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Summary 

Polymer films with an ordered molecular structure can be applied in optical systems e.g. 
polarizers, filters and displays. Position dependent UV photopolymerization of a mixture of 
different (meth)acrylates is used to prepare polymer films. Due to difference in reactivity, 
functionality, volume and mass of the (meth)acrylates, migration processes are induced in the 
mixture during polymerization. The migration processes are analyzed after complete 
polymerization by the specific detectable label elements of the (meth)acrylates, with either 
PIXE (Particle induced X-ray Emission), PIGE (Particle Induced Gamma-ray Emission) or 
RBS (Rutherford Backscattering). 
Lithographic gratings are prepared by pattemed UV exposure of a mixture of (meth)acrylates 
using a photo mask. The analyzed gratings have a grating spacing of 200 µmor 1 mm, but 
also gratings with smaller spacings can be prepared. Analysis on the polymer gratings is 
performed with a microprobe using a 3 MeV proton beam with a diameter of about 12 µm 
and beam current of a few hundred pA. 
Two different migration processes are observed. In a mixture of a mono-functional acrylate 
and a di-functional (meth)acrylate, a poor network is created and swelling of the polymer 
network is possible. There is a preferential migration of the less reactive mono-acrylates 
towards the illuminated areas and thicker illuminated areas are observed. There is a more 
effecti ve suction of the smaller mono-acrylates by the poor network and this effect is larger 
than the reactivity differences between the mono- and di-functional (meth)acrylates. The 
observed migration process is supported by the Flory-Huggins theory. 
In a system containing two di-functional (meth)acrylates, a dense network is created due to 
cross-linking. No swelling is possible due to the dense network and no thickness variations 
are observed in the polymer film. The considered more reactive di-methacrylate migrates 
towards the illuminated areas and the di-acrylate migrates towards the dark areas. The 
migration process is driven by difference in reactivity, as in the two-way diffusion model 
proposed by Van Nostrum, which can be considered as a special case of the Flory-Huggins 
theory for monomers equal in size and when there is no swelling of the polymer network. 
It can be concluded from the observed migration processes that the migration directions of 
the monomers are determined by the molecular size, the reactivity of the monomers and the 
cross-link density of the created polymer network. With this information, it appeared possible 
to influence the preferential migration direction of the (meth)acrylates, as well as the 
thickness variations in the polymer film. Consequently, the refractive index properties of the 
polymer film can be influenced. Polymer diffusors are prepared from a mixture of mono
acrylates and di-methacrylates in this way. In the diffusors, cone shaped areas with a higher 
refractive index are induced, which can be used to increase the viewing angle of displays. 
The created pixels have a diameter of 25 µmand are 25 µm apart. The diffusors are analyzed 
in a microprobe using a 30 pA 3 Me V proton beam with a diameter of about 6 µm. 

Adding a dye toa mixture of (meth)acrylates, creates composition variations and 
consequently refractive index variations over the thickness of polymer films. The polymer 
films are analyzed with a cryogenic RBS setup using a 2 MeV He+-beam with diameter of 2 
mm. The observed migration processes in the lithographic samples appeared applicable to 
these samples. However, the effect by the intensity gradient created over the sample thickness 
appeared to be in the same order as the temperature gradient that is induced over the sample 
by preparation on a hot plate at 75°C. 



Polymer solar cells consist of several layers, a glass layer, an ITO anode, a PEDOT-PSS 
layer, an active layer (PPV:H-PCBM) and an aluminum cathode, respectively. Cryogenic 
RBS measurements on the interface of the cathode and the active layer showed for aluminum 
deposition rates of 0.45 nm/s, 1 nm/s and 10 nm/s, respectively, that there is probably no 
aluminum diffusion of the aluminum cathode into the PPV:I-PCBM layer. Indium diffusion 
from the ITO anode into the PEDOT-PSS layer is observed, when the PEDOT-PSS layer is 
dried by annealing for 1 minute at 100°C, whereas no observable diffusion is found when 
annealed for 2 minutes at 200°C. The iodine distribution in the active PPV:I-PCBM layer 
appears to be independent of the mixture ratio PPV to 1-PCBM, with o-xylene used as 
solvent. The surf ace roughness of PPV:I-PCBM appears to be dependent on the solvent from 
which the active layer is spincoated. Chloro-benzene showed a factor of two larger surf ace 
roughness than o-xylene. 
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Introduction 

1 Introduction 

Polymer devices have become widely used in optical systems the last decade. Besides the low 
material costs, especially the possibilities in optical properties in combination with the 
properties of thin flexible polymer films led the polymer devices to this position. By very 
precisely designing the molecular structure and positioning the molecules, various properties 
can be controlled, e.g. the refractive index, the polymer phase (e.g. isotropic or liquid 
crystalline) or a heli cal pitch gradient [Bro 1,Bro2]. This makes applications of pol ymers in 
optical systems for data transport, displays, filters and polarizers of great interest. Also 
applications as polymer light emitting diodes (PLED) [Jon2] or polymer solar cells [God] are 
important. 

Polymer films are prepared by UV exposure of a photoreactive mixture of (meth)acrylates. 
The (meth)acrylates are different in reactivity, functionality, volume fraction, mass and 
refractive index. Due to position dependent UV exposure, a migration process is induced in 
the mixture, resulting in composition variations in the polymer film and consequently in 
refractive index variations. In this report, possible migration processes of (meth)acrylates in a 
monomer mixture during position dependent UV polymerization are studied. It is possible to 
design polymers with desired optical properties by choosing a wise combination of 
(meth)acrylates and UV exposure technique. 
To analyze the migration process from the polymer film, discrimination between the different 
monomer (meth)acrylates is necessary. A detectable element will have to be present in the 
monomer that is unique for the monomer. This element is called the label of the monomer, 
since it represents the monomer position in the polymer film from analysis. The elements are 
detected with PIXE (Particle induced X-ray Emission) [Joh], PIGE (Particle Induced 
Gamma-ray Emission) [Bon,Jes] or RBS (Rutherford Back Scattering) [Kra]. Normally, a 
mixture of two different (meth)acrylates is used and from the observed spectra, the 
preferential migration directions of the (meth)acrylates and the possible thickness variations 
of the polymer film are deduced. 

Firstly, lateral composition variations are induced. Transmission gratings are prepared by 
pattemed UV polymerization using a photo mask, and the polymer films with a lateral 
variation in refractive index can be used as grating. Initially, the more reactive (meth)acrylate 
is converted faster into immobile polymer at the areas with higher UV intensity and a 
migration process is initiated. An existing model of this process, is the two-way diffusion 
mechanism as proposed by Van Nostrum et al. [Nos]. The model is merely based on the 
difference in reactivity between the acrylates and only appears to be valid in the observed 
migration processes in special cases. With the Flory-Huggins theory [Flo,Hil], on the other 
hand, it appears possible to describe the preferential migration directions in all studied 
mixtures. In this thermodynamica! model, the polymer network and the volume of the 
(meth)acrylates play an important role. Polymer kinetics is not involved in the model. 
Another possibility to create lateral composition variations in polymer films is UV exposure 
with a holographic technique, where the gratings are written by the interference pattem of a 
laser [Bow,Nos,Zha]. In this study, the lithographic method is preferred, because there is a 
sharp transition between maximum light intensity and no light intensity, whereas in 
holographic gratings there is a distribution between maximum and minimum light intensity. 
A sharper transition in light intensity will result in a sharper lateral composition variation and 
consequently eases the detection of the induced composition variations. Also the induced 
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composition variations will be larger in the lithographic gratings. Another advantage of the 
lithographic method is that the grating spacing is not restricted by the wavelength of the used 
UV light. The lithographic gratings have a grating spacing of tens to hundreds of micrometers 
and are analyzed with a nuclear microprobe. 
A mixture of (meth)acrylates is selected to produce polymer diffusor films, which can be 
used to increase the viewing angle of displays. In the polymer films cone shaped areas with a 
relatively higher refractive index are induced. These areas are desired to be thicker, so the 
rest of the film can be covered by black paint, creating bright pixels which refract the 
incoming light over a wider range of angles. 

Secondly, composition variations over the thickness of the sample are studied, since special 
applications can be achieved in this way. Liquid crystalline (meth)acrylates with an extra 
cholesteric group create a pitch gradient in the oriented polymer molecules and the polymer 
film can be used as a color filter. Discontinuous composition in molecular structure would 
create a discontinuous helical pitch over the sample thickness, and the polymer film could be 
used as a braad band filter [Bro2,Bro3]. In our case, only non-crystalline acrylates are used to 
study the migration process. 
Adding a dye toa mixture of (meth)acrylates can induce a gradient in composition over the 
thickness of the sample. The dye absorbs UV light and an intensity gradient over the 
thickness of the sample is induced. Due to the intensity gradient, there will be a difference in 
polymerization rate over the thickness of the sample and consequently a migration process is 
initiated in the mixture. Another way of creating an intensity distribution in the sample is 
writing reflection gratings by the interference pattem of an Ar laser (351 nm). The samples 
with composition variations over the thickness of the sample are analyzed with the cryogenic 
RBS/ERDA setup [Jon2]. Polymer samples have to be cooled to cryogenic temperatures 
(7K), since otherwise the damage would be too large due to hearing of the sample by the 
inserted energy of the impinging He+ -ions. 

Also migration processes in polymer solar cells are studied. The major difference with the 
previous discussed polymer films is that the solar cells consist of separately prepared layers 
of different composition. The principle of a polymer solar cell is based on the creation of 
localized electron-hole pairs (excitons) by incoming photons in an active polymer layer. After 
dissociation, the electrons and holes move towards the different electrodes, creating an 
electric potential. The active material is a n-conjugated semiconducting polymer and a 
fullerene derivative H-PCBM. The electronic structure of n-conjugated polymers consists of 
altemating single and double carbon bands. Because the n-electrons are delocalized along the 
polymer chain, n-conjugated polymers behave as semi-conductors. The band gap corresponds 
to the energy gap between the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) of the n-system. The band gap of PPV (poly-(p
phenylene vinylene)), an aften used semiconducting polymer, is 2.7 eV [Yos]. 
The interfaces between the different layers are of great importance, since the surface 
roughness of a layer can change the workfunction of the solar cell device, as well as the light 
transmission. Diffusion farms a major limitation in lifetime and efficiency of the polymer 
solar cells, by forming electron traps or as a source of degradation [And]. The roughness of 
one layer can change the morphology of the entire interface, which makes the investigation of 
elemental diffusion between layers of great importance. Diffusion processes in the solar cells 
are analyzed by cryogenic RBS measurements [Jon2]. 
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In chapter 2, the nuclear physical analysis methods PIXE, PIGE, RBS and RPS are briefly 
discussed. The two-way diffusion mechanism that describes the migration process in 
pattemed photopolymerization based on reactivity differences is discussed in section 2.4 and 
the more general Flory-Huggins theory is presented in section 2.5. The sample preparation 
methods and the scanning proton microprobe and cryogenic RBS/ERDA setup are presented 
in chapter 3. Section 4.1 discusses the analysis procedure, which is used for the quantification 
of the polymer samples analyzed with the proton microprobe setup, as well as the calibration 
of the detectors used. The observed migration mechanisms in the different types of mixtures 
are discussed for the lithographic gratings in section 4.2 to 4.4. The prepared polymer 
diffusors, which increase the viewing angle of displays, are presented in section 4.5. The RBS 
analysis of polymer samples with composition variations with depth, which are induced by 
either the use of a dye or by the interference pattem of an Ar laser, are presented in chapter 5. 
Elemental diffusion between the different layers in polymer solar cells is discussed in section 
5.3. The final chapter combines the results of the observed migration mechanisms in the 
lateral and depth dependent composition variations. 
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2 Theory 

2.1 Particle Induced X-ray Emission (PIXE) 

Particle Induced X-ray Emission (PIXE) is often used for the detection of trace elements in 
thin samples. The method is extensively discussed in several publications and books [IJz, Joh, 
Kiv]. The detection limit is in the order of parts per million (ppm) and the achieved accuracy 
is about five percent, when good calibration samples are available. When the PIXE technique 
is used in combination with a microprobe set-up the concentration distributions can be 
determined with a lateral resolution of around one µm. 

Accelerated charged particles cause ionization of atoms in the sample under investigation. 
The principle of ionization is the removal of the inner shell electrons. An electron from a 
higher shell fills the occurred vacancy. The released energy is used for the emission of either 
an Auger electron or an X-ray photon, and is specific for the excited element. 
The principle of the de-excitation by a Ka X-ray photon is shown in figure 2.1. In this case an 
electron is removed from the K-shell and an electron from the L-shell fills the vacancy. The 
released energy is used to emit a Ka X-ray photon. The resulting vacancy in the L-shell is 
now filled again by an electron from a higher shell by either Auger de-excitation or the 
emission of a X-ray. The process continues to the highest filled shell. 

K X-ray 
a 

_l_f!Ç9_ITI.Ï_I!g 
particle 

----------> 

ejected electron 

Figure 2.1: Energy released by de-excitation is used to emit a Ka X-ray photon. 

The X-rays are commonly detected by a Si(Li)-detector. Due to the thickness of the entrance 
window of such a detector, the detection of X-rays with a lower energy than l ke V is not 
possible. As a result, only elements with Z> 11 can be measured with this technique. The 
maximum detectable energy is 30 keV, so only a small range of the emitted X-rays is 
measured. K-lines can be used for the elements with ll<Z<50, L-lines for40<Z<l00, and M
lines for very heavy elements, schematically presented in figure 2.2. 
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Figure 2.2: Atomie level diagram showing the detectable K, Land M X-ray transitions by a 
Si( Li )-detector. 

In practice, the thin target PIXE formula is a valid approximation for the yield, when 
irradiating samples with a thickness < 2 mg/cm2

. The yield Ydet of a K X-ray peak of element 
Z is for thin samples given by: 

(2.1) 

with 
Np number of impinging ions [-] 
Nz number of atoms with atomie number Z [cm-2

] 

a prod production cross-section of a K X-ray [cm2
] Z,K 

Q/4n solid angle fraction of the detector [ -] 
Edet detector efficiency [ -] 
T transmission probability of X-rays in inactive filter in front of the detector [-] 
E Xz energy of K X-ray of element Z [MeV] 

Ep,o energy of incoming ions [Me V] 

When a K-shell vacancy is created, it will de-excite within about 10-16 seconds with the 
emission of either a characteristic X-ray or an Auger electron. The probability of X-ray 
emission after ionization is expressed by the fluorescence yield. The branching ratio gives the 
fraction of a specific X-ray, when more electronic transitions are possible to fill the vacancy. 
In contrast to the ionization cross-sections, the fluorescence yield and the branching ratio are 
independent of the ion energy. The production cross-section of a K X-ray can be written as: 

prod (E ) _ ion (E ) b 
a Z,K p.O - a Z,K p,O Wz,K Z,K (2.2) 

with 

aion ionization cross-section of the K-shell of element Z [cm2
] Z,K 

Wz.K fluorescence yield for the K-shell [-] 
hz.K branching ratio, fraction of the total K-shell X-rays [-] 
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The areal density (cm-2
) of target atoms of element Z (Nz) is related to the concentration cz of 

these atoms, by: 

with 
Cz 
pt 
NAv 

Mz 

concentration of atoms with element Z [gig] 
the areal mass density of the sample rr,cm2

] 

A vogadro constant (6.022· 1023
) [mor ] 

atomie mass of element Z [g/mol] 

(2.3) 

For thicker samples the thin target approximation is not valid. The absorption of X-rays in the 
sample has to be taken in to account. Also, due to the energy loss of the incoming ions in the 
sample, the ionization cross-section has to be considered as a function of the projectile 
energy. With these factors taken into account, the PIXE yield is given by the general or thick 
target PIXE formula: 

N Ef(Jprod(E )T (E E) 
= N Cz,thick Av _g_Ed t (Ex )T(Ex ) J Z,K P P Xz, P dE (2.4.a) 

P M z 4n e z z Eo S ( E P) P 

with 

{ 
µ(Ex ) Efp 1 dE' } = exp -
pcos(} E0 S(E~) P 

(2.4.b) 

where 

S stopping power [MeV cm2/g] 
µ sample linear absorption coefficient fora certain X-ray energy [cm-1

] 

p sample total density [g/cm3
] 

(} angle between impinging beam (perpendicular to sample surf ace) and the 
detected X-rays [rad] 

E1 final energy of the ions after traversing the target [Me V] 
Tp transmission probability of X-rays through the sample [-] 
Ep energy of ions at certain depth [Me V] 

The thick target PIXE formula has no algebraic solution and must therefore be solved 
numericall y. 

The ratio between the mass fractions calculated from the X-ray yield with the thick target 
formula (cz. thick) and the thin target formula Ccz. thin) is expressed by the matrix correction 
factor (MCF): 

MCF = C Z,thick (2.5) 
Cz,thin 

The commonly used Si(Li)-detector consists of a Si crystal with a thickness of about 4 mm 
and an area ranging from 30-80 mm2

. On top of the crystal, an Au contact layer is present, 
which is used as a high voltage contact. As a result of the high voltage, a dead layer of about 
0.3 µmis created between the Au contact and the Si crystal [IJz]. The window of the detector 
is made of Be, and has to be as thin as possible, to have a large detector efficiency at low 
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energies. The thickness of the window is about 10 µm. In front of the detector a filter can be 
placed to reduce the <lead time of the detector. A large background is produced by electron 
bremsstrahlung at low X-ray energies [Joh]. Therefore it is favorable to filter out these X
rays. The filter is usually made of Be, with a thickness of about 50 µm. The total detector 
efficiency is expressed as: 

(2.6) 

The transmission of the filter is not included in the detector efficiency. Transmissions of the 
different layers and the absorption of X-rays in the Si crystal are all dependent on the X-ray 
energy. The properties of the detector used in our experiments are discussed extensively in 
the thesis of Munnik [Mun]. 

2.2 Proton Induced Gamma-ray Emission (PIGE) 

Proton lnduced Gamma-ray Emission (PIGE) is often used as a complementary technique to 
PIXE, and is based on the gamma emission in a nuclear reaction. High energetic particles can 
cause nuclear reactions and the resulting reaction products are photons, secondary particles, 
or both. The method is especially used for lighter elements, e.g. F, Na and Mg, since a large 
gamma yield is obtained for these elements. The possible prompt proton gamma reaction for 
F, when irradiated with protons, is 19F(p,p'y) 19F and the main gamma energies are 110 and 
197 keV [Jes]. 
PIGE cross-sections show, in contrast to PIXE cross-sections, strong variations with small 
variations in proton energy [Bon, Jes]. The proton energy is therefore very critica! for the 
PIGE yield and the energy loss due to stopping in the sample has to be accounted for. 
Differential cross-sections have to be used, because PIGE cross-sections are not isotropic. In 
genera! the detected PIGE yield is given by [Bon]: 

(2.7) 

2.3 Ruth erf ord Back- and Forward Scattering (RBS I RFS) 

The analysis techniques RBS an~ RFS are based on the detection of the kinetic energies of 
scattered ions. Both are actually the same technique, as the name already implies, but the 
scatters are observed at different angles. The technique relies on collision kinematics, which 
is determined from the conservation of energy and momentum. 
An elastic collision in the laboratory frame is schematically presented in figure 2.3. An 
incoming ion with energy E0 scatters at an angle 8, with the energy of the scattered ion E1 

related to the initia! energy by the kinematic factor K 1 =E1/E0• The energy of the recoiled 
particle is denoted as E2 and the kinematic factor for recoils is K2=Ei/E0. The target particle 
is recoiled at an angle cp. 
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Figure 2.3: Schematic representation of an elastic collision in the laboratory frame. 

The kinematic factor for scattered ions K 1 is given by: 

Ki = .§__ = [xcose+Jl-x
2

sin
2 8] 2 

E 0 l+x 
(2.8) 

Here, x represents the mass ratio mi/m2 of projectile and target atom. Optimal separation 
between the different elements and their isotopes is given for the largest dK1/d(x- 1 

). This 
gives a maximum separation fora scattering angle of 180°. Since the detector is placed in the 
beam line in this case, the detector is often mounted at a scattering angle of 170°. For heavy 
elements, the separation decreases. Analyzing with helium provides a better mass resolution 
than with protons [IJz]. If m1 equals m2, only forward scattering is possible (0° ::::; e::::; 90°). 
This makes the detection of hydrogen possible at forwarded angles, when protons are used. 
Discrimination between recoiled and scattered protons is not possible and combined cross
sections are used [Bla]. 

Scattering cross-sections are not isotropic, therefore differential cross-sections have to be 
used. The Coulomb force is dominant at intermediate beam energies and determines the 
cross-sections, the Rutherford cross-sections. The genera! expression in the laboratory frame 
is [Kra]: 

with 

Z1 nuclear charge of projectile [-] 
Z2 nuclear charge of target atom [-] 
e electronic charge (1.602·10-19

) [C] 
Eo dielectric constant (8.85· 10-12

) [C2N- 1m-2
] 

At higher beam energies, the nuclear potential is of significant influence and Rutherford 
cross-sections are not valid anymore. For 2 MeV helium ions, all elements can be treated 
Rutherford, but when 4 Me V helium ions or 3 Me V protons are used this is no longer the 

(2.9) 

9 
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case. In various publications the non-Rutherford cross-sections can be found for the desired 
angle, element and ion energy [Ame,Bla,Tes]. 

Quantification of RBS/RFS is rather simple and the yield is given as: 

y = N (da )QN.t-1-
P dQ 1 

COS81 

(2.10) 

Np number of incident particles on sample [-] 
Q solid angle of the detector [sr] 
Mt areal density of element i [cm-2

] 

81 angle between incoming beam and sample normal 

The great advantage of the discussed RBS/RFS analysis technique is the depth resolution and 
the sensitivity, which is about 20 nm at 170°, but gets smaller with grazing angles. 

2.4 Two-way diffusion model 

Polymer films are prepared from a photoreactive mixture of di-acrylates and mono-acrylates 
by position dependent UV exposure by either lithographic or holographic techniques. Here, 
the two-way diffusion mechanism as proposed by Van Nostrum et. al. [Nos] for this type of 
films will be presented. The di-acrylate monomers are converted faster into immobile 
polymer than the less reactive mono-acrylates. At higher UV intensity, the conversion rate is 
higher and a concentration gradient between areas with maximum and minimum UV intensity 
is created. Consequently, a diffusion process is induced in which the more reactive di
acrylate monomers migrate towards maximum UV intensity and the mono-acrylates towards 
minimum UV intensity. 
The model only incorporates reaction differences between the acrylates in the mixture. In the 
next section, the Flory-Huggins theory is described. In this thermodynamic model, especially 
the volume fractions of the acrylates and the properties of the formed polymer network are of 
great importance, the kinetics of the polymerization process is however not taken into 
account. 

2.5 Flory-Huggins theory 

The Flory-Huggins theory describes the concentrations of different molecules, which can be 
polymers as well as monomers, in a mixing process. To describe the thermodynamics of the 
mixture, a connection between the macroscopie behavior and the behavior on molecular level 
in the mixture is necessary. This connection is provided by statistica} mechanics and can be 
presented by the Boltzmann relation. This relation links the entropy (S) to the total number of 
microscopie states (Q), from which all thermodynamic equations of interest can be derived 
[Flo,Hil]: 

(2.11) 



Theor 

Here, k is the Boltzmann constant and the total number of microscopie states is defined by the 
total energy E, the total volume Vand the number of different particles n1, n2, etc. of an 
isolated mixture. 

There is tendency towards minimum Gibbs free energy, when mixing different molecules at 
constant pressure and temperature. The difference in Gibbs free energy (~GM), between the 
pure states of the molecules and the molecules in the mixture, is determined by the difference 
in enthalpy (MIM) and entropy (~SM), given as: 

~GM = MIM -T~SM (2.12) 

In the Flory-Huggins theory, the free energy of mixing in systems containing polymer and 
different solvent molecules is based on an incompressible lattice model, with the polymer 
chain and the solvent molecules divided into segments of equal size. In the derivation of the 
free energy, a single lattice is used to describe the possible configurations of the pure 
components and their solutions, and only first neighbor interactions are taken into account 
[Flo,Hil]. 
Here, a binary system is considered of different molecules to determine the free energy of 
mixing. The derivation holds for polymer as well as monomer molecules. The considered 
mixture contains n1 molecules of kind 1 and n2 molecules of kind 2, with respectively N1 and 
N2 segments per molecule. The segments are assumed to have a segmental volume v in the 
mixture as well as in the unmixed state. For the conditions discussed in this section, the 
change in entropy due to mixing is derived and the expression is similar to the Boltzmann 
equation [Flo,Hil]: 

(2.13) 

The total number of segments is N = n1N1+n2N2, <p1 and <pz are the volume fractions, with <p1 = 
n1N11(n1N1+n2N2) and <pz = nzN2/(n1N1+n2N2), respectively. ~SM is called the configurational 
entropy. 
Besides the entropy of mixing, the enthalpy diff erence, due to intermolecular interactions, has 
to be taken into account. The considerations can be restricted to the energies involved in first 
neighbor interactions, since the force between uncharged molecules decreases rapidly with 
the distance of separation (Van der Waals interactions). So the broken interactions between 
identical species need to be compared to the created interactions between unlike species. If 
w11 , w22 and w12 are the "average" energies associated with these respective pair contacts, the 
change in energy for the formation of an unlike contact pair is: 

(2.14) 

The enthalpy of mixing (AflM) of the two components is given by the Van Laar expression 
[Flo]: 

(2.15) 

This is the general form of mixing any two-component system and the polymerie character of 
the solute does not alter the form of the expression. The enthalpy of mixing is given by the 
number of segments of molecule 1 (n 1N1), the probability that a nearest neighbor is of type 2 
( <pz), the average number of nearest neighbors (z) and the change in interaction energy per 

11 
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created pair contact (~w1 2). In this expression, the Flory-Huggins parameter Xiz can be 
introduced: 

X12 = Z~W12 / kT 

lf the configurational entropy ~SM is assumed to represent the total entropy change on 
mixing, the free energy of mixing can be given by: 

Theor 

(2.16) 

(2.17) 

The entropie effect in mixing is always negative, since the logarithms of the volume fractions 
are always negative. On the other hand, the mixing enthalpy of different molecules is usually 
endothermic and raises the free energy. 

Two phases with different composition are in equilibrium, when the chemica} potentials in 
bath phases are the same for the individual components, for given pressure and temperature. 
When this is not the case, mass transport leads toa reduction in free energy. The chemica} 
potentials are related to the derivative of the free energy of mixing: 

(2.18) 

Differentiation of equation (2.17) for ~GM with respect to n1 gives the chemica} potential µ 1 

of the solvent in the solution relative to its chemica} potential µ~ in the pure liquid: 

(2.19) 

A formed polymer network is able to swell by suction of monomers. The possible 
deformation of the network contributes to the free energy of mixing by a change in entropy, 
which is not taken into account in the previous derivation. This change in entropy is 
determined fora polymer placed in contact with a solvent. Initially, the Gibbs free energy of 
the polymer is Go and the network is undeformed, made up of np chains and Np segments, 
with volume Vo = npNp v1; and n 1 molecules of pure solvent, with N1 segments and segmental 
volume v1. The final Gibbs free energy G represents a network, which is swollen with n1 

molecules of solvent to an assumed additive volume V = (n 1N 1+npNp)v1• The network is 
assumed to swell according to the linear deformation constants ax, ay and a:z, with volume 
fraction (/Jp = Vo/Vand ax = a, which gives ay = lXz = (lla<{Jp) 112

. From the Boltzmann 
expression (2.11), the entropy of the deformed network (~Sct) can be derived, where the free 
energies of deformation and mixing are considered independent of each other [Flo,Hil]: 

(2.20) 

A chain is defined as a cross-linked unit and the number of effective chains in the polymer 
network ne is corrected for the free chain ends (terminal chains), which do not deform in the 
swelling of the network. 



Theor 

The total difference in Gibbs free energy for the deformed network compared to the 
undeformed network and pure solvent is given by: 

-- = n1 lncp1 +nP ncpP + x1PNcp1cp +- lncp +a +---3 !lGM l ne ( . 2 2 J 
kT P 2 P acpP 

(2.21) 

Here, N represents the total number of segments again. The factor npln<pp can be taken zero in 
this case, because the polymer network can be considered as one molecule, whereas the 
solvent contains orders more molecules. However, the factor is kept in the derivation for the 
general character of it. When equilibrium is reached, the chemica! potential µ1 of the solvent 
molecules in the gel and in the pure solvent must be equal. The chemical potential is 
determined from the derivative of equation (2.21): 

(2.22) 

Consider that there is no contribution from the change in interaction energy by the creation of 
pair contacts, thus Xip = 0. In the case of a very poor network, swelling of the network occurs, 
but the deformation of the network costs no energy, since the chains are not deformed in the 
swelling process. Then, the last term of (2.22) can be omitted and the equilibrium condition 
can only be satisfied when the volume fraction of the polymer is equal to zero, which means 
that an infinite amount of solvent molecules has to migrate towards the polymer. 
In the case of a stronger network, the chains in the polymer network deform with swelling, 
since the cross-links in the network repress the swelling. Equilibrium, between the tendency 
of solvent molecules to mix with polymer chains and stretching of the network, establishes. 
Equation (2.22) can now only be solved numerically. A stronger network has more cross
links and results in a smaller number of segments per chain (Np), the ratio of effective chains 
over the total number of chains in the polymer (ne/np) increases to unity and the linear 
deformation constant (a) decreases, since the network can only swell toa smaller extent. 
Consequently, a stronger network results in a larger polymer fraction ( <pp), so less suction of 
solvent molecules. 
The last term of equilibrium equation (2.22) is proportional to the size of the solvent 
molecule. This means that it is energetically more favorable to solve the polymer in smaller 
molecules than in larger solvent molecules with the same total volume. 

The entropy and enthalpy of mixing can be generalized fora multi-component system to: 

and 

with the pair interaction parameter: 

Xu = 

Af-IM = kTLn;N; cp 1xii 
i<j 

(2.23) 

(2.24) 
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The number of molecules of type i is ni, the volume fraction is given by <fJi, the number of 
segments per molecule is given by Ni and the formation energy of a contact pair with a 
molecule of type j is presented by ~Wij· 

Theor 

From the generalized system, the equilibrium conditions for a temary system consisting of a 
single polymer component in a binary solvent mixture is derived. Consider an illuminated 
area, where a certain amount of polymer is formed from the solvent molecules and an 
adjacent area, which is not illuminated and consequently contains merely pure solvent 
molecules. Ina stationary condition, the chemical potentials of the pure solvent components 
must be equal in both liquid phases. The chemical potential of the polymer is not of interest, 
since the polymer is considered to be immobile. The chemica! potentials are calculated by 
differentiating the free energy of mixing using the general equations of (2.23) and (2.24) 
[Flo]: 

(2.25a) 

(2.25b) 

The equations contain a network factor, which can be omitted for the <lark areas, where no 
polymer is formed. Now the chemica! potentials of the solvent molecules in both phases can 
be compared and have to be equal to reach equilibrium. 
When a certain volume fraction of polymer is formed in the illuminated areas, the volume 
fractions of the solvent molecules can be determined for both phases. The preferential 
migration of the solvent molecules follows from these volume fractions. lf this process is 
modeled in discrete steps, the kinetics of the occurring polymerization reactions can be 
incorporated in the formation of the polymer network. 
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3 Experimental sample preparation and setups 

Polymer films are prepared by pattemed UV illumination through a photo mask inducing 
lateral composition variations in the monomer mixture and consequently in refractive index. 
Lithographic gratings are prepared to study the migration process, which takes place in the 
mixture during pattemed UV polymerization, from the monomer distributions after fixation 
of the polymer film. A photo mask with a hole pattem is used to induce cone shaped 
structures in the polymer film, which can be used as a diffusor to increase the distribution of 
viewing angles of displays. 
A dye is added to the monomer mixture to investigate composition variations with depth. 
Light is absorbed by the dye and consequently an intensity gradient is created over the 
thickness of the sample. The gradient results in a migration process of the monomers and 
composition variations with depth are induced in the polymer film. Secondly, reflection 
gratings are prepared by the interference pattem of an Ar laser to study the migration process 
that leads to composition differences with depth. 

As already discussed in the introduction, the different monomers have to have a detectable 
element, which is necessary to discriminate between the different monomers. In the 
measurements four different (meth)acrylates with a distinctive element are used. The two 
mono-functional acrylates are respectively, 2-chloroethyl acrylate (H1C502Cl, M = 134,56 
g/mol) and pentabromophenyl acrylate (H3C902Brs, M = 542,64 g/mol), presented in figure 
3.1. The other two area di-functional acrylate and a di-functional methacrylate, respectively, 
bis(3-methacryloxypropyl) tetramethyldisiloxane (H34C1sOsSi2, M = 386,64 g/mol) and 
hexafluoro bisphenol 'A'diacrylate (H14C2 10~6, M = 444,33 g/mol), presented in figure 3.2. 

'--( 
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0 '--< Br Br 0-0Br 
A 

Br Br 

Figure 3.1: The molecular structures of the mono-functional acrylates used, Cl-labeled 2-
chloroethyl acrylate (A) and Br-labeled pentabromophenyl acrylate (B). 
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Figure 3.2: The molecular structures of the di-functional acrylates used, Si-labeled bis(3-
methacryloxypropyl)tetramethyldisiloxane (A) and F-labeled hexafluoro bisphenol 'A' 
diacrylate ( B ). 
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The elements Si, Cl and Br can be easily detected with PIXE (Particle induced X-ray 
Emission) [Joh] and F by PIGE (Particle Induced Gamma-ray Emission) [Jes, Bon]. With 
these methods the variations in concentration can be measured. Simultaneously, the bulk 
elements C, 0 and H are detected with RBS (Rutherford Back Scattering) and RFS 
(Rutherford Forward Scattering) [Kra], which allows a complete quantification of polymer 
films. 

3.1 Sample preparation of lithographic polymer films 

3.1.1 Lithographic gratings 
Lithographic gratings are prepared from different mixtures of (meth)acrylates, to which about 
0.1 weight % of photo-initiator Irgacure 651 [Bro2] is added. The pol ymer films are prepared 
between two glass slides. One of the glass plates has been fabricated with a chromium
pattemed layer on it, consisting of several areas of 1 by 1 cm with grating spacing varying 
from 1 mm down to 10 micrometers, and is used as a photo mask. On one si de of the glass 
plate and on the chromium side of the photo mask, a 2% N-diethylmethylsilylamine solution 
in a 1: 1 mixture of propanol and distilled water is spincoated. The solution reduces the 
adhesion of the polymer film to the glass slides and eases the removal of a freestanding 
polymer film afterwards. Subsequently, 6 µm glass particles in ethanol are deposited on the 
glass slide, as spacers. After the glass slide and photo-mask are pressed together, the cell is 
filled with monomer mixture via capillary suction. 
The samples are normally prepared at 75°C, since all (meth)acrylates are manageable at this 
temperature, even the F- and Br-labeled acrylates, which are solid at room temperature. A 
mixture of the latter ones is not possible and only about 10 weight % of the Br-labeled 
acrylate can be dissolved in one of the others. Some monomer mixtures can only be used 
when dissolved in dichloromethane. Then, the mixture is poured directly onto the glass slide 
and when the solvent is evaporated, the photo mask is pressed on top. The use of solvent is 
not favorable, because volatile monomers can disappear and change the initia! monomer 
mixture ratio. 
The samples are illuminated through the photo mask by a UV light source (Philips PL-
lOW /10 Black Light 350-390 nm, 2.2 W), normally at a distance of 60 cm for about 3 hours. 
After the pattemed illumination, the samples are tumed over and illuminated uniformly to fix 
the polymer film. The fixed polymer films are removed from the glass slides and the 
freestanding films are placed between two transparencies in a standard slide frame. In the 
transparencies, a hole is present, to avoid interaction with the proton beam during analysis. 
The slide frames are mounted in the target wheel of the microprobe setup for analysis. 

3.1.2 Polymer diffusors 
In the same way as in the previous section, a polymer film is fabricated between two glass 
slides, but in this case, a photo mask with a hole pattem is used instead. The mask is a 
chromium layer on which a hole pattem has been applied by light flashes. A hexagon 
structure has been applied on the mask because the shape of the light flashes is rectangular, 
though, circular holes in the mask are preferred. A higher polygon is not used from a time 
limiting point of view. The mask with the hexagon structure took two days of continuous 
flashing. The diameters of the holes are 25 µm and four areas with a distance between the 
middle of the holes of respectively 50, 100, 125 and 200 µm are applied. 
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Illuminated cone shaped areas are induced in the polymer cell by two identical UV light 
sources (Philips PL-lOW/10 Black Light 350-390 nm, 2.2 W), and rotation of the sample 
(figure 3.3). The light sources are placed 30 cm above the sample and 45 cm opposite of each 
other. At room temperature, the sample is rotated 60° every 5 minutes, with the light sources 
parallel to two of the hexagon sides. After polymerization of the illuminated areas, the 
polymer film is turned over and fixed by one UV-light source at a few cm. The induced cone 
shaped areas in the sample are shown in figure 3.4 for the ideal case of monomer separation. 

,//(~~~3:1 ®// 
~ 

Figure 3.3: Preparation method of a polymer diffusor film by sample rotation and 
illumination by two UV light sources. A hole of the photo mask is enlarged. 

x 

Figure 3.4: Induced cone shaped areas in a polymer diffusor film. Ideally, areas with 
refractive index n1 and n2 are created, the sample thickness is x and the holes in the photo 
mask are 25 µm. 

In a polymer film used as a diffusor, indicated in figure 3.5, light reflects on the transition of 
the refractive indices. When the cone shaped area consists of mainly the higher refractive 
index monomer, light will internally reflect on the transition between the higher (n2) and 
lower (n 1) index material. There is internal reflection for angles smaller than the critica! angle 
Be = arcsin(n2/n 1) and total intern al reflection occurs at this critica! angle [Ped]. Incoming 
light is reflected under a wider range of angles, due to internal reflection, which is used to 
increase the viewing angle of displays. 
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The position of the light sources is chosen in a way that the cone edges just touch at the 
bottom of the polymer film, with an assumed thickness of 25 µm (normally 20-30 µm) and a 
distance of 50 µm taken between the centers of the holes in the photo mask. In this case, no 
light is transmitted through the lower refractive index areas for total intemal reflection and 
only bright pixels are observed, with a resolution of about 500 dpi. 

J./ 

, , 
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Figure 3.5: Polymer film used as a diffusor film for light coming from the bottom side, 
perpendicular to the sample surf ace. The solid lines indicate the observed light beams for 
total intemal reflection (8 =8c), with n2 >n1, and the dashed lines are additional light beams 
when there is no total intemal rejlection( (J <Be). 

The polymer film can also be used as a collimator by tuming over the film of figure 3.5. 
Incoming light, which makes a small angle with the surface, is intemally reflected on the 
transition of the refractive indices and comes out of the display making a larger angle with 
respect to the sample surf ace. 

The refractive indices of the (meth)acrylates are determined from the observed critica! angle 
of the uniform polymer films. For the F-labeled polymer a refractive index of 1.52 ± 0.01 is 
found and for the Si-labeled polymer 1.4893 ± 0.0005. The refractive index of the Cl-labeled 
monomer is determined by interpolation of a linear graph on the refractive index of different 
SiCl mixtures and the pure Si-labeled monomer, which gave a refractive index of 1.507 ± 
0.01. 

There has to be denoted that a region in the cone is illuminated throughout the polymerization 
process, whereas the lower part of the cone is only illuminated at certain rotation positions. 
This means that the cone does not consist of merely one composition or refractive index n2 . 

However, the performance of the diffusor is not effected, since intemal reflection cannot 
occur on the transition toa higher index material. 
Also has to be denoted that an ideal situation is presented here, since the transitions between 
the two areas will not be sharp. 
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3.2 Sample preparation inducing composition variations over the 
thickness of polymer films 

3.2.1 Decreasing UV light intensity with depth by use of a dye 

19 

Samples are prepared from a mixture of (meth)acrylates between two glass slides and 
illumination with the UV light source mentioned in section 3.1. Instead of a photo mask to 
induce composition differences in the sample, a small amount of dye is added to the mixture 
of (meth)acrylates. The dye has an absorption maximum at 334 nm, close to that of the photo
initiator Irgacure 651 and an extinction coefficient two orders larger than that of the photo
initiator, table 3.1 [Bro2]. By adding a dye, a gradient in UV light intensity is achieved over 
the thickness of the polymer cell, resulting in a faster polymerization rate at the top of the 
sample. Consequently, migration of monomers is initiated, which results in composition 
differences over the thickness of the sample [Bro3]. 
The dye (C23H2sOsS, M = 416,54 g/mol), is assumed to dissolve homogeneously in the 
polymer mixture. Dichloromethane is used to dissolve the dye in the mixture and the dye can 
be dissolved in the mixtures toa maximum of 2 weight %. The chemical structure of the dye 
used and the photo-initiator are shown in figure 3.6. The dye differs slightly from the one in 
reference [Bro2], though this does not have a large effect on the extinction coefficient. 

Table 3.1: Absorbance maximum À"iax and extinction coefficient E at Àmax and 365 nmfor the 
d d h h I 651 [B 2} ye an t e p oto-zmtlator rgacure ro 

Compound Àrnax Emax E365 

[nm] [l mor1 cm-1
) [l mor1 cm- 1

) 

lrgacure 651 345 236 134 
Dye 334 31524 8170 
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Figure 3.6: Chemica! structure of the dye used (A) and the photo-initiator Irgacure 651 (B). 

The monomer mixture is poured on a glass slide and, after evaporation of the solvent, another 
glass slide is pressed on top. The polymer films are prepared by illuminating the mixture for 
24 hours at 60 cm and a temperature of 75°C. After fixation, the freestanding film is peeled 
off. Two pieces of the film are mounted on the sample holder of the cryogenic setup to 
analyze the top and the bottom side of the film. The polymer film is expected to have a 
thickness of about 20-30 µm, whereas with 2 or 4 MeV He+-ions only a few µmof the label 
elements can be analyzed from RBS spectra [Doo]. With the information of table 3.1 and an 
assumed density of 1 g/cm3 for the polymer film, the intensity decreases about 60% over a 
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film thickness of 25 µm at a wavelength of 365 nm, when 2 weight % of dye is added, 
according to the law of Lambert-Beer [Ped]. 

3.2.2 Reflection gratings 
Reflection gratings are obtained from the interference pattem of an Ar laser (351 nm), of 
which the experimental setup is presented in figure 3.7. The beam is guided via two UV 
mirrors through a quarter wavelength plate, to rotate the axis of polarization by 45°. With a 
focussing lens, the beam is projected at the focus point of the pinhole. The pinhole filters out 
nonparallel beams, created by dust or other damages on the used guiding system. Behind the 
pinhole, a diaphragm is placed to filter out the higher orders of the diffraction pattem caused 
by the pinhole. A parallel beam is projected onto a polarization beam splitter, to divide the 
beam in two beams of about equal intensity. The transmitted light is changed in polarization 
by a half wavelength plate. Both beams are focussed on the sample, inducing an interference 
pattem and consequently composition variations with depth [Bow,Nos,Zha]. 
The diameter of the focussed beam is about 2 cm, but gets smeared out since the beam is not 
projected perpendicular on the sample. Two glass slides are placed vertically at the focus 
point of the transmitted and reflected beam. Via capillary suction, the mixture of 
(meth)acrylates is added between the glass slides. Irgacure 184 is used as a photo-initiator, 
which is sensitive to the wavelength of the used laser. The polymer samples are polymerized 
for several minutes, with a laser intensity of 1-3 mW/cm2 at the sample position. After 
polymerization, only the illuminated part of the film is polymerized and the cell is placed 
under an UV light source (4 Philips CLEO 15 W) to fix the entire film. 
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Figure 3. 7: Schematical representation of the holographic sample preparation setup of the 
PICT laserlab. 

The sample and the incoming light beams are presented in figure 3.8, to explain the path of 
the beams. The angle between the glass and the incoming beams ais 36°, but the beams are 
refracted on the glass plates and the angle of the incoming beams in the monomer mixture f3 
is 57°, using Snell's law, with the refractive index of polymer film and glass both taken 1.5. 
This results in a grating pitch of 139 nm, which represents the distance between two maxima 
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in the interference pattem [Ped]. A larger pitch can be obtained by placing the sample further 
from the mirrors, but this also increases the spreading of the beam on the sample surf ace. The 
minimum possible grating distance that can be obtained is 117 nm. 
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Figure 3.8: Path of incoming light beams in a polymer cell between two glass slides, where 
the monomer mixture is presented by the gray color. 

When the sample is tilted a little, the reflected and transmitted beam do not make the exact 
same angle with the sample surface and consequently the gratings make an angle with the 
surf ace. This is of no importance for the performance of the device. However, the He+ -beam 
used for analysis is 2 mm in diameter and the counts are averaged over this surf ace. Figure 
3.9 presents the situation of a small sample tilt. The maximum acceptable tilt angle of the 
sample is determined by half the grating pitch over the diameter of the analyzing He+-beam 
and results in a maximum acceptable angle of 0.004°. This accuracy is attempted to be 
achieved by leading the reflected and the transmitted beams via some mirrors to a distance of 
7.5 m from the sample surface, where the two beam spots have to overlap within a maximum 
error of 0.5 mm. The difference in the reflected and transmitted beam, due to the refraction of 
the transmitted beam in the polymer cel!, has to be taken into account, and is 1.5 mm (figure 
3.8). Unfortunately, the edges of the two beams are not precisely defined at a distance of 7.5 
m, which makes the outline procedure a very difficult job. To encounter this, a range of 
samples is made around the expected focus point, by changing the beam spots relatively to 
each other. 
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Figure 3.9: Slightly tilted sample and resulting grating structure. 
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3.2.3 Polymer solar cells 
A polymer solar cell device consists of several layers, as presented in figure 3.10. The first 
layer is a glass plate. The second layer is the transparent anode, an indium-tin-oxide (ITO) 
layer of approximately 140 nm. ITO is considered a very useful material in polymer devices 
due to its high work function, its conductive properties and its transparency in the visible 
range [Bro3]. The next layer in the device is a 90 nm poly-(3,4-ethylenedioxythio
phene);poly-(styrenesulfonate) (PEDOT-PSS) layer, added to avoid short circuits, which can 
occur due to surf ace non-uniformities of the ITO layer. These non-uniformities, aften called 
spikes, are determined 20 to 30 nm by AFM (Atomie Force Microscopy) measurements. In 
the case the active layer is spincoated directly on the ITO layer, valleys occur at the spikes 
resulting in a possible short circuit with the aluminum cathode. Other advantages of the 
PEDOT-PSS layer are its hole injection property and its high work function [Bro3]. The 
active layer is a substituted poly(p-phenylene vinylene), PPV:H-PCBM with a thickness of 
about 90 nm. The substituted fullerene-derivatives are [6,6]-PCBM (1-(3-(methoxycarbonyl)
propyl)-l-phenyl-[6,6]-methanofullerene). To make analysis on the fullerene-derivatives 
possible in cryogenic RBS measurements, the hydrogen atom on the para-position of the 
phenylring is substituted by an iodine atom (1-PCBM). So, the iodine atom is used as a label. 
The PPV is MDMO-PPV, also called OC10C10-PPV. The cathode is an aluminum layer of 
about 100 nm thick. 
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Figure 3.10: Schematic representation of polymer solar cell. 

The polymer solar cell devices are prepared at the organic chemistry department of the 
Eindhoven University of Technology. Philips supplied the glass substrates with the ITO layer 
prepared on top. The glass/ITO samples are cleaned by an ultrasonic treatment in acetone, 
rubbing it with a soap solution and an ultrasonic treatment in the soap solution. Afterwards, 
the soap is washed off. Then, the samples undergo an isopropanol bath and the final step is an 
ozone treatment. 
AFM measurements showed that the spikes occurring in the ITO did not change due to the 
cleaning procedure. The composition of the ITO might vary slightly with the supplied batch, 
but all the examined samples are from the same batch. 
The PEDOT-PSS layer is deposited on the glass/ITO sample by spincoating from an aqueous 
suspension under ambient conditions. Normally, the layer is dried by annealing at 100°C for 
1 minute. Subsequently, a PPV:I-PCBM film is deposited under ambient conditions by 
spincoating from either o-xylene or chloro-benzene at 60-65°C. Afterwards, the samples are 
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transferred toa glove box with N2 atmosphere. Finally, the aluminum anode is deposited on 
the sample by evaporation in vacuum (5· 10-6 mbar), with a normal deposition rate of 0.4-0.5 
mn/s. 
The samples are broken into pieces of approximately 1.1 by 2.5 cm and mounted on the 
sample holder in the glove box. A cryo paste is used to improve the heat conduction between 
sample and sample holder during the cryogenic measurement. The samples are then 
transported to the cryogenic RBS setup in a sealed holder, still in a N2 atmosphere. 

3.3 Experimental setup of the Eindhoven microprobe 

The Philips prototype AVP-cyclotron of the Eindhoven University is used to produce 3 MeV 
protons. The proton beam is focussed into a beam spot with aspot size ranging from 14 µm 
down to 3 µm, and a beam current of 800 pA for large spot sizes down to a few pA for small 
spot sizes. Before the beam can be focussed in a well-defined spot in the target chamber, it is 
extracted from the cyclotron and led by a set of bending magnets and quadrupoles to the 
chamber, also called the Beam Guidance System (BGS), figure 3.11. The object and aperture 
diaphragms define the object size and the divergence of the beam. The actual focussing is 
realized by four quadrupoles, which are placed just in front of the vacuum chamber. Here, 
only the most important features of the microprobe are discussed. Fora more extensive 
description is referred to Mutsaers [Mut]. 
The target wheel contains eight sample positions and is constructed for holders in which 
standard slide frames fit. A computer controlled stepper motor drives the x-y translation stage 
and the 8 rotation stage of the target wheel with step resolutions of 2 µmand 0.001°, 
respectively. 
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Figure 3.11: Schematic representation of the scanning proton mie rop robe. 

In proton microprobe experiments, the beam is scanned over the sample either by stepwise 
translation of the target with respect to a fixed beam, or by stepwise deflecting the beam by a 
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computer controlled scanning magnet over a fixed sample, figure 3.12 [Mutl]. To reduce the 
temperature rise at the position of the beam spot, the faster magnetic deflection scanning is 
preferred for polymer films. 
The beam is visualized by a fluorescent ceramic, placed in one position of the target wheel, 
through a CCD camera on a monitor. A cross wire on the second position is used to 
determine the beam size. In combination with changing the quadrupoles settings, the cross 
wire is used to focus the beam to the desired size. A third position in the target wheel is 
occupied by a nickel calibration foil, which is used to determine the solid angles of the 
detectors. 
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Figure 3.12: Schematic representation of a scanning proton microprobe experiment by 
deflecting the beam with a scanning magnet. 

The target chamber contains four detectors, as well as a Faraday cup for coïncident dose 
measurements, presented in figure 3.13. For PIXE measurements, a Si(Li)-detector is 
positioned at an angle of 135°, with a solid angle of 18 msr. For PIGE analysis, an n-type Ge
detector is placed at an angle of 90°, with a solid angle times efficiency of about 0.1 msr 
[Lee]. Passivated Implanted Planar Silicon (PIPS) detectors are used for RBS at 147° with a 
solid angle of 11 msr, and for RFS at 45° with a solid angle of 9 msr. The latter one is 
rotatable over 0° to 90° from the target center. 
Three detectors can be read simultaneousl y during a proton microprobe measurement. So, if a 
mixture of the F-labeled monomer and one of the other monomers is used, the PIGE, PIXE 
and RBS detectors are used. In this case no information about the hydrogen content from the 
RFS detector is obtained. All other elements of the polymer are analyzed and the hydrogen 
content is simulated. The RFS detector is used instead of the PIGE detector, when there is no 
fluorine present in the polymer film. 
Each detector signal is fed via a peak stretcher toa Multi Channel Analyzer (MCA). The 
PhyDas system [Mutl], a home built control system, reads and stores the information from 
the detectors together with the beam position on computer disk. The data is visualized on-line 
using the home written multi-parameter monitoring X-windows program COLUMBUS, 
running on a VMS workstation [Mutl,Sim]. 
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Figure 3.13: Target chamber of Eindhoven microprobe setup, containing a Si(Li)-detector 
for PIXE analysis, an-type Ge-detector for PIGE analysis, a PIPS detectors for RBS analysis 
and a larger rotatable one for RFS analysis. 

3.4 The Eindhoven Cryogenic RBS/ERDA Setup (ECRES) 

Composition variations over the thickness of the polymer film can be analyzed with RBS. 
Helium ions give a better energy resolution than protons in RBS spectra, but with protons a 
larger range can be measured [Tes]. Stopping will be larger for helium ions as well as the 
deposited energy in the sample, and the polymer samples will have to be cooled. 
With the AVP-cyclotron RBS measurements are performed with 2 and 4 MeV He+-ions. A 
set of magnetic quadrupoles is used to focus the beam toa sufficient intensity and 
diaphragms to ensure a well-defined spot size. A hole with a diameter of 2 mm is present in 
the sample holder to focus the beam, in combination with ion dose measurements on the 
Faraday cup. The backscattered particles are detected by a RBS detector and gi ve a measure 
for the extent of focussing. In figure 3.14, the top view of the cryogenic setup is presented. 

Sample transfer through a load loek is preferred, because the low pressure in the target 
chamber of 1·10-9 mbar can be maintained when changing samples. Secondly, it makes 
sample transfer from a remote glove box possible, without exposing the samples to air. The 
latter is done for instance for the polymer solar cell samples, as already discussed in section 
3.2.3. The load loek system makes use of magnetic transfer rods to transfer the sample holder 
to the analysis chamber. 
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Figure 3.14: Schematic top view of the Eindhoven cryogenic RBS/ERDA setup. 

On the sample holder, there are six positions for samples. The samples are mounted with 
small leaf springs and tightened with small screws. Several thermal conductive adhesives 
have been tested by De Jong [Jon2] to optimize the thermal contact between sample and 
holder. The best thermal conductor appeared to be Cry-Con Thermal Conducti ve Grease 
[Lak] and is used in the measurements. Sample temperature of approximately 30 K during 
RBS measurements are reached with the cryogenic cooling system and the thermal 
conductive grease. It is necessary to achieve cryogenic temperatures for RBS measurements 
in polymer samples, because the ion beam induced damage influences the RBS spectra. For 
polymer solar cells, the measurements might even be impossible at room temperature, due to 
the fact that volatile molecules arising from the degrading polymers are trapped under the 
aluminum cathode, and gas bubbles are formed. Gas bubbles can cause intermixing of the 
PEDOT-PSS and the active layer, or pressure build-up can introduce cracks in the cathode 
[Jon2]. 

The molybdenum sample holder and the copper housing have a different shrinkage below 
200 K, due to different thermal expansion coefficients, and a shrinkage coupling at cryogenic 
temperatures can be applied. The cryocooler does not offer the possibility of changing 
samples during a measurement day, since the sample holder cannot be dismounted without 
heating up the system, which takes about 20 hours. 
A cylindrical nickel cold shield is mounted around the sample holder to reduce the heat 
radiation of the target chamber and the deposition of residual gas molecules on the sample. A 
slit width of 5 mm from -90° to 90° is made in the cold shield, so RBS and ERDA analysis 
are not limited to a certain range of angles. 
The RBS and ERDA detector are rotatable over 180° with respect to the ion beam and the 
sample is rotatable over 90°, all within an accuracy of 0.1°. Especially for high near surface 
depth resolution, this accuracy is necessary. The horizontal position of the sample can be 
adjusted with a stepper motor via a spindle, and is adjustable with an accuracy of 0.1 mm. 
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4 Microprobe analysis on polymer films 

4.1 Calibration of microprobe experiments 

The analysis techniques RBS, RFS, PIXE and PIGE are only suitable for certain elements and 
the different techniques have to be used in combination to analyze all elements in the sample. 
The matrix of the polymer film, consisting of all elements, influences the quantification of the 
measured signals of PIXE and PIGE, which makes a good calibration extremely necessary. 

4.1.1 Solid angle calibration 
For the calibration of the detectors, a deposited nickel layer on a polycarbonate substrate is 
used. The nickel concentration of the sample is 99.31 % and the areal density is given 10.71 
µg/cm 2 by RBS measurement and 10.52 µg/cm 2 by PIXE measurement [Mut2]. 
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Figure 4.1: Spectra of nickel calibration foil 3B [Mut2], which are used for the sol id angle 
calibration of the detectors; RBS (A), RFS (B) and PIXE (C), respectively. 

The bulk elements of the calibration sample are used for the energy calibration of the RBS 
and the RFS spectrum. The surf ace energies for RBS and RFS are indicated in figure 4.1. In 
the EGO program [Jac], the content of the nickel peak is used to determine the solid angle of 
the detector, according to formula (2.10). The differential nickel cross-section is taken 
Rutherford and in this specific calibration experiment, the induced ion dose is 0.46 µC. This 
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results in a solid angle of 11 ± 1 msr for the RBS detector and a solid angle of 8.7 ± 0.9 msr 
for the RFS detector. 

The Ka and K13 X-rays of nickel are used for the energy calibration of the PIXE spectrum 
(figure 4.lC). From a fit in AXIL [Esp], it is determined that 45674 ± 208 counts 
corresponded to Ni-Ka X-rays. A constant production cross-section of 9.952· 10·23 cm2 is 
taken from the PANEUT database [Mun] for the Ni-Ka X-rays, corresponding to an initial 
proton energy of 3 Me V. Although the production cross-section depends on the ion energy, a 
constant value is justified, since the energy loss of the protons in the nickel layer is less than 
100 keV. The detector efficiency is taken 0.973 for Ni-Ka X rays from the PANEUT database 
[Mun]. This efficiency is discussed in the next section. The calibration measurement is 
performed without a Be-filter in front of the Si(Li)-detector, soa transmission factor of 1 can 
be applied. Inserting these values in the thin target PIXE formula (2.1) results in a solid angle 
of 18 ± 1 msr. 

The n-type Ge-detector for PIGE measurements was calibrated with a polymer film, 
poly(ethylene glycol) (PEG) containing NaF/KBr. The known fluorine content was measured 
with RBS and with PIGE. Combination of formula (2.7) and (2.10) gives for the efficiency 
times solid angle, 0.099 msr for the 110 keV gamma peak and 0.088 msr for the 197 keV 
gamma peak, respectively. 

4.1.2 Calibration of Si(Li)-detector 
With the properties of the Si(Li)-detector (e.g. efficiency, transmission, etc.) determined by 
Munnik [Mun] in 1993, the silicon content of polymer films is systematically underestimated. 
A possible explanation is the age of the Si(Li)-detector, inducing effects like a layer of ice on 
the detector, changes in the <lead layer thickness or non-uniformity of the silicon crystal. The 
detector properties are used in the PANEUT program [Mun] to determine the elemental 
concentration from the detector signal. 
Munnik determined a beryllium window thickness of 10 ± 1 µm and a beryllium filter 
thickness of 53 ± 3 µm. Because the concentrations of the label elements are not determined 
correctly and the PANEUT program will still be used, the detector efficiency and 
transmission are manipulated by changing the inserted thickness of the beryllium window and 
filter in the program, so the correct label concentrations are calculated. An aluminum sample, 
a 'fly-ash' sample and a polymer film prepared from merely the Si-labeled monomers are 
used to determine the 'new' detector efficiency and transmission. 
The aluminum calibration sample, with an areal density of 3.46 mg/cm2

, is measured with 
and without the beryllium filter in front of the detector. To achieve the correct aluminum 
areal density from the measurement without the filter, the inserted thickness of the beryllium 
window in the program had to be adjusted to 13.5 µm. The inserted thickness of the filter had 
to be adjusted to 70 µm and was calculated from the transmission factor between the 
measurement with and without the filter in front of the detector. Analysis of a polymer film 
containing silicon confirmed these adjusted values. This is not surprising, since the Ka X-ray 
energies of silicon and aluminum do not differ much, respectively 1.740 and 1.485 keV. 

The 'fly-ash' calibration sample is used to check the detector efficiency and transmission of 
the filter for a range of elements. This is used to determine the values of window and filter 
thickness that have to be inserted in the program. BCR CRM 38 ('fly-ash') is embedded in a 
stable methylcellulose foil of about 10 µm thickness [Gri]. The sample has a film density of 
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1.42 mg/cm2 and a composition of H 6.60 at%, C 45.83 at.%, 0 39.43 at.%, Al 2.40 at.%, Si 
4.10 at.%, K 0.74 at.%, Ca 0.26 at.%, Fe 0.63 at.% and Zn 0.01 at.%. Other elements are only 
present at ppm level and are described in [Col,Gri,Que]. In figure 4.2, the PIXE spectrum of 
the 'fly-ash' sample is given, with the beryllium filter placed in front of the detector. 

200 400 600 800 

channel (-) 

Figure 4.2: PIXE spectrum of 'jly-ash' calibration sample, with the beryllium filter placed in 
front of the Si(Li)-detector. 

Measurements on the 'fly-ash' calibration sample, with and without the beryllium filter in 
front of the detector, give better agreement, when a value of 14.5 µm for the window and 76 
µm for the filter are inserted in the program. With these values, the concentrations for all 
elements of the 'fly-ash' are determined within an error of 10%. For the quantification of the 
polymer films, a filter of 76 µmand a window of 14.5 µmare used as the values that will be 
inserted in P ANEUT program. The values found by the calibration samples are compared to 
the values as determined by Munnik in table 4.1. The detector efficiency and the transmission 
of the filter, calculated for different inserted window and filter thickness, for the elements of 
the 'fly-ash' sample, are presented in respectively table a.1 and a.2 of the appendix. 

Table 4.1: Inserted filter and window thickness determined from aluminum and 'jly-ash' 
cal .b l d h l d . d b M .k [M ] z ratwn samp e compare tot eva ues etermme y unnz un . 

Munnik Al sample 'fly-ash' sample 

Filter (µm) 53 ± 3 70 76 

window (µm) 10 ± 1 13.5 14.5 

The values determined by Munnik give a good description for heavier elements, because the 
detector efficiency is close to unity at these X-ray energies [IJz, Mun, Joh]. In the discussed 
calibration, the detector efficiency and the transmission of the filter are changed in the 
program by adjusting the inserted values of the beryllium window and filter. Though this has 
the right effect, it may not represent the real changes of the Si(Li)-detector. Changing other 
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parameters in the program e.g. the thickness of the dead layer, the crystal or the gold-contact 
appeared to have little influence. 

4.1.3 Analysis procedure 
The analysis procedure of a mixture of the Cl-labeled and F-labeled monomers (Cl-F system) 
is discussed as an example. With the present data acquisition system, three detectors can be 
used simultaneously, for PIGE, PIXE and RBS. In that case the RFS detector is not used and 
the hydrogen content has to be estimated. The possible effects of the assumptions made in the 
procedure are considered and the final analysis procedure is given in a schematic graph at the 
end of this section. 

With the COLUMBUS program [Mutl,Sim] the data of the 8* 128 pixels scan is presented 
on-line. The data is sorted afterwards in 128 pixels, so one line, and for each pixel the 
spectrum of each detector is saved in a file. 
Damage occurs in the measurement due to the inserted energy by the analyzing proton beam. 
Especially chlorine, oxygen and hydrogen are sensitive to sample heating, which makes a 
damage correction necessary. The counts normalized on dose are plotted against the ion dose 
and a correction factor representing the loss of elements is determined. The correction is done 
after the analysis procedure, because the average matrix gives the best possible 
approximation of the polymer film over the entire measurement. 
After sorting the data, the RBS spectrum, summed over all irradiated positions, is read into 
RUMP [Doo] and a simulation is made. From the simulation the C/O ratio of the average 
matrix is determined. Since hydrogen can not be determined separately, the hydrogen content 
is determined for each pixel, from the C+O areal density and the average (C+O)/H ratio of 
the monomer mixture. The polymer film contains usually about 5 weight % of hydrogen. An 
average C/O ratio is determined for use in the 128 individual spectra, because the RBS 
spectrum of one pixel is too noisy. Moreover, the error made by assuming a constant C/O 
ratio is less than the error one would have, when trying to fit a noisy one-pixel spectrum. 
Later in this section, it is checked whether the assumption of an average C/O ratio is valid. 
In figure 4.3, the summed RBS spectrum of a polymer film is given, including a fit of the F 
and Cl counts in the spectrum. From the fits, a factor is determined to correct the C+O yield 
of a single pixel for the underlying F and Cl yields in the 128 spectra, which contribute about 
6% to the total number of counts. 

From the 128 individual RBS spectra, a matrix of only the elements C, 0 and H is determined 
in the EGO program, with the constant C/O ratio from the simulation of the total spectrum 
and the estimation of H. Differential scattering cross-sections of C, 0 and H are found in 
[Ame,Bla]. Since a constant C/O ratio is used, only a difference in absolute areal density of 
the matrix is observed for different pixels. 

The 128 individual PIXE spectra are read into AXIL [Esp] and a fit of the K X-rays of Cl is 
made to determine the yield. Figure 4.4 gives the PIXE spectrum, summed over all irradiated 
positions. The small silicon peak is caused by the glass particles, which are used as spacers m 
the polymer cell. The observed escape peak is due to the creation of a Si-K X-ray in the 
detector by an incoming Cl-K X-ray. When the Si-K X-ray escapes from the detector, an 
energy equal to the difference of both X-ray energies is observed [Joh]. Pile-up occurs when 
two X-rays enter the detector within the resolving time of the electronic system and appear to 
be one single event with the summed energy. 
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The PANEUT program [Mun] uses the properties of the Si(Li)-detector and the matrix, 
consisting of only C, 0 and H, to convert the Cl data in parts per million (ppm) for each 
pixel, according to the PIXE thick target formula (2.4). 
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Figure 4.3: RBS spectrum of a polymer film preparedfrom a Cl-F mixture in monomer ratio 
of 1: 1, summed over all irradiated positions. Fits of the F and Cl counts are added, which 
are needed fora correction on the C +O yield of the 128 individual spectra, and are about 
6% of the total area. 

Cl 
1 ooooo escape 

peak 

J 
Si K X-rays 

~ 10000 
:::J 
0 
ü 

1000 

J 

250 500 

Cl K X-rays 

750 

channel 

1000 

pi Ie-up 

1250 1500 

Figure 4.4: PIXE spectrum summed over all irradiated positions of a polymer film prepared 
from a Cl-F mixture in monomer ratio of 1:1. 
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For the 128 pixels, the fluorine counts are determined from the 110 and the 197 keV peaks in 
the PIGE spectrum of the 19F(p,p'y) 19F reaction, shown in figure 4.5. The F counts are 
converted into ppm by solving the integral of formula (2.7) numerically, taken energy 
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dependent reaction cross-sections [Bon,Jes] as well as matrix dependent stopping factors of 
protons [Zie] in to account. 
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Figure 4.5: PIGE spectrum summed over all irradiated positions, with the 110 and 197 ke V 
peaks of the 19F(p,p'y/ 9F reaction. 

After determining the Cl and F concentration for an initial matrix of C, 0 and H, the Cl and F 
data are added to the matrix for each individual pixel. Now, the Cl and F concentrations are 
recalculated using the new matrix. The changed matrix has other stopping factors, average 
cross-sections and (self)-absorption. Cl and F concentrations are recalculated until the 
resulting matrix is stable for all pixels, which usually takes 5 to 10 iteration steps. 

After the iteration process, the areal densities are adjusted for the loss of from the sum 
spectra. In figure 4.6, the normalized yield versus ion dose is presented for C, 0, F and Cl, 
respectively, of a Cl-F mixture in monomer ratio of 1: 1, prepared at room temperature and 
illuminated for 40 minutes with the light source at 7 .5 cm above the sample. The monomer 
ratio is calculated from the fluorine and chlorine mass fractions after damage correction, 
taking the chemica! structures of the monomers into account. Initially, the monomer mixture 
ratio was mixed at 7: 1, but the Cl-labeled acrylates are volatile and will have been partly 
evaporated before the mixture was inserted between the two glass slides in the preparation 
procedure. When the mixture is present between the two glass slides, the mixture ratio is 
considered not to change anymore. 

From figure 4.6, the average chlorine damage appears to be 41 % compared to the chlorine 
content in the scanned sample area before analysis. Observed oxygen damage is 25%, 
whereas the carbon and fluorine content appear to be constant during analysis. lt has to be 
remarked that the shapes of the plots depend on the sample, but for chlorine usually a first 
order exponential decay plot is found. Noticeable fluorine damage is observed for ion doses 
over about 2 µC. 

The ion dose is measured on a Faraday cup, simultaneously with the signals of the detectors. 
The signal of each detector is saved in a data file. The length of the first data file is 4 seconds 



Microprobe analysis on polymer films 

and this increases in steps to 20 seconds, so the files contain a different ion dose. The yields 
of the elements, figure 4.6, are normalized on the matching ion dose. 
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Figure 4.6: Spectra of the normalized yield versus ion dose of a Cl-F mixture in calculated 
monomer ratio of 1:1, for respectively carbon (A), oxygen (B), fluorine (C) and chlorine (D). 

The total areal density of the polymer film is determined in the analysis procedure as well as 
the mass fractions of the elements in the matrix. Afterwards, the procedure is checked by 
determining the total areal density from the mass fractions of the label elements, taking the 
chemical structure of the monomers into account. In formula form, this can be presented as: 

%Cl M + %F MF.mrJnrJmer = 100% M Cl,monomer 6M . 
Cl ,atomie F ,atomie 

So, the mass fraction of chlorine in the matrix is converted to the mass fraction of the Cl
labeled monomer in the matrix. The same is done for fluorine, which has 6 F atoms per 
monomer. Normally, the mass fractions of the used monomers give a summed mass fraction 
of 100%, excluding variations within the error of measurement, which is about 10%. When 
the summed mass fractions of the labeled monomers are 100% of the matrix, this indicates 
that the quantification of the polymer film from the different analysis methods is performed 
correctly. 
For polymers consisting of merely F- and Si-labeled monomers, the summed mass fraction is 
always found to be 100% from the mass fraction of the label elements, within the error of 
measurement. Also for the Cl-F system, this is normally the case. Only when a large fraction 
of the polymer film consists of the Cl-labeled monomer, the total areal density of the matrix 
is underestimated by the summed mass fractions of the labeled monomers. The possible 
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effects are considered for the Cl-F sample of figure 4.6, where a summed mass fraction of 
73% is found. The monomer mixture ratio of 1: 1 is calculated from the mass fractions of the 
label elements and might not be the correct monomer ratio to represent the polymer film. 
Probably, the most important effect, is the loss of chlorine in the sample, as can be seen in 
figure 4.6. An error is made in the determination of the damage factor, because for every data 
file the normalized chlorine yield is averaged over the matching ion dose. Especially for a 
large damage rate, which appears in this sample, averaging is of influence and leads to an 
underestimation of the chlorine damage. In this experiment, the initial length of the first data 
file is 4 seconds, about 2.6 nC, and increases in steps to 20 seconds, or about 13 nC. There is 
also a time difference between the projection of the beam on the sample and the start of the 
analysis, since they are started separately. lf the proton beam is projected on the sample 
before the measurement is started, an extra amount of chlorine might be lost, which is not 
included in the spectra. 

Due to the loss of matter in the polymer film, the matrix changes during analysis. To show 
the effect of a changing matrix, a F-Si sample, prepared from a mixture of the F- and Si
labeled monomers in a monomer ratio of 0.8:1, with the light source at 60 cm above the 
sample and temperature of 80°C, is considered. An increasing normalized silicon yield with 
ion dose is observed, which results from the changed matrix, as can be seen in figure 4.7. 
Lateral shrinkage may be excluded, since the carbon yield appeared to be constant during 
analysis. X-ray absorption in the sample decreases, due to the loss of material, and results in a 
larger normalized silicon yield. In the analysis procedure, 128 constant MCF's with ion dose 
are used, since an average matrix is considered for the complete measurement. The summed 
mass fractions of the label elements gives 103% of the total areal density of the polymer film 
in this case, which is within the error of measurement. 
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Figure 4. 7: Normalized silicon yield versus ion dose in a F-Si sample, clearly showing a 
matrix effect. 

For the considered Cl-F sample, an average MCF on ion dose of 1.37 is found, averaged over 
all irradiated positions. Figure 4.8 gives the average MCF versus ion dose. Each point of the 
graph is obtained by performing the complete analysis procedure on ten data files, averaged 
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over all 128 irradiated positions. The ion doses of the points of the graph are respectively, 73 
nC, 174 nC, 135 nC, 130 nC and 150 nC. Ten data files are used to achieve statistics. The 
first data files represent less charge, due to the initial analysis length, as already mentioned. 
V ariation in the other ion doses is due to instability of the analyzing proton beam. The MCF 
only decreases 10% and taking an average MCF is justified in most cases. Especially, since a 
MCF averaged over the experiment is needed, because the total yield is also averaged over 
the entire experiment. However, for this sample, the initial decrease of the MCF is relatively 
large in combination with a larger chlorine damage than observed in other samples, where it 
is usual 5-10%. Decrease in the MCF with ion dose results in a decrease in the absorption of 
X-rays with ion dose. lnitially, the chlorine yield is underestimated, because the correction 
for Cl-K X-ray absorption is considered too small by using the average MCF of 1.37. At the 
end of the measurement, the opposite is the case and the chlorine yield is overcorrected by X
ray absorption. So, the chlorine yield at zero applied ion dose should be increased and the 
chlorine yield after the maximum applied dose should be decreased. This indicates a larger 
chlorine damage, as can be seen in figure 4.9, where the normalized chlorine yield versus ion 
dose is corrected for the MCF dependence on ion dose. 
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Figure 4.8: MCF versus ion dose, with an average MCF of 1.37. Here, the MCF is the 
average MCF over all irradiated positions. 

Consequently, the chlorine damage appears to be 60 % instead of 41 %. From the mass 
fractions of the label elements, the summed mass fractions of labeled monomers would 
represent 104 % of the total area! density of the polymer film. 
The starting point of the MCF fit versus ion dose is not well defined, due to the large error at 
this point. The first data point of the fit contains little statistics, which induces the large error. 
However, it has been proved that the error in the determination of the chlorine damage is the 
reason that the quantification of the polymer film appeared to be incorrect. 
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Figure 4.9: Normalized chlorine yield versus ion dose, correctedfor the MCF dependence on 
ion dose. 

Only a few percent of hydrogen is present in the sample and the content is estimated. An 
error in this estimation will not influence the matrix dramatically, since the X-ray absorption 
by hydrogen is relatively small, as seen in table 4.2. Also, the effect on the stopping power by 
hydro gen is small, since the stopping power is proportional to the nuclear charge of the 
sample elements in the Bethe-Bloch region [IJz, Kra]. 
Glass particles (silicon) are used as spacers in the polymer cell. These particles can however 
not influence the matrix, since the silicon yield is several orders smaller than the chlorine 
yield, as can be seen in the PIXE spectrum of figure 4.4, despite the fact that the absorption 
coefficient of Cl-K X-rays is larger for silicon than for the other elements, table 4.2. 

Table 4.2: Absorption coefficients of the K-X-rays of silicon and chlorine, takenfrom the 
PANEUT database [Mun]. 

µsi (cm2/g) µc1 (cm2/g) 
-

Ex-rav = 1.740 keV Ex-rav = 2.622 ke V 
H 5.317 1.845 
c 470.4 127.7 
0 990.1 304.9 
F 1348 438.6 
Si 325.2 1314 
Cl 635.9 197.9 

The relative damage is not dependent on the irradiated position, as already shown by Simons 
[Sim] on similar polymer samples. However, the absolute damage is larger in the illuminated 
areas of the grating, because of the larger amount of chlorine in these areas, which will be 
explained in the next section. 
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In the grating structure the monomer ratios are position dependent. Since the C/O ratios of the 
pure F- and Cl-labeled monomer are different, respectively 5.25 and 2.5, this also gives a 
position dependent C/O ratio. As discussed, a constant C/O ratio is used in the analysis 
procedure. In the illuminated areas, with relatively more of the Cl-labeled monomer, the 
oxygen content is underestimated, whereas the carbon content is overestimated. 
Consider a monomer ratio of 1:1. This would give an average C/O ratio of about 3.87. The 
separation of monomers is not complete in the patterned polymerization process and a 
maximum monomer distribution difference of 20% is observed between dark and illuminated 
areas. When maximum separation has occurred, the monomer ratio in the illuminated area 
would be 1.5: 1 (Cl:F), resulting in a C/O ratio of 3.60. So, the difference in C/O ratio is 
maximum about 7%. The noise of the RBS spectrum of an individual pixel is about 20%, so 
it is decided not to take the difference in C/O ratio into account. 

It can be concluded that the analysis procedure is very stable, since every change in the 
matrix induces another effect that counteracts it again. The final analysis procedure is 
presented in figure 4.10. 
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Figure 4.10: Final analysis procedure of a microprobe measurement on a polymerfilm, 
preparedfrom o.f mixture of the F-labeled and the Cl-labeled nwnomer. 
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4.2 Analysis on polymer films prepared from a mixture of 
mono- and di-acrylates 

Figure 4.11 shows a polymer grating prepared from a mixture of the Cl-labeled mono
acrylate and the F-labeled di-acrylate monomers. The grating is prepared at room temperature 
with the UV light source at 7 .5 cm above the sample, a grating spacing of 200 µm and a 
calculated monomer ratio of 1:0.91 (Cl:F). The total areal density of the polymer grating 
shows variations of 20% from its average value, which are not due to cracks, since they are 
smooth, as checked with an optica! microscope. Both monomers migrate towards the 
illuminated areas. This is in contrast to the two-way diffusion model as proposed by Van 
Nostrum et. al [Nos], section 2.4. In this model, the considered less reactive mono-functional 
monomer migrates towards the dark areas and the more reactive di-functional monomer 
towards the illuminated areas. In this grating, a higher concentration of the mono-functional 
monomer is observed in the illuminated areas, whereas the concentration of the di-functional 
monomer is higher in the dark areas, as seen in figure 4.12. The higher reactivity of the di
functional F-labeled monomer is confirmed by Differential Scanning Calorimetry (DSC) 
measurements [Sha], but cannot explain the migration directions. 
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Figure 4.11: Area/ density of the total thickness of the polymer film and of the fluorine and 
chlorine labels, fora Cl-F mixture in monomer ratio of 1 :0.91, at room temperature and light 
source distance of 7.5 cm. 

In the patterned polymerization process, initially, only polymer is formed in the illuminated 
areas, which is a poor network in this case, due to the presence of mono-functional 
monomers. Therefore, the polymer is able to swell by suction of monomer from the dark 
areas, which is supported by the Flory-Huggins theory [Flo,Hil], discussed in section 2.5. 
Also follows from this theory, that suction of monomers with a smaller molecular size is 
energetically more favorable. The mono-functional monomer is about a factor of three 
smaller in mass and size than the di-functional monomer, which allows amore effective 
suction of the mono-functional monomer into the illuminated areas. Since also the mass of 
the mono-acrylates is smaller, mobility differences are of influence. 
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Figure 4.13: Area[ density of pure gratings, prepared /rom respectively the F-labeled di
acrylate and the Cl-labeled mono-acrylate. 
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Measurements on gratings prepared from the pure monomer mixtures, presented in figure 
4.13, show the possible swelling of the polymer network very clearly. The total area] density 
of the considered stronger network of the di-functional monomer, due to cross-linking, shows 
no significant variations. So, the stronger network is not able to swell by suction of 
monomers from the dark areas. On the other hand, the grating prepared from the mono
acrylates shows variations of 20% in areal density from its average value. No polymer 
network is formed, because only mono-functional monomers are present. According to the 
Flory-Huggins theory, an infinite amount of swelling occurs, because the chemica] potential 
of the monomers is always smaller in the solution (illuminated area) than in the pure solvent 
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(dark area). Still monomer is observed in the dark areas after fixation, this is because the 
polymer film is prepared between two glass slides and pressure of the glass slides on the 
polymer film reduces the swelling and the fact that the structure is fixed before 
thermodynamic equilibrium is reached. 

Figure 4.11 shows that the illuminated areas are wider than the dark areas, which might be 
explained by swelling of the polymer in the lateral direction or by the diffusion of radicals 
into the dark areas. 
The edges of the illuminated areas have a larger areal density than the centers of these areas, 
indicating that monomers, migrating towards the illuminated areas, are partly converted into 
immobile polymer, before the middle of the illuminated area is reached. Soit can be 
concluded that the edges are dependent on the polymerization rate and consequently on the 
UV light intensity. 
The influence of the intensity is now studied by varying the light source distance. Polymer 
gratings of the Cl-F system are analyzed for distances between sample and light source of 
respectively 5, 10, 20, 30 and 60 cm. The length of the edges of the illuminated areas in the 
chlorine distribution appear to be dependent on the light source distance, shown in figure 
4.14, fora grating spacing of 1 mm and calculated monomer ratio of about 1:2. 
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Figure 4.14: Chlorine distribution in Cl-F system for light source distances of 5, 10, 20, 30 
and 60 cm, respectively, preparedfor grating spacing of 1 mm, monomer mixture ratio of 1:2 
and temperature of 75°C. 

Both monomers migrate towards the illuminated area, which is in correspondence to the 
migration process as observed in the previous discussed grating. Also thickness variations are 
observed. The UV intensity decreases in the sample for larger light source distances and 
consequently the polymerization rate decreases [Odi], which allows the monomers to 
penetrate further towards the center of the illuminated area, before being converted into 
immobile polymer. This results in edges that are wider and less high for increasing light 
source distance, as can be seen in figure 4.14. Only small edges are observed fora distance of 
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5 cm. For 10 and 20 cm the edges become clearer and the edges penetrate deeper in to the 
illuminated area for 20 cm than for 10 cm. A light source distance of 30 cm shows hardly any 
edges, because the monomers are able to penetrate all the way to the center of the illuminated 
areas. Also for 60 cm hardly any edges are observed, though this is not clear. In the dark area, 
a crack is observed, which is believed to be due to shrinkage of the polymer in the fixation of 
the polymer film. During pattemed polymerization, a polymer network is created in the 
illuminated areas, whereas a solution is still present in the dark areas. When the polymer is 
fixed, the dark areas are polymerized and due to shrinkage, which often occurs in 
polymerization processes, cracks are created in the middle of the dark areas, because the 
edges have already polymerized. This might also be an explanation for the wider illuminated 
areas, compared to the dark areas that are observed in figure 4.11. 
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Figure 4.15: Chlorine (left) and jluorine (right) distribution for monomer compositions of 
1:0.77, 1:2.9, 1:4.5 and 1:6.1 (Cl:F), respectively, with a source distance of60 cm and at a 
temperature of 75°C. 

The structure of the polymer network is of importance, since the number of cross-links 
determines the possible degree of swelling, as already shown by the pure gratings of the 
mono- and di-functional monomers in figure 4.13. The monomer ratio influences the number 
of cross-links in the polymer network, because it determines the amount of mono- and di
functional monomers. In figure 4.15, the monomer distribution is presented by the 
distribution of the label elements, for mixture ratios of mono:di of 1:0.77, 1:2.9, 1:4.5 and 
1 :6.1, respectively. The samples are prepared at a temperature of 75°C and UV light source 
placed at 60 cm above the sample. Variations in total areal density are hardly present, which 
is in contrast to the discussed grating of figure 4.11. This is because the F-labeled monomers 
show little separation between the illuminated and dark areas and the total areal density is 
mainly determined from the heavier F-labeled monomers. Fora monomer mixture ratio of 
1 :0.77 however, the Cl-labeled monomers determine 40% of the total areal density. In this 
sample the monomers migrate in opposite direction and consequently no variations in total 
area! density are observed. This migration process is in contrast to the already discussed Cl-F 
grating with a ratio of 1 :0.91. However, the grating spacing in the measurements is different 
and consequently the applicable diffusion distance is different. The less reactive mono
acrylate migrates towards the illuminated areas, so the migration process can not be described 
by the two-way diffusion mechanism as proposed by Van Nostrum [Nos], where the more 
reactive monomer diffuses towards the illuminated areas. Relatively a large amount of the 
chlorine monomer is present in the mixture, so a poor network is formed. lt has already been 
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discussed that the smaller monomers preferentially migrate towards the polymer network and 
swelling occurs. In a mixture there is a tendency to minimum Gibbs free energy and the 
chemica! potentials of the monomers have to be equal in both phases, here the illuminated 
and dark areas, to achieve equilibrium (see section 2.5). Apparently the difference in 
chemica! potential drives the F-labeled monomers towards the dark areas in this case. 
The larger areal density in the chlorine distribution at the edges of the illuminated area 
corresponds to smaller areal densities in the fluorine distribution at these edges. Mono
acrylates migrating towards the illuminated areas are converted into immobile polymer 
before reaching the center of the illuminated area, creating the thicker edges, as already 
discussed. The di-acrylate penetrates into the dark areas. This occurs more efficiently for the 
edges, since di-acrylates migrating from the center of the illuminated areas have a larger 
change to be converted into immobile polymer before reaching the dark areas. 
A combination of two effects is considered to explain the chlorine distribution as a function 
of mixture composition for the other three mixture ratios. First, the edges in the chlorine 
distribution are distributed more effectively over the illuminated areas, when relatively more 
F-labeled di-acrylates are present in the mixture. This can be seen by comparing the chlorine 
distributions of the mixtures 1 :4.5 and 1 :6.1. A mono-acrylate migrating from the dark to the 
illuminated area has a smaller chance to react, when more of the reactive di-acrylates are 
present. This means that the Cl-labeled mono-acrylates are able to penetrate further into the 
illuminated area. So this first effect takes place, before a real polymer network is formed. 
Second, there is a decreasing amount of chlorine that is sucked into the illuminated area by 
swelling of the polymer network, with decreasing amount of mono-acrylates in the mixture, 
since the network will be denser. The mono-acrylates sucked into the illuminated area can be 
considered to be distributed uniform over the illuminated area. 

For the discussed Cl-F gratings, in most cases a migration process is observed, where both 
monomers migrated towards the illuminated areas in combination with thickness variations. 
The preferential migration of the mono-functional and less reactive monomer towards the 
illuminated area could be explained by suction of the polymer network, which is created in 
the illuminated area. This is supported by the Flory-Huggins theory [Flo,Hil] and the two
way diffusion mechanism as proposed by Van Nostrum is not applicable for these type of 
gratings. 

4.3 Analysis on polymer films prepared from a mixture of 
di-acrylates and di-methacrylates 

There are no variations observed in the total areal density of the polymer film prepared from 
a mixture of di-acrylate and di-methacrylate monomers, shown in figure 4.16. In combination 
with alpha stepper measurements, which show sample thickness variations of only 0.25 µm, 
this rules out serious lateral variations in the polymer density. Migration of Si-labeled di
methacrylate towards the illuminated areas and of F-labeled di-acrylate towards the dark 
areas is observed. The variations in fluorine and silicon area! densities are about 5%. 
Constant area! density in combination with the two-way diffusion mechanism [Nos], 
indicates a difference in reactivity between both di-functional acrylates. Since the polymer is 
formed of only di-functional monomers, a dense network is created by cross-linking, and no 
swelling is observed in contrast to the F-Cl gratings. 
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Figure 4.16: Area! density of label elements and the total polymer film fora mixture of di
acrylate and di-methacrylate in a monomer ratio of 0.52:1, illuminated at 75 °C with the 
light source at 60 cm. 

In copolymerization reactions, it is known that methacrylate monomers can be more reactive 
than acrylate monomers, which supports the idea that the more reactive di-methacrylate 
diffuses towards the illuminated areas. 
The Q-e scheme of Alfrey and Young [Bra,Ham] gives an empirica! method to calculate the 
monomer reactivity ratios. It shows that methyl methacrylate reacts faster with a radical of its 
own species than with a methyl acrylate radical, in a mixture with methyl acrylate. Whereas 
methyl acrylate reacts faster with a methyl methacrylate radical than with a radical of its own 
species [Odi]. Soit can be concluded that there is a faster conversion of methyl methacrylate 
in copolymerization of a mixture of methyl acrylate and methyl methacrylate. However, 
methyl acrylate is more reactive, when the homopolymerization reaction rates are compared, 
due to screening of the reactive acrylate group by the additional methyl group [Rod]. This is 
confirmed by DSC measurements, where the di-acrylate appears to be more reactive than the 
di-methacrylate in homopolymerization. The overall reaction rate from a mixture of acrylates 
lies between these values, but from DSC measurements it is not possible to conclude which is 
more reactive in copolymerization. 

Variations in illumination time indicate that the measurable distribution differences are 
created within a few minutes. No measurable difference in the distribution of the label 
elements is observed for illumination times of a V2 and 1 hour, but after about 1 V2 hours the 
complete grating is formed and for langer illumination times of 1 %, 2 Ys and 5 1/4 hours, 
respectively, no changes in composition are observed. 

The dependence of the light source distance in F-Si gratings is investigated for distances of 
respectively 5, 10, 18, 40 and 60 cm, fora grating spacing of 1 mm. The gratings are 
prepared from a monomer ratio of about 0.6: 1 (F:Si) at a temperature of 75°C. In figure 4.17, 
the mass fraction distribution of the Si-label, normalized on its average, is given for the 
different light source distances. With increasing light source distance, the edges become 
wider and less high compared to the center of the illuminated area, which is comparable to 
the chlorine distribution versus light source distance, as seen in the previous section. With 
increasing light source distance, the intensity decreases and consequently the polymerization 
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rate in the polymer cell decreases, so the monomers are able to penetrate further into the 
illuminated area before being converted into immobile polymer. 
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Figure 4.17: Mass fraction distribution of the silicon label normalized on its ave rage value, 
for the F-Si system in a monomer ratio of about 0.6: 1, at light source distances of 5, 10, 18, 
40 and 60 cm, respectively, and temperature of 75°C. 

Gratings prepared from a F-Si mixture with grating spacing of 1 mm, show an opposite 
migration of monomers, where the considered more reactive Si-labeled di-methacrylate 
migrates towards the illuminated areas, figure 4.18. This two-way diffusion process is 
identical to the already discussed F-Si grating of figure 4.16, which was prepared from an 
almost identical mixture with grating spacing of 200 µm. The areal density of the polymer 
film shows no variations, besides the cracks in the middle of the dark areas. lt is clearly 5een 
that the thicker edges in the silicon distribution correspond to smaller concentrations of 
fluorine at these positions. This is probably due to the more effective two-way diffusion 
mechanism at the edges, because of smaller migration distances. The F-Si grating of figure 
4.18 is prepared from a mixture ratio of 0.6: 1, illumination by a 6 TL source at 60 cm and a 
sample temperature of 75 °C. 
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Figure 4.18: Total areal density and distribution offluorine and silicon in the F-Si system, 
fora 0.6: 1 monomer ratio, illumination done with a 6 TL light source at 60 cm and a sample 
temperature of 75°C. 
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The mixture ratios effect the migration process during UV polymerization. In figure 4.19, the 
distributions of the fluorine and silicon label are given for monomer ratios of 0: 1, 0.063: 1, 
0.17:1, 0.52:1, 4.2:1and1:0 (F:Si), respectively. Cracks occur fora monomer ratio of 
0.063:1, which is in correspondence with the grating prepared from a pure Si-labeled 
monomer mixture. When more F-labeled di-acrylate is added to the monomer mixture, no 
cracks and no variations in the total areal density of the polymer films are observed. Fora 
monomer ratio of 0.17: 1, there appears to be no migration process leading to measurable 
differences in the distributions of the label elements. Opposite migration is observed fora 
monomer ratio of 0.52: 1. This grating has already been presented in figure 4.16. Apparently, 
a certain amount of di-acrylate has to be present in the monomer mixture to result in 
measurable distribution differences. The resulting concentration gradient, due to reactivity 
differences has to be large enough to initiate a two-way diffusion that leads to measurable 
distribution differences in the grating. Fora monomer ratio of 4.2: 1, also two-way diffusion 
occurs. Polymer films created from a pure F-labeled monomer mixture show no variation in 
fluorine distribution and areal density. No cracks are observed, which is in contrast to the 
polymer films prepared from a pure Si-labeled monomer mixture. An explanation could be 
that more shrinkage occurs in the pure Si grating, indicating a denser polymer network. 



46 Microprobe analysis on polymer films 

illu i led 

dark dark 

0,6 

0,5 

1,10 

N 
1,05 

E 1,00 
~ 
Ol 0,25 
E 

:f"' 
(/) 

0,30 0.17:1 
c: 0,25 
Q) 

0,20 "O 

öi 0,15 0.063:1 
~ 0,10 

/""--··--·'\,._\ /-.._.,......._._,~ /--"-r~-~/'-....._,.- .. ~ 

"' 
_/ ,__,.., v 

0:1 

0 200 400 600 800 1000 1200 1400 

position (µm) 

illu i led 

dark dark 

1 :0 

0,08 ,fl .. 2\:1 
f \ 

N 0,06 \ 
E 
u 
0, 0,14 

E 
;: 0,12 

·- 0,45 
(/) 

c: 0,40 
Q) 

"O 

öi 0,6 -··---, . ~, ~,_Q_§,3 :.~ 
~ 0,5 \j 

"' 0,4 

0,2 

0,1 

0 200 400 600 800 1000 1200 1400 

position (µm) 

Figure 4.19: Thefluorine distribution (top) and silicon distribution (bottom) givenfor 
monomer ratios ofO:l, 0.063:1, 0.17:1, 0.52:1, 4.2:1and1:0 (F:Si). 

For a grating spacing of 1 mm, the same results are found for the different monomer ratios, 
which is not surprising since the difference in reactivity determines the migration mechanism. 
The size and mass of the di-methacrylate and the di-acrylate are about the same, which 
indicates that differences in mobility will not have a large effect. 

For the F-Si gratings, the two-diffusion mechanism of Van Nostrum [Nos] is applicable, 
because no variations in total areal density are present and the migration process appears to 
be merely dependent on reaction rate differences. Both (meth)acrylates are di-functional, so 
no swelling occurs, due to the dense network created by cross-linking. The Flory-Huggins 
theory is also applicable for this system. The two-way diffusion mechanism is just a special 
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case and is only applicable when there is no swelling of the polymer network and the 
molecular sizes are about equal. 

4.4 Analysis on polymer films prepared from a mixture of di-acrylates, 
di-methacrylates and mono-acrylates 
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From a mixture of the F-labeled di-acrylate, the Si-labeled di-methacrylate and the Cl-labeled 
mono-acrylate polymer gratings are prepared, to check whether the ideas of the earlier 
discussed mixtures will hold for this case. 
First of all, for gratings prepared from a mixture of the Si-labeled di-methacrylate and the Cl
labeled mono-acrylate (Si-Cl system) is referred to Simons [Sim]. In the Si-Cl system, both 
monomers appear to migrate towards the illuminated areas for a 1: 1 monomer ratio. A larger 
chlorine distribution is observed in the illuminated areas and a larger silicon distribution in 
the dark areas. Variations in the total areal density are observed and the system appears to be 
similar to the Cl-F system, where also the mixture consists of a di-functional and a mono
functional monomer. It also means that in the Si-Cl system, mainly the difference in 
molecular size determines the diffusion process during pattemed polymerization. Also the 
mobility of the lighter mono-acrylate is of influence on the migration process. DSC 
measurements show that the pure Cl-labeled mono-acrylate is more reactive than the pure Si
labeled di-methacrylate, but in copolymerization the di-methacrylate is considered to be more 
reactive [Odi]. 

In figure 4.20, a F-Si-Cl grating is presented, which is prepared from a mixture in a monomer 
ratio of 1:0.93: 1.34, with the light source at 60 cm and temperature of 75°C. No thickness 
variations are observed and there is a preferential migration of Si-labeled di-methacrylates 
towards the illuminated areas, whereas the other two monomers migrate towards the dark 
areas. So the considered most reactive monomer migrates towards the illuminated areas, 
which is in correspondence with the F-Si system. Only, the Cl-labeled mono-acrylates 
migrate towards the dark areas, which is in contrast to both the Cl-F and the Si-Cl system. 
7 weight % of the Cl-labeled monomer is present in the sample, so the contribution to the 
network is limited. The total areal density shows no variations, which indicates that there is 
no significant swelling and consequently there will be no preferential suction of the small 
mono-acrylate monomers into the illuminated areas. However, in the Cl-F system, the mono
acrylate always migrates towards the illuminated areas, even when only small amounts of the 
mono-acrylate is present in the mixture and a dense network is created. It is possible that ~n 
this sample the network is denser than for pure di-acrylate. Or it might be due to reactivity 
differences, where the Si-labeled methacrylate is more reactive compared to the Cl-labeled 
monomer in this mixture of three (meth)acrylates than the F-labeled di-acrylate in the Cl-F 
system and the Si-labeled methacrylate in the Si-Cl system, creating a larger concentration 
gradient. 
A grating prepared from the same monomer mixture, but with a grating spacing of 1 mm 
shows similar distributions of the label elements and there are no variations in the total real 
density observed. The grating is presented in figure 4.21. 
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Figure 4.20: Total area[ density and the fluorine, silicon and chlorine distribution in a F-Si
Cl systemfor a monomer ratio of 1:0.93:1.34, with the light source at 60 cm and temperature 
of75°C. 
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Figure 4.21: Total areal density and the fluorine, silicon and chlorine distribution in a F-Si
Cl system, fora monomer ratio of 1:0.93:1.34, with the light source at 60 cm and 
temperature of 75°C. 

It can be concluded from the observed gratings of the F-Si-Cl system that by adding the other 
di-functional monomer to either the CI-F or the Si-Cl system, the migration direction of the 
mono-acrylate can be changed. This indicates that control in the molecular structure can be 
achieved and consequently in the refractive index properties of the polymer film. 
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4.5 Analysis on polymer diffusors 

With the information obtained from the observed (meth)acrylate distributions in the 
lithographic gratings, polymer diffusors are prepared. First, a Cl-F monomer mixture is used 
to prepare a diffusor film. From the gratings, a preferential migration of the mono-acrylates 
towards the illuminated areas is expected as well as variations in the total areal density of the 
film. From the refractive indices, presented in section 3.1.2, this will not result in a working 
diffusor device, because the refractive index of the F-labeled monomer is larger than the 
refractive index of the Cl-labeled monomer. But, since larger distribution differences are 
expected, this gives a good indication whether the considered migration process is correct. 
Figure 4.22 shows the Cl and F yields of a polymer diffusor that is prepared from an initial 
monomer ratio of 4.3: 1 (Cl:F) at room temperature. As expected, both monomers migrate 
towards the illuminated areas and variations in total areal density are observed. The total 
areal density is presented by the summed carbon and oxygen yield from the RBS spectra. 
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Figure 4.22: Chlorine (top left) andfluorine (top right) distribution in polymer difussor for 
an initia! Cl: F ratio of 4.3: 1, showing migration of both monomers towards the illuminated 
areas. The C+O yield (bottom left) represents the variations in the total area! density of the 
sample. 
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The detected counts are presented, because the PIXE yield cannot be directly quantified to an 
elemental concentration, since the matrix composition is dependent on depth. In the diffusor 
samples, cone shaped areas are induced and consequently composition differences with 
depth, as discussed in section 3.1.2. Absorption of X-rays, as well as the determination of the 
stopping factors and scattering and production cross-sections are dependent on the matrix 
composition, which makes the use of an average matrix not possible. 

The structure in the diffusor sample is different from the gratings, since there are areas, next 
to the dark and illuminated areas, that are only partially illuminated throughout the 
polymerization process. The holes in the mask have a diameter of 25 µmand the distance 
between the center of the holes is 50 µm, whereas the investigated gratings have a spacing 
distance of 200 µm or 1 mm. The pixels in the picture are 6.5 by 6.5 µm. 

A diffusor display cannot be made from the F-Si system, since the Si-labeled monomers will 
have a preferential migration towards the illuminated areas and consequently the illuminated 
areas will have a lower refractive index. From a Si-Cl mixture however, the higher refractive 
Cl-labeled monomers are expected to preferentially migrate towards the illuminated areas 
from the results presented by Simons [Sim]. In figure 4.23, a diffusor display is presented, 
which is prepared from a Si-Cl mixture with an initia} 1:1 monomer ratio at room 
temperature. As expected, chlorine shows more counts at the position of the holes, whereas 
silicon appears to be distributed uniformly over the scanned area, indicating that with this 
system a working diffusor display can be made. The C+O yield shows little variations in 
areal density. 
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Figure 4.23: Chlorine (left) and silicon (right) distribution in polymer diffusor preparedfrom 
a Si-Cl mixture with an initia! 1: 1 monomer ratio at room temperature. 

Acrylates with a larger difference in refractive index have to be used to make effective 
diffusor displays . Fluorinated acrylates have a lower refractive index, but in the fluorinated 
acrylate used in this report, phenol-groups are present, which partly elevates the refractive 
index again. For instance, di-acrylate polyethers can be used as lower refractive index 
material, with a refractive index of around 1.46. 

The area between the thicker pixels can be filled by a black paint. In this way, light 
transmitted through the lower refractive index material does not contribute to the image. This 
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has a positive effect on the display, since only the bright pixels now contribute to the image. 
Also, sunlight is not able to enter the polymer film, which reduces the degradation of the 
polymer film and the reflection of the display is reduced. 

4.6 Conclusions 

In the discussed polymer films, we have seen two different migration mechanisms. 
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In the case of the presence of mono-functional monomers, the polymer shows variations in 
total areal density due to swelling of the polymer network. Due to the presence of mono
functional monomers, a poor network is created and swelling is possible. The mono
functional as well as the di-functional monomers migrate towards the illuminated areas, but 
there is a preferential migration of the smaller and lighter mono-functional monomers. The 
di-functional monomers are more reactive and only the more effective suction of the mono
functional monomers can explain the preferential migration of these monomers towards the 
illuminated areas. This in contrast to the two-way diffusion mechanism as proposed by Van 
Nostrum, but that model only relies on reactivity differences. The Flory-Huggins theory, on 
the other hand, supports the observed migration process. The polymer network preferentially 
accommodates in smaller molecules, since this is energetically favorable. A gradient in 
chemica} potential drives the migration process, and from equation (2.22) is directly seen that 
the gradient is larger for smaller molecules (monomers). Since the mono-functional 
monomers are also lighter, mobility differences are of influence. 

Ina mixture of two di-functional monomers, a dense network is created and no swelling is 
possible, due to cross-linking. The considered more reactive di-methacrylate in 
copolymerization is converted faster into immobile polymer and a concentration gradient is 
induced. Due to the induced gradient the di-methacrylate migrates towards the illuminated 
areas, whereas the di-acrylate migrates towards the dark areas. Two-way diffusion is 
observed in combination with no variations in total areal density. The process is reactivity 
controlled. This migration process is also described by the Flory-Huggins theory, but in this 
case there is no suction of monomers due to swelling of the polymer network and the 
molecular sizes of both monomers are about equal. 

Ina mixture containing mono-acrylate, di-acrylate and di-methacrylate monomers, the 
considered most reactive di-methacrylate migrates towards the illuminated areas, whereas the 
other two migrate towards the dark areas. No variations in total areal density are observed, 
which indicates a dense network, unable to swell by suction of monomers. In this case, the 
difference in reactivity ~ppears to determine the migration directions, as in the two-way 
diffusion model. This is the only mixture in which migration of the mono-acrylate towards 
the dark areas is observed, which means that the migration direction of the mono-acrylate can 
be controlled. 
From the obtained information, it appears possible to control the migration directions as well 
as possible thickness variations by changing mixture composition and UV exposure. In this 
way, it is possible to create polymer diffusors films. From measurements on the refractive 
index of the monomers, in combination with the observed migration processes, the only 
working diffusor can be prepared from a mixture of the Cl-labeled mono-acrylate and the Si
labeled di-methacrylate. The mono-acrylate preferentially migrates into the illuminated areas 
and the desired higher refractive index in these areas is created. To create more efficient 
diffusors, acrylates with larger differences in refractive index should be used. Such a diffusor 
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can be created by the patterned UV illumination of a large di-functional monomer with low 
refractive index and a small mono-functional monomer with a high refractive index. 

From the observed migration processes, it can be concluded that the migration process in a 
mixture of (meth)acrylates during patterned UV exposure is determined by the molecular 
sizes of the monomers, the reactivity of the monomers and the cross-linking abilities of the 
formed polymer network. 
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S Cryogenic RBS analysis on polymer films 

Polymer films with differences in refractive index as a function of depth are prepared. This is 
done by either adding a dye to the monomer mixture or by the interference pattem of a laser. 
In both cases, intensity differences are induced over the thickness of the sample. This results 
in differences in polymerization rate, since the polymerization rate is considered to be 
dependent on the square root of the intensity [Odi]. At positions with a larger polymerization 
rate, the conversion into a polymer network is faster and a migration process is induced, as 
already explained for the lithographic gratings in chapter 4. When dye is added, a gradient in 
refractive index is created over the thickness of the sample. The interference pattem results in 
a refractive index distribution over the thickness of the film. 
The polymer films have a thickness of about 20-30 µmand are measured with a 2 MeV He+
beam, which means that the impinging He+-ions deposit all their energy in the polymer 
sample. Due to the energy deposited in the samples, they are heated and cooling of the 
samples is necessary to reduce the loss of volatile matter. It is shown by De Jong [Jon2], that 
there is a considerable reduction in the loss of matter between room temperature and 
cryogenic temperature (7K) in a poly(2-chloroethyl acrylate) on a silicon substrate. Fora 20 
nA 2 MeV He+-beam, the hydrogen loss is reduced from about 50% to about 10% and for 
chlorine from about 90% to about 5%, after an applied ion dose of 14 µC. Loss of volatile 
matter reduces the stopping of the analyzing He+-ions and consequently the RBS spectrum is 
compressed. These shifts are considerable compared to the energy resolution, but are reduced 
by a factor of three at cryogenic temperature. 
Another type of samples are the studied polymer solar cell devices, which have a thickness of 
about 0.5 µm and the energy of the impinging ions is only partly deposited in the sample. The 
rest of the energy is deposited in roughly the first 3 µmof the soda-lime glass substrate. lt is 
shown by De Jong [Jon2] that the hydrogen loss is reduced from 50% at room temperature to 
15% at cryogenic temperatures in polymer light emitting diodes (PLED's), when a 10 nA 2 
MeV He+-beam is applied, with a total ion dose of 10 µC. The polymer solar cells devices are 
comparable to the PLED's and a similar reduction in loss of matter can be expected. 

5.1 Refractive index gradient over the thickness of polymer films 

Polymer samples are prepared from a mixture of acrylates to which an amount of dye is 
added. The mixture is placed between two glass slides and is uniform illuminated with an UV 
light source. After fixation of the polymer film, a piece of the sample is left on a piece of one 
of the glass slides for analysis. A large loss of matter is observed, due to the poor thermal 
conducting properties of glass at cryogenic temperatures. The thermal conductivity at 10 Kis 
about 6-10-4 to 5·10-3 Wcm-1K 1 [Tou]. 
As a first approach, silicon substrates are used to reduce the loss of matter, which ensures a 
better heat conduction. However, the adhesion between polymer film and silicon substrate 
appeared not to be good. Spincoating the mixture on the silicon substrates would enhance the 
attachment between polymer and substrate. Though, thin films are produced in this way, 
which is not appreciable, since a smaller UV light intensity difference over the sample 
thickness is induced and consequently a smaller difference in refractive index. A solution 
would be to dissolve more dye, but the dye can only be dissolved in the monomer mixture to 
a maximum of about 2 weight %. In this case, there will be a decrease in UV light intensity of 
about 60% over a sample thickness of 25 µm fora wavelength of 365 nm (table 3.1). The 
polymerization rate is considered proportional to the square root of the intensity [Odi], 
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resulting in a difference in polymerization rate of about 37% over a sample thickness of 25 
µm. Composition differences of only a few% are expected, considering that for grating 
structures, maximum differences in monomer distribution of 20% are observed, where 
illuminated areas are compared to <lark areas. 
With 2 MeV He+-ions only a few µm can be analyzed of the sample and since only a small 
gradient in refractive index (monomer composition) is expected over the sample thickness, 
both sides of the polymer films are analyzed and the RBS spectra compared. 
Holes appear sometimes in the polymer films and it is decided to use carbon plates as 
substrates instead of silicon, to avoid interference of silicon with other elemental peaks in the 
RBS spectrum. Since the attachment between substrate and polymer film is not optimal, it is 
decided to use freestanding films. This also eases the analysis of both sides of one polymer 
film. Copper plates are mounted on top of the freestanding polymer films to keep them on 
their place and to enhance the heat conduction. The openings in the copper plates are large 
enough to avoid that impinging ions backscatter from the plates and affect the RBS spectrum. 

RBS spectra of the bottom and top side of a polymer film, prepared from a mixture of Cl
labeled mono-acrylates and F-labeled di-acrylates with 2 weight % of dye added, are 
presented in figure 5.1. The measurements of all the polymer films discussed in this section 
are performed with a 10 nA 2 Me V He+ -beam at cryogenic temperature and geometry of 
8 = 0° and cp = 35°. A schematic representation of the geometry between the incoming He+ -
beam and the sample is given in figure 5.2. 
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Figure 5.1: RBS spectra of the bottom and top side of a polymer film prepared from Cl
labeled mono-acrylates and F-labeled di-acrylates in a monomer ratio of 1: 1 with 2 weight 
% of dye added, a light source distance of 60 cm and temperature of 75 °C. 

The RBS spectra indicate that there is relatively more F-labeled monomer in the top side of 
the film. However, damage is observed and correction of the spectra is necessary. The 
chlorine damage is determined from the chlorine yield normalized on the carbon yield, figure 
5.3. The carbon yield is used for the normalization, since no simultaneous ion dose 
measurement is performed and there is expected to be no loss of carbon during analysis. 
Using this normalization method, variations in ion dose by beam instability are taken into 
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account. The bottom side of the polymer film shows no damage, whereas the top side shows a 
chlorine damage of about 40%. Correcting the RBS spectra for the damage, would indicate 
now that there is relatively more Cl-labeled monomer in the top side of the sample. Damage 
correction by normalization on the carbon yield is not very accurate as can be seen from 
figure 5.3 and an error of about 20% is made. The normalized chlorine yield of the bottom 
side of the film appears to increase, which is probably due to shrinkage of the sample by 
sample heating. In similar experiments, also increasing yields are observed, which confirms 
this assumption. So for polymer films prepared from a F-Cl mixture, the error in the 
determination of the damage is too large to draw conclusions from the spectra. 

Figure 5.2: Geometry of the incoming He+-beam and the sample, with qJ the angle between 
incoming and backscattered He+ -particles, and 8 the angle of rotation from the sample with 
the ample normal. 
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Figure 5.3: Normalized chlorine yield on carbon yield versus file number, for F-Cl sample 
prepared from a mixture in an initia[ 1: 1 monomer ratio, with 2 weight % of dye added, light 
source at 60 cm and temperature of 75°C. 

Polymer samples prepared from a mixture of the F-labeled di-acrylate and the Si-labeled di
methacrylate monomers are considered to show less damage than F-Cl samples, which can be 
concluded from the analyzed grating samples in chapter 4. Figure 5.4 shows the binned RBS 
spectra of a F-Si sample, prepared from a mixture with an initial monomer ratio of 1: 1 to 
which no dye is added, at temperature of 75°C and the light source placed at 60 cm above the 
sample. The measurement is performed with a 10 nA 2 MeV He+-beam at cryogenic 
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temperatures. No damage is observed as can be seen in figure 5.5, where the silicon and 
fluorine yield are normalized on the carbon yield, for both sides of the polymer film. 
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Figure 5.4: RBS spectra of bottom and top side of a F-Si sample, prepared from F-labeled di
acrylates and Si-labeled di-methacrylates in a 1: 1 monomer ratio, with no dye added, the 
light source placed at 60 cm and temperature of 75°C. The spectra are binned 8 times. 

Composition variations with depth are observed, despite the fact that no dye is added to the 
monomer mixture. The variations are not due to the loss of matter, since no damage is 
observed in either side of the polymer film. Apparently, the Si-labeled monomers 
preferentially migrate towards the bottom side of the sample. The observed difference in 
silicon counts is about 6% between both sides of the sample, with the fluorine counts of both 
sides normalized on each other. No significant intensity gradient is present over the sample 
thickness that can explain the preferential migration. Light absorption of the photo-initiator is 
a few orders smaller than of the dye (see table 3.1) and only about 0.1 weight % of photo
initiator is added to the mixture. Also the acrylates have no significant contribution to the 
absorption of UV light. The samples are however prepared at an elevated temperature of 
75°C. Since the mixture is present between two glass slides on a hot plate, which is at 75°C, a 
temperature gradient is present over the thickness of the sample. Glass has a thermal 
conductivity of about 2· 10-3 Wcm- 1K 1 between 75°C and room temperature [Tou]. The 
thermal conductivity of the liquid mixture is taken a factor of 10 smaller. The glass slides 
have a thickness of 1 mm and the thickness of the sample is about 25 µm. This results in a 
temperature difference of about 6°C over the mixture. Generally, the polymerization rate 
dependence on temperature is given by the Arrhenius equation; rp = A exp(-EalkD, with the 
polymerization rate rp, a constant A, the activation energy Ea, the Boltzmann constant k and 
the temperature T. For polymethyl-methacrylate, the activation energy is 29 kJ/mol [Odi], 
which would give about a 20% larger polymerization rate in the bottom side of the mixture 
compared to the top side. So, the preferential migration of the Si-labeled di-methacrylate 
monomers towards the bottom side of the sample can be explained by the larger reactivity of 
di-methacrylates in copolymerization with di-acrylates, which is already discussed in section 
4.3. Only in this case, a temperature gradient results to the migration process. 
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Oxygen damage is observed in the bottom side of the film and due to the loss of matter, 
shrinkage might occur. Since shrinkage does not change the F:Si ratio, the RBS spectra will 
not be influenced. 
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Analysis is performed on an identical F-Si sample, to which now 2 weight % of dye is added. 
The RBS spectra of bottom and top side of the polymer film are binned 8 times and are 
presented in figure 5.6. In this sample, there appears to be a preferential migration of the Si
labeled di-methacrylate monomers towards the top side of the sample. Besides the 
temperature gradient, also an intensity gradient is present in the mixture during UV 
polymerization. The temperature is larger at the bottom side of the sample and the intensity is 
larger in the top side of the sample. Consequently there is an opposite effect on the 
polymerization rates in the monomer mixture. Apparently, the intensity gradient has a larger 
effect on the polymerization rates in this case, since the more reactive monomers 
preferentially migrate towards larger UV intensity, the top side of the sample. From the 
silicon counts a difference of about 5% is observed in the distribution of the Si-labeled 
monomers, with the fluorine counts of both sides normalized on each other. 

0,125 top 

0,100 

' 0,075 

silicon 
::!:? 
-~ 0,050 
>-

"O 0,025 
Q) 

-~ 
(ij 

bottom § 0,125 

0 
0,100 c 

0,075 

0,050 silicon 

0,025 

0 20 40 60 80 100 

file number (-) 

Figure 5.5: Nonnalized silicon and a jluorine yield on carbon yield versus file number for 
both sides of F-Si sample, prepared from mixture in an initia[ 1: 1 monomer ratio, with 0 
weight % of dye added, light source at 60 cm and temperature of 75°C. 

Since F-Si samples cannot be produced at room temperature, the occurring temperature 
gradient in the sample mixture during UV polymerization cannot be ruled out. The thermal 
conductivity of the mixture is estimated to be a factor of 10 smaller than the glass slides, but 
the results show that the temperature gradient has as much effect on the polymerization rate 
as the intensity gradient. Moreover, these two effects are opposite over the thickness of the 
sample. The observed migration of monomers is in correspondence with the migration 
directions observed in the F-Si gratings of section 4.3. 
Although, no damage is observed, it has to be kept in mind that the damage might be smaller 
than the error in which the damage can be determined and still influences the observed RBS 
spectra. 
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Figure 5.6: RBS spectra of bottom and top side of F-Si sample prepared from a 1: 1 monomer 
ratio to which 2 weight % of dye is added, the light source is placed at 60 cm and the 
temperature is about 75°C. The spectra are binned 8 times. 

In samples containing chlorine, as can be seen in figure 5.1, the damage appears to be too 
large to draw conclusions from the analyzed samples. To study samples containing mono
and di-functional monomers, samples are prepared from the Si-labeled di-methacrylate and 
Br-labeled mono-acrylate. Analysis on these samples is performed with a 1 nA 2 MeV He+
beam. A small beam current is used to reduce the heating of the samples and consequently 
the possible damage. The samples are prepared from a mixture of Si-labeled di-methacrylates 
and Br-labeled mono-acrylates in a monomer ratio of 1:0.1, with the light source placed at 60 
cm and a temperature of about 75°C. Preparation at room temperature is not possible, because 
the pure Br-labeled monomers are solid at room temperature and not solvable in the Si
labeled monomers. When no dye is added, a temperature difference is expected and possible 
migration of monomers in the UV polymerization process, due to differences in 
polymerization rate between both sides of the sample. The RBS spectra of bottom and top 
si de of the Si-Br polymer film are presented in figure 5. 7. The Br-labeled monomers appear 
to preferentially migrate towards the higher temperature side, the bottom side of the sample. 
A difference in the distribution of about 6% is observed between both sides of the film, with 
the silicon yields normalized on each other. This is also observed in gratings prepared from 
the Si- and Br-labeled monomers, where the Br-labeled mono-acrylates migrate more towards 
the illuminated areas. The gratings of this type are however not included in this report. 
The Br-labeled monomers are heavier (M = 542,64 g/mol) than the Si-labeled monomers (M 
= 386,64 g/mol), but on the other hand they are more compact, see figure 3.1and3.2. DSC 
measurements on uniform Si-Br polymer mixtures showed that the Br-labeled mono-acrylate 
is more reactive in homopolymerization reactions than the Si-labeled di-methacrylate. The 
average copolymerisation rate of Si-Br mixtures lay between these homopolymerization 
rates. From the DSC measurements, it can however not be concluded which monomer is 
more reactive in copolymerization, but in section 4.3 is already discussed that a methacrylate 
is more reactive than an acrylate. Soit seems acceptable to conclude that the Si-labeled di-
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methacrylate is more reactive than the Br-labeled mono-acrylate in copolymerization. 
Apparently, a comparable migration process occurs here as observed in the Cl-F system, also 
a mono- and di-functional monomer. The more compact monomers have a preferential 
migration towards higher intensity (or temperature), despite the fact that the Br-labeled 
monomers are heavier in this case. According to the Flory-Huggins theory (section 2.5), it is 
energetically more favorable to dissolve smaller molecules in a polymer network, due to the 
larger configurational possibilities of a few smaller monomers compared to one larger 
monomer. The conversion into a polymer network is faster in the bottom side of the sample, 
due to the larger temperature at the bottom side of the mixture. Consequently there is a 
preferential suction of the smaller monomers towards the bottom side of the mixture. A poor 
network is created, due to the presence of mono-functional monomers, which makes the 
suction of monomers possible. Apparently, the effect of suction of the polymer network is 
larger than the difference in reactivity in this type of samples. 
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Figure 5. 7: Si-Br sample prepared from a mixture in a 1 :0.1 monomer ratio, without dye 
added, the light source placed at 60 cm and temperature of 75°C. The spectra are binned 8 
times. 
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Figure 5.8: Silicon and bromide yield normalized on the carbon yieldfor bath sides of the Si
Br sample prepared without dye. 

Damage is not observed in this sample, as can be seen in figure 5.8, where the bromide and 
silicon yields are normalized on the carbon yield for either side of the sample. The 
measurements, with an identical beam current, are repeated on a Si-Br sample to which 1 
weight % of dye is added. The intensity is considered to decrease about 40% over a sample 
thickness of 25 µm when 1 weight % of dye is added to the mixture (see section 3.12). The 
difference in polymerization rate between both sides of the sample decrease 23% in the case 
of merely the intensity gradient. In this sample, no damage is observed and similar graphs to 
figure 5.8 are found. 
The RBS spectra of both sides of the Si-Br polymer film are presented in figure 5.9. There 
still seems to be a preferential migration of Br-labeled monomers towards the bottom side of 
the sample. However, the difference in the bromide distribution is only about 3% between 
both sides of the film, compared to 6% when no dye is present, so the intensity gradient did 
have effect. But, apparently the effect of the intensity gradient is smaller than the temperature 
gradient, when 1 weight % of dye is added. The observed differences in the yield between 
both sides of the film are small and lie in the same order as the resolution of the binned 
spectra, which makes the interpretation tricky. 
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Figure 5.9: Si-Br sample prepared from a mixture in a 1 :0.1 monomer ratio with 1 weight % 
of dye added, the light source placed at 60 cm and temperature of 75 °C. The spectra are 
binned 8 times. 

5.2 Reflection gratings 

With the dye, only a small intensity gradient could be achieved over the thickness of the 
polymer film and both sides of the film had to be analyzed to measure the induced 
composition variations in the sample. Reflection gratings would be a good option, since 
maximums and minimums in intensity are created with a pitch of 139 nm and with a 2 MeV 
He+ -beam several maximums in the label concentrations could be observed in the RBS 
spectrum. 
However, there are no composition differences observed in the RBS spectra of the reflective 
gratings. Still, in some samples, a fringe pattem is seen at the surface, which indicates that 
gratings are created in the samples. The observed fringes look like a finger print with a 
spacing of 1 mm and might be induced by the fact that the gratings make an angle with the 
sample surface, as already indicated in figure 3.9, or by the surface roughness of the glass 
slides. The analyzing 2 MeV He+-beam has a beam diameter of about 2 mm. 1t is tried to 
achieve a smaller beam by focussing with the two quadrupoles and the aperture and object 
slits of the cryogenic setup. Focussing is achieved with a hole of 2 mm in diameter and the 
information from backscattered ions and measured ion dose, but it cannot be checked whether 
the beam diameter is really smaller than 2 mm. Even a beam diameter of 1 mm would have 
been too large to analyze reflection gratings that show fringes 1 mm apart, because the 
information is averaged over the dimensions of the analyzing beam. 
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5.3 Polymer solar cells 

As already discussed in the introduction, the interfaces are of great importance in polymer 
solar cell devices, since the surf ace roughness of a layer can change the workfunction of the 
device, but also the light transmission. The roughness of one layer can change the 
morphology of the entire interface. First, the aluminum diffusion into the active layer is 
investigated for three different aluminum deposition rates. Indium diffusion into the other 
layers is investigated, because indium diffusion might form a major limitation in lifetime and 
efficiency of the devices, by forming electron traps or as a source of degradation [And]. The 
active layer consists of a mixture of OC 10C10-PPV and I-PCBM. With RBS, the iodine 
distribution in the active layer is examined, to determine the intermixing of the PPV and the 
I-PCBM. In addition, the diffusion of the I-PCBM into the PEDOT-PSS layer is examined. 

The cryogenic RBS measurements are carried out with a 2 Me V He+ -beam and a beam 
current of a few nA. The simulations are performed with the RUMP code [Doo]. For 
establishing accurate RUMP simulations, it is necessary to determine the compositions of the 
glass, ITO and PEDOT-PSS. The composition of the glass substrate is determined at the 
geometry of 8 = 0° and cp = 15° and 62.0 at.% 0, 25.6 at.% Si, 9.6 at.% Na and 2.8 at.% Ca is 
found. At the same geometry, the composition of the ITO is determined to be 61at.%0 and 
39 at.% In. ITO also contains a Sn fraction, but in the simulation no distinction is made 
between In and Sn fraction, because the masses are pratically equal. lt is not possible to 
distinguish them in a RBS measurement. The Sn fraction in ITO is only small, about 1-10 
at% [Jon2]. The composition of the PEDOT-PSS is determined from a PEDOT-PSS layer, 
which is directly deposited on a silicon substrate. Glass is not used as a substrate, because the 
Ca peak would overlap with the S peak in the RBS spectrum. The same holds for an ITO 
layer, since the I peak would overlap with the S peak. The composition of PEDOT-PSS is 
determined to be 43 at.% C, 34 at.% H, 17 at.% 0 and 5 at.% S. 

5.3.1 Aluminum diffusion 
Al diffusion into the active layer is examined in a Si/PPV:H-PCBM/Al sample, for Al 
deposition rates of 0.45 nm/s, 1 nm/sec and 10 nm/s, respectively. The measurements are 
performed at the geometry 8 = 0° and cp = 80° and the RBS spectra for the two smallest 
deposition rates are presented in figure 5 .10. In the measurements, no glass and no ITO is 
used, to avoid overlap with the Al peak from the elements Ca and In. H-PCBM is used 
instead of I-PCBM to avoid overlap from I with the Al peak. The composition of the PPV:H
PCBM layer is calculated, based on weight ratios, to be 63.0 at.% C, 34.l at.% Hand 2.9 
at.% 0. 
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Figure 5.10: RBS spectrum and RUMP simulation of a Si/PPV:H-PCBM/Al sample with Al 
deposition rate of respectively 0.45 nm/s ( A) and 1 nm/s ( B ), measured at a geometry of e = 
0 ° and <p = 80 ° . 

The peak between 1.25 and 1.40 MeV, for Al deposition rates of 0.45 mn/s and 1 nm/sin 
figure 5.lOA and 5. lOB, respectively, corresponds to the Al layer. Counts observed at 
energies just below 1.25 MeV can be due to Al diffusion. No Al diffusion is observed for Al 
deposition rates of 1 and 10 nm/s, and since the figures are identical only the spectrum of 1 
nm/sis presented. The observed counts just below 1.25 MeV are minimal and possibly 
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introduced by multiple scattering. However, for a deposition rate of 0.45 nm/s, the observed 
counts are too large to be due to multiple scattering. The observed enlargement of counts is 
extremely flat, which makes holes in the active layer more probable than Al diffusion. Also, 
there is no Al diffusion observed for a deposition ratio of 1 nm/s, which also points in this 
direction. In the case of diffusion, the Al would have to be uniformly distributed over at least 
60% of the active layer to explain the enlargement. 
12 at% of oxygen has to be added throughout the Al layer with the slowest deposition rate to 
achieve a matching simulation in RUMP. Por the higher deposition rates, the sample can be 
simulated with only oxygen in the first few nanometers. The oxygen peak is not included in 
the simulation, as can be seen in figure 5.lOB. 

5.3.2 Indium diffusion 
Possible migration of indium into the PEDOT-PSS and PPV:H-PCBM layer is investigated in 
a glass/ITO/PEDOT-PSS/PPV:H-PCBM sample (figure 5.11) for two different dry processes 
of the PEDOT-PSS layer, 1 minute at 100°C (figure 5.12A) and 2 minutes at 150°C (figure 
5.12B). The large peak between 0.7 and 1.4 MeV corresponds to the indium in the ITO layer. 
Enlarged signal between 1.4 MeV and the indium surface energy of 1.7 MeV might arise 
from indium diffusion into the PEDOT-PSS layer. Por the drying process of 1 minute at an 
elevated temperature of 100°C, indium is present in the PEDOT-PSS layer, l at.% descending 
down to 0 at.% in about half this layer, as indicated in figure 5 .12A. The signa} is too large to 
be introduced by pile-up. In the previous section, about the same beam current is applied and 
no significant pile-up is observed. 

2 MeV He· 
~--,____-~ 

PPV:H-PCBM 

PEDOT-PSS 
ITO 

glass 

Figure 5.11: Analysis with a 5 nA 2 Me V He+ -beam on glass/ITO/PEDOT-PSS/PPV:H
PCBM sample with ge ome try of e = -7 5° and cp = 10°. 

In the case of drying at 200°C for 2 minutes less or even no indium diffusion is observed. The 
elevated signal at the higher energies in figure 5.12B is significantly less than in the previous 
sample, it can be diffusion, but it might also due to pile-up. The background, visible in the 
spectra between the In peak and the C peak from the active layer, is due to multiple 
scattering, which often occurs for heavier target elements. 
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Figure 5.12: RBS spectra and simulation of a glass/ITO/PEDOT-PSS/PPV:H-PCBM sample, 
analyzed at a geometry of()= -75° and <p = 10°. Indium diffusion into the PEDOT-PSS layer 
of 1 at.% descending down to 0 at.% at about halfthis layer, when dried at J00°C for 1 
minute ( A). No measurable indium diffusion is detected, when dried at 150°C for 2 minutes 
(B). 

5.3.3 Iodine distribution 
The iodine diffusion into the PEDOT-PSS layer and the iodine distribution in the active layer 
are investigated for 5 glass/PEDOT-PSS/PPV:I-PCBM samples, with different weight ratios 
PPV over I-PCBM and spincoating solvents, either o-xylene or chloro-benzene, both at 60-
650C. The measurements are performed at a geometry of 8 = 75° and cp = 10°. The RBS 
spectrum and RUMP simulation of a sample with a PPV to I-PCBM ratio of 1:3 and o-xylene 
as spincoating solvent, is presented in figure 5.13. The iodine surface energy, 1.77 MeV, is 
shown as well as the edges of respectively S from the PEDOT-PSS layer, Si from the glass 
and C from the active layer. Beneath the S peak a Ca background is present originating from 
the glass substrate. 
No iodine diffusion into the PEDOT-PSS layer or iodine distribution in the active layer is 
observed. In the simulation, a surface roughness has to be introduced at the interface between 
the PEDOT-PSS and active layer of about 15 nm. 

A significant difference is observed between the two solvents, from which the PPV:I-PCBM 
is spincoated (figure 5.13). In the case of chloro-benzene, a larger interface roughness is 
present, which is visible in the RBS spectrum of figure 5.14B, by the slower descending side. 
In the simulations the surf ace roughness has to be increased by a factor of two, whereas 
straggling can be considered the same for both cases, though this only respresents a small 
percentage. Soit can be concluded that PPV:I-PCBM solves better in o-xylene than in 
chloro-benzene. 
The PPV and I-PCBM do not show any disability to mix and the mixing ratios appear not to 
have a large effect on the iodine distribution in the active layer, which is checked fora 1 :4, 
1 :3 and 4: 1 ratio in o-xylene. lt also has to be denoted that no chlorine is found in the RBS 
spectra when spincoated from chloro-benzene, which indicates that no solvent is left in the 
active layer during preparation. 
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Figure 5.13: RBS spectrum of a glass/PEDOT-PSS/PPV:l-PCBM sample with a PPV to 1-
PCBM ratio of 1:3 and spincoated in an o-xylene atmosphere at 60-65°C. The analysis is 
performed at the geometry of 8 = 75° and <p = 10°. 
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Figure 5.14: RBS spectrum ofiodine profile in a glass/PEDOT-PSS/PPV:l-PCBM sample/or 
respectively a PPV to 1-PCBM ratio of 1 :3 spincoated in o-xylene (A) and a ratio of 1 :3 
spincoated in chloro-benzene (B). 

5.4 Conclusions 

Observable composition differences are found in polymer films when prepared from a 
mixture of (meth)acrylates to which dye is added. Though the observed composition 
variations are only a few %. lt can be concluded that the effects of the UV light intensity and 
the temperature gradient on the polymerization rates, and consequently on the migration 



Cryogenic RBS analysis on polymer films 67 

process, lie in the same order. Since the samples are prepared on a hot plate, the temperature 
decreases in the opposite way as the UV light intensity. The observed migration processes in 
the samples with composition variations with depth correspond to the migration processes 
observed in the lithographic gratings. Measurements on samples prepared from the Si-labeled 
di-methacrylate and Br-labeled mono-acrylate show that the mono-acrylates migrate towards 
higher intensity, which is in correspondence with analyzed Si-Br gratings, despite the slower 
reaction rate and the fact that the monomers are heavier than the Si-labeled di-methacrylates. 
This shows the applicability of the Flory-Huggins theory, since only the smaller volume 
fraction of the mono-acrylates can explain the preferential migration towards the initially 
formed pol ymer network. 
The interpretation of the spectra might still be affected by damage. The samples are not 
completely cooled to cryogenic temperatures, due to inefficient heat conduction between 
sample and sample holder. This makes the analysis of samples containing the Cl-labeled 
mono-acrylates impossible. In the samples containing the Br-labeled mono-acrylates, there 
appears to be no damage, but the observed composition differences are in the same order as 
in which the possible damage can be determined. 

In the RBS spectra of the reflection gratings, no composition variations are observed. Fringes 
at the surf ace of some of the samples might be due to gratings making an angle with the 
sample surf ace or due to the surf ace roughness of the glass slides. The dimensions of the 
analyzing beam are too large to analyze the composition variations, due to lateral averaging 
of the counts. Though it is possible to produce reflection gratings in this way, the accuracy 
that could be achieved with the setup was not sufficient to produce samples suitable for 
analysis. 

In the polymer solar cells, no Al diffusion as a function of the Al deposition rates is observed. 
However, for the slowest deposition rate of 0.45 mn/s, this cannot be completely excluded, 
since possible holes in the active layer can affect the RBS spectrum. For this deposition rate 
the Al layer also contained more oxygen in the Al layer, whereas the samples with a higher 
Al deposition rate only showed oxygen at the interface. Oxygen is not favorable in the 
device, because it might lead to oxidation of the polymer film. 
Indium diffusion into about half the PEDOT-PSS layer is observed in the case of drying the 
PEDOT-PSS after spincoating at 100°C for 1 minute, whereas no indium diffusion is 
observed, when dried at 150°C for 2 minutes. Water is believed to cause indium diffusion. 
When dried at a higher temperature and for a langer time, more water has evaporated and 
there will be less diffusion [Jon2]. 
Finally, the iodine distribution is checked fora variety of mixture ratios of PPV and I-PCBM, 
but no significant difference is found in the active layer. Therefore it is concluded that PPV 
and I-PCBM can mix very well. The solvent from which the PPV:I-PCBM is spincoated 
however did make a difference. In the case of chloro-benzene the interface between active 
layer and PEDOT-PSS layer is about a factor of two rougher than in the case of o-xylene, 
from which can be concluded that the PPV:I-PCBM solves better in o-xylene. 
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6 Conclusions and recommendations 

When preparing lithographic gratings, two different migration mechanisms are observed in 
the photoreactive mixture of (meth)acrylates. For mixtures containing Cl-labeled mono
acrylates and F-labeled di-acrylates, a preferential migration of the mono-acrylates towards 
the illuminated areas is observed, as well as thicker illuminated areas. The di-acrylates are 
more reacti ve, which cannot ex plain the observed migration directions, using the Van 
Nostrum model [Nos]. When mono-functional monomers are present in the mixture, a poor 
network will be formed and swelling is possible. A polymer network swells by suction of 
monomers and the suction of the smaller and lighter mono-acrylates is more efficient. It is 
however not merely the difference in mobility that determines the preferential migration. This 
can be concluded from the measurements on gratings prepared from a mixture of Si-labeled 
di-methacrylates and Br-labeled mono-acrylates. In this system, there is also a preferential 
migration of the mono-acrylates towards the illuminated areas. The di-methacrylates are 
considered to be more reactive and the mono-acrylates are heavier in this case, though 
smaller in size. Soit can be concluded that the difference in size determines the preferential 
migration of the mono-acrylates, due to swelling of a poor network. This is supported by the 
Flory-Huggins theory [Flo,Hil]. Smaller molecules have more configurational possibilities 
than larger ones, in the volume of the illuminated area. Soit is energetically more favorable 
to store small monomers in the swelling network, even if this means that the concentrations 
of the illuminated and dark areas are not the same. 
Another migration process is observed in a mixture containing two di-functional acrylates, 
the F-labeled di-acrylate and the Si-labeled di-methacrylate. In this system there is a 
preferential migration of the di-methacrylates towards the illuminated areas and no thickness 
variations are observed. The di-methacrylate is considered to be more reactive in 
copolymerization [Odi]. Since only di-functional (meth)acrylates are present, a dense 
polymer network is created, due to cross-linking. Consequently no significant suction of 
monomer occurs and the migration process is determined by differences in reactivity. So two
way diffusion occurs only in the case of a high degree of cross-linking. This is also predicted 
by the Flory-Huggins theory, in the case of equal monomer sizes. So the two-way diffusion 
model of Van Nostrum is only valid fora special case of the Flory-Huggins theory. 
Polymer films prepared from a mixture of the di-acrylate, the di-methacrylate and the Cl
labeled mono-acrylate show migration of the di-methacrylate towards the illuminated area 
and an opposite migration of the other two. There are no thickness variations observed in the 
film, which is explained by the formation of a dense network. The considered most reactive 
di-methacrylates migrate towards the illuminated areas, which could be expected from the 
discussed migration processes. However, in the other analyzed gratings, the mono-acrylates 
always migrated towards the illuminated areas, even when there is only a small amount of the 
mono-acrylates present in a mixture, so in a dense network. Apparently, the differences in 
reactivity are larger in this three (meth)acrylate system, in combination with a possible denser 
polymer network. 
DSC measurements can only determine the average copolymerization rate, soit cannot be 
concluded from these measurements which monomer is the more reactive one. On the other 
hand, real-time infrared spectrometry can be performed on the three acrylate system and 
determine the conversion of a specific monomer versus time. This method is based on the 
infrared activity of the double bonds, which is characteristic to the individual monomer [Sha]. 
It can be concluded from the three acrylate system that the migration direction of the mono
acrylate can be controlled by adding an extra di-functional monomer to the mixture. 
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With the acrylates and the discussed migration processes, only a working polymer diffusor 
film can be made from a mixture containing the Si-labeled di-methacrylate and the Cl-labeled 
mono-acrylate, since the mono-acrylate preferentially migrates towards the illuminated areas 
and the desired higher refractive index in these areas is created. Apparently, it is possible to 
control the composition and thickness variations of the polymer film and consequently its 
properties. The difference in refractive index between the (meth)acrylates is only small. To 
create amore effective diffusor film, a small high index mono-acrylate and a large low index 
di-(meth)acrylate should be used. The mono-acrylates will preferentially migrate towards the 
illuminated areas, creating cones in the polymer film in this case, and thickness variations 
will occur. The areas with lower index material can effectively be filled with black paint, due 
to the thicker areas. In this way, a polymer diffusor is created with bright pixels and the 
ability to reflect incoming light under a wider range of angles. Also, the black painted areas 
reduces the reflection of sunlight and sunlight cannot enter the diffusor at these positions, 
avoiding possible degradation of the polymer film. 

The observed migration processes also appear to be applicable to samples prepared with an 
intensity difference over the sample thickness. The intensity gradient, by adding an amount of 
dye to the mixture of (meth)acrylates, creates composition differences of a few percent. Since 
the samples are prepared on a hot plate, a temperature gradient is created over the thickness 
of the sample, which has as much effect on the migration process as the intensity gradient, 
though in opposite direction. The polymer films are prepared at an elevated temperature of 
75°C, since the (meth)acrylates used are manageable at this temperature. lf other 
(meth)acrylates were used, the temperature gradient could be ruled out and larger 
composition differences could be achieved with this dye. The dye used can only be dissolved 
toa maximum of 2 weight %. Dye with a larger absorption coefficient or a dye that can be 
dissolved toa larger extent would increase the intensity gradient and consequently the 
composition differences. lf a larger intensity gradient is applied, thinner polymer films could 
be produced and spincoating the mixture would become an option. When the samples are 
spincoated, the heat conduction would be better, resulting in a reduction of possible loss of 
matter during analysis. 

No composition variations are detected in reflection gratings, using cryogenic RBS 
measurements. Fringes at the surf ace of some of the samples indicate that probably gratings 
are created, but that they make an angle with the sample surf ace. Since the fringes are about 1 
mm apart, it is not possible to analyze the gratings with a beam of 2 mm in diameter. Though 
surf ace roughness of the glass slides might also be of influence. With a cryogenic 
microprobe, the sample could be analyzed and averaging of counts of the scanned area would 
not effect the spectra. The same result would be reached if positioning of the two beams, 
creating an interference pattem, and sample, could be aligned toa higher accuracy. 

In the polymer solar cells, no Al diffusion into the active layer, as a function of the Al 
deposition rates, is observed. For the slowest deposition rate of 0.45 nm/s, this cannot be 
completely excluded, since possible holes in the active layer affect the RBS spectrum. 
Indium diffusion into about half the PEDOT-PSS layer is observed in the case of drying the 
PEDOT-PSS after spincoating at 100°C for 1 minute, whereas no indium diffusion is 
observed, when dried at 150°C for 2 minutes. Water is believed to cause indium diffusion, so 
when dried at a higher temperature and for a longer time, more water has evaporated and 
there is less diffusion [Jon2]. 



Conclusions and recornrnendations 

The iodine distribution within the active layer is checked fora variety of mixture ratios of 
PPV and 1-PCBM, but no significant difference is found. The solvent from which the PPV:I
PCBM is spincoated, however, did make a difference. In the case of chloro-benzene, the 
interface is about a factor of two rougher than in the case of o-xylene. Soit can be concluded 
that the PPV:I-PCBM solves better in o-xylene. 
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Appendices 

Table a.1: Certified values of Na, S, Cr, Mn, Fe, Cu and Zn [Col], Al, Si, K and Ca are 
determinedfrom the given areal density of the "jly-ash"·sample of 260 µglcm2 [Gril and in 
addition Cl [Que]. The measured values are determined using a fit in AXIL [Esp] and 
different inserted values in the PANEUT program [Mun] for the window and filter thickness. 
The total thickness includes the methylcellulose foil. 

filter in µm - - - 53 ± 3 70 76 
window in :lm 10 ± 1 13.5 14.5 10 ± 1 13.5 14.5 

Certified 
Absolute 

El em. value 
value in in in In in In 

µgig 
m µg/cm2 µg/cm2 µg/cm2 µg/cm 2 µg/cm2 µg/cm2 

ug/cm2 

Na 
3740± 0.97 ± 0.75 ± 1.1 ± 1.1 ± 

150 0.04 0.07 0.1 0.1 
Al 34 ± 1 29 ±2 32 ±2 33 ± 2 13 ± 1 27 ±2 29 ±2 
Si 58 ± 1 43 ± 3 46 ± 3 47 ± 3 26 ±2 43 ± 3 45 ± 3 

s 4000± 1.04 ± 0.84 ± 0.87 ± 0.88 ± 0.88 ± 1.11 ± 1.13 ± 
200 0.05 0.07 0.07 0.07 0.07 0.08 0.08 

Cl 
323 ± 0.084 ± 0.27 ± 0.28 ± 0.28 ± 0.17 ± 0.20 ± 0.21 ± 

22 0.006 0.02 0.02 0.02 0.02 0.02 0.02 

K 10.5 ± 9.2 ± 9.3 ± 9.4 ± 8.6 ± 9.3 ± 9.4 ± 
0.5 0.8 0.8 0.8 0.7 0.8 0.8 

Ca 
3.7 ± 3.3 ± 3.4 ± 3.4 ± 3.2 ± 3.5 ± 3.5 ± 
0.2 0.3 0.3 0.3 0.3 0.3 0.3 

Cr 
178 ± 0.046 ± 0.09 ± 0.09 ± 0.09± 0.05 ± 0.05 ± 0.05 ± 

13 0.004 0.01 0.01 0.01 0.01 0.01 0.01 

Mn 
479 ± 0.125 ± 0.16 ± 0.16 ± 0.16 ± 0.11 ± 0.11 ± 0.11 ± 

16 0.004 0.02 0.02 0.02 0.01 0.01 0.01 

Fe 
33800 ± 8.8 ± 9.1 ± 9.1 ± 9.1 ± 9.0± 9.2 ± 9.2 ± 

700 0.2 0.6 0.6 0.6 0.6 0.6 0.6 

Cu 
176 ± 0.046 ± 0.24 ± 0.24 ± 0.24 ± 0.05 ± 0.05 ± 0.05 ± 

9 0.002 0.02 0.02 0.02 0.01 0.01 0.01 

Zn 
581 ± 0.151 ± 0.13 ± 0.13 ± 0.13 ± 0.18 ± 0.18 ± 0.18 ± 

29 0.007 0.01 0.01 0.01 0.01 0.01 0.01 

Total 1.42 
1.37 ± 1.38 ± 1.38 ± 1.33 ± 1.36 ± 1.39 ± 

thickness mg/cm2 0.05 0.05 0.05 0.05 0.05 0.06 
mg/cm2 mg/cm2 mg/cm2 mg/cm2 mg/cm2 mg/cm2 

Table a.2: Transmission of beryllium filter, calculated from the ratio of measured counts with 
and without the filter in front of the detector, and determined for different inserted filter 
thi ckness from the PANEUT database [Mun]. 

Element 
Calculated from 

counts 
53 ± 3 µm 70µm 76µm 

Al 0.082 ± 0.008 0.19 ± 0.02 0.10 ± 0.01 0.094 ± 0.009 
Si 0.22 ± 0.02 0.36 ± 0.03 0.24 ± 0.02 0.23 ± 0.02 
s 0.69 ± 0.07 0.65 ± 0.07 0.54 ± 0.06 0.54 ± 0.05 
Cl 0.49 ± 0.06 0.74 ± 0.08 0.66 ± 0.07 0.66 ± 0.07 
K 0.82 ± 0.08 0.86 ± 0.08 0.82 ± 0.07 0.81±0.07 
Ca 0.89 ± 0.09 0.90 ± 0.08 0.86 ± 0.07 0.86 ± 0.07 
Ti 0.91±0.09 0.94 ± 0.08 0.92 ± 0.07 0.92 ± 0.07 
Fe 0.98 ± 0.09 0.98 ± 0.08 0.97 ± 0.08 0.97 ± 0.08 
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Technology assessment 

Technology assessment 

This graduation study is canied out at the group Physics and Applications of Ion Beams at 
the department of Applied Physics at the Eindhoven University of Technology. In the group, 
a variety of ion beam analysis techniques is applied for the analysis of various materials, e.g. 
biologica! tissues, crystalline structures and polymers. 
In this graduation report, polymer films are prepared from a mixture of (meth)acrylates by 
UV exposure to study the rnigration processes, which occur during UV polymerization of the 
mixture. The samples are analyzed by means of PIXE (Particle Induced X-ray Emission), 
PIGE (Particle Induced Gamma-ray Emission) and RBS (Rutherford Backscattering). The 
occuning migration processes are deduced from composition variations in the observed 
spectra. To study lateral composition variations on micrometer scale, a scanning proton 
microprobe is used. Composition variations with depth are analyzed with a cryogenic RBS 
setup, since cooling of polymer samples is necessary to reduce the damage, when using an 
analyzing He+-beam. 
From the observed migration processes in the studied (meth)acrylate mixtures, it should be 
possible to prescribe the resulting polymer film and its properties from an arbitrary mixture of 
(meth)acrylates and pattem of UV exposure. So the precisely design of the molecular 
structure in a polymer film and consequently the properties of the polymer film can be 
controlled. In this report, diffusor films are prepared, which can be used to increase the 
viewing angle of displays. Other possible applications of polymer films prepared in this way 
are e.g. broad band filters, polarizers and liquid crystalline displays (LCD's). 
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