
outermost surface of the sputtered GeS(OO 1) crystal was found to be clearly higher ( -7 times) 
than at thiophene surfaces. 

Table 5.3 shows there is a large difference between the ion fractions for 3He+ (3 keV) 
scattering of sulfur and carbon atoms. It appears 3He + i ons neutralize preferentially on carbon 
atoms, which seems to be sirnilar to the by Bertrand et al. observed preferential neutralization 

carbon sulfur 
Y;c,C,/ vc,c (-10

5 mis) P;,1 3keV (%) Y;c,S.I vc.s (-105 mis) P5~1 3keV (%) 

4-thiophene 44.0±0.5 8.4±0.8 0.7±0.3 39.7±0.4 5.8±0.7 5.7±2 
P3HT 44.2±0.8 9.0±0.9 0.5±0.3 39.8±0.7 7 ±1 2.4± 1 
GeS(001) 41.7±0.2 4.8±0.4 9 ±2 

Table 5.3: The measured intercepts Y;c,i,b characteristic veloeities Vc,i and ion fractions 
P;/ (ion energy 3 keV)for 3He+ neutralization by carbon and sulfur atoms. 
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of He+ on carbon atoms with respect to oxygen at the surface of poly(ethylene terephthalate) 
(PET) [19]. They explained this by taking into consideration the positions of the valenee 
bands of the 0 and C atoms with respect to the He ls level and the possible neutralization 
processes. However, it is possible that the difference between the He+ survival probability for 
0 is higher than for C, due to the fact that carbon atoms are bonded to hydragen and 
therefore more shielded. 
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Figure 5.5: Characteristic veloeities of 3He+ neutralization by carbon (a) and sulfur (b) at 
the sulfaces of evaporated quaterthiophene, spin-coated poly(3-hexylthiophene) 
and a ( sputtered) GeS( OOI) single crystal ( only sulfur). 

The characteristic velocity of neutralization by sulfur atoms present at the outermost 
surface of poly(3-hexylthiophene) (vc.s)p3HT was found to be higher than (vc,s)4r. Since, the 
chemical state of sulfur atoms in 4-thiophene is identical to that of sulfur atoms in P3HT, no 
differences are expected. In the previous section, the development of the LEIS signals as a 
function of the sputtering dose was suggested to be influenced by the shielding of sulfur and 
carbon by hydrogen. Hence, the difference between (vc,s)PJHT and (vc,s)4r, implies sulfur atoms 
at the surface of P3HT are more shielded by hydrogen than sulfur atoms at the surface of 4-
thiophene. In addition, (vc.sJaes was found to be lower than (vc,s)4r, which could indicate that 
the neutralization of 3He + i ons by sulfur depends on the chemical state of the sulfur; co valent 
in thiophene rings and ionic in the GeS crystallattice. However, the difference is more likely 
caused by the H-shielding of sulfur atoms at the 4-thiophene surface, in contrast to the sulfur 
atoms at the outermost surface of GeS. 

The values of Pc+ and Ps + can be used to calculate the nsfnc ratio for the outermost 
surfaces of 4-thiophene and quarterthiophene befare sputtering, when assuming «c.l«s,1 z 1. 
The nsfnc ratio was found to be (1.4±0.9)% and (0.9±0.8)% for 4-thiophene and P3HT, 
respectively. 
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Quantification of the SIC peak: areas measured aft er sputtering is subjected to speculation 
about the impact of H-shielding on the LEIS signals of carbon and sulfur, for hydrogen is 
preferentially sputtered. If it is assumed that the (Pc +tps +)p3Hf and (Pc +!Ps +)4T ratios do not 
change upon sputtering, then the (n.lnc)p3m and (nsfnc)4T ratios after sputtering of 1-1 Yz ML. 
are found to be (7±4)% and (5±4)%, respectively. According to the proposed surface 
structures and the observed developments of the SIC peak: area ratios upon ion irradiation of 
4-thiophene and P3HT, the (n.lnc)PJIIT and (nsfnc)4T ratios after sputtering are expected to be 
equal to 10% and somewhat smaller than 25%, respectively. Hence, the calculated values of 
the (nsfnc) ratios are lower than the expected values. To explain these deviations between the 
expected bulk ratios and the calculated values, the sputterpeak:s detected by LEIS before and 
after sputtering of 1-1Y2 ML are compared in figure 5.6. The figure clearly shows the 
sputterpeak:s of the thiophene films decreased upon sputtering, which implies the shielding of 
carbon and sulfur atoms by hydrogen became less due to the preferential sputtering of 
hydrogen atoms. Since hydrogen atoms are bonded to carbon atoms, one expects the increase 
of Pc+ to be larger than that of Ps +, which explains why the calculated n.lnc values are lower 
than the expected bulk values. Since the deviation between the calculated and expected value 
of ns/nc was found to the largest for 4-thiophene, this suggestion is substantiated by the 
observation that the sputterpeak: of 4-thiophene was found to the most decreased, with respect 
to that ofP3HT, upon sputtering of 1-1Y2 ML. 
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Figure 5.6: LEIS spectra of quarterthiophene and poly(3-hexylthiophene) films taken with 
3He+ (3 keV) ions befare and after sputtering of 1-llfz ML. 

5.5 Interactions between gold and thiophene 

Interfaces of gold-to-quarterthiophene and gold-to-poly(3-hexylthiophene) films were 
investigated by LEIS and XPS. The goal was to study whether or not the surface composition 
of these thiophene films is altered when their interfacing phase is changed from UHV to gold, 
in order to obtain information about the possible interactions between gold and the 
investigated thiophene films. 

Investigations of the interaction between a metal and a polymer, for instanee gold and 
poly(3-hexylthiophene) [12], are in general performed by in situ XPS measurements during 
the metallization process of a polymer. In this research, a golden plate is contacted with the 
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surface of a quarterthiophene or poly(3-hexylthiophene) film at elevated temperatures for a 
certain time. The temperature was chosen close to the sublirnation temperatures of these 
thiophene films, such that the surface molecules were expected to have a high enough 
mobility to be able to assume the desired orientation and conformation. fu order to 'freeze' 
the possibly altered surface composition and structure, the film was still interfaced with gold 
when heating of the thiophene film was halted. When the film was cooled down, the contact 
between Au and thiophene was broken and the surface of the thiophene as well as that of the 
gold sample were analyzed by LEIS and XPS. 

The investigated thiophene films were 'glued' with leitsilber to circular plates of 
stainless steel, to be able to mount the samples on the ERISS samplebolders without blocking 
the surfaces. Also the gold plates, consisting of 50 nm Au evaporated on glass substrates after 
the evaporation of a thin Cr boundary layer (see chapter 3), were attached with leitsilber to a 
circular plate. On the backside of this plate a srnall spring (diameter 7-8 mm, height 2'/z -3 
mm) was welded that contained on its other side a second circular plate. 

The experiments were performed in the pre-treatment chamber of the ERISS (p:::: 1·10·5 

mbar). The gold plate was held upside down by the transfer rod such that the gold surface 
faced towards the surface of the thiophene film, which was put in the oven stage. The the 
oven stage was gently moved up in the direction perpendicular to the film surfaces, untill the 
gold and thiophene touched one another. After processing, the contact was simply broken by 
moving the oven stage down. 

5.5.1 Au/poly(3-hexylthiophene) 

To obtain relevant information out of the described experiment, the experiment has to be 
well defined, e.g. atomically clean gold plates and no segregation of impurities upon heating. 
The sputtered gold films (batch 2) used for the investigation of Au-to-P3HT interfaces were 
observed to be stabie in the pre-treatment chamber of the ERISS, such that the thiophene 
could be contacted to an atomically clean gold surface (see section 3.3.4). Furthermore, the 
affect of heating a gold and P3HT film separately in the pre-treatment chamber on their 
surface composition was investigated. The Cp3HT and SP#HT peak areas of the LEIS signals 
were found to be respectively, (11.3±0.6)·103 and (2.5±0.3)·103 before heating at 260°C for 
27 hours and afterwards (11.1±0.6)·103 and (2.9±0.3)·103

. After heatinga sputtered gold film 

total iondose C (x1000 cps) S (xlOOO cps) SIC 
before 0.4·10u ions/cm" 11.3±0.6 3.1 ±0.3 0.27+0.03 
aft er 1.1·1 014 ions/cm2 12.4±0.4 3.2±0.2 0.25±0.02 

Table 5.5: The peak areas (LEIS) measuredfor a spin-coated 
P3HT film (coating-liquid 4.7 mg P3HT per mi 
toluene, spin speed 4.7·Id r.p.m.) befare and 
after contact with an atomically clean gold plate 
at 330 °C for 61 hours. The LEIS measurements 
were performed with 3He+ (3 keV) ions. 

at 270 °C for 14 hours in 
the pre-treatment 
chamber, no surface 
peak was detected by 
LEIS. XPS showed the 
gold surface had become 
contaminated by carbon 
impurities. The 
sublimation temperature 
of poly(3-
hexylthiophene) in UHV 
was found to be "' 350-
380 °C. 

A sputtered gold plate was contacted with a purified spin-coated poly(3-hexylthiophene) 
film (coating liquid: 4.7 mg P3HT per mi toluene, spin speed 4.7·103 r.p.m.) at a temperature 
of 330 °C for 61 hours. If the surface composition of a P3HT film is affected by the 
interfacing with gold, this temperature and time ought to be high and long enough, 
respectively for the surface molecules to adept their structure and/or to bond to the gold 
atoms. After the experiment a smal! peak was observed in the LEIS spectrum of the gold 
plate, which indicated the gold and P3HT film were indeed in contact during the 
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experiment.The result of the experiment, as observed by LEIS (3 keV 3He+ ions) 
approximately 5-10 minutes after breaking the contact, is listed in table 5.5. The peak areas 
prior to and after the contact with gold were found to be comparable. Hence, these 
observations suggest no interactions occur between gold and P3HT films, provided surface 
relaxation processes at roomtemperature in UHV are not fast enough to change the surface 
composition within 5 to 10 minutes. 

5.5.2 Aulquarterthiophene 

The gold films (batch 1) used for the investigation of Au-to-4T interfaces were found to 
be less stabie than gold films from batch 2. More specifically, while at roomtemperature 
almost the entire LEIS gold peak was found to vanish after 5 min in the pre-treatment 
chamber, due to contamination by carbon impurities (section 3.3.4). This implies that 
quarterthiophene was contacted to a gold plate with (at least) part of its outermost surface 
contaminated by carbon. Furthermore, heating the 4-thiophene film in UHV was found not to 
affect its surface composition untill it started to sublime at a temperature of approximately 
200-300 °C. 

A gold plate was contacted with an evaporated quarterthiophene film (with an 'average' 
surface atomie fraction of oxygen ::;;2%) at a temperature of 130 °C for 1 hour. The result of 
the experiment as observed by LEIS (4.75 keV 4He+ ions) approximately 5-10 minutes after 
breaking the contact, is shown in figure 5.7(a). The C4T and S4T peak areas were found to be 
decreased from respectively, (5.0±0.6)·103 to (2.2±0.5)·103 and (16.1±0.7)·103 to 
(9.1±0.9)·103

, which implies the SIC peak area ratio increased due to the experiment. 

c s SIC 
remaining 4-thiophene 13.3±0.8 15.8+0.5 1.18±0.08 
printed 4-thiophene 8.9±0.7 25 ±2 2.8 ±0.3 

Table 5.6: Peak areas (xJOOO cps) of LEIS signals 
measured for the remaining and printed 
4-thiophene film on glass and gold, 
respectively. Exposure to ion irradiation 
was s 1·1014 ions/cm2

• 

However, the observations by 
human eye were much more 
interesting. On top of the gold 
plate a thin film was found to be 
printed with sharp boundary edges 
corresponding to the edges of the 
4-thiophene sample, which clearly 
indicates gold interacts with 
quaterthiophene molecules. Upon 
analysis of the surface of this 
printed layer by XPS 12

, it was 
found to be a quaterthiophene 

layer film with an 'average' surface composition equal to that of the remaining and original 
4-thiophene film. Furthermore, the XPS spectra of the remaining and printed thiophene films 
contained clear contributions from silica and gold, respectively which indicated both film 
thicknesses were :::;; 10 nm. Presumably the 4-thiophene film was cleaved at the planes 
between moleculair layers, for the polycrystalline 4-thiophene films bas a lamellar crystal 
structure. 

Figure 5.7(b) shows the LEIS spectra (measured with 3 keV 3He+ions) of the remaining 
and printed 4-thiophene film on glass and Au, respectively and table 5.6 lists the deterrnined 
peak areas. Table 5.6 and figure 5.7(b) show that clear differences exist between the 
outermost surface of the remaining and printed 4-thiophene film. The SIC peak area ratio was 
found to be much higher for the printed thiophene film with respect to the remaining film. 

In order to interpret this difference, quantification of the SIC peak area ratios should be 
done combined with theoretica! calculations of nslnc ratios for various molecular 

12 Measurements performed by Li Ming Yu with the SCIENTA, ESCA-300 at the Laboratoire de Lise (group of 
J.J. Pireaux), departement de physique et chimi, Université de Namur, Belgique. 
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Figure 5.7: (a) LEIS spectra (4.75 keV 4He+ ions) ofthe 4-thiophenefilm before and after 
contact with gold at I30 °Cfor I hour. (b) LEIS spectra (3 keV 3He+ ions) ofthe 
remaining and printed 4-thiophene film on glass and gold, respectively. 

orientations, e.g. surface structures. Although the sputterpeaks in the LEIS spectra of the 
remaining and printed film were found to be comparable to that of the pristine 4-thiophene 
film, quantification of the SIC peak areas is not possible with the measured Ps + and Pc+, for a 
change of the molecular orientation would imply a different effect of H-shielding on the S 
and C LEIS signals. Quantification could have been accomplished, when the characteristic 
veloeities of neutralization by carbon and sulfur had been measured for the remaining and 
printed 4-thiophene film. 

5.6 Discussion 

Surfaces of polycrystalline evaporated oligo(quartherthiophene) and amorphous spin
coated poly(3-hexylthiophene) films were investigated by LEIS and XPS in order to obtain 
inforrnation about the surface structure and composition of these films. XPS measurements 
showed the 'average' atomie SIC ratios of the surface regions of 4-thiophene and P3HT films 
were equal to the values expected for the bulk, which implies only the composition of the 
topmost atomie layers of 4-thiophene and P3HT possibly differs from that of the bulk. 

Although both thiophene films show the trend of an increasing SIC ratio as a function of 
the sputtering depth, this does not necessarily indicate that thiophene molecules at the 
surfaces of 4-thiophene and P3HT are preferentially orientated such that no sulfur is present 
at the outermost surface. In the case of 4-thiophene, the 'long-range' increase of SIC is likely 
due to to the upright orientation of the 4-thiophene molecules with an angle of 22° between 
the long molecular axis and the surface normal, for the SIC ratio was not found to saturate 
after sputtering 1-1 V2 ML. Moreover, the abrupt increase of the (SIC)4T ratio u pon ion 
irradiation indicates the LEIS signals were influenced by the preferential sputtering of 
hydrogen. In the case of poly(3-hexylthiophene) films, the behavior of SIC seems to be 
mainly affected by the H-shielding of sulfur and carbon, for it was found to saturate after 
sputtering less than V2 ML. 

Quantification of the SIC peak area ratios was attempted by determining the 
characteristic veloeities for 3He + neutralization by sulfur and carbon atoms at surfaces of as-
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deposited 4-thiophene and spin-coated poly(3-hexylthiophene) films. Following this method, 
the (nsfnc)4T and (nsfnc)P3HT ratios prior to sputtering were found to be respectively, 
(1.4±0.9)% and (0.9±0.8)% (assumming «c.l«s.l :::: 1). Interpretation of sputtering profiles 
requires knowledge about the behavior of Pc +/Ps + ratio as a function of the sputtering dose, 
for its values changes due to the preferential sputtering of hydrogen. 

The interactions at Au!P3HT and Au/4T interfaces were investigated by LEIS and XPS. 
The observations showed no sign of interaction between gold and poly(3-hexylthiophene), 
which is consistent with the observation by Lachkar et al. They studied the interface 
formation between P3HT and gold by in situ XPS measurements during the metallization of a 
P3HT film, and found gold did not to react with poly(3-hexylthiophene) molecules [12]. 
Furthermore, the observed absence of interaction between gold and P3HT is in agreement 
with a theoretica! investigation by Elfeninat et al. [13], who employed quanturn mechanica! 
methods within the density functional formalism to study the chemica! and electronic 
structures of gold/thiophene-monomer complexes. They concluded no significant chemica! 
interactions occur between gold and thiophene. 

In contrast to the absence of interaction between gold and P3HT, a clear interaction was 
found between quaterthiophene and gold. More specifically, the 4-thiophene film was found 
to be cleaved in two thin films(< 10 nm), one remaining on the substrate and one printed on 
the gold. These results are in agreement with the observed strong interaction between the 1x2 
Au( 11 0) reconstructed surface and o:-hexathiophene ( 6T) molecules [ 41]. The difference 
between the interactions of gold with P3HT and 4-thiophene are probably related to the 
different freedom of motionsof oligothiophene and poly(3-hexylthiophene) molecules, which 
can be influenced by chain lengths, the presence of side-groups and the crystallinity, yet the 
actual mechanisme for interactions between gold and thiophene is not clear. 

The outermost surface of the remaining 4-thiophene film was found to differ from that of 
the printed film on gold. Interpretation of this observation requires quantification of the LEIS 
signals. However, due to the fact that a change of molecular orientation results in a different 
effect of H-shielding on the carbon and sulfur LEIS signals, the measured ion fractions for 
the original 4-thiophene film could nat be used. Since no additional measurements were 
performed, one can only speenlate about the origin of the difference between the surfaces of 
the remaining and printed 4-thiophene film. 

In literature experimental evidence can be found that the orientation of thiophene 
molecules in evaporated oligothiophenes films can depend on the used substrate. For 
instance, different molecular orientations were observed between oligothiophene films 
evaporated on oxidized Si(lOO) [39,40] and on reconstructed Au(llO) [41] substrates. On 
Au(llO) substrates the molecules were found to line up with the long molecular axis parallel 
to the surface. Therefore, it is possible that during the contact of 4-thiophene with gold, 
quartherthiophene molecules closer to the gold than to the glass assumed a parellel 
orientation in contrast to molecules nearest to the glass substrate which possibly maintained 
their 'upright' orientation. Although speculative, the cleavage of the 4-thiophene film could 
have occurred in a region in which the orientation of molecules changed from parallel to 
upright, hence causing different outermost surfaces of the remaining and printed 4-thiophene 
film. 



Conclusions and 
Recommendations 

The segregation of Cr and Na towards the surface of gold films (50 nm. Au/5 nm. 
Crlglass) upon heating at 325 oe for 45 minutes was found to be induced by an oxygen 
atmosphere (Poz=25 mbar). In addition, a thinner Cr layer (~2 nm) resulted in a small 
increase of the Na segregation (1% =- 3%, according to XPS when assuming a homogeneaus 
surface region) and the absence of Cr segregation. Moreover, chemisorption of oxygen was 
found to be enhanced by the presence of chromium at the gold surface. 

LEIS, XPS and RBS investigations showed siloxane impurities in poly(3-hexylthiophene) 
films, originating from the synthesized material, segregate to form preferably an outermost 
surface resembling that of polydimethylsiloxane on top of a siloxane-enriched overlayer with 
a thickness of (3.6±0.5) nm. In addition, the structural sensitivity of LEIS was clearly 
illustrated by the observation that siloxane molecules are site-specifically distributed at 
poly(3-hexylthiophene) surfaces, such that sulfur atoms are not covered by siloxane
backbones, but are 'shadowed' by the methylgroups bonded to silicon. Since carbon was 
present in siloxane, the thiophene ring and the hexyl side-chains, it was impossible to deduct 
from the sputtering profiles whether or not the observed site-specific positioning of siloxane 
backbones is related to the electron-rich aromatic thiophene ring. 

The preparation metbod employed for the deposition of poly(3-hexylthiophene) films 
was found to influence the siloxane concentration at the outermost surface and/or in the 
surface region. The complementary observations by LEIS and XPS, were satisfactorily 
explained by combining the various limiting factors of siloxane segregation, e.g. driving 
force, time, mobility, concentration and total amount (siloxane reservoir), with in literature 
reported effects of spin speed and concentration on the film formation time and film 
thickness. 

Siloxane impurities were removed from the surfaces of spin-coated poly(3-
hexylthiophene) films by means of solvent-extraction in hexane. Moreover, purified spin
coated films were shown to be reproducible according to LEIS and XPS. 

LEIS sputtering profiles of polycrystalline quarterthiophene and amorphous poly(3-
hexylthiophene) films both showed an increasing SIC LEIS peak area ratio as a function of 
the sputtering dose. The abrupt increase of SIC in both films upon ion irradiation showed 
atoms at surfaces of 4-thiophene and poly(3-hexylthiophene) are shielded by hydrogen atoms. 
In the case of 4-thiophene, the increase of SIC is likely related to the upright orientation of 
the 4-thiophene molecules with an angle of 22° between the long molecular axis and the 
surface normal, for the SIC ratio was not found to saturate after sputtering 1-11/2 ML. In the 
case of poly(3-hexylthiophene) films, the behavior of SIC seems to be mainly affected by the 
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H-shielding of sulfur and carbon, for it was found to saturate after sputtering less than Y2 ML. 
Measurements of the characteristic veloeities for 3He + neutralization by carbon and sulfur 
atoms at the surfaces of quarterthiophene and poly(3-hexylthiophene) clearly indicated, that 
interpretation of LEIS depth profiles in terms of a ns/nc ratio requires knowledge about the 
development of the ion fractions as a function of the iondose, for these are changed due to the 
preferential sputtering of hydrogen. 

The interactions at Au/P3HT and Au/4T interfaces were investigated by LEIS and XPS. 
The observations showed no sign of interaction between gold and poly(3-hexylthiophene), in 
contrast a clear interaction was found between quaterthiophene and gold. More specifically, 
the 4-thiophene film was found to be cleaved in two thin films(< 10 nm), one remaining on 
the substrate and one printed on the gold. The outermost surface of the remaining 4-
thiophene film was found to differ from that of the printed film on gold. However, 
interpretation of these differences was not possible, due to the fact that no ion fractions were 
measured for these films, which is a must because a change of molecular orientation 
influences the effect of surface atom shielding by hydrogen on the LEIS signals. 

RECOMMENDATIONS: 

• Determine the influence of siloxanes at the surface of poly(3-hexylthiophene) on the 
operation of a Molecular Electronic Device, for instanee by preparation of Polymerie 
LED' s with a purified and contaminated P3HT film. 

• Investigate the influence of hydrogen shielding on the LEIS signals both experimentally 
and theoretically in order to explore the quantification capabilities of LEIS on polymers. 

• Investigate the interactions between gold and a polymer with functional groups that have 
a higher mobility than the sulfur in the thiophene ring, such that the effect of interfacing 
with a metal on the orientation and conformation of surface molecules can be determined. 
If orientation and conformation are influenced, then changing the interface from gold 
back to UHV provides a possibility to investigate the dynamics of relaxation of surface 
molecules. 

• Repeat the printing of a 4-thiophene layer on a gold surface and quantify the newly 
formed outermost surfaces. 
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Appendix A 

Fitting of LEIS peaks 

The area of a LEIS peak: with a high noise to signal ratio is approximated by integration 
of a fit of the measured signal after linear background subtraction. A fit is obtained by fitting 
the background-free peak: with a reference peak:. When the LEIS peak: under investigation 
consists of two overlapping signals, the fit is performed with two reference peak:s. Below the 
expressions used by P ALP for fitting a LEIS peak: that consists of one or two con tribution are 
derived. The accuracy of determined peak: areas is indicated by a calculated standard 
deviation of the fit. It is not the absolute standard deviation, but the deviation between the fit 
and the background-free peak:. 

Fitting a LEIS peak that consists of one contribution 

The measured LEIS signal Smeas(E;) is fitted with a reference peak: S,et (E;) in the 

energy interval [ E0 , EI]. So the fit can be expressedas : 

with a the fit parameter and i denoting datapoints of the measured signal such that 
Eno = E0 and En

1 
=EI. The fit parameter is determined using the metbod of least squares, 

which tells to rninirnize the total squares sum q : 

n1 2 

q = L [ S meas ( E; ) - a · S ref ( E;)] 
i=no 

dq 
Solving the equation da = 0, results in the expresswn for the fit parameter a and 

consequently an expression for the error Sa : 

i=no 

with Ss the standard deviation of the measured LEIS intensities. Since the reference signal 
""'as 

has the correct shape, it is proposed that the fit is a good approximation of the ideal LEIS 
signal (e.g. signal without noise). If one assumes that the varianee of the measured signal 
around the ideal signal (e.g. fit) follows the normal distribution, an expression for Ss can 

meas 



Fitting a LEIS peak that consists of two contributions 

The measured LEIS signal S meas ( E;) is fitted with the reference peaks S ref 1 (Ei ) and 

S,et2(Ei) in the energy intervals (E0 ,E2 ] and (EpE3], respectively. So the fit can be 

expressed as: 

a·Srefi(Ei), 
S fit (Ei)= a· S,et1 (Ei )+b· S,et2(Ei ), 

b. Sref2 (Ei), 

n0 ~ i ~ ( n1 - 1) 
n1 ~i~ n2 

( n2 + 1) ~ i ~ n3 

with a and b the fit parameters and i denoting datapoints of the measured signal such that 
Eno = E0 , En

1 
= E 11 , En

2 
= E2 and En

3 
= E3 • Todetermine the fit parameters the metbod 

of least squares is used, which tells to minimizes the total squares sum q : 

Solving the equations ~: = 0 and ~! = 0, results in expressions for the fit parameters a 

and b from which expressions for the errors Sa and Sb are derived: 

~ ~ ~ 

al= Is;efi(Ei), a2 =b1 = I[s,eJI(EJs,etz(Ei)]. b2 = Is?e12 (Ei), 
with 

i=no i=n1 i=n1 

~ n3 

ei= L[srefi(EJSmeas(Ei)], C2 = L[Sretz(EJSmeas(E;)], 
i=no i=n1 

and Ss the standard deviation of the measured LEIS signa!. Since the reference signal bas 
""as 

the correct shape, it is proposed that the fit is a good approximation of the ideal LEIS signal 
(e.g. signal without noise). lf one assumes that the varianee of the measured signal around the 
ideal signal (e.g. fit) follows the normal distribution, an expres si on for Ss can be derived: 

meas 



AppendixB 

Calibration of the binding energy scale for XPS measurements on 
poly(3-hexylthiophene) films 

Figure B.l shows the XPS spectra of P3HT films (with siloxane-enriched surfaces) spin
coated on silica/Si(lOO) and Au/Cr/glass. Since XPS detected the substrates (with well 
known photopeaks), these spectra were used to check whether or not calibration of the 
binding energy scale to Ebinding.s2p = 164.1 eV is correct. In table B.1, the binding energies 

determined after linear background subtraction are listed as well as some values found in 
literature. 

""':" 
::l 
~ 
'-' 

è ..... 
Cl} 

= ~ .... 
= ..... 

P3HT /silica!Si( 1 00) P3HT/Au/Cr/glass 

Cls 
Cls 

Au4f 

Si(PDMS+silica) è . .... 
Cl} 

S2ps;2\ ~00)2p § 
= . .... 

300 200 100 0 300 200 100 
binding energy ( e V) binding energy ( e V) 

Figure B.l: XPS spectra of P3HT films (with siloxane-enriched suifaces) spin-coated 
on silica/Si(JOO) and Au/Cr/glass substrates. The XPS spectra were 
measured with Mg-Ka radiation. 

Peak P3HT/silica!Si(100) P3HT/Au/Cr/glass literature 
285.0 in thiophene [12] 

C1s 284.6 ± 0.4 284.5 ± 0.4 284.4 in PDMS [38] 
285.0 for saturated C [38] 

S2p 164.1 ± 0.4 164.1 ± 0.4 164.1 [12] 
Au4t7/2 ----- 84.2 ± 0.4 83.8-84.0 [33] 

Si2p(100) 99.6 ± 0.4 ----- 98.6- 99.4 [33] 
Table B.l: Binding energies (eV) of the main photopeaks observed in the XPS 

spectra of thin P3HT films (with siloxane-enriched suifaces) spin
coated on silica/Si( 100) and Au/Cr/glass substrates. 

0 



Appendix C 

Calibration of the spin speed 

Poly(3-hexyl thiophene) films are spin-coated using a Heka spin-coater (Nr. 10596). The 
spin speed .Q of this spin-coater depends on the used rotation-mode and the supplied voltage. 
The spin-coater is calibrated using a Xenon stroboscoop from CENCO (catalog no. 74678-
01). With this stroboscape frequencies fn are found for which no rotation of the spin-coater 

table is observed. Por these frequencies the following expressing is valid: 

n· fn =.Q, 

with n an integer. Thus the spin speed can be determined when two or more succeeding 
frequencies fn ,fn-I , ... are measured. Since the spin-coater is predominantly used in rotation

mode 4, calibration is only peformed for this case. Three subsequent frequencies are 
determined resulting in two values .Q1 and .Q2 for the spin speed. 

2·! ·! ,n
2 

= n n-2 • 

fn-2- fn 

In table C.1 the determined mean spin speed for a certain supplied voltage is given. These 
are also shown in figure C.l. A linear fit of the datapoints results in a formula for the spin 
speed as a fimction of the supplied voltage: 

.Q = ( -5350± 691) + (126± 6) ·voltage 

During calibration the frequencies were measured when the spin-coater had a static 
angular frequency. It was timed that static movement is reached for all supplied voltages 
approximately 9 seconds after switching the spin-coater on. 

voltage Q 
(Volt) (r.p.m.) 

80 4614 
90 5864 

100 7193 
110 8659 
120 10040 
130 10601 

Table C.l: 
Spin-speed Q ofthe Heka 
spin-coater as a function 
of the supplied voltage in 
rotation-mode 4. 
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• 10000 ...... 
Ê 
à. 
.s ..... 
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Figure C.l: Spin-speed ilof the Heka spin-coater as a 
function of the supplied voltage in rotation
mode4. 



AppendixD 

Reproducibility of purified spin-coated poly(3-hexylthiophene) films according toLEIS 
and XPS. Table D.llists the peak area ratios obtained by LEIS with 3He+ (3 keV) ions for an 
ion current of 1 nA. Table D.2lists the atomie fractions found by XPS with Mg-Ka radiation. 

T bl D 1 LEIS ak a e .. pe areas m counts per secon d 
c (-103

) s (-103
) SIC 

sample 1 13.2±0.4 2.8±0.2 0.21±0.02 
sample 2 12.7±0.6 2.8±0.3 0.22±0.02 
sample 3 11.3±0.6 2.5±0.3 0.22±0.02 
sample 4 11.6±0.7 2.8±0.3 0.24±0.03 
sample 5 11.2±0.6 3.0±0.3 0.27±0.03 

average values 12.0±0.9 2.8±0.2 0.23±0.02 

T bl D 2 XPS' a e .. . f average atormc ract10ns m percentages 
C% S% SIC 

sample 1 91±5 8.7±0.4 0.096±0.007 
sample 2 91±5 8.8±0.4 0.097 ±0.007 
sample 3 89±4 10.1±0.5 0.113±0.008 
sample 4 90±4 9.8±0.5 0.110±0.008 
sample 5 90±5 9.8±0.5 0.109±0.008 

average values 90.0±0.7 9.4±0.7 0.105±0.008 



AppendixE 

RBS spectrum of the synthesized poly(3-hexylthiophene) film 
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