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Summary 

Summary 

Ellipsometry is a measurement technique based on the analysis of the state of polarization of light. 
The state of polarization changes by reflection at or transmission through interfaces between 
media with different refractive indices. In this study the Phase Modulation Ellipsometer (PME) is 
used to measure the polarization change. 
The Photo-Elastic Modulator (PEM), a retarder with varying retardation, is the characteristic 
element of the PM-ellipsometer. With the PME, plasma-surface interactions have been monitored. 
Furthermore, it has been investigated if it is possible to use Attenuated Total Reflection (ATR) 
prisms in the measurements. Finally, the optical properties of the interface region between two 
polymers have been investigated. 
The PME has been tested while depositing a (CFx)n-layer on a silicon substrate. During the 
deposition ellipsometry has been performed. Analysis of the acquired data yielded a refractive 
index n=l.37 and a thickness of the deposited layer d=355 nm. The spectrum of the sample after 
deposition has also been measured using a Fourier Transform Ellipsometer (FTE). Analysis of this 
measurement yielded a refractive index n=l.37 and a layer thickness d=360 nm. The refractive 
index and the thickness measured by respectively the PME and the FTE therefore are in good 
agreement. We may conclude that the PME yields good results. 

With the help of the PME, plasma-surface interactions on a silicon substrate have been monitored. 
After extinction of the CF4 plasma, the optical properties of the substrate change. This is caused 
by the radicals still present in the reactor after extinction. A part of these radicals, probably F, 
partly etches off the damaged toplayer of the silicon. Ion bombardment during plasma operation 
creates this damaged toplayer. With increasing flow, the etched part of this layer increases. 
Other radicals, probably CFx, adsorb on the surface after extinction of the plasma. With increasing 
flow less radicals are adsorbed; the thickness of the adsorbed layer decreases. The adsorbed layer 
and the etched part of the damaged layer increase in thickness if the power applied to the plasma 
is increased. 

The necessity to use ATR prisms in the IR has been observed; multiple reflections in a wafer 
make it impossible to measure a reliable signal if extemal reflection is used on a substrate of 
transparent materiaL Therefore the possibility to use A TR prisms for the measurements has been 
investigated. It is possible to use ATR prisms but bulk absorption of the prism material can be a 
limiting factor. 

The optical properties of the interface between two polymers have been investigated. For this 
purpose silicon samples with single layers of polystyrene (PS) or polymethyl methacrylate 
(PMMA) polymers have been etched in a radio frequency oxygen plasma while performing 
ellipsometry. The refractive indexfora PMMA layer was found to be 1.492. The literature value 
is 1.488 which is in good agreement. The refractive indexfora PS layer was found to be 1.587, 
which is comparable to the literature value of 1.590. The ratio of the etch rates for the two 
samples is 1.9. 

Also samples consisting of two layers of polymer have been investigated. The refractive indices of 
the two polymer layers were found to be 1.595 for the PS layer and 1.46 for the PMMA layer. 
This last value differs from the literature value due to the fact that in the simulation the interface 
region has not explicitly been simulated. The thickness of the interface region is 8.5±1 nm. The 
refractive index has not been determined, but the etch rate of the sample appears to decrease 
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linearly in the interface region. Using a point-to-point analysis a dip in the refractive index is 
visible. This dip is probably caused by a local drop in the density of the polymer. Moreover the 
interface region is clearly visible in this analysis. 
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General introduetion 

1. General introduetion 

1.1 RF plasmas 

The group Elementary Processes in Gas discharges (EPG) is a part of the Department of Technica! 
Physics of the Eindhoven University of Technology (EUT). In this group, research is performed 
on gas discharges, especially the plasma chemistry of radio frequency (RF) plasmas. One of the 
topics is the study of the interaction of the plasma with the surface of a semiconductor. 

In the manufacturing process of integrated circuits (IC's), RF plasmas are used for etching and 
deposition processes. Before the plasma is applied to the device, its surface is covered with a 
mask which can be produced using photo-lithographic techniques. The plasma process results in a 
reproduetion of the mask in the semiconductor device. Increasing our knowledge of RF plasmas is 
necessary to imprave the etching process. This can result in optimizing the production ofiC's. 

Already a revolution has taken place in the etching process of semiconductor devices. In the past 
the reproduetion of the mask pattem was performed with the use of chemically reactive liquids. 
This is known as wet chemica! etching. A chemically reactive liquid was used to delineate the 
mask pattem in the surface layer. The liquid reacts with the surface layer of the device and the 
reaction products desorb from the surface and are transported into the solution. A problem of this 
technique is that the liquid has no preferential etching direction and therefore etches isotropically. 
This causes an undercutting of the mask and this can result in a loss of resolution. 

The aspect ratio is the ratio of the depth over the width of the etched pattem. If this ratio is 
smaller than 1 the wet etching techniques satisfy very well. Devices with structures of at least 2-3 
~-tm can be produced with good reproducibility. When aspect ratios larger than 1 are required, the 
isotropie wet etching techniques no longer satisfy. Therefore in the se venties anisotropic dry 
etching techniques have been developed making use of plasma techniques which reach line 
resolutions smaller than 1~-tm [SNI93]. Nowadays line resolutions of 0.25 ~-tm are state of the art. 

In the case of dry plasma etching, two different processes can be distinguished: physical 
sputtering and chemica! etching. The first process uses a bombardment of the surface with highly 
energetic ions to etch the surface. The ions collide with surface atoms and after the transfer of 
kinetic energy the surface atoms are ejected. Due to the directional nature of the ions the etching 
can be highly anisotropic. However, sputtering requires highly energetic ions that are capable of 
darnaging the surface such that the device may become useless. The selectivity (the etch rate of 
the layer to be etched relatively to that of the mask material) and the etch rate are both low. 

Chemica! etching involves a chemica! reaction of radicals (from the plasma) with the surface. In 
the reaction volatile molecules are created that desorb from the surface into the souree gas. The 
largest disadvantage of pure chemica! etching is the isotropie etch result. The selectivity can be 
very good although the etch rate usually is low. 

The chemica! etching can be enhanced by energetic positive ions (sputtering). These ions enhance 
the rates of surface reactions. The ion-enbaneed etching reactions indicate a synergetic effect 
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[COB79] that is much larger than the added effects. This mechanism makes it possible to etch 
anisotropically at a high etch rate. 

In certain cases the reaction products formed by the reactive radicals and surface atoms are not 
volatile. A surface layer is built up that passivates the surface, thereby inhibiting etching 
reactions. Ion bombardment breaks the inhibitor layer such that etching can take place again. Due 
to the direction of the ion flux, the inhibitor layer on the sirlewall is not broken and subsequently 
this etch mechanism also yields a high degree of anisotropy. 

1.2 Surface layers 

A number of groups have stuclied the plasma-surface interaction. An important issue when 
studying plasma-surface interactions is the question if the state of the surface after extinction of an 
etching plasma represents the state of the surface under actual plasma conditions. 

During the application of an etching plasma to a wafer, a reaction layer builds up. In this reaction 
layer the etchant reacts with the surface material and two idealized extremes can he distinguished. 
In the first case, the reaction products of the etching reaction are involatile and the reaction layer 
starts getting thicker. Postplasma surface studies are justified in this case because the involatile 
reaction products are typically stabie in vacuum. Therefore, after extinction of the plasma relative 
small changes will occur to the layer formed during the plasma process. 

In the second case the reaction products of the etching reaction are volatile and the reaction layer 
stays thin. In situations where volatile etch products are formed, additional chernical reactions 
may occur in the surface reaction layer after terrnination of the plasma, foliowed by product 
desorption. Furthermore, in the afterglow of the plasma radicals from the plasma may adsorb or 
etch away part of the reaction layer. The state of the surface measured after extinction of the 
plasma may no longer he the same than that of the state of the surface under actual plasma 
conditions. 

Oehdein et al. [OEH92] have performed measurements to exarnine the surface under actual 
plasma conditions. Also measurements after extinction of the plasma have been performed. They 
found the presence of an adsorption layer after extinguishing the plasma. The thickness of this 
layer was approximately 1 to 2 monolayers. 

In figure 1.1 a schematic view of a plasma-etched surface is depicted. The thickness and the 
composition of the reaction layer depend strongly on the parameters of the plasma-etching process 
and the reactivity of the substrate (silicon). After terrnination of the plasma this layer varies little. 
The composition and the thickness of the gas adsorption/desorption layer are deterrnined by the 
processes that occur after the plasma bas been extinguished. 
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gas adsorption 1 desorptlon layer (1 M L) 

Reactlon layer 

(1to10ML) 

Substrata 

Figure 1.1 A schematic view of a plasma-etched surface. 

The adsorption of the monolayer has been found after analysis of the reaction layer thicknesses 
obtained by reai-time ellipsometry. Oehdein et al. also performed XPS measurements on the 
wafer. The results of the XPS analysis are used for comparison with the ellipsometry results. 

1.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a qualitative surface analysis technique. However since XPS requires ultra-high vacuum 
(UHV) conditions it cannot be used in situ. In the basic XPS experiment the sample surface is 
irradiated by a monochromatic souree of low energy X-rays. Photo-ionization then takes place in 
the sample surface. The resultant photoelectrons having a kinetic energy Ek which is related to the 
X-ray energy hv and the binding energy Eb by the Einstein relation 

(1.1) 

If the photoelectrons have sufficient kinetic energy to overcome the specimen work function, they 
can escape from the surface and photoemission occurs [WAL89]. 

In articles of Oehdein et al. [OEH92, OEH93] XPS measurements have been shown. In these 
measurements the reaction layer thickness is obtained by reai-time ellipsometry. Also the reaction 
layer thickness is measured by XPS after sample transfer in vacuum. The results from both 
techniques have been compared. This yielded the conclusions that a layer is adsorbed after 
termination of the plasma and that the thickness of the layer was approximately 1 monolayer. 
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1.4 Intrared absorption spectroscopy 

In the past diagnostic tools have been developed capable of the quantitative determination of 
partiele densities (neutral particles, radicals and reaction products) in RF plasmas. Infrared (IR) 
absorption spectroscopy is such a tooi. With the characteristic infrared absorption spectra of 
molecules one can easily calculate the absolute density of that molecule. IR absorption 
spectroscopy applied to RF plasmas can give a complete overview of most of the neutral 
molecular species present in the RF plasma. This technique can also provide information about 
the honds formed on the silicon substrate present in the plasma reactor. The applicability of IR 
absorption spectroscopy to the solid state and the gas phase, and their differences will be treated 
separately in the next two subsections. 

1.4.1 Gas phase infrared absorption spectroscopy 

In the gas phase the motion of molecules can be described as a combination of translation, 
vibration and rotation. Consiclering the case of a diatomic molecule, the molecule can be 
approximated by two masses bound with a spring. This is the harmonie oscillator approximation 
and with the Schrödinger equation, the eigenvalues Ev of this system can be calculated 

(1.2) 

where h is Planck' s constant, v0 is the vibrational frequency and v the vibrational quanturn number 
(v=O, 1, 2, ... ). Vibrational transitions due to the absorption of infrared radiation obey the selection 
rule ~v=±l. This implies that the dipole moment of the molecule has to change in a vibrational 
transition. Therefore homonuclear diatomic molecules (like N2) have no infrared active vibrations. 

Besides vibration the diatomic molecule is allowed to rotate around some rotation axis. 
Approximating the rotation of the molecule by that of a rigid rotor, the eigenvalues E, of the 
Schrödinger equation are given by 

h2 
E, =-

2
-J(J + 1), 

Sn I 
(1.3) 

where I is the moment of inertia of the molecule with respect to the axis of rotation and J is the 
rotational quanturn number. In the simplest case of a diatomic molecule with a non-degenerate 
ground state, transitions obey the selection rule M=±l. In more complicated molecules and 
dependent of the symmetry of those molecules also transitions obeying M=O can occur. These 
transitions only occur accompanied by a vibrational transition. Combining all selection rules, the 
energy difference M between the levels for which the transition occurs is given by (not 
consiclering electronk transitions) 

h2 
M=~vhv0 +-2-M(J+l). 

4n I 
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A molecular spectrum consists of several vibrational transitions. Each transition is superposed 
with a rotational spectrum. Three branches related to the different rotational transitions M=-1, 
M=O and M=+ 1 can be distinguished. In general these branches are addressed as P, Q and R 
respectively. One speaks of a ro-vibrational transition when at the same time a vibrational and a 
rotational transition occur. 

Directing a light beam through a gas or a plasma, transitions can occur. The intensity of the light 
beam decreases due to absorption. Beer' s law describes the radiant flux after absorption: 

/(a)= 1
0 
(a)exp( -k(a) · n ·I), (1.5) 

where a is the wave number, / 0 (a) is the radiant flux of theemission source, k(a) the rnalar 
absorption coefficient, n the rnalar density of the absorbing species and l the length of the 
absorption path. With Beer' s law one can calculate the density n of the examined species. 

1.4.2 Solid state infrared absorption spectroscopy 

The solid state situation is much simpler. In the solid state no rotations are possible and therefore 
only vibrational transitions are observed. As mentioned befare a change in dipale moment is 
necessary to absorb radiation. In this subsection we will describe a model for molecular 
absorption. The simplest molecules exhibiting absorption are asymmetrie diatomic molecules and 
only these are discussed here. The model used for descrihing the molecules is that of a harmonie 
oscillator. 

The dipale moment M of such a molecule is a function of the distance between the atoms. When 
the molecule is exposed to a time-varying electromagnetic field, the atoms will experience 
opposite farces. For small displacements, the dipale moment can be expressed as 

M(x)=M0 +e*x, (1.6) 

with M0 the permanent dipole, e* the effective charge of the molecule and x the deviation from the 
equilibrium distance. Due to the electtic field E the effective charge undergoes a force e*E. The 
equation of motion for this molecule is given by 

(1.7) 

where J.1 =m1 m2 /(m1 + m2 ) is the reduced mass and r is an empirica! damping constant. 

If E varies in time and x follows the changes in E harmonically, then it is possible to write 

E(t) = E0 exp(iwt), x(t) = x0 exp(iwt). (1.8) 

Solving equation (1.7) leads to: 
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-e * I J1 
x(t) = 2 2 . E0 exp(icot) 

C00 -CO + zrco 
(1.9) 

with w" ~ ~ the resonance frequency. 

The polarization P is defined as the total dipole moment per unit of volume 

P=E0 (E,-1)E (1.10) 

where E, is the relative dielectric constant. An oscillator contributes to the polarization at optical 
frequencies 

P=xe* N 

where Nis the number of oscillators (molecules per unit of volume). So the contribution to 
E, of the mode at ro0 is given by 

where fis defined as the dimensionless oscillator strength, given by 

(1.11) 

(1.12) 

(1.13) 

So the dielectric constant changes with the number of dipoles in resonance with the wavelength of 
the incoming light. The refractive index of the layer is given by 

nlayer (A)= ~E, (A) (1.14) 

This n 1ayer (A) can be measured by infrared ellipsometry [LIG94]. 

1.5 The structure of this report 

In the first chapter a general introduetion is given. This introduetion contains information about 
RF plasmas and etching processes. Furthermore some attention is paid to an interesting question 
conceming the state of a semiconductor during and after extinction of a RF plasma. Also two 
diagnostic tools are treated; X-ray photoelectron spectroscopy (XPS) and infrared absorption 
spectroscopy. 

In the second chapter the basic theory of ellipsometry is treated. The chapter starts with a general 
section where among others the Fresnel coefficients and a complex ratio p, that expresses the 
change in polarization caused by reflection, are introduced. In the second section the impedance 
formalism is treated. This formalism can be used for the ellipsometric analysis of stacked layers of 
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materiaL In the third section attention is paid to the phase modulated ellipsometer (PME or PM
ellipsometer) and in the fourth section the problem of multiple reflections in the modulator is dealt 
with. In the fifth section the rotating analyzer ellipsometer (RAE), which has been used in part of 
the experiments, is discussed. In the last section of the theory, attention is paid to the attenuating 
total reflection (A TR) measurement technique. 

In chapter 3 the experimental set-up is discussed. In the first section some attention is paid to the 
tunable diode laser (TOL). In the second section the PM-ellipsometer is treated. The calibration of 
the ellipsometer is the subject of section three. In section four some attention is paid to the 
software used and developed during this study. 

The results of this study are presented in chapter 4. In the first section the results using an ATR 
prism are discussed. In the second section the instanation of the plasma reactor is treated. In the 
third section some test measurements are presented. The fourth section treats measurements on 
polymer multi-layers. 

In chapter 5 the conclusions and recommendations of this study are given. Finally, in two 
appendices some background information is given. In the first appendix the Stokes veetors are 
introduced. The second appendix contains an extensive treatment of the calibration procedure for 
a PM-ellipsometer. 
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2. Theory 

2.1 General introduetion 

Ellipsometry is a measurement technique based on the analysis of the state of polarization of a 
light wave. The state of polarization changes by reflection at or transmission through interfaces 
between media with different refractive indices. A light wave with a certain state of polarization 
satisfies Maxwell's laws. It is possible to rewrite the Maxwell equations [JAC75] to the following 
wave equations: 

(2.1) 

and 

2- J 2 Ë aË - p 
V E- Jlë-- Jla-=V(-). 

Jt 2 at ê 
(2.2) 

where E, B are the electric field and the magnetic induction respectively, J1 the magnetic 

permeability, t: the electric perrnittivity of the particular medium, a is the specific conductivity 
and p the charge density. 

In freespace (a= 0, p = 0), these equations reduce to the well-known wave equations: 

(2.3) 

(2.4) 

A monochromatic harmonie plane wave, rnaving in the z-direction, is put forward as a possible 
solution: 

(2.5) 

(2.6) 

where ro is the angular frequency and k the wave vector. A more general salution is 

Ë = Ë i(llX-kz) + Ë ei(tJX-kz+rp) 
xOe yO (2.7) 

where qJ is the relative phase difference between the two waves. Substituting the salution for the 

magnetic field in equation (2.1) and applying the space and time derivatives gives: 

8 



Theory 

(2.8) 

and this yields the following dispersion relation: 

(2.9) 

In most dielectrics J.l, is practically equal to unity and this simplifies equation (2.9). The 

dispersion re lation implies that a wave in a conducting medium ( (j :;t:O) bas a complex wave vector 
with an absolute value: 

. m ia 112 kc =k1 -zk2 =-(e, --) . (2.10) 
c (J)êo 

Inserting this complex wave number in one of the wave equations' solutions leads to an attenuated 
wave amplitude: 

E =E -k2zei(mt-k1z) 
x oe · (2.11) 

It is possible to define a complex refractive index nc: 

c 
n =-k =n-iK 

c m c 
(2.12) 

where K: is the extinction coefficient. 

The intensity (also known as the irradiance) of the attenuated wave is proportional to the square of 
the amplitude of the electric field. Taking the square of equation (2.11 ), it is possible to define an 
absorption or attenuation coefficient K 

I E
2 -2k2z _ E2 -Kz 

oe 0 e - 0 e (2.13) 

where I is the intensity. The attenuation coefficient a is related to the extinction coefficient 
according to: 

Jrl( 
a=2k2 =4T 

with À the wavelength and a-1 represents the decrease of the intensity with a factor 1/e. 

(2.14) 

One state of polarization is parallel (p) with the plane of incidence of a light wave and the other 
one is perpendicular (s; German: senkrecht) to this plane. This plane of incidence is defined as the 
plane spanned by the incoming and the reflected beam and is as such normal to the plane of the 
sample. In free space the two states of polarization have a constant phase difference and the 
amplitude ratio remains the same. Reflection at or transmission through an interface between two 
media with different refractive indices changes the phase difference and the amplitude ratio 
between the two states of polarization. In figure 2.1 an incident wave on an interface is shown; 
furthermore a refracted and a transmitted wave are depicted. 
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For a single reflection (and a single transmission) at the interface of a semi-infinite medium, the 
Presnel equations represent the amplitude reflection coefficients rp and rs (and the amplitude 
transmission coefficients tp and ts). Snell's law is used to express the relation between the angle of 
incidence and the angle of transmission: 

(2.15) 

where 8; , () 1 are the angle of incidence and transmission respectively and n;, n1 are the 
corresponding refractive indices of the two media. 

I 
p I 

I 
I 

s e. 1e o r 

I n, 
I 

I nt 

I 
I 
I 
Ie, 

I 

Figure 2.1 Two semi-infinite media with an incident, a reflected and a transmitted wave at an 
interface between the two media. The orientation of the p and s waves are shown. 

U sing the continuity of the tangential components of the electric field and the continuity of the 
normal component of the magnetic induction, the Presnel equations can be derived. The electtic 
field has two different orientations (pand s) with regard to the plane of incidence. This yields two 
different equations for the amplitude reflection coefficient. These equations will not be derived 
here. In dielectrics J.1"" J.lo and the amplitude reflection coefficients simplify to: 

(2.16) 

and 

(2.17) 

The amplitude transmission coefficients are given by: 

2n;COS8; 
t,~ = ' 

n; cos() i + nt cos() t 
(2.18) 

and 
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2n·COS8· ( = I I 

P ni cos8t +nt cos8i 
(2.19) 

When the amplitude reflection coefficients are known, it is possible to introduce a complex ratio 
p of these coefficients: 

rP 
p =-= tan(\}1) exp(iLl). (2.20) 

r., 

This ratio is used to express the change in polarization after reflection using the ellipsametrie 
angles 'Pand Ll (real). Tan('P) represents the amplitude attenuation ratio of the p and s wave after 
reflection. Ll is the phase difference between the p and s wave induced by the reflection. 

If the substrate is covered with a thin layer, multiple reflections will occur in the thin layer. In 
figure 2.2 this is shown. 

Figure 2.2 Multiple reflections in a thin layer with a refractive index n2 and thickness d2 . The 
two other media are semi-infinite. 

In this case the definition of the complex ratio p changes. The new definition is: 

RP 
p =-= tan('P)exp(i~) 

Rs 
(2.21) 

with RP and Rs the total amplitude reflection coefficients. When all internal reflections are added, 
the total reflection is equal to: 
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(2.22) 

- 1 -2if32 
+ 'oz'zie · 

with 

(2.23) 

the phase thickness of the thin layer. The phase thickness is half the phase difference between the 
externally reflected beam and the beam that bas undergone one internal reflection. These 
equations are valid for the p as well as the s components. 

Stacldng one or more layers on the first layer causes enormous problems if one is interested in 
calculating the ellipsametrie angles 'I' and ~- All internal reflections, in all layers, have to be 
added after calculating the Presnel coefficients of all interfaces. In the past matrix methods have 
been developed and a FORTRAN program (McCrackin) [CRA69] has been written to perfarm 
these calculations. This program is iterative and bas a great disadvantage: in a dynamic 
measurement, when layer thicknesses and the number of layers are changing, every datum point 
bas to be calculated from the start [KR094]. 

2.2 lmpedance formalism 

A different approach to tackle the problem of the stacked layers is the impedance formalism. The 
impedance formalism is a mathematica! procedure to calculate the overall reflection from a stack 
of layers of different refractive indices. To do this one has to start with the reflection of the 
substrate. The reflection of the combination of the first layer and substrate is than easily 
calculated and this easy calculation can be repeated inductively for each new layer added. Unlike 
the FORTRAN program of McCrackin, the programs using the impedance formalism do nat have 
the disadvantage that every data point has to be calculated from the start when the layer thickness 
and the number of layers are changing. 

The impedance factors jp; and f,; of a medium i, are defined as 

(2.24) 
I 2 2 . 2 ", 

cos</J; -yn; - n0 sm 'l'o 
f pi = --= -'-----,2:----

ni n; 

and 

(2.25) 
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2 
no . 2 

with cos cjJ i = 1- - 2 sm cjJ 0 following from basic trigonometry and Snell's law, equation (2.15). 
ni 

The subscript o refers to the medium in which the wave originally propagates (air, vacuum, 
plasma). Although medium i not necessarily has a direct boundary with medium 0, it is possible to 
relate epi directly with cjJ 0 by consiclering the conservation of ni sinepi through Snell's law across 

alllayers. In vacuum n0 and cjJ 0 are real, but ni is usually complex. Therefore epi as a consequence 

can be complex too. 

With the impedance formalism, it is possible to rewrite the Presnel coefficients equations (2.16) 
and (2.17). This results in 

(2.26) 

and 

(2.27) 

The phase thickness of a film, equation (2.23), can be redefined by 

(2.28) 

Because of the identical appearance of rs and rp, it is possible to ornit the subscripts s and p. The 
Presnel equations then simplify to one equation: 

r (2.29) 

The total reflection R for a thin layer, equation (2.22), can be simplified using equations (2.26) 
and (2.27). This results in 

-2jf32 
ro2 + r21e ro2 +u 

R= 2./3 = 
1 - 1 2 1 + ro2r21e + ro2u 

(2.30) 

with 

(2.31) 

Now consider the thin layer and the substrate as a new serni-infinite system (medium x) with one 
effective impedance fx. The total reflection R of the stratified structure still has to satisfy equation 
(2.30), but consiclering the new semi-infinite system also 

fo- fx 
r. -
Ox- fo + fx 

(2.32) 
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has to he valid. Comparison of R with rox leads to a definition of the effective impedance fx of the 
semi-infinite substrate: 

(2.33) 

If more layers are present the procedure is repeated for each layer, starting with the first one that 
cantacts the serni-infinite substrate. When a new layer is put on a substrate with one or more 
layers already on it, the new effective impedance fx can he calculated. For a new layer only the 
former effective impedance (u) and the impedance of the new layer have to he taken into account. 
From the final impedance factor fx the total reflection ratio at the top layer can he calculated using 
equation (2.32) for both the s and p wave. Then the complex reflectance ratio p can he calculated 

and the ellipsametrie angles L1 and \}' are known. 

In all derivations in this chapter, the refractive index has been considered isotropic. When there is 
an anisotropy in the refractive index, i.e. when the refractive index has different values for waves 
travelling in the p-and s-directions, correctionsof the impedance factors must he made [KR093]. 
Also the phase thickness needs to he redefined; the phase thickness becomes different for both 
directions. 

With the impedance formalism it is possible to convert a substrate with known layer thicknesses 
and refractive indices to ellipsametrie angles L1 and \}', From measurements, L1 and \}' can directly 
he calculated. lt is however not trivial to performa reversed calculation to obtain layer thicknesses 
and refractive indices from measured (L1,\}') data points. In [KR093] a metbod has been treated 
that allows a reversed calculation. This calculation is based on the evaluation of the unknown 
phase thickness. Let X he defined by 

X= e -2jf32 

then the reflection ratios R from equation (2.30) for the p- and s-waves can he rewritten 

and 

R = ro2s + r21sX 

s 1 + ro2sr2ls X 

(2.34) 

(2.35) 

(2.36) 

These reflection ratios still obey (2.21). The unknown X can he determined using that equation. X 
will he one of the two roots of the complex quadratic equation 

AX 2 +BX +C=O (2.37) 

where the coefficients A, B and C depend onf,b hb fso, ,[po, j,2, h2 and the reflection ratio p of the 

total system. The two roots are dependent on film thickness and refractive index. The root with 
the smaller imaginary part is the physical relevant one. Varying the refractive index of this root, 
and thus varyingfs2 and,[p2, it is possible to find the film thickness with the smallest imaginary 
part. 
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2.3 Ellipsometry 

Ellipsometry is a measurement technique based on the analysis of the change in the state of 
polarization of light. For the measurement of the ellipsometric angles several set-ups are in use. In 
our set-up a phase modulated ellipsometer (PME) is used. Other common set-ups are the rotating 
analyzer ellipsometer (RAE, treated in paragraph 5), the rotating polarizer ellipsometer (RPE) and 
the rotating compensator ellipsometer (RCE). The used set-up is shown schematically in figure 
2.3. 

Polarizer 

Modulator ""-
Reactor 

Detector 

Analyzer <;9 

K> 
/ 

/ 
/ 

/ 

Electrical circuit 

Figure 2.3 The PM-ellipsometer. In the laser housing a HeNe laser and up to 4 diode lasers are 
present. 

In the set-up a photo-elastic modulator (PEM), a polarizer, an analyzer, a sample in a plasma 
reactor, a detector and a (HeNe)laser are drawn (for more information see chapter 3). The 
modulator consists of a ZnSe-bar; this material is optically isotropic. Piezo-electric transducers 
are used to apply stress to the bar. The modulator becomes birefringent when stress is applied 
( one speaks of the photo-elastic effect or stress birefringence, this in contrary to form 
birefringence). Therefore the refractive index fora light beam with its polarization parallel to the 
direction of the stress differs from the refractive index for a light beam with its polarization 
perpendicular to the direction of the stress (the direction of the optie axis is the same as the 
direction of the applied stress). This difference in refractive indices causes a phase shift between 
the beams emerging from the ZnSe-bar. The modulation of the stress induces a modulation of the 
phase difference between the two beams. The phase difference 8(t) induced by the modulator 

between the two eigenmodes is generally assumed to be harmonie: 

8 (t) = B sin( rot) (2.38) 
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with ro the frequency of the stress induced. It is necessary to work at the resonance frequency of 
the crystal to obtain sufficient retardation. 

The detected intensity takes the general form: 

I(t) =I 0 {1 +Ie cos(8 (t)) + f., sin(8 (t))} (2.39) 

where I0, Is, Ie are respectively the de-term, the sinusoidal part and the eosine term of the signal. 
Fourier expansion of the detected intensity is necessary to relate the measured harmonies to Ie and 
I,.. According to Abramowitz [ABR65] we can expand sin(Ö(t)) and cos(Ö(t)) into: 

and 

sin(8(t)) = sin(B sin( rot))= 211 (B) sin( rot)+ 213 (B) sin(3rot)+ .... 

= 

= 2 L J 2k+I (B) sin((2k + 1)rot) 
k=O 

cos(8(t)) = cos(B sin( rot))= J 0 (B) + 212 (B) cos(2rot)+ ... 
= 

= J0 (B) + 2 L 12k (B)cos(2kOJt) 
k=l 

Inserting the expansions in equation (2.39) we get: 

I= I 0 {[1 + J 0 (B)] +I e[2J 2 (B) cos(2rot) + 214 (B) cos( 4rot)+ ... ] + 

Is [21 1 (B) sin(rot) + 213 (B) sin(3rot)+ ... ]} 

(2.40) 

(2.41) 

(2.42) 

The detected intensity is a series of odd (jb jj, f 5, ... ) and even (/2, f 4, ... ) harmonies. Now we 
simplify equation (2.42) and rewrite it as a 3*3 matrix using only the first two harmonies and the 
DC. term lfo, jj, fz ). This yields: 

(2.43) 

and this matrix gives us the relationship between the measured harmonies and the coefficients I0, 

Is and Ie of the detected intensity. Inverting this matrix results in: 

1 0 
-J0 (B) 

[J= 
2J2 (B) n 0 

1 
0 . jl (2.44) 

211 (B)/ 0 
!2 1 

0 0 
212 (B)I0 

and by simply measuring the harmonies the coefficients I0, Is and Ie are known. 
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A smart but not necessary choice of the modulation amplitudeBis such that J0(B)=O which means 
that B=Bo=l37.78°. This is the ideal case and Is and Iethen satisfy the relations: 

(2.45) 

and 

(2.46) 

Matrix (2.44) shows the necessity to know the value of the modulation amplitude B. If B can be 
fixed to the value of B0, then the equations used to measure ~ and 'I' simplify. Fixing B to that 
value is a problem, because one has to knowhow to measure the value of B. Using the measured 
harmonies of the signal, it is possible to measure B. In the case that there is no static birefringence 
present in the ZnSe-bar, the ratio of the first and the third harmonie is a monotonous function of 
the modulation amplitude: 

(2.47) 

Using a numerical inversion of this function it is possible to measure the value of B. Also the ratio 
of the second and the fourth harmonie can be used for this purpose. The value of B can be 
substituted for the calculation of Is and Ie. 

In ellipsometry one is not interested in the coefficients Is and Ie but in the ellipsametrie angles ~ 
and '1'. It is possible to represent polarized light using Stokes veetors (see appendix A). The 
Stokes vector transfarms when passing an optical component. Mueller matrices (see appendix A) 
describe this transformation. Every optical component of the set-up has its own Mueller matrix 
and using the Stokes formalism a general expression for the transmitted light in the set -up can be 
calculated. This finally yields a general expression that relates the coefficients Is and Ie to the 
ellipsametrie angles ~ and '1'. The expression depends on the order of the components used. 

Three different configurations of the components are possible in our set-up: Polarizer-Modulator
Sample-Analyzer (PMSA), Polarizer-Sample-Modulator-Analyzer (PSMA) and Polarizer-Sample
Analyzer (PSA). In our case we use the PMSA configuration. The transmitted Stokes vector can 
be calculated. This yields the following equation: 

- - -- - - - -sd = M AR(A)M sR(-M)M MR(M- P)M pSo (2.48) 

where sd ,So are the Stokes vector (4xl) at the detector and before the polarizer respectively, M; 
are the Mueller matrices (4x4) representing the different components (A=analyzer, S=sample, 

M=modulator, P=polarizer) and R(8) are the rotation matrices (4*4) necessary to rotate the basis 
of a component into the direction of the Stokes vector. Two rotation matrices seem to be missing, 
- -
R( -A) and R(P). These two matrices do nothave to appear in the equation because rotation 

does not affect the intensity. The first component of the Stokes vector represents the total 
intensity. Using a computer algebra package like Maple a general equation for the detected 
intensity is calculated. The equation resembles equation (2.39) and the Maple equation yields 
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general expressions for the coefficients Io, I., and Ie. This equation depends on five angles; the 
ellipsametrie angles Ll and 'I' and the three adjustable angles P, Mand A. The latter three angles 
represent the rotation of the matching optical components with respect to the plane of incidence. 

The plane of incidence is found using a calibration routine extensively treated in chapter 3. Clever 
settings of the three adjustable angles simplify the equation. Two common configurations are 
used. Configuration II (P=45°, M=0°, A=45°) yields: 

I 0 = 1 

J., = sin(2'1') sin(Ll) 

I c =- sin(2'1') cos(Ll) 

and configuration III (P=90°, M=45°, A=45°) gives: 

I 0 = 1 

Is= sin(2'1') sin(Ll) 

Ie= -cos(2'1'). 

2.4 Multiple reflections 

(2.49) 

(2.50) 

The phenomenon of multiple reflection is demonstrated in figure 2.2. The Presnel coefficients are 
introduced to describe this phenomenon. In every thin layer multiple reflections occur and this can 
result in experimental problems. In the set-up shown in figure 2.3, the light from the laser is 
incident normally on the modulator crystal. The refractive index of the ZnSe is about 2.6 in the 
visible and 2.4 in the IR. Using these indices of refraction results in an amplitude reflection and 
transmission coefficient of roughly 0.4 and 0.6. This means that the first intemally reflected 
transrnitted beam has a field strength that amounts 16% (0.4*0.4) of the direct transrnitted beam. 
This means that it is not possible to neglect the contribution of this beam to the transrnitted 
intensity. 

The first intemally reflected transmitted beam is modulated 3 times longer in the ZnSe bar than 
the direct transrnitted beam. lt is possible to find a mathematica! representation for the intemal 
reflections. However, due to the modulation of the total transmitted beam, outside the bar 
constructive and destructive interference happens. This is a phenomenon that is temperature 
dependent Due to this dependence, it is not possible to find a correct mathematica! and physical 
representation for the transmission of a beam through a modulator placed perpendicular to the 
light beam. Every slight change in the room temperature influences the thickness of the modulator 
bar and this has important consequences for the interference conditions. Especially in the IR, the 
temperature dependenee of the transmitted intensity is clearly visible at a detector. 

A salution to this problem is to spatially separate the intemally multiple reflected transmitted 
beams and the direct transmitted beam. This can simply he done by orientating the modulator bar 
to another angle with regard to the entering light beam. The beam then no longer enters the bar 
perpendicular and the intemally reflected beams are spatially separated. Using a slit it is possible 
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to select the direct transmitted beam and to block the multiple reflected beams. In figure 2.4 a 
schematic view of the PME set-up with the tilted modulator is shown. 
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Figure 2.4 Theset-upin the PMSA configuration with a tilted modulator. 

Due to the tilted modulator the coefficients calculated using the Stokes formalism are no longer 

valid. Another Mueller matrix, M mod , has to he used to account for the tilted modulator. This 

matrix represents the transmission through the interface consisting of the vacuum-ZnSe transition. 
The following equation describes the transmission of a Stokes vector through our system with the 
tilted modulator: 

------ ----------- ---- --
sd = M AR(A)MsMmodR(-M)M MR(M)MmodR(-P)M PSO. (2.51) 

Again the relation of the two ellipsametrie angles ~ and 'I' to the measured harmonies can he 
calculated. This will not he repeated here. 

The performed calculation results in an enormous amount of eosine and sine terms depending on 
the angles P, M and A of the polarizer, modulator and analyzer. Due to the different angular 
orientation also eosine and sine terms dependent on the correction term 'I' mod are present. A smart 
choice of the angles P, M and A with respect to the calibration settings results in simple 
dependendes of the ellipsametrie augles to the measured intensity. 

Contiguration II(P=45°, M=0°, A=45°) then results in 

sin(~) sin(2'I') sin 2 (2'1' mod) 
I,= 2 
· 1 + 2 cos(2'I') cos(2'I' mod) +cos (2'1' mod) 

(2.52) 

and 

19 



Theory 

I = -cos(Ll)sin(2'P)sin 2 (2'Pmod) 

c 1 + 2 cos(2'P) cos(2'P mod) + cos2 (2'P mod) . 
(2.53) 

Configuration III(P=90°, M=45°, A=45°) yields the following valnes for Is and Ie 

I = sin.!lsin2'Psin2'Pmod 

s 1 + cos2'P mod cos2'P 
(2.54) 

and 
I = -COS 2 'P - COS 2 'P mod 

c 1+cos2'Pmod cos2'P 
(2.55) 

The correction term 'P mod can be calculated using the Presnel equations. The correction term 'P mod 
represents the 'P at transmission through the interface of the modulator. In configuration III only 
one of the two polarization states is transmitted through the first interface. Therefore this interface 
does nat have to be represented in equation (2.51). 

In order to calculate the correction term it is necessary to know the angle of incidence (22°) and 
the refractive index of ZnSe for the different wavelengths. The correction term is equal to 
'Pmod=45.68° in the visible region i.e. 632.8 nm, where the refractive index of ZnSe is equal to 
2.59. IntheIR 'Pmod=45.62° where the refractive index of ZnSe is equal to 2.40 at a wavelengthof 

lO~m. 

2.5 Rotating analyzer ellipsometer 

A rotating analyzer ellipsometer (RAE) has been used forsome measurements. The basic set-up of 
the RAE consists of a polarizer, a sample and an analyzer. The analyzer rotates at a frequency ro 
so the intensity at the detector is modulated with a frequency 2ro. The intensity measured at the 
detector is given by 

Id = g(1+acos2A+bsin2A) (2.56) 

where A is the time modulated analyzer angle, a and b the Fourier coefficients and g the intensity 
factor. It is also possible to write this equation in another farm 

I d = g(1 + ~a 2 + b2 cos(2A + </>) (2.57) 

where </> =arctan(b/a). 

The Fourier coefficients a, b and the intensity factor g of the measured signal can be calculated. 
This yields 

g = 1- cos2Pcos2'1', (2.58) 
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cos2P- cos2'P 
a= 

1- cos2P cos2'P 

sin 2'1' cos~ sin 2 P 
b=------

1- cos2Pcos2'1' 

Theory 

(2.59) 

(2.60) 

These equations simplify for a polarizer angle P=45°. The problem with the RAE is that it is not 
possible to discern between ~ and 360° -~. 

To find the experimental setting of the angle Pa thorough calibration is necessary. The sample 
used for the calibration determines the kind of calibration. For a RAE there are two 
complementary calibration procedures. The choice which procedure works best depends on the 
value of~ and 'I' for that sample. 

The first calibration procedure is residue calibration. This calibration is valid when ~ is not close 
to either 0° or 180° and 'I' is not close to either 0° or 90°. The calibration procedure is based on 
the optirnization of the sum of the squares of the Fourier coefficients a and b. The residue R is 
defined as 

(2.61) 

and substitution of equations (2.59) and (2.60) gives 

( 
sin2'Psin~ J2 

2 R= sin 2P 
1- cos2'Pcos2P 

(
sin 2'1' sin~ J2 

2 "" (2P) . 
1- cos2'P 

(2.62) 

The approximation is only valid for small valnes of P, which is true when the polarizer is nearly in 
the plane of incidence. The minimum in the residue occurs when the polarizer is in the plane of 
incidence. Minirnizing the residue, allows us to find the plane of incidence for the polarizer. As 
can be seen from equation (2.62), this procedure works best for 'Pz45° and ~""90° or 270°. 

The second calibration procedure is argument calibration. This calibration procedure is based on 
equation (2.57). As the detected intensity is invariant under co-ordinate transformation, the 
argument of the equation has to be equal under transformation [KR094]. Onder this circumstance 
and for small valnes of P the argument <I> is defined as 

(2.63) 

This argument can be approximated. This yields the following relation between the angle of the 
polarizer and this argument 

(
-4 cos~ cos 2'1'} 

tan<l>= . 
sin2'P 

(2.64) 
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This relationship is only valid when the polarizer is nearly in the plane of incidence. When the 
polarizer is in the plane of incidence, tan<I> is equal to zero. The plane of incidence can now he 
identified by measurement of the Fourier coefficients a and b for two polarizer angles that differ 
by an amount of 90°. The polarizer angle and thus the plane of incidence will he given as the zero
point of the tangent of the phase. 

After calibration of the polarizer, the polarizer is tumed into the plane of incidence. Then the 
rotating analyzer is calibrated. This calibration is necessary because the phase of the analyzer bas 
to he determined. In the case that the phase of the analyzer equals 0° the detector signal (in the 
measurement configuration) is given by (2.56). However if the analyzer phase is equal toanother 
value, the detector signal is given by 

I d = g(l +a cos(2A + 8) + b sin(2A + 8)) = g(l +a' cos2A + b' sin2A) (2.65) 

where a' and b' depend on the analyzer phase 8 . The re lation between these coefficients and the 
real a and b is given by 

(a)= (c~s 8 -sin 8). (a:). 
b sm8 cos8 b 

(2.66) 

The analyzer phase 8 can he determined when the polarizer is tumed into the plane of incidence. 
The relation between the measured and the real values is known [CRE89]. For simplicity, the 
eosine and sine terms are aften replaced with acal and hcal 

(a)= (acal 
b bca/ 

-bcal). (a:). 
acal b 

(2.67) 

2.6 The ATR prism 

Ellipsometry is a technique based on the analysis of the polarization state of a light wave. Due to a 
reflection at or a transmission through an interface, the polarization state changes. In the normal 
case, ellipsometry uses the single reflection of a light wave on a wafer. This bas the disadvantage 
that small effects on the surface may he hard to observe. 

A technique that offers a possibility to enhance small effects, is Attenuated Total Reflection 
(ATR) ellipsometry [AYD93], [HAR67]. In figure 2.5 a set-up for ATR ellipsometry is shown. A 
special silicon prism is the main part ofthe set-up for ATR ellipsometry. 
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Figure 2.5 The special silicon prism necessary for A TR ellipsometry. Several intemal 
reflections occur. 

Theory 

The prism is cut in a special way. It has beveled edges cut at an angle of 20°. A light beam is 
focused on one of the beveled edges at normal incidence. This light beam traverses the prism 
undergoing multiple intemal reflections in the prism, as shown in figure 2.5. If the angle of 
incidence on the prism is larger than the critica! angle, total intemal reflection occurs. The critica! 
angle is the value of the angle of incidence for which the angle of transmission is equal to 90°. 
The actual size of the critica! angle 8 c is determined by the ratio of the refractive indices of the 

substrate-vacuum transition, see equation (2.68) 

. nvac 
smec =--. (2.68) 

nsub 

When total intemal reflection occurs all incoming energy is reflected back into the incident 
medium, i.e. the light wave stays in the substrate. Another consequence of the total intemal 
reflection is that the transmitted wave is evanescent It is easy to prove that the transmitted wave 
is evanescent The wave function for the transmitted electric field is 

E _ E i(k1 ·r-(l)() 
r- ore 

In figure 2.6 An incident, a refracted and a transmitted wave at an interface are shown. 
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Figure 2.6 The behavior of a light wave with propagation vector ki at the interface of two 
media. The interface is defined by the x-axis. The wave propagating in the positive y 
direction with the propagation vector kreos01 represents the evanescent wave. The 
amplitude of this wave drops off exponentially. 

When the x-axis is defined as parallel to the interface and the y-axis as perpendicular to the 
interface, the inner product can be rewritten as 

(2.70) 

The projections on the axes of the propagation vector are equal to 

(2.71) 
and 

(2.72) 

With the u se of Snell's law and the fact that sin ()i >na these equations can be rewritten as 

(2.73) 

and 

(2.74) 

Inserting this results in equation (2.69) finally yields the evanescent wave 

(2.75) 

24 



Theory 

In the case that the y-axis is defined according to figure 2.6, the positive exponential is a physical 
irrelevant solution. 

When due to etching or deposition processes a chemicalor physical adsorbed layer (dis)appears, 
the reflective properties change. Since many intemal reflections occur in the ATR prism, this 
measurement technique is very sensitive to this change. 

In the case that no adsorbed layer is present the amplitude reflection coefficients rp, equation 
(2.16) and r" equation (2.17) are reformulated. The new definitions are [HEC87]: 

2 ( 2 . 2 )
112 

nti cos8;- nti- sm ei 
r . = ' 

p,rt 2 ( 2 . 2 )1/2 
n1; cos8; + n1i- sm ei 

(2.76) 

and 

( 
2 . 2 )112 cos8;- n1i - sm ei 

r . = . 
s,rt ( 2 . 2 )112 

cos8; + n1; - sm ei 
(2.77) 

When a light wave is incident with an angle 8 i > 8 c and therefore sin 8 i >n1;=n/ni , the two 

amplitude reflection coefficients yield complex values. Despite this the absolute magnitudes of 
the amplitude reflection coefficients still are equal to 1. This yields a 'P=45°. Ho wever L1 can in 
principle take all values between 0° and 360°. When a layer is present the reflection coefficients 
change and 'P:;t45°. 
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3. Experimentalset-up 

In this chapter the experimentalset-up will be treated. Attention will be paid to the Tunable Diode 
Laser (TDL) and the PM-ellipsometer. Further the calibration of the PM-ellipsometer will be 
treated and parts of the software used during the experiments will be explained. 

3.1 Tunable Diode Laser (TOL) 

In figure 3.1 a schematic view of the experimental set-up is depicted. It is possible to distinguish 
the set-up into two separated parts; the tunable diode laser and the PM-ellipsometer. In this 
section our attention will be concentrated on the TDL-part. In the next section the ellipsometer 
itself will be treated. 
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Figure 3.1 A schematic view of the set-up. The modulator tilt amounts 22°. In the laser housing 
a HeNe laser and up to 4 diode lasers are present. The electrical circuit is used to 
generate the power feed. 

The diode laser is installed in a helium refrigerated housing. The cooling is necessary to maintain 
the temperature in the diode chamber in the range of 12 - 80 K [WIE93]. This is done with the 
help of a L5731 Closed-Cycle Refrigerator and a L5710 Compressor. The compressor and 
refrigerator are used for expansion of the helium. Due to the expansion the temperature in the 
housing decreases. 

In figure 3.2 the diode laser housing and the monochromator are depicted. In the housingup to 
four different diodes are present. For the alignment of the set-up also a HeNe laser is present. 
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Figure 3.2 The tunable diode laser and the monochromator. The HeNe laser is used for the 
alignment of the set-up. With the monochromator a single mode of the multi mode 
diode laser can be selected. Up to 4 different diodescan be present in the diode laser 
housing. 

The temperature in the housing can be varied using a L5720 Cryogenic Temperature Stabilizer 
with an accuracy of 1 o-3 K. The L5720 is used to control the temperature of the diode. This is 
done by heating of the diode head by sending a current through a heating wire, which is integrated 
in the diode block. The temperature in the housing is set and read as a voltage over a Si-diode 
which is also integrated in the diode laser block. Through this Si-diode a constant current (of 10 
!lA) is sent. This gives rise to a voltage over the Si-diode which is directly related to only the 
temperature. From a calibration chart that is delivered along with the system the voltage that 
belongs to a certain temperature setting can be obtained. 

The current through the laser diode can be set with the L5820 Laser Current Control Module with 
an accuracy of 0.001 mA using an external voltage set by a computer-controlled DIA converter 
[HA V94]. V arying the total current through the laser diode and the temperature in the refrigerated 
housing a large wavelength region (- 10% of the wavelength) can be scanned. In figure 3.3 a 
typical mode chart of a diode laser is shown. This diode laser can be used to scan the v 3 band of 

CF4 [ST094]. 
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Figure 3.3 A typical mode chart of a diode laser. The current through the diode laser is varled as 
a function of wave number and temperature. 

This chart shows tpe intensity of the infrared beam for variabie currents through the diode as a 
function of the wave number and the temperature. The infrared light of the diode laser consists of 
several wavelength modes. To select only one of the modes a 1 m monochromator is used. This 
also gives a rough idea of the wavelength that is used, which is convenient when we want to find 
the current and temperature setting for a certain wavelength. The exact wavelength of the laser is 
measured using the combination of a gas reference cell, a germanium etalon and a Michelsou 
interferometer [HA V94]. The wavelength setting of the monochromator is controlled over an 
RS232 serialline by the computer. 

3.2 PM-ellipsometer 

In the previous section the experimental set-up is depicted. In this section some attention will be 
paid to the phase modulated ellipsometer (PME) which is also a part of the set-up. 

The ellipsometer can use either the TOL or a HeNe laser as light source. The HeNe laser is 
primarily used for alignment of the set-up. Also the HeNe laser can be applied for debugging of 
the set-up. The light coming from the TOL or the HeNe laser first enters a polarizer. Oepending 
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on the light souree used, different polarizers have to be installed. In the IR wire grid polarizers are 
used with an attenuation coefficient az0.02; in the visible Polaroid sheets with an attenuation 
coefficient a::::::10-3

• This attenuation coefficient is defined as the ratio of the transmitted intensity 
perpendicular to the transmission axes and the intensity parallel to the transmission axes. The 
polarized light then enters a Photo-Elastic Modulator (PEM). Intheset-up a PEM 90 from Hinds 
Instruments Inc. has been used. The light beam does not enter the PEM perpendicular but under an 
angle of 22° degrees with the normaL The PEM is an approximately 1 cm thick ZnSe crystal. The 
thickness of the crystal and the angle of 22° results in a spatial separation of the multiple reflected 
beams, which can be blocked subsequently. 

The crystal can be made birefringent by inducing a mechanica! stress. The birefringence of the 
crystal introduces a phase difference between the two orthogonal polarization states of the light. 
Modulation of the stress induces a modulation of the birefringence and thus a modulation of this 
phase difference. The modulated polarized light beam then reflects on the surface of interest. The 
light enters the second polarizer, known as the analyzer. Finally the light enters either a Mercury
Cadmium-Telluride (MCT) detector (IR light) or a pin diode (HeNe light) that measures the 
intensity as a function of time. When the MCT detector is applied, a chopper is used in the set-up. 
This chopper is positioned before the first polarizer. The reason that this chopper is present, is the 
necessity to correct for the drift in the offset of the detector which may be considerable in the case 
of an MCT detector. This is done by measuring the offset of the detector when no light reaches 
the detector. The magnitude of the offset is subtracted from the measured signa!. The pin diode 
does not show any drift. 

The shape of the detector signa! is measured using a Metrabyte DAS50 AID converter. Por the 
acquisition of the signal it is necessary to have both a start pulse and a number of trigger pulses 
per PEM cycle. Since the controller of the PEM does only supply a TTL pulse at every start of the 
PEM cycle, the trigger pulses have to be made from the start pulse. This has been realized using a 
Phase-locked-loop circuit [KOK93]. Since the PEM in the present set-up is excited at a resonance 
frequency of 31.1 kHz, it is possible to sample 32 points per cycle using the present AID converter 
with its maximum sample rate of 1 MHz. Due to probieros with the phase-locked-loop only the 
absolute magnitudes of Is and Ie are measured. Recently the phase-locked-loop circuit is removed 
and replaced by another circuit generating the trigger pulses. 

During the writing of this report the new data acquisition system has been installed. This fast 
signa! recorder is a 10 MHz 12 bits AID converter with 2*2 Mb intemal memory and is capable of 
measuring 1364 complete periods without averaging. The maximum measurement frequency 
amounts 2.5 kHz. 

With the old set-up it is possible to measure 2500 (il,'P) datum points per second (2.5 kHz). If a 
detector is used with a high de stability, the measurement frequency can be increased to 31.1 kHz. 
U sing another chopper blade, the measurement frequency of 2.5 kHz can be increased to 7.5 kHz. 

Using a laser diode at 4.7 J..lm, the noise at 2.5 kHz amounts 0.5° in Ll and 0.2° in 'P. If the signalis 
averaged 250 times and the measurement frequency is reduced to 10Hz, the noise amounts 0.03° 
in Ll and 0.012° in 'P. In the visible the noise is smaller. 

The absolute accuracy of the PME has been tested in a deposition measurement. On a silicon 
substrate a (CFx)n-layer has been deposited. Analysis of the deposition process with the ELSIM 
program yields a refractive index n=l.37 and a layer thickness d=355 nm. The spectrum of the 
deposited layer has also been measured using a Fourier transfarm ellipsometer; the resulting data 
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have been analyzed using ELSIMSPC and this analysis yields a refractive index n=1.37 and a 
layer thickness d=360 nm. The results of both ellipsometers are in good agreement and therefore 
we may conclude that the PME yields good results. 

During several calibrations of the set-up, all performed with the same calibration wafer, the 
reproducibility of the ellipsometer has been tested. The reproducibility is roughly 2° in Ll and 0.5° 
in 'I'. Another way to check the reproducibility is the comparison of the (Ll,'I') datum points that 
are measured when the polarizer, analyzer or modulator are tumed into other angular orientations 
that still meet the measurement configuration. This yields roughly the same values. 

In the ellipsometer a RF plasma reactor, called ETS III, is present. The reactor has a vertical 
powered aluminium electrode with a diameter of 4 inch. In this reactor plasma conditions can be 
applied to etch a wafer or to deposit layers on a wafer. The plasma is produced at 13.56 MHz. 
This is one of the intemationally allowed frequencies for industrial usage. To produce a plasma at 
that frequency, a Thandar TG2001 20 MHz function generator and a Kalmus wide band RF 
amplifier model150C are used. The RF power is fed into the reactor through a matching network. 
This matching network matches the output impedance of the power amplifier to the input 
impedance of the plasma. Matching the impedances, enables the user to minimize the reflected 
power and thus to maximize the input power. The input RF power and the reflected RF power is 
measured by a Bird Model 4410 power meter. The power meter is installed between the power 
amplifier and the matching network. In figure 3.3 the electrical circuit to produce the plasma is 
depicted. 

1: Function generator 

2 : Power amplifier 

3 : Power meter 

Plasma 

Matching netwerk 

Figure 3.4 The electrical circuit that is used to produce the plasma. The matching network is 
used to match the output impedance of the power amplifier to the impedance of the 
plasma. 

The matching network consists of one self induction and two vacuum capacitors. One of these 
capacitors is the blocking capacitor and allows for AC coupling of the system. 
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To provide the necessary pressure in the RF reactor an Edwards Speedvac primary pump and a 
Leybold Turbotranik NT120 turbo pump are used. 

3.3 Calibration of the ellipsometer 

An important step that has to be done before performing measurements is the calibration of the 
ellipsometer. All optica} componentsin the ellipsometer part of the set-up have to be calibrated in 
order to know the orientations of these components with respect to the plane of incidence. When 
the orientations of all optical components with respect to the plane of incidence are known, it is 
possible to turn the optica} components to the desired angle belonging to one of the two possible 
measurement configurations. 
During the calibration a calibration sample can be used. This sample should have ellipsometric 
angles of ~::::::90° and '1'::::::45° to provide maximum intensity. When the optical components 
(polarizer, analyzer, modulator) are tumed into the plane of incidence, the modulation of the 
detector signal is minimaL 

After the calibration sample has been mounted, the calibration starts. This calibration is based on 
an artiele of Acher et al. [ACH89]. The calibration exists of 4 different parts. In appendix B the 
calibration is explained using some formulae. 

1. The angular orientations of the polarizer(P), the modulator(M) and the analyzer(A) 
are tumed until they are approximately in the plane of incidence. In the plane of 
incidence, the detector signal has maximal intensity and minimal modulation. 

2. The orientation of P is changed 45 degrees. Due to this change the detector signal 
will show modulation if the modulator or the analyzer are not exact in the plane of 
incidence. First the M=0° setting is obtained, by tuming the modulator until a 
minimum in the modulation of the detector signal is found. 

3. When M=0° is found, then the analyzer is tumed until A=0° is found by tuming the 
analyzer until a minimum in the modulation is found. 

4. The polarizer is tumed back to its zero-setting; then the orientation of A is changed 
45 degrees. Now the exact zero-setting for P is obtained by again tuming the 
polarizer until a minimum in the modulation is found. 

After the calibration procedure the angles P, Mand A are oriented such that their optica} axes all 
coincide with the plane of incidence. 

3.4 Software 

In this section some attention will be paid to the software written for data-acquisition. The 
program used is called PMECTRL and has several options. Besides data-acquisition some options 
are available for data-processing, ellipsometer calibration, current control of the TDL, temperature 
control of the TDL and data-plotting. Also some attention will be paid to two analysis programs: 
ELSIM and DPTOND. 
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3.4.1 Data-acquisition 

In the PMECTRL program three different options for data-acquisition are present. 

1. Fast measurement. This option provides a fast measurement of raw data. The 
complete signal is stored at once. Fourier analysis and calculation of Ll and 'I' is 
performed afterwards. 

2. Slow measurement #1. Using this option during the measurement the data is directly 
converted to (Ll,'l') data points. Due to the data conversion the measurement 
frequency amounts 100 Hz. The chopper is being used if measurements are 
performed in the IR to correct for the drift in the offset. The plasma is modulated 
through a software routine. The modulation time is adjustable. 

3. Slow measurement #2. This option is comparable with #1, except that the plasma is 
not modulated and is excited all the time. 

3.4.2 Data-processing 

In the program a number of options for data-processing are present. Three of them will be treated 
he re. 

The first option is data smoothing. This is a procedure that averages an adjustable amount of 
(Ll,'l') data points. This option results in a smallloss of data. This loss is neutralized by the fact 
that the global behavior of the (Ll,'l') data points becomes less noisy. The data smoothing 
procedure is very simple. An adjustable number of (Ll,'l') data points is averaged. The procedure 
does not use any weighting factor based on any kind of distribution for smoothing. 

A second option uses a software routine to redefine the chopper phase. Due to triggerproblems 
measurements are sametimes started at the wrong time. In the case of a fast measurement, the 
signal has to be processed afterwards. The routine chopper _instabilities is written to define new 
triggersignals. The procedure uses the fact that the shape of the signal is known. The signal 
consists of 12 PEM periods. In each period 32 points are measured. The first 6 periods of the 
signal contain the modulated detector signal. The last 6 periods the chopper is closed. With the 
use of the last 6 periods the chopper offset is determined. 

When a measurement has been performed, the processing starts. The processing routine is based 
on the fact that the signal is higher than the offset. Calculating the total signal for 192 (6*32) 
points will have a maximum for the 192 points that are in accordance with the 6 periods a signalis 
measured. The routine searches the point where the trigger pulse should have occurred. This is 
done with the use of a parabalie fit. 

A third option in the data processing menu is used to correct the measured data. Due to the fact 
that the rotation axis of the modulator makes an angle of 22° with the direction of the light beam, 
a correction term 'I' mod has been introduced. This correction term accounts for the transmission of 
the light through the ZnSe-air interface at the modulator surface. 
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3.4.3 Analysis 

Two programs are used to analyze the measured data: 

• ELSIM, a program that is capable to simulate the etching or deposition of a single 
layer of material with one effective refractive index on a arbitrary substrate. 

• DPTOND, a point-to-point analysis program that is based on the impedance 
formalism. 

The program ELSIM is used to simulate the etching or deposition of a layer with a constant 
refractive index on a arbitrary substrate. The simulated data can he compared with the 
experimental data. Through this comparison, a curve can he fitted globally to the measured data. 
To optimize this fit, it is necessary to vary some parameters. The most important parameters are: 

• The angle of incidence; the angle of incidence is completely determined by the value 
of 'P on a clean, in our case silicon, substrate. 

• The thickness of the layer; while comparing simulation and measurement, a value 
for the thickness of the deposited or etched layer can he found. 

• The complex refractive index of the layer. 
• The shift in Ll. The windows of the plasma reactor can become birefringent due to 

pressure effects. This can result in a shift of the Ll-values and this will give rise to an 
asymmetry of the (Ll,'P) curve. 

When the best possible fit is found, the program offers the opportunity to compare the fit with 
every experimental measured datum point. Every datum point consists of three values: Ll, 'Pand 
time. Comparison of the fit with the measurement therefore yields time dependent information 
about the refractive index (constant) and the thickness of the etched/deposited layer. From the 
time dependent thickness, the time dependent etch rates can he calculated. 

In some cases, there are more layers stacked on the substrate. Simulation of the etching of such a 
substrate, has to occur in steps. First the layer attached directly to the substrate is fitted. Then the 
following layer can he treated. A problem in the simulation is to find the exact location where the 
transition between two layers occurs. The DPTOND program offers a solution to this problem. 

The program DPTOND is based on the impedance formalism and on a numerical inversion 
procedure. Some background on the rnathematics of this procedure can he found in the artiele of 
Kroesen et al [KR093]. The impedance formalismis based on the fact that a substrate covered 
with a thin layer, shows the same ellipsametrie behavior as a medium x. Deposition of a new thin 
layer on medium x, allows us to define a medium y. Medium y shows the same ellipsametrie 
behavior as the substrate with two thin layers. 

This program is capable to convert the experimental data into combinations of refractive index 
and layer thickness. The refractive index in this analysis is allowed to vary between two outer 
limits, this contrary to the refractive index in the ELSIM program. The measurements usual starts 
at the silicon substrate where the impedance factors are known. The numerical procedure is used 
to interpret the differences between the substrate data and the next experimental point as an 
addition of a thin layer with a certain refractive index. The system consisting of substrate and thin 
layer is now looked upon as a new effective substrate (medium x). The differences with the next 
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experimental point are again interpreted as an addition of a thin layer with a certain refractive 
index. Repeating this procedure for the complete measurement, a refractive index-thielmess 
profile is obtained for the etched sample. 

When point-to-point conversion of the data is not stabie enough due to experimental noise, the 
program offers the opportunity to skip a certain number of points. The program interprets the 
differences between the experimental points and a certain thickness and refractive index are 
calculated. The thickness is divided by the number of skipped points and this normalized 
thickness is attributed to the difference between two successive points. This provides improved 
stability and less noise. Some information conceming the spatial behavior of the refractive index 
is lost. In the program the number of skipped points is addressed as the 'stepsize.' When this 
stepsize is equal to 1, no points are skipped. 

The experimental point belonging to the bare silicon substrate has been used to calculate the angle 
of incidence. Comparison of the experimental datum point with the complex refractive index of 
silicon also is a measure for the ~ shift. Due to window birefringence and other possible effects 
the ~ data points can he shifted. The ex perimental data are corrected for this shift, if necessary. 

The point-to-point analysis program has been tested on some sets of data. These data have been 
produced with the use of the ELSIM program. Therefore the behavior of the applied refractive 
index as a function of the thickness are known exactly. Analysis of the data yields refractive 
indices which agree within 0.002 of the original refractive indices. The thickness found in the 
analysis agrees within 0.2% of the original. Due to the transition ~=0° to ~=360° some artifacts 
occur when a stepsize=l is used. Therefore the behavior of the analysis program after the 
transition is unreliable. When the stepsize is increased, the influence of the transition dirninishes 
and the program starts to produce more reliable results. 

When some random distributed noise is added to the (~.'!') data points, with an absolute 
magnitude of 0.004 o, the refractive indices found in the analysis agree within 0.05 of the original 
refractive indices. The thickness found in this analysis agrees within 0.2% of the original 
thickness. 
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4. Results 

In this chapter the results of this study will he presented. In the first section attention will he paid 
to the ATR (attenuated total reflection) prism. In the next section the installation of the plasma 
reactor is treated. Then we will focus on a deposition measurement that will he compared with a 
Fourier transform spectrum. In the fourth section the measurements performed in a modulated 
plasma with visible light (HeNe) will he presented. Inthelast paragraph some workon a polymer 
multi-layer will he presented. 

4.1 The ATR prism 

As stated in the theory, ellipsometry using a single reflection at the surface does not always 
provide the accuracy needed to observe very small changes on the surface. With the use of an 
ATR prism these small changes on the wafer surface can he observed. Due to the multiple 
reflections occurring in the ATR prism, the ATR technique is very sensitive. 

Moreover, it is difficult to perform measurements in the infrared on a silicon wafer using single 
(external) reflection ellipsometry. Especially at higher wavelengtbs multiple reflections of the 
light wave in the wafer occur. These multiple reflections have been observed experimentally. The 
multiple reflections are very sensitive to the alignment of the set-up, the angle of incidence on the 
wafer and the wavelength of the light, and therefore the detector signal is not reliable. This is 
another reason to use ATR. 

An A TR waf er with a thickness of 3 mm has been tested at a wavelength of 7. 7 J.Lm. The wafer 
with beveled edges has therefore been mounted in the plasma reactor. The beveled edges are cut at 
an angle of 20°. The light wave is focused near normal incidence on a beveled edge. On the other 
side of the plasma reactor, the signal is found using a lock-in amplifier. The total signal found 
amounts to 1170 of the original signal. 

The absorption of a signal obeys exp( -4nlK: I À), where l is the optical path length, K: the 

extinction coefficient of the silicon at 7.7 J.Lm and À the wavelengthof the light. The optical path 
length has been calculated for this wafer. This path length is equal to 1=16.2 cm. This finally 
results in an extinction coefficient equal to K: = 1.6* 10-5

. In [PAL85] two values for the extinction 
coefficient are given at a wavelengthof 7.7 J.Lm, K:=2.49*10-5 and K:=2.82*10-5

. The difference 
between the measured value of the attenuation coefficient and the literature values is very small. 
Part of the differences can he attributed to the alignment. 

As a result of the attenuation of the signal the signal/noise ratio measured is almost equal to 1. 
Due to the bad signal/noise ratio it is not possible to perform measurement at this wavelength. To 
study the honds formed on the silicon surface, it is necessary to use another kind of wafer. One 
option is a GaAs or a ZnSe wafer with a Si layer deposited upon it. Using a ZnSe sample also 
provides the possibility to align theset-upin the visible. This simplifies the alignment very much. 
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The samesilicon wafer has been used fora test at a different wavelength, namely 4.7 Jlm. At this 
wavelength it is possible to get (almost) the complete signal through the wafer. This yields a 
\f=43° which is close to the theoretica! value of \f=45°. Due to the fact that no calibration of the 
set-up bas been performed, a difference of 2 degrees is visible. This is satisfying and we can 
therefore conclude that the A TR technique works and that the signallnoise ratio of the signal is 
good. At this wavelength it is possible to measure the formation of Si-H honds on the wafer 
surface. These measurements will be performed in the near future. 

At the same wavelength also a thin wafer, 0.5 mm thick, has been tested. In a thin wafer more 
reflections occur, so the ATR technique becomes more sensitive to the processes at the surface. 
After direction through the wafer, still 115 of the original signal remains. The measured signal has 
nat been analyzed, nor has the signal/noise ratio been measured. In these kind of wafers, about 
300 reflections occur. 

An important question that can be addressed is whether the chemical and physical processes at the 
surface occur homogeneaus at the surf ace. The A TR technique measures the effects of these 
processes all over the surface. Therefore the effects are averaged and an averaged signal is 
measured but of course is it better to measure an averaged signal than no signal at all. 

4.2 Instanation of the plasma reactor 

With the set-up it is possible to gate the plasma. Therefore it is possible to switch the plasma 
power feed on and off using a software routine. While the plasma was modulated, measurements 
have been performed. Two problems occurred in these initial measurements. An example of a 
typical measurement is shown in figure 4.1. 
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Figure 4.1 A typical measurement of~ using a modulated plasma shows two spikes. 
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This measurement shows two spikes. The first spike is observed at the beginning of the plasma-on 
phase; the second spike is observed at the beginning of the plasma-off phase. The spikes did not 
always reproduce. 

The cause of this tumed out to be a bad coupling of the ground of the RF signal. This problem 
also caused a disturbance on the temperature controller of the tunable diode laser. To reduce the 
disturbance opto-couplers have been used for the plasma gating to reduce the influence of the 
plasma on the temperature controL To prevent a piek-up of the RF signal during plasma operation 
by the other equipment, the ground conneetion between the plasma generator and the RF plasma 
reactor has been improved. Two large capper strips have been used to make a direct contact 
between the ground of the plasma generator and the reactor. 

A second problem concemed darnaging and roughening of a silicon wafer. Perlorming 
measurements damaged the wafers in such a way that the optical properties could not be restored 
to the initial values. After remaval of a wafer from the reactor the wafer appeared to be blueish 
and roughened. To solve this problem some capper and stainless steel screws from the inner of the 
reactor have been replaced by aluminium screws. Currently it is possible to restare the optical 
properties of the wafer completely after the measurement. To restare the wafers, a low power high 
pressure (6 Watt, 200 mTorr pressure) CF4 plasma has been applied to the wafer. This plasma is 
known to produce little damage to the surface [OEH92]. The thickness of the reaction layer for 
this kind of plasmasis smaller than 0.05 nm [HAV91]. 

4.3 Test measurements 

After solving all the problems the ellipsometer performance has been tested. Therefore a (CFx)n
layer has been deposited in a C3F8 plasma while measuring ~ and '1'. A complete 'egg' has been 
deposited on the wafer. Afterwards the measured data have been processed and corrected for the 
errors occurring due to the modulator. These corrected data have been compared with a simulation 
using the program ELSIM. 

The deposition of the layer is performed at a pressure of 34 mTorr in the RF plasma reactor. The 
C3F8 flow is equal to 20 seem and the power feed to the plasma is 45 Watt. The measurements 
have been performed at a wavelength of 632.8 nm (HeNe laser). In figure 4.2 the results of the 
measurement after data processing and the simulation are shown. The simulation prediets a 
thickness of 355 nm and a refractive index n=1.37. 
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Figure 4.2 The measurement (broken) and simulation (solid) of tbe deposition of a (CFx)n layer. 
The simulation results in a refractive index n=l.37 and a tbickness d=355 nm. 

Tbe data processing of measured data does work good. Only for 'I' around 45° tbe correction for 

tbe 'I' of tbe modulator 'I' mod, does sometimes correct in tbe wrong direction. Tbe spectrum of tbe 
sample after deposition bas also been measured using a Fourier Transform ellipsometer [ST094]. 
Tbe spectrum bas been compared witb a simulation using tbe ELSIMSPC program [LIG94]. Tbe 
result of tbe fit and tbe measured data for 'I' are depicted in figure 4.3. 
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Figure 4.3 The measurement (solid line) and simulation (broken) of tbe ellipsametrie spectrum 
for 'I'.This simulation results in a refractive index n=l.37 and a tbickness d=360 nm. 
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Figure 4.4 The measurement (solid line) and the simulation (braken) of the ellipsametrie 
spectrum for L\. 

In figure 4.4 a plot of the ellipsametrie spectrum of L\ as a function of the wave number is 
depicted. During the fitting two oscillators have been inserted to simulate the spectrum. Although 
time can be invested to optimize the fit, the result of the fit is satisfying. The thickness found is 
360 nm and the refractive index that is found is 1.37. The thickness and the refractive index are 
therefore in accordance with the results found with the ELSIM program. Therefore we may 
conclude that the PM-ellipsometer yields good results. 

4.4 Modulated plasma 

With theset-upit is possible to gate the plasma. This means that it is possible to switch the plasma 
power feed on and off with a software routine. The software routine sends a signa! to the 
frequency generator. This generator then modulates the plasma input power. Meanwhile it is 
possible to perfarm measurements on the silicon wafer mounted in the plasma reactor. The 
measurements have been performed in a CF4 plasmaand the objective of the measurements is to 
abserve the formation and destruction of a surface layer. A HeNe laser has been used as the light 
source. Two kinds of measurements have been performed: flow-dependent and power-dependent 

During an experiment the plasma is switched on and off several times and afterwards all blocks of 
plasma-on measurements and all blocks of plasma-off measurements are added and averaged. This 
results in two blocks; one block with all plasma-on data and one block with all plasma-off data. 
Comparison of these blocks of data will have to give a definite answer whether there is an 
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observable difference between the plasma-on and the plasma-off phase. A typical result of a 
measurement ofthe ellipsometric angle 'I' while modulating the plasma is shown in figure 4.5. 
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Figure 4.5 Typical measurement of 'I' performed while modulating the plasma. Switching off 
the plasma results in a decrease of '1'. 

This figure shows a clear difference in the value of 'I' for the two plasma phases; 'I' decreases as 

the plasma is switched off. A plot of ~ is not shown. ~ shows a similar behavior; ~ decreases as 
the plasma is switched off. To investigate this effect better, some plasma conditions have been 
varied. A series of measurements has been performed while varying the flow of the souree gas to 
the plasma and a series of measurements has been performed while varying the power feed to the 
plasma. 

The flow measurements have all been performed on one wafer. After each measurement the 
optica! properties of the wafer have been restored using a high pressure low power plasma. The 
plasma pressure was 90 mTorr, the input power was 30 W and the flow was varled between 11 
and 43 seem. Figure 4.7 shows the change in 'I' as a function of the flow and figure 4.7 shows the 
change in~ as a function of the flow due to a CF4 plasma. 
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Figure 4.6 The change in 'I' (Ö'P='Pon-'Potf) due toa CF4 plasma as a function of the flow. The 
thickness of the damaged toplayer decreases when the plasma is switched off. With 
increasing flow more damaged layer is etched away after plasma switch off. 
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Figure 4.7 The change in Ll (ÖLl=Llon- Lloff) due toa CF4-plasma as a function of the flow. The 
thickness of the fluorocarbon layer increases when the plasma is switched off. If the 
flow is increased, less radicals are adsorbed after plasma extinction. 

The figures show a complementary behavior while modulating the plasma at various flows. The 
change in Ll decreases with increasing flow and the change in 'I' increases with increasing flow. 
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Oehrlein [OEH93] and Haverlag [HAV91] have run simulations to show the ellipsametrie effect 
of darnaging of the wafer and fluorocarbon film deposition during etching. In figure 4.8 a 
reproduetion of these results is shown. 

In the figure the effects of darnaging and fluorocarbon deposition can be seen. A change in 'I' is 
mostly caused by darnaging of the wafer surface and a change in ~ is mostly caused by the 
deposition of a fluorocarbon film. The wafer surface is damaged through a ion bombardment In 
the simulation, the refractive index for the damaged layer bas been taken equal to 4.6-0.6i. The 
fluorocarbon film has a refractive index equal to 1.5 and the refractive index of the silicon 
substrate at 632.8 nm is equal to 3.882-0.019i [PAL85]. 
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Figure 4.8 The simulation of the ellipsametrie effects of darnaging and fluorocarbon film 
deposition during etching using the simulation program ELSIM. 

In the performed measurements a change in the ellipsametrie angles 'I' and ~ bas been observed as 
a function of the CF4 flow. Due to the flow dependenee of the changes, it is proposed that these 
changes are probably caused by radicals. The changes in the ellipsametrie angles 'I' and ~ are 
complementary. Therefore the effects are probably caused by different radicals. 

First the change in 'I' will be discussed. 'I' decreases when the plasma is switched off. According 
to figure 4.8 this means that the damaged layer thickness decreases. Due to a last 'swarm' of 
radicals a part of the damaged toplayer is etched away after extinction of the plasma. This effect 
therefore is probably caused by the radical that etches, F. 

If the CF4 flow decreases, the Ö'l' also decreases. This can be explained by the 'loading effect.' 
Due to the loss of F radicals in the etching process, the balance of the reactions occurring in the 
plasma is shifted. Therefore the F radical density decreases due to the consumption of its parent 
molecule, i.e. CF4. After extinction of the plasma, less radicals are present with decreasing flow. 
Therefore with decreasing flow, less damaged layer is etched away in the afterglow. 
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In figure 4.7 the ÖLl is shown; ÖLl shows a complementary behavior compared to Ö'P. The change 
in Ll can be attributed to the adsorption of a fluorocarbon layer after extinction of the plasma 
(according to figure 4.8). With decreasing flow, the thickness of this fluorocarbon layer increases. 
The density of the radical that causes this effect, probably CFx, increases with decreasing flow. 
This density increase is also due to the loading effect. The F density decreases due the etching and 
therefore the recombination rate of CFx with F to CF4 and other stabie products diminishes. 
Therefore the loss of CF x diminishes and the CF x density increases. 

To check whether the suggested radicals are the cause of the observed effects, measurements will 
have to be performed in the IR. 

Oehdein et al. [OEH92] have measured the presence of a monolayer up the reaction layer after 
extinction of the plasma. The thickness of this layer is 0.1 nm. Analysis of their measurements 
gives a ÖLl=0.7° and Ö'P=0.02°. These differences have been analyzed using the simulation 
program ELSIM. This yields a thickness decrease of the damaged layer of 0.05 nm after extinction 
of the plasma when a refractive index 4.6-0.6i is used to represent the damaged silicon. The 
thickness increase of the fluorocarbon layer in their experiments, using a refractive index of 1.6 in 
the simulation, is also 0.05 nm. 

In the measurements shown in figure 4.6 and 4.7, flow-dependent differences in the ellipsametrie 
angles have been measured. In the case that the flow amounts 11 seem, ÖLl=0.045° and 
Ö'P=0.005°. If the flow amounts 43 seem, ÖLl=0.02° and Ö'P=O.Ol2°. 

These differences have been analyzed using ELSIM. For ÖLl=0.045° a thickness increase of the 
fluorocarbon layer of 0.017 nm is found after extinction of the plasma. The change in 'I', 
Ö'P=0.005° results in a thickness decrease of 0.01 nm after extinction. 

If the flow amounts 43 seem, ÖLl=0.02°. This results in a fluorocarbon layer increase of 0.007 nm 
after extinction. The Ö'l'=O.Ol2° results in a damaged layer decrease of 0.03 nm after extinction. 
The reason why the results of Oehdein et al. are not camparabie with our results is nat clear at the 
moment. One of the causes may be the fact that the experimental geometries of the plasma 
reactors are different. 

Also measurements have been performed while varying the input power of the plasma. During the 
measurements the pressure in the plasma reactor was 25 mTorr; the CF4 flow was 17 seem. The 
input power was varied between 6.5 and 45 W. In figures 4.9 and 4.10 the change in the 
ellipsametrie angles while modulating the plasma are shown as a function of the input power. 
These measurements have been performed befare all problems were solved. Also measurements 
of the flow dependenee have been performed befare all problems were solved. Comparison of 
these flow measurements with the measurements shown above, does nat show any difference 
except the magnitude of the signal. Therefore the sealing of the y-axes is in arbitrary units. No 
measurements of the power dependenee have been performed after all problems were solved. 
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Figure 4.9 The change in 'I' due to a CF4 plasma as a function of the input power. ö'P increases 
with increasing power. 
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Figure 4.10 The change in Ll due to a CF4 plasma as a function of the input power. ÖLl increases 
with increasing power. 

Figure 4.9 and 4.10 show the changes in 'I' and Ll as a function of the input power. The plots show 
an increase in ö'P and ÖLl with the RF power which can he expected. With increasing power, the 
dissociation degree of the plasma increases. This means that more radicals will adsorb on the 
surface when the plasma is switched off, causing a larger ÖLl. Furthermore, at high RF power more 
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radicals will he present to etch off the damaged top layer of the silicon in the afterglow. As a 
result Ö'P will also increase at high RF powers. 

4.5 Measurements on polymer multi-layers 

4.5.1 Introduetion 

Within the framework of a project with Shell (KSLA) polymer samples have been investigated. 
The polymers used in the project are polystyrene (PS, nps=l.590) and polymethyl methacrylate 
(PMMA, nPMMA=l.488). The polymers were deposited on a silicon substrate. Two kinds of 
samples have been studied. The first kind of samples consist of a single layer polymer on the 
silicon substrate. These samples have been used to test the rotating analyzer ellipsometer (RAE), 
to measure the selectivity and to find good etching conditions. The other kind of samples used, 
consist of two different layers of polymer on the substrate. 

The aim of this project is the investigation of the interface region between the two polymers, with 
emphasis on the thickness of the transition region and the change in the refractive index in this 
region. 

A Rotating Analyzer Ellipsometer (RAE) is used to perform the measurements. In chapter 2 some 
information about the RAE is given. [HAV91] gives more information about the RAE. The 
reasons for using the RAE are: 

• Higher accuracy around '1'=45°. 
• The RAE is less ambiguous than the PME. 
• No corrections for the modulator are necessary. 

The basic set-up of a RAE consistsof a light source, a polarizer and an analyzer, a sample and a 
detector. The used configuration is Polarizer-Sample-Analyzer (PSA). The light souree is a HeNe 
laser. The polarizer and analyzer are Polaroid sheets. Their extinction coefficient is approximately 
1 o·3

• The sample is mounted on the water cooled powered electrode of ETS m. The detector is a 
pin diode. 

The analyzer rotates with 37.5 Hz. At this rotation frequency the effect of 50 Hz signals from the 
power supply and its higher harmonies can be exactly canceled by averaging over a number of 
cycles. During one rotation 1024 samples of the detector signal are taken. Fourier analysis of the 
detector signal yields ~ and 'P. When the sample is etched, time dependent values of~ and 'P can 
he obtained. Equations (2.19) and (2.20) express the relationship between refractive index and the 
ellipsametrie angles. Simulation of the etching process yields time dependent information on the 
refractive index and the thickness of the etched layer. 
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4.5.2 Measurements on single layer samples 

Single layer samples have been etched in the plasma reactor. Different plasma conditions have 
been applied in order to obtain a high selectivity. This means that one of the materials is etched 
faster than the other. The measurements have also been used to test the ELSIM program (treated 
in chapter 3) and to investigate the accuracy of the RAE. 

In figure 4.11 the time development of Ll and 'P is depicted. The measurement was performed at a 
plasma pressure equal to 73 mTorr an oxygen flow of 11.3 seem (standard cm3 per minute) and an 
input power of 13 W. All measurements start at the right and end at the left where approximately 
'P=12° and 11=180°. 
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Figure 4.11 A measurement of a single layer of PMMA. The measurement is performed at a 
pressure of 73 mTorr, an oxygen flow of 11.3 seem and an input power of 13 W. The 
arrow indicates the etching direction. 

In this paragraph all simulations are performed with the ELSIM program. The refractive index 
found in the simulation is n=1.492 and the layer thickness is equal to 119 nm. The layer can be 
identified as PMMA. The refractive index shows a very good resemblance with the literature 
value nPMMA= 1.488. The accuracy of the measurement without averaging is better than 0.01 o for Ll 
and 'P. In figure 4.12 the time dependent thickness of the PMMA layer found in the simulation is 
depicted. 
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Figure 4.12 The time dependent PMMA layer thickness in the etching processas found in the 
simulation. The etching process starts at t=2.5 s. 

The layer thickness decreases linearly with time, which indicates that the etch rate is constant. At 
the end of the measurement, the thickness decreases faster. This happens in a less accurate region 
ofthe RAE. 

A possible explanation for the increase of the decrease in thickness is the etching of an oxide 
layer. Another possible explanation is that the matching of the polymer to the substrate is nat very 
good causing a local density drop near the substrate. This should be investigated using a rotating 
compensator ellipsometer (RCE) which is more accurate in this region. Figure 4.13 shows the etch 
rate of the layer. 
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Figure 4.13 The etch rate of the PMMA layer as a function of time. Note the increase of the etch 
rate at the end. 

The etch rateis constant except at the end. The average etch rateis equal to 1.75 nm/s. 

At the same conditions a sample with a PS layer deposited was etched. In figure 4.14 the 
measurement of the sample is depicted in the LVI' plane. 
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Figure 4.14 The etching of a PS layer. The arrow indicates the etching direction. 
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Simulation of this measurement yields a refractive index equal to n=1.587. The thickness of the 
layer is 140 nm. The refractive index is in accordance with the literature value nps=1.590. We may 
conclude that the RAE works very accurate; the refractive indices found for the two polymers are 
both in good agreement with their respective literature values. In the simulations performed on the 
PS layer and PMMA layer it was not necessary to correct the data due to window birefringence or 
other disturbances. 

In figure 4.15 the thickness of the PS layer found in the simulation is shown. 
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Figure 4.15 The thickness of the PS layer as a function of time. The behavior after t= 150 s 
is caused by the inaccuracy of the RAE at the bare silicon substrate. The etching 
process starts at t=2.5 s. 

A striking detail is the discontinuity at t=25 s. The cause of the discontinuity is the transition 
~=360° to ~=0°. This transition causes some problems in the simulations. At t=140 s the rate of 
decrease of the layer thickness increases. At t=150 s and further the thickness varies. This is due 
to the accuracy ofthe RAE when ~is near 180°. In figure 4.16 the etch rateis depicted for the PS 
layer. 
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The average etch rate is equal to 1.0 mn/s. Due to the fact that the same conditions are applied to 
bath layers, it is possible to campare the etch rates. The ratios of the etch rates is equal to 1.75. 
The increase of the etch rate for the PS sample is smaller than the increase for the PMMA layer. 
This might indicate that the matching of PS to the substrate is better than the matching of the 
PMMAlayer. 

The plasma conditions have been changed in order to optimize the selectivity. However, the 
selectivity appears to be nearly constant as a function of the plasma conditions. The etch rates of 
the polymers are: 

• PMMA has an etch rate of 0.75 nm/s. 
• PS has an etch rate of 0.4 nrnls. 

The selectivity at the best condition is equal to 1.9 at 52 mTorr, an oxygen flow of 6 seem and 5.4 
W of input power. 

4.5.3 Multi-layer samples 

Analysis of the multi-layer samples using the ELSIM program 

Multi-layer samples have been etched off in order to investigate the interface region between two 
polymers. The multi-layer samples were etched at 52 mTorr, an oxygen flow of 6 seem and 5.4 W 
of input power. During the measurement, the plasma has been switched on and off altemately. 
Each time the plasma was switched on for 800 ms. After switching off the plasma, the detector 
signal was measured 400 times. After Fourier analysis the resulting 400 ~ and 'I' values were 
averaged. This procedure was repeated until the complete layer was etched off. A complete 
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measurement took about 2 hours. In figure 4.17 a measurement of a sample with two layers on top 
of each other is shown. 
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Figure 4.17 The measurement of the etching of a sample with two layers on top of each other. 
The two arrows indicate the etching direction. 

The simulation of the measured data is performed in two stages. In figure 4.18 this is shown 
grap bicall y. 

PMMA 

PS d PS 

Si Si 

Figure 4.18 The two stages in the simulation process; one and two layers of polymer on a silicon 
substrate. 
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In the first stage of the simulation a single layer of material with constant refractive index is 
etched off. The etch rate is calculated. Also in the interface region between the two polymers 
where the quality of the fit decreases, the etch rate is calculated. This is done to get an idea of the 
behavior of the etch rate in the interface region. 

In figure 4.19 the fit of the first layer is shown; also a part of the measurement of the second layer 
is shown. 
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Figure 4.19 Fit of the PS part of the sample with two polymers on top of each other. The solid 
line is the fit; the braken line represents the measurement. Beyond the interface the 
quality of the fit decreases. The braken arrows indicate the etching direction; the 
solid arrow indicates the increasing thickness. 

The fit shown in figure 4.19, shows that the quality of the fit decreases as the thickness of the 
simulated layer increases. The refractive index of the deposited layer is n=l.595. This is 
camparabie to the literature value of PS. In figure 4.20 the thickness as a function of time is 
shown. 
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Figure 4.20 The thickness ofthe PS layer as a function ofthe time where t=7000 s corresponds 
with the silicon substrate. 

At t=7000 s both layers are etched off completely and only the silicon substrate is present. Around 
t=3500 s the tangent of the line changes. This is in the interface region. In figure 4.21 the etch rate 
as a function of time is shown. In this plot the change is even more clear. 
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Figure 4.21 The uncorrected etch rate as a function of time for the PS layer. For decreasing time 
the quality of the fit diminishes. 
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In figure 4.21 two broken lines are drawn to locate the interface region. In this region the etch rate 
drops (as the time increases) to approximately 0.41 nm/s. The etch rate has been corrected for the 
time needed to take 400 measurements (19 s) and the time the plasma is operated (0.8 s). This is 
equal to the etch rate found for the single layer. The thickness of the interface region found for the 
fit of the PS-layer is 7.4 nm. 

Simulation of the second layer, PMMA, is difficult due tothefact that the interface region is hard 
to simulate. Therefore only the two polymer layers are simulated. This is depicted in figure 4.18. 
Working with just two layers provokes errors in the simulation and these errors increase with 
increasing thickness. In figure 4.22 the measurement and the simulation of the second layer are 
shown. 
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Figure 4.22 Fit of the second layer (solid) and the measurement (broken). 

During the fitting procedure the refractive index and thickness of the second layer (PMMA) and 
the thickness of the PS-layer have been varied. This resulted in the 60 nm thick PS-layer. On this 
60 nm thick PS layer a PMMA-layer with a refractive index equal to n=1.46 is deposited. The 
reason for the difference between this value and the literature value nPMMA= 1.488 is probably the 
behavior of the refractive index in the interface region. Despite this difference, the simulation is 
roughly consistent with the measurement. In figure 4.23 the thickness of the layer as a function of 
time is shown. 
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Figure 4.23 The thickness of the PMMA layer as a function of time. 

At t= 1000 s a small discontinuity is visible due to the transition Ll=300° to Ll=60°. When the 
thickness is equal to zero the tangent is changing. This happens at t=3500 s. The negative 
thicknesses are found when the PS layer is reached. The simulation of the PMMA layer is 
compared to the experimental data even beyond the interface region. In figure 4.24 the etch rate is 
shown. Two dasbed lines mark the interface region. 
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Figure 4.24 The uncorrected etch rate for the PMMA layer as a function of time. 
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The corrected average etch rate is roughly 0.8 nm/s. The interface region is nat considered in the 
calculation of the average etch rate. This etch rateis camparabie to the 0.75 nm/s found for the 
single layer PMMA-samples. The selectivity obtained from the etch rates of the two polymer 
layers is equal to 2.0, this is in accordance with the 1.9 found for the selectivity of the single layer 
samples. The quality of the simulation of the PMMA layer is nat as good as compared with the PS 
layer. This is reflected in the etch rate. The etch rate is nat as constant as the etch rate in the PS 
case. The thickness of the interface region found in the fit for the PMMA-layer is 9.5 nm. In 
figure 4.25 the etch rates for bath layers are shown. 
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Figure 4.25 The etch rates for bath polymers. The solid line represents PMMA; the braken 
line represents. PS. 

In the interface region bath etch rates show the same behavior; the etch rate drops off with 
increasing time. The drop-off of the etch rate indicates that the refractive index in the interface 
region changes steadily. The thickness for the interface region is averaged and is equal to 8.5±1 
nm. The difference in thickness is due to the simulations. A simulation run with a higher 
refractive index, causes a larger thickness than a simulation with a lower thickness. The average 
of the bath thicknesses, will therefore be a good estimation of the real thickness of the interface. 

Analysis of the multi-layer samples using the DPTOND program 

Analysis of the multi-layer data has also taken place with a point-ta-point conversion program. 
This program is called DPTOND and is based on the impedance formalism. This program is 
treated in chapter 3. With the help of this program, a refractive index-thielmess profile is obtained. 
To rninirnize errors in the analysis due to experimental noise, the stepsize between the converted 
points can be increased. Correcting the thickness for the stepsize, the analysis still gives point-ta
point results. The resolution of the thickness is of course reduced if the stepsize is large. 

In figure 4.26 a point-ta-point analysis of a multi-layer sample is shown. In this analysis a stepsize 
equal to 1 is used. The density-refractive index profile shows swift changes due to noise in the 
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measurement. An extra problem is caused by the inaccuracy of the RAE when Ll is approximately 
equal to 180°. Therefore the endpoint of the etching process is not unambiguously measured. The 
angle of incidence and the Ll shift show some variations due to this fact. Trial and error bas been 
used to find the best value for the angle of incidence and the Ll shift. In the future these problems 
can be reduced if a rotating compensator ellipsometer (RCE) is used instead of an RAE. 
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Figure 4.26 The refractive index fora multi-layer sample resulting from a point-to-point analysis 
with a stepsize=l. Note the dip, probably due toa local density drop, in the refractive 
index at 55 nm and the steady decrease of the refractive index after this dip. 

Some information can be obtained from figure 4.26. The layer directly attached to the silicon 
substrate bas a higher refractive index than the other layer. The higher refractive index oscillates 
round 1.6. The other refractive index is about 1.4. Running the same simulation with a higher 
stepsize, gives a more smoothed picture. This simulation is shown in figure 4.27; a stepsize equal 
to 5 bas been used. More information about the interface can be obtained from figure 4.27. 
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Figure 4.27 Point-to-point analysis with a stepsize=5. The polymer with the higher 
refractive index is PS; the polymer with the lower refractive index is PMMA. 

Results 

A dip in the refractive index is visible at a thickness of 55 nm. This dip is probably caused by a 
local density drop. Besides the dip, a steady decrease of the refractive index is visible. This 
decrease starts at a thickness equal to 62 nm. This is probably the transition region between the 
two polymers. On the left side PS and on the right PMMA. The refractive index of PS found with 
a stepsize equal to 5, is 1.6. This is in good agreement with the literature value, the result from the 
ELSIM program for the multi-layer sample and with the measurements performed on single layer 
samples. The refractive index found for the PMMA part is 1.4. This is somewhat smaller than the 
literature value and the results from ELSIM program. The direction of the change in the refractive 
index and the thickness for the PS layer are in good agreement with the results from the ELSIM 
program. In the ELSIM program a thickness of 60 nm has been found for the PS layer; in the 
DPTOND program the interface starts at a thickness that is equal to 62 nm. 

At 140 nmaspike is visible. This spike is an artifact, caused by the transition of ~=0° to ~=360°. 
Beyond this point, the analysis program starts to show problems. Therefore no attention will be 
paid to the behavior of the refractive index beyoud this transition. Some effects due to noise 
diminish or disappear if this figure is compared with figure 4.26. 

A simulation with a stepsize equal to 25 suppresses all fast variations. In figure 4.28 the result of 
such a simulation is shown. In this figure the dip in the refractive index and the decrease of the 
refractive index are very good visible. The spike due to the transition has almost completely 
disappeared. 
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Figure 4.28 Point-to-point analysis with a stepsize=25. 
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Results 

In the point-to-point analysis the refractive index and the total thickness are calculated. From this 
the etch rate has been calculated. The etch rateis shown in figure 4.29. 
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Figure 4.29 The etch rate calculated with the point-to-point analysis programfora stepsize=l. 
The etch rate for the PS layer is equal to 0.4 nm/s. The etch rate for the PMMA layer 
is roughly equal to 1.0 nm/s. 

On the left side of the figure is the PS layer. The average etch rate of the PS layer is 0.4 nm/s. 
This is equal to the etch rate that has been found with the ELSIM program and with the single 
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layer samples. At a thickness of 55 nm the etch rate temporarily increases due to the dip in the 
refractive index. At a thickness of 70 nm the etch rate increases again. This is probably the 
transition region. Beyond the transition region the PMMA layer is found. The average etch rate of 
the PMMA layer is 1.0 nm/s. This is slightly higher than the 0.8 nm/s that has been found with the 
ELSIM program and with the single layer samples. The swift changes at the end are artifacts 
caused by the program. 

A question that has notbeen answered by the performed measurements on single and multi-layer 
samples is related to the homogeneity of the layer/layers. The measurements have been performed 
on the middle of the sample. Whether the thickness of the sample changes as a function of the 
radius, is not known. This could he checked by performing measurements on different spots on 
the sample surface. 
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5. Conclusions and recommendations 

5.1 The ATR prism 

• An ATR prism is a necessary tooi to measure in the IR. In simple silicon wafers 
multiple reflections occur in the IR especially at higher wavelengths. Therefore the 
detector signal is not reliable, the ATR measurement technique does not show these 
problems. 

• Due to the optica} path length in the silicon wafer, absorption in bulk silicon can play 
a role if the imaginary component of the refractive index is too large. At 7.7 1..1m the 
extinction coefficient of the bulk silicon plays a role. This extinction coefficient bas 
been measured, 1( = 1.6* 10-5 and is comparable with literature values where 1( =2.49 -
2.82*10-5

. 

• It is possible to direct a light wave with a wavelengthof 4.7 J.lm through a 3 mm thick 
Si ATR prism. Almost the complete signal gets through. The signal to noise ratio is 
good and it is possible to perform some preliminary experiments that yield satisfying 
results. 

• An important question using ATR prisms concerns the homogeneity of the chemica} 
and physical processes at the surface. 

• An A TR prism made of ZnSe, with a layer of silicon u pon it, offers the possibility of 
alignment in the visible. Also bulk absorption does not play a role. Important aspects 
like the maximum thickness of the silicon layer and the sensitivity to processes at the 
silicon surface have to be calculated thorough. 

5.2 Instanation of the plasma reactor 

• The problem with RF coupling into the TDL bas been solved. A bad coupling 
between the ground of the RF signal and the plasma reactor caused the problem. Also 
opto-couplers are used to reduce the influence of plasma gating. 

• The silicon wafer is no longer roughened and damaged due to the removal of copper 
and stainless steel screws from the inner of the plasma reactor. 

5.3 Test measurements 

• A complete 'egg' has been deposited and after correction of the data a refractive 
index equal to n=1.37 and a thickness d=355 nm are found. 

• The deposited layer bas been analyzed using a Fourier Transfarm (FT) ellipsometer. 
This analysis results in a refractive index n=1.37 and a thickness d=360 nm. 

• The results of the both ellipsometers are in good agreement. Therefore it is possible to 
conclude that the PME yields good results. 
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5.4 Modulated plasma 

• The adsorption of a, probably fluorocarbon, layer after extinction of the plasma bas 
been observed. The effect is flow dependent and the thickness of the adsorbed layer 
decreases when the flow increases. 

• After extinction of the plasma the damaged toplayer of silicon decreases in thickness. 
This effect is caused by radicals that etch away this toplayer. The effect is flow 
dependent; with increasing flow more damaged toplayer is etched away after plasma 
is switched off. 

• For two different flows, the change of the fluorocarbon layer thickness bas been 
calculated. If the flow amounts 10 seem, the layer increases with 0.017 nm. Fora flow 
of 42 seem, the increase is 0.007 nm. 

• For two different flows, the change of the damaged toplayer thickness bas been 
calculated. If the flow amounts 10 seem, the damaged toplayer decreases with 0.01 
nm after extinction of the plasma. For a flow of 42 seem, this decrease is 0.03 nm. 

• With increasing power, the adsorbed layer and the damaged toplayer increase in 
thickness. With increasing power, the dissociation degree of the plasma increases. 
Therefore more radicals are present to adsorb on the surface and to etch away the 
fluorocarbon layer. 

• To check whether the suggested radicals are the' cause of the observed effects, 
measurements will have to be performed in the IR. 

5.5 Measurements on polymer multi-layers 

5.5.1 Single layer samples 

• Measurements have been performed on the single layer samples using visible light. 
The refractive index found for PMMA is 1.492. This is comparable to 1.488, the 
literature value. The refractive index found for PS is 1.587. This is comparable to 
1.590, the literature value. Etching the single layer samples under the same conditions 
gives a selectivity of 1.9. 

• The etch rates for the polymer layers have been determined. Under the applied plasma 
conditions the PMMA layer bas a etch rate of 0.75 mn/s. PS bas an etch rate of 0.4 
nm/s. The selectivity is thus 1.9. 

• The PS layer probably matches better to the substrate than the PMMA layer; this bas 
to be investigated fluther using a RCE. 

5.5.2 Multi-layer samples 

• Measurements have been performed on the samples with two polymer layers on top of 
it. It is possible to analyze these measurements. A high accuracy is necessary in order 
to perform the analysis; the experimental noise on the data bas to be in the order of 
0.001 a. This accuracy bas been obtained. 

• The evolution of the etch rate of a sample provides information about the thickness of 
the interface between the two polymer layers. The thickness is 8.5 ±1 nm. 
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• The selectivity found for the sample with two layers on top of each other is equal to 
1.9. This is equal to the selectivity found for the selectivity of the single layer samples 
etched under the same conditions. 

• The PS part of the multi-layer has a refractive index of 1.595 which is comparable to 
the literature value of nps=l.59. The PMMA part of the multi-layer has a refractive 
index of 1.46 which is comparable with the literature value of nPMMA=1.488. The 
difference is probably due to the behavior of the refractive index in the interface 
regwn. 

• With the use of a point-to-point analysis, a global picture has been obtained of the 
multi-layer samples. A refractive index around 1.6 has been found for the PS part of 
the sample. The thickness of the PS layer is in accordance with the results from the 
ELSIM program. The PMMA layer has a lower refractive index then expected. This 
refractive index is equal to 1.4 

• With the point-to-point analysis a dip in the refractive index is visible. This dip is 
probably caused by a local drop of the density. Moreover, the interface region is also 
visible in the point-to-point analysis. The etch rate found for PS is 0.4 nm/s 

• It is necessary to perform measurements on single layer and especially multi-layer 
samples in the IR. Using a spectroscopie ellipsometer, like the Ff ellipsometer, the 
particular honds of the polymers can be studied as a function of depth in the multi
layers. 
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Appendix A 

The Stokes veetors 

Stokes veetors and Mueller matrices are used to calculate the transmitted intensity of an optical 
system. Before we introduce the Stokes veetors and the Mueller matrices we introduce the Jones 
veetors (2*1) and the Jones matrices (2*2). 

Consicter a fully polarized monochromatic, plane light wave propagating in the z-direction. The 
electric field vector of this wave varies sinusoidally with time at all points in space. All 
information necessary to describe this wave is the amplitude and the phase of the wave at t=O at 
the origin. The time dependence, exp(irot) and the spatial dependence, exp( -ikz) are known. This 

implies that one single complex number i.e. E0x exp(i8 x) characterizes the behavior of the wave 

in the x-direction where E0x is the amplitude and 8 x is the phase at t=O at the origin. Another 

complex number for the y-direction is necessary to describe the total polarization state of this 

(TE) wave. The Jones vector Ë is defined as the vector spanned by the two complex numbers: 

Ë = [Eox exp(i8 x)] 
E0Y exp(i8 Y) · 

(A.l) 

The inner product of the vector and its complex conjugate determines the intensity of the wave: 

I= Ë · Ë*. 

Two Jones veetors are orthogonal if: 

and they are orthonormal if they are orthogonal and: 

Two examples of normalized Jones veetors are given below: 

1. Linear polarization along the x-axis 

2. Linear polarization with azimuth a 
I cos( a) l 
l sin( a) J 

(A.2) 

(A3) 

(A4) 

(A5) 

(A.6) 

A J ones vector Ë i descrihing an incident beam is transmitted through an optical element and 

another vector Ë 1 emerges. A matrix (2*2) is necessary to describe the transformation of the 
vector Ë i into Ë 1 • These matrices are known as Jones matrices. Depending on the kind of optical 
element they are representing the rows and columns of the matrices are filled with, complex, 
numbers. 
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Some examples of Jones matrices are: 

1. Vertical polarizer (A7) 

2. Reflection at a surface (A8) 

The Jones veetors and the Jones matrices are used to describe monochromatic, fully polarized, 
plane TE waves. If the wave is quasi-monochromatic or if it is not fully polarized the Jones 
formalism can not be used anymore. It is necessary to introduce anther formalism to describe 
these waves: the Stokes formalism. 

Consider a quasi-monochromatic TE wave. We can represent this wave using a time dependent 
amplitude, a time dependent phase and the mean values of the propagation number and the 
frequency: 

Ex (t) = E0x (t) cos[kz- rot+ 8 x (t)]. (A9) 

The component in the y-direction is represented with a comparable term. Now we introduce the 
four Stokes parameters S; i=l,2,3,4: 

2 2 
S0 =<Eox .+<Eoy >=I0 =Ix+Iy=I++I_=I,+I1 , 

2 2 
SI =< Eox >- < Eoy >=I x -I y, 

S2 =< 2E0xEoy cos(8) >=I+ +I_, 

S3 =< 2E0xEoy sin(8) >=I, -I1 • 

(AlO) 

where 8(t) = 8 x (t)- 8 Y (t) Ö(t)=Öx(t)- Öy(t) and the <> indicates a time average. At the same time 

an other definition of the Stokes parameters is given namely in irradiances 1;, i=O, x, y, +, -, l ,r. 
The Stokes parameters can be measured using polarizers. Measuring the intensity of the beam 
gives I0, using horizontal respectively vertical polarizers (x,y) one measures In Iy, using polarizers 
that make an angle with re gard to the plane of incidence of 45° respectively -45° ( + -) one 
measures I+, I. and using right- respectively left-handed circular polarizers one measures In h 

So 

SI 
These four parameters form a vector known as the Stokes vector: 

s2 
s3 

Two examples of Stokes veetors are given below: 
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1. Linear polarization along the x-axis 

2. right-handed circular light 

1 

1 

0 

0 

1 

0 

0 

1 

References 

(A.12) 

(A.13) 

The Stokes veetors transfarm when passing an optica! component. The matrices descrihing the 
different transformations are known as Mueller matrices. Below some Mueller matrices for 
optical components are summed up. Same resulting Mueller matrices after a rotation procedure 
are given. Thematrices do nat commute; therefore it is of importance to apply them in the right 
order. 

The rotation of a co-ordinate system is represented as R(8): 

1 0 

R(B) = 0 cos(28) 
0 -sin(28) 

0 0 

0 0 

sin(28) 0 

cos(28) 0 
0 • 1 

(A.14) 

This matrix is necessary to rotate the Stokes vector to the plane of incidence. The linear partial 

polarizer is represented with matrix P(a). The attenuation coefficient a is the ratio of the 

intensity transmission coefficients in the directions perpendicular and parallel to the transmission 
axes of the polarizer. 

1+a 1-a 0 0 

P(a) =t 1-a 1+a 0 0 

0 0 2-Ja 0 
(A.15) 

0 0 0 2-Ja 

If a is equal to zero the matrix represents an ideal polarizer. A linear retarder with retardation 8 , 

such as the photo elastic modulator, is represented with iJ rerarder : 

1 0 

M retarder = 
0 1 

0 0 

0 0 

0 

0 

cos(8) 

- sin(8) 

0 

0 

sin(8) 

cos(8) 

(A.l6) 
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The reflection at a surface is represented with matrix M s : 

1 -cos(2'I') 0 0 
-cos(2'I') 1 0 0 

M= s 0 0 sin(2'I') cos(ó) sin(2'I') sin(ó) 

0 0 - sin(2'I') sin(ó) sin(2'I') cos(ó) 

The behavior of an ideal polarizer including the necessary rotations is represented by MP : 

- - - -M p = R(-P)P(O)R(P) 

1 cos(2P) sin(2P) 0 

cos(2P) cos2 (2P) cos(2P) sin(2P) 0 
= 

sin(2P) cos(2P) sin(2P) sin 2 (2P) 0 

0 0 0 0 

The behavior of the retarder with rotations is represented by M M : 

- - -
M M = R(-M)MretarderR(M) 

= 

1 0 

0 cos2 (2M) + sin 2 (2M) cos(8) 

0 sin(2M)cos(2M)(l- cos(8)) 

0 sin(2M) sin(8) 

0 

cos(2M) sin(2M)(1- cos(8)) 

sin 2 (2M) + cos2 (2M) cos(8) 

-cos(2M) sin(8) 

0 

- sin(2M) sin(8) 

cos(2M) sin(8) 

0 

(A.17) 

(A.18) 

(A.19) 

Using these matrices and the Stokes vector, the transmitted intensity of an optical system can be 
calculated. The transmitted intensity is represented by the S0 term of the transmitted Stokes vector. 
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Appendix B 

Calibration of the ellipsometer 

In chapter 3 the calibration of the ellipsometer is treated. In this appendix the formulae concerning 
the calibration are given. The formulae given concern the PME without a tilted modulator. In the 
case that the modulator is tilted, the formulae change but the calibration procedure does not 
change. 

At the start of the calibration, in general none of the optical axes of the optical components 
coincide with the plane of incidence. The coefficients Is and Ie are then equal to 

and 

f., = cos(2P) sin(2A) cos( 8.Ll) cos(2b'I') sin(2M) sin(8) 

- sin(2P) sin(2A) cos(8.Ll) cos(2b'I') cos(2M) sin(8) 
(B.l) 

Ie = [cos(2P) sin(2Ö'P) + cos(2P) cos(2A)- cos(2P) cos(2A) cos2 (2M)] cos(8) 

-[cos(2P) sin(2Ö'P) cos2 (2M)- cos(2P) sin(2A) sin(8.Ll) cos(2M) sin(2M)]cos(8) (B.
2

) 

-[sin(2P) cos(2M) sin(2M) sin(2Ö'P) + sin(2P) cos(2M) sin(2M) cos(2A)] cos( 8) 

- sin(2P) sin(2A) sin( 8.Ll) cos(2Ö'P) cos2 (2M) cos( 8) 

when a calibration sample is being used with Ll=90° and '1'=45°. The difference from the ideal 
calibration values is given by 8.Ll and b'I' . The angles P, M and A represent the angles between 
the optical axes of the polarizer, modulator and analyzer with the plane of incidence. The term 8 
represents the induced phase difference between the two polarization states in the modulator. 

When the detected intensity is optimized and the modulation of the signal is minimized, the angles 
P, M and A are approximately equal to 0°. The optica} axes of the optical components then 
coincide with the plane of incidence. To find the exact settings, all angles have to he calibrated 
separately. Therefore the angle of the polarizer is turned 45 degrees away from the zero-setting. 
The measured coefficients Is and Iethen satisfy: 

and 

/., =- sin(2A) cos( 8.Ll) cos(2b'I') cos(2M) sin( 8) 

Ie = - cos(2 M) sin(2 M) sin(2Ö'P) cos( 8) 

-cos(2M) sin(2M) cos(2A)cos(8) 

- sin(2A) cos2 (2M) sin( 8.Ll) cos(2Ö'P) cos( 8). 

(B.3) 

(B.4) 

These coefficients represent the odd and even harmonies of the signal and therefore the 
modulation of the signal. Minimization of the modulation leads to the exact zero-settings of the 
modulator and the analyzer. If the global zero-setting of the polarizer is not exact equal to 0°, the 
measured coefficients change. The coefficients Is and Ie then satisfy: 

and 

Is =- sin(2p) sin(2A) cos(8.Ll) cos(2b'I') sin(2M) sin(8) 

- cos(2 p) sin(2A) cos( 8.Ll) cos(2b'I') cos(2M) sin( 8) 
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I c =- sin(2 p) sin(2b'P) cos( 8) + sin(2 p) cos2 (2M) sin(2b'P) cos( 8) 

- sin(2 p) cos(2A) cos( 8) + sin(2 p) cos(2A) cos2 (2M) cos( 8) 

- sin(2 p) sin(2A) sin( 8M cos( b'P) cos(2 M) sin(2 M) cos( 8) 

-cos(2p) cos(2M) sin(2M) sin(2b'P)cos(8) 

-cos(2p) cos(2M) sin(2M) cos(2A)cos(8) 

-cos(2p) sin(2A) sin(8.1.) cos(2b'P) cos2 (2M) cos(8) 

(B.6) 

where p represents the error in the zero-setting of the polarizer. Even in this case, calibration of 
the modulator and the analyzer leads to the same zero-settings. When these two angles are 
calibrated, the polarizer is tumed to its original setting and the analyzer is tumed 45 degrees away. 
Then the coefficients satisfy (M=0°): 

Is =- sin(2P) cos( 8.1.) cos(2b'P) sin( 8) 

and 

I c =- sin(2P) sin( 8.1.) cos(28'P) cos( 8) 

and minimization of the modulation yields the exact zero-setting of the polarizer. When A is 
tumed back to its zero-setting, all optica! components are oriented such that their optica! axes 
coincide with the plane of incidence. 
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