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Summa 

Summary 

Within the framework of a co-operation between Océ Technologies and the Eindhoven University of 
Technology a new apparatus for infrared spectroscopy has been developed. This equipment, called 
"Big Blue", makes it possible to measure all sorts of samples that have to be analysed. Big Blue can 
use three different spectroscopie techniques: External reilection, Attenuated Total Reileetion and 
Rotating Analyser Ellipsometry. These techniques can be applied at a sample, without any need for 
further sample handling. It is also possible to scan over the surface of the sample and measure a 
spectrum at different spots. 
In this graduation project software has been produced to control all processes from Big Blue. This 
software is embedded in the software betonging to the Vector22. This is the spectrometer that forms 
the heart of the apparatus. This makes the sample handling a lot easier than on the other infrared 
equipment, especially when the sample has to be analysed at more than 1 spot or at more than 1 angle 
of incidence. 
Measurements of the align signal under different experimental conditions have been done to determine 
the experimental characteristics of Big Blue. Furthermore, spectra of several typical samples have 
been recorded and compared to spectra recorded with the equipment used at Océ until now. It appears 
that for external reileetion Big Blue has a much better performance than the IFS66 used so far. The 
amount of signa} is higher and the signal-to-noise ratio is higher. A slight disadvantage of Big Blue is 
that it is not completely purged. This causes noise in the spectra due to absorption peaks from the C02 

and H20 in the air. 
For Attenuated Total Reileetion the performance of Big Blue is not quite as good as the conventional 
equipment. This is caused by the fact that single reileetion ATR is used where the conventional 
equipment uses multiple reilection. But the spectra recorded with Big Blue are still good enough to 
show all peaks that are also present in the other spectra. And the advantages of the single reileetion 
with use of a semi-cylindrical internal reileetion element (IRE) are the opportunities to change the 
angle of incidence almost continuously and to do quantitative measurements. 
Océ is particularly interested in these quantitative measurements. They want to use single reileetion 
ATR to perform depth profiling: determination of the complex refractive index at different depths in 
the sample. The complex refractive index profile of about 2-3 f..!m ofthe sample can be determined by 
single reileetion A TR. Different methods for the calculation of the depth profile are known. Most are 
based on experiments where the angle of incidence is changed to change the penetration depth. But in 
this case a method has been chosen that uses the difference in penetration depth at different 
frequencies. This makes it possible to follow processes that cause fast changes in the depth profile, 
because only one spectrum has to be measured. 
The program "ATRDepth" is written to calculate the depth profile from a spectrum in three steps: a 
low absorption approximation, a linear fit and a non-linear fit. When it is used in reverse order (a 
profile is entered and the spectrum calculated), it works very well. The calculated spectra closely 
resembie spectra simulated with SCOUT, another optica) modeHing program. This indicates that at 
least the optica) simulation routines from A TRDepth work wel I. 
The calculation of depth profiles from simulated spectra only partially reproduces the depth profiles 
put into the simulations. The low absorption approximation and the linear fit need a lot of fitting points 
spread over a large wavenumber range to give aresult free of oscillations. The non-linear fit fails to 
give convergence, either due to a starting approximation that is not good enough or derivatives 
calculations that are not as accurate as necessary. It is also shown that the multiple-approach alone is 
not enough. For optima} sensitivity in a certain depth region it is also necessary to choose an 
appropriate angle of incidence. 
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Introduetion 

1. Introduetion 
Océ is one of the largest printer and copier companies for the professional market in the world. To 
maintain and expand their market position, they are spending a lot of money and time in research and 
development. One of the requirements for new developments is a sound basis of knowledge about the 
materials used intheir products. To build this knowledge, good analysing methods are necessary. To 
provide these methods and develop new analysing methods there is a special department Analytical 
research and Measurements (AM). Within this department, analysing methods using different 
techniques like mass-spectrometry, wet-chemical analysis and optical speetrometry in different 
speetral ranges are developed and applied. 

The Optical Spectroscopy group is one of the groups within the AM-department. This group uses 
infrared spectroscopie techniques both for qualitative and quantitative experiments. They encounter a 
lot of different, often big, samples in their practice. Gradually the need for new equipment able to 
handle a large range of these samples grew. Because within Océ the experience to develop such 
equipment themselves was not present, they started a co-operation with the group Elementary 
Processes in Gas Discharges of the Faculty of Applied Physics at the Eindhoven University of 
Technology. Within the framework of this co-operation new measurement equipment has been 
designed and builtand new analysing methods have been researched. 

Th is graduation research is part of this co-operation. It consists of two parts. The first part is to assist 
with the building and testing of the new apparatus, called Big Blue (a look at the picture on the front 
page will explain this name). Another major task is to characterise the new equipment and campare its 
possibilities with those ofthe equipment used at Océ until now. 

The second part of this research was to investigate the performance of a nov el depth profiling metbod 
with Attenuated Total Reflection (ATR). ATR is a spectroscopie technique in which the incident light 
is led through an element with high refractive index. For angles larger than the critical angle, total 
internat reflection will occur at the interface between crystal and the environment: either the sample or 
the air. In this situation there is an exponentially damped wave in the sample: the evanescent wave. 
Absorption of the evanescent wave by the samples causes an attenuation of the amount of reflected 
light. The penetration depth (that is the distance in which the amplitude of the evanescent wave 
red u ces to 1/e of its original amplitude) of the wave depends on the ratio of the refractive indices of 
the crystal and the sample, the wavelength of the light and the angle of incidence. This makes it 
possible to obtain information about a variation in the complex refractive index in the depth direction 
ofthe sample by measuring absorptances with variabie penetration depth. 

The importance ofthe depth profiling for Océ is illustrated best by an explanation ofthe copy process. 
In Figure 1.1 this process is sketched. One of the key materials in the process is the photoconductor. 
This is a material, which is non-conducting in dark and conducting when illuminated. For a start, a 
charge is applied to the surface of this photoconductor. Th en the photoconductor is illuminated. At the 
places where photons reach the photoconductor, it becomes conductive and the surface charge 
disappears. At places where no photons reach the photoconductor the surface charge remains. In the 
next step, toner that has a charge opposite to that of the photoconductor is attached to the charged 
surfaces on the photoconductor. The following two steps form the Transfer-TransFuse (TTF) 
procedure, that is typical for Océ copiers. First, the toner is transferred from the photoconductor to the 
TTF-belt (or drum). Second, the toner is transfused to the paper. This transfusing is transferring the 
toner to the paper and in the same process fusing the toner into the paper. Very important for this TTF 
process are the surface characteristics ofthe TTF-belt, because in one situation the toner must attach to 
this belt rather than to the photoconductor and in the second situation it must release from the belt and 
attach to the paper. Therefore it is very important to know what happens with remainders of toner or 
paper on the belt. If these remainders form a layer on the surface of the belt, the surface characteristics 
may change in such way that the process does not work anyrnore. But if the remains diffuse into the 
belt the process will continue to work. 
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rl 
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Figure 1.1 Schematic representation of copy process 

Océ wants to perfarm depth profiling with A TR to look what happens at the surface of these beits. 
There are several methods to calculate the profile of the complex refractive index in the sample from 
absorptances measured at different penetration depths, most of them using variabie angle A TR and 
requiring an initia! approximation of the depth profile. In this work a method is chosen which uses the 
fact that the penetration depth depends on the wavelengthof the incident light. This is a new method 
published recently by Ekgasit and Ishida[l]. This method looks very interesting because only one 
spectrum has to be measured to calculate the depth profile. In this way it is possible to follow rapidly 
changing diffusion processes . 

The mentioned pubHeation does not make completely clear under what conditions this multiple 
frequency depth profiling method works. The purpose of the second part of this graduation research is 
to provide a computer program that perfarms the calculations necessary to extract the depth profile 
from the spectrum and todetermine the boundary conditions for this multiple-frequency approach of 
depth profiling. 

The second chapter of this report gives a short theoretica! background of FT-IR spectroscopy aild the 
spectroscopie techniques possible with Big Blue. A TR and depth profiling with A TR are discussed in 
detail tagether with theory about the interaction of electromagnetic waves and matter. In the third 
chapter the hard- and software used for the experiments is discussed as well as which experiments are 
done both for calibration of Big Blue and for the testing of the depth profiling method. A separate 
chapter explains the program for calculating the depth profile and the mathematica! routines used in it. 
The fifth chapter gives the result of the experiments and a short discussion on them. These results lead 
to some conclusions and recommendations for further research, which are presented in chapter six. 
Finally, an impression is given of the relevanee of this work from a non-physical point of view. 
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Theo 

2. Theory 

2. 1 Molecular vibrations 
The energy of a molecule can be divided in translation energy, vibrational energy, rotational energy 
and electronic energy. Transitions between vibrational and rotational energy levels correspond with 
the energy of photons in the microwave or infrared region of the electromagnetic spectrum. In solids 
all molecules are held to their place by their neighbours, thus rotations are not possible. Because in 
this research only solids will be considered, no attention will be paid to rotational spectra. 

In general it requires three co-ordinates to specify the position of each atom in a molecule, thus 3N co
ordinates are required to specify the exact location of a molecule consisting ofN atoms. The molecule 
has 3N degrees of freedom . Consiclering the molecule as a distinct unit, three co-ordinates are needed 
to describe a translation ofthe molecule and three (angular) co-ordinates to describe a rotation. 3N-6 
Degrees offreerlom remain to describe vibrational motionsin the molecule. This means there are 3N-6 
fundamental vibrations or normal modes. Fora linear molecule this becomes 3N-5, because only two 
co-ordinates are necessary to describe the rotations, since it is not necessary to specify the rotation 
around the molecule axis in this case. 

To demonstrate the fundamental vibrations, C02 is a good example [2]. This is a linear, three atom 
molecule which bas 3 *3-5=4 vibrational modes. Three of these are shown in Figure 2.1. The fourth 
mode is the same as the second, except that the bending is in a direction perpendicular to the one 
shown. 

stretehing 

Asymmetrie 
stretehing bending 

~-r:J~ 
®® <Ç±]G 

Figure 2.1 Vibrational modes C02 and H2 

-symmetrie 
stretehing 

Notall ofthe vibrational modescan be activated by infrared radiation. Only those modes that cause a 
change in the dipole moment of the molecule contribute to infrared absorption. When two charges q 
and -q are separated by a distance d, the dipole moment p is defined as: 

p=q*d (2.1) 

For example, the first two modes of C02 cause a change in the dipole moment, so thus they are 
infrared active. In the third vibration mode the dipole moment is not changed, so this mode is not 
infrared active. In a H2 molecule the atoms are identical and there is no charge displacement and hence 
no dipole moment. Also when the molecule vibrates, no change in the dipole moment will occur. As a 
result this molecule is not infrared active. 

A weight-and-spring model can approximate the vibration of two atoms. In this case, the potential 
vibrational energy plotted versus the distance between the atoms gives a parabola. The atoms form a 
harmonie oscillator and from quanturn mechanics it is known that the harmonie oscillator bas energy 
levels given by: 
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(2.2) 

with v the vibrational quanturn number, h Planck' s constant, c the velocity of light and v0 the 
fundamental vibration frequency in cm-1

• It is evident that the vibrational energy levels are equidistant 
like shown in the left part ofFigure 2.2. In reality, the vibration is oot really a harmonie oscillator and 
the diagram of the potential energy is more like shown in the right part of Figure 2.2. This results in 
energy levels that are oot equidistant, but the distance between them becomes smaller as the quanturn 
number v increases. Eventually the binding between the atoms will break and dissociation occurs. 
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Figure 2.2 Energy levels for harmonie oscillator 
(left) and real bond (right) 

The weight and spring model cao be used in combination with electromagnetic theory be used to get 
information about the absorption of electromagnetic radiation by a vibrational mode[3]. Light waves 
are electromagnetic waves, so they have to obey the Maxwell equations. In the differential form these 
equations are: 

'VE=ph, 

'VB=O, 

'VxE =-aB/at. 
(2.3) 

'VxB = f.JO'E + f.i&aE/ at 

In these equations Eis the electric field, Bis the magnetic induction, p is the electric charge density, ll 
is the permeability, e is the electric permittivity, cr is the conductivity and t is the time. In the dielectric 
media that will be used in this research, the current density and the electric charge density will be zero. 
The electric permittivity of the material is given by e=er~::0, with Er the dielectric constant and the 
permeability of the medium is approximately Jlo. From the Maxwell equations, wave equations cao be 
derived for the electric and magnetic field: 

2 o2E 
V E = &f.io -

2 
, (2.4) 

à 

2 82B 
V B = &f.lo -

2 
. (2.5) 

a 
For light propagating in the positive z-direction and polarised in the y-direction, the plane wave 
solutions to the wave equations are: 

Ey (z,t) = Eoy cos[a>(t- z I v) + 8] , (2.6) 

Bx (z ,t) = ~ Eoy cos[a>(t- z I v) + 8] , (2.7) 

with ro the frequency of the wave, o an arbitrary phase, and v the speed of light in this medium given 
by: 

1 
v=--

~ &f.lo . 
(2.8) 

For light polarised in the x-direction similar equations hold and any arbitrary light wave cao be written 
as a combination of a x and y polarised ray. 
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The ratio of the speed of light in vacuum and the speed of light in a material is called the absolute 
refractive index n. For dielectric materials nis given by: 

n = ':_ = ~ Sfio = ..[/i;. (2.9) 
v 8 of.1o 

To look at the interaction of the electric field and the material the electric field can be written as a 
function ofn (also taking 8=0): 

Ey = Eoy cos[w(t- ny I c)] = Re(Eoye[m(t-nylc)]*i). (2.10) 

To describe the absorption process it is now necessary to look what happens with the refractive index 
near an oscillator frequency. The electric field exerts a force F on the electric charges ofthe molecules 
in the dielectric medium. Each atom has an effective fractional charge q that depends on the atoms it is 
bound to. The equation of motion for an atom under influence of an electric field E=E0cos( rot) is: 

dz 2 d 2z 
qE0 coswt- my-d - mm 0z = m-

2
, (2.11) 

t dt 
where the first term on the left is the driving force due to the electric field of the electromagnetic 
wave, the second is the damping force and the last is the restoring force, m is the mass of the atom, y is 
the damping coefficient and ro0 is the resonance frequency of the oscillator. In this situation the 
solution to the equation of motion: 

q I m 
z(t) = 

2 2 
E(t) . 

(m 0- co + iym) 
(2.12) 

This displacement of the charges causes a change in the dipole moments p in the medium. Wh en there 
areN contributing charges the density of dipole moments called the electric polarisability P is: 

P = qzN = (&- s0 )E. (2.13) 
Combining equations 2.12 and 2.13 and then using equation 2.9 results in the following expression for 
the refractive index as function ofthe frequency (also called the dispersion relation): 

2 Nq
2 

( 1 J n (co)=l+--
2 2 

. 
&om w0 -co + iym 

(2.14) 

This equation considers only one oscillator, but in general media contain lots of oscillators, each with 
oscillator strength fj. Quanturn electrodynamics show that in this case the refractive index becomes: 

2 Nq2 "( f; n (co)=l+--L. 
2 2 

. 
&om i w0 - m + iyco 

(2.15) 

In this equation the sum of all oscillator strengtbs is one. As can be seen from the preceding equations, 
the refractive index has become imaginary due to the damping force acting on the oscillators. This 
means the refractive index can be written as: 

n=n+i*k . (2.16) 
The imaginary part k is often called the absorption coefficient. The dependenee of n and k on 
frequency near a vibrational frequency is shown in Figure 2.3 and Figure 2.4. 
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Figure 2.3 Refractive index near an oscillator 
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Figure 2.4 Absorption coefficient near an oscillator 

The real and imaginary part of the refractive index are related to each other by the Kramers-Kronig 
relations, see also Appendix A. Substituting this complex refractive index in equation 2.10 shows that 
an exponentially decaying term in the z-direction arises in the description ofthe electric field: 

E = Re(E
0

e -lli<z 1 c e[ll.>(t-nyt c)J•;) = E
0

e - lli<z t c cos[ m(t - nz I c )] . (2.17) 

This means that the amplitude of the electric field decays exponentially when the wave propagates 
through the medium. The intensity of the wave is proportional to the square of the amplitude, so for 
the intensity I the next equation holds: 

I(z) = J0e-2mkzlc = J0e-az, (2.18) 

where a is often called the attenuation coefficient. 

From these derivation it becomes clear that the damping of the oscillations of the atoms in a molecule 
causes absorption of the incident electromagnetic radiation. The resonance frequency and damping of 
an oscillation depends on the bond of the atom with nearby atoms. Therefore, for each molecule the 
vibrational energies will he different. This fact makes it possible to identify molecules by analysing 
their absorption frequencies in the infrared: infrared spectroscopy. The next paragraphs will shortly 
explain some ofthe techniques used in infrared spectroscopy. 

2.2 FT-IR spectroscopy 
There are different ways to perform spectroscopy. One way is with dispersive techniques. In this case 
one frequency is analysed at a time. This can he done either be with a laser of which the wavelength 
can he adjusted or with a continuous infrared souree in combination with a monochromator to select 
the wavelength .. 
From the time that computers became available Fourier-Transferm InfraRed spectroscopy (FT-IR) has 
become more and more popular. In this metbod all frequencies are measured at the same time. Fourier 
Transferm calculates their contributions to the total detector signal. This requires a lot of calculations 
and therefore only the recent development of powerfut computers has made this metbod interesting for 
commercial purposes. FT-IR has three major advantages over dispersive methods[4] : 
1. The Fellgett or multiplex advantage: all resolution elements are measured simultaneously 

rather than sequentially. The measurement time required to obtain the same results as with 
dispersive techniques becomes M tirnes less, ifthe spectrum contains M resolution elements. 

2. The Jacquinot or throughput advantage: the optica} throughput of a FT-IR spectrometer is 
better over the whole range and at every resolution than the throughput of a system with a 
monochromator. This is because in a monochromator a lot of energy is lost due to a longer 
pathlength ofthe light. In a FT-IR spectrometer these losses are much smaller. 

3. The Connes advantage: This arises because a He-Ne laser is used to trigger data acquisition 
and thus very good wavenumber repeatability is achieved. This is especially useful when 
performing spectrum subtraction of spectra with sharp features. With dispersive techniques 
there is no possibility to check the frequency used, so there might be a small deviation from 
the expected frequency. 
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In the next sections the interferom eter, which forms the main part of the spectrometer, some important 
concepts that should be known when using FT-IR spectroscopy and the data handling including the 
discrete Fourier Transfarm will be discussed. 

2.2.1 Michelsou interferometer 
An interferometer forms the main part ofthe spectrometer. Most FT-IR spectrometers arebasedon the 
Michelson interferometer [5] . Figure 2.5 shows the essential parts ofthis interferometer. 

Fixed mirror 

I 
I 

F 

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

1 

I 
I 
I 
I 
I 

Souree : / 

:/ 
-------- - -- -- - --~ - - --

I 
I 
I 
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:/ 
--- -?t-------

M 

-----1-------

Movable 
mirror 

/ 1 
I 

I 
I 
I -Beamsplitter I 
I 

Detector 

Figure 2.5 Michelsou interferometer 

To onderstand the processes in the interferometer it is best to follow a monochromatic beam with 
wavelength À and wavenumber v=l!À coming from the source. The beam splitter ideally divides this 
beams into two beams of equal intensity (half the intensity of the incoming beam). One beam goes to 
the fixed mirror and the other to the movable mirror. The path difference ö between those two beams 
is 2(0M-OF). It is the same for all parallel incoming beams. When ö=O the two beams are in phase 
when they reach the beam splitter again and constructive interference occurs. Moving the movable 
mirror a quarter of a wavelength will give a pathlength difference of 1/2À. This time the beams 
reaching the beam splitter will be out of phase and interfere destructively. Thus no light will reach the 
detector. Moving the mirror another quarter wavelength will give constructive interference again. If 
the mirror is movedat a constant velocity the signa) at the detector varies sinusoidally. The maximums 
will occur when ö is an integral multiple of À. The intensity reaching the detector is given by: 

I' ( 8) = y I ( v ){ 1 + cos 27r ~} , (2.19) 

where I(v) is the intensity of the light leaving the source. The intensity reaching the detector consists 
of a constant component and a modulated component. In spectrometric measurements only the 
modulated component is important. This is referred to as the interferogram and is given by: 

I ( S) = tI (V) cos 27rVO . (2.20) 

This equation is only valid in the ideal situation where no instromental losses of intensity occur. In 
practice, intensity will be lost by beam splitter non-ideality, non-linearity of the detector, frequency 
dependency of the amplifiers. All these aberrations will add a frequency dependent correction factor 
smaller than 1 to the measured intensity. The interferogram can be represented then by: 

1(5) = B( v) cos2nv5. (2.21) 
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B(v) is the single-beam speetral intensity, that is the intensity of the souree at a wavenumber v as 
modified by the instromental characteristics. Equation 2.21 is for monochromatic light. When a 
continuous light souree is used, the interferogram can be calculated by integrating over all 
wavenumbers in the spectrum: 

+oo 

1 ( Ö) = f B ( 0 cos 2 trv. d 11. (2.22) 

-oo 

This is a eosine Fourier Transfarm and the reverse transfarm is necessary for calculating the single 
beam spectrum from the measured interferogram: 

+oo +oo 

B( v)= f I(J}cos2;rvtf.da=2f I(J}cos2;rvtf.dt5. (2.23) 
0 

The last equality only holds because I(Ö) is an even function. These equations hold fortheideal case. 

2.2.2 Some importantaspectsof FT-IR 

• Resolution 
The maximum retardation of the interferometer determines the resolution. Conceptually this is easily 
demonstrared by a spectrum that exist of a two lines with equal intensity, at wavenumbers v1 and v2 

which are separated by a distance t1v. 

Figure 2.6 Spectrum consisting 
of two lines 

•=o 

Figure 2.7 Fom·ier transforms of 
both lines 

•·o 

Figure 2.8 Resultant 
interferogram 

Figure 2. 6 shows this spectrum, Figure 2. 7 shows the Fourier Transfarms of both lines and Figure 2.8 
shows the resultant interferogram until the first maximum at 10/v 1• 

So the first time the two waves come in phase after the zero retardation point is when: 

(2.24) 

This means that when the maximum retardation of an interferometer is Ömax. the best possible 
resolution is given by: 

~ V= ( J'max )-l (2.25) 

The exact mathematical treatment multiplies the interferogram with a truncation function D(Ö) which 
is unity between - Ömax and + Ömax and zero at all other points . This gives an exact resolution of 
0.73/Ömax· 

• Apodization 
The multiplication of the interferogram with the truncation function mentioned above, results in a 
con,volution of the spectrum with the Fourier Transfarm of the truncation function. This is because of 
the well-known property of the Fourier Transfarm that multiplication in one domaio corresponds with 
convolution in the other domain. The Fourier transfarm of the rectangular truncation function is a sinc
function (see Figure 2.9). This convolution implies that each line in the spectrum is replaced with a 
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sinc-function. The sinc-function is nota very usefulline shape in view of its fairly large amplitudes at 
wavenumbers well away from the original value. In the case a weak absorption line is present in the 
spectrum at the frequency of the first minimum of the sine-function of another line, this weak Iine 
might not he seen. To prevent this loss of signa) the interferogram is often weighted with another 
function than this rectangular function. This means that the spectrum is not convoluted with a sinc
function but with the Fourier Transfarm of those other function. It depends on the situation whether a 
function is needed which has a small peak, or which has small side lobes. This is called apodization 
[5). In Figure 2.9 some examples of apodization functions with their Fourier Transfarms are given. 

• Phase errors 

(a) 

-L 

(b) 

(c) 

-L 

(d) 

-L 

D• (x) 

1
11xl.; L D(x)= Olxi>L 

L x 

2D(xJ{1-l[l]-o<2x){1-~] 
r--+-"" 

L x 

D(xJ{1 -1[1 J 

L x 

o<•>{t-~f 

L x 

2L sinc(2,.vl) 

s--21'*' 

2L sinc2( "•L) - ~ sinc2(,.vl/2) 

Avl/2 = 1.~6 

s--15% 

2L sinc(2,.vl) 

Avl/2=~ 

s-+4.5% 

(2::Ll2 [1 - sinc(21fvL)] 

AA•I/2=~ 
s-+0.7% 

Figure 2.9 Some apodization functions with their Foorier 
Transforms. (a) Boxcar function (b) Trapezoidal (c) Triangular 
(d) Triangular squared 

The equations 2.22 and 2.23 only represent the ideal case. In real experiments, often an additional term 
has to he added to the phase angle 27tvÖ, to describe the actual measured interferogram. This 
additional term may arise due to several causes. Two common examples of these causes are: 
1. Sampling the first point in the interferogram before the zero retardation point at Ö=-E. This adds 

an extra term to the eosine argument. 
2. Electronic filters used to remove high frequency noise tend to add a wavenumber dependent phase 

lag on the cosinusoidal components. 
Since a eosine wave cos( a-13) can be represented by cos a.cos 13 + sin a.sin 13, this extra term bas the 
effect of adding sine components to the interferogram. This results in the Fourier Transfarm to become 
complex. 
Several techniques have been developed to remove these sine components from the interferogram or at 
least to remove their effects from the spectrum. More information about these methods can he found in 
the hook of Griffiths[5] 
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• Aliasing 
This is also called folding. 1t means that signals from wavenumbers out of the range of interest are 
folded back into this range. The origin ofthis feature is best made clear graphically. In part a ofFigure 
2.10 a sinusoirlal signal is sampled at twice its frequency ro0. Assume this frequency the maximum 
frequency wanted in the spectrum. The signal in part b of Figure 2.10 has a frequency ro0+oro and is of 
course sampled at the same intervals. In part c it is shown that through the values sampled from wave 
b also a wave with frequency ro0-oro can be fitted. This causes a peak to appear in the spectrum at a 
frequency roo-oro, while in reality there is no feature at that frequency in reality. To avoid aliasing it is 
necessary to filter all high frequencies from the detector signal. 

• Zero filling 

Figure 2.10 (a) a sine wave sampled at twice its 
frequency, {b) sine wave at higher frequency and (c) 
sine wave with lower frequency, both sampled at the 
same frequency 

Th is means adding a eertaio amount of zeros to both ends of the interferogram. This does not add extra 
information to the interferogram, but it results in more data points to be calculated. It has the effect of 
make the spectrum smoother. It is an extrapolation of the real data points. Disadvantage of this 
operation is that it increases the calculation time for the Fourier Transfarm and that the resultant 
spectrum requires more storage room because it contains more points. 

• Phase resolution 
This is an aspect that has to do with the phase errors. lt happens to be that the phase error can be 
wavenumber dependent The set of phase angles at every wavenumber is called the phase spectrum. 
To correct the phase errors it is necessary to calculate the phase spectrum. The phase resolution is the 
resolution used to calculate this phase spectrum. lt must be larger than the resolution used for the 
calculation ofthe real spectrum. 

2.2.3 Data handling 
To work with FT-IR the data handling has to be automated. Equation 2.23 shows that for exact 
calculation of the Fourier transfarm the sampling should be clone at infinitesimally small intervals. In 
practice this is impossible, because the computational time would become too long. Therefore an 
algorithm has been developed that is very well suited to perform the Fourier transformation of a fmite 
set of discrete data points: the Fast Fourier Transform. This algorithm is an efficient way to performa 
discrete Fourier Transform. The different steps neerled to find a discrete Fourier transfarm pair will be 
graphically explained in this section, using Figure 2.11. For this derivation one property ofthe Fourier 
transfarm is very important: namely that multiplication of two functions in one domain corresponds 
convolution of their Fourier transfarms in the other domain. Finally the equation for the discrete 
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Fourier transfarm will he given. The complete mathematica! derivation of the discrete Fourier 
transfarm can he found in the hook ofBrigham[6]. 

I '\I'' 

:_:·111. t t:' t; I' tilltJ .. :. g---'---1 -~L' -l!l.lll.-1 ~T~ t (b) - .1-

f 

L 
! f 
T 

Figure 2.11 Grapbic representation of discrete Foorier Transform 

(a) The function h(t), which in this case represents the interferogram, and its Fourier Transfarm H(f), 
which corresponds with the spectrum. 

(h) To automate the Fourier Transfarm it is necessary to sample the interferogram. Like shown in the 
section ahout aliasing it is necessary to sample the signal with at least twice the highest frequency 
present in the interferogram. This corresponds with multiplying the interferogram with a series of 
o-functions with interval T. In the frequency domaio this sampling corresponds with the 
convolution with another series of o-functions at an interval 1/T. 

( c) This part of the tigure shows the results of the sampling of the interferogram for the interferogram 
and the spectrum. 

( d) In practice only a finite numher N of sample points can he ohtained. Th is means that only a finite 
interval of the interferogram can he sampled. Mathematically this process is represented hy 
multiplying the sampled interferogram with a truncation function x(t). For the spectrum this 
results in the convolution with the Fourier Transfarm ofthis truncation function: the sinc-function 
X(f). 

(e) This part ofFigure 2.11 shows the results until so far. 
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(f) The last step in the complete discretisation of the Fourier Transfarm is the sampling of the 
spectrum at interval T 0• 

(g) The final result of this discrete Foorier transfarm is shown in part g of Figure 2.11. This is the 
discrete Foorier Transfarm pair. 

The discrete Foorier transfarm pair mathematically looks like: 
N-1 

H ( __!!_) = L h( kT)e -i2:111k ; N . (2 .26) 
NT k=O 

At two points in this process modifications have been made that cause deviations of the original 
functions. The first was in sampling the original function in this derivation that represents the 
interferogram, which causes aliasing in the spectrum. The second point was at multiplying with the 
truncation function due to the maximum retardation. This caused a rippling in the spectrum. Choosing 
an appropriate apodization function can decrease this rippling. 

2.3 External reflection 
A light wave, which strikes a smooth interface between two semi-indefmite media with different 
refractive indices, will be partially reflected and partially transmitted. The reflected light is reflected at 
the same angle 8 as the incident light beam and the transmitted light is refracted according to Snell's 
Law: 

(2.27) 

This processis shown in Figure 2.12. 

Figure 2.12 Reileetion and refraction of light-ray 

The amplitudes ofthe electric field ofthe reflected and refracted beams, relative to that ofthe incident 
beam are given by Fresnels equations: 

n0 cos B0 - n1 cos 81 rs = , (2.28) 
n0 cos 80 + n1 cos 81 
n1 cos B0 - n0 cos 81 r = (2.29) 

P n1 cos 80 + n0 cos 81 ' 

2n0 cos B0 ts = , (2.30) 
n0 cos 80 + n1 cos B1 

2n0 cos B0 t = (2.31) 
P n1 cos B0 + n0 cos 81 

In practice one measures intensities, which are proportional to the square of the amplitudes. The 
reflectance R, that is the part of the incident intensity, which is reflected, is the square of the Fresnel 
reileetion coefficients. The transmittance T is given by: 
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nl cosel 2 
Ts p = l ., ,p . (2.32) 

· n0 cosB0 

The pre-factor in equation 2.32 arises due to the difference in the refractive indices in the first and 
second medium. When both media are non-absorbing, the refractive index of both medial is real. It is 
easy to verify from equations 2.28-2.31 that in this case the sum of R and T equals one. This means 
that all the energy of the incident beam is either reflected or transmitted. In the · case the second 
medium is absorbing its refractive index n1 becomes complex: fi 1=n1+k1*i, like shown in paragraph 
2.1. In this case absorption will occur and R+T will he less than unity. 

Reflection is called external reflection when the refractive index of the incident medium is smaller 
than that of the other medium. In most cases air is used as incident medium with a refractive index 
equal to 1. Three spectroscopie techniques based upon external reflection are used[5]. 
1. Specular reflection spectrometry: this is used on smooth, clean surfaces of absorbing materials that 

can he either organic or inorganic. With this technique the top layers reflect the light incoming on 
the surface ofthe sample. These layers cause the absorption. 

2. Reflection absorption spectrometry: this is performed on thin absorbing layers (between 0.2 and 
20 ~m) on top of a reflective, often metallic, surface. The light then passes through the layer, is 
reflected on the reflective surface and passes through the layer again. Absorption occurs during the 
double pass of the layer. 

3. Diffuse reflection spectrometry: this is when the surface of the sample is not smooth, but very 
irregular, for example with powdered samples. In this case the beam is not reflected, but scattered 
and the light is distributed in space. Diffuse reflection speetrometry requires special accessories 
and cannot he performed with Big Blue (at the moment). 

2.4 Attenuated Total Reflection 
This paragraph will give only a general survey ofthe basics ofthis spectroscopie method. In paragraph 
2.6 the necessary equations for depth profiling will be introduced. 
When the light in Figure 2.12 approaches the interface from the denser medium, the same equations 
for reflection and transmission hold. The critica! angle ec is given by: 

Be= arcsin(~). 
no 

(2.33) 

As can be seen from equations 2.28-2.30 at the critica! angle the reflection coefficients for both 
polarisation directionsis 100%. For angles of incidence larger than ec the sine ofthe refracted angle e1 

becomes larger then one. This can only when for the refracted angle 81 a complex value is used. The 
complex angle e1 can in this case be found from: 

sin 2 e 0 - ( ~) 2 

cosB1 = J1- sin2 B1 = i--=-------n-2 -
nt 

no 

(2.34) 

In this situation this complex angle has to be used in the Presnel equations. It will he clear that 
lrsi=irpi=l, indicating that the reflection is 100% and that nonet energy is transmitted into the secoud 
medium. 
The equations so far hold for the non-absorbing case. When the second medium is absorbing, the real 
refractive index n1 bas to be substituted by the complex refractive index fi 1=n1+k1 *i again. 

At first sight it seems that when total internat reflection occurs no information can he collected about 
the medium with the lower refractive index. But calculation of the electric fields that occur near the 
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surface with Maxwell ' s equations shows otherwise. From Maxwell ' s equations it follows that normal 
to the total reilecting surface a standing wave pattem is established in the medium with high refractive 
index, because ofthe superposition ofthe incoming and reilected waves: 

_(2tcz ) 
E =2co\ T+<p . (2.35) 

From the boundary conditions for the electromagnetic radiation at a boundary it follows that in this 
case in the second medium a field has to he present too. Maxwell's equations show that indeed in the 
second medium an electromagnetic field is present[7].This is the so-called evanescent wave of which 
the electric field amplitude falls off exponentially with distance from the surface: 

z 

d 
E = E0e P (2.36) 

The penetration depth dp is defined as the distance after which the electric field amplitude has 
decreased to 1/e of its value at the surface. The penetration depth depends on the refractive indices of 
both ofthe mediums, the wavenumber ofthe incident light and the angle ofincidence: 

(2.37) 

This possibility to change the penetration depth makes this technique especially interesting, because it 
makes possible to change the region of which the absorption is measured. One of the opportunities is 
quantitative depth profiling. This will be explained in detail in paragraph 2.6. 
When the second medium is non-absorbing, there is no net energy transport into the second medium. 
In this case all the energy is reilected. In the case the second medium has an absorption peak at the 
frequency of the incident light, absorption occurs at the evanescent wave and thus energy is withdrawn 
from the reilected light. This means there is no total reilection, but the reilected light is attenuated. 
Therefore the spectroscopie technique using internat reileetion is called Attenuated Total Reilection. 

2.5 Rotating Analyser Ellipsometry 
Ellipsometry is a somewhat different spectroscopie technique. Most of the other techniques deal with 
the amount of light that is emitted, transmitted or reilected, but ellipsometry is based on the change in 
the polarisation of the light as result of reileetion at the sample surface. 
Th is also explains the name of the technique: the electric field vector of perfectly monochromatic light 
always follows an ellipse. 
When light reilects at a surface, there will be different reileetion coefficients for s and p polarised 
light. This will result in different amplitudes of the reilected light in the s and p directions and in a 
phase difference. The amplitude attenuation ratio of the p and s direction is tan(\jf) and the phase 
difference ~. This gives the following equation: 

R -~ 
RP = p = tan('I')e 1 

, 

s 

(2.38) 

where Rp and Rs are the complex amplitude reileetion coefficients for waves polarised parallel and 
perpendicular to the plane of incidence. This means p is a complex number also. 'Y and ~ are real 
quantities and are called the ellipsometric angles. 
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The least complicated way to perfarm ellipsometry is by means of Rotating Analyser Ellipsometry. 
The basic set-up for these experiments is shown in Figure 2.13. Light from the souree is linearly 
polarised by polariser P befare it reflects at the surface of the sample. After reflection the light, which 
will now be polarised elliptically, passes through analyser A, which is rotated with a frequency ro . The 
intensity at the detector therefore is modulated with a frequency 2ro . 

Souree 
Detector 

Figure 2.13 Set-up Rotating Analyser 
Ellipsometry 

To calculate what happens to the polarisation of the electromagnetic wave on its way through the 
optica! equipment, the polarisation state of the wave cao be represented by a vector. Different 
formalisms cao be used for this representation, but the most general description probably gives the 
formalism with Stokes veetors and Mueller matrices. The Stokes veetors describe the polarisation state 
of the wave with four parameters and the Mueller matrices account for the transformations of the 
polarisation when the light passes an optica! component. 

The Stokes parameters cao be calculated from the complex amplitudes of the electric field in the x and 
y direction. For the general case of a oot totally polarised or a quasi-monochromatic light wave this 
complex amplitude is given by: 

(2.39) 

where i can be either x or y, 8 is the phase of the light wave and E; is the amplitude in the i-direction. 
The Stokes parameters then are given by: 

s0 = ( F.; (t)) + ( E~ (t)) 
S1 =(E;Ct))-(E~(t)) 

s2 =2(ExCt)Ey (t)cos(o y (t)-o x Ct))) 

s3 =2(Ex(t)Ey(t)sin(oy(t)-oxCt))) 

where <x> denotes the time average of x. 
The Mueller matrices ofthe components used intheset-up for RAE are given in Table 2.1. 

(2.40) 
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Rotation of co-ordinate system 1 0 0 o' 
about angle e 

0 cos2B sin2B 0 

0 -sin2B cos2B 0 

0 0 0 1/ 
Partial linear polariser along x-axis 1+a 1-a 0 0 'I 

with attenuation a. 
1 1-a 1+ a 0 0 
-
2 0 0 2../a 0 

0 0 0 2../a 

Reileetion at a surface with induced / 1 -cos2'l' 0 0 
phase difference ~ and relative 
amplitude transmission \f'. - cos2'l' 1 0 0 

0 0 sin2'l' cos~ sin 2 'I' sin ~ 

' 0 0 -sin2'l' sin~ sin 2 'I' cos~ 

Table 2.1 Mueller matrices for optical components used for Rotating Analyser Ellipsometry 

The relation between the light leaving the souree and the light that reaches the detector is in this 
formalism given by: 

(2.41) 

For this survey of ellipsometry it would go to far to give the exact expression for Sct, but it can of 
course be calculated with help of the matrices in the table. Here only the first component will be given 
exactly. This is especially interesting, because it is the intensity that reaches the detector: 

I d = 1- cos2'1' {cos2A + cos2P} + cos2A cos2P + sin2'1' cos~ sin2A sin2P. (2.42) 

This equation forms the basis for rotating analyser ellipsometry. The expression shows that the 
intensity can be written as a series of sines and cosines. This makes it possible to determine the 
ellipsometric angles by Fourier analysis of the detector signa!. As already mentioned the analyser is 
rotated with a frequency ro, thus the analyser angle A is given by rot. Choosing a polariser angle equal 
to 45° simplifies the equation a lot and the intensity measured by the detector can then be written as 
the following Fourier series: 

with: 
Id = g(l + acos2A + bsin2A), 

a= -cos2\f' 

b =sin 2\f' cos~. 

g =1 

(2.43) 

(2.44) 

The ellipsometric angles can now easily be computed from the coefficients a and b. Disadvantage of 
this method is that it doesnotmake any difference between ~ and -~. To solve this problem, other 
ellipsometry methods are available in which a compensator is placed somewhere between the 
polarisers. This gives extra information, but it also requires a higher accuracy of the measurements. 
Because it is still unclear what the ellipsometric performances of Big Blue will be, it seems reasonable 
to try to imptement rotating analyser ellipsometry first. 
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2.6 ATR Depth Profiling 
As can be seen from equation 2.37 the penetration depth depends on the refractive index of the ATR 
Crystal, the frequency of the waves and the angle of incidence. This fact can be used to calculate the 
complex refractive index profile across a sample from a range of absorptances measured at different 
penetration depth. 
Several methods have been proposed to calculate this depth profile. Most use variabie angle ATR, but 
this section will explain a depth profiling metbod that uses the multiple-frequency approach: the 
penetration depth is changed by changing the frequency of the incident light. This metbod has only 
recently been publisbed by Ekgasit and Ishida[l]. 

First the medium with non-uniform characteristics in the depth direction is divided in N homogeneous, 

isotropie and parallellayers. Each layer has a complex refractive index iij = nj +i* kj and thickness dj. 

The absorptance of the sample is equal to the summation of the absorptances of each layer. The 
absorptance of one of the layers is equal to the product of the refractive index, the absorption coefficient 
and the integration ofthe mean square electric field over the layer. For the total stack oflayers this gives: 

4nv N zJ+l 
A(v,B) = L n1(v)k1(v) f (E;(v,B))dz (2.45) 

n0 cosB J=l z 
1 

This equation is in fact the basis for all depth profiling methods. lt can be seen that similar sets of 
equations arise when or the frequency or the angle of incidence is changed. The different methods only 
differ in the way they try to solve the equation. For example, in cases of low absorption it follows that 
the equation evaluates to a Laptace transfarm and the inverse transform can be used to calculated the 
depth profile[lO]. Another metbod uses exact optica! theory to calculate the absorptance and fits the 
result to the spectrum[ll]. But the metbod of Ekgasit and Ishida is in fact a little bit a combination of 
both methods: it uses the low absorption region to approximate the profile and then afterwards uses exact 
optica! theory to improve the approximation. They also publisbed a equivalent metbod using variation of 
the angle of incidence[9]. 

If the absorptances are measured at a set of m frequencies (or wavenumbers) at the same angle of 
incidence, for each frequency the absorptance equation 2.45 holds. This gives a set of m equations 
similar equation 2.45. 
Consider a sample, which is a mixture of two compounds A and B, the product of refractive index and 
absorption coefficient for each layer j can be written as: 

n 1 (v)k1 (v) = rp 1n A (v)k A (v) + (1- rp 1 )nB (v)k B (v) 

=nA (v)k A (v)[{l- y(v)}çJ1 + y(v)) 
(2.46) 

where nA and kA are the refractive index and absorption coefficient of material A. <pj Is the volume 
fraction of material A. 
In this context y(v)=(nAkA)/(n8 k8 ). Equation 2.46 in fact means that the dielectric constants of material A 
and B are linearly combined to get the dielectric constant of the mixture. Th is is an important assumption 
for this metbod and it might be possible that it does not work for samples where this assumption is not 
met. The assumption in practice means that there may absolutely be no interaction between the two 
materials when they are mixed. Section 2.8 will pay some attention to several effective medium models 
to calculate the dielectric constant of a mixture of two ( or more) materials. 

Substituting equation 2.46 in equation 2.45 gives: 

A(v) = 4m-nA(v)kA(v){l-y(v)} ÎrpJ * zJ(E;(v))dz+Ar (v), 
n0 cos 80 J=l z 

j . 

(2.47) 

with: 
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Ar (v) = 4nl-1'lA(v)kAv)r(v) Î zJ(E; (v))dz . 
no cos eo J=l z 

J 

(2.48) 

The set of these equations for all the m profiling wavenumbers gives the following matrix equation: 

A= E.<l>' (2.49) 

in which the matrixelementsof A and E are given by: 

A= n0 cos00 A(vJ-Ar (vi) 

' 41Z' vinA(vi)kAvi){1-r(vi)}' 
(2.50) 

zJ+ l 

e ü = J ( E; ( v i ) )dz , (2.51) 

with i=1,2, ... m andj=1,2, .... ,N. 
The vector <I> has the volume fractions 'Pi of material A in layer j as components. 
The mean square electric field depends on the polarisation of the incident beam. The degree of 
polarisation p(v) follows from this expression: 

Jp -]
5 

p(v) = I I ' (2.52) 
p + s 

where lp and Is are the intensities of the p and s-polarised incident light. Thus for p-polarised light p=1 
and for s-polarisation p=-1. The mean square electric field is then expressed by: 

(2.53) 

Matrix equation 2.49 is used to approximate the volume fraction profile in two steps. In the frrst step 
fitting points are selected with a low absorption. In this case the electric field can be approximated from 
the evanescent field and the reflectance using the following equation[1]: 

Following Ekgasit[12] the reflectances fors and p-polarised light can be calculated from the polarisation 
degree and the measured reflectance R with: 

-b+ 1b2 -4ac R = -'V (2.55) 
2a ' 

where for s-polarisation a, b and c are given by: 
a = (.8 - 1 )(1 + p) 

b = 2{(,8 + 1) - (,8 -1)(R(O)} (2.56) 

c = (,8 -1)(1- p)- 2(,8 + 1)R(O) 
and for p-polarisation: 

a=(fJ-1)(1 - p) 

b = -2{(,8 + 1) + (,8 -1)(R(O)} (2.57) 

c = (,8 -1)(1 + p) + 2(,8 + 1)R(O) 
In these equations [3 is the ratio of the intensities of the p and s-polarised incident light in the case the 
sample should be non-absorbing. 
The mean square electric field is found from the intensity at the interface and using the fact that the 
amplitude decays exponentially: 
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2z 

(2.58) 

Now all quantities necessary to calculate the volume fraction profile <I> from equation 2.49 are known. 

This solution of equation 2.49 in this case of Jow absorption is a first approximation of the volume 
fraction profile. With this profile the refractive index and extinction coefficient of each layer can be 
approximated by the following equations[9]: 

with: 

and: 

.--------
( ,9] + 4q j ) I I 2 + ,9 j 

2 
(2.59) 

(2.60) 

(2.61) 

(2.62) 

This complex refractive index profile can be used to make a better approximation of the electric field. 
This is done using the matrix formalism described in the next paragraph. With this better approximation 
of the electric field, the matrix equation can be solved again to get a better approximation of the volume 
fraction profile. These steps are repeated until the volume fraction profile converges. 
Now a better approximation ofthe volume fraction profile has been obtained. This is used as trial profile 
for the third and last step in the calculation of the depth profile. This Jast step fits the reflectances 
calculated with the matrix formalism and equation 2.72 and fits them to the measured spectrum until 
convergence occurs. The profile found from this non-linear fit (non-linear because the reileetion 
coefficient does notdepend linearly on the volume fraction, see next paragraph) is the complex refractive 
index profile ofthe measured sample. 

Important for this metbod is it to know exactly the amplitudes ofthe electric field at all positions. For 
the first step only the amplitudes at the surface have to be known, because exponential decay is used to 
calculate the amplitudes in the sample. 
According to Harrick[7] the electric field amplitudes at the interface with the denser medium for s and 
p polarisation are: 

(2.63) 

sin
2 

00 -( :: r cosB0 

E,, =Z m [l+(:J}in 2 0
0 
-(:J' (2.64) 

2sin80 cos80 (2.65) 

For the exact calculation at arbitrary depth and for arbitrary absorption the matrix formalism 
developed by Abelès and improved by Hansen[13] is used. The next paragraph will explain the 
formalism. 
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2. 7 Propagation of electromagnetic radiation through stack of layers 
In the occasion light waves meet a non-isotropie medium it is aften convenient to divide this medium 
in small isotropic, parallel, homogeneaus layers between semi-infinite initial and final layers. The 
initial layer will be the medium from which the radiation comes in on the stack of layers. This 
stratified medium is shown in Figure 2.14 The interfaces between the N layers are at depth Zj, with 
:zo=O is the surface of the stratified medium and zN is the interface between the last stratified layer and 
the semi-infinite final layer. Each layer has its own complex refractive index: fij=nj+k/i and has 
thickness dj. 

initiallayer 
Zo 

zl 

z2 
riJ 

z3 
..... ., 
~ ..... .... = n> 

zi c:::a. 

3 
n> 
c:::a. .... 

ZN-3 = 3 
ZN-2 

ZN-1 
ZN 

finallayer 

Figure 2.14 Stratified medium 

According to Hansen[13], a relation exists between the tangential components of the fields of the 
radiation at the first boundary and the last boundary. Tangential in this case means parallel to the 
interfaces between the layers. At each interface a vector Q is defined as: 

Q j ~ [~: J. (2.66) 

where Uj and Vj are the tangential components ofthe field at that boundary. For s-polarisation U0=Ey0 

and V0=Hxo and for p-polarisation: U0=Hyo and V0=Ex0. For each layer a characteristic matrix Mj 
exists: 

In this equation ~j is the effective thickness and is given by: 

/31 = 2mi1Vii1 cosB1 . 

The value for gj depends on the polarisation of the light: 
s - polarisation :g j = nj cos 'iP j 

COS(/) · 
p - polarisation :g 1 = ~ 

nJ 

The veetors Q0 and QN are related by: 

(2.67) 

(2.68) 

(2.69) 

Qo =MIM2 .... M N-IM NQ N =MQ N. (2.70) 
M Is the characteristic matrix of the complete stack of layers. From the matrix elements mij of M the 
complex Fresnel coefficients for reflection and transmission can be calculated: 

~ (mn +m12gN+I)go -(m2I +m22g N+I) r = _ _;;_;;_ _ __:_::_--'--'-------''-'--..;..;;_---'--'--
(mn +mi2gN+l)go +(m2I +m22gN+I)' 

(2.71) 
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2go t = ______ __:::_..::.__ _____ _ 
(mtt +mt2gN+l)go +(m2t +m22gN+t) 

(2.72) 

Of course the correct values for gj have to he used to calculate the Presnel coefficients for s and p 
polarisation. From these coefficients the reflectance Rand transmittance T are calculated by: 

R=lrl2, (2.73) 

T = R{ g;:1 ]111' · (2.74) 

The mean square electric field at every depth in the stratified medium can he calculated with this 
matrix formalism and the complex reileetion coefficient. Let Nj he the inverse of matrix Mj, defmed 
by: 

r 
cosj31 _!_sinj311 

NJ= ~ . 
ig 1 sin j31 cos j31 

Then the vector Qj(z) can he calculated at arbitrary depth zin layer j in the stratified medium by: 
I 

Q/z)=N1 (z) f]NkQo · 
k=J-1 

Nj(z) is the samematrix as Nj with f3j substituted by f3j(z): 

f3j(z)=2tr nj(z- fdkJcosrpj. 
k=l 

The value ofQ0 depends on the polarisation ofthe light and is for s-polarisation: 

[ 
1+~. ] 1 

Qo = ~ Eoy, 
gosO- rs) 

where EÖY is 1 by convention. For p-polarisation Q0 is given by: 

[ 
1+rp ] I 

Q o = (1 - ~ ) Ho Y • gop rP 

In this equation H~Y = n0 E~Y = n0 . 

Finally the wanted mean square electric fields can he found by the following expressions: 

(E}s(v)) (z) = (E]y(v)) (z) = IU1(zf, 

(E]p(v))(z) = (E]x(v))(z)+(E]z(v))(z) = 
2 

I 1

2 n0 sine 
= v1 ( z) + ~ 

2 
u 1 ( z) 

ni 

(2.75) 

(2.76) 

(2.77) 

(2.78) 

(2.79) 

(2.80) 

(2.81) 

Take care when using the artiele of Ekgasit and lshida [9] to imptement this method. They abusively 
introduced an extra factor n0

2 intheir equations 44 and 45 (corresponding with equation 2.81 in this 
section). 

2.8 Effective medium theory 
When a layer is inhomogenous, for example when it contains inclusions, the combination of the 
material and the conclusions are considered to make up an "effective layer. The inclusions should he 
smaller than the wavelength of light. Several models have been proposed for the calculation of the 
dielectric constant for this effective medium. 
The most simpte is the one used by Ekgasit and Ishida who just linearly combined the dielectric 
constauts of the pure media: 

27 



ATR Depth profiling with the multiple-frequency approach 

(2.82) 

Other models are the Lorentz-Lorenz model, Maxwell-Garnett model and the Bruggeman model. 
These models primary differ in the choice of the host medium and will be discussed in the following 
subsections. 

2.8.1 Lorentz-Lorenz model 
In the Lorentz-Lorenz model the host medium is taken to be vacuum, so the dielectric constant of the 
host medium Er,h=l. The model is developed to describe point polarisabilities embedded in vacuum 
(for example dipole molecules). 
Important is that the electric field experienced by the dipoles in the inclusion, is not just the applied 
field Eext· In dense media with closely packed molecules the polarisations of all other molecules in the 
medium give rise to an average intemal field E sur- This means that the field experienced by a dipole in 
the medium is given by: 

Emed =Eext +E sur· (2.83) 
The average intemal field is caused by the charge distri bution on the surface of the medium. It can be 
calculated the following way: 
An infinitesimal part ofthe surface A ofthe inclusion induces: 

= - p cos(} .rdA , 
dE sur 3 

4n-& 0 r 
(2.84) 

with: p the normal ofthe polarisation, equal to the surface charge density cr and : 

dA = r 2 sin BdBdq;. (2.85) 
Integrating over the complete surface gives for E sur the next equation: 

1 27r 7r 2 • 1 
E sur = -- p J dq; J COS Bsm Bd(} =-P , (2.86) 

4n-8 0 0 0 3& 0 

with P the polarisation ofthe medium. 
The polarisation of one single dipole molecule is proportional to the local electromagnetic field: 

Pmed =aEmed' (2.87) 
with a the molecular polarisation. 
So the total polarisation can be written as: 

p = Npmed = NaEmed' 
with N the number of molecules. 
Substituting equations 2.88 in equation 2.83 we get: 

p =Na(Eext +-1-P). 
3&o 

Another expression for the total polarisation ofthe medium is: 

p = Xe·E ext ' 
with Xe the ##. 

(2.88) 

(2.89) 

(2.90) 

Combining equations 2.89 and 2.90 and using Er=1-Xe gives the Clausius-Mosotti-equation for the 
molecular polarisation: 

3&o &r-l 
a=--- (2.91) 

N.&r+2. 

This polarisation represents the reaction of 1 dipole on the extemal field . It can be used to examine 
how several dipoles in vacuum interact In case that there are inclusions of two different media with 
different dipoles, the effective atomie polarisation is given by: 

aeff = (/J] .a] + q;2 .a2 . (2.92) 

Substituting equation 2.91 twice in equation 2.92 gives an expression for the Lorentz-Lorenz equation: 
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(2.93) 

2.8.2 Maxwell-Garnett model 
The Maxwell-Garnett model describes the influence of inclusions in a host background other than 
vacuum. In this model one ofthe two materials used in the Lorentz-Lorenz model is considered to be 
the host medium with Er=Eh and the inclusions consist of the other materiaL An analogous deduction of 
the molecular polarisation and the effective dielectric constant gives a similar expression as equation 
2.93: 

Ei r,e.ff -[i h Ei rl -[i h Ei r 2 -Ei h ---'-"'---- = (/J). ' + (/)2. ' (2.94) 
Ei r,e.ff + 2& h Ei r,l + 2& h Ei r,2 + 2& h 

Since one of the materials is considered to be the host materials, for one of the materials holds that 
Er=Eh, so one of the right hand terms vanishes and we get the Maxwell-Garnett equation: 

lir,eff -[ih =epi. &r,i -&h (2.95) 
8 r,eff + 2&h &r,i +ah 

Th is model is only useful when the concentratien of the inclusions is a lot lower than the con centration 
of the host materials. For a single type of inclusion, one calculates different values of the dielectric 
constant if the roles of host and inclusion are interchanged. Therefore Bruggeman suggested another 
approximation for these cases. 

2.8.3 Bruggeman model 
Bruggeman suggested making the host material the effective medium itself, so Eh=Eeff· Substituting this 
in equation 2.94 gives the Bruggeman-equation: 

s, 1 -[ih s, 2 -[ih 
Û=<J1. ' +(/)2. ' (2.96) 

&r,l + 2&h &r,2 + 2&h . 
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3. Experimental set-up 
The first section of this chapter gives information about the equipment used for the experiments. The 
main will describe the new equipment, developed by ir. J. Van Eek. The next section pays attention to 
the materials used in experiments. Attention is paid to the IRE' s and the characteristics of the 
samples. An overview of the way the experiments and simulations are performed, is given in the last 
section. 

3.1 Equipment 

Figure 3.1 shows Big Blue: the new infrared spectroscopie equipment designed by ir. J. Van Eek. For 
this research especially the optica! part is important. Figure 3.2 shows the optica! components on the 
bread board as seen from above and from the front. Fora description ofthe complete construction see 
the report of ir.Van Eek [14]. 

The main part of Big Blue is the Bruker Vector22 spectrometer. This FT-IR spectrometer has a 
Globar light source. Behind the light source, a diaphragm controls the size of the souree for the 
optica! image. Then the light is led through a Michelsou interferometer with a KBr beamsplitter 
before leaving the spectrometer. 

Figure 3.1 Big Blue 

After leaving the spectrometer the quasi parallellight beam is led through a diaphragm (6, see Figure 
3.2) which is used todetermine the divergence ofthe beam in the focus: a smaller diaphragm means a 
smaller divergence angle and less variation in the angle of incidence. Then the beam is reflected 
towards the focusing unit by the plane gold mirror 1 and consecutively reflected into to focusing unit 
by another plane gold mirror (2). Between these mirrors a wire grid polariser (7) can be placed to set 
the polarisation of the incident beam. Wh en the light returns from the focusing unit, mirror 3 reflects 
it on the parabolic mirror 4, which focuses the light beam onto the detector. The used detector is a 
Mercury-Cadmium-Tellurium detector. This is a detector with a mix of two semiconductors that 
measures the intensity of the light by counting the amount of excited electrons. The detector must be 
operated at liquid nitrogen temperature (77K) to prevent the electrous to be excited by thermal 
effects. Between mirror 3 and 4 again the positioning of a polariser (9) is possible. Together the 

30 



Experimentalset-up 

polarisers can be used to perfarm Rotating Analyser Ellipsometry. Both polarisers are placed in a 
rotator to make it possible to position them with an accuracy of 0.02°. 

1. Plane mirror 

2. Plane mirror 

3. Plane mirror 

4. Parabolic mirror 
10. 5. Vector 22 

6. Diaphragm 

7. Polariser 

10. 
8. Focusing unit 

9. Analyser 

10. MCT -detector 

Top view Front view 

Figure 3.2 Optical components on the bread board seen from above (left part) and from the front (right 
part) 

Figure 3.3 shows the focusing unit in detail. The incoming light is reflected by a prism onto a 
parabalie mirror with a focus of 100 mm. This focuses the light onto the sample. The focus of the 
parabalie mirrors is 4 mm below the bottom side of the focusing unit. 

Figure 3.3 Focusing unit with prism and 
parabolic mirrors 

1. 5. 

4. 
1. 

1. Magnetic 
grooves 

2. Spring 
3.IRE 

2. 4. Prism 
5. Parabolid 

mirror 
6. Triangle 

Figm·e 3.4 Bottom of focusing unit (left) with 
tdangle with IRE in spdng seen from above 
(middle) and from aside (right) 

Under the focusing unit a triangle with a semi-cylinder Internal Reflection Element can be placed in 
three magnetic V -shaped grooves to perfarm A TR. Figure 3.4 shows the bottom of the focusing unit 
with the triangular holder for the IRE. The light reflected from the sample surface is shaped into a 
parallel beam again by the other half of the parabalie mirror and leaves the unit again via the prism. 
By changing the vertical position of the prism the angle of incidence can be changed. The relation 
between position z of the prism and the angle of incidence eo is: 

z = 2*100* ~(tan(8a)+1) 2 -tan(8a)) (3.1) 

z Is the distance in mm from the focus . In order to position the unit so that the focus is exactly on the 
surface of the sample, the complete unit can be moved vertically within a range of 1 cm. The process 
of this focusing is schematically represented in Figure 3.5. To determine the position of the san1ple 
surface two light switches are used. First the sample is moved up until it interrupts the light beam of 
the switch 1. This is the sign that the sample is within reach of the focusing unit. Then the focusing 
unit moves down until the sample crosses the laser beam of the second switch. This switch is able to 
determine the position of the sample relative to the focusing unit within 50 J..Lm. The exact position of 
this switch to the bottom of the unit is known, so now the unit can be moved a fixed distance from 
here to exactly position the focus at the sample surface. To get the maximum possible signal at the 
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detector it must be assured that all optical components are positioned right. Appendix B contains a 
checklist for aligning all the optical components. 

Focusing unit 

Light switch 2(laser) 

------~Light switch 1 

Figure 3.5 Scheme of focusing unit with light 
switches for focusing 

Most of the sample handling and also the changing of the experimental parameters is autornaled on 
Big Blue. Only putting the polarisers into the optical path (and removing them) has to be done by 
hand. Figure 3.6 shows a scheme of the circuit of Big Blue. It can be seen that the polarisers and 
diaphragms are driven by the CAN-bus interface of the Vector22 and all other motors for positioning 
the sample and opties are driven by a Programmabie Transmission System (PTS). Both the PTS and 
the CAN-bus are operated from within the OPUS software belonging to the spectrometer. This allows 
for completely automated experiments . A more detailed description of the package of OPUS macro's, 
necessary for performing experimentsis in Appendix C and intheseparate report about the software. 
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Figure 3.6 Electric scheme Big Blue 
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Until now, a Bruker IFS66 spectrometer was used at Océ[l6]. This instrument also has a Oiobar light 
souree and a KBR bearnsplitter. The detector used for the experiments was a DTGS detector, but 
placement of a MCT-detector was possible. For external reflection experiments the VEEMAX unit of 
PIKE is used, for A TR measurements the PIKE A TRMAX unit is used. Ellipsometry has never been 
tried at Océ so far. This instrument has been used to make a comparison of the results obtained with 
the methods used until now and results with the new equipment. To get a better comparison in the 
IFS66 also the MCT-detector is used. 

3.2 ~aterials 

3.2.1 Internal Reflection Elements 
For the A TR experiments elements of Ge or ZnSe are used. Figure 3. 7 shows the refracti ve indices of 
those materials. 1t is clear that their refractive indices are quite constant in the range of interest. 

Refractive indices Ge and ZnSe 

4 

3 
x 
<J) 

-o 
_ç; 
Q) 

2 
~ 
0 

~ 
Q) 

a: --Ge 

--ZnSe 

Wavenumber (cm -1) 

Figure 3.7 Refractive indices of the !RE's 

The IRE 's used with the Big Blue are serni-cylinders. This has the advantage that they can be used for 
each incident angle, because from each angle the light comes in perpendicularly on the surface of the 
IRE. 

3.2.2 Samples 
For the comparative experiments some typical samples for Océ are used: 
• a rubber belt used in the TTF-process, 
• a piece of OPC (Organic Photo Conductor), 
• a drum with an epoxy layer, 
• a golden drum. 

For the depth profiling measurements two films of polyester are used tagether with the rubber belt. 
One of the polyester films has a thickness of 12.7 1-lm and the other of 2.5 1-lm. 

3.3 Experiments 
All experiments are done with the following experimental settings of Big Blue and the Vector22, if 
not mentioned otherwise: 
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• Scanning velocity: 35 kHz 
• Wavenumber range: 725-4000 cm-1 

• Apodization function: Blackman Harris 3 term 
• Phase correction: Power spectrum 
• Zero filling factor: 2 
• Phase resolution: 128 
• Aperture Vector22: 3mm 
• Diaphragm parallel beam: 10 mm 
• Polarisation: no polarisation 
• Angle of incidence: 30° 

3.3.1 Calibrating experiments 
For comparison of the results of Big Blue and measurements performed on other equipment at Océ the 
following experiments are done: 

• Measuring align signal at various angles with external reflection on a gold drum 
• Measuring align signal at various angles with A TR on air 
• Measuring align signal with different aperture settings with external reflection on a gold drum 
• Measuring align signal with different diaphragm settings with external reflection on a gold drum 
• External reflection measurement of epoxy drum, versus background on gold drum, with different 

polarisation of the light. 
• A TR measurement of rubber belt, versus background on air 
• polariser and analyser calibration 

With align signal the number of detector counts/second is meant. This quantity is important, because 
it tells sernething about the intensity of the light that reaches the detector. It is important to take care 
that the number of counts does not become Iarger than 32767, because then the detector is saturated 
and the results are irreliable. 

3.3.2 Simulations 
To test the simuiatien program first some simulated spectra have been used to test the program. The 
simuiatien of those spectra is done with SCOUT, a modelling and simu1ation program for all sorts of 
spectroscopie experiments[l5]. Important is to realise that SCOUT uses the Bruggeman model (see 
sectien 2.8) to calculate the dielectric constant of the mixture of two materials. 

Forthese simulations several different 'materials ' have been used with different complex refractive 
index. The figures below show the real and imaginary part of the refractive indices of the used 
'materials '. Only epoxy is a real material, the other refractive indices are only constructed to test the 
program. 
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The refractive index of epoxypp is the same as that of epoxy, butsome extra peaks around 4000 and 4750 cm-1 

have been added to get more absorption peaks spread over the complete wavenumber range. For the same 
reason the refractive indices ofTestA and TestB are constructed. 

TestA TestB 
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Figure 3.10 Real and imaginary part refractive 
index ofTestA 

Figut·e 3.11 Real and imaginary part refractive 
index of TestB 

Also different depth profiles have been used. Figures 3.12 till 3.14 contain graphs of the used profiles . 
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Figure 3.12 Depth profile 1 
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Figut·e 3.13 Depth profile 2 
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Figure 3.14 Depth profile 3 
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Profile 1 is used to test if the depth profiling works in generaL Further it is used in combination with 
profiles 2 and 3 totest the sensitivity of the method at different depths. 

For the simulation of the spectra with SCOUT the three profiles are used with different combinations 
of the materials. For the simulations used to test the method in general a mixture is used of epoxy or 
epoxypp in the concentration given in profile 1 tagether with a host material that has a refractive 
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index of 1.23 and no absorption. Forthetests of the sensitivity of the method spectra are simulated of 
mixtures of TestB in the concentration shown in the profiles, and further TestA. The spectra are 
simulated for different angles of incident. 

3.3.3 Determination of refractive index 
First requirement for reliable results from the model is the exact knowledge of the complex refractive 
index profile. Therefore ATR measurements aredoneon the samples of the pure materials. Used for 
these measurements is the thickest polyester film and of course the rubber belt. The complex 
refractive index then can be found using the Kramers-Kranig relations (see Appendix A) 

3.3.4 Gradient measurements 
Only one real measurement of a mix of materials has been done. It is the measurement of the 
spectrum of the thin polyester film on top of the rubber belt. 
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Simu/ation program 

4. Simulation program 
The first section in this chapter wiJl give some general information about how to use the simulation 
program and a simple flow-chart of the computational routines of the program. A description of the 
menu items of the program and the steps needed to calculate a depth profile succesfully can be found 
in Appendix E. The listings and a detailed explanation of the program can be found in a separate 
report[ 16]. 
The second section will explain the mathematica! methods used to solve the linear equations and to 
perform the fits. 

4.1 General description 

The simulation program is called "ATRDepth" and works in a WIN32 environment on a PC with the 
Windows 95 operating system. It calculates the depth profile that belongs to a certain spectrum by use 
ofthe multiple frequency metbod ofishida (see paragraph 2.6). 
Before the calculations can start, some information has to be provided to the program. This has to 
happen in the following order, otherwise run-time errors will occur. 
• Experimental parameters like the angle of incidence and the refractive index of the used ATR

element and computing parameters as the maximal number of layers the sample may be divided 
into and the number of points the spectrum contains. 

• The measured or simulated spectrum as an ASCII-file. 
• The data for the dependencies ofn and kon the wavenumber as ASCI-files. 

After loading all the data the calculations can be performed. As shown in chapter 2 the calculations 
consist of three steps. It is possible to perform the complete calculation directly, but it is also possible 
to take one step at a time to see the changes in the profile in each step. Standardly the program shows 
the spectrum together with the fitted spectrum, but by changing the view to 'Depth profile' the 
concentration profile is made visible. 
After each step or after the complete calculations the profile can be saved as an ASCI-file with the 
depth in micrometer in the first column and the fraction of material A in the second column. In the 
following sections the procedures of the calculation steps are given as flow charts with short 
explanation. 

4.1.1 Solving linear equation 

This first step starts with selecting suitable fitting points, by demanding that 0.05<kA <0.20 and 
O.OO<kB<0.03. This selection ruleis the same as Ishida used. It is basedon the requirements that the 
absorption must be low for the first step and that there must be a difference between kA and kB. The 
program then calculates the penetration depth for the smallest wavenumber in the spectrum and 
defines the working depth as three times the penetration depth. The working depth is divided in 
equally as much layers as fitting points. The layers are chosen such that the integral of the square of 
the electric field in each layer is the same. So the layers at the surface of the sample are very thin and 
the on es deeper in the sample are thicker. This means that most of the layers are located in the half of 
the working depth that is located nearest to the surface ofthe sample. 
In this first step the calculation the vector A and matrix E are not exactly like equation 2.50 and 2.51. 
The matrix elements eij are calculated using: 

(4.1) 

The factorexpressing the initial value ofthe electric field is included in the elements ofthe vector A. 
Therefore the reflection coefficients for perpendicular and parallel polarisation are calculated with 
equations 2.55-2.57. Now the depth profile is calculated by solving equation 2.49 with Singular Value 
Decomposition (SVD, see next paragraph). The next step is calculating the spectrum with help of the 
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computed profile. Figure 4.1 schematically shows the actions taken to calculate the low absorption 
approximation. 

Select fitting points 

Calculate layers 

Calculate matrix E 

Calculate vector A 

Calculate profile 

Calculate fitted spectrum 

Figure 4.1 Flow-chart solving linear equation 

4.1.2 Linear fit 
The second step uses other fitting points, which also may have large absorption. Every third spectrum 
point is taken with: 0.05<kA <0.60 and O.OO<kB<0.04. The sample is again divided into as many 
layers as fitting points. Because the number of layers in most cases will be different from the number 
of layers chosen for the first step, it is necessary to extrapolate the profile to the new stack of layers. 
Before the linear fit starts the value of x2 is calculated for the spectrum obtained with the first step. 
x2 Is a measure for the deviation ofthe fitted spectrum from the measured spectrum and is given by: 

X2 
= :L(Afi1(V 11 )-A111eas (V11 )y, (4.2) 

n 

where n is the number of fitting points. Now the electric field is calculated by the matrix metbod 
using the profile found in the first step. This means first calculating the reflection coefficients with 
equations 2.71 and 2.72 and then using this reflection coefficient in equation 2.79 to calculate vector 
Qo. Now equations 2.77 and 2.81-2.82 give the electric field at arbitrary depth. Each layer is divided 
in 10 slices and Sirnpsons rule is used to calculate the integral of the meao square electric field in 
each layer. Vector A is calculated the same way as in the first step. With these new matrices the 
equation of absorption is again solved by SVD. The spectrum betonging to the calculated profile is 
computed and compared with the measured spectrum by calculating a new x2. This process is 
repeated several times until convergence occurs or if the profile does not reach convergence that 
message is given to the user. This happens if after 50 iterations no convergence is reached. In that 
case the spectrum with the smallest x2 is used as solution. Convergence occurs when x2 /(number of 
layers) is smaller then 5*10-5 or when x2 has decreased less then 5% in a step. Figure 4.2 represents 
this complete procedure schematically. 
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Select fitting points 

Define layers 

Extrapolate profile 

Calculate Chi square 

Calculate matrix E 

Calculate matrix A 

Calculate profile with SVD 

Calculate spectrum 

Calculate Chi square 

Figure 4.2 Flow chart linear fit 

4.1.3 Non-linear fit 

Loop until 
convergence 

Simu/ation program 

Figure 4.3 shows the most important steps taken to perform the non-linear fit. In this last step more 
fitting points are used. The selection procedure is the same as in the second step, only now every 
second point is used. The material is divided into the maximum number of layers the user has given. 
Therefore extrapolation of the profile to the new layer structure is necessary again. To define the 
starting situation, x2 is calculated for the new fitting points. With help of the matrix method and the 
approximation of the profile, the reflection coefficient is calculated from equation 2. 72. The 
Levenberg-Marquardt method (see next paragraph) is used to fit the calculated reflection coefficient 
to the measured ones. The complex refractive indices of forty of the layers are used as fitting 
parameters. Extrapolation provides the indices of the layers in between. The adjustment of the fitting 
parameters depends on the change in x2. Details about this step are in the section about the 
Levenberg-Marquardt method (paragraph 4.2.2) The fitting process is continued until x2 /(number of 
layers) is smaller then 5 * 1 o-7 or doesn 't change more then 1% in a step. At maximum 100 iterations 
are done, then the program announces that no convergence occurs. 

Select fitting points 

Define layers 

Extrapolate profile 

Calculate Chi square 

Calculate Reflection coefficients 1<----------, 

Calculate Chi square 

Adjust fitting parameters 

Extrapolate profile 

Loop until 
convergence 

Figure 4.3 Flow chart non-linear fit 
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4.2 Used algorithms 

4.2.1 Singular Value Decomposition 

The singular value decomposition or SVD techniques are based upon the following theorem of linear 
algebra[17]: any MxN matrix A, with M>=N, can be written as the product of a MxN column 
orthogonal matrix U, a NxN diagonal matrix W with positive or zero elements (the singular values) 
and the transpose of an NxN orthogonal matrix V. Symbolically this theorem can be represented as: 

U In 

[ W
11 0 

0 l" V:"} . 0 0 .. (4.3) 

0 0 W"" vnl v,m 

amn u"m 

The orthogonality of U and V means that uT*U=VT*V=I, with I the NxN identity matrix. For V also 
holds V*VT=I because V is square. When A is a square matrix U will be square also. In this case the 
inverse matrices are easy to compute: 

u-I =uT; v-1 = vT (4.4) 

and the inverse of W is the diagonal matrix with elements that are the reciprocal of the elements Wj of 
W: 

w-I = [diag(l/ w)] . (4.5) 

This means that the inverse matrix of A can be written as: 

A-1 =V.[diag(llw)] .UT . (4.6) 

When the matrix A is singular, some of the elements Wj are zero or so small that they are dominated 
by round-off error. A measure for the singularity of a matrix is the condition number: the ratio 
between the largest and smallest Wj. If the condition number is· too large the matrix is ill conditioned. 
In practice it is useful to approximate Wj' s that are smaller than 1 Oe-6 times the largest value of Wj by 
zero, because these small values are dominated by round-off errors. This value of 1 Oe-6 is an arbitrary 
value and has to be chosen for each different case. 

Now consider the matrix equation: 
A.x = b, (4.7) 

where A is a square matrix and x and bare veetors with dimeosion N. This means that A is a linear 
mapping from the vector space x into the vector space b. If A is non-singular both vector spaces have 
the same dimensions, but when A is singular, there exists a sub-space of x that is mapped to zero. 
This is called the null space. There is also a sub-space of b that can be reached by A: the range of A. 
The dimensions of the null space and the range, also called nullity and rank of A, must be equal to N 
together. In the case A is non-singular the rank is N and the nullity is zero. 

When solving this equation with a singular matrix A with SVD there are two possibilities. First, the 
homogenous equations with b=O. In this case all columns of V whose corresponding Wj is zero is a 
solution of the equations. 
The second case is when b is not equal to 0. Then the question is whether b lies in the range of A or 
not. If it is in the range a solution in x exists. In fact, there is an infinite number of solutions, because 
any linear combinations of veetors from the null space can be added to the solution and give a new 
solution. In most cases the vector with smallest length from this solution-set is taken as a 
representative. This vector can be found by replacing llwj by zero ifwj=O. Then the solution x can be 
found by computing: 

x= V.[diag(l I w1 )].(UT .b). (4.8) 
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That this is the vector with the smallest length can be proved by taking a vector x+x' with x' 
betonging to the null space. Then, ifw-1 is the inverse ofW with some elements zeroed: 

I x+ x'l = lv.w-1 .ur .b + x'l 

= IV.(W -1 .UT .b + vr .x')l. (4.9) 

= ~W-1 .UT .b + yT .x'l 

If b does not beloog to the range of A then there is no solution. But equation 4.8 will still give a 
solution, and this will be the vector that is the best solution in least squares sense, thus: 

x which minimizesr = A.x-b . (4.10) 
The proof is the similar as in equation 4.9: 

IA.x- b + b'l = l<u.w.vr ).(v.w-1 .uT .b)- b + b'l 

= l<u.w.w-1 .ur -1).b + b'l 

= lu.[(w.w -1 -1).ur .b +uT .b' 11 

= I(W.W-1 -l).Ur .b +UT .b'l 

(4.11) 

This means also that Singular Value Decomposition can be used for linear least squares fitting. 
Important for getting a good solution with SVD is zeroing the right wj's. Zeroing too much Wj throws 
away useful information and not zeroing Wj's might make the result less accurate because round-off 
errors dominate those values. 

4.2.2 Levenberg-Marquardt metbod 
The Levenberg-Marquardt method is a non-linear fitting method, developed by Marquardt using an 
earlier suggestion by Levenberg [17] . Non-linear means that ifthe model to be fitted is: 

y=y(x;a), (4.12) 
with a the set of M fitting parameters, then y depends non-linearly on the fitting parameters. To 
perform the fit it is necessary to define a merit function x2 by: 

x'(•)= t.[y,- :~x,;a)r' 
with N the number of data points and <Ji the measurement error on the i-th data point. 
Sufficiently close to the minimum the x2 function is well approximated by a quadratic form: 

z 2 (a) ~ r -d.a + ta.D.a. 

(4.13) 

(4.14) 

If the approximation al ready is a good one the minimising set of parameters amin can be found from 
the current set acur: 

amin =acur +D-1.[-V'z 2 (acur)). (4.15) 
In the case the approximation is not good enough, that means equation x2 does not approximate the 
merit function, all that can be done is taking one step down the gradient: 

anext = acur -constant* V z2 (acur). ( 4.16) 
The constant must be small enough not to exhaust the downward gradient. To use equation 4.16 the 
matrix D has to be known. This is the second-derivative matrix of x2 also known as the Hessian. The 
first derivative is: 

(4.17) 

(4.18) 
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The factor 2 can be removed by introducing: 

This translates equation 4.15 to: 

and equation 4.16 to: 

Ox2 02%2 
fJ - I a - I _ ____:_o__ k =-2-- kl =2 

Oak OakOal 

M 

Lakl&ll = flk' 
i=l 

(4.19) 

(4.20) 

&11 =constant* /31 • (4.21) 
In these equations oa1 is the increment that added to the current approximation gives the next one. 
The second derivative terms in equation 4.18 can be neglected because the term [Yi-Yi(xi;a)] should 
be equal to the measurement error and those errors should cancel out when summed over i. 

The Levenberg-Marquardt metbod is an elegant metbod that uses equation 4.16 to get near the 
minimum of the merit function and jumps continuously to equation 4.15 when the minimum is 
approached closely enough. 
The basis of this metbod is formed by two important insights. The first is the order of magnitude for 
the constant in equation 4.21. Since the quantity x2 is non-dimensional and ~k has the dimensions of 
llak the dimensions ofthe constant ofproportionality between ~k and Öak must have dimensions ak2· 
Scanning the elementsof [a] shows only one obvious quantity with this dimension: the reciprocal of 
the diagonal element: llakk· So this must set the scale of the constant, but this might itself be to big. 
Therefore a non-dimensional factor A is introduced. This transfarms equation 4.21 into: 

1 
&ll =-/3[ • (4.22) 

Aau 
The second insight is that equations 4.20 and 4.21 can be combined, when a new matrix a ' is defined 
following the prescription: 

a '.ü =a.ü(l+À) 

a}k =a1k j=tk 

This way both equation 4.20 and 4.21 transfarm into: 
M 

(4.23) 

LaicJ&ll = fJk. (4.24) 
i=l 

The recommended Marquardt recipe, when given an initia! set of fitting parameters a: 
1. Compute x2(a). 
2. Piek a modest value forA, say A=O.OOl. 
3. Solve the linear equation 4.23 for oa and evaluate x2(a+oa). 
4. Ifx2(a+oa)~ x2(a) increase A by a factor of 10 and go back to step 3 
5. If x2(a+oa)~ x2(a) decrease A by a factor of 10, updatethetrial solution a ~ a+oa and go back 

to step 3 
Only needed now is a condition for stopping. Best condition is stopping the first or second time x2 
only decrease by a negligible amount of 0.01. Never should be stopped when x2 has increased in the 
last step: that only showsAhasnot yet adjusted itself optimally. 

Once the acceptable minimum has been found A is set to 0 and the matrix C is computed: 

[C] =[ar'. 
Th is is the estimated covariance matrix of the standard errors in the fitted parameters a. 
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Results and discussion 

5. Results and discussion 
The frrst section in this chapter shows the results of the measurements of the align signals under several 
experimental conditions. Next the performance of Big Blue in comparison with the IFS66 is presented. The last 
section is about the depth profiling using simulations and real experiments. 

5.1 Characteristics Big Blue 
It is possible fortheuser of Big Blue to adjust some ofthe optica! parameters of Big Blue. For that purpose are 
available: a diaphragm in the path ofthe parallel beam, a diaphragm at the focus in the Vector22 and a polariser. 
The settingsofthese optica! elementscan be adjusted from within OPUS, the OS-2 basedoperating program of 
the spectrometer. 

5.1.1 Diaphragm parallel beam 
The diaphragm in the parallel beam makes it possible to adjust the spreading in the angle of incidence around 
the desired value. As will be clear: a smaller diaphragm will decrease the spreading and will result in a better 
defmition of the angle of incidence, but a small diaphragm will also lead to loss of signal. It is up to the user to 
select the best diaphragm for his/her purposes. Figure 5.1 shows the relation between the diaphragm and the 
align signal. The align signal is measured for extemal reflection on an aluminium surface, with a diaphragm in 
the Vector22 of 1 mrn. The values are for an angle ofincidence of30°. 
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Figure 5.1 Align signal for different settings of the 
diaphragm in the parallel beam 

5.1.2 Diaphragm Vector22 
This diaphragm influences the diameter of the measurement spot, because this diaphragm determines the 
dimensions of the infrared source. Because the infrared beam also incides under an angle, the measurement spot 
will be increased in the x-direction. Again also the amount of counts depends on the diaphragm. Standardly 
diaphragms of0.3, 1.0 and 3.0 mrn are mounted in the Vector22. Forthese three diaphragms the characteristics 
are given in Figure 5.2. The diaphragm in the parallel beam is set on 10 mm, the angle ofincidence is taken 30°. 
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5.1.3 Polariser 
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Figure 5.2 Align signal for different settings of the 
diaphragm in the Vector 22 

The u se of a polariser influences the arnount of light detected in the MCT -detector. Figure 5.3 shows the 
arnount of light detected for an angle of incidence of 30°, for external reflection on an aluminium mirror. The 
measurements are done for different angles of the polariser and with the analyser both parallel and 
perpendicular to the plane of incidence. 
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Figur·e 5.3 Intluence polariser· on align signal 
This fi gure shows 2 sinusoidal curves. Clear is that the minima and maximums are not located at multiples of 
90° but at angles 5° smaller. This is because the light is polarised elliptical by the parabalie mirrors in the 
foc ussing unit, with a slightly turned major axis. A second effect of this elliptical polarisation is the signal at 
the minima: this should be 1% of the maximum signal according to the specifications of the polariser, but is 
3%. A further difference can be noticed between the maximum values of both curves: Wh en the analyseris in 
the direction perpendicular of the plane of incidence the maximum is about 4% higher then in parallel 
direction. This is because the focusing unit Iets through p-polarised light better. 

5.2 Performance Big Blue 

5.2.1 Align signal for different angles of incidence 
The angle of incidence influences the arnount of light that passes through the foc ussing unit. This is because 
the spot dimensions change when the angle of incidence changes . Therefore it is always necessary to measure 
a reference spectrum for each angle of incidence. To check if under all angles of incidence enough signal 
reaches the detector for accurate measurements the align signal is measured. The align signal is the number of 
counts per second of the detector. Figures 5.4 and 5.5 show the align signals for different angles of incidence 
for external reflection and ATR with the Ge-IRE. 
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Obvious from these results is that the align signal for external reflection is larger than with the IFS66 for 
almost all angles. In case of ATR measurements this is not the case. Because the ATRMAX unit for the IFS66 
uses multiple reflection elements, more light can pass through the element. In particular, at the incidence of 
the light on the IRE a lot of signal is gained. Disadvantage of the ATRMAX is that it is more difficult to 
change the angle of incidence. Furthermore the element has to be changed when a large range of angles is 
wanted. With one element about r deviation from the angle it is meant for can be obtained. 

5.2.2 Signal-to-noise ratios 
An important indication for the accuracy of measured spectra is the signal-to-noise ratio (SIN) . A standard 
procedure for determination of the SIN-ratio is implemented in OPUS. This metbod compares two spectra, 
consisting of 5 scans, of the samesample in the wavenumber range from 2000 to2100 cm-1

• This procedure is 
repeated 5 times , because the SIN ratio can change rapidly due to changes in the experimental environment. 
The results of the SIN-ratio measurements for both external reflection and ATR on Big Blue and with the 
IFS66 are given in Table 5 .1. 

Measurement External Reflection External reflection ATR ATR 
Big Blue IFS66 Big Blue IFS66 

1 11737 6898 1852 3026 
2 12549 5199 1748 4647 
3 14106 5445 2092 3710 
4 9700 6290 1629 2338 
5 11379 6132 1885 3698 
Mean ± standard 11894±1444 5993±609 1841±154 3484±771 
deviation 

Table 5.1 Signal to noise ratios 

Due to the higher signallevel, the signal-to-noise ratio for external reflection is much better on Big Blue. For 
ATR the opposite holds. Another possible cause for a lower SIN-ratio on Big Blue is the fact that the 
equipment cannot be completely purged with N2 . This gives more absorption of C02 and HP in the spectra 
and since some of the bands of HP are in the region used for calculation of the SIN-ratio, the SIN-ratio 
becomes more sensitive to changes in the environment. 

5.2.3 Background spectra 
For external reflection and A TR the absolute value of the signal is important. As already shown in the section 
about Foorier Transform spectroscopy (2.2) a reference or background spectrum is therefore needed to 
compensate for the influence of the equipment. For external reflection it is common use to measure this 
background spectrum on a gold sample, in this case a drum, because the samples are drums too. For ATR the 
background spectrum is measured against air. 
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Figure 5.6 shows both the background spectra measured on Big Blue and on the IFS66 with external reflection. 
Very clear is the influence of the purging: in the spectrum of the IFS66 the peaks due to C02 (-2300 cm-') and 
~0 (-1250-2000 cm·' and -3500-4000 cm-') are much smaller than in the spectrum measured on Big Blue. 
The intensity of the signal is, as expected from the align signals, larger in the Big Blue spectrum. This is on 
average a factor 1.16. An unexpected difference is the dip in the spectrum of the IFS66 at about 1100 cm '. The 
used golden drum cannot cause this dip, because this is in both cases the same drum. Perhaps it is caused by 
some pollution on the mirrors of the IFS66. 
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For A TR the situation is different. As could be expected from the measurements of the align signals, the 
background of the IFS66 has larger intensity. The disturbances due to C02 and ~0 are similar now in both 
spectra. This is because both backgrounds are measured on air . The strange dip in the spectrum of the IFS66 
around 1100 cm·' is present here also. 

5.2.4 Epoxy drum 
ATR measurements on the epoxy drum proved to be very difficult if not impossible. Due to the hard and 
curved surface of the drum it was not possible to obtain a good contact between the IRE and the surface of the 
drum and thus no spectrum of the epoxy drum could be measured. Perhaps it might help if the IRE was placed 
in a stronger spring to press it on the surface with a little bit more force. 

The external reflection experiments on tl1e epoxy drum gave much better resul ts, like shown in Figure 5 .8. It is 
visible tl1at the peaks are somewhat more pronounced in tl1e spectrum from Big Blue. The peaklbackground 
ratio is a factor 1. 19 better than in tl1e spectrum of the IFS66. 
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Figure 5.9 Spectra of epoxy drum measured with 
polarised light 

In the spectra recorded with polarised light (Figure 5.9) it is visible tl1at the peaklbackground ratio is lower in 
spectra recorded with p-polarisation than in the spectra with s-polarisation. This is tl1e case for the spectra 
measured on both spectrometers. For s-polarisation Big Blue gives a higher intensity and for p-polarisation the 
IFS66. 
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5.2.5 Rubber belt 
The ATR spectrum of a rubber belt is shown in Figure 5.1 0. It is clear that the intensity of the peaks in the 
spectrum recorded with the IFS66 is much higher. This is understandable because a multiple reflection element 
is used there. The light is reflected about 50 times in the element, so the absorption should be about 50 times 
higher also. But the spectrum recorded with Big B lue still shows all the peaks that are also visible in the IFS66 
spectrum. When the Big Blue and IFS66 spectra are scaled to equal height (Figure 5.11) it becomes visible 
that the Big Blue spectrum contains more disturbances due to C02 and ~0. 
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The extemal reflection spectra (see Figure 5.12) also resembie closely. The Big Blue spectrum shows slight 
disturbances of C02 and Hp. 

5.2.6 OPC 
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Figm·e 5.12 Extemal reflection spectra of t·ubber 
belt 

Again it was not possible to obtain a good contact between the piece of OPC and the ATR element, thus no 
A TR spectrum has been measured. The results of the extemal reflection measurements are in Figure 5.13. 
Clearly Big Blue gives a much larger signa! : the peaks areabout 4.45 times higher than in the IFS66 spectrum. 
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Figure 5.13 Extemal reflection spectrum of OPC 

5.3 Depth profiling 

5.3.1 Spectrum simulations 
To evaluate the routines in the A TRDepth program that calculate the absorptances in the spectrum, the 
program code has been changed a little soa profile can be given to the program and the spectrum belonging to 
the profile is calculated. The figures below show the results of these calculations. The results of the spectrum 
simulation calculated with the routines used in the three steps of the program are compared to the spectrum 
simulated with SCOUT. The first simulation is done exactly with the metbod from Ishida, using linear 
combination of the dielectric constants to calculate the dielectric constant and the complex refractive index for 
the effective medium. 
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Figure 5.14 Simulation of epoxypp spectrum with 
routine Step 1 

Figure 5.15 Simulation of epoxypp spectrum 
with routine step 2 
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Results and discussion 

It is visible that the spectrums simulated with A TRDepth differ clearly from the spectrum calculated with 
SCOUT in all the routines. The general form of the spectra is right, but the calculated absorptances are too 
high. Therefore a small change to A TRDepth has been made, so that A TRDepth also uses the Bruggeman 
model for calculation of the dielectric constant. The results of these simulations are in Figures 5.17-5.19. It is 
clear from the figures that the spectra simulated with SCOUT and those from A TRDepth resembie each other 
quite closely. In the spectra simulated by the routines of step 1 and 2 there are some deviations at the smaller 
wavenumbers. These deviations most probable are due to the small number of layers the sample is divided into 
(respectively 42 and 44). The deviations are largest at the smallest wavenumbers, because at those 
wavenumbers the penetration depth is largest. The simulation with the routine of step 3 that is based on 
calculation of the reflection coefficient by the matrix formalism agrees very well with the SCOUT simulation. 
The calculated absorptances are on average 1.2% smaller than the absorptances calculated with SCOUT. These 
differences again might be caused by differences in the division of the sample in layers. This time the sample 
is divided into 200 layers. 
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Figure 5.17 Simulation epoxypp spectrum with 
Bruggeman model in routine of step 1 

Figm·e 5.18 Simulation epoxypp spectrum with 
B1·uggeman model in routine of step 2 
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Figure 5.19 Simulation epoxypp spectmm with 
Bruggeman model in 1·outine of step 3 

From these results it might be concluded that the routines that perform the spectrum calculation work well. To 
be complete the results of the simulations for s-polarised and unpolarised light are given in Figures 5.20 and 
5.21. 
This time the simulated spectra from all three steps and the spectrum from SCOUT are plotted in one figure. 

These results make clear that problems that might arise while depth profiling will be caused by fitting 
functions that worknot as efficient as expected and not by errors in the absorptance calculations. One probable 
cause for errors already is clear: the linear combination of dielectric constants as used in Ishida's model gives 
noticeable deviations from spectrums calculated with the Bruggeman model. This difference might cause the 
approximation found in the first step to deviate to much from the exact profile and make it impossible for the 
following steps to converge. 
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for s-polarisation 

Figure 5.21 Simulation using Bruggeman model 
for unpolarised light 

5.3.2 Depth profiling using simulated spectra 
The figures in this part all contain three profiles : the profile used to sirnulate the spectrum, the approximation 
found from solving the linear equations of absorptance for low absorptance, the next approximation with exact 
calculation of the electric field and at last the deptl1 profile found after the non-linear fit of the equation of 
reflectance. 

The first depth profile tl1at is calculated is a profile from epoxy, mixed in a material with a refractive index of 
1.225 and no absorption. The structure is such that tl1e first 1.0 micrometer contain 20% epoxy and further 
70% epoxy. The spectrum is simulated with SCOUT and tl1e metl10d of fitting is with linear combination of 
the dielectric constants. 

The results of the calculations are in Figure 5.22. It will be clear that these are certainly not as good as wanted. 
The results of the three consecutive steps in of the depth profiling metbod only roughly approximate the 
inserted profile. It seems reasonable to assume tl1at the first and second approxirnation of the profile is not 
good enough and that therefore the tlürd step does not converge. Possible causes for these bad approxirnations 
from the solving of the linear equation of absorptance (equation 2.49) are: 
- Differences between spectra because of differences in calculation effective dielectric constant. 
- Not enough fitting points or in too small a wavenumber range. (56 and 28 in step 1 and 2 respectively) . 
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Figure 5.22 Depth profile epoxy with Ishida-method 
Anotl1er fit is done with a spectrum simulated using tl1e same profile but now with epoxypp to create more 
fitting points also in the high wavenumber region. The next figure shows the result of this simulation: 
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Figure 5.23 Depth profile from epoxypp 

Results and discussion 

The result does not become better. But in this fit only 2 fitting points more are used then in the fit of the epoxy 
spectrum. Therefore the mix of materials testA and testB is used. The number of fitting points in step 1 now is 
76. But Figure 5.24 shows that this again gives no good results, especially the third step gives bad results. 
Other causes for the bad results may be a too small wavenumber range in the spectrum or aberration due to 
differences in the calculation of the dielectric constauts via the Bruggeman model used in SCOUT and the 
linear combination used by the multiple-frequency method. 

1, 0 

0' 9 

0' 8 

al 0' 7 
'-' 
{/] 

0,6 <lJ 
E-< 

c: 0,1 
0 ,,., 

0' 4 '-' 
u 

'" 0' 3 
'-< 

"' 0' 2 

0' 1 

0 , 0 I 
0 

1/ 

Depth Profile 
Spectrum and f it: Bruggeman 

r- " 

...__ 
Origi 

-- STEP 
-- STEP 
-- STEP 

Depth (m) 

nal P: 
1 
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To tes t the las t probability the spectrum is simulated again, but now using linear combination of the dielectric 
constauts to calculate the dielectric constant of the mixture. 
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using linear combination of dielectdc constants 

It will be clear from Figure 5.25 that the results of the frrst two steps are much better indeed. This is very 
important, because it means that for samples where the linear combination of dielectric constants is not 
completely correct, the metbod will be much less accurate if it works at all . 

As a salution to this problem it is also tried to use the Bruggeman model in step 2 and 3 of the depth profiling 
method. The following figure shows the results of the deptil profiling of the same structure witi1 epoxypp but 
now using the bruggeman approximation for calculation of ti1e spectra in the second and third step of the 
calculations. 
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Figure 5.26 Depth profile using Bruggeman model 
Still the calculated profile is not good, but it is definitely a better approximation to the real profile. The first 
step of course is the same, because for the calculation with Ishidas model always linear combination is used, 
but the second step already shows a clearly better approximation of the profile. The non-linear fit seems to 
make result worse. This might indicate an error in the fitting routine or the result from the second step is not 
good enough to let the third step convergence. But the result of the third step is still better than seen in the 
other simulations. 

Problem still is the bad result from ti1e first step, because tilis step requires the linear combination of dielectric 
constants. To really imprave ti1e method it might be useful to reconsider the translation to a volume fraction 
and perhaps rewrite the model to fit the produkt of n and k in each layer instead of the volume fraction. But to 
avoid this problem for the rest of the deptil profiling calculations spectra simulated using linear combination of 
the dielectric constants are used. 

First it is tested if more fitting points increase the accuracy. Therefore the selection criteria for ti1e fitting 
points has been changed and the requirement that kA>0.05 bas been changed into kA>O.OO. With tilis change the 
second criterium used by Ishida: a reasonable difference between k, and k8 has been left out. Figure 5.27 
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shows the results of the depth profiling with this selection of fitting points. It clearly shows that the result in 
the first steps already shows too much oscillations. This is most probable caused by the too small difference 
between k~ and kB. 
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Figm·e 5.27 Depth profile calculated with fitting 
points selected without demanding a difference 
between kA and kB 

Thus it seems that this is not the right way of getting more fitting points. 

The results so far show that the metbod does not produce accurate depth profiles. Only the first step in fact 
shows some resemblance with the actual profile. The fit procedure in the second and third step will have to be 
improved before better conclusions are possible. From these first trials with the depth profiling method the 
following points have been learned: 
• To get a solution from the SVD algorithm that does not show to much oscillations all singular values that 

are smaller than 0.01 times the maximum singular value have to be made zero. Since it is typical to zero 
all singular values smaller than 1.0*10-6 times the maximum value it can be assumed that something in 
these calculations can be improved. The best impravement probably can be found by looking at a broader 
wavenumber region, especially broader at the low wavenumber side. Problem with this solution is that the 
used MCT -detector has a cut-offat 725 cm '. 

• The convergence criteria in step 2 and 3 have to be examined more closely. It is not logic to let x' get 

smaller then about 5.0*10 ' since the SIN ratio is in the order of several thousands soa smaller x' would 
mean trying to calculate more accurate then the noise level allows. But no convergence is reached when 
the criterion is used that convergence is reached when x' does not decrease more than 5% or 1% in step 2 
and 3 respectively. Computing errors most probably cause this lack of convergence. In the linear fit the 
SVD algorithm gives no really accurate results due to the singularity of the electric field matrix. The fact 
that the non-linear fit does not reach convergence is most probable caused by the starting approximation 
that is not good enough. Also inaccuracies in the calculation of the derivatives can prohibit convergence. 

• The calculation times needed to calculate the depth profile are quite large: about 40 minutes for the 
complete calculation on a 200 MHz Pentium. Since the calculations do not convergence this time is 
limited by the maximum number of iterations . These are 50 for the linear fit and 100 for the non-linear fit. 
In particular the third step requires a lot of time due to the numerous calculations of the derivatives . 
Increasing the accuracy of these calculations will even increase the needed time more. On the other hand 
if the increased accuracy leads to rapid convergence, in total the needed time for the calculations might 
decrease. 

Despite these inaccurate results this first implementation is used to try to get a rough impression of the 
applicability of the method at different depths in the sample. Therefore profiles 1-3 (see paragraph 3 .5) are 
used with a mixture ofTestA with TestB . Spectra are simulated at different angles of incidence using linear 
combination of the dielectric constants. It is assumed that the quality of the end result of a fit depends largely 
on the first approximation, so only the results of the first approxirnation are used to compare the sensitivities 
for the different profiles at different angles of incidence. 
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Figure 5.28 Depth profiles with concentration 
step at 1.0 mm 

Figure 5.29 Depth profiles with concentration 
step at 0.1 mm 

As shown in Figure 5.28 the found profiles show roughly tbe form of tbe entered profile and tbe increase in tbe 
fraction TestB can be seen round about 1.0 J.lm . As is clearly visible from tbe found augles at larger augles of 
incidence tbe penetration deptl1 is much smaller and tlms all information about tbe fraction of TestB after t11e 
step is lost. In Figure 5.29 tbe results of tbe deptb profiling using spectra simulated witb profile 2 are shown. 
The result from tbe spectrum witb an angle of incidence of 30° does not show tbe step. In tl1e otl1er results tbe 
step is somehow visible. The first spectrum does notshow tl1e step, because due to tbe large penetration deptl1 
Cabout 3.7 ).lm) tbe first layers are too tl1ick and tl1ey do not influence tbe result enough to make tbe step 
visible. The results of tbe experiments using tl1e larger angle of incidence show too much oscillations to be 
sure tbat tbey iudeed notice tbe concentration step. The fact tbat tl1e rising of tbe concentration in t11e 
calculated profiles so much coincides witb tl1e rise in concentration in profile 2 does make it very probable. 
But at deeper deptbs tbey again show large deviations from tl1e original profile. Using profile 3 gives t11e 
results shown in Figure 5.30. 
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Figm·e 5.30 Depth profile with concentration step at 
0.01 J.lm 

Now neitber of tbe calculated profiles shows tl1e step. The 75 fitting points and tbus tbe 75 layers tbe sample is 
divided into make tbe calculations insensible to differences in tbe first hundredtbs of micrometers in tbe 
sample. This is also visible in Figure 5.3 from tbe fac t tl1at tbe curves start very near or after t11e step. This 
means t11at only tbe first layer contains information about tbe step and tl1at is not enough to get a trustwortby 
profile. From Figure 5. it seems tb at tbe found profiles really resembie tbe used profile after tbe step, but tbis 
is not completely correct: tbey deviate more from tl1e real profile at larger deptbs. That in fact seems to be a 
general trend in tbe results of tbe deptb profiling : tl1e first tl1ird of tbe working deptb seems to be approximated 
better witb tbis deptb profiling metbod tban tbe deeper layers in tbe sample. This is possible caused by tbe way 
tbe sample is divided in layers. This causes most layers to be in tbe first tbird of tbe working deptb and 
tl1erefore it seems very logica! tbat tbe profile is approximated better tbere. To get a better approximation of 
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the complete working depth it might be worthwhile to look at another division of the sample in layers by 
giving alllayers the same thickness. 

5.3.3 Depth profiling using real spectra 
Because the depth profiling metbod neects the real and imaginary part of the complex refractive index at all 
wavenumbers as input, first the spectra of the pure materials are measured. Figures 5.3 1 and 5.32 show these 
spectra. 
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belt 

The complex refractive indices of both materials that are used for the depth profiling are given in Figure 5.33 
and Figure 5.34. The complex refractive index of polyester is calculated with Kramer-Kronig transfarm using 
SCOUT, but that refused to work for the rubber belt. Therefore it is tried to get the complex refractive index of 
that material by manually actding oscillators to the dielectric function and trying to simulate the measured 
spectrum, with SCOUT also. For both materials n_ has been chosen 1.5 . 

The spectrum measured when the polyester film is laid on top of the rubberbelt is shown in Figure 5.35. The 
advantage of this experimental set-up with two separate layers on top of eachother is that there is no mixing 
between the materials and that the linear combination of dielectric constants is right in this case. In fact no 
combination at all is necessary. 
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Figut·e 5.35 Spectt·um of polyester on rubber belt 
The results of the depth profiling of this spectrum using the complex refractive indices from Figures 5.33 and 
5.34 are shown in Figure 5.36. Clearly the result is not as good as desired. 
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Figure 5.36 Depth profile polyester film on r ubber 
belt 

Main cause for these insufficient results is the fact that the materials have most of their peaks in the sarne 
wavenumber range. The number of fitting points is very low as a result: 19 for both step 1 and 2. Not only is 
the number of fitting points very low, but also the range of the fitting points is very small since they are all 
lower than 1250 cm·'. 
Another problem was the determination of the complex refractive index profiles of both materials . For 
polyester the Krarners-Kronig transfarm was successful, but for the rubber belt the complex refractive index 
had to be found by simulation of a spectrum. The result is certainly not perfect, and will surely decrease the 
applicability of the depth profiling method. This experiment makes two important features of this metbod very 
clear. First, the materials of which the fractions have to be determined have to have very different spectra with 
peaks all over the range. Second, before depth profiling can be successful the dielectric functions and thus the 
complex refractive index of both materials have to be known well. 
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6. Conclusions and recommendations 

6.1 Big Blue 
After performing the first experiments with Big Blue the following points can be mentioned about its 
user friendliness and the quality of its spectra: 
• The sample handling has become a lot easier, because it is possible to automatically perform an 

experiment at several positions on the sample. 
• Under all angles of incidence and settings of Big Blue the amount of light reaching the detector is 

large enough to measure spectra with a good signal-to-noise ratio within a reasonable measuring 
time. This means within several minutes 

• For external reflection the results are better than with the equipment used so far. Only some 
disturbances from C02 and H2ü are visible in the spectrum 

• For ATR the spectra show not as much contrast as the spectra recorded with the ATRMAX, 
because with single reflection always less absorption is measured as with multiple reflection. 
Important is that the spectra do contain all the peaks that should be present. A big advantage is the 
possibility to change the angle continuously. With the ATRMAX this is only possible by changing 
the IRE and even then not the complete range of angles can be reached. 

Possible impravement to Big Blue could be a stronger spring for the IRE to ensure a better contact 
with the sample and to perhaps make it possible to also apply ATR on samples with a hard surface. 
To remove or diminish the disturbances from C02 and H20 in the spectra it might be profitable to 
imptement a better purge on Big Blue. 
At the moment it is only possibly to measure patterns with points at regular intervals and with 
equidistant angles of incidence using the main measurement macro and for irregular patterns all 
positioning has to be done with use of separate macros. It is relatively easy to write new rnacros 
especially for irregular patrons. The rnacros written already can be used as building blocks for the 
new macros. 

6.2 Depth profiling 
The depth profiling metbod does not yet give adequate results. This is probably caused by a 
combination of strict boundary conditions for the metbod that should be fulfilled and numerical 
instability ofthe program used to calculate the depth profile. 
The routines used for spectrum calculation work well: spectra calculated from a given profile closely 
resembie spectra simulated with SCOUT. Especially if the Bruggeman metbod is used, the spectra 
show very close resemblance. The deviations between the absorptances calculated with both methods 
then differ less then 1%. 
But when performing depth profiling the results are not impressive yet. For each step some aspects 
are importanttolook at: 
• The low absorption approximation often shows a rough resemblance with the profile used for the 

spectrum simulation, but therefore a lot of fitting points have to be used over a large range of 
wavenumbers. Otherwise large oscillations arise in the solution. 

• For the second step the same conditions hold. The approximation found in the first step does not 
really improve in the second step, often it even becomes worse. This might be due to the 
singularity of the matrix of the electric field for all singular values smaller than 1% the maximum 
value have to be zeroed to suppress oscillations. 

• The non-linear fit improves the depth profile visibly, ifthe starting approximation was quite good. 
Problem in this step might be the calculation of the derivatives of the calculation of the reflection 
coefficient. Errors in these derivatives lead to errors in the adjustment of the depth profile and can 
make the result worse or at least make complete convergence impossible. Problem is that the 
calculation time increases a lot when the calculation ofthe derivàtives is improved. 
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Despite these inaccuracies of the current implementation of the multiple-frequency depth profiling 
methad it has been tried to use the program to research some of the limits of the methad by looking at 
the quality of the first approximation. It seems reasanabie to draw the following condusion from 
these calculations: 
• From the simulations performed it can be seen that the multiple frequency approach alone will 

not be enough. The angle of incidence of an experiment should be chosen right also: for a 
structure very near the surface a large angle of incidence should be chosen to imprave the 
sensitivity of the methad near the surface. Thus for a complete unknown profile, it might be 
necessary toperfarm a 2-D numerical analysis ofthe matrix of absorptances at different angles of 
incidence and different frequencies. 

Generally it can be concluded that quite some work has to be done to make the depth profiling 
methad useful in practice. Points of interest may be: 
• selection of fitting points, 
• division ofthe sample in layers, 
• imptementing effective medium theory in the depth profiling method, 
• improving (and accelerating) the numerical procedures. 

An implication that arises when applying the methad in real experiments is the need for an accurate 
knowledge of the complex refractive index of bath materials for all wavenumbers in the spectrum. 
The determination of this complex refractive index can cast quite some time for some materials. This 
reduces the applicability of the methad to only a few combinations of frequently used materials, for 
which it is worthwhile todetermine the refractive index. In an environment as is the R-AM group of 
Océ however, typically the same materials are used over and again. Differences between samples are 
mainly the depth profile. We can conclude that for this practical situation this depth profiling methad 
can in deed be of practical u se. 
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Technology assessment 

7. Technology assessment 
The goal of the co-operation between the Optica! Spectroscopy group at Océ and the group Elementary 
Processes in Gasdischarges (EPG) of the Eindhoven University of Technology is to enlarge the analysing 
opportunities for Océ. 

The new equipment makes it possible to handle a lot of different samples: almost all drums used in Océ's 
copiers can be measured, a lot of beits of different length and all sorts of small samples. 

Not only the sampling handling has become a lot easier. Another big impravement is the possibility to use three 
different techniques at one spot at different angle of incidence with touching the sample. This makes an exact 
comparison of these techniques possible. Perhaps even a combination of these techniques may even give more 
information. 

Automation of the complete equipment saves a lot of time for the operators. It is not necessary anymore to wait 
until a measurement is done, change the settings and start the next measurement. A complete series of 
measurements on a sample can be programmed and will be performed automatically. 

The depth profiling method has as big advantage that it is non-destructive. This means that the samples can be 
used for further duration tests after analysation, so they can be analysed at several points during their lifetime. 
This way less materials have to be used to test the new developments at Océ. 

Decrease of the use of materials is also indirectly achieved by the knowledge that Océ can build with this 
method. Better understanding of the TTF -process and the behaviour of different materials will make it possible 
to select materials that have a Jonger lifetime. Perhaps it will even be possible to fmd materials that can be 
recycled and used in another copier after use in one copier. This is a very important possibility for Océ. The 
company tries to recycle as many components of their copiers as possible. 

Another impravement that might become possible with the knowledge that can be gotten from depth profiling is 
saving energy. At the moment some steps of the TTF-process require strict temperature conditions. New 
materials are perhaps capable of delivering the same prestations at lower temperatures, thus using less energy. 

It can be generally said that the knowledge that can be achieved from depth profiling gives a lot of opportunities 
to save energy and reduce the use of materials. 
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Appendix A Kramers-Kronig relations 
The real and imaginary part of optical quantities prove to be related to each other. These relations are 
called the Kramers-Kranig relations. 

Particularly useful in this case are the Kramers-Kranig relations between the real and imaginary part 
of the complex refractive index. Th is means that if for example n is known, k can be computed. The 
Kramers-Kranig relations between n and k are: 

"' 1 k( ') 
n(w)=1+P J-__!!!_dw', (Appendix A .1) 

:r w'-w 
-CXl 

k(w) = -P "'J.!_ n(w') -I dw', 
:r w'-w 

(Appendix A .2) 
-CXl 

where P means principal value integral. With these relations it is possible to uniquely determine the 
complex refractive index of a material from ATR-spectra for pand s polarisations without any further 
parameter fitting[IS]. The ATR-spectra of course have to be measured with single reflection on a 
sample of pure material that is semi-indefinite. 
In that case the extinction coefficient k can be found from the measured absorbances from: 
for s-polarisation: 

(Appendix A .3) 
(niRE -n(v) 2 }JnJRE -n(v 2 

k( V) = As (V) , 
4n IRE n( v cos() 

and for p-polarisation: 
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2 
()- n(v)
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) sin 2 
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( ) 
k(v) = AP v , (Appendix A .4) 

4n1REn(v) cos() 2nJRE sin 2 
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with nJRE the refractive index of the internat reflection element. Those equations only hold for small 
k, which is assumed in this case. Dependent on the polarisation of the light used for the experiment 
equation 3 or 4 can be used to calculate k. For this calculation a constant value of n is assumed as a 
first approximation. This is almast true, because for small k, n does not vary much with frequency. 
The constant that is used as approximation for n can still be chosen arbitrarily and for exact 
calculation of the complex refractive index it should be determined by other experiments. This 
constant namely is n00 : the refractive index for indefinitely high frequencies. 
With the calculated approximation of k a better approximation of n can be calculated with equation 
A.I. Th is approximation is again used in equation A.2 to calculate the next approximation of k. This 
process is repeated several times until stab1e values of n and k are achieved. Schematically this 
process looks like: 
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Initiation: n01ct=n "' and k01ct=O 

Calculate ~ew from n01ct and A 
with equation 3 or 4 

Calculate ~ew from ~ew and n "' 
with equation 1 

Calculate ~ew from nnew 
with equation 2 

yes 

n and k found 

no 

Figure Appendix A .!Flowchart for 
calculation n, k 

Usually it takes between 3 and 6 iterations before the values ofn and k become stable. 
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Appendix 8 Calibration polarisers 
The plane of incidence of is the plane defined by the incoming and reflected light beam and is normal 
to the surface of the sample. Calibration of the polarisers determines the angle the polariser or 
analyser make relative to the plane of incidence. In this appendix a metbod will be given to calibrate 
the polariser and analyser in a rotating analyser experiment. 
Like it bas been shown in paragraph 2.5 ofthe report, the intensity at the detector as a function ofthe 
analyser angle A is given by: 

I d = g(l +a cos 2A + b sin 2A) (Appendix B .1) 
Also shown was that a and b could be found from the sample characteristics \1' and .ó and the angles A 
and P of the analyser and polariser relative to the plane of incidence: 

cos 2P -cos 2 \1' 
a= (Appendix B .2) 

1-cos 2P cos 2\1' 

b = sin 2P sin 2 \1' cos .ó (Appendix B .3) 
1- cos 2P cos 2\1' 

Let the position ofthe polariser and analyser relative totheir own co-ordinate system (on the rotator) 
be represented by P' and A': 

P=P'+JP 

A=A'+JA 
(Appendix B .4) 

In a measurement relative to the co-ordinate systems of the polariser and analyser the intensity at the 
detector than is given as: 

I d = g' (1 + a' cos 2A'+b' sin 2A') (Appendix B .5) 

The offset of the intensity of course is independent of which co-ordinate system is used. This means 
that g and g' should be equal in both experiments. 
When equations B.1 and B.S now are written in a form like: 

I d = g(1 + ~ a 2 + b2 cos(2A + ~)) with ~ = arctan(~), (Appendix B .6) 

it follows that: 

(Appendix B . 7) 
when now a residue R is defined as: 

R=1-(a2 +b 2)=1-(a'2+b'2 ) . (Appendix B .8) 

Combination of equations B.2 and B.3 gives: 

R = ( sin 2\1' sin .ó )2 sin 2 2P ~(sin 2\1' sin .ó)2 (2P)2. (Appendix B .9) 
1 -cos 2\1' cos 2P 1- cos 2\1' 

The approximation only holds for small P, which means that the polariser must nearly be in the plane 
ofincidence. Equation B.9 also shows that the residue parabolically depends on P, with a minimum at 
P=O. Deterrnination of the Fourier coefficients at several polariser angles makes it possible to 
determine the plane of incidence by fitting a parabola through the measured residues and determining 
at which P the parabola bas its minimum. 

This calibration metbod is called residue calibration and is only applicable when \1' is not near 0° or 
90° and .ó not near 0° or 180°, because then there is no parabalie behaviour as can be seen from 
equation B.9. In these cases a so-called phase calibration is possible that uses the fact that the 
arguments in equation B.6 should be equal. Because this metbod is not used in Big Blue it is not 
further explained bere, but more inforrnation can be found in the Ellipsometry textbook [8] 

When the position of the polariser relative to the plane of incidence bas been determined it is also 
possible to determine the position of the analyser. When the polariser is in the plane of incidence 
equations B.2 and B.3 simplify to: 

63 



a=1 

b=O 
(Appendix B .1 0) 

Under an analyser co-ordinate transformation like equation B.4 the Fourier coefficients transform as: 

(a') __ [ cos2oA sin 2oA]·(a) 
b' -sin 2oA cos 2oA b (Appendix B .11) 

Since the coefficients a' and b' are measured and the coefficients a and b are known from equation 
B.10, the analyser difference angle can be calculated from: 

oA = _l.arctan(!i_) (Appendix B .12) 
2 a' 
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Appendix C Alignment Optical Components 
For the alignment a red laser is used to trace the optical path through the spectrometer and other 
optical components. This laser is mounted on a stage and placed at the aperture for the beam entering 
or leaving the focussing unit. lt is very important that the laser beam enters the focussing unit 
vertically. Therefore first the alignment laser should be set parallel to the stage it is mounted into. To 
do this the steps in table A.1 can be used: 

steps Action 
1 Artach Rotator on optical bench 
2 Artach Align-laser with reference surface of stage parallel to rotator and with the laser exactly 

in the middle of the rotator. 
3 Aim laserspot at wall further away then 2 meters 
4 Rotate rotator for 360° and watch laserspot 
5 Adjust laser in stage until laserspot does not move anymore when it rotates. 
6 Finally adjust laser in stage to direct the laserbeam through the middle of the opening in the 

stage. 

Table Appendix C .1 Alignment align laser 

Now the alignment of the optical components takes place in two steps: first the components between 
the Vector22 and the focussing unit are aligned and second the part between focussing unit and 
detector is aligned. 
The tables below contain the steps that form the alignment procedure. 

Step Action 
1 Place align-laser on aperture outgoing beam offocussing unit 
2 Place align mirror in magnetic slots under focussing unit 
3 Place semi-transparent pod in aperture ingoing beam and check if laserbeam leaves focussing 

unit in through hole in the middle ofthe pod. 
4 Remove pod and control if laserbeam leaves focussing unit vertically 
5 Artach mirror 2 (see figure 3.2) and move into optical path 
6 Align mirror 2 with screws untillaser beam leaves mirror horizontally 
7 Place mirror 1 on bread board 
8 Align mirror 1 with screws untillaser beam leaves mirror 

horizontally and under an angle of 90° with incoming laserbeam 
9 Place V ector22 on bread board 
10 Artach aluminium cirkel with small hole in exit port Vector 22 
11 Put diaphragm Vector22 on 0.3 mm 
12 Move mirror 2 horizontally untillaser beam is on same height as hole in Vector 
13 Adjust mirrors 1 and 2 until laserbeam falls on diaphragm in Vector22, via the hole in the 

aluminium cirkel 
14 Vary angle of incidence from 30° till 80° and look if position laser beam changes, if so, start 

again at step 1 
15 Place diaphragm in parallel beam 
16 Choose smallest diaphragm (1 mm) 
17 Position diaphragm untillaserbeam falls exactly through the diaphragm 

Table Appendix C .2 Alignment from Vector22 until focussing unit 
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Step Action 
1 Place align-laser on aperture ingoing beam offocussing unit 
2 Place align mirror in magnetic slots under focussing unit 
3 Place semi-transparent pad in aperture outgoing beam and check if laserbeam leaves 

focussing unit in through hole in the middle of the pad. 
4 Remave pad and control if laserbeam leaves focussing unit vertically 
5 Attach mirror 3 (see tigure 3.2) and move it into the optica) path 
6 Align mirror 3 with screws until laser beam leaves mirror horizontally 
7 Remave align laser 
8 Place parabalie mirror 
9 Put MCT-detector on breadboard, fill it with liquid nitrogen 
10 Look at alignsignal from Vector22 (in OPUS) 
11 Maximize alignsignal by adjusting screws parabalie mirror 
12 Maximize alignsignal bij rnaving MCT detector, around half loosened screws. 
13 Repeat steps 11 and 12 until optima! signa! level is obtained 

Table Appendix C .3 Alignment from focussing unit until detector 

66 



Appendix D Opus software reference 
lt is assumed that the user is familiar in with the OPUS and its macro language in genera!. This 
reference will pay attention only to: 
List of files necessary for a good operation of the macros. 
Extra buttons in OPUS' icon-menu. 
Meaning of buttons and edit boxes in main dialog boxes of macros. 
No complete listing of the rnacros is given. When changes have to he made to the software the 
complete listing of the rnacros tagether with a more detailed explanation can he found in the special 
report about all software[ 16]. 

Instal/ation requirements 
For use ofthe software without problems it is necessary tomeet the following requirements: 
All neeessay rnacros and external programs are in the directory:d:\opus\meetsoft. An overview of 

those files is given below. The list can he used to check if all rnacros are present and if someone 
has made changes to them. 

There is a directory: d:\opus\meas\back, where the measurement macro can save background spectra. 
The computer contains a directory: d: \opus\xpm, that contains all files with XPM-files for OPUS. 
There is a directory d:\opus\scandata, that contains the files with the scandata for Big Blue. This 

directory must at least contain the file model.O that forms the basis for all scandata-files. 
Iconmenu Irma (irma.ict)should he in directory d:\opus and selected in OPUS. 

Here a list of all necessary files is given with their size and date of creation. This way it can he 
controlled if sarnething has been changed. 

OPUS macro files in directory d:\opus\meetsoft: 

2-13-98 10:35a 8300 AIRATR.MAC 
5-18-98 1:58p 5856 ANALYZ.MAC 
5-20-98 11 :SOa 4576 ANGLE.MAC 
5-26-98 2:00p 8328 ATRMACRO.MAC 
2-06-98 10:52a 7420 BACKATRH.MAC 
2-04-98 2:06p 7502 BACKEXTH.MAC 
3-19-98 12:55p 18890 BACKMEAS.MAC 
1-30-98 1:17p 3834 CALANA.MAC 
5-27-98 10:35a 25928 CALANLPS.MAC 
5-27-98 1:04p 4860 CALIBRAT.MAC 
2-13-98 1:53p 2694 CALPOL.MAC 
5-27-98 7:50a 28292 CALPOLPS.MAC 
2-02-98 9:34a 13738 DEFSCAN.MAC 
5-26-98 9:48a 7448 DIAFRAGM.MAC 
1-19-98 4:04p 13340 EDITSCAN.MAC 
5-26-98 2:02p 8052 EXTMACRO.MAC 
3-16-98 9:45a 2472 HALFWA Y.MAC 
3-06-98 9:37a 4584 INITMAC.MAC 
2-04-98 1:53p 3054 INITOPT.MAC 
5-27-98 1:04p 3676 IRMA.MAC 
2-02-98 1:36p 8576 MEASATRH.MAC 
2-02-98 3:12p 8596 MEASEXTH.MAC 
1-19-98 11 :04a 8560 MEASRAEH.MAC 
2-25-98 1:29p 17858 MEETSPEC.MAC 

67 



2-02-98 2:15p 1726 NAMEBACK.MAC 
5-18-98 1:57p 5872 POLARIZE.MAC 
1-30-98 1:12p 4370 POSANGLE.MAC 
1-29-98 3:41p 7264 POSDIA.MAC 
2-02-98 10:38a 5890 POSOPTIC.MAC 
3-19-98 12:25p 5824 POSPOL.MAC 
3-19-98 12:25p 5828 POSPOLB.MAC 
5-26-98 2:03p 7740 RAEMACRO.MAC 
1-22-97 4:44p 29466 RAE ELL.MAC 
1-09-98 1:08p 2556 RESET.MAC 
2-06-98 10:40a 2520 RESETMAC.MAC 
5-26-98 1:57p 6532 ROTATION.MAC 
1-09-98 12:30p 4660 RS232.MAC 
3-09-98 10:59a 8314 RS232COM.MAC 
3-09-98 11:00a 8294 RS232POS.MAC 
3-20-98 8:35a 2436 STANDBY.MAC 
4-20-98 10:58a 7368 TRANSLAT.MAC 

File for icon-menu in directory d:\opus: 

11-26-97 10:59p IRMA.ICT 

Icon bitmaps in directory d:\opus\meetsoft: 

11-26-97 9:43p 490 ANAL YZE.BMP 
2-02-98 10:42a 490 ANGLE.BMP 
11-26-97 10:40p 490 DIAFRAGM.BMP 
2-02-98 10:46a 490 EDITSCAN.BMP 
2-06-98 10:48a 490 INITMAC.BMP 
11-28-97 6:36p 490 IRMA.BMP 
11-26-97 9:38p 490 POLARIZE.BMP 
2-06-98 10:49a 490 RESETMAC.BMP 
11-26-97 10:35p 490 ROTATION.BMP 
3-20-98 8:38a 490 STANDBY.BMP 
11-26-97 10:21p 490 TRANSLAT.BMP 

Standardfile for scandata in directory: d:\opus\scandata: 

12-3-97 9:03a 8980 MODEL.O 

External ( calculation)programsin directory d:\opus\meetsoft: 

11-12-97 2:20p 8228 CALANLPS.EXE 
6-12-95 8:22p 42008 CALCABG.EXE 
6-07-95 1:38p 40984 CALCRES.EXE 
5-02-97 10:42a 42009 CALPDRAE.EXE 
6-07-95 1:41p 10265 CALPOLPS.EXE 
5-24-95 11 :25a 43032 SETPARM.EXE 

Command file neerled for communication with PTS in directory d:\opus\meetsoft: 

11-04-97 1 :25a 750 JURGEN3.CMD 
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Macro buttons on icon menu Opus 

Irma: This icon is for starting the major macro to measure a sample at different points at 
regular intervals. 

Reset: This macro resets the PTS and this means moving al motors, that are driven by the 
PTS to their reference position. 

Start: The optie table is move to the begin of the sample handling unit and for drum 
measurements waits until the drum is within reach of the focussing unit. 

Translate: To translate the optie table to a given point above the sample. At that position 
the focussing unit is focus at the surface of the sample. 

Rotation: This macro rotates the sample about a given distance in mm. At the end of the 
rotation focussing takes place. 

Standbye: This macro moves the optie table to some point left to the sample so the 
sample can be changed. 

Polarizer: The polarizer can be rotated a number of degrees with this icon. 

Analyzer: This button does the same for the analyzer as the last button for the polarizer. 

Diaphragm: With this macro the right diaphragm in the parallel beam can be chosen. 
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Edit scan: This macro can be used to change parameters in scanpatrans made within the 
measurement macro "lrma". 



Dialog boxes and menu's in major macro's 
Main Menu: 

Button 
Define scan 

Calibration 
Polarizers 
A TR measurements 
EXT measurements 
RAE measurements 
Quit macro 

Define scan: 

Figure Appendix D .1 Main Menu 

Beschrijving 
Fill in and save the experimental parameters for the scan to be 
performed by Big Blue 
To menu for calibration analyzer and polarizer 

To menu for ATR experiments 
To menu for external reileetion experiments 
To menu for rotating analyzer ellipsometry 
Quit measurement macro and back to Opus 

Figure Appendix D .3 Page 2 of definition 
scanpatrou 

Figure Appendix D .2 Page 1 of definition 
scanpatrou 
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Button/Invoer 
Begin position 
Interval position 
End position 
Begin rotation 
Interval rotation 
End rotation 
Begin Angle 
Interval Angle 
End Angle 
Page2 
Back to Main 
Menu 
Diaphragm 
Polarisation Angle 
Filename 
Continue 

Calibration Menu: 

Beschrijving 
Position in mm in x-direction for first measurement point 
Distance between two points in x-direction, should be greater than 0 
Position last point in x-direction 
Position in mm in y-direction of first measurement point 
Distance between two points in y-direction, should be greater than 0 
Position last point in y-direction 
Smallest incident angle in degrees 
Distance between two consecutive angles in degrees, should be greater than 0 
Greatest incident angle in degrees 
Go to second page with experimental parameters 
Back to Main Menu without saving parameters 

Diaphragm in parallel beam 
Polarizer angle in respect to plane of incidence 
Filename to save this set of parameters. The extension '.0' is added 
Save parameters and go back to Main Menu 

Figure Appendix D .4 Menu for calibration polarisers 

Button 
Last calibrations 
Polarizer 
Analyzer 
Back to Main 
Menu 

EXT menu: 

. Beschrijving 
Look at datums and results of the last time the calibrations are performed. 
Start calibration polarizer 
Start calibration analyzer 
Back to the Main Menu 

Figure Appendix D .5 Menu for EXT experiments 

Button 
Define Experiment 
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Description 
Choose files scandata Big Blue and Opus parameters (XPM-file) and fill in 
data about sample and place and name to save spectra 



Measure background 

Sample 
measurements 
Back to Main Menu 

ATRMenu: 

Measure background spectrum for each angle of incidence from the 
scanpatrou 
Measure spectrum for each angle of incidence and each position specified in 
the scanpatrou 
Back to the Main Menu 

Figure Appendix D .6 Menu for ATR experiments 

Button 
Define Experiment 

Measure background 

Sample 
measurements 
Measurement on air 
Back to Main Menu 

RAEMenu: 

Button 
Define Experiment 

Sample 
measurements 
Back to Main Menu 

Description 
Choose files scandata Big Blue and Opus parameters (XPM-file) and fill in 
data about sample and place and name to save spectra 
Measure background spectrum for each angle of incidence from the 
scanpatrou 
Measure spectrum for each angle of incidence and each position specified in 
the scanpatrou 
Measure spectrum of air for each angle of incidence 
Back to the Main Menu 

Figure Appendix D .7 Menu for rotating analyser 
ellipsometry 

Description 
Choose files scandata Big Blue and Opus parameters (XPM-file) and fill in 
data about sample and place and name to save the results 
Perform rotating analyzer ellipsometry for each angle of incidence and each 
position specified in the scanpatrou 
Back to the Main Menu 
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Experiment definition: 

Button 
Scandata 
Experimentfile 
Datafile path 
Exp. Initials 

Experiment 
number 
Sample 
description 
OK 

Figure Appendix D .8 Dialog box experiment 
definition 

Description 
Choose file with scanpatron: experiment parameters for Big Blue 
Choose XPM-file .with OPUS parameters 
Enter path to use fór saving spectra 
Lettercode used to identify sort experiment and executer of experiment, used in 
filename spectra 
Number used in filename spectrum, increased by 1 after each measurement 

Sample descriptioin and other commentary 

Ready with experiment definition, back to measurement menu 

Calibration polariser 
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Figure Appendix D .9 Dialog box for polariser 
calibration 



Button 
Startposition 
Stopposition 
Stepsize 

Outputfile 

Description 
First position polariser for calibration measurement 
Last position polariser for calibration measurement 
Size of steps to take between calibration measurement, should be so small that at least 
5 steps are necessary 
File to save results from calibration. 
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Appendix E ATRDepth user manual 
Th is user manual will only give a short overview of the interface of the depth-profiling program and 
the actions tobetaken to use the program succesfully. Fora deeper insight in the used rnathematics 
and physics chapters 2 and 4 in the graduation report should be read. The listing of the program 
together with a more detailed explanation are given in the special report about all software written 
during this graduation report. 

Menu-items 

File: New 
The loaded spectrum is cleared. The same counts for the simulated spectrum and calculated deptb
profile as well as all parameter definitions. 
File: Open 
This command opens a file that contains the measured spectrum. The spectrum should be presented as 
an asei-file with two columns. The first column contains the wavenumbers in cm-1 and the second 
column the absorptances. The wavenumbers should be in ascending order. 
File: Save 
The calculated deptb-profile is saved in asciformat. The file contains two colums. The first column 
contains the depth at the end of the layer in meter and the second column contains the volume fraction 
of material A in that layer. 
File: Exit 
This will close the program and all information not saved will be lost. 
Define: Define 
This command is opens a dialog box in which the following parameters have to be entered: 
Angle of incidence: this has to be entered in degrees. 
Refractive index IRE. 
Number of layers: this is the maximum number of layers the sample is divided into for the 

calculations 
Number of points: this is the number of data points in the spectrum and the files with data about the 

refractive indeces of the components. 
Polarisation: this is ratio of the difference in intensity of the s and p polarised light and the total 

intensity of the incident light. 
Define: Load n material A 
This is for loading the data containing the real part of the complex refractive index of material A at 
the same wavenumbers that are used in the spectrum. The data must be represented in an asei-file 
with two columns, the first containing the wavenumbers and the second the refractive index. 
Define: Load k material A 
The same as the preceding command, but now for the imaginary part of the refractive index. 
Define: Load n material B 
The samebut now for the real part ofthe refractive index of material B. 
Define: Load n material B 
The same for the imaginary part of the refractive index of material B. 
Calculate: Calculate all 
This command performs the complete depth-profiling. All three steps are performed aftereach other. 
Only the definitive result will be shown. 
Calculate: First step 
With this command only the first step (solving the linear equations of absorption for wavenumbers 
with low absorptance) is computed. The intermediate resulting deptb-profile is found. 
Calculate: Secoud step 
This command can only be used after the first step has been calculated and it performs the second 
approximative step to the depth-profile. It is possible again to save the resulting depth-profile. 
Calculate: Leastsquaresfit 
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The final step to obtain the deptb-profile is calculated with this command. This is only possible after 
calculating the first two approximations of the depth-profile. 
View: Spectrum 
This shows both the measured spectrum(black) and the simulated spectrum (red) 
View: Deptb-Profile 
Shows the calculated depth-profile. In this view no calculations can be done. To perform calculations 
the view has to be changed to spectrum again. 

Help: About 
Information about the A TRDepth program 

Calculation of a deptb-profile 

To calculate a deptb-profile the follow actions have to betaken in the order they are given here: 
Define the experimental parameters 
Load the spectrum to be simulated 
Load the data about the refractive indeces of both components 
Either calculate all steps at once or calculate one step at a time 
Change view to depth-profile to see volume-fraction profile 
Save depth-profile 
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