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 I

ASSIGNMENT  
In lithography it is important to expose the target with a well defined intensity. The intensity of the laser is 
constantly monitored halfway the system. After that many centimetres of glass in the form of lenses are 
passed without a sensor to monitor it. The transmission of these lenses appears to change during 
exposure, while the intensity at the end is not allowed to vary. The drift of the transmission of the system 
is compensated with a feed forward correction mechanism. This correction mechanism controls the dose 
uniformly over the exposed area (slit). This is based on the assumption that the drift of transmission is the 
same everywhere in the illuminated field. 
 
This assumption is not valid! The assignment is to measure the transmission drift in the whole slit. When 
this drift has a position dependency it causes a uniformity drift and the task is to quantify the time 
constants and amplitudes of this behaviour for various settings. 
When the process is quantified, a physical process should be suggested that identifies the drift. 
Eventually, a model based on the physical phenomenon should be provided that can correct the 
measured effect. This should be a feed forward mechanism, since no sensor is available during the 
production of chips. 
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PREFACE 
The thesis that lies in front of you describes the final project for my master study of applied physics at the 
Eindhoven University of Technology. The project is done at the company ASML and is about 
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assignment and eventually helped me even in getting me a job. Ton de Vries showed me around at 
ASML and told me the right names of persons within ASML to discuss my ideas with. Also the weekly talk 
I had with Ton where very useful for me to get my thoughts lined up and the feedback I received. For 
helping me around with Zemax and optimising the model constantly I want to thank Boggie. This model 
really helped me understanding the optics involved in a wafer scanner. Kasper Verbiezen, I want to thank 
for giving me some great ideas with respect to the transmission drift, where he was working on as well. 
Thanks to the whole group of ISD illumination for the open atmosphere and the support I got. 
 
Outside ASML I got information from Fokke Groen and Anne-Jans Faber who I would like to thank for 
this. 
 
Thanks to all my friends that made all the years of studying interesting and diverse enough to continue. 
And finally I thank my mother and father for always supporting me in what I choose to do.  
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SUMMARY 
The transmission drift in silica lenses under UV irradiation is studied and causes for this phenomenon are 
investigated. The formation of absorbing centers (E'-centers) in the bulk of silica was indicated as the 
main cause of a reversible transmission loss during UV exposure. A model that describes the formation 
of E'-centers is presented. This is based on the equilibrium of one reaction stimulated by UV light in one 
direction and hydrogen diffusion in the other direction. 
The uniformity of the UV intensity at the exposed field is investigated by measuring the transmission drift 
at various positions in this field. This revealed a drift that is faster on the center of the field compared to 
the edges. Several causes for this non-uniform drift are discussed. A temperature change or an altered 
index of refraction had a too small impact on the intensity under the measured conditions. The formation 
or removal of contaminants at the surface of lenses does not explain the measured behaviour either. The 
optical path length is indicated as a cause for uniformity drift. This length has a pupil dependency and 
has a parabolic shape, just like the transmission at different positions in the field. 
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SAMENVATTING 
De tijdelijke transmissieverandering in siliciumoxide lenzen tijdens UV belichting is onderzocht. De 
vorming van absorberende centra (E'-centra) in de lenzen blijkt de hoofdoorzaak te zijn van dit 
fenomeen. Een model dat de vorming van E'-centra beschrijft is gepresenteerd in dit verslag. Dit model is 
gebaseerd op een evenwichtsreactie gestimuleerd door ultraviolet licht naar de ene kant en door 
waterstof diffusie naar de andere kant. 
De uniformiteit van de lichtintensiteit in het belichtte gebied is onderzocht door metingen te doen aan de 
transmissie drift. Hieruit bleek de transmissie sneller te veranderen in het midden van de lenzen in 
vergelijking met de randen. Hierna zijn een aantal mogelijke oorzaken van deze niet uniforme 
verandering besproken. Een temperatuursverandering of een verandering van de brekingsindex blijken 
nagenoeg geen effect te hebben op de intensiteit. Contaminatie aan het oppervlak van lenzen kan 
evenmin het gemeten effect verklaren. De veronderstelde oorzaak van een plaatsafhankelijke 
transmissieverandering is de optische weglengte. Deze varieert met de positie in het belichtte gebied 
afhankelijk van de gebruikte pupil maar altijd met een parabool met de top in het midden. Ook het 
transmissieverloop laat dit gedrag zien.  
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1 INTRODUCTION  
This thesis deals with a problem in one step of the diverse processes involved in the production of 
integrated circuits. As an overview, the many steps involved in making these devices are described in the 
following paragraph. The lithography step is the one ASML (the company where the assignment took 
place) is involved in, their scanning machines are explained in paragraph 1.2. The third paragraph 
focuses on the imaging part of the wafer scanner. In the last paragraph of this chapter is the principle of 
the main beam shaping part of the machine (the illuminator) described. 
 

1.1 MAKING AN INTEGRATED CIRCUIT 
Integrated circuits are small electrical devices that contain up to millions of transistors on an area of only 
a few cm2. The ongoing trend in the semiconductor industry is the chips becoming smaller and smaller. 
The decreasing size only brings advances with it. The costs per unit decreases, the speed goes up and 
the power consumption becomes less. The chip size reached today requires the production of lines of 
less then 100nm wide. This is done with a photolithographic process where chips are built layer by layer 
by exposure with UV light. The whole process of chip making is shown in Figure 1.1 and described 
below. 

 
Figure 1.1: The steps involved in the making of integrated circuits. Steps 3-8 are repeated multiple 
times to created different layers. 

A short description of each step in the process of IC making: 
  

1. With a critical process an ingot of single crystalline silicon is pulled out of melted 
polycrystalline silicon. The rod is marked for the crystal orientation and sawed in slices, called 
wafers. 
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2. The damaged surface of each wafer gets fixed by etching and polishing. Next the organic 

impurities and water particles are removed from the surface. 
 

3. The purpose of this step is to create a thin layer over the surface. Depending on the used 
material the deposited layer can be a conductor, insulator or semiconductor.  
 

4. A photo-sensitive material is applied to the wafer. This can be with a positive or a negative 
resist where afterwards the exposed or the unexposed areas are removed respectively. 
 

5. A pattern of UV-light is created and illuminates designated areas of the photoresist layer. 
 

6. The wafers are developed in either an acid or a base solution to remove the exposed or 
unexposed (dependent on the type of photoresist) photoresist. The remaining of the 
photoresist layer is hardened when the wafer is baked in an oven. 
 

7. The partly removed photoresist brings areas of the underlying layer to the surface. These 
unprotected areas are etched away. Then ions can be implanted into the top layer of the 
wafer to change the conductivity of a precise region. 
 

8. The remaining photoresist is etched away. 
 

9. After many layers, the wafer is completed and each of the hundreds of separate devices, 
called die, is tested. 
 

10. The wafer is broken into individual die and the failed ones are removed from the process. 
 

11. With wires a die is connected to a lead frame and is sealed into a plastic enclosure. 
 

 
The steps 3-8 are repeated dozens of times to create several layers that together make the IC. Every 
step, a new layer of conducting, isolating or semi conducting (n- or p-type) material is added and partly 
remove to leave the right pattern. The lithographic step (5) where ASML is involved in is also repeated 
multiple times and is discussed in the following parts. 

1.2 WAFER SCANNER 
The exposure of wafers (step 5 in Figure 1.1) is done with a wafer scanner; a room filling machine 
produced by ASML among others. A schematic drawing of one type of wafer scanner (Twinscan) is 
shown in Figure 1.2. The main parts of the wafer scanner are pointed at with a name tag. 
Wafer scanners use a photographic process to image a small pattern on a wafer. For this a UV laser is 
fired through the illuminator. This part of the machine contains many lens elements, grey filters and 
blades to shape the beam. After the illuminator, the light falls on the reticle, which is a glass plate with a 
pattern on it. The projection lens reduces the image of the reticle a factor of five and focuses it on the 
wafer. The pattern on the reticle is a part of the circuit of only one die (one chip) and a wafer fits 
hundreds of die. To expose all die, the wafer stage with a wafer on top of it steps around underneath the 
projection lens with the laser switched off. The exposure of one die is not done at once; instead an 
elongated beam scans the die. The reticle and the wafer move in an opposite direction with the laser 
switched on (Figure 1.3).  
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Figure 1.2: A wafer scanner that is used to project the image of the reticle on the wafer.  
 
When every die on a wafer is scanned with this step&scan procedure, the wafer is collected from the 
machine for the next production steps, as explained in the previous paragraph. Because the image of 
one reticle is not the complete circuit, multiple exposures with different reticles are required to finish a die 
and with that the complete wafer. The steps 3-8 in Figure 1.1 are repeated with different reticles until the 
circuit is finished. 
 

 
Figure 1.3: During the scan of a die, the reticle and the wafer stage move synchronously in 
opposite direction. Because the projection lens shrinks the image five times, the reticles stage 
moves five times faster and further as the wafer stage does. 
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1.3 IMAGING 
The main purpose of lithography is to produce a high quality image of the reticle on the wafer. To do this 
with a high resolution, it is done with ultraviolet light that diffracts at the reticle and interferes at wafer 
level. 
Interference can be described with Maxwell’s equations but Abbe’s theory of image formation[1] does it in 
a simplified (but adequate) way. This theory of Ernst Abbe is about waves diffracted by an object into 
multiple diffraction orders and recombined by a lens to interfere and form an image resembling the 
object. For this to work, at least the zeroth and first order of the diffraction pattern should reach the image 
plane. This requirement is always the limiting factor in lithography and improvements in system design 
are mostly directed to capture the first order at smaller pitch size.  
The angle of diffraction (α) of light is determined by Bragg’s formula: 

  
pitch
nλα =sin . 

 
1.1 

 
Where n is the order number and λ the wavelength of the light. The pitch is the distance between the 
center of a line to the center of the next line on the reticle (see Figure 1.4). The pitch determines the 
critical dimension (CD), what refers to the nominal line width expected on the wafer. The ongoing trend to 
for devices to become smaller requires a decrease in pitch size. The consequence is a larger angle of 
diffraction, what means the first order can be lost in the process. Three parameters can be adapted to still 
capture the first order of diffraction and be able to produce devices with a smaller CD: 
 

● wavelength of the light 
● numerical aperture of the lens 
● directional coherency of the light 

 
According to Bragg’s formula (1.1) a reduction of the wavelength decreases the angle and the first order 
is projected on the wafer even with a smaller pitch. Therefore, the used wavelength has become smaller 
the last decade and has reached 193nm at the moment. The problem with UV light with a small 
wavelength is the high energy of the photons, what reduces the choice of lens materials that can be 
used. Only a few materials have a reasonable transmission to be used for lenses. Nowadays 193nm (ArF 
excimer laser) is a frequently used wavelength, but even 157nm (F2-laser) systems have been produced. 
To overcome the problem with transmission, research is done to replace all the lenses and use mirrors 
instead. Then a plasma emitting 13.4nm light can be used as a source and a CD of 30nm should be 
reached. 
The second parameter that can be changed to allow a smaller pitch is the numerical aperture. The 
numerical aperture is defined as 
  inNA αsin= , 1.2 
 
where n is the refractive index of the medium surrounding the lens (normally nitrogen or air with n=1) and 
αi is the maximum acceptance angle of the image (see Figure 1.4). To allow larger angles the size of the 
lens should increase, what increases the NA (when the magnification is fixed). 
 



 

Master’s thesis of Erwin Engelaar 
 

Transient degradation of silica lenses 
irradiated by UV light  

 

 
 

5

 
Figure 1.4: The terms pitch and numerical aperture explained. 
 

The last option is to decrease the directional coherency of the light. This means the reticle is not 
illuminated with a 900 angle. Instead a range of angles is offered to the reticle to make sure that at least 
part of the first order light is captured by the projection lens to interfere in the image plane (at the wafer 
surface). 

 
Figure 1.5: Imaging with a) a perfect coherency and with b) a decreased coherency of the 
incoming irradiation. 
 
The minimal pitch size with a fixed magnification (M), wavelength and NA is 
 

  
r

M
NApitch

+
=

λ
min . 

 
1.3 
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The angle distribution causes a circle in the pupil plane (a plane in the optical path, where the angle 
distribution is shown as a spatial distribution) with a radius of r. If the second order just fits within NA the 
minimal pitch size from equation 1.3 is reached.  
The ideal image formed underneath the projection lens, would consist of areas with a low intensity 
alternated with areas with high intensity (Figure 1.6). In order to obtain this ideal image, all diffraction 
orders have to be captured by the lens. Normally lines close to the resolution limit are printed. In that 
case only the zeroth and first orders are captured. At the smallest features (close to pitchmin), only part of 
the first order of light is captured. In that case, the border between line and no line will not be sharply 
defined. This is also illustrated in Figure 1.6 where the intensity profile of an ideal image and a real image 
is plotted. The amplitude of the intensity profile decreases when a smaller part of the first order is 
captured. This influences the contrast 

 
with Imax and Imin the maximum respectively the minimum intensity of the interference pattern at wafer 
level. This contrast needs to be large enough to print a high quality image, because the resist is not ideal 
either. 

 
Figure 1.6: The effect of an ideal and a real image on the wafer. 
 
The parts of a positive photo resist layer exposed with a dose above the threshold, can be washed away 
by developing. The threshold is an energy value (the intensity integrated over the exposure time) at 
which the chemicals in the resist start to change. This is not a single line as drawn in Figure 1.6, but there 
is a range of energy over which the resist changes.  It requires a high slope to produce sharp edges on 
the wafer, what means a high contrast. If a larger part of the first order is captured, the contrast is 
increased because of a larger amplitude (Imax-Imin). 
To be able to print the correct CD, the intensity of the exposure light (and the exposure time) has to be 
chosen correctly with respect to the resist threshold. At a wrong exposure intensity with respect to the 
threshold value, the lines will become smaller or bigger as targeted.  
To have a good control of the intensity, a wafer is not exposed all at once, but a small elongated beam 
(slit) scans and steps over the wafer. The reason to do this is to be able to expose the wafer with the 
same energy over the total area of the wafer. This is very hard to fulfil when the full wafer is exposed in 
one time. The dimensions of the slit are 26 x 5 mm2, with a parabolic intensity profile in the (non-
scanning) x-direction. This profile is mainly originated from lens- and coating transmission behaviour[2]. 
Such a profile is unwanted, because the dose in the center will be different compared to the dose at the 

  
minmax

minmax

II
IIC

+
−

= , 
 
1.4 
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edge of the slit. The intensity has a maximal variation of 3% when it is not corrected, but should decrease 
to less then 0.5%.  
The variation of intensity is defined by the slit uniformity  
 

 
with Imax and Imin the maximum and minimum intensity of the slit. These intensities are averaged over the 
y-direction, because that is what a point on the wafer is exposed with. To keep this factor as low as 
possible a unicom (uniformity correction module) is installed just before the reticle. The unicom is a 
variable grey filter with a transmission that varies over the x-direction. When the unicom is calibrated and 
positioned in the right position, the profile of the slit is more flat and the slit uniformity is improved. 
The intensity in the y-direction has a Gaussian profile, but since this is the scanning direction the exact 
profile is not important for the dose. 

1.4 ILLUMINATOR 
The laser beam needs to be shaped and focused to refract at the reticle and interfere at waferlevel. This 
beam shaping is done by the illuminator, which has three functionalities: 

• Illuminate the whole image field of the reticle or a selected part of it with UV light, 
• Illuminate this area uniformly in the non-scanning direction, 
• Illuminate the reticle with the desired pupil shape. 

 

 
Figure 1.7: A schematic picture of the illuminator with individual elements indicated. 
 
The different lens groups in a wafer scanner can have two planes of focus, namely the field and pupil 
plane. The field plane has a rectangular shape and is the plane of the object and the image. The second 
plane is the pupil plane, which shape depends on the angular distribution in the field plane. The angular 

  %100
minmax

minmax

II
IISU

+
−

= , 
1.5 
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distribution in the field plane is shown as a spatial distribution in the pupil plane. The pupil will be a point 
if the light in the field is a parallel bundle of light (a high coherency). When the field has a homogeneous 
angular distribution, the pupil will be a circle. 
When the laser beam enters the machine it is given a certain spatial and angular distribution provided by 
the beam delivery unit (BDU). Then a diffractive array (PDE) introduces angles according to the desired 
pupil shape. The following element is the zoom/axicon module (ZZA) that consists of a zoom lens that 
can make the range of angles bigger or smaller. The axicon can shift the light of the pupil plane in radial 
direction outwards. After defining the pupil, the field defining element (FDE) produces the intended field 
intensity distribution. This happens in the pupil plane of the ZZA, which the field lens group (FLG) 
changes to a field plane for the next element. The unicom corrects the uniformity at reticle level by 
absorbing light at places with a high intensity to have a uniform intensity in the non-scanning direction. 
The ReMa blades are dynamical blades that block part of the light to avoid illumination outside the die. 
Finally, the ReMa lens images the ReMa blades plane (field plane) onto the reticle. The whole illuminator 
is responsible to project the same range of angle distribution on every position on the reticle to have the 
best interference at wafer level. 
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2 SILICA 
Only a few optical materials are suited to be used with deep ultra violet (DUV) light when taking the 
absorption coefficient at these small wavelengths into considerations. When taking reproducibility and 
homogeneity into account as well, fused silica[3] and calcium fluoride[4] are the only two options. Fused 
silica has an advantage in costs and is therefore widely used to shape and deliver beams of DUV lasers 
in lithography.  
The ideal optical material is fully transparent at the used wavelength and remains unchanged after 
billions of laser pulses. In practice, fused silica has an absorption coefficient larger than zero and varies 
widely from batch to batch. Illuminating the silica with high energetic photons changes the absorption, 
partly reversible and partly irreversible[5]. 
The silica used for lenses is fused silica (also named fused quartz or amorphous silica) and has a non-
crystalline structure. To minimize absorption (changes), lenses are produced from high purity fused silica. 
Metallic impurities are reduced to sub-ppm level, but molecular hydrogen and hydroxyl are still present 
(with concentrations of >0.5ppm and <50 ppm respectively). 
A specific hydrogen concentration is applied during the production of the fused silica. A high 
concentration reduces the number of strained Si-O bonds, but increases the amount of Si-H bonds. The 
latter get easily broken with 193nm photons[6]. A second positive effect of added hydrogen is the recover 
ability of an unbonded binding electron of silica. The concentration of hydrogen determines how fast the 
absorption concentration changes as function of the laser pulses for both the reversible as for the 
irreversible changes.   
 
This chapter is about effects that can influence the transmission of silica lenses with the possibility to 
change the slit uniformity afterwards. These are the absorption coefficient, surface damage and the 
refractive index can have an impact on the slit uniformity too. 
 

2.1 CALCIUM FLUORIDE 
Some lenses used in UV systems are produced from calcium fluoride what is the reason for a small 
paragraph about this material in a chapter about silica. In wafer scanners, calcium fluoride lenses are 
used at positions with high exposure intensity, because it is believed this material has a high laser 
durability. Besides this advantage it also has a very high transmission in the UV region compared to 
fused silica. Measurements show a minor decrease in transmission after exposure with UV light[4]. These 
measurements are done at different thicknesses, what shows that the internal absorption does not 
change. The absorption is assigned to oxygen in the gas surrounding the lens. At the surface Ca-O 
bonds can be formed in the crystal, what has the ability to absorb light around 200nm.  

2.2 COLOR CENTERS 
The color of a material is determined by the ability of absorbing photons of a specified energy. A photon 
then excites an electron to a higher, quantified state. A color center can change the color of a material 
when it is formed. It is an unpaired electron originated from an electron or a hole vacancy which normally 
has a band gap in the range of the energy of visible light. The residual light that won’t get absorbed 
determines the color of the material.  
 

2.2.1 ELECTRON AND HOLE VACANCIES 

There are two types of color centers[7], namely electron and hole color centers. A simple example of an 
electron color center is in the ionic lattice of sodium chloride, where an electron can replace one negative 
ion. Figure 2.1a is a schematic drawing of a sodium chloride lattice without any defects and appears 
colorless. It is colorless because all electrons are paired and visible light does not posses the energy to 
unpair and excite them. 
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Figure 2.1: Sodium chloride (a) without defects and (b) with a trapped electron after being 
exposed to a γ source. 
 
Energy can get absorbed when more energy is delivered to the material in the form of high energetic 
particles (e.g. γ-radiation). This can remove a chloride-ion from its position, creating an electron vacancy. 
The electron that takes its place, as shown in Figure 2.1b, is considered a trapped “particle-in-a-box” and 
can be described with the Schrödinger equation. Photons with matching energy are absorbed by the 
electron and it reaches an excited state. In this case the electron absorbs a “blue” photon (2.7eV) which 
makes the sodium chloride orange.  
The second type of color center is a color center caused by hole vacancies. The hole color center is 
created when a paired electron is removed from an atom’s orbit. In Figure 2.2, this is illustrated for 
normal quartz, mainly existing of oxygen and silicon ions. The top left oxygen is drawn with its two 
outermost spin-paired electrons in the full 2p shell. One of these electrons can be ejected when the 
quartz is irradiated, but the free electron is likely to return to its former partner. Impurities in quartz can 
trap the ejected electron as shown in Figure 2.2b. An aluminium ion replaces one silicon ion and to keep 
it electrical neutral a proton will be in the vicinity. The electron can be trapped by the proton what forms 
atomic hydrogen. Now, the unpaired electron in the oxygen shell acts as a color center by absorbing 
visible light and transforms the transparent quartz in dark ‘smoky quartz’. When the ‘smoky quartz’ is 
heated (up to 4000C) the electron is released, returns to the unpaired electron around the oxygen and the 
color center is removed. It depends on the material, what temperature is needed to reach the threshold to 
release the trapped electron. Materials can recover while illuminated with sunlight or even in the dark at 
room temperature some color centers will be removed. Self-darkening sun glasses are made from a 
material that produces color centers while irradiated with UV light and recovers in the dark. 
 

 
Figure 2.2: The schematic structure of (a) normal quartz and (b) quartz with an aluminum impurity 
where an electron is ejected by means of radiation and trapped by the proton. 
 

2.2.2 UV COLOR CENTERS 

In high purity fused silica a negligible amount of color centers in the range of visible light is present, since 
there are almost no metallic impurities. Silica is colorless and the high band gap of 9eV makes it even 
transparent to ultraviolet light. UV light can get absorbed when the combined energy of two photons is 
above the threshold of 9eV. A two-photon process can than cause defects in the material. Together with 
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impurities, these formed defects act as absorbing centers of photons with matching energy. This 
matching energy can be outside the visible region, but are still refered to as color centers.  
 

Table 2.1: Four types of color centers in the DUV region.[8] 

No Center Structure Peak 
(eV) 

FWHM 
(eV) 

σmax 
(10-18 cm2) 

1a 
1b 

NBOHC ≡Si-O● 4.8 
6.8 

1.07 
1.76 

5.3 
3.2 

2 E’-center ≡Si● 5.8 0.8 25 
3 ODC ≡Si-Si≡ 7.6 0.5 75 
4 Hydroxyl group ≡Si-O-H >8 not known 0.35@7.9eV 

 
Four color centers that appear in silica in the UV region of 200nm are introduced in Table 2.1 and their 
cross section versus the band gap energy are plotted in Figure 2.3. The three vertical lines in this figure 
indicate the photon energy of the most used lasers in lithography. These are the KrF- and ArF-excimer 
laser and F2-laser of which the ArF laser is the most important in this thesis. The abbreviation NBOHC in 
Table 2.1 stands for Non Bridging Oxygen Hole Center and represents a hole trapped on an oxygen 
atom in the silica lattice. This unpaired electron has absorption bands peaking at 4.8eV and 6.8eV. The 
second color center is the E’-center, which is an under-coordinated silicon atom. The dangling bond of 
the silicon atom has an absorption band with a peak at 5.8eV. Both these centers are comparable with 
the previously described hole color centers. When the silica is not stoichimetric a so called Oxygen 
Deficient Center (ODC) can be present. Two silicon atoms are bonded with each other, without an 
oxygen atom in between. The two involved bonding electrons have an excited state at 7.6eV. The last 
color center from Table 2.1 is an oxygen atom bonded to silicon and hydrogen. The formed hydroxyl 
group has a large band gap with a peak above 8eV. 

 
 

2.2.3 CREATION 

Around 193nm (=6.4eV), two defects play a significant role as absorbing center in silica. Only the peaks 
of the E’-center and NBOHC are close enough to the vertical line in the middle of Figure 2.3, indicating 
the energy of an ArF laser. The E'-center has a cross section of approximately 8*10-18 cm2 compared to a 
much smaller cross section of the NBOHC of 0.5*10-18 cm2. The processes responsible for the creation of 
both centers are not fully understood and depend strongly on defect and impurity concentrations in the 
silica. It is undisputed that UV laser pulses induce a transient and permanent defect in the silica network. 

 
Figure 2.3: The absorption cross section[8] of four color centers introduced in Table 2.1. The 
energy of three widely used excimer lasers are indicated with vertical dotted lines. 
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The permanent effect is a slow generation process of E’-centers and NBOHC’s what happens via a non-
radiative decay of excitons produced by two-photon absorption. A released exciton with an energy above 
9eV[9] can break a Si-O bond and forms both color centers 
  
 ≡Si-O-Si≡ → ≡Si● + ≡Si-O●. 2.1 
 
In this formula ‘≡’ indicates three Si-O bonds and ‘●’ is an unpaired electron. Another permanent photo 
induced reaction from the silica network creates an ODC and requires the energy of two photons 
 
 ≡Si-O-Si≡ → ≡Si-Si≡ + ½ O2. 2.2 
 
These formed ODC’s can be dissociated into two E’-centers 
 
 ≡Si-Si≡ → 2 ≡Si●. 2.3 
 
These two-photon reactions (2.1-2.3) are responsible for a slow but permanent reduction of the 
absorption in pure silica[10]. To increase the laser durability of the silica, the products of these one way 
reactions should be removed. Therefore lenses used for lithography are impregnated with hydrogen by 
heating it to a few 1000C in a hydrogen rich environment. A few ppm of hydrogen is captured in the bulk 
of the silica as molecular hydrogen but also as hydroxyl groups or by forming other bonds. Besides the 
hydrogen decreases the concentration of strained bonds, what lessens the reaction rate of all the above 
reactions. The second advantage of the hydrogen is that it reacts with the formed color centers 
 
 ≡Si● + H2 → ≡Si-H + H●, 2.4 
 
 ≡Si-O● + H2 → ≡Si-O-H + H●. 2.5 
 
This recovery process changes the color centers in products that do not absorb light in the 193nm region. 
After terminating the exposure, reactions 2.4 and 2.5 can recover the initial absorption coefficient of the 
silica. When the exposure is continued, the hydrogen is removed from the SiH and SiOH by the reverse 
reaction of 2.4 and 2.5: 
 
 ≡Si-H → ≡Si● + H●, 2.6 
 
 ≡Si-OH →≡Si-O● + H●. 2.7 
 
SiOH is hardly photolyzed, because it has no absorption at 6.4eV (one ArF laser photon) and a very low 
absorption below 12.8eV. To reach this latter energy two photons are required and together with the low 
absorption cross section this makes reaction 2.7 very unlikely to happen. The dissociation of SiH is 
energetically favourable and is dominated by a one photon reaction[11] at low intensities. The reaction 
gets two photon dominated at higher intensities because the rate depends on the intensity squared for 
two photon reactions. In lithography the exposure intensity is kept low to assure a long lifetime and with a 
one photon reaction the SiH bond gets broken and the SiH is dissociated in an E'-center and atomic 
hydrogen. The atomic hydrogen that is produced reacts quickly to molecular hydrogen or is captured 
elsewhere in the network. Figure 2.4 gives an overview of all the described reactions that lead to the 
formation of E'-centers and NBOHC. On the left side is the permanent effect, which creates the color 
centers from the silica network by exposure with an ArF excimer laser. On the right hand side are two, 
two way reactions. The point of equilibrium of these reactions depends on the laser intensity (ArF) and 
the concentration of hydrogen (H2). 
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Figure 2.4: The reactions involved in the creation process of the two absorbing bands close to the 
wavelength of the ArF laser. 
 
The reactions starting with the silica network (≡Si-O-Si≡) have a low cross section, what means the 
formation of the three color centers (E’-center, NBOHC and ODC) happens slowly. The induced ODC’s 
are further dissociated into E’-centers. The E’-centers and NBOHC’s react with hydrogen to form SiH and 
SiOH. SiH’s are dissociated into E’-centers and hydrogen atoms again by irradiation, presumably via a 
one-photon reaction. On the other hand, SiOH’s are hardly photolyzed[3], because of the high band gap 
and low cross section. On a short time scale, absorption changes are merely influenced by the two way 
reaction with SiH  
 
 ≡Si● + ½ H2 ↔ ≡Si-H. 2.8 
 

2.3 CONTAMINATION 
Besides absorption in the bulk, the UV light can also get absorbed at the surface by contaminants. Small 
particles surrounding the lenses can form a layer on the surface of lenses. This contamination can either 
be stimulated by light or attach to the surface in the dark between exposures.  
In low concentrations, hydrocarbons are present close to the lens surface. During the absence of 
radiation, a layer of these contaminants attach to the surface of the lens. Hydrocarbons absorb UV light 
and the transmission of the lens is reduced. When the conditions are right (e.g. enough oxygen), 
irradiation can increase the transmission by removing the contaminants from the surface. Another 
possibility is the formation of carbon on the surface. This is stimulated by UV exposure and can only be 
removed by further irradiation and the presence of oxygen to produce the gas carbon oxide. Without the 
purging of oxygen, this contamination is considered irreversible. A schematic drawing of this process is in 
Figure 2.5 and is based on 157nm radiation. 
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Figure 2.6: A model that explains contamination growth and its removal with while exposed. The 
formation of carbon also is a possibility. 
 
Another type of contamination is with sulphur and phosphorus. These particles are photo induced 
deposited from the gas phase. This process is very slow and only measured after Giga laser shots and is 
also irreversible. 
The production of contaminants on the lens surfaces is considered uniform over the exposed area and is 
minimized by purging the lenses with ultra clean air or nitrogen. 

2.4 INDEX OF REFRACTION 
One of the most important material properties of a lens is the index of refraction. A change of this number 
influences the angels of the light after the lens and influences the point of focus. When the index is 
altered to much, no (sharp) image can be projected on the wafer. The index of refraction has an effect on 
the shape of the intensity profile of the slit too. With a ray-trace program, a calculation is done to see this 
effect. The results are briefly discussed in chapter 4.  
There are three parameters involved in the change of the index of refraction: temperature, compaction 
and the transmission coefficient. These three parameters are described below and have all the potential 
to influence the slit uniformity as will be shown in chapter 4. 
 

2.4.1 TEMPERATURE 

The index of refraction depends on the temperature of the material. For fused silica at room temperature 
this is about 10-5 K-1. Temperature causes small deformation of the lens elements and is therefore 
monitored and kept within a temperature band of 100mK. The effect of a temperature change of lenses 
on the refractive index is less then 10-6. 

2.4.2 COMPACTION 

Exposure of fused silica with UV light can break or weaken molecular bonds with a two-photon process. 
This permits a structural rearrangement that could result in a higher density[12] and change the refractive 
index[13]. This so called compaction is an irreversible change of the material property and depends 
exponentially on the square of the exposure intensity and is typically in the order of 10ppm (10-5). 
 

2.4.3 KRAMERS-KRONIG RELATION 

When silica is irradiated, the absorption coefficient α changes and according to the Kramers-Kronig 
relation[14] 
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the refraction index n changes as well. The other used symbols are ω for the frequency and c for the 
speed of light. With this relation, it is possible to calculate the index of refraction when the total emission 
spectrum is known. In that case, the integral over all frequencies form zero to infinity should be taken. 
When a small absorption band is induced in the medium, the integral has a practical use. The integral 
drops to zero quickly when moving away from the frequency of the absorption band. When the absorption 
is taken Gaussian as introduced in Table 2.1 and a concentration of 1021 cm-3 the change of refraction 
index is approximately 10-8 as derived in Appendix A. 
 

2.5 CONCLUSIONS ON SILICA 
Several processes in silica are discussed that influence light travelling through this material. The index of 
refraction has a impact on the refraction of a light beam, but it was shown that this figure changes only a 
few ppm under the investigated usage. The other two processes have a impact on the intensity of the 
light. This is firstly the contamination at the surface of lenses. This is identified as either an irreversible 
process or a fast process upon first irradiation. The process of main interest turned out to be the 
formation of absorbing centers in the silica. This reversible process creates E’-centers that absorb light in 
the UV region and recovers at room temperature to let the absorption coefficient reach its initial value. 
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3 DATA ACQUISITION 
To investigate the time constant and the amplitude of the uniformity drift, measurements are done on a 
test rig. This chapter describes the test rig, on which most measurements are done in the first paragraph. 
The second paragraph describes the measurements and explains what choices are made. The third 
paragraph is about the results. The results focus on three aspects; the position, the intensity and the 
pupil dependency of transmission drift. Then, this transmission drift is linked to the uniformity and this 
paragraph ends with a comparison between the different results. The last paragraph of this chapter is 
about measurements on other machines that showed quite different results. 
  

3.1 EXPERIMENTAL SETUP 
All lens elements (except the ones in the projection lens) are in the illuminator, what makes this the most 
important part of the wafer scanner for this thesis.  
The illuminator was briefly explained in paragraph 1.4, where the separated parts are named and 
described. The layout of the lenses in an illuminator is schematically drawn in Figure 3.1. These lenses 
are made from either silica or calcium fluoride. The most critical lenses are the ones with the highest 
exposure density and are produced from calcium fluoride. Reasons for this are named in the beginning of 
chapter 2 and are summarized with degradation resistance and costs. 
 

 
Figure 3.1: A model of the lenses in an illuminator with a few light beams. 
 
Normally, the reticle is exposed with an elongated beam of UV light (the slit) that scans the reticle (by 
moving the reticle). Instead of a reticle, a UV sensor is positioned in the slit when measurements are 
done. This spot sensor can move with the reticle stage to measure the intensity in the whole slit. For 
complete wafer scanners (that includes a projection lens, positioned below the reticle) this spot sensor is 
placed on the wafer stage. Since the projection lens reduces the size of an image, the slit at wafer level is 
smaller than at reticle level. To compare both measurements, the coordinates are always expressed in 
wafer size. 
A second sensor is placed behind the mirror that is between the zoom and the axicon (see Figure 1.7) 
and receives a small percentage of the reflected light. This is the energy sensor and has a fixed position 
that measures the average intensity at the mirror. 
The change of transmission of the elements between both sensors is measured with the ratio of the spot 
sensor and the energy sensor. This way, uniform aberrations of the intensity before the energy sensor, 



 

Master’s thesis of Erwin Engelaar 
 

Transient degradation of silica lenses 
irradiated by UV light  

 

 
 

17

like laser fluctuations, are left out. The energy sensor is calibrated relative to the spot sensor what makes 
a measurement always relative to this calibration. No information about absolute transmission is obtained 
this way; only the drift of transmission is measured. 
The UV light enters the illuminator via a couple of mirrors in the bottom part of the illuminator. This laser 
is an argon fluoride eximer laser with a pulse frequency of 4kHz and an average power of 40W. The 
wavelength of the photons from this laser is 193nm what corresponds to an energy of 6.4eV.  
 

3.2 MEASUREMENT QUEUE 
The intensity of the exposure beam is measured at two different positions at the same time, with the 
energy sensor and the spot sensor. The ratio of both sensors can be measured for different positions of 
the spot sensor that is either on reticle or wafer stage. A full scan of the slit results in an intensity profile 
like Figure 3.2.  
 

 
Figure 3.2: The intensity profile of the entire slit at reticle level, but scaled to the size of wafer 
level (a factor 1/4 magnification takes place in the projection lens). 
 
This intensity is measured at 31 x 21 points at an area that corresponds to 26 x 7 mm2 on wafer level. 
The goal of the measurements is to indicate a change of absorption in the lenses after exposure and its 
recovery. This is done with a queue that is defined to control the machine and make it do actions like 
positioning the spot sensor, collecting data or firing the laser. A queue consists of individual (standard) 
tests that are put in the required order. A typical queue used for this research consists of three different 
elements: 

• fire laser pulses through the system (laser) 
• wait for a period of time (idle) 
• acquire data from both sensors (measurement) 
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Pulses are fired with a 4kHz ArF excimer laser which illuminates all the lenses at 193nm. Parameters that 
can influence the transmission drift, like the intensity (distribution) and frequency, are varied in this step 
of the queue. Throughout this paper, the intensity is seen as the average intensity per unit of time. This is 
measured by the spot sensor and is expressed in J/m2. The dose is the total power that reaches a lens 
element or the wafer for example. This is the intensity integrated over the time, but mostly simply 
multiplied because the intensity is kept constant during a queue. While the lenses are exposed the spot 
sensor is positioned out of the slit to avoid hysteresis of the sensor. This means that no data is acquired 
while exposing the lenses.  
For the lenses to recover the laser remains switched off for a certain time. The length of this idle time is 
typically a few hours.  
The third different element in a queue is the measurement, where both sensors collect data and send it to 
the computer. The spot sensor steps through the slit and measures the average intensity of a few 
hundred pulses at every position it stops. The path of the spot sensor meanders through the slit as 
schematically drawn in Figure 3.3. When the spot sensor is at a black spot in this figure, it stops while a 
few hundred pulses are fired. The number of positions the spot sensor stops and the path it follows are 

defined by the user. 
 
Each measurement affects its outcome, because the laser is used to both measure and adapt the 
transmission. Three parameters are adapted to minimize the load on the lenses during measurement: 

• the number of measurements 
• the number of measurement points 
• the position of the ReMa blades  

 
When the rate of the transmission drift is roughly known, the measurement frequency can be adapted to 
it. When the drift has an exponential form, it can be decided to measure more often at the beginning than 
at the end. 
The number of points measured can be reduced by only measuring the middle line of Figure 3.3 and do 
not measure 31 points but for instance 5 per line. This will reduce the accuracy, but decreases the 
influence of the measurements drastically. 
The last option is to put the ReMa blades to a spot that precisely falls on the spot sensor. The ReMa 
blades are able to follow the spot sensor when it moves and this way the lenses after the ReMa blades 
have a minimal amount of load. This does not have any impact on the accuracy and reduces the load 
significantly. 
 

 
Figure 3.3: The spot sensor meanders through the slit, while measuring the intensity. The number 
of points and the range can be varied. 
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3.3 RESULTS 
A test queue is used to measure the transmission while many pulses are fired or during long time 
intervals. This change of transmission is measured at different positions in the slit (paragraph 3.3.1) with 
a lower overall intensity (paragraph 3.3.2) and finally the angle distribution is varied (paragraph 3.3.3). All 
these measurements are done on a test rig with the spot sensor moving at reticle level. The next 
paragraph deals with the recovery for as far as that can be measured reliable. In paragraph 3.3.5, the 
measurements are translated to the uniformity drift and the last paragraph discusses the results and 
compares them. 
 

3.3.1 POSITION 

Uniformity drift means a change of light intensity in the slit at reticle or wafer level that varies over the x 
position. In this experiment the ratio is measured at several positions in the slit, while many pulses are 
fired. This way the transmission drift is measured as a function of the number of pulses at several 
positions in the slit. A queue that is run on a 1700 test rig measures the ratio with the spot sensor at 
reticle level and the fixed energy sensor. During the measurement the spot sensor meanders through the 
slit and measures at 51 x 21 points in an area of 26 x 5 mm2. Every 50 thousand pulses the average 
intensity of 100 pulses is measured at every point in the defined grid. The ratio of the energy sensor and 
the spot sensor is calculated at all these positions and then the average in the y direction is taken for 
corresponding x positions. For the left half of the slit, these results are shown in Figure 3.4. The ratio of 
each position is normalized to the first measurement at that position, what makes all the graphs start at 1 
per definition. The lines are only a connection between the measurement points to clearly show the drift 
at various points in the slit in one graph. The results are roughly same for the other half of the slit, as can 
be expected from symmetry, but does not benefit to the clearness of the figure and are left out.  
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Figure 3.4: The intensity at reticle level during the firing of 2 million pulses. The lines from up to 
down correspond to measurement point from left to the center of the slit as indicated by the 
legend. 
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The graphs in Figure 3.4 show a decrease of transmission as function of laser pulses, what is probably 
caused by an increased absorption coefficient of the silica lenses. The drift is about 0.9% for the center 
compared to 0.5% for the edge of the slit. This shows that transmission drift is not equal over the x 
position of the slit. A result of this is a drift in the slit uniformity, but is explained in more detail in 
paragraph 3.3.5. The measurements show some scattered peaks, but what is remarkable is that these 
peaks are the same at all positions. Each of these results is an average of 100 pulses at 51 positions in 
the y direction and is measured with by meander through the slit. Taking this into account, an explanation 
of the peaks can't be the accuracy of the measurements. The peaks are probably caused by the 
calibration that is automatically performed between every measurement.  
 

3.3.2 INTENSITY 

The exposure intensity can be adapted with a variable attenuator which is a tuneable grey filter located 
just after the position where the laser enters the illuminator. To check the dependency of intensity on the 
transmission drift, this variable attenuator is used. Two comparable queues are run during two 
successive nights, one with the variable attenuator set to 100% and the second with only 50% 
transmission. Every lens is irradiated with approximately half the intensity during the second queue, what 
results in the plots in Figure 3.6 and can be compared with the results in Figure 3.5. The lines between 
the measured points in Figure 3.6 are a guide to the eye to notice the difference between the measured 
positions. 

 
These two queues are different compared to the one from the previous paragraph. More measurements 
are taken in the beginning, because the drift is faster here. At the start every 100 thousand pulses, five 
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Figure 3.5: The relative change in ratio of the spot sensor and energy sensor during 35 million laser 
pulses the normal intensity. 
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points in the slit are measured, compared to every 1 million pulses at the end. This time the number of 
measured points is drastically reduced to minimize the effect on the outcome. During a measurement five 
points evenly distributed over one line in the x-direction are measured. This line is halfway the y-direction 
of the slit, like the middle line in Figure 3.3 from left to right. Every point measures the average ratio of a 
thousand pulses to get an accurate result. To improve the results the points of measurement are 
averaged with the one that lies symmetric on the other side of the center. The two outermost 
measurement points are averaged (edge) and the two points between the center and both edges are 
averaged too (half-way).  
The queue with a 100% transmission of the variable attenuator shows a decrease of the ratio of 1.5% at 
the edge of the slit and 2.2% at the center. The second queue seems to have an amplitude of 
approximately 0.4% and 0.6% for the edge and the center of the slit respectively. As a result, the slit 
uniformity is changed about 0.35% for the first queue and 0.05% for the second queue, but that will be 
discussed in paragraph 3.3.5. The rate of the drift in the second queue is lower and it looks like it is still 
drifting after 35 million pulses. The intensity has an impact on the rate of the drift and probably on the 
amplitude too. The accuracy of the 50% measurement looks much worse. In fact it is only a factor two 
worse, caused by the lower exposure intensity of the sensors. Relative to the drift, this error is larger 
because the drift is smaller with the 50% measurement. Every fifth point in Figure 3.5 lies about 1% 
below the general trend and this has something to do with the way the measurements are done. This is 
done in clusters of five and every first measurement of these five has a lower reading. This is again 
blamed on the automatic calibration, but is not clearly understood. These points are left out at further 
discussions, because they are not part of the general observed trend in transmission drift. 
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Figure 3.6: The change of ratio under the same conditions as the previous figure but at half the 
intensity. 

3.3.3 PUPIL SHAPE 

From the previous paragraph it is concluded that the intensity influences the transmission drift. This 
means that the light distribution over each affects the drift. The intensity distribution of the pupil changes 
when the angle distribution is changed. Three different angular distributions are measured; conventional, 
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annular and dipole X. The pupils of these settings are schematically drawn in Figure 3.7, with from left to 
right the conventional, annular and dipole X settings. A conventional pupil is introduced in paragraph 1.3 
as a decreased coherence bundle. A cone of light falls on every position in the slit and the pupil has a 
circular shape. The annular setting is about the same, but has no light in the center. The axicon is used 
to shift the light from the center radially to the edge. The third pupil setting is the dipole X and is formed 
with the PDE and radially shifted by the axicon. The last two and especially the last one increase the 
contrast compared to a conventional setting and are widely used to expose wafers.  
 

 
Figure 3.7: The three used pupil settings are a) conventional, b) annular and c) dipole X. 
 
A different pupil shape changes the intensity distribution, especially of the lenses near the pupil plane 
and influences the transmission drift during exposure. 
In this experiment, the intensity is measured at five positions in the slit every million laser pulses. An 
average of a thousand pulses is measured at each position and again the points symmetric to the center 
are averaged. The measurement is done during 50 million pulses for each of the three pupil shapes, 
separated by twenty hours ‘idle’ time. The measurement is started with an annular setting followed by the 
conventional mode and the last one was dipole X as depicted in Figure 3.8. For the readability of the 
graphs, the measured points are connected with a line. The annular setting shows a drift of 1.7% and 
1.4% at the center and the edge respectively. After 20 hours a comparable queue is run with a 
conventional pupil, for which the transmission drift is 1.7% for the center 1.3% at the edge. This is all 
relative to the starting point of the annular measurement. Finally the dipole setting shows a larger 
amplitude of 1.9% for both the edge and the center of the slit. When looking at the uniformity both the 
annular and conventional pupil have a drift of 0.2%, while the dipole has almost no uniformity change, but 
this will be discussed in paragraph 3.3.5. The transmission is not fully recovered in 20 hours after an 
exposure, as can be concluded from Figure 3.8. Since the whole measurement is normalized to the 
starting point, it is important to know whether this is in a relaxed state.  
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Figure 3.8: The ratio plotted versus the number of pulses on the horizontal axis at different 
positions in the slit. 
 
 

3.3.4 RECOVERY 

In the previous paragraphs it was shown that the transmission of silica lenses decreases when exposed 
with UV light. This is a transient effect and should recover during idle time. The recovery is measured 
after some of the exposure queues, but is not investigated thoroughly. It is expected that the 
measurements during idle time have a major impact on the recovery. Especially the first pulses in a 
queue produce a large transmission loss as was seen in all the previous paragraphs of this chapter.  
The recovery between the different pupil measurements is already shown in Figure 3.8 but is plotted 
versus the time in the next figure. In this figure (Figure 3.9), the recovery after the annular and 
conventional pupil is measured every 2 hours. To measure the transmission at five positions in the slit, a 
total of 5000 pulses is fired.  
Even after 20 hours, the recovery is not completed, what is caused by a slow recovery rate. This means 
that the measurements of the conventional and dipole X pupils are not started with a fully recovered 
system. Whether all the other queues are started on a relaxed system can be doubted when the recovery 
is this slowly. 
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Figure 3.9: The recovery at different interval measurements. 
 

3.3.5 UNIFORMITY 

The transmission drift has an impact on the slit uniformity (defined in equation 1.5), when the change of 
transmission depends on the position in the slit. This is the case in most of the measurements shown in 
the previous sections. This paragraph deals with the uniformity drift in the measurements, what is already 
briefly mentioned above. 
First it should be said that the uniformity drift depends on the starting profile of the slit. No matter what 
the profile looks like, the intensity loss is always larger in the center compared to the edge. The effect this 
has on the slit uniformity depends on the intensity distribution of the slit before the irradiation. Three 
simple cases are drawn in Figure 3.10 to visually support the impact on the uniformity.  
 

Figure 3.10: A change of transmission can either improve the slit uniformity (right) or make it 
worse as indicated with the left two examples. 
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More complex profiles can for instance first increase the slit uniformity and then decrease it or have no 
influence at all. The profile of the intensity of the slit is caused by absorption, but mainly reflection at and 
aberrations of the lenses. This profile is optimized before exposure with a variable gray filter (unicom) as 
explained in paragraph 1.3 and that's why the intensity is normalized at the start of each measurement. 
This way, the slit uniformity is set to zero and focuses only on the changes of the intensities compared to 
this situation. This situation is expected to be the same as when the unicom was calibrated. The relative 
slit uniformity changes are plotted and described below. This slit uniformity is calculated with the ratio of 
the spot sensor and the energy sensor at the edge (Re) and the center (Rc) 
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ec
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This definition corresponds to the one in equation 1.5 as long as the fastest drift is in the center and the 
slowest is at the edge. For the measurement from paragraph 3.3.1 this restriction is fulfilled and its slit 
uniformity is plotted in the next figure. 
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Figure 3.11: A plot of the slit uniformity during the first 2 million pulses caused by a non uniform 
change of ratio. 
 
The uniformity drift is almost 0.20% for this setting. The next measurements are done with two different 
intensities, what affects the amplitude of the transmission drift as depicted in paragraph 3.3.2. The 
influence on the uniformity drift is 0.35% with the maximum intensity and 0.05% with half this intensity as 
can be seen in Figure 3.12.  
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Figure 3.12: The slit uniformity of a test rig with a conventional pupil during 35 million pulses with 
the variable attenuator at 100% and 50% transmission. 
 
The queue from paragraph 3.3.3 measures three different pupils which show different uniformity drifts as 
can be seen in Figure 3.13. The first 50 million pulses are fired in annular mode. It is remarkable how fast 
the maximum uniformity change of 0.14% is reached. After 20 hours of idle time, the uniformity drift drops 
to below 0.05% when the next 50 million pulses get fired with a conventional pupil. Again, the saturation 
value of the uniformity is reached after only 15 million shots. The uniformity drift of the conventional pupil 
is a little higher then the annular pupil with 0.17%. The next 20 hours, the uniformity relaxes to 0.05% 
again. In dipole mode, the uniformity drops even further to almost 0%. While the transmission drift was 
higher compared to the other pupils, the uniformity drift is lower for the dipole X setting. 
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Figure 3.13: The uniformity during the exposure and recovery of an annular, conventional and 
dipole x pupil. 
 

3.3.6 DISCUSSION OF THE RESULTS 

Three different queues are discussed in the previous paragraphs with a variable intensity and pupil 
shape. The first queue is described in paragraph 3.3.1 and uses relatively many pulses to measure the 
intensity compared to the number of fired pulses. Every 50 thousand pulses more than 100 thousand 
pulses are fired to measure all the points in the grid. If this is taken into consideration, the graph in Figure 
3.4 is comparable to the 100% measurement of paragraph 3.3.2, which measures with much fewer 
pulses. The next measurement queue describes three different pupils, including the same conventional 
setting as before. In the beginning, the drift is faster of this queue compared to the previous ones. This 
can be explained by the intensity of the laser. The intensity is defined as the average frequency times the 
average pulse intensity and is lower when more measurements are done. It takes time to move the spot 
sensor and start the measurements, what results in a lower average frequency in the beginning of the 
queue from paragraph 3.3.2 compared to the measurement in paragraph 3.3.3. The first one fires an 
average of 60 thousand pulses per minute compared to 90 thousand pulses per minute for the latter. 
After a few million pulses the frequency of the first queue is increased what results in a comparable 
number of pulses to reach saturation. The amplitude is slightly different between these two queues, while 
the pulse frequency is the same at the end. A possible explanation for this is the starting point of the 
measurements. When this is close after another queue, the transmission has already drifted before it was 
normalized and that has an impact on the amplitude of the drift that is seen during the measurements. 
The difference in amplitude of the two queues in paragraph 3.3.2 is not possible to tell. The second 
queue is finished before the drift is completed and the accuracy makes it impossible to produce a 
descent fit. The conclusion that can be made from these two measurements is that the intensity of the 
exposure has an impact in both the rate and amplitude of the transmission drift. 
The different pupils that are measured show all a difference in the amplitude of the transmission drift and 
of the uniformity drift. The most transmission drift is observed with a dipole x setting what can be 
explained by a higher intensity. The same power of the laser is traveling through smaller areas of the 
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lenses. To understand why the uniformity drift is the lowest for this pupil setting a closer look to the 
optical path is necessary and that will be done in the next two chapters. 
The queue from paragraph 3.3.3 shows the recovery of the intensity in an (almost) idle situation and is 
further described in paragraph 3.3.4. It is not possible to measure with a complete idle situation, but the 
frequency of the pulses (80 pulses per minute) during this idle situation is very low compared to the firing 
phase (90 thousand pulses per minute). The largest impact is the measurement itself. The five thousand 
pulses are fired within 7 seconds what is a frequency of 42 thousand pulses per minute. This increases 
the absorption during the measurement after a decrease during the long idle phase of two hours. This 
has a similar large effect on the transmission as in the beginning of queues. The slope is steepest at the 
start and explains the large impact a measurement has on an idle situation. 
Another conclusion from the queue is paragraph 3.3.4, is the importance of the pulses, prior to the 
measurement. The first measurements is normalized to 1, but tests that are run before the queue 
changes the absorption and this takes a few hours of perfect idle time to recover. This was not always 
possible in a production environment as ASML and makes it hard to compare different queues.  
The used sensors suffer from hysteresis what is the reason the spot sensor is not exposed during the 
firing phase. The energy sensor receives only a small amount of light and won’t suffer from hysteresis 
effects much. The first few thousand pulses the readout of the spot sensor will increase with a constant 
intensity of the UV light. This is compensated by taking the average of two points symmetrical to the 
center, but does still introduce a small error. The queue from paragraph 3.3.1 is the most reliable on this 
topic, because 100 thousand pulses are used to measure the transmission. The rest does suffer from this 
effect. 
 

3.4 MORE MEASUREMENTS 
All the measurements that are shown up till now are from a 1700 test rig. Measurements on other 
machines are done as well and are now briefly discussed. In the beginning of this research, 
measurements were performed on 1400 machines.  

 
These machines have a different layout (Figure 3.14) compared to the 1700 machines. An integrator rod 
that internally reflects the light a dozen times defines the field and mixes it completely. This makes the 
light bundle homogenous and uniformity drift prior to this rod is averaged over the slit inside the rod. The 
measured uniformity drift was much smaller on these machines compared to the previously described 
ones. The uniformity changed in the order of 0.05% but reproduction of the results was hard. Between 
every measurement, the energy sensor is recalibrated to the spot sensor and affects the measured 

 
Figure 3.14: The schematic layout of a 1400 illuminator with an integrator rod in the middle. 
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transmission drift. It does not influence the uniformity drift, because it is a correction that is uniform over 
the entire field. Because of the unawareness of this calibration, the measurements of the transmission 
drift made no sense at that time. When the measurements on the 1700 test rig started, the data of this 
correction factor was taken into consideration and compensated for. Previous measurements by other 
persons showed the transmission drift on a 1400 machine is comparable to the 1700. The uniformity 
measurements are reliable, what makes the conclusion that the 1400 machines have a lower drift in 
uniformity, because of the integrated rod that mixes the light. 
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4 SIMULATIONS 
Zemax is a commercially available program that can simulate an optical setup. An existing model of an 
illuminator is used to change glass parameters and identify the effects on the intensity profile of the slit. 
The absorption coefficient of the silica lenses is altered to investigate the total lens thickness. In the 
second paragraph the impact of the refractive index on the slit profile is described. 
 

4.1 OPTICAL PATH 
The UV light that is used to expose the wafer travels through many lens elements before reaching the 
wafer (see Figure 3.1). Most lenses have a (bi)convex shape, what results in a difference in passed 
centimetres of glass per position in the slit. Light travelling at the center of the lenses moves through the 
thickest part of them. At the edge, the lenses are thinner and the light travels through less glass. When 
the absorption coefficient of the lenses changes, a larger percentage of the light is absorbed in the center 
compared to the edge as follows from Beer’s law 
 
 L

inout eII α−= . 4.1 

 
The intensity after the optical element (Iout) is a function of the intensity before it (Iin), the absorption 
coefficient (α) and the thickness of the lens (L). 
In Zemax, a model that describes the optical path of the illuminator is used twice to determine the 
centimetres of glass that is passed for every position in the slit. First the simulation is run with a 100% 
transmission (α=0 cm-1) of the silica glass and after that with 50% transmission per 10 centimetres 
(α=0.07 cm-1). The transmission coefficient of the calcium fluoride lenses is not altered, since it is 
believed that this material has almost no degradation (paragraph 2.1). The intensity profile at reticle level 
is calculated for both transmissions. Two different intensities at the same position in the reticle make it 
possible to determine the length of silica glass passed (L), using Beer's law. The thickness of the glass 
passed through, depends on the position in the slit as can be seen from the results of the above-
described simulation in Figure 4.1. Left and right are averaged in this graph to reduce the error of the 
points and the line is a trend line to stress the behaviour of the calculated points. 
A change in the absorption coefficient of the silica lenses shows a different optical path from the edge of 
the slit to the center of 17%. This is believed to be the cause for a difference in transmission drift between 
the center and the edge. Besides this effect, the optical path can differ per pupil shape also. Light that 
originates from one point in a field plane recombines at the next field plane, for instance at the wafer. The 
optical path is the same for every ray of light that leaves a single point under any angle within NA. This is 
per definition the working of lenses, but is required for interference at wafer level also. Still, the amount of 
glass that a beam travels through can differ per angle. The physical path a beam with a large angle is 
longer compared to a beam through the center of the lens. To compensate this difference, outer beams 
travel through more glass and that is why the pupil has influence on the path length difference.  
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Figure 4.1: The calculated number of centimetres of glass the light travelled through to reach the 
slit versus the position in the slit for a conventional pupil. 
 
 
 

4.2 INDEX OF REFRACTION 
The index of refraction of the lens changes the angles after a lens element and has therefore an impact 
on the intensity profile of the slit. Besides an effect on the intensity profile it speaks for itself that it has 
consequences for the focus of an image. This is the reason that the change of refractive index is already 
minimized by material and design choice. The change of refraction is in the order of ppm as concluded in 
paragraph 2.4 and to have any impact on the uniformity it should have changes in the order of several 
percentages as can be seen in Figure 4.2. In this figure is the intensity profile of the slit, simulated at 
different refractive indices ranging from 1.55 to 1.70. Normally the refractive index of silica at 193nm is 
1.56 and this is varied a few percent to show the impact of this index on the slit profile. This result makes 
it unlikely that a change of refraction index of a few ppm will change the uniformity. 
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Figure 4.2: The intensity profile of the slit at reticle level as simulated with different indices of 
refraction. 
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5 MODEL  
So far, it is observed that the transmission of glass decreases when it is irradiated with UV light. Both the 
rate and the amplitude depend on the intensity of the laser, what is determined by the product of the 
frequency and the power. The optical path coupled to the transmission drift is an explanation for the 
observed uniformity drift. All this recovers during an idle situation of several hours. 
This chapter is about a model that describes and explains the results from chapter 3. The explanation for 
transmission drift is the formation of E’-centers with UV laser light and it's recovery by hydrogen diffusion. 
In the first paragraph, a link is made with an existing model about transmission correction, what is used 
for a description of a uniformity drift later in this chapter. 
 

5.1 THEORY 

The absorption coefficient (α) of silica is changed by the formation of E’-centers. It can be seen as a 
superposition of the absorption coefficient in the beginning and the absorption caused by the E’-centers, 
 
 ]'['0 EEσαα += . 5.1 
 
The absorption of the E’-centers is equal to the cross section σE multiplied by the density of E’-centers. 
With Beer's law (equation 4.1) the transmission can be written as function of this absorption coefficient, 
but is still not comparable to the measured ratio of the spot sensor and energy sensor. This is because 
light is lost in other processes besides absorption in the bulk too. These are for instance reflection at the 
surface of each lens and small aberrations of the lenses. The ratio is normalize to get rid of all these 
effects that are present prior to the first exposure, this includes the absorption coefficient α0. The ratio 
starts with 1 and decreases when the absorption coefficient increases because of the produced E'-
centers. The increase of absorption or the (decrease in transmission) is called the transient (T) and can 
be written as 
 
 LEeT E

LEE ]'[1 '
]'[' σσ ≈−= − . 5.2 

 
Where L is the thickness of the silica glass. This equation holds two simplifications compared to the real 
world and the first one is that it considers all the lenses together as one. The approximately 30 lenses 
with each their own thickness and exposed with all different intensity is treated as one single lens with a 
total thickness of L and one absorption coefficient. This absorption coefficient is zero in the beginning and 
changes as function of the E'-center concentration according to equation 5.2. The second simplification 
implies the linear approximation of the exponent. This simplification introduces a maximum error of 1.5% 
when the transient is 0.03. No higher transient is observed, what makes this simplification acceptable. 
The transient is now considered equal to 1 minus the measured ratio. 
 
The concentration of E’-centers is mainly determined by one reaction as described in paragraph 2.2.3 
 
 ≡Si● + ½ H2 ↔ ≡SiH. 5.3 
 
The equilibrium of this reaction depends on the concentration of hydrogen and the exposure intensity. 
The number of E’-centers can be calculated when both rates of the two-way reaction are known. 
 

 )](')[]([
2
1)]([]'[

2 tEtHkItSiH
dt
Ed

SiH −= σ  
5.4 

 
The creation of E’-centers depends on the concentration of SiH and its cross section as indicated by the 
first term on the right hand side of equation 5.4. This depends linearly on the intensity, because the 
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reaction is considered to be a one-photon reaction. The annihilation of the E’-centers (the second term in 
equation 5.4) happens via a reaction with molecular hydrogen. The rate of that reaction depends on the 
concentration of both hydrogen and E’-centers and the rate constant for this reaction (k). This constant is 
mainly determined by the diffusion rate of hydrogen in the silica network[15]. 
The differential equation 5.4 is hard to solve with that many variables which depend on the time. The SiH 
concentration is a function of time, but can be expressed in the E’-center concentration and the starting 
value of the SiH concentration. 
 
 )]('[)0]([)]([ tESiHtSiH −=  5.5 
 
Almost all the SiH changes into E’-centers and the number of E’-centers prior to the exposure is 
negligible. The same can be done with the concentration of hydrogen, this is mainly consumed during the 
annihilation of E’-centers or formed by the creation of E’-centers. Again the E’-center concentration is 
much smaller then the hydrogen concentration before irradiation. This results in: 
 
 )]('[2)0]([)]([ 22 tEHtH += . 5.6 
 
Using equation 5.5 and 5.6 with 5.4 results in 
 

 )(]'[)](')[0]([
2
1)]('[)0]([]'[ 2

2 tEktEHkItEISiH
dt
Ed

SiHSiH +−−= σσ . 
5.7 

 
This formula is almost in accordance with an empiric formula that is used to correct for transmission 
changes in silica lenses namely 
 

 CTBTIAI
dt
dT

−−= , 
5.8 
 

 
with A,B,C constants, I the intensity of the UV light in the lenses and T the transient as defined before. 
The intensity is considered to be constant in time, what means zero in an idle situation or larger then zero 
during irradiation. With the use of equation 5.2, equation 5.8 can be written in terms of the E’-
concentration to make it comparable to the derived equation 5.7. 
 

 ]'[]'[]'[

'

ECIEB
L

AI
dt
Ed

E

−−=
σ

, 
5.9 
 

 
The last term of equation 5.7 is not included in this formula and will be neglected from now on. This is 
justified when the concentration of hydrogen is much larger then the concentration of E’-centers, what is 
the case for silica lenses used for lithography[10].  
A comparison between equations 5.7 and 5.9 gives a physical meaning to the constants A, B, and C of 
the empiric formula. 
 
 )0]([' SiHLA SiHEσσ= , 5.10 
 
 SiHB σ= , 5.11 
 

 )0]([
2
1

2HkC = . 
5.12 

 
The transient can be described by the solution of 5.8 
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5.13 

 
for a constant intensity greater or equal to zero. When the intensity is zero (idle) the transmission 
recovers from a previous exposure. Then T0 is the starting transient and according to a exponent this will 
lower to zero and the transmission is back to the normalized value of one. When laser pulses are fired, 
the intensity I is larger then zero, what results in a increase in transmission. Starting in a normalized 
situation makes T0 equal to zero and the transient has an amplitude that depends on the intensity. The 
amplitude is linearly dependent of the centimetres of passed silica (L), what makes this formula 
dependent on the position in the slit, like will be explained later on.   
 

5.2 TRANSMISSION CORRECTION 
Within ASML a model exists to compensate the transmission drift based on measurements in the center 
of the slit. The empiric equation 5.8 is used to predict the intensity at wafer level after a certain number of 
pulses or during a relaxation time. Figure 5.1 shows both the calculated intensity (colored dots) and the 
measured ratio. By increasing the transparency of the variable attenuator the intensity is compensates 
according to the calculated transmission. This does not influence the uniformity, but keeps the intensity in 
the center constant. This is required to produce lines of the correct thickness as was explained with 
Figure 1.6. 
 

Figure 5.1: Black is the measured ratio and the colored points are a calculation of the model. The 
ratio is measured in the center of the slit. 
 
In contrary to the above explained model, the transmission model simulates the illuminator with more 
than one lens. About seven fictive lenses are simulated individually with equation 5.8 to describe the 
transmission of the total illuminator. A few lenses from the illuminator are taken with a matching average 
intensity and are simulated with one lens. This is done a few times until all the lenses in the illuminator 
are considered. This results in a more accurate model compared to just one lens  
Most of the actual drift is compensated for, but improvements can still be made. Now that the empiric 
formula is better understand, this might result in new ideas or even to better material requirements.  
 

5.3 UNIFORMITY CORRECTION 
When the drift of uniformity gets large enough or when the specifications become tighter a correction of 
the uniformity might be needed. Ideally, this correction is linked to the (well performing) transmission 
correction introduced in the previous paragraph. This can be linearly with the thickness of the lenses 
according to equation 5.2 or because of a difference in E’-center concentration. The latter can be caused 
by the means of exposure (pupil dependency) or because of the slit intensity profile. 
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5.3.1 THICKNESS 

The difference in passed centimetres of glass is about 17% between a point at the edge of the slit and in 
the center. This follows from the simulations in chapter 4 and probably depends on the pupil shape and 
off course the machine type, but in any case is a constant value for each exposure. In paragraph 5.1 is 
this thickness (L) theoretically introduced in a model that describes the transmission drift. The transient is 
a function of both time and position, but these parameters are separated. The time dependency is 
caused by the formation of E’-centers and the position dependency is caused by the lens thickness 
 
 )()]('[),( ' xLtExtT Eσ= , 5.14 

 
 
as described in detail in the rest of paragraph 5.1. 
It can be concluded from equation 5.14 that the ratio of two transients, measured synchronously, is 
constant in time.  
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The ratio of the transient at the edge and the center is equal to the ratio of the centimetres of passed 
glass for both positions. The ratio of these transients is plotted for various positions in Figure 5.2 for a 
conventional setting. The different colors indicate the distance from the center and are the average 
between the left and the right side of the center. It is hard to tell something about the uncertainty of this 
measurement, but two things can be concluded from this figure. The ratio is smaller at a position further 
away from the center and it has the tendency to stay constant during the exposure to laser pulses. This 
contributes to the expectation postulated in equation 5.15, that the plotted ratio is equal to the ratio of the 
optical path at the same position. 
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Figure 5.2: The ratio of the transient at various positions in the slit and the center of the slit after 
many laser pulses. 
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Next, the average of the ratios of the transients at each position is plotted versus the position in the slit. 
The result is in Figure 5.3 and has a parabolic shape like the result from the simulation from chapter 4. 
The ratio of the transients as plotted in Figure 5.3 drops 40%, what corresponds to 40% less glass at the 
edge compared to the center according to equation 5.15. The simulation shows that the ΔL is around 
17% for a conventional setting. This is a big difference what might be explained by a E’ concentration that 
varies over the lenses, a wrong calibration or normalization or this is a model that is to simplified. It is not 
clear what the case here is, but the positive things are: 

• the ratio of the transients of different positions is constant 
• this ratio varies like a parabola over the x position like the glass length does. 
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Figure 5.3: The ratio of the transient in a position x in the slit and at the center. 
 
Applying equation 5.15 to the other measurements, show a large error in the beginning like shown in 
Figure 5.4. The red curve is the ratio of the transient at the left edge of the slit where the measurement 
started. Before reaching a constant value it increases, but with a large error on top of it. This behaviour 
was not seen in the previous graph, which is measured with many more pulses (paragraph 3.3.1). The 
cause of this increasing behaviour is the hysteresis of the sensor. The first few thousand pulses that 
expose the spot sensor result in a too high reading, what makes the transient smaller. Only in the 
beginning of the queue, when the difference in the transient between the edge and center is small, this 
has a large impact. This explains both the larger error and the increase in ratio. The right hand side 
(measured last) does not show a clear increase, but does have a large error in the beginning as 
expected.  



 

Master’s thesis of Erwin Engelaar 
 

Transient degradation of silica lenses 
irradiated by UV light  

 

 
 
38 

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 5 10 15 20 25 30 35 40
pulses (million)

T(
ed

ge
)/T

(c
en

te
r)

Left
Right

Figure 5.4: The ratio of the transient on the edge and the center of a conventional setting during 
the first 40 million pulses. 
 
 
The thickness of the glass the light passes does not only depend on the position in the slit but on the 
used pupil too. A large conventional setting has the largest difference in thickness, while a dipole setting 
has only a minimal difference. This explains the different behaviour of uniformity drift with other pupils. 
The ratio of the transients at the edge and the center of the slit is plotted in Figure 5.5 for three pupil 
settings. This shows the relative difference between the various pupil settings. 
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Figure 5.5: The ratio of the transient with an annular, conventional and dipole X setting. 
 

5.3.2 INTENSITY 

The intensity has an effect on the concentration of created E’-centers. This can be concluded from both 
the measurements described in paragraph 3.3.2 and the theory as summarized in equation 5.13.  A 
higher intensity of UV light, causes more E’-centers and the rate of this creation is slightly higher too. The 
intensity difference inside the slit is maximal 3%, which causes a slightly different drift as concluded in 
paragraph 3.3.2. The low UV intensity differences and the homogeneity of the material makes it plausible 
that the concentration of E’-centers is homogenous over the lenses. This is the reason why a separation 
of position and time was done in the previous paragraph. 
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6 CONCLUSIONS AND RECOMMENDATIONS 
The transmission of silica lenses at 193nm while irradiated with a UV source of this wavelength is 
investigated. It is measured and explained that the transmission is reduced in a non permanent way. The 
transmission decreases exponentially, while irradiated with a pulsed laser with a constant frequency and 
energy per pulse. When the exposure stops or the intensity is lowered, the transmission recovers. This 
recovery is a slow process that takes several hours. An empiric formula was already in use to describe 
this transmission drift as measured in the center of the lenses. The form of this describing differential 
equation is explained with the formation of absorbing centers in the bulk of the silica lenses. 
The cause of the transmission drift is reasoned to be the formation and annihilation of absorbing centers 
in the bulk of silica. Contamination at the lens surfaces, the temperature of the lenses and the intensity 
profile are considered as sources of uniformity drift too. The effects of the latter two appeared to small 
and the contamination has a different time scale and is not reversible. 
The main absorbing center at the wavelength of 193nm is the E’-center. This is an under coordinated 
silicon atom of which the non-bonding electron absorbs light around 215nm. This absorbing peak in the 
UV region stretches beyond 193nm. The E’-center is a defect that is created directly from the silica 
network or from other defects in the material. The energy required for this creation can be provided by 
irradiation with an UV light source. To reduce this transmission drift, hydrogen is impregnated in the silica 
during production. The molecular hydrogen can attach to the free bond of the silicon atom what results in 
the annihilation of the absorbing center. These two reactions that create or annihilate E’-centers are 
normally in equilibrium. This equilibrium is shifted when the silica is irradiated with high energetic 
particles and causes a temporary decrease of transmission. The formation of E’-centers does not have a 
spatial preference, what results in a homogenous concentration of E’-centers when the material is 
uniformly exposed. 
In a column of lenses, it is observed that the transmission drift varies over the position in the image. This 
phenomenon is linked to the difference in optical path length per position. A homogenous increase of the 
absorption coefficient creates a non-uniform transmission drift over the image. The transmission drift is 
always higher in the center compared to the edge of the field. This difference was measured on a 1400 
machine to be typically 0.1% and about 0.7% for a 1700 ASML wafer scanner for a conventional pupil. 
Other pupil settings (annular or dipole) show a smaller uniformity drift. 
With a simulation of the lens column, the number of centimetres of passed silica for every position is 
determined and has a parabolic profile. Light that arrives at the edge of the image travels though 17% 
less glass compared to the center for a conventional pupil. Looking at the optical path and the 
measurements for different pupils, the path length difference is expected to be smaller for annular 
settings and the smallest for a dipole. The existing model of the illuminator in Zemax can be used to 
verify this and determine the optical path difference for all pupil shapes. 
The transmission drift in the center can already be predicted with a model. As a result of the presented 
research, the drift in the center can be used to predict the drift all over the slit. This can be done with a 
constant factor that was expected to be the ratio of the optical paths at the point of interest and the 
center. In practise is this factor more than two times higher than the optical path difference of 17%. This 
discrepancy is not explained in this thesis, but the focus is on the similarities between the two. The shape 
is the same (parabolic) and there is a pupil dependency in it for both the optical path difference and the 
uniformity drift.  
 
At the moment, the uniformity is calibrated after a heat up of the system by firing millions of laser pulses. 
This calibrated uniformity is corrected with a grey filter with a symmetric transmission profile (unicom). 
When the system is used in a 'cold' situation, the uniformity might be out of the specified range. This is 
'solved' by firing a few million pulses to reach equilibrium and get near the calibrated state. This work for 
the customers of ASML but takes a lot of valuable production time. 
The proposed calibration is a transmission calibration at two positions, that is one more compared to the 
current situation. This results in a constant ratio between both measured transients that depend on the 
used pupil shape. This factor should calibrate the calculated optical path length profile (done with a 
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Zemax model) for the corresponding pupil. This then predicts the transmission drift over the entire slit, 
what can be corrected with the unicom during the production of chips.  
A last remark is that the producers of silica glass for lithographic purpose are aware of the transmission 
drift during exposure and constantly improve their material to reduce this transient effects. So the final 
recommendation is to wait with a uniformity correction until it is a critical problem and then start 
implementing this correction mechanism.   
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A KRAMERS-KRONIG RELATION 
The complex refractive index says something about the interaction of an EM-wave with matter. This 
complex refractive index (ñ) has a real part, the normal refractive index (n) and an imaginary part which is 
the extinction coefficient (k): 
 
 iknn +=~ [18] A.1 
 
The two components the complex refractive index is defined by are firstly the refractive index what 
defines the speed of a wave and secondly the extinction coefficient determines the amplitude. This 
second term is related to the absorption coefficient (α): 
 

 
c
kωα 2

=  
A.2 

 
In this equation is ω is de frequency and c the speed of light in vacuum. 
The Kramers-Kronig relation relates the real and imaginary parts of any analytic function  
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When filling in the absorption coefficient in this equation, the previously given equation 2.9 is obtained. 
This is used to determine the impact of a small change in absorption coefficient at a specific frequency. 
The change in absorption coefficient in silica caused by E’-centers has a peak at 5.8 eV and a width of 
0.8eV. This induced absorption coefficient has a Gaussian profile defined at a peak of ωp=8.8*1015 rad/s 
and a sigma of 1.9*1014 rad/s. 
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The cross section of an E’-center (sE’) is 25*10-22 m2 and a typical E’-center concentration is 1021 m-3. The 
frequency at which the refractive index is calculated w0 is for a photon with a wavelength of 193nm (ArF 
laser) is 9.8*1015. With Maple this results with a change of refractive index of 6-8. 
 
> restart; 
> f_215:=8.7643*10^15: 
> f_193:=9.7650*10^15: 
> E:=10^21: 
> c:=3*10^8: 
> A:=25*10^(-22): 
> sigma:=1.9306*10^14: 
> g(x):=A*E*exp(-(f_215-x)^2/(2*sigma^2)): 
> plot(g(x),x=7*10^15..10*10^15); 
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> f(x):=c/(Pi*(f_193^2-x^2)): 
> plot(f(x),x=6*10^15..12*10^15): 
> n=int(f(x)*g(x),x=0..f_193-10^7)+int(f(x)*g(x),x=f_193+10^7..infinity); 
 
>                           n = 0.6481832898 10-8. 
 


