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Abstract 

In EUV optical elements microscopie imperfections ( defects) in multilayer coat
ings give rise to increased scatter and reduced integrated reflectivity. If however, 
the coating is in the object plane of an imaging system, the defects can be im
aged. This may give rise to undesirable dark spots in the image. In this study, 
experimental work is presented on characterization of the defect density and 
the nature of the defects in molybdenum/silicon-multilayer coatings produced 
by e-beam evaporation in combination with ion-beam smoothening of the inter
faces. To determine in which process steps defects are created, and how these 
defects can deliberately be avoided, several process parameters have been varied 
during single- and multilayer deposition and ion-polishing. The samples have 
been characterized by means of an optical partiele counter, electron microscopy 
with x-ray dispersive measurement and with an x-ray microscope. 

In the second part of the report, some aspects of multilayer theory are dis
cussed. Special interest is taken in the mathematica! foundation of several 
widely used quantities as RMS-roughness, power speetral density and correla
tion length. Also a method of calculating of the reflectivity of general layered 
structures is discussed. 
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Technology assessment 

For the production of faster integrated circuits (re) and high capacity RAM, 

features on the chip have to decrease in size. Currently the smallest feature 
is around 0.35 Jl.m. This is achieved using uv-Lithography. But to obtain a 
resolution of better then 0.1 Jl.m the resolving power of UV-opties is insufficient. 

The NA can, at the cost of a reduced depth of focus, be improved to some 
extend, but if a better resolution and also a higher depth of focus are required 
simultaneously, the only salution is to use shorter wavelengths. Shorter wave
length implies totally different opties. When the wavelength is shorter than 110 
nm, every material is absorbing. This absorption decreases again gradually to
wards shorter wavelengths, but at the same time index of refraction approaches 
a value close to 1. Normallenses become useless because of the high absorption 
and the small refraction. The only salution is the use of reflective opties. A sim
ple mirror that only consists of a single metal coating is not sufReient because 
of the low reflectivity. The salution is the use of multilayer mirrors. 

Localized defects in the multilayer mirrors will, in general, only produce 
noise in the form of scattered light. Defects in the reflection mask, however, 
can become printable. Defects in the absorbing pattem can be repaired by a 
focused ion beam or local e-beam induced deposition. Defects in the multilayer 
reflection mask blank can not be repaired and need to be avoided. In this 
report the preliminary research is shown that is needed to produce a defect free 
multilayer reflection mask blank, which is a key issue for extreme ultra violet 
lithography (EUVL). 
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Preface 

This report describes the traineeship that was performed at the FOM-Institute 
for Plasma Physics Rijnhuizen in Nieuwegein, between May 1997 and February 
1998. The traineeship was dorre as the final part of the Applied Physics course 
at the Eindhoven University of Technology. The work at FOM was dorre under 
the guidance of drs. E. Louis, in the Laser Plasma and xuv Opties group of dr 
F. Bijkerk. 

The experimentalpart of this report describes the work that was dorre during 
the traineeship. Part of this work was presented, as an oral presentation, at the 
NSMXT-conference in Portugal in October 1997. 

During the experiments, I started with the study of some aspects of multi
layer theory, especially on roughness and numerical simulations. Most theory 
has no direct conneetion to the experimental work, so it is presented as a sepa
rate part. 

Mark den Hartog. 
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Chapter 1 

Introduetion 

1.1 Motivation for EUV-Lithography 

For the production of faster integrated circuits (re) and high capacity RAM, 

features on the chip have to decrease in size. Currently the smallest feature is 
around 0.35 JJm. This is achieved using uv-Lithography. But to obtain a resolu
tion of better then 0.1 JJm the resolving power of uv-opties is insufficient. Even 
ideal opties are no solution, because of the Heisenberg uncertainty principle: 

(1.1) 

When a plane wave passes through a diaphragm with diameter b, the spatial 
coordinate parallel to the diaphragm is well defined (Llx = b). Equation (1.1) 
states that the uncertainty of the momenturn is: 

!i 
Llp >

x- 2b 
Llpx À 

=>--=-
p 41l'b 

(1.2) 

This means that two spots with angles that are smaller than 4;d are not 
resolvable. This equation holds for all particles that can be used in lithography 
systems, like photons, but also electrans and ions. 

In practical applications the properties of the optical system will limit the 
resolving power. In a real system point sourees will produce Bessellike patterns 
due to diffraction from apertures and optical elements. Two peaks can only be 
resolved if they are separated by [1): 

LlB > 1.22~ 
NA 

(1.3) 

where NA is the numerical aperture of the optical system. The NA can, at 
the cost of a reduced depth of focus, be improved to some extend, but if a 
better resolution and also a higher depth of focus are required simutaneously, 
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Figure 1.1: An example for the design of an EUVL-system: the Jewell design 

the only salution is to use shorter wavelengths. Shorter wavelength implies 
totally different opties. When the wavelength is shorter than 110 nm, every 
material is absorbing. This absorption decreases again gradually towards shorter 
wavelengths, but at the same time the refraction index approaches a value close 
to 1. Normal lenses become useless because of the high absorption and the 
small refraction. The only salution is the use of reflective opties. A simple 
mirror that only consists of a single metal coating is not sufticient because of 
the low reflectivity. The salution is the use of multilayer mirrors. 

A multilayer mirror consists of alternating layers of a reflecting material 
and a spaeer materiaL The high reflectivity is obtained by positive interference 
of the radiation reflected by the individual layers. The relation between the 
wavelength and angle is Bragg's law for positive interference: nÀ = 2d sin(!, 
where dis the thickness of one reflecting and one spaeer layer, (! is the angle of 
incidence with respect to the surface of the mirror. 

1.2 Optical setup for EUV-Lithography 

The purpose of a lithography system is to project a pattem onto a resist 
coated silicon waf er. After development of the resist, a mask for the next process 
step, anisotropic etching, remains. A lithography system can roughly be divided 
into: 

1. Souree 

2. Condensor 

3. Reileetion mask 

4. Optica! system 

5. Wafer stage 

For lithography systems in the EUV range, all these components have yet to 
be developed. 
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1.3 Motivation for this work 

For the EUVL-source, two main candidates exist; a laser plasma souree and 
a synchrotron souree [2]. A laser plasma souree is the most likely candidate, 
because it is easy to operate, produces incoherent radiation, has a low cost and 
has a "table top" size. The disadvantage is formed by the laser ablation of the 
target materiaL The debris that is formed can damage the optical components. 
Synchrotron sourees can, if built very compact, be useful in large plants, but 
are extremely expensive. 

The next step is the optica! system itself. The first major issue that limits 
the performance is the surface accuracy. To work within the diffraction limit, the 
surface accuracy must be below 0.2 nm. The second issue is throughput. The 
theoretica! maximal reflectivity of a Mo/Si mirror designed for a wavelength of 
13 nm at normal incidence, is approximately 74 %. This means that fora seven 
mirror system 12 % of the radiation reaches the wafer. This indicates that the 
number of mirrors that can be used must be as low as possible. It will also be 
necessary to have an exact match of d-spacing in all mirrors. A slight mismatch 
in d-spacing will result in a dramatic loss of reflection. It is also very difficult 
to get the 74 % reflection of the individual mirrors. To obtain this reflection, 
the RMS-roughness of the substrate and the interfaces must be below 0.3 nm. 

The last problem is defects in every component of the optica! system. In 
general these defects will produce noise in the form of scattered light. With 
careful selection of the resist, this can be overcome to a small extent. Defects 
in the reflection mask, however, will be imaged in the resist and therefore are 
intolerable. 

1.3 Motivation for this work 

A possible EUVL-multilayer reflection mask is outlined in figure 1.2 [3]. The 
reflection mask consists of a multilayer reflection coating, the mask blank, with 
an absorbing tungsten/carbon bilayer pattem on top. Opaque defects can be 
removed by removing the partiele or excess tungsten with a focused ion beam 
( FIB). To proteet the underlaying multilayer against the FIB, an extra carbon 
buffer layer is deposited before the tungsten layer is deposited. After removal of 
the tungsten the excess carbon can be removed with an oxygen plasma, without 
darnaging the multilayer structure. Clear defects can be repaired by e-beam 
induced local deposition of tungsten or another high Z-material. 

A major problem is formed by defects in the multilayer coating under the 
absorbing pattern, because these can not be removed. The current industrial 
demand is a printable defect density which is lower than 0.01 cm- 2 . This means 
at most, 1 or 2 defects, smaller than 40 nm on a 6" waf er [ 4]. 

Presently, the research that is clone in this field is mainly theoretica! with 
predictions of the effect of defects in an EUVL setup, but experimental work 
is limited. There are some defect densities measured with an optica! partiele 
counter [5, 6, 7], but no real investigation was clone to determine the best tooi 
for finding and characterizing localized multilayer defects. 

The purpose of the experiments described in this report was twofold. The 
first objective was to find and test tools for finding and characterizing defects. 
The second was to characterize the deposition process at the coating facility 
MUCO and to determine the operational circumstances, that result in the mini
mum number of defects. The objective was not to make a zero defect multilayer 
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blank, because that requests a dedicated coating facility in a class 1 or better 
cleanroom environment. 

6 

x-rays at near-normal 
incidence 
(À~ 13.5 nm) 

opaque defect 

clear defect 

/ high Z material (Mo) 

_________ low Z material (Si) 

d-spacing (-7 nm) 

------- thick substrate 

Figure 1.2: Outline of an imperfect reflection mask 



Chapter 2 

The multilayer coating 
facility MUCO 

2.1 General outlook 

quadrupele / 

substrate on 
rotating holder 

x-ray souree 

0 16 cm ion gun 

shutter 

quartz crystal 

multi-target 
holder 

Figure 2.1: Schematic overview of MUCO 

The Multilayer Coating facility MUCO is a coating facility that can be used 
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The multilayer coating facility MUCO 

to produce single or multilayer coatings (with individual thicknesses of,...., 10-9 -

10-6 m) . MUCO mainly consistsof two vacuum chambers with separate vacuum 
pumps. Both can be baked out to improve vacuum conditions. An operational 
pressure of ,...., 10-9 mbar for the upper chamber and ,...., 10-7 mbar for lower 
chamber, is routinely obtained. The lower chamber controls the evaporation of 
the coating material and in the upper chamber the actual coating takes place. 
The two chambers are separated by a pneumatic valve, so they can be pumped 
separately. 

MUCO uses electron-beam evaporation to vaporize material, which is de
posited on a substrate one meter above the source. The layer thickness is con
trolled by a quartz crystal ratemeter and an in-situ reflectometer. To ensure a 
high reflectivity of the multilayers, the roughness needs to be controlled. Some 
materials are self smoothening, like carbon, but other materials roughen. There 
are two main procedures that can reduce the roughness. The first is to increase 
the substrate temperature, but this method is limited, because a high temper
ature will intermix the multilayer. The second method, mostly used in MUCO , 

is to grow an extra few nanometres and removing them with noble gas ions. 

2.2 Lower vacuum chamber 

2.2.1 Evaporator 

The evaporation table is used to hold the materials that are used for deposition. 
Several (removable) water cooled crucibles store different coating materials like 
silicon and molybdenum. An electron-beamis used to heat the materiallocally 
to the boiling point. The electron-gun consists of two parts: 

1. An electron-gun, which accelerates electrons to energies of 10 ke V. The 
total power can be varied between 0 and 6 kW. 

2. Electro-magnetic opties to direct and focus the electron-beam. 

In general , most materials, like metals, can be evaporated easily. For other 
materials, like silicon, special precautions have to be taken, like slow pre-melting 
to avoid explosions due to charging effects and inhomogeneous heating. Such 
explosions can be catastrophic when they occur in a layer growing cyele. To 
heat the materials homogeneously, the electron beam is swept over the target 
by a function generator. 

To control the deposition stream, a shutter is used to prevent the deposition 
flow from reaching the substrate, during preheating, switching materials and 
ion-polishing. 

2.2.2 Ratemeter 

To monitor the evaporation rate of the coating materials, a ratemeter is used 
to measure the partiele flux of the deposition gas. The essential part of the 
ra temeter is a quartz crystal in the lower vacuum chamber [8]. The crystal is 
mounted in a water cooled enelosure to shield it from radiated heat and also 
to remove the heat gained from the deposited materiaL An aperture in the 
enelosure wall defines the area of the crystal exposed to receive the deposition 

8 



2.3 U pper vacuum chamber 

materiaL When gas condenses on the crystal, the frequency decreaseso The 
frequency is measured by the film thickness control unit, which can calculate 
the deposition rate when properly calibratedo This calibration can be carried 
out using the in-situ reflectometer which will be discussed later. 

2.3 Upper vacuum chamber 

2.3.1 Substrate holder 

The substrate holder can be rotated to obtain a good homogeneity of the layero 
The rotation frequency can be varied between 1 and 4 Hz 0 Wh en needed the 
substrate holder can be heated by quartz lamps, but not when rotation is re
quiredo For temperature measurements a Chrome-Aluminium thermocouple is 
used, which can measure the temperature with an accuracy of ±2°Co 

The overall geometry allows depositions on large mirrors with diameters up 
to 400 mmo To obtain a homogeneaus coating over this large area, masking 
of the deposition beam is needed to correct for the non-uniform partiele beamo 
Most substrates are fastened with small stainless steal springso 

2.3.2 Ion gun 

The ion gun is used to reduce the interface roughness of the multilayer [9], by 
etching a few narrometres from the top layer of the multilayero The gun consists 
of five parts [10]: 

1. Anode spiral 

20 Cathode 

30 Screen grid 

40 Accelerator grid 

50 Neutralizer 

The neutral atoms of the active gas (Kr) are introduced into the discharge 
chambero Energetic electrans from the cathode ionize the atoms in the discharge 
chambero Some of the ions produced reach various surfaces within the discharge 
chamber and recombine with the electrans at these surfaceso The ions will be 
accelerated towards the acceleration grid forming beamletso The beamlets will 
be attracted to the negative grid, but, in normal operation, pass through the 
grid without striking, due to the alignment of the apertmes in the two gridso The 
ion beam is formed of the individual beamlets after they leave the accelerator 
grido The ion beam is neutralized by electrans from the neutralizero This does 
not mean that the ions recombine with the electrans to form neutral atoms, but 
only that the beam is not electrically chargedo 

The gun produces a 16 cm diameter Kr+ -beamo The intensity of the beam 
can be controlled by cantrolling the discharge current, the discharge voltage and 
the gas pressureo The acceleration energies can be controlled between 100 and 
2000 e V 0 The etch angle can be varied between 0° and 50° 0 The angle can only 
be changed by hand when the chamber is openedo Changing the angles within 
a session is not possibleo 
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The multilayer coating facility MUCO 

2.3.3 Quadrupole mass spectrometer 

The quadrupole mass spectrometer can be used to monitor the deposition pro
cess. In this system however it is mainly used as a residual gas analyser, enabling 
quick detection of vacuum leaks. 

2.3.4 In-situ reflectometer 

To control the d-spacing an in-situ reflectometer is used. The reflectometer con
sists of a soft x-ray souree and a channeltron detector, used in photon counting 
mode [11]. The detector measures the reflection from the substrate at a certain 
angle. The angle is chosen in combination with the wavelength of the x-ray 
souree and corresponds with the d-spacing for which the multilayer is designed. 

The x-ray souree uses a high energy electron beam to excite K-lines of dif
ferent targets. The target that is used in these experiments is a boron/nitrate
target. The nitrate, as well as the boron K-line are excited. Sirree the in
situ-reflectometer can only use one wavelength the boron-line is reduced by a 
titanium filter in front of the detector. This filter also prevents uv-light and 
electrons from triggering the channeltron. Sirree titanium is also absorbing for 
nitrogen radiation, the titanium filter must be very thin ("" 0.6 J.lm). 

A typical in-situ signal is shown in figure 2.2. During deposition of the 
molybdenum the signal increases, because molybdenum is a better reflector 
than silicon and because of the increasing positive interference. At a certain 
layer thickness the increase stops, then the silicon deposition starts. The signal 
first increases again due to a phase jump between molybdenum and silicon. 
With Mo/Si multilayers and these parameters the jump is more prominent than 
in other combinations. In principle the silicon is deposited until a minimum, 
and the process is repeated. But to reduce the RMS-roughness ( chapter 9), more 
silicon is added, which is then removed by krypton ion polishing. 

There are several advantages by using this kind of thickness controL The 
first is that it is a metbod tbat gives instant feedback and tbus control of mul
tilayer parameters. Tbis becomes vital for a mirror that is to be used in an 
multiple mirror optical system where tbe wavelengtb-matching determines tbe 
tbrougbput. Tbe second advantage is tbat it is a self correcting process. Errors 
in d-spacing will be corrected within several periods. 

The disadvantages are the lossof control of the f-parameter (metal fraction 
= d dM+"d . ) and tbe operator dependence. The first is a result of tbe cbosen 

Mo S1 

souree and can be corrected to some extend by choosing another wavelengtb. 
The last is a problem, because in practise deciding the maximum is operator 
dependent. Tbis is no problem ifit is clone consistently. But cbanging operators, 
and tbus tbe decision process, will result in a pbase sbifted multilayer. Tbis 
means tbat one operator must make tbe entire mirror. A full stack multilayer 
deposition ( e-beam) will take a bout 10-15 bours, so concentration can become 
a problem during tbe last few hours. 

2.4 Downflow module 

Toproteet tbe substrates from pollution of macro-particles, tbe wafer handling 
area and the upper cbamber are situated in a cleanroom environment. Tbis en
vironment is maintained by a laminar flow directed downwards tbat is produced 
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2.4 Downflow module 

by a class 100 downflow module. It is vital that the flow stays laminar, so no 
restrictions that result in turbulence are allowed. All tools, that are needed for 
rnainterrance in the upper chamber, are first cleaned with alcohol and special 
cleanroom wipes. To prevent humans from transporting particles into the en
vironment, special gloves and suits are used. Futhermore special protocols and 
regular cleaning are needed, to maintain the low partiele level. 
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The multilayer coating facility MUCO 

deposition of Si 

deposition of Mo 

.?:' ·:;; 
t5 0.5 
Q) 

;;::: 
Q) .... 

~ 

0 10,000 20,000 

time (s) 

30,000 

Figure 2.2: The in-situ signal from the deposition processof a Mo/Si multilayer. 
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Chapter 3 

Diagnostics 

Optical System 

Figure 3.1: Schematical setup of an Optical Partiele Counter 

3.1 Introduetion 

Several tools for surface analysis are available for finding and characterizing 
defects. The most obvious is using an optical microscope (bright or dark field), 
but as the particles become fewer and smaller, it becomes labourous and time 
consuming. The standard procedure to check surface particles on a silicon wafer 
in a cleanroom environment is an optical partiele counter ( OPC). The advantage 
over optical microscopy is that this, in semiconductor industry widely used tool, 
can measure the partiele density of a 4" wafer within 10 s. The disadvantage of 
an OPC is that it is only capable of counting the number of defects. To obtain 
information on the exact size, shape and chemical composition of the defects, 
more advanced techniques are needed, such as a scanning electron microscope 
(sEM) in combination with an energy dispersive x-ray analysis system (EDX). 

However, the two methods mentioned so far only look at the surface and 
not in the multilayer itself and it is likely that defects not visible at the surface 
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Diagnostics 

are not discovered. To look into the multilayer itself, inspeetion near the reso
nant wavelength of the multilayer is needed, which can be clone with an x-ray 
m1croscope. 

3.2 Optical partiele counter 

An optica! partiele counter is a device to quickly get an indication of the number 
and size of particles on a flat surface. The OPC uses a normal incidence laser 
beam to scan the substrate surface (Fig. 3.1). If the substrate is a perfect 
interface, most of the light will be reflected specularly. However, if there is a 
partiele on the surface, the light will be scattered in all directions. To measure 
the total integrated scatter (Tis) coming from the particle, an elliptical mirror 
is used. This mirror focusses all the scatter coming from a point souree on the 
substrate into an optica! fibre. The intensity of the TIS is then divided by the 
intensity of the incident beam to obtain the scattering cross section. Scatter 
from points other then the partiele will be focussed elsewhere, and will only 
contribute to background noise. By scanning a complete substrate an overview 
of the position and the scattering cross section of the particles can be obtained. 
Because the edge of the wafers can be polluted by wafer handling and transport, 
a zone of 10 mm from the edge is excluded from the measurements. 

There are several problems with the OPC. The first is that two particles 
within the spot of the laser will not be resolved by the OPC. The second problem 
is that a partiele at the edge of the spot will be detected twice. But the most 
difficult point is the interpretation of the output. The scattering cross sections 
are calibrated using latex half spheres on top of a Si02 surface. This means that 
if the particles are not perfect half latex spheres on a well defined surface, the 
scattering cross section will be merely an indication of the partiele size, sirree 
different geometries and different particles can produce the same TIS. The OPC 

that was used for the bulk of these experiments, was a Tencor surfscan 364 that 
is placed in a class 1000 cleanroom at DIMES, Delft. 

3.3 SEM-EDX 

A scanning electron microscope (sEM) is animaging system that uses accel
erated electrans as imaging particles (Fig. 3.2). The electrans are accelerated to 
several ke V and focused to a spot. The beam is swept over the specimen using 
a scan generator. At the same time a positive grid accelerates the electrous 
coming from the specimen to a detector. The detector is coupled to a second 
electron gun. This produces an electron beam with an intensity that varies with 
the detected signal. The same scan generator that is responsible for the sweep 
of the first electron beam, sweeps the second electron beam proportionally over 
a fluorescent screen, thus producing an image. 

There are several processes that are responsible for electrans that are emit
ted from the specimen. The first process is backscattering of electrons. The 
electrous collide with atoms and are mostly reflected 180 degrees. There are 
also some electrous as a result of Auger processes, which can be measured to 
give an indication of the chemica! composition of the specimen. Another, more 
important type of electron that carries information of the atoms in the particle, 
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Figure 3.2: Outline SEM 

3.4 X-ray microscopy 

are the secondary electrons. These electrous are emitted when the high energy 
primary electrous change the energy levels of the inner shells of the specimen 
atoms [12]. As a result, the outer electrous are emitted. These electrous have an 
energy of a few e V's and a free mean path, in most materials, of only ,...., 10 nm. 
This means that only the surface of the specimen will attribute to the secondary 
electrous and thus to the image. 

The interpretation of the results is fairly difficult, because it is an indirect 
method and there are se ver al other processes that can distort the image ( static 
charging). By tilting the specimen, a three dimensional image of the specimen 
can be obtained. 

A side effect of the SEM imaging method is that the high energy electrous 
can remove an electron from the inner shells of the specimen atoms. The energy 
of these electrous is charaderistic for the atom. When the ion cascades back to 
the ground level, x-rays will be emitted. By measuring the energy dispersive x
rays (Eox), the chemica! composition of the atoms at the spot can be obtained. 
To use the full potentional of this process, the electron beam can be focused 
on a specific location, that is chosen from the SEM image. Normally the energy 
of the electrous is increased to 10 ke V as to excite the high energy K-lines. A 
computer is used to assign the lines to the corresponding elements. In principle 
this method can be used as a quantative method, but in this report it is only 
used qualitatively. 

3.4 X-ray microscopy 

To obtain indepth information, an x-ray microscope is used. An x-ray micro
scope uses synchrotron radiation (15 e V < hv < 1500 e V) that is focused with 
an ellipsoidal mirror toa spot of 1 p,m, and scanned over an area of 140 x 140 p,m. 
There are several setups [13] in which the microscope can be used. In the ex
periments described in this report the measuring techniques was similar to the 
OPC; by measuring the total integrated scatter coming from the focal spot. The 
TIS was measured using a micro channel plate (Fig. 3.3). 

By scanning the sample with zero order light from the monochromator and 
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ellipsoidal ~r 
----sample 

Figure 3.3: Outline for the x-ray microscope 

photon energies below, at, and above the resonant wavelength of the x-ray 
reflection coating, in depth information of defects can be obtained. 
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Chapter 4 

Results and discussion 

4.1 Defect diagnostics 

All experiments have been carried out on commercially available 4" and 6" 
silicon wafers. The wafers from the manufacturer have no defects that can 
be detected with an optica! partiele counter. Any additional cleaning can only 
pollute the wafer. Therefore the wafers were used as delivered. All defect density 
measurements were clone using the Tencor Surfscan 364 OPC. This OPC can scan 
entire wafers, so entire samples can be used. The distribution of particles over 
the various scattering cross sections of all samples analysed, was comparable. 
Figure 4.1 shows a typical example. Although the partiele distribution of every 
sample was analysed in detail, only the total number of defects on every sample 
is discussed in this work. Most particles (> 90%) had a scattering cross section 
smaller than 0.5J.Lm2 , this roughly means that all defects larger than 0.1 J.lm 
were taken then into account. 

The samples were transported to and from the OPC using specially treated 
clean wafer trays that were only opened in a cleanroom environment. The 
transport as well as the loading of the samples into the OPC did not give rise to 
an increment in defect density. Almost alldefectsin all samples were distributed 
randomly over the wafer. Sometimes concentrations of defects at the edge of 
the wafer were observed. This could have been caused for by the springs used 
to mount the wafer to the substrate holder in the evaporator, or by the tweezers 
used in mounting and dismounting the samples. In those cases the exclusion 
zone of the partiele counter was enlarged. Some samples showed concentrated 
defects in the middle of the sample. These samples were rejected entirely and 
excluded from further analysis. 

In an OPC, only the number and the estimated size of the defects can be 
determined from the scattering crosssections. For further investigation of for 
instanee the exact size and shape or chemica! composition, other techniques 
are required. The first SEM machine that was used, was only suitable for small 
samples (0.5 x 0.5 cm). For these experiments the 4" wafers had to be cut 
into smaller pieces. This was clone using a standard diamond cutter. After this 
process several defects were found. The chemica! composition of these defects 
was investigated by a SEM-EDX system and found to be silicon. These defects 
are very likely to originate from the sample cutting. This shows that research 
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Figure 4.1: Typical partiele distribution. Sample: 10 nm silicon deposited at 
0.75 nmmin- 1 ) 

into defects must be carried out on entire non-cut samples. 
The chances of finding a defect with a SEM on a non-cut wafer are very 

small. To find a 0.5 J-tm defect, a scan field of 50 x 50 J-tm = 0.25 · 10-4 cm2 

is needed, otherwise the defect can not be distinguisted from the background 
noise. With a defect density of 10 cm- 2 , over 4000 scans are needed to find 
one particle. In practice most particles are even smaller. This will take several 
hours. Furthermore it is very difficult to keep the SEM focussed, sirree the surface 
of the wafer is superpolished. 

After one full day of searching only one defect was found, a big (50 J-tm) 
carbon particle. Sirree the wafer handling of this SEM-EDX machine was in 
a non-cleanroom environment, this partiele is most likely some organic dust. 
Taking all this into account, it was decided not to use this SEM. 

The salution to the problems is using a SEM-EDX that is linked to a par
tiele counter (Tencor surfscan 6200 linked to a JEOL SEM-EDX) at the Philips 
semiconductor factory MOS 3 in Nijmegen. The partiele counter provides the 
coordinates of the defects and passes them on to the SEM-EDX. This still is a 
time consuming tool, sirree finding and characterizating one defect takes up to 
15 minutes, so only a few defects could be investigated. However, it is possible 
to obtain a good indication of the origin of the defects. 

An example is given in figure 4.2. The SEM image shows an aluminium 
partiele on a molybdenum/silicon bilayer and the fluorescent radiation from the 
particle. Sirree the penetration depth of the electrans and the escape depth of 
the x-rays is larger than the thickness of the particle, both the substrate and 
the partiele have to be scanned, to discriminate between the fluorescent X-rays 
coming from the partiele and the underlaying bilayer. 

In this SEM image the substrate had been tilted with an angle of 35 degrees. 
The area of the first scan, that was taken without a tilt, is still visible, showing 
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Figure 4.2: Example of an aluminium partiele on a Mo/Si bilayer on a Si sub
strate 

that the electrous damaged the surface to some extend. The small dark spot 
on the left of the particle, is the spot were the 10 ke V electron beam had been 
focused for EDX measurements on the substrate. 

It is clear that the defect is aluminium. The molybdenum and silicon lines 
can be due to the underlayer bilayer , but it cannot be excluded that the partiele 
containes some molybdenum or silicon. The peak on the low energy side of 
the spectrum has been assigned as a boron line, but since it appears in every 
measurement it is considered to be an artifact of the apparatus. 

4.2 Wafer handling and background noise 

Before beginning experiments on defect density, it was necessary to take pre
cautions not to have dust particles from the surroundings on the sample. This 
is illustrated by the fact that a clean (no defects larger than 0.1 f.lm) 4" wafer 
mounted on the substrate holder in a non-cleanroom environment showed after 
evacuation of the system to UHV and venting, a defect density of 500 cm- 2 . This 
value is strangly dependant on air conditions such as humidity and temperature, 
and also on other activities such as maintenance. To reduce the defect level , a 
class 100 downflow module has been installed around the upper chamber, en
abling clean sample handling without depositing defects. To reduce the defect 
density even further, the pumping and venting of the upper chamber has been 
restricted to prevent turbulent flows from depositing defects. Furthermore the 
venting gas (nitrogen) was always filtered. 

All these features reduced the defect density to 0.05 cm- 2 . This means that 
only 2-3 defects are added to a 4" wafer , an improverneut by more then 10 ,000 
times. With frequent cleaning of the cleanroom and strict protocols, this low 
background level is maintained during all experiments. 

Other processes that were investigated on their influence on the defect den
sity are: 

1. Rotation of the substrate holder 

2. Kr-flow from the ion gun 
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Figure 4.3: Dependenee of defect levels on molybdenum deposition speed (10 
nm layer thickness) 

3. Boron-nitrate from the in-situ x-ray souree 

4. Opening and closing of the valve between the up per and the lower vacuum 
chamber 

5. Opening and closing of the shutter 

As expected, rotation ofthe substrate holder in vacuum and the krypton flow 
have no measurable influence on the defect density, sirree particles that are pas
sively released by the rotation in vacuum will just fall down. The boron-nitrate 
x-ray souree that is used in the in-situ monitoring is basically a small e-beam 
evaporator, so this was expected to produce some defects. If there are some 
defects produced, they are too small to be found by the OPC. Extensive testing 
for various periods of x-ray souree operation did not result in any measurable 
defects. 

The last possible sourees of defects are the valve and the shutter. During 
deposition the shutter is coated with microns of coating materiaL When such 
a layer becomes too thick, it can flake o:ff and produce particles. Normally 
the particles would fall down, but when flaking occures during movement, the 
particles can be catapulted directly to the substrate. However, opening and 
closing the shutter or the valve, proved not to give rise to added defects. 

4.3 Influence of the deposition parameters 

In the MUCO facility there are two main process parameters that can be 
varied in the deposition process; the deposition speed and the layer thickness. 
In practice the latter is not a free parameter, because the layer thickness ts 
dictated by the specifications for which the multilayer is designed. 
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4.3 lnfluence of the deposition parameters 

To prevent explosions, due to violent melting in the target materials, all tar
gets were extensively preheated, before opening the shutter. Fora homogeneous 
heating of silicon, a 5 mm sweep on the e-beam was applied. The thickness was 
measured using the layer thickness monitor and the in-situ reflectometer in com
bination with computer simulations. Both methods are accurate up to 0.1 nm, 
but calculation of the layer thickness using the in-situ reflectometer was only 
performed after the deposition. The deposition speed, which was measured us
ing the layer thickness monitor in combination with a Xt-plotter, is kept stabie 
up to ±0.3 nm min- 1 . Most experiments were performed on 4" silicon wafers, 
except for the SEM-EDX measurements, for which 6" silicon wafers were used. 
All samples were rotated during deposition. 

4.3.1 lnfluence of molybdenum deposition parameters 

For the experiments on the molybdenum deposition parameters, 99.95 % pure 
molybdenum targets were used. New molybdenum targets were always pre
heated extensively, because visual inspeetion of the melt show sparks coming 
from the surface. This could be due to oxidation of the molybdenum surface 
or high temperature gradients. This fenomenon was also observed when the e
beam was focussed close to the edge of the molybdenum target. All molybdenum 
experiments used targets that were evaporated near the center. An unwanted 
side effect of always having the e-beam focused in the center of the molybde
num target is erater formation, that makes it difficult to keep the evaporation 
speed constant. A change of the speed during the deposition was immediatelly 
corrected by the operator by changing the e-beam current. 

After the deposition of molybdenum, a 1 nm thick layer of silicon was de
posited (with a deposition speed of 0.75 nm min- 1 ), to prevent oxidation of the 
molybdenum layer. 

First the dependenee of deposition speed is considered (Fig. 4.3). The defect 
density appears to be constant up to a deposition speed of 1.5 nm min -I. Th en 
a dramatic increase is observed. This is probably due to the violent melting 
process, where extreme temperature gradients can arise. 

The nature of the defects on the sample (deposition speed of 2.0 nm) was 
investigated with a SEM-EDX. Apart from molybdenum and silicon particles that 
can originate from the evaporation process, other particles, such as aluminium 
and cobalt were found. This indicates that other materials produced earlier in 
the system (aluminium foil was used and co balt was deposited in 1996) can give 
rise to defects. 

The other parameter to be varied is layer thickness (Fig. 4.4). The layers 
were deposited at a constant deposition speed of 1.0 nm min -l. The defect 
density looks to be constant up to 10 nm, then an increase is observed. The 
defect densities up to 10 nm are comparable to the values obtained with variation 
of the deposition speed. This indicates that there must be one or more processes 
accounting for a fixed number of defects, which does not depend on speed or 
thickness. Preheating and opening the shutter without depositiong proved not 
to give rise to an increase in the defect density. 

4.3.2 Influence of silicon deposition 

The silicon targets that were used for the variation of depostion parameters 
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Figure 4.4: Dependenee of defect levels on molybdenum layer thickness (1 
nm min- 1 deposition speed) 

experiments, were 99.999% pure silicon disks. To fill the crusible with sufReient 
silicon for a multilayer deposition, three disks of silicon are needed. If they 
were to be stacked on top of each other, only the top disk would melt during 
preheating, since the liquid silicon would flow to the side of the crusible were 
it would be cooled more effectively than by the second silicon disk. This would 
prevent the heat from dissipating to the lower disks, which would not be able to 
liquify. Heating the stack with normal evaporation energies then results in an 
explosion when the top disk is almost evaporated and the second disk receives 
the full power of the e-beam before it can be preheated. To prevent this, the 
silicon disks are broken into smaller pieces, which are heated seperately, to 
obtain totally liquified silicon in the crusible. 

In figure 4.5 the dependenee of the defect density on the silicon deposition 
speed is shown. It shows that the defect density is more dependent on the 
deposition speed than is the case of molybdenum. Again, the defect density 
increases for large deposition speed, due to a violent melting process. For lower 
deposition speeds, however, there is also an increase in defect density. This is 
attributed to the re-solidification of the silicon, due to the sweep of the e-beam. 
At low deposition speeds, and low deposited energy, the silicon will not be 
heated enough to stay in liquid form during the absence of the e-beam during 
a sweep cycle. The silicon is then continuously solidified and melted, which 
results in stress in the silicon, causing tiny explosions. The optimum deposition 
speed for silicon was found to he 0.75 nmmin- 1 . The defect density at this 
speed is slighly lower then the minimum defect density for the molybdenum 
experiments. 

Varying the silicon layer thicknesses (Fig. 4.6), a similar result as for molyb
denum is obtained. The first part remains constant, foliowed by an increase at 
thicker layers. 
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Figure 4.5: Dependenee of defect levels on silicon deposition speed (20.8 nm 
layer thickness) 

In bath the molybdenum and silicon experiments, there is a base defect den
sity level that does not vary with deposition speed or layer thickness. Since no 
added defects were not found in the absence of a deposition flux, the condusion 
is that some mechanism during the deposition process causes the deposition of 
these polluting particles on the wafer. Possible processes that can induce the 
large particles are: 

1. Momenturn transfer of the deposition flux 

2. Macro particles from the melt 

3. Charged particles that are accelerated in the electromagnetic field of the 
e- beam and electron opties 

4.4 Influence of ion polishing 

Another process that is used in combination with e-beam deposition of 
molybdenum/silicon mirrors, is the ion-polishing of the silicon interfaces. To 
check the influence of ion polishing, experiments where clone on uncoated 4" 
silicon wafers and on uncoated 6" wafers for the SEM-EDX measurements. The 
wafers were polished with a standard Kaufman gun as described insection 2.3.2. 
The plasma conditions, like cathode and discharge voltage and pressure, were 
only varied to establish a stabie plasma. The ion beam current remained con
stant at 20 mA. During the experiments the samples were rotated. 

It has been suggested that tungsten oxide particles from a filament in the 
ion gun might be the main souree of pollution. Since the neutralizer wire is the 
filament dosest to the substrate and directly in the ion-beam, its influence was 
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Figure 4.6: Dependenee of defect levels on silicon layer thickness (0.75 
nm min- 1 ). 

checked. Turning the neutralizer off or even removing it entirely did not result 
in any change in the defect density, therefore in all experiments the neutralizer 
was used. 

The parameters that were varied were energy of the ions, angle of incidence 
and polishing time. Since the defect density was linearly dependent on the 
polishing time, the data is normalized to 1 min. Figure 4.7 shows a strong 
dependenee on the angle of incidence. At low angles the defect density is com
parable to the background, but for steper angles the number of defects increases 
rapidly. 

The defect density is also strongly dependent on the ion-energy. Inspeetion 
with the SEM-EDX showed no surface damage; at every scattering site found 
with the OPC, a partiele was found in the SEM. This indicates that the high 
energy ions do not damage the silicon wafers on a micron scale. The particles 
that were found, were of different chemical composition ( copper, silicon, sodium 
and aluminium). This indicated that there is not one single particular souree 
in the system that produces the marco particles. More important, no tungsten 
particles were found. This excludes the ion gun filaments as the partiele source. 
The condusion is that there must be particles allready in the system that are 
transported to the substrate via momenturn transfer from the ion-beam or that 
the ion-beam itself removes particles from the wall, the grids of the ion gun or 
the substrate holder and that these particles are redeposited on the substrate. 
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Figure 4.7: Defect density versus angle of incidence for various ion energies. 
(6= 300 eV, x = 1 keV and o = 2 keV 

4.5 Simple kinetic model for objects in a parti
ele flux 

Elemental analysis of the defects shows clearly, that a considerable number of 
defects consists of other materials than molybdenum and silicon. Sirree these 
defects are not found if no evaporation or ionpolishing takes place, there must 
be a mechanism that directs these polluting particles to the substrate. 

To investigate the possible transport of macroparticles due to the momenturn 
transfer from the deposition or ion fluxes, a simple kinetic model is used. The 
size of the macroparticles that can be directed to the substrate can be estimated 
by comparing the force due to the upward momenturn of the deposition flux with 
the other forces in the system. Sirree every process takes place in high-vacuum, 
there are only two forces remaining; gravity and electromagnetic forces. The 
latter wil! not be taken into account, sirree it has no influence on macroparticles, 
that are ellectrially neutral or have a low charge-mass ratio. 

The momenturn that can be transferred to the macro particles due to elastic 
or inelastic collisions can be written as: 

( 4.1) 

where mp is the mass and Ep is the kinetic energy of the particles (e.g. 
Mo, Si or Kr+ -ions). According to Newtons law the average force is the time 
derivative of the momentum. If the number of particles that collide with the 
macro partiele is large, the force can be written as: 

- dp ~p 
Fp = dt f:::! ~t ( 4.2) 
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where ó.p is the momenturn transfer of the particles to the macroparticle. 
To calculate the momenturn transfer, the geometry of the macropartiele and the 
flux <l> 2 of the particles have to be known. The latter can be calculated or even 
measured, but the first changes from partiele to particle. To give an estimation 
of the size of the macroparticles that can reach the substrate, the macropartiele 
is considered to be a perfect sphere with a radius Rm and density Pm. The 
collision cross section is a disk with a radius Rm. If the force that has to be 
overcome is gravity, the equation for the maximum radius of the macropartiele 
is, for elastic collisions: 

(4.3) 

Let us consider macroparticles in the deposition flux, where <I>z is the vertical 
partiele flux. For a homogeneous vapour coming from a point souree the flux 
decreases with the square of the distance from the source. The flux at a distance 
z of the melt can be given as a function of the deposition speed (Vd) on the 
substrate (1 m above the source) according to: 

) 
<I> zO 

<I>z(z = - 2 , 
z 

Vdpp 
<I>zo = <I>z(l) = -

mp 
( 4.4) 

where Pp is the density of the particles ( deposited state). The energy of 
the particles must also be approximated. The most logica! approximation is 
calculate the energy of the particles from the Boltzman equation ~ kB Tp, where 
kB is the Boltzman constant and Tp is the boiling temperature. Using equation 
4.3 and 4.4 the radius of macroparticles that can be transported to the substrate 
is given by: 

( 4.5) 

With this kinetic model an estimation can be made if for instanee a 1 J.lm 
molybdenum partiele can reach the substrate. Taking a deposition speed of 
1 nmmin- 1 and bulk density, the gravity force on this macropartiele is com
pensated by momenturn transfer at a position of 2 cm above the melt. Fur
thermore, this partiele still has 98 cm to move upward to reach the substrate 
and it should have a velocity of 4.4 m · s- 1 to arrive at the substrate at zero 
speed. The macropartiele has to get this speed in the 2 cm between the melt 
and the point where momenturn transfer compensates gravity. Since the model 
assumes a point source, this is theoretically possible, but in reality the e-beam 
focus has a diameter of> 5mm, acceleration of the macropartiele to 4.4 m · s- 1 

is very unlikely and we assume that momenturn transfer by the deposition flux 
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Figure 4.8: The geometry for ion-polishing 

is not the leading mechanism in the macropartiele deposition. The most likely 
souree of macropartiele deposition is large particles flaking from the shutter 
or other components in the lower vacuum system falling into the melt . These 
particles can explode on impact, due to the sudden temperature increase, and 
might achieve a speed that exceeds 4.4m · s- 1 in the direction of the substrate. 
Consiclering the low number of defects found, this event does not happen very 
frequently. 

For ion-polising, the flux can be approximated better, because the energy of 
the ions is constant and the beam is homogeneous. When the ion beam current 
is known the flux in the direction of the substrate will be (Fig. 4.8): 

"" 4/B . () 
'J' z = -D2 . Slll 

7r e 
(4.6) 

where lB is the beam current, D is the diameter of the ion-gun, e is the 
elemental charge and () the angle between the beam and the substrate. 

The maximum partiele size can now be estimated as a function of () and 
Ep. v the angle of incidence and the energy: 

2. 10-4 

Rm ~ Pm ..JE;:: sin () (4.7) 

where Ep.v is the energy of the ions in electron volts. This formula reveals 
that all particles that are found on the substrate could easily be transported 
by the partiele flux of the ion-beam. Even larger particles are able to reach the 
surface, but they were not found. The condusion must be that particles that 
enter the ion-beam, will be transported upwards , which greatly improves the 
chance of reaching and sticking to the surface. This simple model can explain 
the angular dependenee of the defect density, if an extra correction term (sin 8) 
is introduced for the enlarged footprint of the beam. The difference between 

the defect density of 20° and 50° will then become /::~ ~~l: = 5. 
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(a) 11.3 nm (b) 14.3 nm 

Figure 4.9: Example of x-ray microscopy (The small bar indicates 20 tJ.m) 

The question into the origin of these defects remains. They could already 
be present on the grid of the ion-gun, but they could also be removed and 
redeposited from the wal! of the vacuum chamber or the substrate holder. 

4.6 Analysis with X-ray microscopy 

So far, we only considered defects that can be detected with an optica! parti
ele counter or an electron microscope. These techniques only probe the sample 
surface. However, defects within the multilayer stack, like locally enhanced 
roughness, that are not replicated to the multilayer surface, are not detected. 
The only possible way is at-wavelength inspeetion of the multilayer mask blanks. 
This can be clone using an EUV imaging system, but it is extremely diffi.cult to 
image a mask blank that has not yet been patterned. Another tooi that is ca
pable of local in-depth inspeetion of a multilayer stack is an x-ray microscope. 
Therefore measurements were carried out using the x-ray microscope at HA

SYLAB (Hamburg, Germany) where synchrotron radiation is focused to a spot 
of 1 f.J.ffi [14, 13) by means of a ring shaped ellipsoidal mirror. The straylight 
from the sample is detected by a microchannel plate detector (MeP) with the 
central hole located in front of the sample. In this set up, the specular reflected 
light is reflected back through the hole and the scattered light is measured. The 
sample is scanned through the focus of the microscope. In tigure 4.9, two scans 
are shown that were taken with this x-ray microscope. The pictures show the 
same scanned area of a 24 period Mo/Si multilayer mirror with a d-spacing of 
7 nm and a f-value of 0.35 . These scans were taken with two different photon 
energies around the silicon Ln, m-edges ( ~ 100 e V = 12.4 n m). The left picture 
is measured using 11.3 nm radiation and does not show any spots where sig
nificantly enhanced scattering is seen (the smal! white spots are not significant ; 
the gray-scale of the plot is automatically adjusted to the min-max value). The 
picture on the right hand side, taken at the resonant wavelength of this mirror , 
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clearly shows several scattering centers larger than 1 JJm. These spots had not 
been seen when visible light from the monochromator was used. This indicates 
clearly that defects can arise that are not visible at the surface and consequently 
will not be detected by an optical partiele counter. It therefore emphasizes the 
need for at-wavelength inspection. 
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Chapter 5 

Conclusion 

The best way of characterising a substrate surface quickly is by optica! partiele 
counting. The OPC gives a quick indication of the defect density and the size 
of the particles at the surface. It is important to note that the OPC cannot 
determine absolute values of the partiele size, because only the scattering cross 
section of the particles is measured. 

For further investigation of the defects, other techniques are required. The 
most suitable technique is scanning electron microscopy in combination with 
elemental analysis techniques such as Auger Electron Spectroscopy and Energy 
Dispersive x-ray analysis. The latter, in combination with an OPC to locate the 
defects proved to be most powerful. 

By simple means to clean the air in the experimental room and by controlled 
pumping and venting of the vacuumsystem we reduced the defect density on 
uncoated samples to 0.05 cm2 , which is sufficiently low to study the effects of 
the process conditions as deposition speed, layer thickness, ion polishing energy, 
and angle of incidence of the ions. 

We found that the defect density during Mo and Si deposition increases 
dramatically if the deposition speed exceeds 1.5 nm min -l and, for silicon, if it 
reduces to below 0.5nmmin- 1 . The increase at high speeds is likely to be due 
to violent melting of the material and at low Si-deposition speed due to contin
uously melting and resolidifying of the silicon. We found no clear dependenee 
of the defect density on the layer thickness for layers of realistic thickness in 
EUV coatings. Analysis of the chemical composition of the defects show that a 
part of the defect does not consist of the materials that were evaporated, but of 
other elements. However, these defects are not found when no deposition takes 
place. This indicates that there is some process induced mechanism that causes 
these defects. Calculations using a simple kinetic model show that momenturn 
transfer by particles in the deposition flux is insufficient to be the main driver 
of this process. Pollution of mechanica! parts as the shutter between the souree 
and the substrate may be the cause of macroparticles falling into the melt and 
being ejected. 

The number of surface defects induced by the ion polishing process is clearly 
dependent on both the ion energy and the angle of incidence. The chemical 
composition of the defects found shows that they are not due to tungstenoxide 
particles of filaments in the ion gun: no tungsten was found. The defects are 
likely to originate from other sourees in the system. We calculated that it is 
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Condusion 

likely that polluting particles that are released from the grids of the iongun or 
removed from the substrate holder by ion polishing are directed to the substrate 
via momenturn transfer by multiple collisionsof the Kr-ions with the macropar
ticles. This mechanism explains the dependenee on both the ion energy and the 
angle of incidence of the ions. 

Finally we used x-ray microscopy to check on in depth imperfections in the 
multilayer and found clear defects that are not discovered by surface inspection. 

The overall condusion is that the deposition process can be optimized to give 
a minimum number of defects. Both during the deposition and ion-polishing 
experiments non-process particles are found. Although the origin of these par
ticles still has to be investigated, it is clear that history of the system is a vita! 
parameter. Since extra cleaning had no influence on the defect density, a dedi
cated facility should be built for the production of defect free multilayer mask 
blanks. This facility must be placed inside a class 1 orbetter cleanroom. lnside 
the facility removable shielding should be installed to prevent accumulation of 
polluting particles on the walls of the vacuum system. 
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Chapter 6 

Introduetion 

To describe the reflectivity of a half infinity slab, several parameters are of 
interest. The radiation interacts with the electrous in the matterand will scatter 
from the surface. This interaction can be descibed with a complex refractive 
index and the Fresnel equations. In practice the interface is not a perfect plane, 
but will have some roughness. This will result in scatter in non-specular (diffuse) 
angles. The roughness is generally described by the power speetral density 
(PSD). The PSD is the square of the Fourier transform of the autocorrelation 
function of the surface function. Two parameters are of interest in the PSD, the 
RMS-roughness and the correlation length. The first gives an indication of the 
average top and valley depth and the latter gives an indication of the cuttoff 
frequency. 

The theory for multilayers becomes more complex, due to the multiple inter
faces. The absorption becomes a vital parameter, because it limits the interfaces 
that can be used for reflection. Since a multilayer works on the principle of posi
tive interference, the phase of the reflected radiation and the optica! path trough 
the stack becomes important. The roughness of the interfaces also becomes 
more complex, since there is a third dirneusion component; when depositing a 
new layer, the roughness of the uriderlaying layer will be copied tosome extent 
( trough stack correlation), which would locally change the reflectivity and the 
phase of the radiation. 

Idealy, the multilayer would be a stack with a constant d-spacing and a 
constant metalfraction. Depositiond with the in-situ reflectometer, for layer 
thickness controle, will not produce a stack with a constant metalfraction [15], 
but will converge to a value depending on the in-situ wavelength. This requires 
a model for reflection of a multilayer with arbitrary layer thicknesses. 

In the next few chapters some mathematica! models are described that define 
the parameters and can be used for analysis and specification of the quality of 
a multilayer used for the reflection of EUV or soft X-ray radiation. 
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Chapter 7 

Optical properties in the 
EUV-region 

An electromagnetic wave propagating in the x-direction through a slab of ma
terial with a complex refractive index nc and a thickness x, can be described 
as: 

[
2rrnci . ] E(x) = E0 exp --x- zwt 
Àvac 

(7.1) 

where E0 is the electric field amplitude at x = 0, Àvac is the vacuum wave
length. A model to describe the optical properties of materialsin the EUV region 
is the Drude model. In the Drude model [15], electrons are considered to move 
freely between the atoms, in a electron gas. The Newtonian equation for such 
an electron in an electronic field can be given as: 

mx + mgx = -eEx (7.2) 

where m is the mass of the electron and g is a damping factor, due to 
collisions. The electric field is assumed to be harmonie with a wavelength that 
is much larger than the atomie distance. This means that the field can be 
approximated by Ex= E0 exp(iwt). Solution of Eq.(7.2) is: 

eEa . 
x= 

2 
( .g) exp(zwt) 

mw 1- z-
w 

(7.3) 

The polarisation P, which is by definition the total dipole moment density, 
can now be expressed as a function of the electric field. 

P :=Np= -Nex := êo(êr- l)Ë (7.4) 

where Er is the relative dielectric constant and N is the electron density. So 
Er becomes 
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Optica! properties in the EUV-region 

(7.5) 

! 
The refractive index is by definition given by nc = si . An approximation 

of the refractive index can be made using the series: (1 - x)~ = 1 - ~x + 
O(x 2

), where lxl << 1. With the classica! electron radius ro = 47re~:,c2 and 
w = ,2rrc , nc can be written as: 

1\vac 

(7.6) 

In the EUV region, the refractive index is close to unity. Therefore it IS 

common use to split the refractive index into a real and a complex part by: 

nc = 1- J + if3 (7.7) 

Only the fraction :=:, of the Z electrous per atom, with binding energies 
smaller then the photon energy can be considered as free electrons. The electron 
density N must therefor be substituted with Z ·Nat · :=:, where Nat is the atom 
density of the materiaL 

The Drude model gives a good approximation for the real part of the refrac
tive index, but the imaginary part, which gives rise to absorption, is generally 
to smal!. The absorption can only be described in quanturn mechanica! models 
[16). In these models the atomie fraction Z · :=: is replaced by a complex atomie 
scattering factor f = h +ih, where all absorption is incorporated inh. Most of 
these models break down near the absorption edge. This is a problem, because 
most multilayers have the highest reflectivity when made for radiation near the 
absorption edge of the spaeer materiaL In practice, measured values of f are 
used [17). The optica! properties of a material then become: 

J = ro>.~ac Pf 
21r AW 1 

f3 = roÀ~ac Pf 
21r AW 2 (7.8) 

where p is the density of the material and AW is the atomie weight of one 
a torn. 
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Chapter 8 

Reflectivity of a multilayer 

8.1 A perfect boundary 

Reileetion of photons from a single interface can be described by conservation 
of momenturn of the incoming and reflected beam. A photon with propagation 
vector k has a momenturn of !ïk. The component of the momenturn vector 
parallel to the surface must be conserved for both the transmitted and reflected 
photons, according the rul es of symmetry. This means that (Fig. 8.1): 

(8.1) 

where k;x, krx and ktx are the x-components of the propagation vector of 
the incidence, reflected and transmitted beam. Substituting k = 2

>.71: nc will show 
that 8; = Br and the famous Snell's law: 

(8.2) 

The z-component of the photon momenturn for the transmitted beam, will 
remain constant, but the z-component of the photon momenturn of the reflected 
beam will change by: 

(8.3) 

where q =: kr- ki is defined as the momenturn transfer vector. 
When calculating the amplitudes of the reflected and the transmitted beam, 

the polarisation becomes a vital factor, and the Maxwell equations must be 
used. These equations lead to [1) the Fresnel equations: 

n2 sin 81 - n1 sin 82 

~'11 = n 1 sin 82 + n2 sin 81 

n1 sin 81 - n2 sin 82 

r .1. = n1 sin 81 + f.l2 sin 82 

(8.4) 

(8.5) 
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Figure 8.1: reflection of a perfect boundary 

2n1 sin B1 
til = n1 sinB2 + n2 sinB1 

(8.6) 

2nl sin B1 
h = n 1 sinB1 + n2 sinB2 

(8.7) 

r11,j_ and t11,j_ are defined as the ratio of the amplitude of the electric field of 
the reflected or the transmitted beam and the incoming beam. The subscripts 
denote that the electric field component is parallel to the plane (p-polarised) or 
perpendicular to the p-polarisation ( s-polarised). 

8.2 Multiple interfaces 

There are several methods of calculating the reflection from a multilayer. 
The method that is presented here is the most widely used in the multilayer 
world (15], because it is a quick method and it can calculate the reflection as a 
function of the deposited layer, so the in-situ signal can be simulated. 

First consider a semi-infinit substrate with only one interface (Fig. 8.2). 
The electric field of the radiation going into the substrate can be described by: 

(8.8) 

where t 1 is the transmission coefficient of the 1 st interface for a beam going 
down, and a1 is the electric field just above the interface (Only a0 will be taken 
just below the interface). 

The only assumption this equation makes is that there is no radiation coming 
from the substrate. The field going up in the 1 st layer can be described by: 

(8.9) 
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8.2 Multiple interfaces 

Layer number 

3 

2 

Substrata 

Figure 8.2: Reileetion from a multilayer 

where r 1 is the reileetion coefficient of the 1 st interface. On the second 
interface, radiation from the underlaying interface should also he taken into 
account. a 2 can he calculated as: 

a1 = a2T1t2 + v1hTfr2 

1- v1r1f2Tf 
=> a2 = ao -------=

tl tzT1 
(8.10) 

where f 2 denotes the reileetion coefficient of the 2nd interface for the beam 
travelling bottorn to top. T1 is a phase and attenuation factor of a beam trav
elling trough the pt layer. b~ that must he used in Eq. 8.10 to get the right 
equation, is substituted by v 1 b1 . VI is an phase factor due to the translation 
symmetry of the problem and will he discussed later. Now the reilectivity can 
he calculated for the first layer: 

bz = azr2 + b1 TI vd2 

bz _ v1r1t2f2Tf - = rh = rz + 2 az 1- v1r1rzT1 
(8.11) 

where rh is the reileetion from one layer on top of a substrate. A wave 
traveling trough one layer with a thickness d; and an angle of 8, will traveil a 
distrance of ~. According to equation 7.1, the attenuation and phase factor T; 

will therefore he: 

T; = exp -27l'z-.----{ 
. d1 nci } 

sm8; Àvac 
(8.12) 

where nc; is the complex refractive index of the ith layer. 
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i+1 

dj 

Figure 8.3: calculation of v 

The phase difference between b~ and b1 occurs, because the beam is shifted 
by 2~ with respect to b1 (Fig. 8.3), due to translation symmetery. This results 
in a different optica! path J;: 

d· 
tan B; = __: 

~ 

. () Ó; 
Slll vac = 2~ 

=> J; = 2d; COS Bvac 

tanB; 

Analog to r, v; can be written as: 

v; = exp --J; { 
21ri } 
Àvac 

(8.13) 

(8.14) 

Using equation 8.11 recursively, the total reflectivity of the stack can be 
calculated. 
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Chapter 9 

Roughness of interfaces 

9.1 Single interface 

A real interface will never be perfectly smooth. A typical interface with limited 
roughness can bedescribed as a function z = h(x, y). Because it will never be 
possible to describe the complete interface, the function h(x, y) is associated 
with a statistica! function p(z = h(x, y)). 

p (Z) 

The statistica! function is chosen in such a way, that the average interface 
is a smooth plane at z = 0: 

(h(x, y)) = J z · p(z)dz = 0 

(9.1) 

The average deviation for a smooth surface is given by the variance, which 
is defined as: 

(9.2) 

where er is the so called root-mean-square (RMS) roughness. 
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H=0.8 

a.u. 

Figure 9.1: Variation of the H parameter 

In practice, only by direct AFM/STM measurements the surface function 
h(x, y) can be determened. If any scatter technique (x-ray/neutrons) is used, 
the maximum interface information that theoretically can be obtained is the 
autocorrelation function: 

C(X) = (h(X')h(X'- X))= IJ ~X' I I h(X'). h(X'- X)dX' 

s s (9.3) 

where X= (x, y). It is clear to see that (1
2 = C(O, 0). The function that is 

experimental associated with amorphous layer deposition is [18): 

C(X) = cr2 exp [ _ (1~1) 
2

Hl (9.4) 

where ~ is the lateral correlation length of the roughness and the parameter 
H descri bes how j agged the surface is ( 0 < H :::; 1). For I X I < < Ç the surface 
is a self-affine fractal. 

9.2 Multiple interfaces 

The roughness of the interfaces when multiple interfaces are concerned, has been 
mathematically separated into two components by Stearns (19); the "intrinsic" 
and "extrinsic" component. The intrinsic roughness ((X), with (( q) as Fourier 
counterpart, corresponds to that part of the structure that is inherent to the 
formation of the interface. It is always present in amorphous layers, due to the 
stochastic layer growth and is not correlated to the underlying surface. The 
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9.3 Born approximation, diffuse scatter 

"extrinsic" roughness corresponds to the structure derived from the replication 
of the roughness of an underlying interface. Hence the extrinsic roughness ac
counts for the propagation of the roughness trough the stack. Not all frequencies 
will be replicated equal. Lower frequencies will be copied more easily than the 
higher frequency roughness. Stearns uses a general replication function ä; ( q) to 
denote the different behaviour for the different frequencies at the (i) th interface. 
Then the model for the interface roughness in a multilayer stack can we written 
as: 

h;(q) = (;(q) + ä;(q). h;_l(q) (9.5) 

The replication factor ä; ( q) can have any functional form, but infinite rough
ness (lql = oo) can not be copied by atoms and a plane (lql = 0) will be com
pletely copied, so in real systems the replication factor will be limited between 
zero and unity. To calculate the replication factor, a model is needed for the 
depostition process (15). Applying equation 9.5 recursively the roughness of the 
ith layer can be found to be: 

h;(q) = L C;n(q)(n(q) (9.6) 
n=O 

where 

(9.7) 

Since there is still no diagnostic tooi to measure the interfaces within a mul
tilayer, the maximal information that can be obtained using scatter techniques 
is the correlation function between the seperate interfaces, which is defined as: 

C(X) = (h;(X)hj(X)) (9.8) 

9.3 Born approximation, diffuse scatter 

The optical properties of a material in the EUV region (Section 7) can be ap
proximated by taking a fraction f of the electrons in a material as free electrons. 
The differential scattering cross-section for one electron for unpolarised can be 
given by (20): 

dCT 1 2 ( 2 ) 
dfl = 2ro 1 + cos e (9.9) 

where eis the difference between the incidence beam and the scattered beam. 
Next a homogeneaus material is discussed, except for the presence of a surface. 
In the so called Born-approximation that was proposed (18) as a mathematica! 
theory to describe grazing incidence diffuse scatter, B is being neglected. The 
far field can now be approximated as: 
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Roughness of interfaces 

d:~q) ~ p;r5 JIJ dr JIJ dr' exp [-iq · (r- r')] (9.10) 

V V 

where Pe is the electron density of the materiaL The integral is taken over 
the coherence volume V of the radiation.The volume integral can be converted 
to a surface integral via the divergence theorem 

J J J (\7 · f)dr = J J f · dS (9.11) 
V s 

where S is the closed surface of the volume V and f is an arbitrary function 
inside the volume. The function is chosen as: 

f = z exp ( -iq · r) 

=? J J J exp ( -q · r) dr = -i~. z J J J (\7 · f) dr (9.12) 
V V 

With this definition, dS ·x becomes the projection onto the (x, y) of the 
surface element dS, which is located at height z = h(X) from the plane. Now 
Eq. (9.10) can be rewritten as: 

d:~q) = p;;Ö !! dX !! dX' exp { -iqz [h(X)- h(X')]} 

Sa Sa 

x exp { -iqll ·[X- X']} 
(9.13) 

It is assumed that [h(X) - h(X')] is a Gaussian random variable, so (Ap
pendix A) 

46 

(exp { -iqz [h(X) - h(X')]}) = exp {- q; ( [h(X) - h(X')J
2
)} 

This equation can be rewritten using: 

( [h(X) - h(X')J
2

) = ( h(X) 2
- 2h(X) h(X') + h(X')

2
) 

= 2 ( h(X) 2
) - 2 (h(X) h(X')) 

= 20"2 
- 2C(X) 

So the average of Eq.(9.13) becomes: 

d:~) = Ap;r5{exp(~;;0"
2

)} Jf dXexp{q;C(X)} 

xexp{-iq11 .x} 

(9.14) 

(9.15) 

(9.16) 



9.4 Distorted-wave Born approximation (DWBA), specular 
reflectivity 

Where A= JJ dX. For small roughness (qzrr << 1), exp{qzC(X)} can be 
so 

written as a series: 

d:~) = Ap;r~ { exp( ~;;rrz)} J J dX { 1 + q;C(X) + O(q;)} 

xexp{-iq11 .x} (9.17) 

Which will result in: 

(9.18) 

Where J(qll) is the two dimensional Kronecker delta and ê(qll) is the two 
dimensional Fourier transform of the correlation function C(X), or the power 
speetral density PSD. The J-function divided by q; gives the specular termand 
ê(qll) is the diffuse term. 

9.4 Distorted-wave Born approximation (DWBA), 
specular reflectivity 

When the reileetion becomes near to unity the Born approximation breaks down. 
Sinha et al (18] calculated the reileetion using the Distorted-wave Born Approx
imation (DWBA). De Boer (21] used the same method, but calculated up to the 
second order as to Sinha's first order approximation. The basis of the DWBA is 
the stationery Schrödinger equation written as the Helmholtz equation: 

(9.19) 

Where k is the length of the wave vector in vacuum and <f; is the wave 
function of the electron field parallel to the surface (TE-mode). The case of 
TM polarised x-ray's is not discussed, since it gives almost the same result for 
grazing incidence. 

Consicier a smooth interface between vacuum and a material with refractive 
index n at z = 0. The potential can than be written as: 

z>O 
z<O 

(9.20) 

Where kc is the critical wave vector. The solution is given by the Fresnel 
equations and can be given as: 

</;~ = 1/!k(z) exp (ikll ·X) (9.21) 

where k11 is the projection of kon to the surface and X= (x, y). 1/; can be 
expressed as: 
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z>O 
z<O 

(9.22) 

Where rk and tk are the Fresnel coefficients for reileetion and transmission 
respectively. 

Next we consider the iniluence of surface roughness by introducing a pertur
bation of the potential Va: 

Wh ere: 

0 < z < h(X) 
h(X) < z < 0 
elsewhere 

(9.23) 

(9.24) 

With this perturbing potential the new solution to the wave equation can 
be written as: 

(9.25) 

With the first Born approximation, De Boer showed that this will result in 
( second order). 

(9.26) 

For large angles of incidence ( * > > 1) the integral wil! become an 6-
function, centered at k11 resulting in the reduction of the reileetion by the so 
called Debye-Waller factor: 

(9.27) 

For small angles of incidence ( * < < 1) the integral can be neglected re
sulting in a reduction of the reileetion by the so called Névot-Croce factor: 

(9.28) 
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9.5 Multiple rough interfaces 

9.5 Multiple rough interfaces 

To calculate the reflectivity of a multilayer, the most widely used methad is using 
the Debye-Walier factor or the Névot-Croce factor, depending on the angle, as a 
a reduction factor for the Fresnel coefficients. The reflectivity is then calculated 
using the methad described in chapter 8. 

To calculate the diffuse scatter coming from a multilayer, the "extrinsic" 
roughness becomes more important, which is not described in the by this method. 
It also becomes difficult to include multiple reflections. This only can be ne
glected if the reflection coefficient is very small, which is the case for almast 
all interfaces in the EUV region, for angles larger than 0.7°. In this model the 
differential scattering cross section becomes [22]: 

d~~) = Pei:ijr~ L L JJ d X JJ dX' exp { -iqz [h;(X)- hj(X')]} 

' J So So 

exp [ -iqz (z: - zj)] exp { -q\1 · [X- X']} (9.29) 

where Pei is the electron density and zi the avarage height of the ith layer. 
As with the Born approximation, this result is averaged: 

dO'(q) 2{exp(-q;O'fat)}"'"'/"{ [ 2 ( · ')] ~ = ApeiPejro q; L..,;L..,; J dXexp qzC X,z,J 
' J So 

exp [ -iqz (zi- zj)] exp ( -iqll ·X) (9.30) 

Which for small roughnesses can be written as (see section 9.3): 

The delta fundion denotes the specular reflectivity of each induvidual in
terface, which is summed with a phase retardation factor to obtain the positive 
interference. ê( qll, i, j) is the PSD of the total multilayer. It contains the lat
eral correlation lengths (i = j) as well as the through stack correlationlengths 
(i f j), due to the "extrinsic" roughness. 
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Appendix A 

Proof of Eq. 9.14 

For a gaussian random variabie the statistica! distribution is defined as: 

p(z) = _1 exp [-~ (z- (z))2] 
~~ 2 ~ 

(A.1) 

where ~2 = ( z2). For simplicity the average is take zero. Next the proof of Eq. 
9.14 

(exp ( -iqz)) = ~~ J exp (-iqz) exp [ -~ (~ r] . d z 

= ~~ J exp {- 2~2 [(z + i~2 q) + ~4q2 ]}. dz 

= ~~exp(-~q2~2)jexp[-~(z+;~2 q)
2

]·dz 
= exp ( -~q2~2) 

= exp ( -~q2 (z2)) 

QED. 
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Appendix B 

Definitions 

The definition for the n-dimensional Fourier transfarm used in this report is: 

.1" {f(r)} = ](q) = (211r~ j · .. j f(r) exp ( -iq · r) dr (B.l) 

With the original function: 

f(r) = .1"- 1 {J(q)} = (21rt ~ J · · · J ](q) exp (iq · r) dq (B.2) 

With this definition the n dimensional kroneeeer J-funetion is defined as: 

J(q) = (21r)~ J · · · J exp (-iq · r) dr (B.3) 

The eonvolution: 

(! * g) (r) = J · · · J f(r)g(r- r)dr (B.4) 

The eonvolution theorem: 

(! * g) (r) = .1"- 1 {J(q) · g(q)} (B.5) 
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