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Summary 

The goal of the graduation work described in this report is to design an optica} set-up for 
the Fourier Transformed Reflection Absorption Infra-Red Spectroscopy (FT-RAIRS) 
and to integrate spectroscopie ellipsometry and FT-RAIRS onto the existing HiREELS 
set-up. By camparing results with literature the spectroscopie ellipsometry and FT
RAIRS set-ups were tested. After the implementation, calibration, alignment and testing 
of the ellipsometry and FT-RAIRS set-ups on the HiREELS set-up, the dielectric 
functions of Au, ITO and OCICw-PPV were determined and FT-RAIRS was performed 
on NRS-PPV, OC1Cw-PPV and PTCDA. 

With FT-RAIRS (energy range 40-1000 me V) it is possible to examine the 
vibrational structure of thin films. To implement the FT -RAIRS set-up on a UHV 
system it was necessary to focus a small infrared beam on a sample with enough 
intensity. This was achieved with an optica} system, which focused the infrared beam 
from a spectrometer outside the UHV chamber on the sample in UHV and after the 
sample the beam was focussed on a detector outside the UHV chamber. The optica} set
up was put in an airtight system, which can be filled with argon to increase stability of 
the background absorptions due to molecules in the air. The measurements on NRS-PPV 
and OC1C10-PPV films ( -130nm) showed the same vibrational transitionsas reported in 
literature for MEH-PPV. The FT-RAIRS measurements on the sample in UHV showed 
a periodical disturbance, probably due to the low intensity in combination with the used 
detector. Furthermore, it is discussed that the absorptions by a film are depended on the 
dielectric function of the substrate and on the angle of incidence/reflection. FT -RAIRS 
on PTCDA showed that with our set-up it is not possible to measure absorptions in very 
thin films ( -1.5nm). The signal-to-noise ratio was to low to detect the vibrational 
transitions of PTCDA. 

With the implemented spectroscopie ellipsometer the dielectric function of a 
solid (energy range 0.90-5.08eV, resolution 0.05±0.01eV) can be determined, which 
gives information about the band gap, absorptions due to interband transitions and the 
plasman frequency. The set-up was calibrated and the optimum alignment of the 
components was examined. Test measurements on an Au-coated mirror showed that the 
energy range for reliable results depends on the intensity. The dielectric function of ITO 
and OC1Cw-PPV were determined in an energy range of 1.30-3.30eV with the use of 
ellipsometry measurements on ITO/glass and OC1Cw-PPV on ITO/glass and with the 
use of a model. The imaginary part of the dielectric function e2( m) of OC1Cw-PPV 
showed two clear peaks. In literature was found that one peak (2.55±0.03e V) is due to 
the 1t --7 1t* transition of the main chain of the PPV. Por the other peak (2.16±0.02e V) it 
is suggested that it is due to emission. When the OC1C10-PPV film on ITO/glass was 
exposed for a day to air than both the eJ( m) and e2( m) were found to decrease, which can 
be attributed to degradation of the OC1Cw-PPV. 
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Chapter 1: Introduetion 

1.1 Motivation 

There exist many different techniques to determine the properties of a surface. With 
these techniques the composition (e.g. LEIS, XPS and AUGER), atomie structure (e.g. 
AFM, STM and LEED), vibrational structure (e.g. HREELS and FfiRS) and electrooie 
states (e.g. ellipsometry, UPS and HREELS) of a surface can be investigated. In most 
techniques a beam of particles, (atoms, ions, electroos or photons) with well-defined 
energies is directed at the surface and the energy and/or distribution of the scattered or 
ernitted particles are analyzed. In order to keep the surface clean and to prevent 
hindering the partiele beam, the measurements must be performed under Ultra-High 
Vacuum (UHV) conditions. 

High-Resolution Electron Energy-Loss Spectroscopy (HREELS) is a powerlul 
analytica} technique to examine both the vibrational and electrooie structure of clean and 
absorbate-covered solid surfaces. The application of HREELS can be made even more 
powerlul by actdition of complementary optical thin-film techniques: ellipsometry and 
Fourier Transformed Reflection Absorption Infra-Red Spectroscopy (Ff-RAIRS). 
With ellipsometry the dielectric function of thin-films can be determined. With this 
dielectric function it is possible to determine electrical properties of the thin-film such as 
band-gapand plasmen frequency. With Ff-RAIRS it is possible todetermine the 
vibrational structure of an organic material (thin film) on a metal which provides a 
fingerprint of the molecules present in the materiaL 

Ellipsometry and Ff-RAIRS are both thin-film techniques. As HREELS is 
strictly surface sensitive, the combination of these techniques with HREELS provides 
the possibility to distinguish between bulk and surface properties. Furthermore, 
ellipsometry and Ff-RAIRS are both optica! techniques, implying that only singlet
singlet transitionscan be observed. With HREELS singlet-triplet transitionscan be 
observed, besides singlet-singlet transitions. Hence, the combination of the optical 
techniques with HREELS provides a way to distinguish between singlet-singletand 
singlet-triplet transitions. A disadvantage of HREELS is, that it uses charged particles to 
probe the surface. As a consequence electrically insulating samples, such as conjugated 
organie films, are difficult to study. In contrast, both ellipsometry and Ff-RAIRS can be 
applied on such systems. The resolution that is obtained with Ff-RAIRS (2cm-1

) is 
much higher than that possible with HREELS (12cm- 1

). Hence, Ff-RAIRS can unravel 
vibrational features that lie close in energy. So, these three techniques together create a 
very powerlul set-up for investigation of vibrational and electrooie structure of thin
films and surfaces. 

The goal of the graduation work, described in this report, was to design an 
op ti cal set -up for the Ff-RAIRS and to integrate spectroscopie ellipsometry and Ff
RAIRS onto the HiREELS set-up. By cernparing results of those two set-ups with 
already known properties from literature the spectroscopie ellipsometry and Ff -RAIRS 
set-ups were tested. For instanee what thickness of the thin-film can be investigated with 
the Ff -RAIRS set-up, which components in the set-ups are critica! in the alignment and 



what is the energy range of the spectroscopie ellipsometry set-up for which the results 
can be trusted. 

After the implementation, calibration, alignment and testing of the spectroscopie 
ellipsometry and Ff-RAIRS set-ups on the HiREELS set-up, the dielectric functions of 
ITO and OC1C 10-PPV were determined and the infrared absorption spectra of OC 1Cw
PPV and PTCDA were determined. 

1.2 The Ultra-High Vacuum set-up 

The HiREELS set-up consists ofthree Ultra-High Vacuum (UHV; 10-9mbar) chambers 
and a Fast Entry Loadlock (FEL) connected to one another. Figure 1.1 shows a 
schematic representation in topview of the set-up. All the chambers are home-made by 
the technica! workshop (GTD) of the Eindhoven university of technology. The first 
UHV chamber is devoted to HREELS measurements. The second UHV chamber is the 
most important chamber for this thesis because the ellipsometry and the Ff-RAIRS set
ups are mounted on this UHV chamber. The next section will describe this chamber in 
more detail. The third UHV chamber provides the possibility to perform LEED and to 
heat a sample (annealing). The sample can be heated by radiation from a filament or by 
e-beaming. 

1) UHV chamber 
• HREELS 

2) UHV chamber 
• ellipsometry (1-4 eV) 
e RAIRS ( IntraRed) (70-930 me V) 
• evaporation (metal, organics) 
• sputtering + gas treatments 

transfer rod 

manipulator/sample position 
• liquid N 2 cooling 
• heating to 600 K 
• 160° polar-angle range 
• 180° azimuth range 

3) UHV chamber 
e LEED 
• heating to 1300 K 
• gas treatments 

Fast Entry Laadloek 

Figure 1.1 Top view ofthe total HiREELS set-up m. 
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When loaded in the FEL, samples can be transferred with a magnetic rod to the sample
stage in the LEED chamber or that on the manipulator. With the manipulator the sample 
can be positioned correctly to perfarm the various measurements with HREELS, 
ellipsometry or Ff -RAIRS. The variables of the manipulator are the 3 translation 
directions and the sample angle. When taking into account hysteresis effects, i.e. always 
position the angle in the same way (for instanee from low to high values), the 
reproducibility of the manipulator is -10 Jlm for the 3 translation directions and -0.01 
degrees for the sample angle. 

1.3 The UHV chamber for ellipsometry and FT-RAIRS 

The most important UHV chamber at the HiREELS set-up for this thesis is the second 
UHV chamber, because the ellipsometry and RAIRS set-ups are mounted on this 
chamber. Figure 1.2 shows the sideview of this UHV chamber. The UHV chamber for 
ellipsometry and Ff-RAIRS can also be used for sample preparations, such as 
sublimation of organic molecules and sputtering of the sample. 

Figure 1.2 

manipulator 
~ 

~ 
I 

HREELS 
vacuum chamber 

Sideview ofthe UHV chamber for ellipsometry and FT-RAIRS [1). 

Numbers 1 and 3 are viewports to look into the vacuum chamber. The 
quartz viewports (number 2) are mountedfor the ellipsometry set-up. 
Number 4 is a ZnSe-viewportfor the incident beam ofthe FT-RAIRS set
up, the port for the FT-RAIRS detector is at the back. Numbers 5 and 6 
are ports available for the sublimators. Number 7 and 8 are ports for 
respectively the pressure gauge and the mass spectrometer. Appendix A 
shows the cross-sections AA and BB. 
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The chamber is pumped with a hybrid turbomolecular pump (HY.CONE 200, 
Leybold) and a pre-pump (rotary vane pump RV5, Edwards). Sample transfer, sample 
temperature and the condition of the chamber can be monitored via a viewport (number 
1 in figure 1.2). 

The opties needed to perform ellipsometry are mounted in tubes that are 
positioned on two ports (2) with special shaped quartz viewports. Appendix B shows the 
transmission spectrum of quartz. These viewports are mounted with an angle of 136.6° 
relative to one another. A viewport (3) can be used to monitor the light spot on the 
sample surface. Two uncoated ZnSe viewports (4) (Vacüptix Caburn-MDC) are present 
to enable the Ff-RAIRS set-up. Appendix B shows the transmission spectrum of ZnSe. 
The viewports are mounted with an angle of 15° with respect to one another. 

The growth of thin metallic and/or organic films on substrates is possible by the 
use of sublimators on two ports (5 and 6), which have an identical orientation with 
respect to the sample surface. In this research an organic sublimator was used to deposit 
thin PTCDA films on Ag(111) without contaminating the whole chamber. 

Additional ports have been mounted on the chamber for a pressure gauge (7) 
(IE514 extractor, Leybold-Heraeus), mass spectrometer (8) (Vacscan, Spectra) and ion
gun (position is showed in appendix A) (IQE 12/38 & PS-DF12, Leybold-Heraeus). 
Both the ion-gun and mass spectrometer are mounted on length-pieces to prevent 
collision with the manipulator. 

1.4 Outline of the report 

This report is divided in two parts: The first part deals with Fourier Transformed 
Reflection Absorption Infra-Red Spectroscopy (Ff-RAIRS) and the second part with 
fast spectroscopie UV/visible ellipsometry. 

The theory of absorption infrared spectroscopy in general is discussed in chapter 
2 and chapter 3 deals with the ex perimental details of the Fr -RAIRS set-up. In this 
chapter, in particular the designed optica} set-ups and the data analysis for the Ff
RAIRS are discussed. The part of the report about Fr -RAIRS is concluded with the 
results of the measurements in chapter 4. 

The second part starts with chapter 5 about the theory of ellipsometry. In this 
chapter also the dielectric function is derived out of the Maxwell equations and the 
Lorentzand Drude model for the dielectric function are discussed. The experimental set
up for fast spectroscopie ellipsometry is discussed in chapter 6 and this part is again 
concluded with the results of the measurements in chapter 7. 

The conclusions of both parts are given in chapter 8. This chapter contains also 
some recommendations. 
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Chapter 2: Theory Infrared Spectroscopy 

In this chapter the principles of infrared spectroscopy wil! be explained. With infrared 
spectroscopy it is possible to detect transitions between vibrational-rotationallevels of 
molecules. These transitions provide a fingerprint of the molecule and, therefore, it is 
possible to determine which molecules are present in a sample. This chapter starts with 
a description of vibrational and rotational energy levels. Aft er that, the transitions 
between vibrational-rotationallevels wil! be discussed. The chapter concludes with the 
differences between vibrational modes in an adsorbed molecule compared to those in a 
molecule in the gas phase. 

2.1 Vibrational energy levels 

The simplest possible model to describe the vibration of a diatomic molecule is to treat it 
as a harmonie oscillator with a classica! vibrational frequency Vosc [

21
: 

(2.1) 

with k the spring constant of the bond between the atoms and J1 the reduced mass of the 
molecule. 

Figure 2.1 Harmonie oscillator 

The poten ti al energy V of a harmonie oscillator is a quadratic function of the di stance ( r
r0) between the atoms 

1 2 
V=-k(r-r0 ). 

2 
(2.2) 

Solving the Schrödinger equation using this potential yields equidistant energy levels 

E .b = hcO'v(n +_!_), with n = 0,1,2, .... 
VI 2 (2.3) 

with n the vibrational quanturn number, h Planck's constant, c the speed of light and 
O'v=Voscl c the vibrational wavenumber (1/À) [21

. The harmonie oscillator is only a first 
order approximation of the an-harmonic potential (Morse potential) that describes the 
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vibrations in a molecule. The harmonie potential model is only valid for small values of 
the distance (r-r0) between the atoms. 

Table 2.1 Vibrational wavenumbers (in cm-1
) of some molecular groups [3). 

=c H 
3020 1650 _cyH 1100 

-C 
"-H 

" 2960 " / 900 r,::yH 1000 -e-H -c-c-
/ / " -C-H 

"-H 
-0-H 3680 " 1100 

"- ~H 1450 -C-F 
/ /c 

H 

" 3350 " 650 H 1450 -N-H -C-Cl -c1.H / 
"-H 

-C_N 2100 " 560 (\ 300 -C-Br c-c_c 
/ 

In table 2.1 the vibrational wavenumbers (in cm-1
) of some molecular groups are given. 

Every molecule containing such a group bas a vibrational transition with a wavenumber 
close to the one given [21 . The table contains values for two types of vibration, namely 
stretching modes and bending modes. Figure 2.2 visualises these vibrations and also two 
other types of vibration. From the table it can be seen that there is a great diversity in the 
wavenumbers of the different vibrational transitions. 

.. .. 

Stretching 

Bending 

Rocking Twisting 

Figure 2.2 Overview ofvibrational types fZJ (A and B indicate different atoms). 
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2.2 Rotational energy levels 

The rotational eigenstates are obtained by descrihing the molecule as a rigid rotator. The 
distance between the atoms is fixed and evaluating the Schrödinger equation with V=O 
results in the rotational eigenstates given by [21 : 

(J rot = Erot =BJ(J +1), 
he 

(2.4) 

with O'rot the rotational wavenumber (1/À), J the rotational quanturn number and B the 
rotational constant. The rotational constant for a molecule, is given by 

(2.5) 

with Ib equal to the moment of inertia of the molecule perpendicular to the main axis of 
the molecule and h the Planck constant. Note that an increase in vibrationallevel 
increases the internuclear distance and thus the moment of inertia Ib , which means that 
the rotational constant depends on all the vibrational levels. According to the literature 
[21 this is only a small difference, so for all vibrationallevels the Bis taken the same. 

2.3 Transitions between vibrationallevels or vibrational-rotationallevels 

With infrared it is possible to detect vibrationallevel transitions. Within a vibrational 
level transition it is also possible that the rotationallevel changes, in this report this 
transition is further called vibrational-rotationallevel transition. Transitions between 
vibrationallevels caused by electromagnetic waves, i.e. photons, involve dipole 
interaction with the molecule (see figure 2.3). 

Figure 2.3 

electric field 

+ + .· ... 
/ ·. 

dipole ·. 
/ 

force · • ... •' 

+ - + -
time~ 

Interaction between a dipale and an electromagnetic field f41. C means 
contraction and S means stretch. 
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If a dipale is placed in an electric field then by definition the field will exert farces on 
oppositely charged particles in opposite directions. If the field is reversed periodically 
then the dipale will experience farces altemately trying to increase and decrease the 
dipale moment. Therefore, the asciilating electric field of the pboton drives a molecule 
to vibrate at the frequency of the photon. Since, a molecule has certain resonant 
frequencies (nuclear vibrational frequencies) a pboton will try to excite these resonant 
frequencies: normal modes. In a normal mode every atom moves with a simple 
harmonie motion with the same frequency, and every atom goes through the equilibrium 
position simultaneously. The transition between two statesis only possible when the 
energy of an absorbed pboton exactly matches the energy difference between the two 
states. Since the transition between two states by electromagnetic wavescan only 
happen through a change in dipale moment, this is a selection rule for infrared 
measurements. 

Furthermore, it is only possible to detect vibrational transitions in a thin film 
(few monolayers) on a metal if there is a change in dipale moment perpendicular to the 
metal surface. The reason is that for a metal ( where ë> > 1) the component of the electric 
field in the incident light parallel to the surface is nearl y zero [SJ_ Consider an electric 
field of a dipale placed closetoa metal. This dipale creates a mirror dipale due to image 
charges in the metal (see figures 2.4a and b). When the dipale and his mirror dipale are 
close tagether (thus for the dipales in the first few monolayers) they cancel each other 
when the dipale is parallel to the metal surface (see figure 2.4a) and they strengthen each 
other when the dipale is perpendicular to the metal surface (see figure 2.4b ). 

Figure 2.4 

A B 

Dipale and carrespanding mirrar dipale in a metal when (a) the dipale is 
parallel ta the metal surface and (b) when the dipale is perpendicular ta 
the metal surface 

The probabilities of the transitions between vibrational levels, under the 
influence of radiation are determined by the operator and the eigenfunctions of the states 
involved. The possible excitations of dipale active vibrational modes by electromagnetic 
waves, are given by [Zl: 

L1n = ±1,±2, ... (2.6) 
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Energy transitions for which the vibrational quanturn change L1n = I represent the 
wavelengtbs of the fundamental absorption band. When L1n = 2 the transitions represent 
the first overtone absorption band. Equation 2.7 gives the selection rule for rotational 
transitions [21 . 

!ll =0,±1. (2.7) 

With the forgoing equations the vibrational-rotational transition energies are given by: 

t::.E =he( a v&-t + 2B(J + 1)) 

t::.E = he( (j v&l) 

f::.E = he( (j v&l- 2BJ) 

with AT =+1 

with ~J = 0 

with ~J =-1 

R-band. 

Q-band. 

P-band. 

In equations 2.8 J indicates the quanturn number of the initial state. 

(2.8) 

The transitions fora particular ..1n and !ll =+1 or !ll =-1 result in a band of absorption 
lines (see figures 2.5 and 2.6), because every initial rotationallevel J gives a slightly 
different L1E (usually the difference is larger than the resolution). 

', 5 . J' 
M=-l M=O 

. 
M=+l . . 

', . 4 .. n=n' . . . . 
3 

','I I ... . . . 2 '·' .. I I I I 

10 . . . J I I I 1'-.t 

5 . 
tI t t 

I I I I 

I I I I 

I I tI 

I I I ~~ 
4 ... . . . 

n=n ... 
I IJ 

3 

:v 2 . 
v 

1 0 

• P-branch 11~11 
R-branch~ 

I I I I I I I I I I cm·' 

P5 P4 P3 P2 PI RO Rl R2 R3 R4 

Figure 2.5 Energy level diagramfor simple rotational-vibrational spectra. 
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0.09 

0.08 a 
0 .07 

~ 
0.06 

:::J 

~ 0.05 

c 0.04 g 
c. 

0.03 .... 
R6 RB 0 

(/) 
P6 .0 0 .02 PB P4 R4 

< 
0 .01 

0 .00 

2900 3000 3100 3200 

Wavenumber (cm-1) 

Figure 2.6 lnfrared absorption spectrum. 

According to equation 2.8 all the transitions with the same L1n and Al= 0 have the same 
energy. But actually this is not true, because in the previous sectien it was discussed that 
the rotational constantBis slightly different for different vibrationallevels. The energy 
shift between an transition with L1n=l, 1=0 and Al= 0 and a transition with L1n=l, 1=1 
and Al= 0 is equal to (B' '-B ')1( 1+ 1 ), where B'' is the value of B fortheupper 
vibrationallevel and B' the value of B for the lower vibrationallevel. In literature is 
found that this shift is usually smaller than the measurement resolution so that the Q
band is a continuous band in measurements and consists not of discrete lines [21 . In some 
cases Al=O is not allowed due to symmetry in the molecule and/or vibration, so that the 
Q-band does not exist [21 . 

An important thing to keep in mind is that the selection rule for the rotational 
transitions of Al = 0, ±1 is only true when we are dealing with molecules in the gas 
phase. In solids there are no free rotations possible so in solids Al= 0. 

2.4 Change in vibrational structure of molecules upon adsorption 

When a molecule is adsorbed on the surface there appear new normal modes at 
vibrations that are notpresent in the gas phase. This can be illustrated by considering a 
homopolar diatomic molecule bounded toa surface (figure 2.7). In the gas phase the two 
nuclei have six degrees of freedom in total (3 translations, 2 rotations and 1 stretching). 
Since the translation and rotational modes have no restoring force they behave as 
normale modes with eigenfrequency zero. When a molecule is adsorbed on a surface 
(figure 2.7) the molecule bas a finiterestoring force for the translational and rotational 
modes and thus can not rotate and translate freely anymore. The consequence of this is 
that the degrees of freedom associated with rigid body molecular translations and 
rotations in the gas phase now become normal modes of vibration with finite 
frequencies. One refers tothese modes as the "hindered translation modes" and the 
"hindered rotations modes". 
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Figure 2.7 Molecule adsorbed on a suiface. 

Besides the new detectable vibrational modes the adsorption process will also 
change the restoring force of already detectable vibrations of the molecule in the gas 
phase. This change in restoring force implies a change in the resonant eigenfrequencies 
of the molecule and thus, a change in vibrational transition energies. 

The bonding of a molecule to the substrate alters also the shape of the molecule 
so the basic symmetry will also be different. This means that modes degenerated in the 
gas phase can split after adsorption [51 . 

Furthermore, normal modes of the molecule which fail to produce an oscillating 
electric dipole moment in the gas phase can become dipole active when the entity is 
bound to the surface [51 . For instanee a C=C bonding is in the gas phase not dipole 
active, but when it is adsorbed, the bonding with the substrate can create an asymmetry 
in the C=C bonding so that this bonding becomes dipole active. 
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Chapter 3: Experimental set-up Foorier Transform 
Reflection Absorption lofra-Red 
Spectroscopy (FT-RAIRS) 

In this chapter the set-up ofthe Fourier Transfarm Reflection Absorption lnfra-Red 
Spectroscopy (FT-RAIRS) is described. With this set-up it is possible to delermine 
vibrational transitions of molecules in a solid. The set-up consists of three parts: the 
infrared spectrometer, the sample in Ultra High Vacuum (UHV; -10-9 mbar) and the 
detector. ft is necessary to use optica[ elements between these parts to optimise the 
intensity of scattered IR-radiation on the detector. In particular the design ofthe optica[ 
set-up is discussed in this chapter. Also the data processing is explained. 

3.1 The set-up 

The principle of Fourier Transformed Infra-Red (FTIR) spectroscopy is that a photon 
induced transition between vibrational-rotationallevels can only occur if the energy of 
the photon exactly matches the energy difference between these levels (see section 2.3). 
The absorption of the photon implies that the measured intensity spectrum shows an 
intensity decrease at the energy corresponding to the transition between vibrational
rotationallevels. FTIR spectroscopy can be performed in transmission mode and 
reflection mode. Of course, the choice between these methods depends on the sample. 
For instance, in the case of metals the reflection mode is used, because metals are better 
reflectors than transmitters in the infrared regime. As in our case, in particular thin films 
on metal substrates are examined, the measurements were performed in reflection mode: 
Fourier Transfarm Reflection Absorption Infra-Red Spectroscopy (FT -RAIRS). Figure 
3.1 shows the FT-RAIRS set-up that was incorporated on the HiREELS set-up. 

,----------,- - - - - - ----

LR. : optica! 
souree · components 

'----- - ----' ' - - - - - - - - -

vacuum 
chamber 

sample 

: opticru - - - : B etector 

. components : 

- - - - - - - -

Figure 3.1 Schematic side view of the set-up for FT-RAIRS. 

The infrared radiation in the FT-RAIRS set-up is produced by a glow bar, which is 
located inside a commercial infrared spectrometer from Bruker (vector22). The 
"Bruker" contains also an interferometer, which modulates the intensity of the infrared 
radiation coming from the glow bar (see section 3.5). After passing the interferometer 
and opties the infrared beam exits the "Bruker" with a diameter of 50mm and a few 
degrees (about 3°) divergence. 

To measure the infrared absorption spectrum of a sample it is necessary that the 
beam detected by the detector is scattered only by the sample. The typical size of a 
sample in the UHV set -up is 1 Ox 10 mm2 and the angle of incidence of the beam with 
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respect to the normal of the sample surface is 82.5°, this means that the light-beam must 
be smaller than 1.3mm in height (d in figure 3.2) at the sample position. In the direction 
perpendicular to figure 3.2 the light beam is allowed to be 10mm. 

d = 1.3mm t : : --: : : ----: : : : : : : : : : : : : : : : : --------------

Figure 3.2 

sample of 1 Omm 
angle of incidence 82.5 ° 

Side view of the light-beam incidence on the sample. Size of the sample is 
1 Omm and the angle of incidence of the beam with respect to the normal 
ofthe sample swface is 82.5°. 

The desired beam diameter in vertical direction (d in figure 3.2) at the sample position is 
1mm (instead of the calculated 1.3mm) so that it is also possible to measure samples 
which are a little smaller than lOmm. This beam reduction from 50mm to 1mm must be 
accomplished with optica! components. Due to some design constraints this can not be 
achieved without large intensity loses (see next section). The sample reflects the beam 
toa detector (MCT) with a detection area of only 1x1 mm2

. Therefore, an optica! 
system that focuses the reflected beam on the detector is needed (see section 3.3). The 
detector measures the total intensity of the reflected modulated beam and produces an 
output signa!. This signa! goes to the "Bruker" where it is coupled to the optica! path 
difference in the interferometer. This results in an intensity of the detected modulated 
beam as function of the path difference in the interferometer, which is equal to the 
Fourier eosine transform of the IR-spectrum. Section 3.5 describes the data processing 
in more detail. 

3.2 Design considerations of the optical set-up between spectrometer and sample 

As noted in the previous section the diameter of the infrared beam has to be reduced 
from 50mm at the exit of the spectrometer to 1mm at the sample (which is in UHV). 
Hence, the beam must be focused onto the sample with optica! components. To be able 
to design this system, it is necessary to know the object height (h) and distance (s) of the 
beam leaving the spectrometer. These can be measured with a lens or mirror with 
known focallength (j). lf the image di stance (s ') and image height (h ') are measured 
then equations 3.1 and 3.2 give the object distance (s) and object height (h) for the 
source. 

1 1 1 
- ---
s f s' 

(3.1) 

Equation 3.1 is the well-known lens formula and the magnification factormis given by: 

h' s 
m=--=--. 

h s 
(3.2) 
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It was found that the spectrometer acts as an object with a height of 56mm at a distance 
of -560mm with regard to the exit of the spectrometer. Using these values and the 
equations 3.1 and 3.2, the optical system, which is needed between spectrometer and 
sample, is designed. The necessary magnification factor m fortheset-up is 0.018 which 
is found by dividing the image height h' (=1mm; required beam diameter at the sample 
position) by the object height h (=56mm; the object height of source). There are two 
major restrictions for the optical system to achieve this magnification factor: 

A) One restrietion is due to the fact that the infrared beam consists of photons of 
different wavelengtbs (À range 1.3J..Lm- 27J..Lm) and all these wavelengtbs must be 
focused on the sample. Because of this, lenses can not be used since a lens has 
chromatic aberrations, i.e. different focallengths for different wavelengths. Due to 
chromatic aberrations some wavelengtbs will be focused before the sample and others 
after the sample. This results in intensity loss for these wavelengtbs or partial reflection 
from the sample holder instead of the sample. The chromatic aberrations of a ZnSe-lens 1 

are discussed in appendix C. To overcome this problem mirrors are used, because 
mirrors have no chromatic aberrations. The focallength of a mirror is determined by: 

(3.3) 

where R is the radius of the mirror surface. Clearly the focallength of a mirror is 
independent of wavelength. Secondly, mirrors have the advantage that less intensity is 
lost in the optical system, because the reflection properties of Au-coated mirrors are 
better than the transmission properties of ZnSe-lenses. 

B) Another restrietion for the optical set-up between spectrometer and sample is 
the fact that the sample is located inside UHV. It is not recommended to put mirrors 
inside the UHV chamber, because during a bake-out of the vacuum system they can be 
damaged and in UHV it is difficult to adjust the mirrors (only with expensive tools the 
adjustment of the mirrors can be done from outside the vacuum system). Furthermore, 
in the same UHV chamber a sublimator is located and thus the sublimatien of material 
on a mirror could occur, thereby changing its optical properties. Hence, it is decided to 
place the mirrors outside the UHV. As a consequence the minimum image distance fora 
focussing mirror is larger than the distance between sample and vacuum window 
(230mm; see figure 3.3). Later in this section it is explained that the optical set-up will 
be put in an airtight box with a coupling piece between box and vacuum chamber; this 
coupling piece adds 140mm to the minimum image distance. Because mirrors are used 
instead of lenses, additional space is needed ( about 150mm) between the end of the box 
and the focussing mirror so that the beam can fall on the mirror (see figure 3.3). 

1 ZnSe-lenses are the most suitable for infrared transmission 
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souree 
FM· 

~ - - - - - -A: 
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vacuum 
eh amber 
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sample 
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15 cm 14 cm 23 cm 

Figure 3.3 Optica[ set-up with mirrors when only one focussing mirror is used. FM 
is a flat mirror and M is the focussing mirror. 

So the minimum image distance of the focussing rnirror is 520rnrn. Using the necessary 
magnification factor of 0.018 it can be calculated that in this case the object distance 
must be -29 meters. Th is di stance is too large for a workable design, because there is 
only lirnited space available to place the optical cornponents. Also, in the case several 
focussing rnirrors are used, it is necessary for the object distance to be 56 tirnes larger 
than the image distance (appendix D shows this for two rnirrors). So, it is necessary to 
find another way to achieve the magnification of 0.018. 

Another way to reduce the image size of an object is to use an aperture. lf the 
first focussing rnirror creates an image with eertaio dirnensions then it is possible to 
place an aperture at this image-position to reduce the size of the image. So, for a second 
focussing rnirror the object size can be adjusted with this aperture. When the object is 
made smaller (h), the necessary magnification factor m increases and therefore the 
necessary object distance ( s) decreases (see equation 3.2). This rneans that a smaller 
bearn is obtained at the expense of the intensity. The finalset-up for the optical 
components between spectrometer and sample is shown in figure 3.4. This set-up is the 
optimum calculated result of a model assurning ideal rnirrors and a homogeneaus bearn. 
The criteria of the model are: 

maximurn intensity at the sample place, 
1 rnrn bearn in diameter at the sample position, 
two apertures and two focussing rnirrors, 
the minimum image distance of the second focussing rnirror is 520rnrn, 
the rnirrors have a diameter of 50rnrn, 
object height for first focussing rnirror is 56 mrn, 
object distance for first focussing mirror is -400mm. 

The variables of the model are: 
the focal length of the rnirrors ( and thus image di stance rnirror 1 and object 
distance rnirror 2), 
the diameter of the apertures. 

Under these constraints the model results in mirrors with focallengths that were not 
cornrnercially available, so the nearest focallengths that are available were purchased 
(see appendix F). 
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Figure 3.4 

/ ' 

M2'\ - - -~ -=- >~-< --- --El 

sample 

Op tic al set-up between spectrometer and sample. The FM' s are flat 
mirrors, MI is thefirstfocussing mirror, M2 is the secondfocussing 
mirror and dl and d2 are apertures. 

The beam leaving the spectrometer has a diameter of 50mm and is divergent, because of 
this an aperture (dl) is used in the optica! set-up to eosure that the beam only reflects 
from the mirrors (diameter= 50mm) and not from the edges of the mirrors or other parts 
in the vicinity. The distance between the spectrometer and the first focussing mirror (f1 

= 200mm) is 160mm, resulting in an object distance of -400mm. The first focussing 
mirror creates an image at 130mm and at that position the second aperture is placed. 
This aperture is set to a diameter of about 0.3mm to obtain an object height of 0.3mm. 
The second focussing mirror (f2 = 150mm) is 210mm away from the second aperture 
and will create an image at a distance of 520mm. This image must be located at the 
position of the sample. In the optica! system also two flat mirrors are used to keep the 
optica! set-up compact (see figure 3.4). The angles of reflection of all the mirrors are 
taken as small as possible (22.5 degrees) this to minimise the mistakes due to 
astigmatism. 

The total path of the beam in this optica} set-up is 700mm and over this distance 
the beam can interact with the molecules (such as C02 and H20) in the air. As a 
consequence, the transitions between vibrational-rotationallevels of these molecules 
appear in the infrared spectrum. To minimise this effect the optical set-up is placed in an 
airtight box that can be filled with an inert gas, like argon, which is not infrared active. 
This means also that between box and spectrometer and between box and vacuum 
chamber coupling pieces are necessary. The base plate of the box contains screwholes, 
which are 25mm separated from each other (both directions) so that the optica! 
components in the box can be mounted with flexible distances from each other. 
Appendix E shows the box and the coupling pieces between the "bruker" and box and 
between box and vacuum chamber. 
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3.3 Design considerations of the optical set-up between sample and detector 

In the preceding paragraphit is explained how a beam with a size of lmm is achieved at 
the position of the sample. After reflection from the sample (in UHV) the beam must be 
focused onto the detector outside UHV. In order to accomplish this an optical set-up is 
needed between sample and detector. For this set-up the object height is lmm (beam 
diameter at sample) and the image height is lmm (detector diameter), which implies 
that the magnification factor can be at maximum 1. Since, the detector can be positioned 
close to the optical component this magnification can easily be achieved with only one 
focussing component. 

In principle one would like to use a mirror in an airtight system filled with argon 
for the same reasoos as discussed in the previous section. However, when a mirror is 
used the needed airtight system is too large with respect to the available space. When a 
lens is used, it is possible to construct a "pipe" between vacuum window and detector 
which makes the airtight system much compactor (see appendix E for the "pipe"). With 
a distance between lens and sample of 250mm and with a lens with focallength 50.8mm 
(À= 10.6~m) the image distance is -64mm. The length of the "pipe" is made variabie 
so that the distance between lens and detector is alsovariabie (range 55-75mm), thus it 
is possible to tune the maximum signal. In the previous section it is discussed that the 
focallength of a lens depends on the wavelength. In the set-up between sample and 
detector this is not a problem because the distance between lens and detector is variabie 
(between 55 and 75mm) so one can tune the wavelengths of interest. Appendix C shows 
that the variabie distance between lens and detector is large enough to account for the 
different image distances for the different wavelengths. The finalset-up is given in 
figure 3.5. The distance between lens and vacuum window is only 20mm. 

vacuum 
chamber 

a- ______ -1: -~ detector 

sample ~ 

~ 

one lens 

Figure 3.5 Optica[ set-up between sample and detector. 

The detector can be moved in horizontal and vertical position with respect to the lens. 
This is done with two circles that can be displaced with respecttoeach other (see 
appendix E) and so it is possible to tune a maximum detection signal. 
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3.4 Optica! set-ups in practise 

Sections 3.2 and 3.3 discussed the principlesof the necessary optica} set-ups. For the 
calculations an object distance of the souree of -560mm was used. However in practise 
the object distance of the souree was found to be -2630mm instead of -560mm. Thus 
the first focussing mirror does not give an image at 130mm but at 185mm. So, the 
second aperture must be at 185mm from the first focussing mirror. The second mirror 
still has to be 21 Omm away from the second aperture to create an image at 520mm. 
Appendix F shows the eventual optica! set-up between spectrometer and sample with 
the object and image distances of the focussing mirrors. Also the details of the 
components are listed. 

It is difficult to set the diameter of the second aperture exactly to 0.3mm. 
Furthermore, it is seen that the second focussing mirror creates successively an image 
like a verticalline ( -4mm at a distance of about 490mm from the mirror), a circle 
( -lmm at about 520mm) and a horizontalline ( -4mm at about 550mm). The horizontal 
line and the circle are proper images to have on the sample, because the spot on the 
sample may be lOmmin the horizontal direction (perpendicular to figure 3.2). 

The optica} set-up between sample and detector operates as described insection 
3.3. With the variabie distance between lens and detector it is indeed possible to tune for 
a maximum intensity of the wavelength of interest. The vertical and horizontal 
displacement of the detector is not sensitive enough to optimise the intensity. However, 
the same effect of optimising the intensity on the detector can be achieved with the last 
focussing mirror of the optica! set-up between spectrometer and sample. This is 
possible, because all mirrors are mounted in bolders that can tilt the mirrors. This way 
the spot on the sample, and hence on the detector can be shifted upwards, downwards, 
to the left and to the right. So, in this case not the detector is moved to maximise the 
intensity but the beam is focused on the detector. 

3.5 Data processing 

The main components of the "Bruker" spectrometer are an infrared souree (glow bar) 
and an interferometer. The interferometer modulates the intensity of the infrared beam, 
such that u pon Fourier transformation of the detected signal the infrared intensity 
spectrum is obtained. A typical interferometer consists of a beamsplitter and two 
mirrors. One of the mirrors is positioned at fixed distance with re gard to the 
beamsplitter, while the other one can move perpendicular to its plane (see figure 3.6 [3l). 
The purpose of the interferometer is to split a beam into two and make one of the beams 
travel a different distance than the other. The incoming beam on the interferometer 
(range 370-7500cm-1

) is divided in two beams by the beamsplitter. About one half of 
the initia} beam is reflected by the beamsplitter, while the other part is transmitted. After 
the beamsplitter the beams are reflected by the mirrors and returned to the beamsplitter 
where the beams are again partially transmitted and partially reflected. This results in an 
outgoing beam and a beam returning to the source. Both beams are a superposition of 
the beams reflected from the fixed mirror and moveable mirror. These beams interfere 
due to a difference in travel di stance. The variation in the intensity of the superposed 
beams as a function of the path length difference contains all the speetral information. 
The part that returns to the souree is not used, because it is difficult to separate it from 
the beam that comes from the source. Thus, only the outgoing beam travelling in the 
direction perpendicular to the incoming beam is used. 
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Figure 3.6 Schematic representation of the Michelson interferometer. 

The outgoing beam (output) is the superposition of the two beams with phase 
difference 8 equal to: 

27rX 
8=-=2nax 

À ' 
(3.4) 

where x is the path length difference, À the wavelength and a=X1 the wavenumber of 
the radiation. When two beams with a phase difference 8 in the electrical field are 
superposed, the resulting electrical field is proportional to the phase difference: 

8 
E- cos(-). 

2 

The intensity I is proportional to ë.Thus, 

8 
I - cos 2 

(-) - 1 + cos( 8) . 
2 

(3.5) 

(3.6) 

So, the intensity as a function of path length difference (x) consistsof a constant and 
variabie part 

I(x,a) = B(a) · [1 + cos(2nax)], (3.7) 

with B( a) the intensity at the detector position as function of the wavenumber. Only the 
variabie part of the intensity contains speetral information, so the constant part and the 
constant factors can be omitted. For a broadbanded souree with the intensity at the 
detector position as function of the wavenumber given by B( a), the total detected 
intensity becomes: 
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~ 

l(x) =I B(er) cos(2nax)der. (3.8) 
0 

This means that the measured total intensity as function of the path length difference 
(which is proportional to the moveable mirror position in the interferometer) is the 
Fourier eosine transfarm of the spectrum at detector position. By performing a eosine 
transformation of the interferogram /(x) this spectrum can thus be reconstructed. 

1 ~ 
B(er) =-I l(x)cos(2nax)dx. 

n -~ 
(3 .9) 

In a real spectrometer this last equation is not valid, because the mirror can only be 
moved over a limited distance. Consicter a monochromatic light beam at wavenumber 
era, which is modulated by the interferometer. The measured interferogram according to 
equation 3.8 is given by: 

I (x) = B( er 0 ) cos(2ner 0 x), xE [ -L,L]. (3.10) 

The difference in path length (x) of the two beams in the interferometer is limited by L, 
with L equal to twice the maximum displacement of the moveable mirror relative to the 
position where both arms of the interferometer have the same length. The interferogram 
may be thought of as the real interferogram 3.9 multiplied by a boxcar function which 
has value of 1 for -L .$'x.$' Land 0 for x<-L and x>L. Transformation of the 
interferogram 3.10 will result in 

_ L[sin(2n(er0 -er)L) sin(2n(er0 +er)L)] 
B(er) -- + , 

n 2n(er 0 - er)L 2n(er 0 + er)L 
(3.11) 

Hence, for a monochromatic beam the boxcar function creates a sine function instead of 
one peak at era (see figure 3.7 [3l). 

B(C1) t 

Figure 3. 7 Sine function at era. 
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This sine function creates extra peaks (side lobs) symmetrically to the original peak. 
The first side lob has an intensity which is 22% of the center peak intensity. The center 
peak has a width at B( cr)=O of 1 /L so the higher the value of L, the smaller the sine 
function will be. The full width at half maximum (FWHM) of the center peak is a 
measure of the instromental resolution and is given by 0.61/L [61 • The second part of 
equation 3.11 is a sine function at -era and is an artefact of the transformation. Usually 
the spectrum is created for positive wavenumbers, so the second term of equation 3.11 
cao be neglected when L and er are large enough. 

The appearance of the side lobs as described above is called 'leakage'. The 
solution of the problem of leakage is to cut off the interferogram less abruptly than in 
the case of a boxcar cut-off. This is equivalent to finding a function with a Fourier 
transfarm that has fewer or smaller side lobs than the sine function . This kind of 
functions are called apodization functions and some examples are shown in Table 3.1 
[3] ,[6] 

Table 3.1 Apodizationfunctions. For lxi>L allfunctions are equal to 0. 

Triangular 1-.::. x~L 
L 

Trapezoidal x<x, o::;;x,~L 

x-x 
1---' x, ~x~ L 

L-x, 
Hamming 

0.54 + 0.46 co{ 7) x~L 
The amplitude at the 

or Happ-Genzel boundary :x=L is still 8% 
of the amplitude at the 
origin. 

3-Term 
Ao +~ co{7) 

Ao=0.42323 
Blackmann-Harris A1=0.49755 

+~co{2~) 
A2=0.07922 

x~L 

4-Term 
Ao +A1 co{7) 

Ao=0.35875 
Blackmann-Harris A,=0.48829 

+~cosC~) 
A2=0.14128 
AJ=0.01168 

+~cose~) x~L 

To obtain the spectrum the interferogram I( x) is multiplied by the apodization function 
before it is Fourier transformed. Besides the advantage of reducing the side lobes, 
apodization has the disadvantage that the center peak becomes broader and thus the 
speetral resolution will decrease. It becomes more difficult to dissolve individuallines. 
The apodization function in use in this report is the 3-Term Blackmann-Harris. This 
because in literature [61 it is reported that this apodization function offers a good 
campromise between the suppression of the side lobs and the loss in resolution 
compared to the other apodization functions in table 3.1. The same literature states that 
the instromental resolution loss of the 3-Term Blackmann-Haris function is 50% 
compared to the boxcar cut-off (so instromental resolution is roughly 0.9/L). 
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In reality the measured interferogram is not a continuous function, but consists 
of discreet points sampled with an interval Lh. This means that the intensity !(x) is only 
measured at values of x equal to nL1x. The sampling interval is determined by means of 
the interference of a monochromatic light souree (laser), which is also guided through 
the interferometer. A separate detector detects the intensity of this light source. The 
samples are taken at the point where the intensity of the interferogram of the 
monochromatic light souree (À) has a minimum. The minimum occurs when the phase 
difference of the interlering beams is equal to 180°. So when the path length difference 
between the two mirrors is equal to half the wavelength of the monochromatic light 
souree (Lh=À/2). Due to the sampling equation 3.9 has to be rewritten as 

~ 

B(a) = L,.I(n · Llx)cos(2nan · &) . (3.12) 
n=-oo 

From this equation it can be seen that the spectrum obtained in this way is mirror 
symmetrie with regard to the wavenumber a=ll(2.1x), because 

~ ~ 

L,. I (n · Llx) cos(nn + 2nan · Llx) = L,. I (n · Llx) cos(nn- 2nan · Llx), (3.13) 
n=-oo n=-oo 

with a the distance from the wavenumber a=ll(2.1x). 
This phenomenon is called aliasing (or folding) and is graphically shown in figure 3.8 
[31 . To prevent this from influencing the measurement, the wavenumbers in the beam (a) 
should be restricted to a maximum value ( am), which is given by: 

(3.14) 

Our FTIR spectroscopy uses a He-Ne laser as the monochromatic light souree to 
determine the sampling positions, i.e . .1x = 112 · 632.8nm = 316.4nm and thus 
am = 15800cm·1• 

Figure 3.8 

B B 

Spectrum after Fourier transformation when .1x is too large and overlap 
occurs (left) and when .1x is such that no overlap occurs. 

22 



3.6 Measurements procedure 

With Fr -RAIRS an intensity spectrum is recorded as a function of wavenumber 
(equation 3.12). Por the "Bruker" the wavenumbers ranges from 370cm·1 to 7500cm·1 

(appendix G gives a table for conversion from wavenumber to energy, to frequency, to 
wavelength). The intensity spectrum is derived out of an interferogram l(x) by means of 
Pourier eosine transformation. Por our experiments the interferogram l(x) is multiplied 
with the 3-Term Blackman-Harris apodization function before the Pourier eosine 
transformation is taken. This means that the instromental resolution (FWHM) is about 
0.9/L [61 . Unfortunately, we do not know the Lof the "Bruker". The measurements are 
performed with an instromental resolution of 2cm· 1

• The measuring time of 1 
interferogram (1 scan) is then about 0.5 sec. To improve the signal to noise ratio 
multiple scans are averaged. The signal to noise ratio improves with Vn and n is the 
number of scans. 

To obtain an absorption spectrum of the sample of interest it is necessary to 
measure a background intensity spectrum first. Por instanee to measure absorptions in a 
thin film on a substrate, the background measurement is the intensity spectrum of only 
the substrate. With the background intensity spectrum B0( er) and the intensity spectrum 
of the thin film on the substrate Babi er) it is possible to derive the absorption spectrum 
A( er): 

B . (er) 
A(er)=-log( ah., ) 

B0 (er) 
(3.15) 

Hence, the background contribution should stay constant in both experiments to obtain a 
reliable absorption spectrum of the film. 
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Chapter 4: Results and discussion FT-RAIRS 

In this chapter the results ofthe experiments with Fourier Transformed Reflection 
Absorption lnfra-Red Spectroscopy (FT-RAIRS) are discussed. Thefirst measurements 
were doneon thinfilms (-130nm and -200nm) of NRS PPVon ITO/glass substrates in 
air. These measurements were done todetermine ifthe PPV films were thick enough to 
detect absorptions with our FT-RAIR Spectrometer. After the measurements in air, the 
FT-RAIRS set-up was implemented on the HiREELS set-up. Befare the measurements in 
UHV could be performed it was necessary to investigate some problems: absorption of 
the molecules in air (section 4.2) and a periadie disturbance in the intensity spectrum 
(section 4.3). Finally measurements on thinfilms (PPV on ITO/glass and PTCDA on 
ag( 111)) in UHV we re performed. 

4.1 Absorption spectrum of NRS PPV film on ITO/glass measured in air 

In this section the absorption spectra of OC1C10-co-p-OC10Ph-PPV (NRS PPV) films on 
ITO/glass substrates in air are discussed. Figure 4.1a shows the molecular structure of 
NRS PPV. For the measurements the same mirror set-up between spectrometer and 
sample was used as described in appendix F. The detector was placed in the focal point 
of the last focussing mirror and the sample was positioned about 7cm before the focal 
point. An advantage of measurements in air compared to measurements in UHV is that 
the angle of incidence is not restricted to 82.5°, with respect to the normal of the sample. 
With a lower angel of incidence the spot size at the sample position is allowed to be 
larger than 1 mm and this will increase the intensity on the detector with respect to UHV 
measurements. For the angle of incidence 60°±5° was chosen, so that the spot size at the 
sample can beat maximum 5mm (instead of the 1mm in the UHV set-up). Another 
advantage of the measurements in air is that there are no ZnSe-windows or ZnSe-lens in 
the optical path. This also increases the intensity on the detector. The measurements in 
air are a reference for the measurements on PPV films on ITO/glass substrate in UHV. 

The absorption spectrum of the NRS PPV film on a substrate, consisting of 
lOOnm fully oxidized indium-tin-oxide (ITO) on top of soda lime glass (in this report 
further referred as ITO/glass substrate), is determined. This is done with the measured 
intensity spectrum of the ITO/glass substrate and the measured intensity spectrum of the 
NRS PPV film on the ITO/glass substrate (equation 3.15). Both intensity spectra were 
measured by averaging 400 scans (about 3 minutes) with a resolution of 2cm-1

• The 
ITO/glass substrate was ultrasonically cleaned in ultra pure acetone (Uvasol, Merck) and 
ultra pure 2-propanol (secsolv, Merck) each for at least 5 minutes. Aftereach treatment, 
the sample was dried using a beam of dry N2. This wet cleaning step was foliowed by an 
UV-ozone treatment (for 20 minutes). The PPV film was spin coated on top of a cleaned 
and UV-ozone treated ITO/glass substrate in a glovebox (N2 atmosphere) using a 0.71 
weight % toluene solution. More about the sample preparation can be found in the 
master thesis of R. Ge lissen [?J. The absorption spectra of -130nm (spin speed 31 OOrpm) 
and -200nm (spin speed 1100rpm) thick NRS PPV films are shown in figures 4.2 (range 
700-1700cm-1

) and 4.3 (range 2500-3500cm-1
). The intensity spectra of the 200nm thick 
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NRS PPV film on the ITO/glass substrate and of the ITO/glass substrate are given in 
appendix H. 

Figure 4.1 

0
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--200nm NRS PPV 

Molecular structure of A) NRS PPVand B) MER PPV. 
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Figure 4.2 Absorption spectra (range 700-1700 cm ·I) of -130nm and - 200nm thick 
spin-coated NRS PPV films on ITO/glass in air. 
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Absorption spectra (range 2500-3500 cm-1
) of -130nm and -200nm thick 

spin-coated NRS PPV films on ITO/glass in air. 

The absorption spectra between 1700-2500cm-I are not shown, because in that region 
were no absorptions visible. Most of the absorption peaks (vibrational transitions) 
visible in figures 4.2 and 4.3 are listed in table 4.1. 

The absorption spectrum of the - 200nm thick NRS PPV film shows peaks that 
areabout 4-5 times higher than the peaks in the absorption spectrum of the -130nm 
thick NRS PPV film. The difference in film thickness is one reason for the differences in 
peak heights another reason is that due to the differences in spin speed the film 
morphology and thus film density will be different. 

To be able to assign the absorption peaks of the NRS PPV the measurements are 
compared to the absorptions found in literature for a 70nm thick MEH PPV (see figure 
4.1B) film on gold [SJ. Appendix I shows the absorption spectrum ofthe 70nm thick 
MEH PPV on gold. The underlined absorption wavenumbers in figures 4.2 and 4.3 
could not be assigned with this reference. Although the literature absorptions are 
measured on MEH PPV instead of NRS PPV the molecular structures of these PPV s are 
si mil ar; the molecular boncts present in MEH PPV are also present in NRS PPV. Since 
NRS PPV has an additional phenyl ring some of the vibrational wavenumbers can be 
shifted in the NRS PPV compared to the MEH PPV and an additional absorption peak 
due to the phenyl-phenyl bond can be present. Also the absorption peak height of a 
particular vibrational transition in the two PPV s can be different due to the different bulk 
stochiometery. Therefore peak heights are not compared. 

Table 4.1 shows that NRS PPV and MEH PPV indeed mainly have the same 
molecular honds and the wavenumber shifts are very small. Only the out of plane phenyl 
CH wag of the literature was not visible in our NRS PPV absorption spectrum or has a 
large absorption peak shift, this if the 833cm-1 absorption peak is from the CH wag. The 
shift is then 20 cm-I, which is about 2.5me V. The absorption peaks of the - 200nm thick 
NRS PPV at 1176, 1242 and 1346 cm-I were not mentioned in the used literature, but 
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this literature did notmention all the peaks intheir absorption spectrum (appendix 1). 
The not mentioned peaks in this literature seems to correspond to the 1176, 1242 and 
1346 cm-1 peaks in our spectrum, although the relative heights differ significantly. The 
absorption peaks at 2865, 2927 and 2955 cm-1 were not in the measurement range of the 
used literature. These were assigned to symmetrie C stretch, asymmetrie stretch 
tetrahedrally bounded C sp3 and asymmetrie C stretch respectively [91 . 

The noise-like signal between 1300-1700cm·1 is related to the excitation of 
vibrational-rotational transitions of molecules in air. These contributions make it 
difficult to detect absorptions with low intensity in this wavenumber range. This 
explains the missing absorption at 1346cm·1 of the 130nm NRS PPV film compared to 
the 200nm film. The absorptions at 1382, 1414 and 1607 cm-1 of the 130nm NRS PPV 
film are, due to the background, probably only recognizable if it is known that these 
must be present. 

Altogether it is clear that our set-up in air gives comparable results with 
literature. Only the background due to absorption by the molecules in the air is a point of 
concern, which will be dealt with in the next section. 

Table 4.1: The wavenumbers of the absorption peaks ( vibrational transitions) of NRS 
P PV measured for films of thickness -130nm and - 200nm in air. Literature values of a 
70nm MEH PPV film on gold are given in the last column. The * means that the 
absorption is nat reported in the mentioned literature fBJ and ** means that the 
absorption is nat visible infigure 4.2. The data denoted by *** originàtefrom an artiele 
of M.P. Nadler [9]. 

130nmNRS 200nmNRS 70nmMEH 
Assignment PPV PPV PPV 

(cm"1
) (cm"1

) (cm"1
) 

Out of plane phenyl CH wag ?? 833 832 * 
Out of plane phenyl CH wag ** ** 857 
Vinylene CH wag 965 965 969 
Alkyl-oxygen stretch 1041 1041 1044 

1176 1176 * 
Phenyl-oxygen stretch 1205 1205 1208 

1242 1242 * 
** 1346 * 

Symmetrie alkyl CH2 bending 1382 1383 1380 
Semicircular phenyl stretch 1414 1413 1415 
Antisymmetrie alkyl CH2 bending 1463 1463 1465 
Semicircular phenyl stretch 1505 1506 1506 
Asym. phenyl Semicircular Stretch 1607 1608 1608 
Symmetrie CH3 stretch 

2867 2868 * 
(2868 cm-1)*** 
Asymmetrie CH2 stretch 

2924 2926 * (2923 cm-1)*** 
Asymmetrie CH3 stretch 

2953 2954 * (2957 cm-1)*** 
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4.2 Infrared absorptions by molecules in air 

As mentioned in the preceding section the fact that the infrared beam goes through air 
causes a lower sensitivity of Fr -RAIRS in certain wavenumber ranges due to the 
excitation of vibrational-rotational transitions of molecules in air. 

o~L-----~------~--------~------~------~--~~~--~ 
500 1500 2500 3500 4500 5500 6500 

wavenumber {cm"1
) 

Figure 4.4 Intensity spectrum with the effect of the absorptions by molecules in air. 

Figure 4.4 shows an intensity spectrum, which illustrates the absorptions by molecules 
in air. This intensity spectrum was measured with the FT-RAIRS set-up implemented on 
the HiREELS set-up and with ITO/glass in the UHV chamber as the reflecting sample. 
The optica! set-ups between spectrometer and sample and between sample and detector 
were placed in the airtight system discussed in chapter 3. For this particular 
measurement the system was filled with air. The dipsin the range 1300-2100cm-1 and 
3350-4000cm-1 are due to absorptions by H20 and those at 2337 and 2357 cm-1 are due 
to absorptions by C02• 

The vibrational-rotational transitions by molecules in air do not need to be a 
problem, because an absorption spectrum of a sample is obtained by dividing the 
intensity spectrum of the sample of interest by that of the background (equation 3.15 of 
section 3.6). Thus, when the absorption of infrared by molecules in air is identical in the 
two intensity spectra, these are divided out in the absorption spectrum. However, due to 
convectional flow of air, the background intensity can be unstable, which causes the 
appearance of absorption peaks. To solve the above problem it is necessary to create a 
stabie situation in the airtight system of the optical components, with as less as possible 
absorptions by molecules in air. Therefore the airtight system is filled with Argon and 
the system is kept in overpressure with regard to the surrounding pressure. In this way 
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the airtight system minimizes the fluctuations in the composition of the gas in the 
system. 
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1500 2500 3500 4500 5500 6500 

wavenumber (cm'1) 

Intensity spectrum of same sample as figure 4.4 but now with an Argon 
flow through the system of the optica[ set-ups. 

In figure 4.5 an intensity spectrum is shown when the optical set-ups were in an Argon 
filled airtight system. The Argon flow was started 30 minutes before a measurement so 
that a stable situation was reached during the measurement. Figures 4.4 and 4.5 show 
that the Argon filled airtight system indeed reduces the absorptions by the air molecules. 

Figure 4.6 
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Absorption spectrum from two intensity measurements measured on two 
successive days with the same sample in UHV The bold line is the 
absorption spectrum with Argon in the airtight system and the normal 
line is the absorption spectrum without Argon in the airtight system. 
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To determine the stability of the infrared absorption by molecules in the airtight 
box as a function of time, two intensity measurements were performed on successive 
days. By dividing the two intensity spectra an absorption spectrum was made (figure 
4.6). This is done for the case the airtight system was filled with air and with Argon. 
Figure 4.6 shows that the filling of the airtight system with Argon creates a more stabie 
situation with regard to the background absorptions of H20 and C02 molecules 
compared to the situation that the system was filled with air. Hence, the sensitivity of the 
FT-RAIRS set-up is increased by placing the optica} set-up in an Argon filled airtight 
system. Note that this holds for measurements on two successive days. When two 
measurements are done in a small time interval (few minutes) then an absorption 
spectrum in air can give the same sensitivity as with the Argon filled airtight system. 
Since successive measurements with different samples in UHV can not be done in a few 
minutes, it is recommended to measure with the airtight system filled with Argon. 

4.3 "Periodical" disturbance in the intensity and absorption spectra 

In figure 4.6 a periadie disturbance is visible in the absorption spectrum. This wiggle is 
already present in the intensity spectrum (see for instanee figure 4.4). The fact that the 
wiggle appears clearly in the absorption spectrum indicates that the wiggle is not 
constant for different intensity measurements. 

To determine the origin of the wiggle, there is examined which parameters 
influence the shape and position of it in the intensity spectrum. The wiggle in the 
intensity spectrum remains unchanged when two intensity spectra are measured shortly 
aftereach other (within 10 minutes) without any changes to the set-up. When the time 
between two measurements exceeds one hour, the wiggle in the intensity spectrum 
shifts. Furthermore, the measurement parameters (apodization function, resolution and 
scan velocity) do notaffect the wiggle. The wiggleis the most influenced by the sample 
angle. When the sample angle is changed only one hundreds of a degree, the wiggle is 
already shifted. 

Based on the latter observation the first impression was that the wiggle is due to 
interference of the light between the vacuum window and the ZnSe-lens or between the 
ZnSe-lens and the detector. However, upon changing the distances between the 
components, the wiggle did not disappear or change in length (the wiggle did shift). So 
interference between these components seems not to be the cause of the wiggle. 

Another possibility is that the appearance of the wiggle could be due to the fact 
that the measured intensity is very low. The measurements in UHV had an intensity 10 
times lower than the measurements with the sample in air (compare appendix H with 
figure 4.4). The measurements in air showed at first sight no wiggle, but by 
magnification of the intensity spectrum a small wiggle is found. Hence, it may be 
possible that the amplitude of the wiggle increases with decreasing intensity. To 
investigate this, an intensity spectrum is measured with the intern transmission mode of 
the Bruker (DTGS detector). With the use of an aperture the same intensity is created as 
in the reflection measurements in UHV. The obtained intensity spectrum showed no 
wiggle. So, according to this experiment the wiggleis not due to the small intensity. 
Important to note is that with the intern transmission intensity measurement a different 
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detector is used than in the UHV measurement (DTGS versus MCT), so maybe the 
wiggle is due to a combination of low intensity and detector. In the future this should be 
checked by measuring an intensity spectrum in air with the diameter of aperture d2 equal 
to that used when measuring on the UHV set-up and with the same detector. 

4.4 Absorption spectrum of OC1C10-PPV on ITO/glass measured in UHV 

This section discusses the Ff-RAIRS measurement on an OC 1Cw-PPV film on an 
ITO/glass substrate in UHV (thus with the Ff-RAIRS set-up attached to the HiREELS 
set-up). Figure 4.7 shows the molecular structure of OC 1C 10-PPV. The absorption 
spectrum of the OC 1C 10-PPV film on an ITO/glass substrate in UHV is determined with 
the intensity spectra of the ITO/glass substrate and with the intensity spectrum of an 
OC 1C 10-PPV film on an ITO/glass substrate (equation 3.15). The preparation of the 
ITO/glass substrate was the sameasin section 4.1. The OC1C 10-PPV film was spin 
coated on top of the ITO/glass substrate in a glovebox (N2 atmosphere) from a 0.71 
weight % toluene solution. The spin velocity was 3100 rpm, which resulted in a film 
layer of -130nm. The samples were transferred from the glovebox to the fast entrance 
loadlock of the UHV chamber through air in about 3 minutes. Both intensity spectra 
were measured by averaging 5000 scans (about 40 minutes) and with a resolution of 2 
cm-1

• With the Ff-RAIRS set-up implemented on the HiREELS more scans are needed 
than in air, because the measured intensity is about 10 times lower. Furthermore, the 
measurements were performed with Argon in the airtight optical system. Figures 4.8 and 
4.9 show the absorption spectrum of the OC 1C10-PPV film in the wavenumber range of 
700-1700cm-1 and 2500-3500cm-1

, respectively. 
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Molecular structure of OC1Cw-PPV. 
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Figure 4.9 Absorption spectrum in the range 2500-3500 cm-1 of the 130nm thick 
OC1C10-PPV in UHV and the 130nm thick NRS PPV films on ITO/glass 
in air. 
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For comparison, the figures 4.8 and 4.9 also show the absorption spectrum of the 
-130nm NRS PPV film measured in air. The figures show clearly the wiggle in the 
absorption spectrum of the measurement in UHV and not in the measurement in air. 
Because of this wiggle it is difficult to detect some of the peaks in the absorption 
spectrum of the OC 1 C w-PPV film. Table 4.2 shows the assignment of most of the 
measured absorption peaks (vibrational transitions) of the -130nm thick NRS PPV film 
on an ITO/glass substrate in air and the -130nm thick OC 1C10-PPV film on an ITO/glass 
substrate in UHV. The table gives also reported values of MEH-PPV [SJ. 

Table 4.2: The wavenumbers ofthe measured absorption peaks (vibrational transitions) 
of the -130nm thick NRS PPV film on an ITO/glass substrate in air and of the -130nm 
thick OC1C10-PPV film on an ITO/glass substrate in UHV. Literature values of a 70nm 
MEH PPV film on gold are given inthelast column. The * means that the absorption is 
not reported in the mentioned Ziterafure [BJ and ** means that the absorption is not 
visible in figure 4.8. The data denoted by *** originate from an artiele of M.P. Nadler 
[9} 

130nm 130nmNRS 
70nmMEH 

Assignment 
OC1C10-PPV PPV film in 

PPVfilm 
film in UHV air 

(cm"1) (cm"1) 
(cm-1) 

Out of plane phenyl CH wag ?? ** 833 * 
Out of plane phenyl CH wag ** ** 857 
Vinylene CH wag 968 965 969 
Alkyl-oxygen stretch 1049 1041 1044 

1185 1176 * 
Phenyl-oxygen stretch 1208 1205 1208 

1245 1242 * 
Symmetrie alkyl CH2 bending ** 1382 1380 
Semicircular phenyl stretch 1414 1414 1415 
Antisymmetrie alkyl CH2 bending 1463 1463 1465 
Semicircular phenyl stretch 1505 1505 1506 
Asym. phenyl semicircular stretch ** 1607 1608 
Symmetrie CH3 stretch 

2865 2867 * (2868 cm-1)*** 
Asymmetrie CH2 stretch 

2925 2924 * (2923 cm- 1)*** 
Asymmetrie CH3 stretch 

2955 2953 * 
(2957 cm-1)*** 
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The tabulated absorption peaks ofthe -130nm thick Oe1e 10-PPV film on an ITO/glass 
substrate in UHV showed 3 peaks less than the -130nm thick NRS PPV film on an 
ITO/glass substrate in air. Furthermore, the relative difference between the peak heights 
in the Oe1e 10-PPV film compared to the peak heights in the NRS PPV film changes 
with wavenumber. 

Since the missing absorption peaks are from bonds, which are also present in the 
Oe1e 10-PPV film the only possible explanation can be that the absorptions are too low 
to be visible. The fact that the missing absorptions are lower in the -130nm thick 
Oe 1 e 10-PPV film in UHV than in the -130nm thick NRS PPV film in air can have 
several explanations. 

One explanation for the lower absorption peaks in the Oe1e 10-PPV film 
compared to the NRS PPV film can be that the Oe1ew-PPV film has fewer of these 
bounds and thus the absorption is lower. This can be the case for the "Asym. phenyl 
semicircular stretch" and the "out of plane phenyl eH wag", because in comparing the 
molecule structures (figure 4.1 and 4.7) it can be possible that the NRS PPV has more 
phenyl rings. Another explanation can be that the Oe1e 10-PPV film is less thick than the 
NRS PPV and in that case there are fewer bonds, which absorb light and thus the peak 
heights will be lower. 

Although, this can not explain the fact that the relative difference between the 
absorption peak heights in the Oe1ew-PPV film compared to the absorption peak 
heights in the NRS PPV film changes with wavenumber cr. This change with a can be 
due to the difference in angle of incidence/reflection in the measurements, respectively 
82.5° (Oe1ew-PPV film in UHV) and 60° (NRS PPV film in air). This, because in 
literature [SJ is found that the amount of absorption by a thin film (in our case oe 1 e 10-

PPV or NRS PPV) on a substrate depends among other things on the angle of 
incidence/reflection 8. Equations 4.1 and 4.2 give the absorption (~R/R) for light 
polarized perpendicular to the plane of incidence and for light polarized parallel to the 
plane of incidence: 

(4.1) 

[ l
-1 

Mu . 2 1 sin 2 8 - 1 
- = 8mla sm e cos8(1 + 2 4 ) Im--' 
R11 ieb(a)i cos 8 e.,(a) 

(4.2) 

with d the thickness of the film, ês( cr) the dielectric function of the film, êb( cr) the 
dielectric function ofthe substrate (in our case ITO) and a the wavenumber. In deriving 
equations 4.1 and 4.2 out of the Presnel coefficients it is assumed that the film is 
isotropie and has infinitely sharp boundaries. Equations 4.1 and 4.2 are valid for 
d::;; 0.03À [lOl, so with a film thickness of 130nm this means that À~ 4.3J..tm and 
a ::;; 2326cm-1

• 

Equation 4.1 shows that for higher angle of incidence the absorption of light 
polarized perpendicular to the plane of incidence becomes less. For the perpendicular 
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polarized light the relative difference in absorption peak heights for different angles of 
reflection is independent of cr. The angle dependenee ofthe absorption of light polarized 
parallel to the plane of incidence (equation 4.2) can only beseen when a figure is made 
of the absorption as function of the angle. Since, the absorption by PPV films on ITO 
substrates depends on the dielectric function of ITO it is necessary to know the dielectric 
function of ITO. Appendix J shows a reported [liJ figure of the dielectric function of ITO 
as function of energy. The figure gives for the ITO substrate a dielectric function IEbl of 
-100 for 1000cm-1, -50 for 1400cm·1 and -10 for 3000cm-1. Figure 4.10 shows the 
absorption of light polarized parallel to the plane of incidence as function of angle of 
incidence/reflection in the case the dielectric function of the ITO/glass substrate is 100, 
50 and 10. 
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Figure 4.10 Absorption as function of angle of incidence!reflection in the case the 
dielectric function of the ITO substrate is 100 (bold line ), 50 (light line) 
and 10 ( dotted line ). 

The figure shows clearly that with decreasing dielectric function of the ITO substrate 
(increasing cr), the absorption measured at an incidence/reflection angle of 82.5° 
decreases relative to the absorption measured at 60°. So, the difference between the 
incidence/reflection angle for the measurements in air and in UHV explain the fact that 
the relative difference between the absorption peak heights in the OC1Cw-PPV film 
compared to the peak heights in the NRS PPV film changes with cr. 

In summary, the FT-RAIRS measurement on OC1C 10-PPV film in UHV shows 
absorption peaks, which are in good agreement with reported absorption peaks. Some 
absorption peaks observed for the measurement in air were not observed for the 
measurement in UHV because the peaks were lower. This can be due to the fact that 
different PPV derivatives are used. Also the angle of incidence/reflection in combination 
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with the dielectric function of the substrate is an important reason for the lower 
absorption peaks for the measurement in UHV compared to the absorption peaks for the 
measurement in air. 

4.5 Absorption spectrum of PTCDA on Ag(lll) 

The absorption spectrum of a thin (4-6 monolayers; -1.5nm) sublimated perylene-
3,4,9, 1 0-tetracarboxylicaciddianhydride (PTCDA) film on Ag( 111) in UHV is 
determined with the intensity spectrum of the Ag(111) substrate and the intensity 
spectrum of the PTCDA film on Ag(111) (equation 3.15). Figure 4.11 shows the 
molecular structure of PTCDA. The molecular orientation of the PTCDA molecule on 
Ag(111) is flat (Ag(111) surface, parallel to figure 4.11). 

14.2X 
Figure 4.11 Molecular structure of PTCDA and molecular dimensions. 

The intensity spectrum of Ag(111) was measured afterit was sputtered with 3 Kv Ar+ 
ions (to clean the surface) and annealed for 10 minutes on 435±5 K (to restmeture the 
surface). The intensity spectrum of a film PTCDA on Ag(lll) was measured after the 
PTCDA is sublimated for 30 min on the Ag(111). The sublimator was therefore heated 
toa temperature of 633 K with a thermocouple voltage of 14.8 mV. With HREELS was 
determined that the thickness of the PTCDA was about 4-6 monolayers. 

Both intensity spectra were measured with 5000 scans (about 40 minutes) with a 
resolution of 2 cm-1

• Furthermore, the intensity spectra were measured with Argon in the 
airtight system of the optica} set-up. The absorption spectrum of PTCDA on Ag(111) 
with FT-RAIRS is shown in figure 4.12. 
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Figure 4.12 Absorption spectrum of PTCDA on Ag( 111) with FT-RAIRS. 

From experiments with HREELS [IZJ is known that the most intense absorptions 
(vibration transitions) are at 740, 814 and 872 cm-1 therefore figure 4.12 is zoomed in at 
these wavenumbers. Figure 4.12 shows that due to the wiggle and the noise it is difficult 
to identify clear peaks in the figure. Hence this experiment shows that 4-6 monolayers 
(with total thickness of -1.5nm) is too small for obtaining absorption peaks with this 
Ff-RAIRS set-up due to the bad signal/noise relation and due to the wiggle. 
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Chapter 5: Theory ellipsometry 

This chapter deals with the theory of ellipsometry. In this chapter it is shown that linear 
polarized light that reflects on a surface will undergo a change in polarization 
expressed by two elliptical angles. When these angles are determined ( chapter 6 
explains how) it is possible to calculate the dielectric function of the sample. The 
chapter starts with an expression of the dielectric function, which is derived out of the 
Maxwell equations. In this chapter also the Drude and Lorentz mode is for the dielectric 
function are discussed. The chapter concludes with a description of the plasman 
frequency and surface plasman frequency. 

5.1 Complex dielectric function 

The dielectric function describes the response of a medium to an electric field and 
expresses the optical properties of solids. To define an expression for the dielectric 
function the Maxwell equations are used together with the material relations, which 
describe the propagation of light in an isotropie medium. For non-magnetic dielectric 

materials, the material relation for the dielectric displacement ÏJ defines the dielectric 
function e,: 

- - - - -D =ê0 E+P =êE =ê,ê0 E. (5.1) 

Here, Ë is the imposed electric field, P is the polarization, eis the permittivity and e0 

the vacuum permittivity. Upon substitution of this relation into the Maxwell equations, 
the wave equation is obtained [131

: 

2- -
2- d E dE 

V E = J.lê-+ f.1CJ-
dt2 dt ' 

(5 .2) 

with rY the optical conductivity and !l the magnetic permeability ofthe materiaL For non
magnetic materials the magnetic permeability fl is equal to flo. Upon substitution of a 

plane electric wave with wave vector k and angular frequency cv: 

(5.3) 

into the wave equation, the following expression is obtained: 

(5.4) 

with lkl the amplitude of wave vector k . It is convenient to express kin terms of the 
complex refractive index ii : 

k (1) ii (1)( • ) =-:::-=-m=- n+tTC. (5.5) 
V C C 
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In equation 5.5 v is the complex wave velocity, c the speed of light in vacuum, n the 
index of refraction and x: the extinction coefficient. After substitution of equation 5.5 in 
equation 5.3 we get: 

(5.6) 

The second term describes the propagation of the wave through the medium. The first 
exponential term describes the attenuation of the wave vector amplitude (penetration 
depth). This is related to the absorption coefficient aandis defined by the decrease of 
intensity of the light beam in an absorbing medium: 

(5.7) 

This means that a = 2wx:/c. 
By definition the complex dielectric function is given by equation 5.8: 

(5.8) 

With equation 5.8 the components of the complex dielectric function e and the complex 
refractive index iï can be related to each other by: 

and c2 = 2n1(. (5.9) 
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5.2 Ellipsometric principles for one boundary-plane 

Light is described by an electromagnetic (E.M.) wave. The interaction of light with a 
solid consistsof two contributions namely, the electric interaction and the magnetic 
interaction. In general the magnetic interaction is far less than the electric [IJJ. Because 
of this the reflection of an E.M. wave is in most cases determined by the interaction of 
the electric field with the solid. When linear polarized light is reflected by a medium the 
reflected light becomes, in general, elliptically polarized (see figure 5.1). 

, , 
' , 

p 

incident components 

s 
refiected camponems 

p 

elliptical polarised 

Figure 5.1 Change in polarization upon reflection of an E.M. wave by a medium. 

The electric field of the incident (i) and reflected (r) light can be split in a component 
perpendicular ( s, _i_) and parallel (p, 11) to the plane of reflection. 

- - -
Ei = Ei,ll + Ei.l- . (5.10a) 

- - -
Er= Er,ll + Er,l_ · (5.10b) 

The reflection on the surface of a homogeneous isotropie solid can be described with the 
complex amplitude reflection coefficients (r .Land r11) belonging to the components of the 
electric field in the 11-direction and in the _l_-direction. 
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(5.lla) 

(5.llb) 

with 81. and bi 1 the complex phase change upon reflection of the corresponding reflection 
coefficient. The complex reflectivity relation p is given by: 

'il 'il 1(811 -<\) 1!'::. p = - = - e = tan Ijl · e (5.12) 
r.l r.l 

The conventional elliptical angles lfl and L1 express the change in polarization due to 
reflection. The amplitude ratio of the J.-electricfield component and the 11-electricfield 
component is expressed by tan lfl· The relative phase difference of the two is given by 
cosL1. 

p Ere.fl 

Figure 5.2 Rejlection and refraction of a plane E.M. wave at an ideal surface 
between two different mediums. 

When a solid is thicker than the penetratien depth 8 of the E.M. wave there is no 
backside reflection in the solid. In this case a two media model (see figure 5.2) is used to 
come toa relation between the complex reflectivity relation pand the dielectric function 
E, for this the Fresnel equations are used. These equations describe the complex 
reflection coefficients (rJ. and r 11 ) as a function of the complex refractive indices (iïo and 
1/1) and the angles of incidence and refraction (<Pi and <P,): 

1!1 cos <Pi - 1!0 cos ct> 1 r - --=----'-_;;_----'-
11 - - h - "' , n1 cos <pi + n0 cos'!' 1 

(5.13a) 
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(5 .13b) 

Snelbus law is also valid bere: 

(5.14) 

With the equations of Presnel and Snellius an expression can be found for the complex 
refractive index ii1 of medium 1 as a function of the angle of incidence C/J;, the complex 

refractive index fio of medium 0 and the com~lex reflectivity relation p. The derivation 
is gi ven in the master thesis of W .L. Elings [ 41 . 

( )

2 
- - . 1-p 2 n1 = n0 sm<I>; 1 + -- tan cD ; . 

1+p 
(5.15) 

A combination of equations 5.8 and 5.15 gives: 

. - 2 . 2 1- p 2 

( ( )
2 J ê r = ê I + lê 2 = n0 Sin <I> i 1 + 

1 
+ p tan <I> i . (5.16) 

5.3 Ellipsometric principles for two boundary-planes 

In the preceding section an expression is derived for the complex dielectric function as a 
function of the elliptical angels l/f and ..1, for the situation that the sample can be 
considered with only one boundary-plane at the surrounding medium-sample interface. 
In the case that the sample consists of multiple media and thus bas multiple boundary
planes, this is not possible anymore. 

Figure 5.3 

no 

lll 

02 

Modelfora sample that consistsof a substrate (layer2) with a 
transparent layer on top of it (layer 1) in a medium (layer 0 ). 
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Figure 5.3 gives a modelfora sample that consistsof a substrate (layer2) with a 
transparent layer on top of it (layerl). Layer 0 is the surrounding (air or vacuum). The 
model assumes that the layers are isotropie and have infinitely sharp boundaries. Figure 
5.3 shows the pathof a lightbeam that comes from the surrounding and hits the 
transparent layer 1 under an angle of it0. The second boundary-plane introduces internal 
reflections in the transparent layer 1. With the reflection and transmission coefficients of 
Fresnel, the complex amplitudes of the successively reflected lightbeams that leave the 
sample can be determined. The resulting total complex reflection coefficient r is then a 
power reeks with the sum given by [ISJ [JOl. 

(5.17) 

with rij the Fresnel-reflection coefficient at the boundary-plane between media i andj 
(see equations 5.13). Equation 5.17 holds for both the parallel and the perpendicular 
component with respect to the plane of reflection of the lightbeam. The change in phase 
of the lightbeam due to travelling through the transparent layer 1 is given by: 

f3 2ml ~-2 -2 . 219: = T n1 - n0 sin 0 , (5 .18) 

with d the thickness of layer 1, fi1 and fio the complex refractive index of respectively 
layer 1 and the surrounding and À the wavelength of the light in vacuum. The complex 
reflectivity relation p is now given by: 

(5.19) 

When the complex refractive indices fio and ii2, the thickness of layer 1 and the angle of 
incidence are known, the complex refractive index fi1 (and thus the complex dielectric 
tunetion with equation 5.9) can be fitted so that the model resembles the measured 
complex reflectivity relation p of the substrate (layer2) with a transparent layer (layer 1) 
on top of it. 

For a sample with more than 1 transparent layer on a substrate the reflectivity 
relation p is derived with the use of matrices (see appendix K). 

5.4 Dielectric function and the Lorentz and Drude model 

In this section the classiccal absorption theories of Lorentz and Drude are discussed. The 
Lorentz model describes the interaction of bound electrons with an electromagnetic field 
and the Drude model describes this for free electrons. Lorentz considered the bound 
electrons in a solid as identical isotropie harmonie oscillators, which are bound to the 
nuclei. Because of the much larger masses of the nuclei compared to the electron mass, 
this system can be described by a rotation of the electrens around the cores with an 
angular frequency m0. The equation of motion of bound electrons interacting with a field 

E- . . b [16] 
loc IS given y : 
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d 2- d-r r 2- -m-
2
-+my-+mm0 r =-eE10 ., 

dt dt c 
(5.20) 

with y the damping factor (representing energy loss), m the effective electron mass and e 

the charge of the electron and E1oc the electric field acting on the electron. When it is 

assumed that the E.M. field consistsof only one frequency and the local field Ë1oc is 

generalised to the macroscopie field Ë then: Ë1oc = Ë = Ë0e;ax . When the solution of 

the equation of motion ( r ) is multiplied with -e, the related dipole moment is obtained: 

2-
- _ e E 1 ( )E-P =-er = -- = e0a m . 

m (m~ -m 2 )-iym 
(5.21) 

The last equality sign is only valid for small displacement r. In that case it is possible to 
write a linear dependency of the atomie dipole moment to the electrical field, which 
defines the polarizability a( m). e0 is the vacuum permittivity. The macroscopie 

polarization P per unit of volume is defined by: 

(5.22) 

With N the number of dipoles (electrons), and the assumption is made that the electroos 
only feel the macroscopie field. This means that the electron-nucleus interaction and 
electron screening contributions to the field are neglected. Combining the last two 
equations result in an expression for the complex dielectric function: 

(5.23a) 

with, 

(5.23b) 

(5.23c) 

In equations 5.23a,b and c the e1 and e2 are the realand imaginary part of the dielectric 
function. lf there is more than one resonant frequency (ma) then extra terms are added to 
equations 5.23a,b and c one for each possible frequency. Equations 5.23a,b and c 
contain the plasmon frequency, which is given by [l?J: 

(5.24) 
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In the next section the plasrnon frequency is derived. 
Figure 5.4a shows a typical exarnple of the dielectric function of a 

semiconductor with one resonant frequency as function of energy. The semiconductor is 
represented by the Lorentz equation with lüp=4eV, mo=3eV and y =0.5eV. 
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Figure 5.4 
Photon Energy (eV) Photon Energy (eV) 

(a) The dielectric function of a semiconductor (Lorentz model; o:Jp=4e V, 
roo=3eV and y =0.5eV), (b) the dielectricfunction of a metal (Drude 
model; o:Jp=3eVandy =O.leV). 

The dielectric function for bound electrons can also be explained in a quanturn 
mechanica! way using the probabilities for transitions between different electronic states 
[
161

• The outline of the q.rn. equation 5.25 is sirnilar to the Lorentz equation 5.23a but the 
interpretation is different. 

(5.25) 

In equation 5.25 the resonant frequencies miJ is the energy difference between the initia! 
state i and the possible final state j. The factor JiJ represents the probability of an 
excitation frorn state i to state j. The damping factor (yiJ) gives the probability of a 
transition to all other quanturn states. 

Pree electrons in a rnetal forrn together a free-electron gas. The Drude model for 
the free-electron gas can be obtained frorn the Lorentz model by taking 0 for the 
resonant frequency ( m0). The dielectric function is then given by 

(5.26) 

in which m/ is still the plasrnon frequency of equation 5.24 but now Nis the density of 
free electrons and m is the effective rnass of the free electrons. Figure 5.4b shows a 
typical exarnple of the dielectric function of a rnetal as function of energy. The rnetal is 
represented by the Drude equation with lüp=3eV and y =O.leV. 

When a material consists of free and bound electrons then the total dielectric 
function is the surn of the free-electrons equation according to Drude and the bound
electrons equation according to Lorentz: êr(m) = êr,free(m)+ êr,bound(m). 
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5.5 Plasmon frequency 

The electron gas in the bulk of a metal can perform collective longitudinal charge 
density oscillations under the influence of an EM field, this is called a plasmon 
oscillation (plasmon). To derive the plasmon frequency suppose that in a small and, for 
convenience, cylindrical volume the electroos (number of electroos N) undergo a rigid 
displacement L1 (see figure 5.5). 

Figure 5.5 Cylindrical volume in which the electrans undergo a rigid displacement 
L1. 

The displacement of the electroos in figure 5.5 can beseen as a homogeneaus 
distribution of negative charge compensated electrostatically by a uniform background 
of positive charge. This leads to a dipole moment of strength p=-NeMl which 
corresponds to a polarization P=-NeL1. Since the whole system is neutral we get the 
expression O=t:oE+P. The displaced electroos are therefore acted upon by a field 

E= -P = Ne/1 . (5.27) 
êo êo 

The equation of motion of any electron in the density fluctuation is then 

(5.28) 

which is an equation for harmonie motion of the plasmon with a frequency given by 
equation 5.24. 

(5.24) 

As already told in the previous section this plasmon frequency appears also in the 
dielectric function. So for a metal (Drude model) we see that when the damping factor is 
neglected that the dielectric function ër becomes 0 for a frequency m equal to mp. 
However, usually the dielectric function of a material is due to a combination of bound 
and free electrons: ër{w) = ërJree(w)+ ër,bound(w) and in that case the m for which ër = 0 is 
different from mp. 
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5.6 Surface plasmon frequency 

The electrans on the surface of a metal have a plasman frequency different from that of 
the bulk (surface plasmon). The surface asciilation is characterised by an exponential 
decay of the potential <I> associated to it, both toward the medium surrounding the 
material and toward the bulk of the materiaL <I> can be described by: 

(5.29) 

where r11 defines the position vector in the surface, qu is the momenturn of the surface 
plasman and z the distance normal to the surface from the truncation plane of the crystal, 
half a lattice spacing away from the outermost ion cores [ISJ. 

The field Ez is obtained by differentiating equation 5.29 with respect to the z 
direction and computing it just above and just below the surface plane: 

(5.30a) 

(5.30b) 

Ez is thus discontinuous across the surface. As no unbalanced surface charge can exist on 
a metal the z component of the electric displacement Dz = eEz must be continuous across 
the metal/vacuum interface. The continuity of D, or VD=O, can only be satisfied when 
the permittivity e(m) at the surface is minus the permittivity of the surrounding medium 
êsur (for vacuum êsur=eo and thus Er,sur=1), thus for the dielectric function at the surface 
e,=deo: 

E,(msp) =-Er,sur· (5.31) 

Equation 5.31 defines the surface plasman frequency W 5p, which is hence determined by 
the bulk properties of the solid and the dielectric function of the surrounding. So for a 
metal (Drude model) we see that when the damping factor is neglected that the dielectric 
function becomes- ër,sur (e=- êr,sur) for light with the following frequency: 

(5.32) 
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Chapter 6:Experimentel Set-up Ellipsometry 

In chapter 5 it was explained how the dielectric function could be calculated out of the 
change in polarization ( elliptical angles) of electromagnetic radialion upon reflection. 
Th is chapter explains how the change in polarization ( elliptical angles) is measured. 
Besides the experimental set-up of the jast spectroscopie rotating polarizer UHV 
Ellipsometer on the HiREELS set-up also the data analysis and the experimental 
procedure are described in this chapter. 

6.1 The experimental set-up 

Figure 6.1 shows a schematic view of the spectroscopie rotating polarizer UHV 
ellipsometer set-up, which was implemented on the HiREELS set-up. 

Figure 6.1 

---------- .. ·---' ' ' I 

' UHV CHAMBEA 1 ·--------------J 

Schematic view of the spectroscopie rotating polarizer UHV ellipsometer 
set-up !191. 

In the ellipsometry set-up an argon cascade are is used as a light source. This are 
produces a fully unpolarized light beam [201

, which is necessary for a rotating polarizer 
ellipsometer. An opticallens Ll (see figure 6.2) focuses the beam on a linear polarizer 
(rochonprism). An aperture Dl is located between the lens and the polarizer to make the 
beamsize small compared to the diameter of the polarizer. The polarizer rotates with a 
fixed frequency of about mp=29Hz and polarizes the light linearly. This frequency is 
high enough to perform fast measurements and low enough to have no problems with 
the data acquisition (see section 6.3). 
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Figure 6.2 

01 
cascade are I 

The components of the ellipsometry set-up befare reflection on the 
sampli2n. 

The polarizer is made of a birefringence material, which gives rise to double refraction. 
Due to the double refraction two lightbeams (with perpendicular polarization) leave the 
polarizer: one in the center (the ordinary) and an extraordinary beam displaced about 
3mm from the center. Hence the extraordinary beam is revolving around the ordinary 
beam with the frequency of the rotation of the polarizer. A positive lens L2 focuses the 
two beams on an aperture D2. On the aperture (diameter of about 1.5 mm) the beams 
have a diameter of 2 mm and the distance between the two light beams is large enough, 
such that it is possible to block the extraordinary beam. After aperture D2 the lightbeam 
hits the sample. The aperture and the sample are located in a UHV chamber so before 
the aperture and after the sample the lightbeam has to pass quartz windows. 

Figure 6.3 

m2 m3 

L3 03 

I 

diode array 

monochromatorbox 

The components of the ellipsometry set-up after reflection on the 
sampli2n. 

After the lightbeam is reflected from the sample (angle of incidence ct>~ 68.3) it passes 
through an analyzer (see figure 6.3), which is a linear polarizer. The angle between the 
polarization direction of the analyzer and the plane of incidence can be set to values of 
--45", 0° or +45 °. In the section conceming the data analysis it is explained why these 
values are chosen. Section 6.4 describes how the angle between the polarization 
direction of the analyzer and the plane of incidence is calibrated to 0 °. Behind the 
analyzer there are two cylindricallenses, which focuses the beam on aperture D3. This 
aperture consistsof two adjustable slits in opposite direction. These slits ( aperture D3) 
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are located at the entrance of the monochromator-box and can be seen as an object with 
well-defined object distance for the mirrors in the monochromator-box. So, the mirrors 
(mi, m2 and m3) will always create a focused image at the photodiode array. The slits 
only provide a well-defined object distance if the aperture is small. The prism 
monochromator M between mirror m2 and m3 disperse the light beam so that each 
photodiode will get different wavelengtbs (which can be translated to energy). 

The photodiode array consists of 1024 photodiodes. The energy range that can be 
measured and the resolution are discussed in the first section of chapter 7. During the 
time that a photodiode is exposed to light, charge is accumulated in the photodiode. 
Each individual photodiode will be read out 4 times in half a rotation of the polarizer, 
which is one measurement. This is explained insection 6.3. At read out the accumulated 
charge induces a voltage. This voltage can be multiplied withafactor 1, 12 or 50 for all 
the photodiode numbers above 256 (it is also possible to set this number to 320, 384, 
448, 512 and 576). After amplification, the analogue voltage is digitalised by an adc 
converter (input maximum 10 volt) into a digital number of 12 bits. When the voltage is 
too high (the intensity is too high) the signal can not be digitalised and the electranies 
gives an overlaad signal. The digital output of the adc converter is collected in two 
buffers. The values of the first half rotation of the polarizer are saved in one buffer and 
the values of the second half rotation in another buffer. So in one full rotation of the 
polarizer (wp=29 Hz) we have two measurements. Each buffer averages 10 
measurements. The averages of the buffers go to a computer, which can average the 
buffer outputs and does the calculations as described in the data analysis and in the 
theory. 

More about the electronk structure between photodiodes and buffers can be 
found in the master thesis of R.H.L.M. Backbier [ZIJ and in the intemal report by R. 
Rumphorst [map 19]. More about the data storage in the buffers and the transfer to the 
computer can be found in the internal report by W. Dijkstra [map 20-12-95]. 
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6.2 Cascade are 

The light souree in the ellipsometry experiment is an argon cascade are (see figure 6.4). 

1 2 
6 

9 

Figure 6.4 
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7 

The Argon cascade are f201. 

The cascade are works as follow. A pin (number 2 in figure 6.4) is settoa voltage of 14 
kV, due to which a sparkis generated between the pin (cathode, number 2) and the first 
cascade (number 10). As every cascade is isolated with a piece of Teflon (number 9) the 
following reaction will be sparks between al cascades (8 in total) until it reaches the end 
plate (anode, number 5) which is grounded. These sparks can ionise the argon gas, such 
that a plasma discharge is generated, which fully occupies the long and narrow 
cylindrical channel (number 8) between the anode and cathode. Therefore, it produces a 
highly collimated lightbeam, whereas the light of a short-are lamp is emitted in all 
directions. The cascade are offers independent control of the gas pressure and the plasma 
current (in our case mostly 25 Ampere with 100 volt). The cascade are provides a light 
beam with brightness 10 -1000 times higher as compared to that of a Xe lamp. The 
plasma current can be increased to at maximum 40 ampere (the voltage of the are is then 
116 voltso the power is then 4.6 Kw). In that case the light that comes out the cascade 
are is more intense (about 1.7 times) than with a power of 2.5 Kw. Note that with a 
power consumption of 4.6 kW the fuse burns out already after 10 minutes. 

To discharge the plasma in the cascade are we found that it is critica! how many 
gas is flowing through the cascade are (number 6 is gas inlet and outlet). In figure 6.4 
the gas flows from right to left, a conic tube (number 4) provides a gradually inlet of gas 
into the cascade are. Furthermore, figure 4.4 shows a shutter (number 7), that must be 
shut when the cascade are is ignited, because otherwise the window (right number 1) 
becomes dirty due to deposition of copper particles. 
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6.3 Data analysis 

The Stokes or Mueller matrix formalism [lSJ describes the optica} system of a rotating 
Polarizer, Sample and Analyzer cPro1SA) in an ellipsometer. Using this formalisman 
expression can be obtained for the light intensity per array-element (photodiode) as a 
function of polarizer angle. With an "amplificationfactor" 1] the efficiency of the array 
and the amplification of the electranies are taken into account. The expression for the 
measured intensity fora photodiode hodit) is then [221

: 

with, 

cos( 2A)- cos( 2lfl) 
a c = ' 

1 - cos( 2A) · cos( 2lfl ) 
(6.2a) 

sin( 2A ) · sin( 2lfl ) · cos( .1) 
a s = ' 

1 -cos( 2A) · cos( 2lfl) 
(6.2b) 

in which (!diode) is the meao intensity (DC compound), Pc is the polarization angle for a 
photodiode in the array, A is the angle between the polarization direction of the analyzer 
and the plane of incidence, OJp is the angular frequency of the polarizer, ac and as are 
normalised Fourier coefficients. These coefficients contain the conventional elliptical 
angles \{1 and ~. which are used to determine the pseudo dielectric tunetion of a sample 
(see section 5.2). Equation 6.1 can be rewritten into: 

(6.3) 

with, 

(6.4a) 

(6.4b) 

The coefficients a'c and a's in equations 6.4a and 6.4b are easily obtained by inverse 
Fourier transformation of the measured intensity hodit). The two unknown 1] and Pc are 
obtained by measuring at an analyzer angle (A) of 0°. This measurement is called a 
reference measurement. At this angle equations 6.2a and 6.2b give the results d e= 1 
and d s = 0, respectively. This means for equation 6.4a and 6.4b: 

'0 refa = a c = 1] cos( 2Pc ) , (6.5a) 
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'0 . 
refb =as = 1J szn( 2Pc). (6.5b) 

U sing these two equations and the reference measurement the two unknown constants 17 
and Pc of a particular photodiode in the array can be obtained. The 1J becomes: 

1J 2 = ( refa l + ( refb l . (6.6) 

A combination of the equations 6.4 till 6.6 gives the following equations: 

1 ' ' 
ac =----z( ac · refa +as · refb ), 

1J 
(6.7a) 

1 ' ' as = ----z( as . refa- ac . refb). 
1J 

(6.7b) 

So with a reference measurement and a measurement with an analyzer polarization, 
which is not in the plane of reflection (A.;tO), the ac and as can be obtained. lt is clear 
from equations 6.2a and 6.2b that with an analyzer angle of 45° simple equations are 
obtained to determine the elliptical angles ..1 and P. lt is possible to combine 
measurements at +45° and at -45°, because a+45c = a-45c and a+45s = -a-45s. In literature 
it is reported that a combination of measurements at +45° and -45° reduces first order 
mistakes in alignment [23

' 
241

. 

The two coefficients a' c and a's are determined out of the measured light 
intensity by inverse Fourier transformation (see equation 6.3). This transformation can 
be performed efficiently with a mathematica! rule known as the "Hadamard's rule", 
because the measured signal contains in the ideal situation only a 0 and a 2wp 
component. 

i 
s 1 

0 
---1 ... ~ t 

Figure 6.5 The Jour equivalent parts Si in which the signa[ can be divided. 
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Figure 6.5 shows schematically the measured signal hode(t). The measured cycle can be 
divided in four equivalent parts. Integration of these four periods gives four values SJ, 
S2, S3 and S4. The integration takes place in the photodiodes of the array as they 
accumulate charge during the time they are exposed to light. Thus the photodiode array 
should be read out 4 times in a half rotation of the polarizer (wp=29 Hz) to obtain the 
values SJ, S2, S3 and S4. Asthere are 1024 photodiodes in the array the read-out time 
should besmaller than -4J..Ls (1/(2*29*4* 1024)). The read-out of the photodiode array 
works as follow: First the SJ of photodiode 1 is read out, then SJ of photodiode 2, ... 
etc, till the end of the array is reached. The time to read out the SJ of all the photodiodes 
is exactly 'A period of the measured signal (118 rotation of the polarizer) so after the SJ 
of photodiode 1024, the S2 of photodiode 1 can be read. Analogousl y the S2, S3 and S4 
are read out. Because the photodiodes are not read at the same time the measured signal 
of each photodiode will have another starting phase. This is why Pc ( equation 6.1) must 
be determined for each photodiode. 
For each photodiode in the array the Si is given by: 

(i=1,2,3,4). (6.8) 

Furthermore the mean intensity is given by: 

'jmp (1) 4 

(I diode)= I I diode( t )dt = __!!_ L si 0 

o n i=l 

(6.9) 

With equations 6.3, 6.8 and 6.9 it is possible to give an expression for the different 
periods Si. For example, for SJ this expression becomes: 

( ' ·~ S - 1 ac as s 
1- -+-+- i" 

4 2n 2n ·=1 

(6.10) 

A combination of the four expressions gives a simple conneetion "Hadamard's Rule" 
between the four measured Si and the Fourier coefficients a' c and a's: 

(6.11a) 

(6.11b) 

Altogether, a measurement consistsof measuring SJ to S4 . In this report the SJ to S4 are an 
average of 1000 measurements. These values are corrected for the darkeurrent With the 
corrected Si's and equations 6.11 a and 6.11 b the Fourier coefficients a' c and a's are 
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calculated. These coefficients are determined with the analyzer polarization angle (A) at 
+45° and -45 °. Out of the a' c and a's and the reference measurement at an analyzer 
angle of 0°, ac and as are calculated with equations 6.7a and 6.7b. With these two values 
the two elliptical angles L1 and 'l' are derived using equations 6.2a and 6.2b. With 
equations 5.12 and 5.16 it is then possible to calculate the dielectric function. Hence, a 
measurement of the dielectric function consists of a darkeurrent measurement, a 
reference measurement (A=O}, a measurement with A=+45° and a measurement with 
A=-45°. The measurement program is described inthemaster thesis of E.R. Oude 
Vrielink [251 . 

6.4 Residue: calibration of the analyzer angle 

In section 6.1 and 6.3 it was noted that the angle between the polarization direction of 
the analyzer and the plane of incidence can be set to 0°, +45° and -45°. It is important to 
calibrate the analyzer angle to oo. The +45° and -45° are determined with mechanics 
once the oo angle has been calibrated. Calibration is performed using a so-called residue 
measurement [241

. The residue is given by equation 6.12: 

(6.12) 

On substitution of equations 6.2a and 6.2b and with some subsequent manipulations, a 
compact expression for the residue can be obtained: 

R = 1_ TJ 2 + (TJ sin(Ll) sin(2'P) sin(2A) )
2

• 

1- cos(2'P) cos(2A) 
(6.13) 

This expression shows, that if the angle between the polarization direction of the 
analyzer and the plane of incidence is 0° (A=O}, then the residueis at minimum. So if 
the residueis measured as a function of the position of the analyzer then the position 
with a minimum value of Ris the position where A=0°. Note that A=90° also gives a 
minimum residue, so the polarization direction of the analyzer must be roughly known. 
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Chapter 7: Results and discussion ellipsometry 

In this chapter the results of the experiments with ellipsometry will be discussed. Part of 
the experiments was performed to calibrate and align the jast spectroscopie ellipsometer 
that was implemented on the HiREELS set-up. After these measurements the dielectric 
functions of ITO/glass and OC1Cw-PPV on ITO/glass were measured. With these 
measurements and an optica/ data analysis program the electronica[ properties ( such as 
interband electronic transitions, the optica[ band-gapand the plasmonfrequency) of 
ITO and OC1C10-PPV were determined. 

7.1 Calibration and resolution of the photodiode array 

Before measurements with the fast spectroscopie ellipsometer could be performed it was 
necessary to calibrate the photodiode array. Todetermine the frequency of the light that 
falls on a eertaio diode, the array was calibrated with a high-pressure Hg-lamp and with 
filters (Balzers), which have transmission in a specific narrow energy range. The energy 
resolution of the array can also be determined with the Hg-lamp and the filters. 

For calibration purpose the Hg-lamp, with known emission lines, was placed 
directly in front of the monochromator-box. The slits of the monochromator-box DJ (see 
appendix L) were adjusted, such that no signal-overload occurred. The horizontal 
adjustable slit was set to its minimum (lmm) and the vertical adjustable slit DJ to 
0.02mm. The monochromator is positioned (718 on dial), such that energy of light 
incident on the photodiode array ranges in the UV-visible from leV to 5eV. The 
intensity spectrum of the high-pressure Hg-lamp measured with the photodiode array of 
the ellipsometry set-up is shown in figure 7.1. 
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Intensity spectrum of the high-pressure Hg-lamp measured with the 
photodiode array ofthe ellipsometry set-up (monochromator set to 718). 
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The spectrum shows the intensity as a function of the photodiode number. Clearly 
distinct peaks are visible. The known energiesof these peaks (spectrallines Hg-lamp) 
are assigned to the photodiode number where the peak is positioned (see table 7.1 ). 

The calibration of the photodiode array with filters was performed with the 
cascade are light souree placed directly in front of the monochromator-box and the filter 
positioned directly bebind the slits of the monochromator-box. The horizontal adjustable 
slit D3 was set to its minimum (lmm) and the vertical adjustable slit D3 to 0.12mm. 
Figure 7.2 shows 5 intensity spectra of the cascade are light souree measured with 
different filters. With these intensity spectra it is possible to assign the specific 
transmission energy peak of the filters to a photodiode number. These assignments are 
also reported in table 7 .1. 

Figure 7.2 shows that with certain filters strange spectra were obtained. The 
filter, with transmission energy of 1.11e V, has a broad shoulder and the filter, with 
transmission energy of 1.28eV, has a second peak. Probably the transmission of these 
filters is not specified in a narrow energy range. Despite the strange spectra of these two 
filters for both a clear peak can be distinguished, so the photodiode number of these 
clear peaks were used for the calibration. 
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Figure 7.2 Five intensity spectra of the cascade are light souree measured with 
different filters ( monochromator position 718 ). 
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Table 7.1: The photodiode numbers with the assigned energy according to the 
calibration with the high-pressure Hg-lamp and the filters. The last column shows the 
FWHM for the particular spectralline, which is also the lower limit of the resolution of 
h lr t e e zpsometry set-up. 

Measurement with 
Photodiode 

Energy (eV) 
FWHM(eV) 

number ±0.01eV 
Filter 29 1.11 0.22 
Filter 54 1.28 0.22 
Filter 85 1.45 0.06 

Hg-lamp 205 2.14 0.06 
Hg-lamp 230 2.27 0.06 

Filter 261 2.47 0.04 
Hg-lamp 354 2.84 0.05 
Hg-lamp 408 3.06 0.05 

Filter 406 3.07 0.06 
Hg-lamp 502 3.39 0.04 
Hg-lamp 602 3.71 0.04 
Hg-lamp 690 3.97 0.04 
Hg-lamp 746 4.17 0.04 
Hg-lamp 774 4.24 0.03 

Figure 7.3 shows a third order polynomial fit through the calibration data. The function 
of this polynoom (equation 7.1) represents the energy (y) as function of the photodiode 
number (x). 

y = (2.8 ± 0.5) ·10-9 
· x 3 

- (6.0 ± 0.6) ·10-6 
· x 2 + (7.3 ± 0.2) ·10-3 ·x+ (0.89 ± 0.02). 

(7 .1) 

The polynoom through the calibration data gives an energy range of 0.90-5.08eV for the 
1024 photodiodes in the array. Note, that the fitted polynoom had only calibration data 
for the photodiode numbers 29-774 (corresponding energy range 1.10-4.24eV). Outside 
this range the fitted polynoom was extrapolated. 
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Figure 7.3 The third order polynoom through the data points oftable 7.1. 
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With figures 7.1 and 7.2 it is also possible to de termine the resolution of the 
ellipsometry set-up. If the spectrallines of the Hg-lamp and the specific energy 
transmission filters are considered as infinite sharp peaks, then the resolution of the 
ellipsometry set-up is determined by the Pull Width at Half Maximum (FWHM) of the 
calibration peaks in figures 7.1 and 7 .2. A larger FWHM denotes a lower resolution. 

The obtained FWHM out offigures 7.1 and 7.2 (0.05±0.01eV) provides an 
underestimate of the resolution of the ellipsometry set-up, since in reality the speetral 
lines of the Hg-lamp and the specific energy transmission filters have a finite width. The 
obtained FWHMs and thus the lower limits of the resolution are reported in table 7 .1. 
The table shows that the resolution becomes better for higher energy providing the line 
width of the spectrallines is constant. 

The FWHMs of the 1.11 and 1.28e V filter are about 4 times the FWHM of the 
other data points. An explanation can be that the photodiode array is not functioning 
well below photodiode number 55. To examine this it is possible todetermine the 
FWHM of the photodiode array below photodiode number 55 with the Hg-lamp. Por this 
the monochromator position was rotated to position 661 on the dial. The first speetral 
line of the Hg-lamp was then positioned on photodiode number 24 and gave a FWHM of 
0.06eV. So the photodiode array is not to blame for the greater FWHM of the first two 
filters. The most likely explanation for the greater FWHM of the first two filters is that 
the transmission of these filters is not anymore in a specific narrow energy range. This is 
confirmed by the earlier mentioned strange intensity spectra of these filters . 

With the 3.07eV filter it was found that the resolution did notchange upon 
increasing the vertical slit width up to 0.4mm. Above a slit width of 0.4mm the 
resolution becomes lower. The reason for this is that with a wider slit the object distance 
for the mirrors in the monochromator-box is not anymore well defined by the slit. 
Because of this, the mirrors do not focus the disperse beam at the photodiode array 
position, which results in a lower resolution. 

7.2 Alignment of the ellipsometry set-up 

As the aperture D2 and the analyser (see figures 6.2 and 6.3) are not visible and can not 
be adjusted when the ellipsometry set-up is mounted on the UHV chamber small 
misalignments of these components are inevitable. Therefore, it is necessary to examine 
if a small misalignment of these components has an influence on the measured dielectric 
function as function of energy. Por this examination several ellipsometry measurements 
were done on an Au-coated mirror and in each measurement one of the above-mentioned 
components was changed in alignment. Since the complex dielectric function of gold [26l 

is known in the measured energy range it is possible to compare the measured dielectric 
functions with the literature values. So, it is possible to determine if a small change in 
alignment of a component results in a dielectric function, which is clearly not in 
agreement anymore with the literature values. Por these measurements the ellipsometry 
set-up was positioned on a table, so that the alignment could be easily adjusted and so 
that the analyserand aperture D2 were visible. The used ellipsometry set-up is shown in 
figure 6.1, yet with aperture D2 and sample (in these measurements an Au-coated 
mirror) in air. The ellipsometry measurements were performed with the plasma current 
of the Argon cascade are set to 25 Ampere, the horizontal adjustable slit D3 of the 
monochromator-box set to its minimum (1mm) and the vertical adjustable slit D3 set so 
that the measured intensity was just below overload for all the photodiodes. 
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With the experiments was derived that the measured dielectric function of the 
Au-coated mirror did notchange when the diameter of the aperture was changed from 
-1.5mm to -0.5mm. U pon changing the position of the aperture with respect to the 
lightbeam from position A to position B (positions shown in figure 7.4) the dielectric 
function also did notchange considerably (see figures in appendix M). 

A 
aperture 

lightbeam 

Figure 7.4 The two positions of the aperture with respect to the lightbeam. 

Furthermore upon changing the position where the light falls in on the analyser from the 
center of the analyser to partly on the analyser (and thus partly besides the analyser) had 
also no clear influence on the measured dielectric function of the Au-coated mirror. 

The last part of the alignment that was under investigation is the position of the 
lightbeam on the slits of the monochromator-box. In contrast to the aperture D2 and the 
analyser, it is possible to align the monochromator-box when the ellipsometry set-up is 
mounted on the UHV chamber. Since the alignment of the monochromatror-box is easier 
with the ellipsometry set-up on a table, the experiments concerning this part of the 
alignment where also done with theset-upon a table. Forthese experiments the 
horizontal slit width D3 of the monochromator-box was set to its maximum (lOmm) and 
the vertical slit width D3 was taken so that the intensity was near maximum. It was 
found that the height of the lightbeam with re gard to the slits was very important. This 
height determines if the light falls exactly on the photodiode array or partly on the 
photodiode array and partly above or beneath. lf the light falls only partly on the 
photodiode array then the measured dielectric function of the Au-coated mirror differs 
enormously from the literature values, see appendix N. So, the height of the lightbeam 
with respect to the entrance slits of the monochromator-box is considered very critical. 

So, the most critical part of the alignment was how the lightbeam falls on the 
slits of the monochromator-box. It is possible to align the monochromator-box when the 
ellipsometry set-up is mounted on the UHV chamber. In general, the best way to align 
the monochromator-box with regard to the lightbeam is to align the monochromator-box 
in a straight line with the tube containing the analyser and then setting the sample angle 
such, that a maximum intensity is obtained. In that position it is then possible to 
maximize the intensity on the photodiode array further by opening the vertical slit, 
usually the width of the slit is between 0.12 and 0.4mm. Furthermore, it is also 
recommended to observe how the light falls on the photodiode array in the 
monochromator-box. 
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7.3 Energy range for which the ellipsometry set-up gives reliable results 

With the ellipsometry set-up on a table and with the best possible alignment according 
the previous section the dielectric function of an Au-coated mirror was measured as 
function of the complete energy range (0.90-4.91 e V). The ellipsometry measurement 
was performed with the plasma current of the Argon cascade are set to 25 Ampere, the 
horizontal adjustable slit D3 ofthe monochromator-box set to its minimum (1mm) and 
the vertical adjustable slit D3 set so that the measured intensity was just below overload 
(0.04mm) for all the photodiodes. The angle of incidence/reflection with respect to the 
normal of the sample was 68.3°±1 °. Figure 7.5 compares the determined dielectric 
function (lines) to the values found in literature [261 (markers). Due to the uncertainty in 
the angle of incidence/reflection the measured dielectric function had an uncertainty of 
±10%. 
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Figure 7.5 

energy(eV) 

Measured dielectric function of gold (the bold fine is the real part eJ( m) 
and the normalfine is the imaginary parte2( m)) and theory values ( + real 
partand- imaginary part). 

Figure 7.5 shows that in the energy range 1.2- 4.1 e V the measured dielectric function 
resembles the theory values. The difference was less than the uncertainty in the 
measured dielectric function. The explanation why the dielectric function does not agree 
with literature outside this range is given by the intensity spectrum. Figure 7.6 shows the 
corresponding intensity spectrum ( average of the SJ till S4). The intensity spectrum is 
zoomed in at lower intensities, for the whole intensity range see appendix 0. 
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lt is clear from figures 7.5 and 7.6 that when the intensity becomes very low ( <5 
arbitrary units) the measured dielectric function of the Au-coated mirror deviates from 
literature. This can be understood with section 6.3 where is explained that the measured 
S1 till S4 represent a fluctuation which determines the dielectric function. When the 
intensity becomes too low, the fluctuation can not be detected sufficient and thus, the 
dielectric function can not be determined reliable anymore. 

Furthermore figure 7.6 shows a hili that starts at 4.3eV, at the same position the 
dielectric function in figure 7.5 shows a big deviation from literature values . The hili in 
intensity is caused by light that falls directly from mirror m2 (see figure 6.3) on the 
corresponding photodiodes in the photodiode array. This light has an undefined energy 
and thus the dielectric function in the energy range 4.3-5e V can not be determined. Note 
that the hili is positioned on an energy range where the intensity was already too low for 
reliable results. 

So upon measuring a dielectric function of a material it is always necessary to 
examine the intensity spectrum to know for which energies the dielectric function is 
reliable. When the intensity for our set-up is lower than 5 arbitrary units the dielectric 
function becomes unreliable. Since the used Au-coated mirror is a very good reflector 
and gold has no absorptions in the 1-5e V range it can be concluded that most other 
samples have a smaller energy-range than the 1.2-4.1 e V of the Au-coated mirror. 

7.4 Dielectric function of ITO in UHV 

Using the obtained knowledge concerning the alignment, the ellipsometer is 
implemented on the HiREELS set-up, to enable measurements in UHV. With this 
ellipsometry set-up the dielectric function of OC 1Cw-PPV used in polymer LEDsis 
determined. Since the OC 1Cw-PPV is spin coated on top of an ITO/glass substrate 
(Merck) it is necessary todetermine first the pseudo dielectric function of this ITO/glass 

62 



substrate. The ITO/ glass substrate is 10 by 1 Omm and consists of a -1.1 mm polished 
soda lime glass substrate with on top of it a fully oxidized -lOOnm thick ITO layer. 
Before the measurement the ITO/glass substrate was ultrasonically cleanedinultra pure 
acetone (Uvasol, Merck) and ultra pure 2-propanol (secsolv, Merck) each for at least 5 
minutes. After each treatment the substrate was dried using a beam of dry N2. This wet 
cleaning step is foliowed by an UV-ozone treatment (for 20 minutes). The cleaning and 
the UV-ozone treatment were done in a glovebox (N2 atmosphere) and the substrate was 
transferred to the fast entrance loadlock of the UHV chamber through air in about 3 
minutes. The ellipsometry measurements were performed with the plasma current of the 
Argon cascade are set to 29 Ampere, the horizontal adjustable slit D3 set to its minimum 
(1mm) and the vertical adjustable slit D3 set so that the measured intensity was just 
below overload (0.32mm). The angle of incidence/reflection with respect to the normal 
of the sample is 68.3°±1 °. This uncertainty in the angle of reflection will cause also an 
uncertainty in the measured dielectric function because the dielectric function is 
calculated out of the measured elliptical angles and the angle of re ft eetion ( equation 
5.16). Figure 7.7 shows the pseudo dielectric function of ITO/glass in the energy range 
1.3-3 .3e V calculated from the measurement with the angle of reflection taken equal to 
67.3°, 68.3° or 69.3°. 
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Figure 7.7 
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Pseudo dielectricfunction of!TO/glass in UHV calculatedfrom the 
measurements with the angle of reflection taken equal to 67.3 ° (light 
line ), 68.3 ° (bold line) or 69.3 ° ( dotted line ). 

Figure 7.7 shows that the uncertainty of 1 o in the angle causes an inaccuracy in the 
dielectric function of about 10%. Furthermore the figure shows that the pseudo e2( m) 
contains an absorption band. This absorption band must be due to the interface between 
Soda Lime glass and ITO, since the literature dielectric functions of soda Lime glass and 
ITO do notshow absorptions in e2(m) in the energy range 1.3-3.3eV. 
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The dielectric function of the ITO used in our ITO/glass substrate can be 
determined with the use of an optical data analysis program (WV ASE32). This program 
fits the pseudo dielectric function of a multilayer model to the measured pseudo 
dielectric function of the ITO/glass substrate. The multilayer model assumes that all 
boundaries are infinitely sharp. The WV ASE32 program represents the layers in the 
model with matrices (see appendix K) and it is possible to chose which components 
(layer thickness and/or optical constants of particular layers) must be fitted. The 
agreement of the fit to the measured dielectric function is expressed with a mean
squared error (MSE) value. 

One of the used multilayer models (model A; see figure 7.8) consistsof soda 
lime glass (literature dielectric function from database WVASE32) with on top of it an 
ITO layer. The roughness of the ITO is expressed by a second ITO layer (same optical 
constantsas the first ITO layer) with a percentage void. The dielectric function c( m) of 
the ITO is represented by two Lorentz terms with variables c""' A1, 'IJ and m1 ( equation 
7.2). 

(7.2) 

The fitted parameters in the multilayer model were the thickness of the ITO, the 
thickness and void percentage of the rough ITO layer as well as the variables of the two 
Lorentz terms representing the ITO. Figure 7.8 shows the fit results of the best-achieved 
fit (MSE = 0.264) of model A. The fitted thickness of ITO (105nm) is in good 
agreement with the 1 OOnm specified by Merck. The variables of the fitted dielectric 
function of ITO show that one Lorentz term (the first) is actually a Drude term because 
m1 =Oe V. According to the Lorentz theory (see section 5.4) cooshould be 1 and not 2.2 
found for the fitted model. An explanation for this is not known. However, examples of 
fitted dielectric functions in the WVASE32 program showed also cooof 2 and 3, so 
apparently it is allowed. 

Another multilayer model (model B; see figure 7.8) contains the same layers as 
model A but now the dielectric function of ITO is represented by the literature dielectric 
function from the WV ASE32 database. The fitted parameters were the thickness of the 
ITO and the thickness and void percentage of the rough ITO layer. Figure 7.8 shows the 
fit results of the best-achieved fit (MSE = 0.552) of model B. The fitted thickness of ITO 
( 1 06nm) is in good agreement with the 1 OOnm specified by Merck. 

Other multilayer models than the two described above were tried, but they gave 
nota pseudo dielectric function of ITO/glass which resembles the measured pseudo 
dielectric function of ITO/glass better than model A. For instance, an intermediate layer 
of SI02 between the glass and the ITO was put in the multilayer model A but the fit 
made this layer Onm. Also a roughness layer between the glass and the ITO was tried 
without obtaining a better result. 
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model A model B 

roughiTO 44% void ~ 23nm 46% void t 25 nm 

E1nr2o20 A1=4.45 A:z=38o24 

[105'm E from WV ASE database ] ·~,. ITO y,=Oo52 y:z=Oo27 
ro,=O Ol2=5o13 

Soda Lime glass E from WV ASE database 11.1 mm 
E from WV ASE database !1.1 mm 

Figure 708 Multilayer model A and B of ITO/glasso 

The best-achieved fitted pseudo dielectric functions of model A and B are given in 
figure 7090 

Figure 7.9 
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Measured (bold line) en fitted pseudo dielectric functions of ITO/glass in 
UHV. The dotted line is the best-achieved fit of model A and the light line 
is the best-achieved fit of model B. 

Figure 7.9 shows that the fitted pseudo dielectric functions of model A and B do not 
completely resembie the measured pseudo dieleetrie funetion of ITO/glass. However, 
the dieleetrie tunetion of model A bas a shape that is very similar to the measured 
pseudo dieleetric tunetion of ITO/glass, although, the imaginary part E2( m) bas a 
different behavior between 1.3 and 2eV. The differenees between the measured and 
fitted (model A) pseudo dielectric funetions of ITO/glass ean be explained with: 

The model uses anideal situation (sharp boundaries, homogeneaus layers) which ean 
deviate from reality. 
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lt is not certain that the dielectric functions for the soda lime glass can be expressed 
with the literature values (database WVASE32). The dielectric function can be 
different due to impurities in the glass. 

The pseudo dielectric function of model A fits the measured pseudo dielectric function 
of ITO/glass better than model B, because model A fits the dielectric function of ITO 
and model B uses literature values (database WVASE32) for the dielectric function of 
ITO. The literature values of the dielectric function can be different than the dielectric 
function of our ITO due to the fact that there is a large variety of ITO preparation and 
deposition processes [?J. The fitted dielectric function of ITO is shown in figure 7.1 0, 
which also shows the literature values of the dielectric function of ITO. 
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Figure 7.10 Fitted dielectric function of ITO (light line) in UHV and theory values of 
ITO (bold line). 

The EJ( m) of ITO is somewhat lower than the theory values (0. 7 for 1.3e V and 0.1 for 
3.3eV). The theory gives no ê2(m) for ITO in the energy range 1.3-3.3eV, while the 
fitted ê 2(m) for ITO is 1 for 1.3eV and 0.2 for 3.3eV. 

The fitted EJ( m) of ITO has nocrossing of the x-axis (êJ( m) = 0) in the energy 
range 1.3-3.3e V so the plasmon frequency is lower than 1.3e V. Extrapolation of the 
fitted EJ( m) of ITO gives for the plasmon frequency 0.88e V ( energy where the fitted 
EJ( m) crosses the x-axis). The theory value (data base WVASE32) for the plasmon 
frequency of ITO is 0.87eV, also a plasmon frequency of 0.89eV is reported [111

• 

7.5 Dielectric function of OC1C10-PPV in UHV 

With the measured pseudo dielectric function of ITO/glass and with an ellipsometry 
measurement in UHV on a -130nm thick OC 1C10-PPV film on ITO/glass the dielectric 
function of OC1C10-PPV can be determined. The -130nm thick OC 1C10-PPV film on 
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ITO/glass was made in a glovebox (N2 atmosphere) where an OC1C10-PPV film was 
deposited on top of an ITO/glass substrate by means of spin coating (speed= 3100rpm) 
using a 0.71 weight% toluene solution. Before spin coating, the ITO/glass substrate was 
cleaned and given the same UV -ozone treatment as for the measurement on the 
ITO/glass substrate. The sample was transferred from the glovebox to the fast entrance 
loadlock of the UHV chamber through air in about 3 minutes. Ellipsometry was 
performed under the same conditions as the measurement on ITO/ glass. Figure 7.11 
shows the pseudo dielectric function of the -130nm thick OC 1C10-PPV film on 
ITO/glass in the energy range 1.3-3.3eV calculated from the measurement with the angle 
ofreflection taken equal to 67.3°, 68.3° or 69.3°. The figure shows that the uncertainty 
of 1 o in the angle causes again an inaccuracy in the dielectric function of about 10%. 

7 ,-------------------------------------------~------~ · -- -- 69.3 degrees 
-68.3 degrees 
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energy(eV) 

Figure 7.11 Pseudo dielectricfunctions of an -130nm thick OC1C10-PPV film on 
ITO/glass in UHV calculatedfrom the measurement with the angle of 
reflection taken equal to 67.3° (light line), 68.3° (bold line) or 69.3° 
(dotted line). 

The dielectric function of OC1C10-PPV can be obtained with the optica! data analysis 
program WV ASE32 by fitting the pseudo dielectric function of a multilayer model to 
the measured pseudo dielectric function of the OC 1Cw-PPV film on ITO/glass. 

One of the two used multilayer models (model I; see figure 7.12) consistsof the 
measured dielectric function of ITO/glass (with 68.3°) with on top of it an OC1C10-PPV 
layer. The roughness of the OC1C10-PPV is expressed by a second OC1C10-PPV layer 
(same optica! constantsas the first OC1C10-PPV layer) with a percentage void. The 
dielectric function of the OC1Cw-PPV is represented by three Lorentz terms (equation 
7.2 withj=1,2,3). The fitted parameters were the thickness of the OC1C10-PPV, the 
thickness and void percentage of the rough OC1C10-PPV layer as wellas the variables of 
the three Lorentz terms representing the OC1C10-PPV. Figure 7.12 shows the fit results 
of the best-achieved fit (MSE = 0.216) of model I. 
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The other multilayer model (model II; see figure 7.12) is almost the same as 
model I but now without the roughness layer. The fitted parameters were the thickness 
of the OCtCw-PPV and the variables of the three Lorentz terms representing the 
OCtCw-PPV. Figure 7.12 shows the fit results ofthe best-achieved fit (MSE = 0.243) of 
model IT. 

For both models the fitted thickness of OC1C10-PPV (145nm and 142nm) are in 
good agreement with the 130nm estimated thickness according spin coater angular 
velocity. Furthermore, for both models the variables of the fitted dielectric function of 
OC1C10-PPV show that one Lorentz term (the second) is actually a Drude term because 
C0:2 = Oe V and both fits give again an êoo higher than 1. 

model I model II 

rough PPV 69% void t 13 nm 

PPV 
A1=5.20 A2=5.49 A3=-1.10 1

145 
run 

y,=0.36 y2=1.79 y3=-D.27 
oo1=2.61 oo2=0 oo3=2.17 

e,.r=3.15 A1=4.56 A2=7.06 A3=-1.00 1
142

nm 
y,=0.44 y2=2.50 y,=-D.30 
oo,=2.54 oo2=0 003=2.22 

ITO/glass tmeas [ 1.1 mm 

Figure 7.12 Multilayer model I and II of an OC1C10-PPV film on ITO/glass. 

The best achieved fitted pseudo dielectric functions of model I and II are shown in figure 
7.13 (real part, eJ(m)) and figure 7.14 (imaginary part, e2(m)). 

c 
0 

~ 

6 ,------------------------------------------------r------~ 
-measured 
· ···· model I 
- modelll 

] 4~--------------------------~---ft----------------------~ 
u ·;: 

~ 
~ 3 ~----------------------~~------~--------------------~ 
G> 

= 0 
t: 
[2 ~--------------------------------~~------------------~ 

~ 

0~--------~-----------r----------~--------~----------~ 
1.5 2 2.5 3 3.5 

energy (eV) 

Figure 7.13 Measured pseudo t:J( m) of the OC1C10-PPV film on ITO/glass in UHV 
(bold line) andfitted pseudo t:J(m) using model I (dotted line) and model 
II (light line). 

68 



-measured 
--- -- ·model I 
- modelll 

5~------------------------~~--------~====~ 

1.5 2 2.5 3 3.5 

energy (eV) 

Figure 7.14 Measured pseudo ê 2( m) ofthe OC1C10-PPV film on ITO/glass in UHV 
(bold fine) andfitted pseudo ê2(m) using model I (dotted fine) and model 
II (light fine). 

The two fitted pseudo dielectric functions are in good agreement with the measured 
pseudo dielectric function of the -130nm thick OC 1C10-PPV film on ITO/glass. The 
peak heights of the two fitted pseudo eJ( m) are -10% lower than for the measurement. 
The measured pseudo e2( m) shows peaks at 2.20e V and 2.50e V in energy, while the two 
fitted pseudo e2( m) give peaks at 2.22e V and 2.53e V (model I) and 2.24e V and 2.52e V 
(model 11). The differences in peak position between measurement and fit are due to the 
fact that the fit works with a rnathematic formula and thus the peaks can shift if that 
gives mathematically a better fit. 

Furthermore, differences between the measured and fitted pseudo dielectric 
function can be due to the fact that the model uses an ideal situation (sharp boundaries, 
homogeneous layers) which can deviate from reality . 
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Figure 7.15 Thefitted dielectricfunctions ofthe OC1C10-PPVfilm with model I (bold 
fine) and model II (light fine). 
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Although, the pseudo dielectric functions of model I and 11 both fit the measured 
dielectric function well, the fitted dielectric functions of OC 1C10-PPV (figure 7.15) are 
very different for the two models. To the authors best knowledge the dielectric function 
of spin coated OC1C10-PPV in an energy range of 1.3-3.3eV is not reported before, so 
literature can not be used to decide which model is more reliable. 

The fitted eJ( m) of OC1C10-PPV showsnocrossing of the x-axis (ei( m) = 0) in 
the energy range 1.3-3.3eV and thus no plasmon frequency is observed. The Drude term 
in the fitted variabie of OC1C10-PPV gives a plasmon frequency (when neglecting 
dam ping) of-/ A2 = 2.34e V for model I or 2.66e V for model 11, but due to the two 
Lorentz terms the plasmon frequency is shifted outside our energy range. Also the 
damping factor "( ( 1. 79 model I or 2.50 model 11) can not be neglected. 

The fitted ê2( m) of OC,C,o-PPV showspeaks at energiesof 2.17 and 2.61eV for 
model I or 2.22e V and 2.54e V for model Il. Since, the fit placed the pseudo e2( m) peaks 
higher in energy due to mathematica! reasons, the energies are corrected to 2.15e V and 
2.58eV for model I and 2.18eV and 2.52eV for model Il. 

Since peaks in e2( m) are due to absorption, the e2( m) of OC1C10-PPV can be 
compared with a reported [271 absorption spectrum of OC1C10-PPV. This absorption 
spectrum of OC 1Cw-PPV (see appendix P) shows only one absorption peak, positioned 
at an energy of 2.58e V. The fitted e2( m) of OC1C10-PPV shows a peak (the second peak) 
at energy position 2.58e V for model I or 2.52e V for model Il. These values suggest that 
model I is a better model then model Il. The base width of 1.1 ±0 .1 e V for the second 
peak in the fitted e2( m) of OC1C10-PPV is almost the same as the base width of 
1.2±0.1e V for the reported absorption peak. So, the second peak in the fitted e2( m) of 
OC1C10-PPV can be assigned to absorption and another artiele [281 reports that the 
absorption in the family of dialkoxy PPV derivatives is due to the 1t ~ 1t* transition of 
the main chain of the PPV. However, the first peak found in the fitted e2( m) of OC1C 10-

PPV is not reported in the absorption spectrum. 
The first peak in the fitted e2( m) of OC1C10-PPV is represented by the third 

Lorentz term used in the models and this term shows a negative A3 and y3. By 
comparing equation 5.25 with equation 7.2, it is suggested that the negative values are 
due to a negative probability of the transition with energy m3 , which may indicate 
emission in stead of absorption. In addition, a reported [271 photoluminescence spectrum 
of OC 1C 10-PPV (see appendix P) shows a peak at an energy of2.14eV, which is very 
near to the fitted first peak in e2( m) of OC1C10-PPV (2.15eV for model I or 2.18eV for 
model 11). Again model I shows a better fit when the first peak is indeed due to 
emission. Furthermore, the base width of 0.6±0.1e V for the first peak in the fitted e2( m) 
of OC1C10-PPV is almost the same as the base width of 0.7±0.1eV for the reported 
photoluminescence peak of OC1C10-PPV. The suggestion that the first peak is due to 
emission is also supported by the fact that the sample showed a red glow during the 
ellipsometry measurement. 

So, according the forgoing the first peak in e2( m) of OC1 C10-PPV can be due to 
emission and the second peak is due to absorption of photons. It is suggested to perform 
in the future an absorption measurement on our OC1Cw-PPV to besure that the first 
peak is not an absorption peak due to different sample preparations compared to the 
OC1C 10-PPV used in literature. Also it is possible to perform an ellipsometry 
measurement with the sample rotated a few degrees so that the measurement is not under 
the angle of incidence/reflection. With this measurement the first peak should be visible 
if the peak is due to ernission and if the emission is equal in all directions. 
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7.6 Degradation of OC1C10-PPV in air 

Ellipsometry measurements on a -130nm thick OC1C10-PPV film on ITO/glass were 
also performed in air. A measurement was performed with the sample 5 minutes in air 
and for another measurement the same sample was exposed 1 day to air. The preparatien 
of the sample was identical as mentioned in the preceding section. The ellipsometry 
measurements were performed with the plasma current of the Argon cascade are set to 
25 Ampere, the horizontal adjustable slit D3 set to its minimum (lmm) and the vertical 
adjustable slit D3 to 0.16mm. The measured pseudo dielectric functions ofthe OC 1C10-

PPV film on ITO/glass for the measurements in air and in UHV are shown in figure 7.16 
(real part eJ( m)) and figure 7.17 (imaginary part e2( m)). The measurements in air and in 
UHV were performed on different OC1C10-PPV films, which were however made under 
the same conditions. 
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Figure 7.16 The measured real part of the pseudo dielectric function eJ( m) of the 
OC1C10-PPV film on ITO/glass for the measurements in air (sample 5 
minutesin air (light line) and sample lday in air (bold line)) and in UHV 
( dotted line ). 
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Figure 7.17 The measured imaginary part of the pseudo dielectric function e2( m) of 
the OC1Cw-PPV film on ITO/glassfor the measurements in air (sample 5 
minutesin air (light line) and sample lday in air (bold line)) and in UHV 
( dotted line ). 

The pseudo dielectric functions of the OC1C10-PPV film on ITO/glass measured in air (5 
minutes after preparation) and in UHV have clearly the same shape. The peak: positions 
in the dielectric functions show a small ( -0.02e V) shift. A remarkable difference 
between the measurement in air and UHV is the noise like features between 1.3-2eV. 
These features were sample depended, because for measurements in air on ITO/glass 
and on Au these features were not observed. Since, the measurement in UHV did not 
show these features it is unlikely that they are due to interterenee in the OC1Cw-PPV 
film. At this moment, it is not understood where these features come from. 

The small differences (besides the features between 1.3-2e V) between the 
dielectric functions of OC1C10-PPV film on ITO/glass measured in air (sample 5 minutes 
in air) and in UHV can be due to the fact that different samples were used. Although, 
these were prepared in the same way, small differences can occur from sample to 
sample. This is confirmed by the fact that different (all prepared in the same way) 
OC1C10-PPV film on ITO/glass samples were measured in air and these samples showed 
also small deviations ( < 10%) compared to each other. Also a small difference in the 
angle of reflection for the measurements in air and UHV cause a difference in the 
measurement results. 

The peak in the pseudo EJ( m) of the OC 1Cw-PPV film on ITO/glass measured 
after the sample was exposed 1 day toairis lower (-35%) than that measured after the 
sample was exposed 5 minutes to air. The two peaks in the pseudo e2( m) measured after 
the sample was exposed 1 day to air are also lower (-20%) as those measured with the 
sample 5 minutes in air. 

There are two possible explanations for the lower peaks with the OC1Cw-PPV a 
day in air compared to the sample a few minutes in air. One explanation is that the 
OC 1C10-PPV film is unstable in time and the other explanation is that the decreaseis due 
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to a degradation of the film by the exposure to air. However, the change cannot be due to 
time because another sample was measured after it staid for a day in the glove-box and 
the dielectric function of this sample was very similar to the dielectric function of the 
sample measured 5 minutes after its preparation. So, the decrease in dielectric function is 
due to degradation by the exposure to air. 

The reported absorption and photoluminescence spectra used in the preceding 
section showed also degradation as function of air exposure time [271

. In 30 minutes these 
spectra change significantly and the peaks are shifted to higher energy due to the 
degradation. This reported degradation is faster than in our case, since the dielectric 
function of OC1C 10-PPV measured after exposure for 30 minutes to air (not shown in 
figures 7.16 and 7 .17) showed al most no difference compared to the one measured after 
5 minutes in air. Moreover, in contrast to the degradation reported in literature the 
second peak in the measured e2( co) shifts to lower energy after one day of exposure to 
air. The first peak does not seem to shift. The used literature reports that their 
degradation is due to photo-oxidation, so according the differences between their 
degradation and our degradation it is suggested that we have another kind of degradation 
mechanism. 

lt is suggested to examine in the future in more detail the change in dielectric 
function of OC 1C 10-PPV during controlled exposure of the sample to oxygen (and UV
light) in the UHV chamber. Moreover, combination of the measurements with Ff
RAIRS offers the possibility to determine which new molecular honds appear and/or 
which molecular honds disappear. This because it is known that photo-oxidation of the 
PPV results in interruption of the conjugation of the polymer by breaking the vinyl
bond, and the formation of carbonyl groups [271

. 
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Chapter 8: coneinsion and recommendations 

The FT-RAIRS and spectroscopie ellipsometry set-up were successively implemented 
on the HiREELS set-up. For the FT-RAIRS set-up this means that the designed optical 
set-up succeeded in focussing the infrared beam on a sample in UHV and that the 
detected intensity was enough to record an absorption spectrum. However, it was 
necessary to have a long measuring time to improve the signal-to-noise ratio, which 
made it necessary to improve the stability of the background absorptions due to the 
molecules in the air. The stability was increased by placing the designed optical set-up in 
an Argon filled airtight system. FT-RAIRS measurements showed that for a -130nm 
thick film it was possible to determine an absorption spectrum but for a -1.5nm thick 
film this was not possible. The measurements on NRS-PPV and OC 1C10-PPV films 
( -130nm) showed the same vibration transitionsas reported in literature for MEH-PPV. 
The FT -RAIRS measurements in UHV showed a periodical disturbance, which is 
probably due to the low intensity in combination with the used detector. 

A possibility to increase the intensity in the FT-RAIRS measurements is to 
replace aperture d2 in the optical set-up between spectrometer and sample by a slit, 
because in one direction the beam may be greater than in the other direction. A 
recommendation for measurements on PPV s in UHV is to spin coat them on a me tal 
with higher absolute value of the dielectric function than ITO because the angle of 
incidence/reflection of 82.5° is then closer to the angle for maximum absorption. 

For the spectroscopie ellipsometry set-up the successful implementation means 
that the set-up was calibrated (energy range 0.90-5.08eV, resolution 0.05±0.01eV) and 
the optimum alignment of the components was found. Test measurements on an Au
coated mirror showed that the energy range for reliable results depends on the intensity. 
The measured pseudo dielectric function of ITO/glass showed a deviation from modeled 
pseudo dielectric functions. The rnadeling showed that interface layers and roughness 
layers are important in rnadeling a pseudo dielectric function. The determined dielectric 
function of OC1C 10-PPV showed two clear peaks in the imaginary part of the dielectric 
function €2( m). In literature was found that one peak (2.55±0.03eV) is due to the 1t ~ 

n* transition of the main chain of the PPV. For the other peak (2.16±0.02e V) it is 
suggested that it is due to emission. When the OC 1C 10-PPV film on ITO/glass was 
exposed for a day to air then the peaks in the dielectric function decreased. The decrease 
means that the air exposure changes the OC1C10-PPV film so that less 1t ~ n* transition 
of the main chain of the PPV occur. 

To determine if the peak at 2.16±0.02e V in the measured €2( m) is indeed due to 
emission it is suggested to perform in the future an absorption measurement on our 
OC1C10-PPV. Also it is possible to perform an off-specular ellipsometry measurement, 
which must show the peak at 2.16±0.02e V in El m) and not the other if the first peak is 
due to emission and if the emission is equal in all directions. Furthermore it is suggested 
to examine in the future in more detail the change in dielectric function of OC 1C10-PPV 
during controlled exposure ofthe sample to oxygen (and UV-light) in the UHV 
chamber. Moreover, combination of the measurements with FT -RAIRS offers the 
possibility to determine which new molecular bonds appear and/or which molecular 
honds disappear. 
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Appendix B 
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Appendix C 

Chromatic aberrations can be determined with formula cl for the focallength of a lens: 

(cl) 

where fis the focallength of a lens, R1 and R2 are the radii of the two refracting surfaces, 
n1 the refractive index of the medium in which the lens is placed and n2 the refractive 
index of the material of the lens. The refractive index of the lens material varies with 
wavelength and thus the focallength varies. Table C 1 shows the chromatic aberrations 
of a ZnSe-lens 1 with a focallength of 50.8mm (À= 10.6~tm) and object distance of 
250mm. 

Tabel Cl 

Wavelength 
flm 
1.00 
3.00 
5.00 
7.00 
9.00 
10.60 
11.00 
13.00 
15.00 
17.00 

Chromatic aberrations of a lens with a focallength of 50.8mm designed 
fora wavelengthof 10.6 f1m. Also the wavelength dependent image 
distances are calculated for an object with object distance 250mm. 

Index of Focal length Object distance Image distance 
refraction (n) mm mm mm 

2.489 47.9 250 59.3 
2.438 49.6 250 61.9 
2.430 49.9 250 62.3 
2.422 50.2 250 62.8 
2.412 50.5 250 63.3 
2.404 50.8 250 63.7 
2.400 50.9 250 63.9 
2.385 51.5 250 64.9 
2.367 52.2 250 66.0 
2.344 53.1 250 67.4 

1 ZnSe-lenses are the most suitable for infrared transmission and have application possibilities in UHV 
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Figure Dl 
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Combination of two positive lens es, which are a distance d apart. 

Multiplication factor m for two lenses: 

sj s; 
m=-·- (dl) 

st s2 

si and si' are object and image di stance of lens i. The object di stance of lens 2 is d minus 
the image distance of lens 1. So this gives for the magnification factor m: 

sj s; 
m=-·--

s1 d -sj 
(d2) 

(d3) 

So the object distance of lens 1 still has to be 56 times the image distance of lens 2 to get 
the magnification factor 0.018. 

For d>>s 1' the light beam at the second mirror will be very broad. So this is also not an 
option in our case. 
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Appendix E 

Figure El: CoupZing piece between 
spectrometer and mirror-box. 

Figure E3: The mirrors inside the 
mirror-box. 

Figure E5: Coupling piece between 
vacuum chamber and detector. In the 
front the conneetion to vac. chamber. 
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Figure E2: Mirror-box. 

Figure E4: CoupZing piece between 
mirror-box and vacuum chamber. 

Figure E6: CoupZing piece between 
vacuum chamber and detector. In 
the front the conneetion to detector. 



Appendix F 

Figure Fl Optica[ set-up between souree and sample. Diaphragms 1 and 2 are 
symbolized with dl and d2. FM means flat mirror, M 1 is first focussing 
mirror and M2 the second focussing mirror. The mirrors are gold coated 
and are mounted in mirror mounts, which are placed on X-Y displacers. 
The distance between spectrometer and first focussing mirror is given by 
sd. The image distance ofthefirstfocussing mirror is given by s/. The 
object and image disfances ofthe secondfocussing mirror are given by s2 

and sz'. 

Aperture d 1 = 40mm (possible apertures 1.2-42.0mm) 
Aperture d2 = about 0.3mm (possible apertures 0-12.0mm) 
Focal distance M 1 = 200mm 
Focal distance M2 = 150mm 
Diameter mirrors = 50mm 
Sd= 165mm 
St'= 185mm 
s2 = 211mm 
s2' = 520mm 

Tabel Fl Product information 
Product leverancier Productnumber 

Aperture dl Molenaar opties Id058042 
Aperture d2 Molenaar opties ld021012 

Flat mirror FM 1 anos Technology A2110-383 
Focussing mirror M 1 1 anos Technology A2011-263 
Focussing mirror M2 1anos Technology A2111-253 

Mirror mount Molenaar opties 112-0140 
X-Y displacer Meiles griot 07rpc507 
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Price (in euros) 
27 
31 
167 
124 
150 
143 
54 



Appendix G 

T, b l Gl a e . fi b l h fi converswn rom wavenum er to wave engt , to energy, to requency. 
Wavenumber Wavelength Energy Frequency 

(cm-1) (llm) (eV) (Hz) 
40000 0.25 4.96 12·1014 

20000 0.5 2.48 6·1014 

10000 1.0 1.24 3·1014 

5000 2.0 0.62 1.5·1014 

1000 10.0 0.124 3·10Jj 

625 16.0 0.077 1.875·10Jj 
500 20.0 0.062 1.5·10Jj 

370 27.0 0.046 1.111·10Jj 
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Measured intensity spectrum of FT-RAIRS on ITO. 
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Measured intensity spectrum of FT-RAIRS on a 200nm layer of NRS PPV 
on!TO. 
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Figure 11 

Appendix I 
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Absorption spectrum of a 70nm thick MEH PPV film on gold reported in 
Ziterafure [8]. 
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Dielectric function of ITO as function of energy reported in literature [11]. 
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Appendix K 

In the case a sample consists out of more then one thin layer, an expression for the 
complex reflectivity relation p has to be derived with a matrixformalisme. 

~ :z //./ 
~./" / // / / Surrounding 0 

' d~ I 2 
I 

i~·' 

: ~ 
Substrate 

m 

m+l 

Figure KI Modelfora sample that consists out of a substrate (layer m+I) with m 
transparent laye rs on top of it ( laye r I til! m ). 

Figure K1 gives a model fora sample that consist out of a substrate (layer m+ 1) with m 

transparent layers on top of it (layerl till m). Layer 0 is the surrounding (air or vacuum). 
The model assumes that the layers are isotropie and completely flat. Figure K1 gives the 
path of a lightbeam that comes from the surrounding and hits the transparent layer 1 
under an angle of <p0. The lightbeam will reflect and refract at every boundary-plane. 
Because of this each layer has internal reflections. Each layer j has a resulting field that 
consist out of a flat wave that is going forward ( +) and a flat wave that is going 
backward (- ), both with an angle cp1 between the wavevector and the z-axe. On every z 
position the total E field can be described with a column-vector of the complex 
amplitude of the forward and backward wave: 

E(z) = [E: (z)l · 
E (z.) 

(k 1) 

Each layer j and each boundary-plane (j-l)j transfarms this column-vector into another 
column-vector with the corresponding 2x2 transformation matrices L1 and Iu.1;1. The 
column-vector E0 in the surrounding is related to the column-vector Em+J in the substrate 
in the following way [51 : 

(k2) 

The S is the total 2x2-transformation matrix and is given by: 
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The transformation matrices !0_1 JJ of the boundary-planes is given by: 

-x [ 1 / U -llj - ( t ) 
U -llj r (j- l )j 

r (j- l )j l 
I , 

(k3) 

(k4) 

with to-nJ and ro-nJ the complex reflection and transmission coefficients of boundary
plane (j-1 )j. The transformation matrices L1 of the layers is given by: 

e } 

[ 

i/3 
L -

j - 0 ~{3 ] , e } 
(k5) 

with [31 the change in phase of the lightbeam by the transparent layer j and [31 is given by: 

27rdj~ 2 2 ·2 f3 . = -- n . - n . 1 sm cp0 , 
1 ll 1 1-

(k6) 

with d1 the thickness of layer j and ll the wavelength in vacuum of the light. Equation k6 
holcts only when the wavelength of the light is Jonger then the thickness of the layer. 

From equation k2 can be deduced that the total reflection coefficient R of the 
sample is related to the elements of the total 2x2-transformation matrix S in the 
following way: 

(k7) 

Since the transformation matrices Io-nJ of the boundary-planes for the parallel and the 
perpendicular component (to the plane of reflection) of the lightbeam are different, the 
elements of the total 2x2-transformation matrix S are also different for the two 
components. The complex reflectivity relation pis now given by: 

R ~ sll21s .ui 
p =-= --"---

R .i sllll s .121 
(k8) 

When the complex refractive index of the layers except one, the thickness of all the 
layers and the angle of incidence are known, the complex refractive index of the 
unknown layer can be fitted so that the model resembles the measured complex 
reflectivity relation p of the substrate (layer m+ 1) with m transparent layers on top of it 
(layerl till m). 

88 



Figure Ll 

Figure L2 

Appendix L 

front view 
monochromator-box 

Front view of the monochromator-box with the vertic al adjustable slit 
( adjustable in the direction of the arrow ). The horizontal adjustable slit is 
not shown. 

front view 
monochromator-box 

Front view of the monochromator-box with the horizontal adjustable slit 
( adjustable in the direction of the arrow ). The vertical adjustable slit is 
not shown. 
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AppendixM 
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Measured dielectric function of gold (bold fine real partand normalfine 
imaginary part) and theory values ( + real partand- imaginary part). 
Diaphragm in the middle of the fightbeam. 
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Measured dielectric function of gold (bold fine real partand normalfine 
imaginary part) and theory values ( + real partand- imaginary part). 
Diaphragm partly in the fightbeam and a fittie part out site the 
fightbeam. 

90 



AppendixN 
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Measured dielectric function of gold (bold line real partand normalfine 
imaginary part) and theory values ( + real partand- imaginary part). 
Light falls exactly on photodiode array. 
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Measured dielectric function of gold (bold fine real partand normalfine 
imaginary part) and theory values ( + real partand- imaginary part). 
Light falls partly on photodiode array and partly above photodiode 
array. 
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Measured dielectric function of gold (bold line real partand normalfine 
imaginary part) and theory values ( + real partand- imaginary part). 
Light falls partly on photodiode array and partly beneath photodiode 
array. 
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Appendix 0 
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Measured intensity of ellipsometry on gold ( average of the SJ till S4 ). 
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Figure PI 

Figure P2 
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Appendix P 
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UV- Vis absorption spectra of OC1Cw-PPV for different exposure times to 
air reported in lirerature f27J_ 
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Photoluminescence spectra of OC1Cw-PPV for different exposure times 
to air reported in lirerature !27J_ A Xe lamp with a blue-green f ilter at a 
power densiry of 0.2W/cm2 was usecl. 
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