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Summary

The main interest of this thesis is to investigate suitability of B,C based MLs in SXR-EUV
wavelength regime. We studied the reflective of W/B,C MLs near the B K-edge. We observed a
maximum peak reflectance of 8.3% at wavelength of 68 A. The reflectivity drops to 7.3% after
800 °C annealing. W/B,C MLs undergone period thickness changes on annealing. The period
variation is less when B4C layer thickness is more than 2 nm and MLs with B4,C layer
thicknesses are less than 2 nm undergone more period thickness and drop in reflectivity. One of
the drawbacks of W/B,C MLs is absorption is high in W which limits the maximum number of
layer pairs contributing to the reflectivity and hence energy resolution. To improve the energy
resolution we replace W with C. The electron density difference (~6%) is small between C and
B,C as a result there is an uncertainty in estimating the structural information using GIXR.
Combination of GIXR and TEM techniques gives improved structural information. Resonant
reflectivity measurements performed in the vicinity of the B K-edge suggested that presence of
excess C into the boron carbide layer. C/B,C ML structure is stable up to 700 °C. We
investigated the compositional changes in boron carbide thin films using RSXR. We observed
the boron deficient growth/carbon rich growth with decrease in film thickness. Such
compositional changes might be responsible for observed period thickness in W/B,C MLs as a
function of B4C layer thickness. Additionally, we have established that RSXR is a useful tool in

estimating the composition of films in a non-destructive way.
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Chapter 1.

Introduction

This chapter gives brief introduction to extreme ultraviolet and soft x-ray region. The theory of

refractive index and multilayer optics are discussed. The various aspects related to multilayer

optics are discussed.
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1.1. Introduction:

The spectral region, extending from wavelength A= 5 A to 400 A is generally categorized as soft
x-ray (SXR) 5 A <A <50 A, and extreme ultraviolet (EUV) radiation 50 A< A < 400 A. The
boundary between these two regions is not stringent. EUV-SXR is an important region in
electromagnetic spectrum. There are a large number of atomic resonances fall in this region
which provide mechanism for both elemental and chemical identifications.! This provides
opportunities for researchers in both science and technology. The progress in this region is
delayed due to the large absorption typically in nanometer or micrometer range. The wavelengths
are relatively shorter which open up possibilities to study the nanometer scale structures in
microscopy?, and to write smaller patterns in lithography.®* Diffraction limited focal spot can be
achieved in this region which allowed to perform spatially resolved spectroscopes, to spatial
resolutions measured in tens of nanometers.>® The region covering the oxygen absorption edge
A=23 A to carbon absorption edge A=44 A is known as water window region, which falls in SXR
region. SXR radiation is absorbed by carbon and transparent to oxygen and this natural contrast
is indeed very attractive for imaging the biological samples in its natural aqueous environment.””
These interesting properties attract many researchers in the field of imaging, spectroscopy and
nanofabrication.

Conventional optical elements like lens and thin film coated mirrors are not applicable in this
region. This is due to small refractive index in this spectral region for all materials compared to
vacuum. As a result all materials give a negligible reflection or refraction in this region.
Electromagnetic radiation undergoes reflection and refraction at a boundary between two media

if there is a change in refractive index. The knowledge of refractive index is essential to predict
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the response of a medium to incident radiation. The complex refractive index in X-ray region can

be written as’®,

n=1-6+iB, 1.1
ngreA* ,
6= o [fvr + /(D] 1.2
3 NgleA®

where & (dispersion coefficient) and B (absorption coefficient) are the optical constants, n, is the
atomic density, re is the classical electron radius, fyx is the non-resonant atomic scattering factor
(ASF), f'(A)and f"(A) are the dispersion and absorption corrections to the ASF that arise from
the fact that electron are bound in an atom. The real part of ASF tells effective number of
electrons that can be contributed to scattering and imaginary part tells the absorption in a
medium. The optical constants decrease quadratically with decreasing wavelengths. In EUV-
SXR region both the values of 6 and B are comparable and are in the range of 10% to 10°. The
real part of refractive index,1-8 is close to one in this region, therefore weak refraction occurs at
boundary between two media. The absorption is high in this region. The weak refraction and
high absorption make it impossible to use lenses in this region. To avoid absorption one can use
a thin film coated mirrors at low grazing angles. These thin film coated mirrors works on the
principle of total external reflection. These mirrors reflect almost all the incidence radiation
below the critical angle. The drawbacks of this kind of optics are large size is required and also

there is weak reflection at angle larger than critical angle. In case of natural crystals reflection
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from each atomic plane is added up in phase and gives intensity maximum at Bragg’s condition.
But the spacing between planes in natural crystal is of the order of sub nm. So one cannot use
crystals as an optical element in this region where wavelengths are of the order of nm. If such
structure made artificially with layer thicknesses of the order of nm, they would be used as
artificial Bragg reflectors. Such artificial Bragg reflectors can overcome the limitation imposed
by grazing incidence optics which works at low incidence angles and non-availability of atomic
spacing of natural crystals in this region.*!

1.2.  Theory of x-ray multilayers (MLS):

The theoretical reflectivity, R for a radiation incident normally on smooth interface between two
media having difference in refractive index is given by

n, —nyl2 A8+ AB?

4

1.4

n, +n,
This shows that the reflectivity depends on the difference in refractive index. As discussed
earlier both the optical constants & and B are small in EUV and SXR region. This indicates that
the normal incidence reflectivity from a single surface is very small in this region, typically not
more than 1%.

The goal of ML fabrication is to enhance the low reflectivity available from a single boundary by
adding up reflectivity from many boundaries. ML mirror consists of alternating layers A and B
of thickness da and dg respectively as shown in Figure 1.1. The structure is periodic in a
direction perpendicular to the surface with period thickness, d=da+dg. A radiation of wavelength
A incident at a grazing angle 0, on such a structure will be reflected from each interface. At

Bragg’s angle, 6,,, given by the relation®

2dsin@,, |1 — =mA 1.5
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Reflected wave from each interface will be added in phase and gives a maximum in reflectivity
pattern. The square root term in the above equation appears due to refractive correction. Where
m is the order of Bragg reflection and & is the bilayer weighted real part of the refractive index.

In case of bi-layer it is given by the relation

dy +dp

S = 1.6

Where §, and &5 are the dispersion coefficients of layers A and B respectively.

o S

Figure 1.1: Schematic diagram showing a ML structure consist of N layer pairs and period

thickness of d.
The parameters that can be used to distinguish different ML structures are period thickness, d,

number of layer pairs, N and layers thickness ratio, I which is defined as the ratio between the
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thicknesses of high electron density layer to ML period. Depending up on operating wavelength
and incidence angle, the parameters that can be varied in ML structures are layers thickness ratio,
number of bilayers, period thickness and material pairs.ML period thickness is chosen according
to Bragg’s condition. Material combination is selected in such a way that the maximum
reflection occurs at an interface between them. It means that the refractive index difference
should be high to yield maximum reflectivity. Absorption limits the penetration depth and hence
the maximum number of layer pairs that can contribute to the reflectivity. So absorption should
be less in the selected combination. A large difference in electron density of a high and low
atomic number, Z between the layer materials provides refractive index contrast and less
absorption in low Z elements can be useful as a guide for material selection. Some of the low Z
elements whose absorption edges fall in EUV-SXR region are: Ti (L edge 31.4 A), V (L edge
24.3 A), Sc (L edge 31.9 A), C (K edge 43.7 A), B (K edge 6.6 A), B4,C (K edge 65.6 A), Be (K
edge 111 A), Si (L edge 123 A), Mg (L edge 251 A) and Al (L edge 171 A). Most commonly

used high atomic number elements in this region are Cr, Ni, Mo, Ru, Rh, Pd, La and W.*?*®

The main advantages of ML structures stem from the tunability of period thickness, lateral and
in-depth gradient of periodicity; these can be tailored according to the desired incidence
geometry and wavelength regime. Furthermore, ML structures have the advantage of being used
for focusing and imaging applications by depositing structures on figured surface. EUV-SXR
radiation has many applications in the field of imaging, spectroscopy and nanofabrication which
makes the development of coatings for EUV-SXR region is an active and intensive research
field. The ML optics is used as a normal incidence reflector to perform microscopy in water

window region. Also multilayer mirrors find application in many fields of science and
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technology, e.g., in lithography, synchrotron beamlines, telescopes, spectroscopy, plasma

diagnostics, and soft x-ray laser research.’*%

1.3.  Roughness of ML optics:

Designing of ML structures for different wavelengths are done based on material optical
properties. The properties of ML structures (like Bragg peak width, peak and integrated
reflectivity) are strongly influenced by the physical and chemical nature of interface, the
composition of the individual layers. In reality interface between two materials is not sharp but
has finite width caused by roughness, or intermixing of materials near the boundary. Rough
boundary causes wide angle scattering which results into a drop in specular reflectivity.
Intermixing or compound formation due to chemical reaction between materials at an interface
reduces optical contrast which results in a drop in reflectivity. The finite interface width was

24
I

taken into account according to Nevot-Croce model“* and reduction in reflected intensity is given

by
R(q)=R, e(-01%:") 1.7

where R, is the reflected intensity from the ideal interface, o is the interface width, q; and g, are
momentum transfer vector values in the two media forming the interface. Depending up on
application wavelength this interface width limits the maximum achievable reflectivity from a
particular combination. As an example Figure 1.2, show the reflectivity, R(c) values at different,
o values divided by reflectivity, Rg of ideal ML structures as a function of 6. From the Figurel.2,
it is clear that the ML structures with smaller, d have steeper fall in reflectivity ratios as
compared ML structures with higher, d values. The reflectivity of ML consists of d= 22 A and

o= 3 A falls to more than 50% of R,. Interface width either due to roughness or due to compound
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formation represents the most serve limitation for the performance of MLs for small period

thickness.
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Figure 1.2: The calculated reflectivity ratio of ML structures as a function of interface width.

To achieve maximum reflectivity from a ML structure, o shall be lea than 0.1d. For example to
use MLs as normal incidence reflector at 66 A (B K-edge), d=33A and hence total interface
widths should be less than 3 A. ML structures should have atomically smooth interfaces to use as
a high reflecting mirror at shorter wavelengths. We have to select a material combination that

can form smooth interfaces for application at shorter wavelengths.
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1.4. Thermal load on ML optics:

ML mirrors when exposed to high intense synchrotron radiation absorb a part of the radiation. As
a result, at high incident intensity the mirror heats up and shows quick raise in temperature.?
Thermal load on optics causes changes in the multilayer’s internal structure due to void
elimination, changes in stress, crystallization, interdiffusion of atoms at the interfaces and
compound interlayer growth.?®*® Any changes in internal structure of MLs due to thermal
loading causes change in ML period thickness and cause drop in maximum achievable
reflectivity at application wavelength. The change in ML period thickness causes change in
optimally reflected wavelength (or incidence angle). Recent study on Mo/Si MLs exposed to an
intense pulsed EUV source showed that the silicide formation causes irreversible structural
changes.**The observed damage mechanism is similar to degradation observed during annealing
treatments. So study of structural changes up on thermal annealing and its detrimental effect on
the reflectance at an application wavelength of an optical element is important, as it is exposed to
high power synchrotron radiations.

MLs with reflectivity close to the theoretically achievable values were developed for wavelength
regime greater than Si L-edge (124 A).The measured reflectivity for shorter wavelength regime
is much less than the theoretically achievable values. This is due to the fact that the effect of
interface imperfections like roughness or interdiffusion is stronger at shorter wavelength. MLs
near the B K-edge (65.6 A) are of interest for x-ray analysis of boron content in doped
semiconductors, plasma diagnostics and lithography. Few ML combinations like Ru/B,C™,
La/B4CY", Mo/B,C** and Pd/B,C™ were studied for application near the B K-edge. Ru/B,C
combination is stable only up to 250°C. Annealing studies carried out on Mo/B,C ML suggest

that significant drop in reflectivity at temperature > 600°C. In Chapter 4, we investigated the
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structural changes with thermal annealing and its detrimental effect on the reflectance of W/B,C
ML structure near the B K-edge. We have chosen W/B,C ML combination because B,C can
form smooth interfaces with W and tendency of interface reaction is less in W/B,C as compared
to Ru/B4C and Mo/B,4C.* Jankowski et al.* observed an expansion in W/B,C multilayer sample
with period thickness of 40 A after annealing and the observed changes were attempted to be
explained by auger electron spectroscopy and transmission electron microscopy but no clear
understanding was evolved. A more detailed analysis is required to understand the period
thickness changes in W/B4C ML structures upon thermal annealing. W/B4C MLs were thermally
stable up to the temperature of 700 °C and a little drop in peak reflectance (~1%) was observed
after 800 °C annealing near the B K-edge. We observed both period expansion and compression
in W/B,C ML structures on annealing. The period thicknesses of ML structures were accurately
measured using hard x-ray reflectivity (XRR). To understand the period thickness changes due to
interlayer compound formation a synchrotron based grazing incidence x-ray diffraction

measurements were performed.
1.5.  Composition of ML optics:

Two factors: Structure parameters (like thickness, interface roughness/width) and composition of
layers influence the properties (like Bragg peak width, peak and integrated reflectivity) of ML

structures.'*** It is

important to derive structural and compositional information of these
nanometer scale ML structures so that the preparation techniques can be optimized to yield better
performance. The finite absorption in the layers of ML structure limits the spectral band pass of
width AE/E~1/N, where N is the number of layer pairs achieved from it. High resolution ML

mirrors are realized either by reducing the thickness of high-Z absorber layer or by using the

low-Z/low-Z combination®. The calculated reflectivity of Mo/Si which is a high-Z/low-Z
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combination and Si/B4C which is a low-Z/low-Z combination is shown in Figure 1.3. The narrow
Bragg peak in case of low-Z/low-Z ML is due to less absorption of incident radiation. XRR
which works on the principle of electron density difference between layers is routinely used
technique to derive structural information of ML structures. For a low-Z/low-Z combination, the
electron density contrast (EDC) between layers is low and hence XRR provides the limited
structural information. Thus combining the scattering technique like XRR with a microscopic
technique like transmission electron microscopy (TEM) provides improved structural
information. Further, XRR measurements are also less sensitive to compositional changes in thin
film/ML structures consisting of low EDC elements. For example, boron carbide film is
composed of B and C atoms and XRR measurements were insensitive to any change in B/C
ratios. This is due to fact that electric field of incident radiation interacts with electron density of
atoms within the samples and the incident radiation could not distinguish between the atoms
having similar electron density. However near the absorption edges optical constants undergo
strong variation and significantly modify the reflectivity pattern in this region. Using the soft x-
ray reflectivity spectra measured near the absorption edges, we can infer the composition of low

EDC structures.
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Figure 1.3: The calculated reflectivity of Mo/Si (d=69A, I'=0.4, 6=0A, and N=100) and Si/B4C

(d=69A, I'=0.4, 6=0A, and N=100) ML structures.

So combination of characterization techniques like XRR, TEM and resonant soft x-ray
reflectivity can provide complete information about structural and compositional of low EDC
structures. In Chapter 5, these aspects are shown with an example of 10-period C/B,C multilayer
which is a low-Z/low-Z combination. In general this method can apply to any low-Z/low-Z

combination to derive structural and compositional information.

Boron carbide is an important x-ray optical element in both hard x-ray and EUV-SXR
regions.'®® It is also a promising material for the next generation lithography application around
the wavelength of =68 A.3"*® It is also found to be one of the suitable candidates for free
electron laser applications.®**! It is used as capping and barrier layer to protect the ML structure

from oxidation and as barrier layer to prevent the interdiffusion.*” The compositional changes in
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the boron carbide causes significant changes in its optical constants in the vicinity of B K-edge
and limits maximum achievable throughput from boron carbide based MLs. Figure 1.4 showing
the calculated SXR profile of ideal W/B4C ML structure with different B/C ratio. The reflectivity

of ML structure decreases with decreasing the B/C ratio.
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Figure 1.4: The calculated SXR profile of W/B4C ML structure consisting of d=34A, I'=0.29,

0=0 A, and N=50 with different B/C ratio.

In many applications boron carbide thin films with thickness ranging from a fraction of a
nanometer to several nanometers have been used. It is important to study any thickness
dependent compositional changes in boron carbide thin films.

In Chapter 6, we investigated thickness dependent compositional changes in boron carbide thin

films. XRR were used to derive layer thickness and surface/interface roughness. SXR
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measurements near the B K-edge were measured to derive optical constants of deposited films.
X-ray photo electron spectroscopy technique is used to study surface composition of thin films.
Resonant Rutherford backscattering spectrometry and time of flight secondary ion mass
spectrometry are used to complement the observation made from SXR.

In chapter 3, we have addressed the development of high reflectivity and large area ML optics in
the EUV-SXR regime. Mo/Si ML was designed for normal incidence, a peak reflectivity of
~63% was achieved near the Si L-edge (100 eV). Mo/Si ML structure was deposited over the
area of 300x100 mm? with period thickness variation less than 1% to use as a reflecting mirror
near Si L-edge (124 A). For the W/B4C ML designed for normal incidence, a peak reflectivity of

~1.8% was achieved in the water window region.
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Chapter 2

Experimental Techniques

In this chapter details of experimental techniques used in the thesis is presented. This includes
both deposition and characterization techniques. The geometry of deposition systems are
discussed in detail. Theory and experimental setup of characterization techniques are discussed

in detail.
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2.1. Sample preparation techniques:

Thin film deposition is classified into two categories: physical vapor deposition and chemical
vapor deposition.***The role of deposition technique is to deposit material with desired
properties in a reproducible manner and with minimum variation in their composition. In a
Chemical vapor deposition the substrate is exposed to volatile precursors and produces a
chemical change on a surface and produces a chemically deposited coating on it. Physical vapor
deposition is classified into two types: (1) thermal evaporation and (2) sputtering. In this thesis
we have used sputtering techniques like ion beam sputtering and magnetron sputtering to deposit
thin films and multilayers (MLs). These techniques and geometry of deposition setup are

discussed briefly in the following sections.
2.1.1. Sputtering:

In sputtering, the surface is bombarded with high energy ions and surface atoms of the solid are
scattered backward due to collisions between the surface atoms and the energetic particles as
shown in Figure 2.1. This phenomenon is known as sputtering. A measure of removal rate of
surface atoms due to ion bombardment is the sputter yield, defined as the ratio between the
number of sputter ejected atoms and the number of incident projectiles.®® It depends upon the
several factors like energy of incident ion, target material, incidence angle of ions and structure
of the target surface. The sputtered atoms travel through vacuum and condense on the substrate.
Cathode sputtering is used for the deposition of thin films. Sputtering can be realized using the

different methods like dc diode, rf diode, magnetron, and ion-beam sputtering.
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Figure 2.1: Schematic diagram showing the physical sputtering processes.
2.1.2. Magnetron Sputtering (MS):

In the basic sputtering process, a target (or cathode) plate is bombarded by energetic ions
generated in glow discharge plasma, situated in front of the target. The bombardment process
causes the removal of target atoms and also ejection of secondary electrons from the target
surface. These secondary electrons play an important role in maintaining the plasma at lower
pressure and enhance the sputtering rate. The basic sputtering process is limited by low
deposition rate, low ionization efficiency in the plasma and high substrate heating. These

limitations have been overcome by the development of magnetron sputtering.

In magnetron sputtering, a magnetic field parallel to the target surface is applied which can
constraint the secondary electrons motion to the vicinity of the target surface. The electrons in
the glow discharge show cylindrical motion and the center of the orbit drifts in the direction of E
x B with drift velocity of E/B, where E and B denote the electric and magnetic fields
respectively. Trapping the electrons in this way increases the probability of an ionising electron-
atom collision occurring. As a result dense plasma forms near the target surface which will

increase the sputtering rate of the target and deposition rate at the substrate. In addition, the

17| Page



magnetron sputtering system can be operated at lower pressure and voltages as compared to

sputtering.
2.1.2a. Magnetron sputtering system configuration:

MS system*’ consists of two parts- main processing chamber and load lock chamber. Main
chamber is rectangular shape with length ~800 mm,width~325 mm and height ~770 mm. The
deposition system has ports to accommodate different magnetron sources, quartz crystal
thickness monitors, substrate motions, residual gas analyzer, vacuum gauges, viewing ports etc.

The schematic diagram of the deposition system is shown in Figure 2.2.

full range gauge

ﬁ Baratron gauge turbopump
/
/
i .
3 ’f
I

Viewport

quick aoéess door

sputer etcher
with matching unit

(b)

18| Page



Shurta\

(©)

Figure 2.2: Schematic diagram showing the MS system. (a) Main chamber, (b) load lock

chamber and (c) complete system.

A load lock system is attached to the main processing chamber for loading/unloading the
substrate without disturbing the vacuum of the main processing chamber. The load lock system
is a cylindrical chamber having length ~920 mm and diameter ~130 mm. A pneumatic UHV gate
valve is used to isolate of the load lock chamber from the main chamber. The load lock system
has port for pumping, pressure measurement and viewing of substrate. The sample is transferred
from load lock chamber to the main chamber through a mechanical rail platform. In load lock
chamber there is a facility for substrate cleaning using a RF ion etch gun. The RF ion etch gun

has the maximum power of 1.6 kW.
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The system configuration is such that the sputtering process takes place in horizontal direction.
This minimizes the contamination of flaking on the substrate and the cathode. There are two
horizontally facing magnetron cathodes, each having the size of 500 mm length and 100 mm
width, mounted on one side of the main processing chamber. One cathode is powered by DC
power supply with maximum power of 2 kW, the other has both DC and RF source with
maximum power of 1 kW and 600 W, respectively. The cathodes are mounted to main chamber
through rectangular flanges, and contain all required water, gas and electric high voltage
feedthroughs. The sputtering gas pressure is regulated through mass flow controllers. The
sputtering gas is ejected to the main chamber through an unbalanced flow rate from two sides of
target to ensure uniform gas pressure over the sputter target. For avoiding cross talk between two
source materials, there is shutter mounting assembly in front of sputter targets. There is a facility
to mount different types of masking arrangements for controlling the spatial variation of

deposition rate.

The vacuum system of the main chamber consists of 1800 I/s turbo molecular pump (TMP)
backed by a scroll pump. The TMP is connected to the opposite side of the cathode in the main
chamber through a pneumatic gate valve with variable port opening option. The ultimate
pressure of the system after conditioning is ~ 1x10® mbar. In load lock chamber, pumping is
done by a 250 I/s TMP to achieve a base pressure of 8x10® mbar. The pressure in the main and
load lock chambers are monitored by Pirani and Penning gauge. The deposition system is fully
auto controlled, starting from loading to unloading the substrate, with proper interlocking

arrangements.
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2.1.3. lon beam sputtering (IBS):

In sputtering ions are used to sputter the target atoms. There are two classes of system used to
generate ions: plasmas and ion beams. The only real difference here is that in plasma source, the
surface to be bombarded is immersed in the plasma, and in the case of ion beam, the plasma is
physically separated from the target, and an ion beam is extracted from the ion source to
bombard the surface. This causes IBS operates at lower operating pressures (typically, 10 to 10
* mbar, compared to 10 mbar) in the basic sputtering mode. This will reduces the inclusion of
gas molecules in the sputtered films. To generate ions, we have used Kaufman-type broad ion
source®®. This type of source typically has a plasma chamber within the ion source with a hot
filament cathode. lons created in the source can be accelerated by means of multi-aperture grids
to form a large area and intense beam.

2.1.3a. IBS system configuration:

The schematic diagram of IBS system is shown in Figure 2.3. The deposition consists of a single
chamber. The deposition system has ports to accommodate quartz crystal thickness monitors,
residual gas analyzer, vacuum gauges, viewing ports etc. We have used a 3 cm diameter
Kaufman-type 1.5 kV hot-cathode gridded ion source, at an angle of 45° with respect to the
chamber wall. To deposit multi elements, the deposition system is equipped with a multi-target
holder in which four targets of different materials on a rotary motion feed-through can be
mounted at the same time. A heating stage is attached to substrate holder for carrying a
deposition at higher temperatures. The substrate temperature can be increased up to 500 °C. The
vacuum system of the main chamber consists of 500 I/s turbo molecular pump (TMP) backed by
a scroll pump. The ultimate pressure of the system after conditioning is ~ 1x10” mbar. The

pressure in the system is monitored by Pirani and Penning gauge. The flow of sputtering gas,
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argon is controlled by mass flow controller. During the deposition the argon gas flow was fixed
at 3 standard cubic centimeters (sccm), which results in a vacuum drop to 5 x 10 mbar in the
chamber. An argon ion-beam of current ~ 25 mA and voltage 1000 V was used to sputter the

target material.
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Figure 2.3: Schematic diagram showing the IBS system.
2.2. Characterization techniques:

2.2.1. Hard x-ray reflectivity (XRR):
XRR is a routinely used non-destructive tool to determine the layer thicknesses, period thickness

of ML structures, the surface and interface roughness and average electron density of a layered
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system.**>® Electromagnetic radiation incident on an interface will undergo reflection and
refraction provided the refractive indices of the media on two sides of interface are different. The

refractive index in X-ray region can be written as

n=1-8+ip 2.1
Where & (dispersion coefficient), and B (absorption coefficient) are known as optical constants.
2.2.1a. Single surface:

We have used wave theory to explain the phenomena of reflection and refraction. Figure 2.4.

shows the schematic diagram of incident, reflected and refracted waves. -
VA » > >

Figure 2.4: Schematic diagram showing incident, reflected, and refracted waves.
Let us consider an electromagnetic plane given by its electric field E = E, e 1wtk js incident

from vacuum side. ki and w are propagation wave vector and frequency of incident wave
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respectively. A part of the incident wave is reflected and a part of it transmitted into the medium
having refractive index n. The reflected and refracted waves can be written as E =
E e iWtkeD) gnd E” = E e iWt-ker)  respectively. At an interface separating two media, the
ratio of refractive indices will determine the angle at which wave refracted, a;, in comparison to

grazing incidence angle,a;. Using Figure 2.4, Snell’s law is
cosa; =ncosa; 2.2

In general n is a complex number which implies that cosa; is also complex number for real
incidence angle a;. For absorption free medium (B=0), if n>1, then a; > a; and there exists a
real angle of refraction for all incidence angles. However if n<1, thena; < «a; and there is a real
angle of refraction for all angle incidence provide «a; is greater than the critical angle a.. The

angle of refractiona,, is O at
cosa, = cosa; =n 2.3
0. = (28)1/? 2.4

At values o; is less than o, total reflection occurs and only evanescent wave penetrate into the
material. At values a; is greater than a. the reflection reduces significantly as most of the
radiation penetrates into the material. The extent at which radiation reflected at a surface or an
interface depends upon the differences in wave vector or momentum transfer vector. In specular
reflectivity one can monitor reflectivity as a function of momentum transfer vector perpendicular

to the surface, g,. Hence

4msina;

q, = |ki_kf| =— 2.5
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Where k; and ks are incident and reflected wave vectors respectively, o, iS the grazing incidence
angle and A is the wavelength of probing radiation. The reflection coefficient for a smooth
surface or an interface is given by Fresnel formula.! The Fresnel’s reflection and transmission

coefficients for s and p polarization are defined as

kiz—ktz sina;—n sinag
s = - — = 26

kiztktz sinaj+n sinag

2 k; 2sina;
L = : 2.7

kiztktz sinaj+n sinag

= n?k;,—ke, _ n?sina;- sina; 28
P n2k;,+ke,  n? sina;+ sinag '

. 2ki; 2sina; 29
P n2k;,+ke, nZsinag+sinag )

Where k; , = k sina; and k;, = nk sina, are normal component of incident and transmitted

wave vector.

The reflectivity is the modulus square of reflection coefficient and is defined as

2

sina;—n sinag
RS = ITS|2 = l— 2.10
sina;j+n sina;
2 n? sina;—sina; 2
Ry =[] = | s 2.11
n2 sina;+n sina;

2.2.1b. Multiple interfaces:

For many practical applications a specimen contains multiple interfaces are of interest than that
of single surface. Let us consider a specimen having n layers on a substrate each layer having
different thickness as shown in Figure 2.5. There is total n+1 interface, n+1 corresponds to
specimen/substrate and 1 corresponds to specimen/vacuum interface. The reflectance is

calculated by considering first the reflectance between the substrate and the layer closest to the
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substrate, i.e., the (n +1)™ and n™ layer, respectively. This is given by Fresnel’s reflection

coefficient from a surface. The reflectance between the (n - 1)™ and n™ layer is then given by

Figure 2.5: Schematic of specimen contains n layers of different thickness on top of substrate.

r _ Trrz—l,n+rr’1,n+1exl7(2idnkn) 212
=L T s 1€XP(2idnkn) ’

Where the prime denotes the reflectance at the interfaces given by Fresnel’s reflection coefficient
from a surface while r,,_, ,, includes internal reflections at the n-1, n and n, n + 1 interfaces of the
single layer film. This reflectance, r,,_; ,, is then used to calculate the reflectance for the next

layer by
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Tn—2n-11"n-1,n€xpidp—1kn—1)

1+rr’1—2,n—1rn—1,nexp(2idn—1kn—1)

2.13

Th-2n-1 =

52,54

This recursion is then continued until the reflectance at the air/specimen interface is obtained

which yields the reflectance of the specimen.

So far we have considered smooth surface and interfaces. But in reality these surfaces and
interfaces are not smooth. The roughness causes gradual change in refractive index between two
media which results in drop in reflectivity. The loss in reflectivity due to roughness is taken into
account using Névot-Croce model.?*They assumed surface heights have a Gaussian distribution
and divided rough surface into ensemble of smooth interfaces with root mean square deviation of
o. With these assumptions they got the result that roughness damps the specular reflectivity at an
interface j, by a factor exp(—Zkz, ik, j+102). Hence by analysis of reflectivity curves we can get

information about layer thicknesses, surface and interface roughness and mean electron density.

In the present work XRR measurements were performed at Cu-ko radiation (E=8.05 keV) on
Bruker Discover D8 diffractometer with Ge(220) two bounce monochromator. XRR
measurements were performed using 100 pum slits in incident beam and 200 pm slits in reflected
beam. A nonlinear least square curve fitting technique based on %* minimization method was

applied for the determination of structural parameters from the XRR measurements.
2.2.2. Soft x-ray reflectivity (SXR):

Conventional XRR works on the principle of difference in electron density contrast (EDC). In
case of specimen contains low-Z elements difference EDC is less which limits the observable
contrast. One cannot get the depth distribution of specimen contains low-Z elements using XRR.
In the vicinity of the absorption edge both the optical constants & and  undergo strong variation.

For many light elements absorption edge falls in the EUV-SXR regime. Any small changes in
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the composition of film gives rise to a significant change in optical index and that can give a
clear contrast in a reflectivity profile. Thus analysis of the reflectivity curves measured near the
absorption edges gives the concentration profile of all the chemical elements present in the
sample. The angular dependence inherent to reflectivity measurements brings furthermore the
spatial selectivity. If a sample contains several chemical elements the optical indices can be

represented as >>*°

ij(fng,j + f§,j(’1))

8 =2.7007x107* 22 p - 2.14
2. Xk
]

2. X fa(4)

L =27007x10"*Pptes—
ijﬂj
J

2.15

Here A is the incident wavelength [nm], p is the density [g/cc], X is the atomic fraction of j

atoms, and p; is the atomic weight of j atoms [g/mol]. fﬁR(q) is the non-resonant ASF, fF'{(ﬂ)

and f;(ﬂ,) are the dispersion and absorption corrections to the ASF arising from anomalous

dispersion. In the present thesis we reconstruct the composition profile of boron carbide B4C by
performing the SXR measurements in the vicinity of B K-edge using Indus-1 reflectivity

beamline®’.

The Indus-1 reflectivity beamline having a toroidal grating monochromator delivers photons in
the range of 40-1000 A with high flux (~10' photons/sec) and moderate spectral resolution (
AANL: 200-500). Various absorption edge filters are provided in the beamline to suppress the
higher order contamination from the monochromator. The reflectometer station installed on the
beamline operates in high vacuum environment (~ 5 x 107 mbar). To maintain UHV

environment of 1x10° mbar of the beamline, a differential pumping system has been
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incorporated between the experimental station and the beamline. The experimental chamber
consist two rotary stages driven by stepper motors and a linear translation stage for sample
mounting. The two rotary stages were used to accomplish the standard 8 — 26 scan for normal
reflectivity measurements. The linear stage is employed to bring the sample in and out of the
direct beam path, in order to facilitate the direct beam monitoring. An absolute soft x-ray silicon
photo diode detector (International Radiation Detector Inc. USA) is used in direct current mode
for monitoring reflected and incident beam intensities. The current output of the detector is

measured using an electrometer amplifier.

2.2.3. Transmission electron microscopy (TEM):

TEM is a microscopy technique®®®

which acquires the real space information directly unlike
scattering technique (e.g. XRR), where we need modeling to get the real space information. TEM
provides the information about layer thicknesses, composition, crystallinity and interfaces, etc.
Microscope is an instrument for magnifying things too small to see with the naked eye. TEM

were developed because of the limited image resolution in light microscopes. According to

Rayleigh criteria, the smallest distance that can be resolved, o is given approximately by

5 = 2601t 216

nsinf

Where A is the wavelength of incident radiation, n is the refractive index of the viewing medium,
and B is the semi angle of collection of the magnifying lens. From the above equation it is clear
that resolution in light microscopy is limited by wavelength of radiation. In the case of electrons,
their wavelengths are dependent on their energy or their accelerating voltage. If we ignore

relativistic correction, the wavelength of electron in terms of energy is written as a

1.22
~ El/Z

A 2.17
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Where E is the energy of the electron in eV. We can increase the energy of electron by applying
higher acceleration voltage. So using the TEM with higher accelerating electrons we can achieve

sub nanometer resolution. TEM experimental setup is shown schematically in Figure 2.6.

Figure 2.6: Schematic diagram of TEM consists of different components.

The electron microscope consists of three main parts-(1) a system consisting of a hot cathode
emitting electrons and condenser lens to illuminate the sample with electron beam, (2) imaging
system comprising of the objective and projector lenses, and (3) photographic film or fluorescent

screen to convert the intensity of electron beam into image.

The transmission electron microscope investigations were carried out on a Philips CM 200 TEM,
operated at 200 kV accelerating voltage. A cross-sectional sample for TEM was prepared by
conventional method of mechanical thinning and ion polishing. Mechanical thinning was

performed by dimple grinder up to a thickness of ~ 50 um. Ion milling of the sample was carried
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out at very low angle (~3°) and low energy (3 keV) to avoid sample damage. The damage
introduced in the sample can be estimated by the thickness of amorphous layer formed at the
edge of the sample. The amorphous layer thickness was ~ 10 A. The final thickness of the
electron thin region was ~ 1000 A.

2.2.4. Grazing incidence X-ray diffraction (GIXRD):

GIXRD measurements were performed on W/B,C ML structures to study the annealing
products. The penetration depth of x-ray is in the range of 10 — 100 um. In case of thin film
investigations thickness is small causing the most of diffraction signal coming from the substrate
in @ — 20 geometry. In GIXRD®, the incidence angle is small which causes the path traveled by
the x-rays to increase within the sample and most of the diffraction signal came from the sample
only. The measurement geometry of GIXRD is shown schematically in Figure 2.7. K; and Kyare
the incident and diffracted wave vectors respectively. Q= K - K; is a momentum transfer vector
and surface normal is along z-axis. Detector moves at angle 26 — a with respect to the surface,
where 26 is the scattering angle denotes the angle between the outgoing beam and the elongation

of the incoming beam. During the measurements incidence angle a is kept fixed around 1°.

» 4&

A
\
4

Figure 2.7: Shows the geometry of GIXRD experiment.
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In the GIXRD mode, Q is neither parallel to surface normal nor does its orientation remain
constant. Rather the orientation of Q changes in the course of the measurement, during which the
scattering vector is tilted from the start position close to surface normal towards an end position
ever closer to the incoming beam K;. As a result in GIXRD, we observe Bragg peaks that are
caused by lattice planes neither parallel with the substrate surface nor with each other. In the
present work GIXRD measurements were performed using lab source Cu-k, radiation (E=8.05
keV) on Bruker Discover D8 diffractometer and also using synchrotron radiation. Synchrotron
based GIXRD measurements were performed on the angle dispersive x-ray diffraction
beamline®, (BL-12) at Indus-2 synchrotron source. Photon beam energy of 13 keV was used
and data is collected on image plate area detector (Mar-345 dtb). The radiation energy and
distance between the sample and detector were calibrated using the diffraction pattern of LaBs

NIST standard
2.2.5. Raman spectroscopy:

Raman spectroscopy provides information about molecular vibrations that can be used for
sample identification and quantitation.®The sample under study is illuminated with
monochromatic light source (i.e. laser) and detecting the scattered light. The scattered light
consists of two types: Rayleigh scattering is strong and has the same frequency as the incident
beam (V,), and Raman scattering is very weak (~ 10™ of the incident beam) and has frequencies
Vo, = Vi, Where Vy, is a vibrational frequency of a molecule. The V-V, and Vy+Vy, lines are
called the Stokes and anti-Stokes lines, respectively. Thus, in Raman spectroscopy, we measure
the vibrational frequency (V) as a shift from the incident beam frequency (V,). Raman spectra
are plotted with respect to the laser frequency such that the Rayleigh band lies at 0 cm™. On this

scale, the band positions will lie at frequencies that correspond to the energy levels of different
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functional group vibrations. Raman spectra are more sensitive to the structural change of carbon
films which are usually in amorphous states. Using Raman spectroscopy, we can compare the
structure of the carbon in multilayers before and after annealing and can relate the structural
changes to the period expansion. The Raman scattering measurements were performed using a
Jobin Yvon micro-Raman spectrometer (HR800). The schematic diagram Raman spectrometer

setup is show in Figure 2.8.

Figure 2.8: Schematic diagram of Raman spectrometer.

Jobin Yvon micro-Raman spectrometer (HR800) consists of following four major components:
(1) Excitation source, which is generally a continuous-wave (CW) laser

(2) Sample illumination and collection system

(3) Wavelength selector

(4) Detection and computer control/processing systems
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The sample is illuminated with the Ar laser at 4880 A. The scattered light is collected with a lens
and is sent through interference filter and was analyzed using a spectrometer. In the present

study, Raman spectra were recorded over the range of 250-2000 cm™.
2.2.6. X-ray photo electron spectroscopy (XPS):

XPS is a technique used to study different chemical states, relative composition and for
identification of elements present on the surface.**®*When a specimen is bombarded with
monochromatic X-ray photons, these photons are absorbed by the atoms leading to ionization
and emission of electrons. The kinetic energy of emitted electrons is measured using suitable
electron analyser and photoelectron spectrum can be recorded. The Kkinetic energy of emitted

electrons can be written as
K.E.= hv — E, 2.18

Where hv is the energy of incident photon and E, is the binding energy of the electron in the
atomic orbital from which it has emitted. The basic principle of X-ray photoelectron process is

shown schematically in Figure 2.9.

Figure 2.9: Schematic diagram explaining the basic principle of XPS
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The binding energies (BE) of energy levels in solids are conventionally measured with respect to
the Fermi-level of the solid, rather than the vacuum level. This involves a small correction to the

equation 2.18 given above in order to account for the work function () of the solid.
K.E.=huv—E, — o 2.19

XPS experimental setup is shown schematically in Figure 2.10. It consists of three main
components -1) x-ray source, 2) hemispherical electron energy analyzer and 3) electron detector.
x-ray tube is used to generate the x-rays. X-ray of fixed energy impinges on the sample surface
and the electron excited by the photoelectric effect are then analysed with respect to their Kinetic
energy and their momentum in an electron analyzer. XPS measurements were performed in ultra
high vacuum environment. Ultra high vacuum environment is maintained to increase the mean
free path of photoelectron emitted from the surface and reaching the detector. It will also reduce

the contamination on the surface of the sample under study.

\_.\ _—

Figure 2.10: Schematic diagram showing XPS experimental setup.
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In an atom, electron bound to the nucleus and has characteristic binding energy associated with
each atomic orbital. Each atom will give rise to a characteristic set of peaks in the photoelectron
spectrum at Kkinetic energies determined by the photon energy and the respective binding
energies. The presence of peaks at particular energies therefore indicates the presence of a
specific element in the sample under study and area under the peak is related to the concentration
of the element within the sampled region. Thus, the technique provides a quantitative analysis of
the surface composition. The most commonly employed X-ray sources are those giving rise to:
Mg Ka radiation: hv = 1253.6 eV Al ko radiation: hv = 1486.6 eV. In the present study we have
used Al Ka radiation to study the different chemical states of B and C in boron carbide thin

films.
2.2.7. Rutherford backscattering spectrometry (RBS):

Rutherford backscattering spectrometry (RBS) is a technique based on the detection of high
energy ions scattered by target nuclei. It is the most widely used technique for elemental
identification and composition analysis. The advantages of this technique are: quantitative
information without any standards, fast and non-destructive in nature. In this technique, a low
mass and highly energetic (typically 0.5-4 MeV) ions are directed on a solid sample (losing
energy through inelastic collisions with electrons of solid sample), scatters on atomic nuclei
(losing energy through kinematics), and travels back (losing energy through inelastic collision
with electrons) to be detected and energy analyzed by a surface barrier detector.®®®® The

schematic of RBS setup is shown in Figure 2.11
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Figure 2.11: Schematic of RBS experimental setup.
2.2.7a. Elemental identification

In RBS, the identification of various target atoms is done based on the analysis of energy of
backscattered ions. Let us consider an ion of mass, m; having energy E, is incident on a target
atom of mass m; initially at rest. The elastic collision between incident ion and target atom can
be described by considering conservation of energy and momentum. If 0 is the scattering angle
as shown in Figure 2.11, the ratio of the projectile energy before (E,) and after (E;) the collision

is expressed by the kinematic factor K, given by

. /2 2
E m2-m2sin20)" > +m, cosé
K = o _ |(mazmisin?6) " +my 2.20

E1 my+mq

Since incident ion energy E, is known and 0 is fixed by the geometry of experimental set-up, the

scattered ion energy can be converted into target atom mass spectra.

2.2.7b. Depth analysis:
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The difference in the energy of backscattered ions from an atom at the sample surface and from
an atom of same mass below the sample surface contains the depth information. The
backscattered ions from an atom at the sample surface will appear in the energy spectrum at a
position E; = K<Ey. Let us assume that backscattering occurs at a depth Ax in the solid as shown

in Figure 2.12. The energy of incident ions at this point is

E;(Ax) = E, — AE,, = E, — (d—E)E Ax 2.21

dxO

Figure 2.12: Schematic diagram showing energy loss of backscattered ions from an atom at

surface and similar atom at a depth Ax.

The energy of backscattered ions due to elastic collision between incident ions and target atom at
this depth is K. E;;, (Ax). Let AEq is the amount of energy lost while traversing back to the

detector. The energy of backscattered ions coming from a depth Ax, detected by detector is

Ego = K. E(AX) — B,y = K (EO - (d—E)EO Ax) A (d—E)Em 2.22

dax cos O \dx

The difference in the energy of ions backscattered from an atom on the surface and backscattered

from a similar atom at a depth Ax is

AE = K.E, — Eggp = (K %) +==%). )Ax 223

ax o cosf \dx
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There is a direct relation between energy loss and depth. Therefore by measuring the energy loss

of backscattered ions we can infer depth information.

2.2.7c. compositional information:

The RBS scattering yield (i.e. , number of detected backscattered ions from any element) is
Y = QQo(0)Nt 2.24

Where Q is the number of incident ions, Q is the solid angle subtended at detector, o(0) is the
RBS cross-section, N is the atomic density (g/cc) and t is the thickness of the sample. By known
RBS cross-section and measured yield from RBS experiment we can get compositional
information from the above equation without any standard sample. The RBS cross-section can be

written as

2
2 4[(m§—m§ sin? 9)1/2 +m, cos 9]

Z1Zye?
o(E,0) = (=2 2.25
(E,6) ( 4E ) m, sin* 8(m%—m? sin2 9)1/2
When m, >>m; the above equation can be simplified as
_ (Z1Zye? 2
- ( AE ) sin%6/2 2.26

The RBS cross-section changes quadratically with the atomic number of target atom. The RBS is
generally suitable for detection of heavy elements on lighter substrate. It is not suitable for
detection of light elements in heavy substrates due to 1). Scattering yield is low for lighter
elements and 2). Overlap of RBS signal with continuous back ground from the substrate.
However, in many cases, if the energy of the incident ion is high, and can able to cross the

coulomb barrier between incident ion and target nuclei and strong nuclear forces appears which
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results into a resonant scattering from the low-Z elements with enhanced cross-section. This non-

RBS or resonant-RBS technique is used to detect lighter elements on the heavier substrate.
2.2.8. Time of flight secondary ion mass spectrometry (TOF-SIMS):

Secondary ion mass spectrometry is an analytical technique used to obtain compositional and
structural information of elements present on the sample surface. The principle behind this
technique is to analyze the mass of secondary atomic/molecular ions produced from sample
surface due to bombardment of primary ions having keV energy. A collision cascade model is
used to explain the observed features in sputtering. ® The schematic representation of collision

cascade is shown in Figure 2.13.

Primary ions

Sampling
Depth (~ 10 A)

Penetration
Depth (~ 100 A)

Figure 2.13: Schematic diagram showing a collision cascade.

There are two different variants of this technique 1). Static SIMS and 2). Dynamic SIMS,

depending upon the erosion of the surface due to bombardment with primary ions.

1. Static SIMS: This mode of operation is used to get information about composition of the

uppermost monolayer without disturbing its structure. To achieve this we need a primary
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ion beam with ~0.1-10 keV energies and current density ~0.1-1 nA/cm® The lifetime of
a monolayer is quite long (minutes/a few hours).

2. Dynamic SIMS: This mode of operation is used to get depth profiling of chemical
elements constitute of the sample. To get in-depth information we require primary ions
with energies 10-30 keV and current densities up to some A/cm?® The lifetime of a
monolayer is down to 10 sec under these conditions.”” In this mode of operation
sputtering and analysis were done simultaneously. Due to high sensitivity (down to the
ppb range) of dynamic SIMS the presence of very thin interfaces can be studied. A depth
profile is constructed using an ion beam to remove sequential layers of material from the
surface while acquiring mass spectra at each depth. A typical analysis depth is less than
20 A and is therefore better suited for the compositional analysis of ultra-thin layers and

nanoscale sample features.
2.2.8a. Quantification in SIMS:

The mass-selected ion current in SIMS can be related to atomic concentration through a several

parameters’*

1 = 1,CzSBT 2.27
Where I£ is the secondary ion current of spices E, Ip is the primary ion beam current, Cg is the
concentration of species E, S is the sputtered ion yield of E, B is ionization efficiency i.e.
probability of the detected species forming positive or negative ions, and T is the transmission of
analysis system. The above equation shows that from the measured secondary ion mass current.
One can extract the concentration information which implies that quantification can be made
easily. However, S and B were found to vary moderately and strongly, respectively with the

sample composition (matrix effect). lonization efficiencies vary over several orders of magnitude

41 |Page



for different elements, and likewise vary with the chemistry of the sputtered surface, thus ion
signals often vary nonlinearly with concentration. This is a major issue to the quantification

using SIMS.

In this study, we have used dynamic TOF-SIMS to study the in-depth concentration of different
thickness boron carbide thin films. The schematic diagram of SIMS used in this thesis is shown
in Figure2.13. TOF-SIMS depth profile analysis of boron carbide thin films was carried out in
interlaced mode with pulsed Bij+ at 30 keV (~5pA) as the analysis gun and 1keV Cs+ as the
sputter gun operating at a constant current of ~75nA. The area of analysis across all
measurements was 100pum x 100um inside the sputter area of 300pum x 300um. The secondary

ions produced are mass analysed using time of flight principle.

2.2.8b. Working of TOF mass spectrometer

A A" detector

Figure 2.14: Schematic showing the principle of Time of Flight mass spectrometer.

Secondary ions produced from the sample due to bombardment of primary ions are accelerated
to the same voltage (~2-3 keV) over a very short distance as shown in Figure 2.14. As a result all

secondary ions acquire same kinetic energy before they enter a free flight path of length L.

If initial energy (few eV) of secondary ions emitted from sample is neglected, the kinetic energy

of these secondary ions can be expressed as

Exgp=qV = %mxv,g 2.28
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Where q is the charge state of secondary ion, V is the accelerating voltage, m; and v; are the mass
and velocity of species x respectively. Let us assume t is the time taken by the species to reach

the detector after travelling path length L. It can be written as

t=L=1 (Z—’;)l/z 2.29

The parameters that are known are L, V and measured time t. The unknown quantities are mass

and charge state of ions. These are estimated according to

my _ V0 2.30

q L2

From the above equation we can identify the secondary ions having different mass and charge
state. This technique relies on the time of flight so it is essential that the ions to be analysed enter
the flight path simultaneously or at least within the shortest possible time interval. To achieve
this, the area of the surface to be analysed is bombarded with pulses of primary ions whose

duration is as short as possible. With a TOF mass analyzer m/Am, above 10,000 can be achieved.

2.2.8c. Secondary ion Detector:

The detection system is a combination of a channel plate for ion to electron conversion, a
scintillator for electron to photon conversion and a photomultiplier, combined with a very fast
electronic pulse counting system. The electrons, emitted from the backside of the channelplate,
are accelerated onto the scintillator. The scintillator is coated with a conducting Al film, which is
penetrated by the keV electrons. The photons emitted out of the backside of the scintillator are

detected by the photomultiplier.
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Chapter 3.

Fabrication and evaluation of large area Mo/Si multilayers for
EUV-SXR application

In this chapter, we present the Fabrication and evaluation of large area Mo/Si multilayers for
EUV-SXR application. We discuss optimization of deposition parameters to achieve uniform
thickness large area (300 X 100 mm?) MLs. We obtained less than 1% variation in the period
thickness in the whole area. To understand influence of process parameters on the quality of
grown multilayers different characterization techniques were used. Results obtained are

discussed in this chapter.
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3.1. Introduction:

X-ray multilayer (ML) mirror is a one dimensional artificial Bragg reflector.’ It bridges between
naturally occurring crystal optics and total reflection optics. The former gives excellent energy
resolution however integrated reflectivity is small because of narrow rocking curve. The later
gives high reflectivity at extremely small glancing incidence geometry and acts as energy cutoff
reflector.’® X-ray ML mirror provides high integrated reflectivity with moderate spectral
bandpass. ML mirror have reasonable high acceptance angle compared to total reflection optics
in hard x-ray region, and also gives normal incidence optics in soft x-ray/extreme ultra violet
spectral range. The main advantages of ML mirrors stem from the tunability of period thickness,
composition, lateral and in-depth gradient of periodicity; these can be tailored according to the
desired incidence geometry and wavelength regime. Furthermore, ML mirrors have advantages
of being used for focusing and imaging application by depositing structures on figured surface.
However, fabrication of these ML mirrors is a challenging task. It requires deposition system
capable of fabricating uniform, ultrathin smooth layer (~8 to 50 A) with thickness control on
atomic scale and number of layer pairs ranging from ~ 50 to 500. This task becomes more

stringent in case of shorter wavelengths and large area ML for device applications.

Large area MLs have different potential applications such as soft x-ray/extreme ultra

violet (EUV) lithography®'>™, soft x-ray imaging using Schwarzschild objective’, double ML

76-78 80,81

monochromator’® "8, super mirror for hard x-ray synchrotron, astrophysics’®, x-ray telescope®®,
and for generating parallel/focusing x-ray beam using Gobel mirrors.2>®® For optical system
using more than one ML mirror, the layer-to-layer thickness, uniformity and run-to-run

reproducibility during fabrication of these ML mirrors should be precisely controlled. To achieve

high reflectivity, run-to-run stability and uniformity over large area require: (i) a stable and
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reproducible fabrication system (ii) precise geometrical configuration of the fabrication system
along with proper masking arrangements for improvement in uniformity (iii) optimization of
process parameters, such as rate of deposition, kinetic energy of add-atoms etc. to obtain
optimum thin film growth condition. Various techniques have been attempted by different
groups to produce large area ML mirrors on flat as well as figured substrates.

Using magnetron sputtering, Kortright et al.”

obtained thickness uniformity better than
99% on 75-mm diameter flat substrate through substrate spinning and masking. Takenaka et al.”
achieved uniformity of 99.2% on 6-inch diameter flat substrate with 63% reflectivity at 130 A
for Mo/Si MLs fabricated by RF magnetron sputtering through substrate spinning and masking.

1.”" and Tsuruta et al.?* fabricated MLs on flat silicon substrate using magnetron

Mackay et a
sputtering for monochromator application. The former have obtained uniformity >99% on
75x25-mm? area, in W/C ML, using substrate rotation and masking, whereas the later have
obtained uniformity 99% on 152x38-mm? area in Mo/C ML using substrate rotation. As the
dimension of optics increases further, additional constraints are imposed in deposition system to
generate stable and uniform distribution of plasma for thickness control. Few reports are
available to fabricate MLs with increased dimension. Dietsch et al.®® fabricated Ni/C MLs on 6-
inch diameter substrate (both flat and curved) by pulse laser deposition method. By using
substrate motion and masking, they have obtained uniformity 99% with layer to layer thickness
error <0.1 A and run-to-run stability <0.5 A. Gawlitza et al.®® have fabricated Mo/Si MLs on
200-mm diameter flat substrate using ion beam deposition with ion assist gun. Using mask and

substrate rotation they obtained uniformity 99.9% upto radius of 80 —mm, after that uniformity

decreases to 99.7%. Recently Morawe et al.”® fabricated W/B,C ML on float glass substrate and
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achieved uniformity ~99.5% over an area of 1200x200 mm? using substrate motion and masking
arrangements.

In this chapter we report, fabrication and evaluation of high reflectivity Mo/Si MLs on
300x100 mm? area substrate with good control over layer-to-layer thickness, lateral thickness
homogeneity and run-to-run reproducibility using magnetron sputtering. We have achieved high

quality interface structure by optimizing process parameters.
3.2. Experimental:

Mo/Si MLs are fabricated using magnetron sputtering system which has both DC and RF
compatibility.*’There are two rectangular cathodes of size 500 mm x 100 mm each. The
sputtering process is in a horizontal configuration. Sample movement is fully software controlled
from load lock to main processing chamber. The base pressure in main chamber and load lock
system is 1x10® mbar and 8x10® mbar, respectively. Load lock chamber contains a RF ion
etcher for substrate cleaning. Figure 3.1. Shows the magnetron sputtering used for deposition of
various samples. All test samples are fabricated on Si and float glass substrates. Substrate moves
linearly over sputter sources with variable speed. The deposited material thickness is determined
by the time of substrate exposure to the source, which, in turn depend on the velocity of the
substrate. Purity of Mo and Si target is 99.9 and 99.99, respectively. High purity (99.999%)
argon is used as sputtering gas. DC power is used for sputtering of Mo and RF power is used for
Si. During optimization of the sputtering parameters, sputtering power for Mo and Si is varied
from 100 to 200 W and 200 to 400 W, respectively. Ar flow is varied from 4 to 12 sccm,
resulting in pressure variation of the process chamber between 1.0 x107 to 8 x10® mbar. The
target-substrate distance is varied from 50 mm to 150 mm. A reproducibility of target-substrate

position of less than 0.5 mm is realized. During fabrication of MLs, ML periodicity (d) is varied
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from 40 to 100A, thickness ratio (ratio of Mo thickness to period thickness) T is varied from 0.3

to 0.45 and number of layer pairs (N) is varied from 5 to 65.

Figure 3.1: Showing the magnetron sputtering system used for deposition of various samples.

The performance of Mo/Si ML is tested using Indus-1 reflectivity beamline.>’ Hard x-ray
reflectivity (XRR) measurement are performed on Bruker discover D8 diffractometer.
Transmission electron microscope (TEM) investigations are carried out on a Philips CM 200
TEM, operated at 200 kV accelerating voltage. The microscope is used in imaging, diffraction,

and analytical modes.

3.3. Results and Discussion:

3.3.1. Layer Structure and thickness control Mo/Si MLs:
Fabrication of high reflectivity MLs with good energy band pass depends strongly on nature of

interface, density contrast and thickness error. While thickness error from layer to layer in the

multilayer stacks depends on the stability of the process parameters, the interface characteristics
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and density contrast depends on kinetic energy (KE) of the add-atoms. KE of condensed particles
is optimized by adjusting flux and energies of sputtered atoms through a systematic variation of
process parameters during growth of thin films, bilayers and finally MLs. Desired film quality is
obtained after several iterations, by optimizing gas flow rate, pressure, power, target- substrate

distance and substrate speed. Some of these results are discussed below.

The influence of argon pressure on the quality of Mo single film is shown in Figure 3.2.
Measured XRR profile is fitted using Parratt formalism.>* For fitting, a low density Mo oxide
layer of thickness ~ 45 A is assumed at the top of Mo thin films. The best fit results reveal the
rms surface roughness of oxide layer is in the range of 8 A for samples Mo-1, Mo-2, Mo-3 and

Mo-4. The substrate roughness of 4 A is assumed in fitting of all samples.
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Figure 3.2: Measured and fitted XRR profile at Cu K, wavelength (A=1.54A) for Mo thin films

as a function of Ar pressure. The best fit results are given in Table 3.1.
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The film thickness, surface roughness and mass density obtained from the best-fit to measured

XRR data are shown in Table 3.1.

Table 3.1: Mo film quality in-terms of thickness (t), roughness (o) and density (p) as a function

of Ar pressure obtained from the best-fit XRR results of Figure 3.2.

Film P(mbar) t (A) o(A) p(g/cc)
Mo-1 3x10° 155 3.0 10.2
Mo-2 4x10° 180 6.0 10.1
MO0-3 5x 107 160 6.5 9.8
Mo-4 8x 107 175 8.0 8.9

The roughness of film increases with increasing thickness and for same thickness, roughness
increases with increasing pressure. Previously it was observed that with increase in working
pressure, the growth pattern of sputtered films changes from compact structure to a columnar
structure. **®#” The increase in roughness of film at higher gas pressure is attributed to decrease
in surface energy of add-atoms during film growth. Similarly, the influence of power, target-
substrate distance etc. are examined on the film quality. To realize good interface, the process
parameters are optimized for both Mo and Si. In case of Si, we have optimized process
parameters by fabricating Si-on-Mo bi-layer to get high contrast from Si-substrate. We varied the
RF power of Si, at optimized sputtered-gas pressure of 3 x 10”° mbar. Fig. 5 shows XRR spectra
of Si-on-Mo bilayers fabricated at different RF power (250 to 350W) on Si target, keeping Mo
target power constant (150 W). The corresponding best-fit results are tabulated in Table 3. Low

surface roughness and high density of Si film is observed at RF power of 300 W (sample No. BL
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2).Furthermore, at this power, thickness of interlayer formed due to intermixing of Mo and Si at
interface is smaller. As RF power decreases to 250 W (Sample No. BL 1), Si film density
decreases and roughness increases. This effect is due to decrease in Si ad-atom kinetic energy as
they arrive at substrate. Similarly, as RF power increases to 350 W (sample No. BL 3), although
Si density remains unchanged with small increases in roughness (with respect to BL 2), but the
interlayer thickness increases significantly. The increase  in interlayer thickness is due to
increase in inter-diffusion at the interfaces as the Si ad-atoms Kinetic energy increases due to
increases in RF power. However, for Mo film, the rms surface roughness, ¢ remains constant.
Small variation in Mo thickness, for different samples, is due to variation in interlayer silicide

thickness which consumes different amount of Mo for formation of silicides.
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Figure 3.3: Measured and fitted GIXR profile at Cu K, wavelength (A=1.54A) for Si-on-Mo bi-layers

deposited at different RF power of Si at a constant sputter gas pressure of 3x10™ mbar. The best fit results are

given in Table 3.2.
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Table 3.2:

variation in Si film quality as function of RF sputtered power of Si.

Best-fit results obtained from Figure 3.3 for Si-on-Mo bi-layer demonstrating

Sample

BL1

BL2

BL3

Si RF power (W) Layer

250 Si
Si-on-Mo interlayer

Mo

300 Si
Si-on-Mo interlayer

Mo

350 Si
Si-on-Mo interlayer

Mo

Fitted parameters

t(A)
293
5
144

290

143
296
12

140

o(A)  p(g/ce)

12

3

5.5

5.5

1.8

5.7

10.2

2.1

5.8

10.2

2.1

5.8

10.2

Similarly, we examined the influence of substrate motion speed and target-substrate distance on

the film quality. For the good quality film, the rate of deposition is maintained at 3 A/s and 0.4

AJs for Mo and Si, respectively at working pressure 3 x 10 mbar and 7 seem Ar gas flow rate.

For this deposition rate the sputtering power for Mo and Si are 150 W and 350 W respectively.

These powers provide appropriate optimized activation energy to the deposited atoms for surface

diffusion, at 3 x 10 mbar sputtered-gas pressure, enabling growth of smooth films. Again, at

these average impact energies of sputtered atoms, the inter diffusion at the interface is minimum.

Subsequently, for improving film morphology, the geometrical parameters like substrate motion
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are adjusted. For best film morphology, substrate motion is optimized for Mo and Si as 9.2 mm/s

and 1.34 mm/s, respectively.

A challenging task during fabrication of ML stacks is to achieve a stable deposition condition for
precise control of thickness in atomic scale from layer to layer. This needs that discharge plasma
and its distribution over the target should be stable during fabrication of ML, which takes
approximately few hours. The key parameters for stable and uniform plasma depend on purity of
Ar gas, uniform gas flow over the target, conditioning of vacuum chamber (degassing and
quality of vacuum) and a stable plasma power supply. Quality of vacuum in the process chamber
is maintained by constantly pumping without breaking vacuum in the chamber. The out-gassing
from inner wall of process chamber was pre-conditioned by fabricating test samples for many
runs before final fabrication of actual samples. For stable plasma and to avoid contamination
from target surface during film growth before fabrications of actual ML samples, the target is
pre-sputtered for about 30 minutes. The stabilization of gas flow rate, power, and vacuum is
maintained within +0.01 sccm, 0.5 W and +0.02x10° mbar respectively during the deposition
process. For the determination of layer structure, intentionally, we fabricated multilayer samples
with lower number of layer pairs for clarity in Kiessig oscillation between higher order Bragg
peaks in the x-ray reflectivity pattern. Figure3.3 shows a case study of two Mo/Si MLs with
N=10 but different periodicity. The successive higher order Bragg peaks reveal good quality of
ML structure. The best-fit results are shown in Table 3.2. For ML-1, the measured full width at
half maxima (FWHM) of 1% order Bragg peak is Aq, = 0.0114 A=* which is close to the
FWHM of ideal ML structureAq, = 0.0111 A=, Similarly for ML-2, the measured FWHM of
1% order Bragg peak is Ag, = 0.0116 A~* which is also close to FWHM of real ML structure

Aq, = 0.0114 A=' . The best-fit results reveal high contrast in density between Mo and Si with
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interfacial roughness in the range of 2 to 4 A. There is a presence of interlayer (IL) in between

Mo and Si, which is asymmetric in thickness.
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Figure 3.4: Measured and fitted XRR profile at Cu K, wavelength (A=1.54A) for Mo/Si MLs
with N=10 and with different periodicity. d=90A for ML-1 and d=66 A for ML-2. The best fit

results are given in Table 3.3.

After optimizing process parameters by fabricating smaller number of layer pairs, MLs are
fabricated with larger number of layer pairs. Figure 3.4 shows the measured and fitted XRR
profile of two Mo/Si MLs. ML-3 has N=65 and periodicity d= 68 A where as ML-4 has N=60
and d=93.4 A. Figure 3.4 shows well-defined successive higher order Bragg peaks indicate good
quality of ML structure in terms of roughness, thickness error and density contrast. A calculated
thickness error of ~ 0.03% per layer is obtained from higher order peak broadening. The best-fit
results are shown in Table 3.3. XRR profile is fitted using four layer model taking account of

interlayer formation at the both the interface viz. Mo-on-Si and Si-on-Mo. The interlayer arises
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because of inter diffusion/compound formation at the interfaces of Mo/Si system, which is

commonly observed for Mo-Si system.®®
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Figure 3.5: Measured and fitted XRR profile at Cu K, wavelength (A=1.54A) for Mo/Si MLs.
ML-3 has N=65 and d=68 A and ML-4 has N=60 and d=93.4 A. The best fit results are given in

Table 3.3.
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Table 3.3: Thickness and roughness of the various layers of Mo/Si MLs deduced from the fit of
XRR results of Figures 3.4 and 3.5. IL1stands for interlayer at the Mo-on-Si interface, IL2 stands

for interlayer at the Si-on-Mo interface. § is unit decrement of real part of the refractive index.

Total
Sample  thickness(A) Mo thickness(A) SMo(x10°®) Mo roughness (A)
IL1 thickness (A) SIL1(x107) IL1 roughness (A)
Si thickness (A) 8Si(x10®) Si roughness (A)
IL2 thickness (A) SIL2(x10°) IL2 roughness (A)
28.0 26.0 4.7
8.9 9.5 3.0
ML-1 90.3 47.4 6.0 4.0
6.0 22.8 2.0
16.7 26.0 4.7
8.0 9.5 3.0
ML-2 66.0 35.0 6.0 4.0
6.3 23.8 2.0
21.0 28.0 5.0
9.0 9.5 4.0
ML-3 68 31.0 7.6 4.0
7.0 18.5 2.0
30.4 28.0 5.0
10.0 7.5 4.0
ML-4 93.4 445 8.0 4.0
8.5 19.5 3.0

Cross-sectional electron microscopy studies are undertaken to study the interfaces and
periodicity of Mo/Si ML. Figure 3.6 shows cross-sectional TEM micrograph of Mo/Si ML-3
with N=65 layer pairs. The dark and light bands correspond to Mo and Si layers respectively.
Molybdenum has a higher atomic number (Z = 42) and therefore appears darker as it scatters
more electrons than does silicon (Z = 14). ML shows a well defined periodic structure with sharp

interface. However, very thin asymmetric interlayers are observed in the zoomed region.
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Figure 3.6: Cross-sectional TEM image of sample ML-3. Dark lines correspond to Mo and
bright lines to Si.

3.3.2. Lateral uniformity and Reproducibility of Mo/Si MLs:

Desired lateral thickness profile of the coating on large area substrate is obtained by iterative
control of pumping port opening, argon flow from two sides of chamber, substrate motion,
installation of masking arrangements and optimization of target-substrate distance. Uniform flow
of argon across the target is realized by flowing unequal gas flow rate on two sides of targets
(along length) and adjusting opening of pumping port. After assuring uniform gas flow, the
spatial distribution of sputtered atoms depend upon the geometry of target and target-substrate
distance. A planner rectangular magnetron source produces a rectangular-shaped sputtering
track.. The spatial distribution of deposition rate profile over a planner rectangular cathode is
cosine like structure.®® The deposition rate is more at centre and decreases systematically at both
side along the length. Furthermore, the spatial distribution of deposited flux is strongly
dependent on target-substrate distance. As the target-substrate distance increases, the spatial
distribution profile becomes uniform over the length of the target. However, as the target-

substrate distance increases the deposition rate decreases. Furthermore, the film quality is
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affected if target-substrate distance is large. There is a trade-off between target-substrate distance
which in-turn depends on uniformity and deposition rate, as well as film quality. Thus, the
strategy for controlling uniformity over length of target is to use appropriate masking geometry
and to optimize target- substrate distance. For the present system, we have optimized target-
substrate distance as 70 mm. To average out spatially variation of deposition rate along length of
target, we employed different masking arrangements. To evaluate the lateral uniformity of
periodicity, initially multilayers are fabricated on small substrates (size 2x3 cm?) are placed at
different positions over the area 300x100 mm?. Finally, the actual large size multilayers
fabricated on float glass with size 300x100 mm?. Figure 3.7 shows measured reflectivity profile
of Mo/Si ML at different positions along the length of substrate which are fabricated using a

rectangular masking arrangement in between target and substrate.

Reflectivity

Incidence angle (degree)

Figure 3.7: XRR profile of Mo/Si MLs with N=20, I'=0.35 and d=62 A by placing substrates at
different positions (X) along the length of the substrate holder and putting a rectangular mask.
Figure 3.8 shows the periodicity of fabricated multilayer verses distances along the length of

target which are obtained from best-fit XRR measurements. In Figure 3.8, it is evident that there
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is systematic decrease in periodicity in both sides along the length with respect to centre of
substrate. This is due to decrease in deposition rate from centre to side along the length of target.

The maximum variation in periodicity is (Ad) 1.7 A.
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Figure 3.8: Measured lateral variation of periodicity along the length obtained from best-fit

results of Figure 3.7.

In order to further minimize spatially variation of deposition rate along the length, we figured the
mask, with tapering towards centre. More flux of deposited material at the centre compared to
both sides is compensated by adjusting amount of tapering of mask towards centre. Figure 3.9
shows the measured reflectivity profile of Mo/Si MLs at different positions along the length of
substrate which are fabricated using a modified masking arrangement with tapering towards
centre. The corresponding variation in lateral periodicity which is obtained from the best-fit data
is shown in Figure 3.10. The maximum lateral variation in periodicity is within 0.5A along 300

mm length of target. Furthermore, the linear motion of the substrate across the full opening of
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mask averages out the spatial variation of the deposition rate in the motion direction (i.e. along
the width of target). In our present deposition system, the maximum width of sample is 200 mm.

This limitation in sample width is to avoid cross talk between the targets during deposition.
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Figure 3.9: XRR spectra of Mo/Si MLs with N=65. I'=0.45 and d=52 A by placing substrates at
different positions (X) along the length of the substrate holder and using a mask with tapering

towards center of target.
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Figure 3.10: Measured lateral variation of periodicity along the length obtained from best-fit

results of Figure 3.9.

Reproducibility is the crucial issue for larger area multilayer for device applications. Our pre-
conditioned system ensures reproducibility of system in-term of density contrast, interface
quality and thickness control from run-to-run. A typical example of reproducibility of fabricated
multilayers from run-to-run is shown in Figure 3.11. Here, we show three different deposition
runs keeping number of layer pair fixed at N=10. The identical critical angle and similar
reflectivity of 1% order Bragg peak of three samples indicate insignificant variation in film
density. The best-fit results reveal identical interface quality for all the samples. Moreover, best-

fit results reveal the variation in periodicity from run to run is better than 0.5A.
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Figure 3.11: XRR spectra of Mo/Si MLs with N=10, and d= 61 A deposited from run-to-run

under identical experimental conditions.

3.3.3. Soft x-ray performance of Mo/Si MLs:

The actual performance of MLs is tested using reflectivity beam line on Indus-1 SR source.
Figure 3.12 shows the angle versus reflectivity scan of ML-3 with d=68 A and N=65 layer pairs
at a wavelength of 127 A. The ML has 63% peak reflectivity at an incidence angle of 71°. In
inset, wavelength versus reflectivity scan measured at a Bragg angle of 72.5° is presented. The
ML with suitable varying periodicity will be used for potential application in the wavelength
range of 126 -150 A. The 63% of reflectivity obtained is comparable with 69% peak reflectance
reported on standard Mo/Si system.® The spectral width of ML-3 is 2.3eV. Mo/Si ML would be
used as a polarizer and analyzer in soft x-ray region because of high throughput and polarizing

power.
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Figure 3.12: Measured (open circle) and fitted soft x-ray reflectivity (solid line) profile of Mo/Si
ML (sample No. ML-3) at the wavelength A = 127 A using synchrotron radiation. Inset shows

wavelength versus reflectivity curve measured at angle of incidence of 72.5°.

Figure 3.13 shows the angle versus reflectivity scan of ML-4 which is designed to use as a
polarizing element at wavelength of 130 A with d= 93.4 A and N= 60 layer pairs. This sample
has Bragg peak at quasi Brewster angle 45° at wavelength of 130 A. The spectral width of ML-4

is 5.36 eV. In sample ML-4 numbers of layer pairs are optimized to get maximum s-reflectance

to p-reflectance ratio.
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Figure 3.13: Measured (open circle) and fitted soft x-ray reflectivity (solid line) profile of Mo/Si

ML (sample No. ML-4) at the wavelength A = 130 A using synchrotron radiation.

3.4. Conclusions

High reflectivity and large area Mo/Si MLs are developed using specially designed magnetron
sputtering system. The process parameters are optimized for growth of thin film suitable for x-
ray ML fabrication. Mo/Si MLs are fabricated with rms interface roughness in the range of 2 to 5
A. The lateral variation in periodicity of ML is minimized to 0.5A over 300x100 mm? area by
proper masking arrangement, substrate motion and choosing appropriate system configuration.
The run-to-run variation in periodicity and thickness errors are less than 0.5 A and 0.03% per
layer, respectively. Reflectivity of more than 60% is routinely achieved at the wavelength above

the silicon L-edge (~124 A).
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Chapter 4.

Thermal stability and reflective characteristics of W/B,C

multilayers for EUV-SXR application

In this chapter, we discuss the normal incidence reflectance of W/B4C MLs near the B K-edge.
We have also investigated thermally induced structural changes and its detrimental effect on
reflectivity performance. An effort has been made to understand the cause of period variation
due to annealing. Different ML samples were deposited using magnetron sputtering. Hard x-ray
reflectivity, grazing incidence x-ray diffraction using both lab and synchrotron radiation sources
and soft x-ray reflectivity measurements were performed. The results obtained are presented in

this chapter.
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4.1. Introduction:

Multilayer (ML) mirrors consisting of alternating layers of high and low electron density contrast
are used as artificial Bragg reflectors in x-ray region.'® Different ML combinations are studied so
far in the literature. The advantage of using the ML optics is that they can be operated near
normal incidence geometry which improves resolution and ML period thickness can be tailored
according to operating wavelength. Mo/Si ML is the most studied combination in the extreme
ultraviolet region. A near normal incidence reflectivity of >60% can routinely be achieved using
Mo/Si ML at wavelengths above Si L-edge (124 A).

The motivations for studying the optics for shorter wavelengths are that the imaging at shorter
wavelengths can provide an increase in resolution and increases the penetration depth. ML
mirrors near the B K-edge are of interest for x-ray analysis of boron content in doped
semiconductors, plasma diagnostics and lithography. Few ML combinations like Ru/B,C™,
La/BsC M 9% Mo/B %, Mo/B,C ** and Pd/B,4C"® were studied near the B K-edge. The ML
combinations were chosen based on selection criteria i.e., high optical contrast between absorber
and spacer elements as well as low absorption in both spacer and absorber elements. Even
though there is high optical contrast between W and B4C, because of high absorption in W as
compared to other elements like Ru, Mo and La, this is an unstudied combination near the B K-
edge.® The high absorption in W film limits the total number of layer pairs contributing to
reflectivity. We have chosen W/B,C ML as a reflecting mirror near the B K-edge because B4C
can form smooth interfaces with W and tendency for interface reaction is less in W/B,4C as
compared to Ru/B4C and Mo/B,C.%% 3%

MLs exposed to high intense synchrotron radiation showed quick rise in temperature. Recent

studies on Mo/Si®® MLs exposed to intense pulsed extreme ultraviolet source showed that the
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silicide formation causes for irreversible structural changes. The observed damage mechanism is
similar to that observed during annealing treatments. Study of the thermal stability of any optical
element is important as it is exposed to high power density synchrotron/x-ray free electron lasers
radiation. The emerging technology requires improved optical components and therefore lots of
research is going on to find out high stability multilayer mirrors. Many ML systems are
investigated on this context.?> *" 9" % Thermal loads on optics causes interdiffusion changing the
ML period thickness and reduce the optical contrast. The reduction in optical contrast results in
reflectivity drop and change in ML period thickness causes change in optimally reflected
wavelength (or incidence angle). W/B4,C MLs undergo period thickness changes on thermal

annealing. Jankowski et al.*®

could not explain the observed period thickness changes up on
annealing using transmission electron microscopy and Auger electron spectroscopy. A detailed
study is essential to understand the period thickness changes in W/B4C MLs.

In this chapter, we explore the application of W/B,C ML as a stable reflecting mirror near the B
K-edge. A detailed study is carried out to understand the period thickness changes in W/B,C
MLs up on thermal annealing. The structural changes due to annealing were studied using XRR.
Near normal incidence reflectance measurements in the vicinity of B K-edge were performed

using Indus-1 soft x-ray reflectivity beamline. Annealing products were studied using lab based

as well as synchrotron radiation based GIXRD.
4.2. Experimental Methods:
4.2.1. Sample preparation:

W/B,C MLs were deposited using magnetron sputtering system. The B4C target with purity
99.5% was used at constant RF power of 700 watts and the W target with purity 99.95% was

used at constant direct current power of 100 watts. The deposition was carried out under Ar
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ambient at constant pressure of 0.5 Pa. The ML samples were coated on ultrasonically cleaned,
first in acetone and then in methanol, Si (100) wafer. The ML sample consists of 50 bilayers (N)
with period thickness (d) of 34.7 A where W layer thickness is ~10 A and B4C layer thickness is
~24.7 A is used to study the normal incidence reflectance near the B K-edge. Four W/B,C ML
samples consisting of 20 layer pairs, with fixed period thickness, d~ 38 A, and layers thickness
ratio, I'(ratio of W layer thickness to period thickness) = 0.21, 0.27, 0.46 and 0.62, were used to
study the thermally induced structural changes. These MLs were named as ML-1 (I'= 0.21),
ML-2 (I'=0.27), ML-3 (I'= 0.46) and ML-4 (I'= 0.62).

4.2.2. Heat treatments:

The ML samples were placed in an alumina boat inside the quartz tube. The quartz tube was
pumped to a base pressure of ~10™* Pa. The furnace reached the set temperature within 25
minutes. Each ML sample was cut into two pieces, one was kept for reference and other was
sequentially annealed from 500 to 900 °C in step of 100 °C. The sample was heated for 1 h at
respective temperatures and then cooled down to room temperature over several hours.

4.2.3. XRR measurements:

XRR measurements were performed at Cu K,radiation (A=1.542 A) on Bruker Discover D8
diffractometer with Ge (220) two bounce monochroamtors. XRR measurements were performed
using 100 pum slits in incident beam and 200 um slits in reflected beam.

4.2.4. GIXRD measurements:

GIXRD measurements were performed using both lab source and synchrotron radiation. Lab
based GIXRD measurements were performed using Cu K,radiation (A=1.542 A). A 200 pm slit
is used in incident beam and a long solar slit to collect the data in diffraction beam arm.

Synchrotron radiation based GIXRD spectra were taken at Indus-2 synchrotron source on the
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angle dispersive x-ray diffraction beamline, (BL-12) at photon energy of 13 keV using image
plate area detector (Mar-345 dtb).%? The radiation energy and distance between the sample and
detector were accurately calibrated using the diffraction pattern of LaBg NIST standard.

4.2.5. Soft x-ray reflectivity measurements:

The angle dependent reflectance measurements in soft x-ray region were carried out using
reflectivity beamline at Indus-1 synchrotron facility. SXR scans were performed between grazing
incidence angle of 0° and 85° to study the variation in SXR with annealing temperature. SXR

measurements were performed in the wavelength region of 60 -70 A.

4.3. Results and Discussions:
4.3.1. Study carried on normal incidence W/B,C mirror:

4.3.1a. Hard X-Ray Reflectivity (XRR):

Structural evaluation of W/B4,C ML with temperature has been studied using XRR. The
measured and fitted XRR curves of as-deposited and annealed W/B,C ML sample are shown in
Figure 4.1. The Bragg peaks shifted towards smaller angle after 500 °C annealing suggests the
increase in ML period thickness. The XRR data was fitted using Parratt formalism.>* The
interface roughness was taken into account according to Nevot-Croce model.* The best fitted
model suggests that ML period thickness increases from as-deposited value of 34.6 + 0.1 A to
35.0 + 0.1 A after 500 °C annealing. However, the ML period thickness remains within the

experimental error after annealing at 700 °C and above. We observed broadening at higher order
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Figure 4.1: Measured (open circle) and fitted (solid line) XRR results of the W/B,C ML

structure sequentially annealed from 500 to 800 °C in steps of 100 °C for 1 h at each step.

Bragg peaks after 700 °C annealing which suggests the increase in interface width. The first
Bragg peak reflectivity was reduced from 70% to 64% after 800 °C annealing. We assumed two-
layer model consists of W and B,4C to fit the XRR data. The best fitted model reveals that W
layer thickness is 10.3+0.5 A, B4C layer thickness is 24.3+0.5 A, root mean square (rms)
roughness for W-on-B4C interface is 3 A and B4C-on-W interface is 4.7 A in as-deposited
sample. The density of B4C is 2.29 g/cc and density of W is 16.8 g/cc for as-deposited sample.
The rms interface roughness changed to 3.2 A and 6.2 A for W-on-B4C and B4C-on-W interfaces

respectively after 800 °C annealing.
4.3.1b. Grazing Incidence X-Ray Diffraction (GIXRD):

GIXRD was used to investigate the annealing products. * GIXRD measurements performed

using Cu Ko (1.54A) radiation on W/B4C ML at fixed incidence angle of 1° are shown in
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Figure4.2. GIXRD pattern consisted of two broad peaks corresponding to W (110) and (211),
which indicates that the W layer is polycrystalline with very small grain size. A sharp peak at the
centre of GIXRD pattern was observed due to asymmetric reflection from Si substrate. After 800

°C annealing no visible changes were observed as compared to as-deposited sample.

e Annealed at 800 °C
o as-deposited

400

300

200

Intensity (arb.units)

100

20 (degree)
Figure 4.2: GIXRD pattern of W/B4,C ML measured at A=1.542 A at fixed incident angle of 1°.

Open and filled circles represent the measured GIXRD data before and after 800 °C annealing

respectively.

4.3.1c. Soft X-Ray Reflectivity (SXR) near the B K-edge:

Normal incidence soft x-ray reflectivity measurements are more sensitive to period thickness and
compositional changes. The SXR measurements performed near the B K-edge are shown in
Table 4.1. W/B,C ML structure yielded a near normal incidence reflectivity of ~8% and changed

to ~ 7% at 68 A wavelength after 800 °C annealing.
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Table 4.1: ML period thickness d, peak reflectivity R, peak wavelength A, and corresponding

Bragg angle 0gragq as a function of annealing temperature T.

as-deposited 34.610.1 76.54 67.0 7.4
81.66 68.0 7.6

73.82 67.0 8.1

500 35.0+0.1 77.45 68.0 8.3
82.48 69.0 8.1

73.74 67.0 8.3

600 35.0+0.1 77.29 68.0 8.3
82.43 69.0 8.1

72.98 66.5 7.4

700 34.910.1 78.25 68.0 7.6
74.35 67.0 7.1

800 34.9+0.1 78.33 68.0 7.1

SXR measurements at constant grazing incidence angle of 76.54° as a function of wavelength at
different annealing temperatures are shown in Figure 4.3. The measured SXR shifted towards
higher wavelength after 500 °C annealing indicating increase in ML period thickness. The ML
period expansion observed in SXR measurements is in good agreement with XRR
measurements. The Bragg peak shifted towards shorter wavelength at 700 °C and above
annealing temperatures. The slight change in ML period thickness during the annealing
treatments is due to atomic rearrangements or due to stress relaxation. W/B4,C ML showed two
types of period thickness changes, one is period expansion up to 600 °C annealing and other is

period contraction above 600 °C annealing.
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Figure 4.3: SXR data measured as a function of wavelength at fixed incidence angle of 76.54
degree. Continuous line, open diamond and open circles represent the SXR data of as-deposited,
annealed at 500 °C and 800 °C respectively.

SXR measurements performed on as-deposited and after 500 °C and 800 °C annealing sample at
wavelength of A= 67 A along with best fitted model are shown in Figure 4.4. SXR measured data
was fitted with the structural parameters derived from XRR data. The SXR data was fitted with
two-layer model. During fitting, no interlayer formation was observed even at higher annealing

temperature. This might be due to weak interface reaction between W and B,4C.
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Figure 4.4: Measured and fitted SXR data of as-deposited and annealed sample at 500 °C and
800 °C at 67A wavelength. The open circle, filled circle and open diamond represents the
measured SXR data of as-deposited sample, annealed at 500 °C and 800 °C respectively and
continuous line represents the fitted data.
The reflectivity variation also gives the information about ML structural changes with annealing
temperature. Figure 4.5 shows the measured SXR as a function of annealing temperatures at
wavelength of A= 68 A. The increase in peak reflectivity after 500 °C annealing as compared to

as-deposited sample is due to increase in ML period thickness. The reduction in peak reflectivity

after 700 °C was observed due to increase in interface rms roughness.

76 |Page



® o,

8 - /
_ . \.\
°\° o
X 6L
>
x
2
©
e ‘T
[res
[]
14

2

0 1 . 1 . 1 . 1 . 1

0 200 400 600 800

Annealing temperature (°C)

Figure 4.5: The measured SXR as a function of annealing temperature measured at 68 A
wavelength.

La/B,C ML structure gives highest reflectivity (~40%) as compared to other material
combination studied so far near the B K-edge.*** The disadvantages of using this combination
are that La is not a stable material, high chemical reaction between La and B4C, tendency to form
products like LaBs, and LaC,.”* A near normal incidence reflectivity of ~20% was obtained
using Ru/B4C* ML structure but this combination is stable up to 250 °C only. Annealing at 500
°C for 10 h causes the reflectivity drops to ~4%. More recently, a near normal incidence
reflectivity of ~25% was obtained using Mo/B,C ML combination consisting of 300 bilayers at
wavelength of A= 67 A.*' Thermal stability studies carried out on the same combination
consisting of 60 bilayers suggested significant drop in reflectivity at temperature higher than 600
°C. The measured reflectivity of Mo/B4C structure drops from ~6.3% to 2.8% after 900 °C
annealing. In the present study, a near normal incidence reflectivity of ~8.3% was observed at

wavelength of A= 68 A. A little drop in reflectivity (~ 1%) after 800 °C annealing was observed.
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On comparing the annealing performance of W/B,C it can be said that this combination shows
highest thermal stability hence very much suitable for high heat load applications of future FEL

like sources.

4.3.2. Study of thermally induced structural changes in W/B,C MLs:

The period expansion observed on annealing has been observed earlier also by Jankowski et al. **

No one has given a clear reasoning of the observed changes. To understand the period thickness
change and influence of the ratio of W to B4C layer on the annealing performance, we prepared
few more samples consisting of 20 layer pairs, with fixed period thickness, d~ 38 A, and
different layers thickness ratio, I'(ratio of W layer thickness to period thickness) = 0.21, 0.27,
0.46 and 0.62,. These MLs were named as ML-1 (I'=0.21), ML-2 (I'=0.27), ML-3 (I'= 0.46)
and ML-4 (I'=0.62).

4.3.2a. XRR results:

The measured and simulated XRR curves of W/B,C ML samples ML-1 at different annealing
temperatures are shown in Figures 4.6. From Figure 4.6, it is clear that no visible changes in
reflectivity profile is observed and only Bragg peaks shift towards smaller angle after annealing

which suggest increase in ML period thickness.
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Figure 4.6: Measured (open circle) and fitted (solid line) XRR curves of the W/B,C ML sample
ML-1 after annealing at the temperatures indicated on the plot.

The measured and simulated XRR curves of W/B4,C ML samples ML-2 and ML-3 at different
annealing temperatures are shown in Figures 4.7 and 4.8, respectively. In Figure 4.7, the third
Bragg maximum disappears after 900 °C annealing. In Figure 4.8, the second Bragg maximum
disappears and reappears as annealing proceeds. In general nth order Bragg reflection is
suppressed if thickness ratio is 1/n due to phase cancellation of reflected amplitude from each
interface.’® The successive appearance and disappearance of Bragg maxima implies
redistribution of atomic density within bilayer connected with the displacement of interface as
annealing proceeds, which is in consensus with other reports.'®* Depending upon the initial T,
different Bragg maxima disappear at different annealing temperatures. From Figure4.7, it is clear
that the third Bragg maxima disappear after 900 °C annealing, indicating that I' changes from
0.27 to 0.33. On the other hand no significant change in reflectivity of the first order Bragg peak

could be detected; the peaks remains sharp but shift to lower angles (or higher d values). We
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interpret the results using two layer model consisting of W and B4C. Simulated parameters
suggested that thickness of the W layer increases from 10.4 £0.5 to 13.0 £0.5 A while that of the
B4C layer decreases from 28.0£0.5 to 26.0 £0.5 A. The best fit for the measured data shown in
Fig 4.7 is obtained for a root mean square (rms) roughness value of 2.6 A for both the interfaces
of W layer i.e., W-on- B4C and B,C-on-W. From Figure4.8, it is seen that the second Bragg
maxima disappear after 700 °C annealing, indicating that I" changes to 0.5. After annealing at
500 °C, Bragg peaks shift to lower angle indicating increase in period thickness. After annealing
at and above the 700 °C, Bragg peaks shift to higher angles indicating decrease in period
thickness. Simulated parameters suggested that thickness of the W layer increases (up to 1.7 A)

while that of the B4C layers decreases (up to 2.1 A).
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Figure 4.7: Measured (open circle) and fitted (solid line) XRR curves of the W/B,C ML sample
ML-2 after annealing at the temperatures indicated on the plot. In the inset, shows the

development of third Bragg maxima with annealing temperature.
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Figure 4.8: Measured (open circle) and fitted (solid line) XRR curves of the W/B,C ML sample
ML-3 after annealing at the temperatures indicated on the plot.

Figure 4.9 shows the measured and simulated XRR curves for as-deposited and annealed W/ B,C
ML sample ML-4. The ML period thickness determined form the position of Bragg peak was
38.5+0.1 A. The measured first order Bragg peak reflectivity was 42 % and all peaks were sharp
in as-deposited ML sample. After annealing at and above 600 °C, Bragg peaks shift to higher
angles indicating decrease in period thickness. The first Bragg peak reflectivity changed to 16 %
and broadening in Bragg peaks was observed after 800 °C annealing. These changes suggested
that ML sample has undergone significant structural changes like increase in inter layer
roughness, interdiffusion or interlayer coarsening. We interpret the XRR spectra at 600 °C and
higher annealing temperatures, using four layer model consisting of W and B4C separated by
tungsten carbide or tungsten boride layers. The best fitted model suggested the formation of

interlayer of thickness 8 0.5 A and 13 +0.5 A per period after the 600 °C and 800 °C annealing

8l |Page



respectively. The simulated parameters are shown in Table 4.2. It is clear that the W plus
interlayer thickness increases from 24.0 0.5 to 28.0+0.5 A while that of the B,C layer

decreases from 14.5+0.5 to 8.0+0.5 A.

-
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Grazing incidence angle (degree)

Figure 4.9: Measured (open circle) and fitted (solid line) XRR curves of the W/B,C ML sample
ML-4 after annealing at the temperatures indicated on the plot. The parameters of theoretical
simulations are given in Table 4.2.

The ML period thickness and the real part of refractive index (8) of the W layer decreases by
6.5% and 12.1% respectively after 800 °C annealing. The decrease in & of W plus interlayer
suggested that B or C (or both) atoms diffuse into the W layer causing an interlayer formation
during annealing treatments. This B or C content increase causes the increase of thickness of the
W layer.%%1% |n W/ B,C ML system as W and B4C layer are in direct contact there is possibility
of formation of borides and carbides even at low processing temperatures.®®®

Thermodynamically W and B,C are expected to react.'®® Tungsten forms two carbides (WC,

W,C) and four borides (WB, W,B, W,Bs, WB,). An experimental phase diagram published by
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E. Rudy et al.'® suggested that W can react with B and C and form stable borides and carbides
and no ternary compounds. The W layer thickness can increase from 1.0 to 6.5 A when 6.5 A
thick B or C layer gets consumed in to it. The observed change (4.0 A) is within the expected
changes.

Table 4.2: Structural parameters derived from the simulation of XRR curves of W/B,C ML with
thickness ratio, I'=0.62. dpg,¢, dw and d are thicknesses of the B,C, W (as-deposited) or the
mixture of W plus carbides/borides (in annealed samples) layer and ML period, respectively. 0 is
real and imaginary parts of the complex refractive index n=1-6+if3 and o is the rms interface

roughness.

parameter As-dep 600 (°C) 800 (°C)
dw (A) 24.0£0.5 26.0+0.5 28.0+0.5
dg,c(A) 14.5+0.5 12.0+£0.5 8.0£0.5
d (A) 38.50.1 38.0+0.1 36.0+0.1
& w (X107 40+1.6 36+1.4 35+1.4
8p,c(X10?) 6.8+0.27 6.8+0.27 8.3+0.30
6 (A) 5.5 6.8 75

The derived change in period thickness on annealing as obtained by fitting the measured XRR
data is shown in Figure 4.10. The derived ML period thickness changes, yielding information on

the process of interlayer formation.
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Figure 4.10: ML period thickness changes as a function of annealing temperature in various
WI/B4C MLs. The as deposited values of thickness ratio, I' in corresponding ML are indicated on
the plot.

W/B4C MLs have undergone different period thickness changes depending upon the initial I'.
MLs with the W layer thickness less than the B4C layer, show period expansion while those with
the W thickness greater than or close to the B4C layer show period expansion initially and then
compaction as annealing proceeds. Bulk densities and molar volumes of existing tungsten
carbides and borides suggested that period compaction in W/ B,C MLs due to the formation of
compounds at an interface.*®'®” An observed expansion in W/B,C MLs when the W layer
thickness less than the B,C layer may be due to low density compound formation or mixed phase
compounds like WBXCy. The simulated parameters of reflectivity profile suggested that decrease
of refractive index and increase in the thickness of W layer with annealing. The W layer
thickness increases when C or B atoms are consumed into it. An expansion in the dense W layer

due to addition of C and Si atoms at elevated temperatures was also observed in W/C and W/SI
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MLs.9+1% Therefore W plus interlayer layer grows at an expense of the B,4C layer. The nature of
grown interlayer is different in different MLs, resulting in net expansion or compression of
period thickness. Period thickness changes in W/B4C MLs can be related to initial B4C layer
thickness. MLs have shown maximum period expansion of 2.2% when B4C layer thickness is
greater than 20 A and not much loss in reflectivity. MLs with B,C layer thickness less than 20 A
show net compression which increase with reduction in B4C layer thickness. Hence it can be

concluded that ML with B4C layer thickness more than 20 A show better thermal stability.

4.3.2b. GIXRD results:

GIXRD measurements performed using Cu K, (1.54A) radiations on W/B,C MLs ML-3 and
ML-4 at fixed incidence angle of 1° are shown in Figure 4.11. We observed broadening in
diffraction peaks and could not see any new phases peaks after annealing. In spite of increasing

data collection time it was not possible to get better statistics.
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Figure 4.11: GIXRD pattern of W/B4C MLs (a) ML-3 and (b) ML-4 measured at A=1.542 A at
fixed incident angle of 1°.

To improve the diffraction signal GIXRD measurement were performed using synchrotron
radiation. GIXRD measurements performed on W/B4,C MLs at photon energy of 13 keV are
shown in Figure 4.12. GIXRD data is taken at an incidence angle larger than critical angle. The
measured data is converted for 8 keV photon energy to compare diffracted peak positions with
lab source data.’® Figure 4.12a, displays the GIXRD pattern obtained from the ML sample ML-
2 with the W layer thickness per period is 10 A. In as-deposited sample the weak and broad
features centered at 36.0°, and 65.8° are corresponds to W (110) and W (211) respectively in the
WI/B,C ML structures. These peaks are broad and away from bulk W peak positions because of
disordered and nanocrystalline nature of the thin W layer.™™ Figures 4.12b and 4.12c,

corresponds to GIXRD pattern obtained from the ML samples ML-3 and ML-4 respectively. The
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peak widths and position changed in these samples as the crystallite size increases. The peak
position of the diffraction maximum increases from 36.0° to 39.4° and from 65.5.0° to 70.4°
indicating that lattice parameter is approaching bulk value. We interpret this shift, which is
toward bulk W (110) reflection at 40.3° and W (211) reflection at 73.2°, due to increasing

structural long range ordering associated with increasing W layer thickness. %
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Figure 4.12: (a) GIXRD profile of W/B,C ML sample ML-2 (b) sample ML-3 and (c) sample
ML-4. Diffraction peaks coming from bare Si substrate and corresponding annealing

temperatures are indicated on the plot.
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The GIXRD pattern obtained from annealed ML samples undergone shift in Bragg peak to
higher angles indicating further reduction in lattice parameter. It is also clear from Figure 4.12,
that for all the annealed ML samples, GIXRD pattern shows the presence of new shoulder in the
diffraction peak. The presence of new shoulder in the diffraction peak suggested that formation
of new phases like carbides or borides of W as annealing proceeds."'® As discussed earlier
tungsten carbide and boride phases can be formed at W/B4C interface even at low processing

temperatures. According to JCPDS database %

the peak position of various possible phases WB,
W,B, W;Bs, WB,4, WC, and W,C are very close and are lying within the broad peaks observed
for annealed samples. Hence, the GIXRD spectra confirm the possible presence of multiple
phases of tungsten carbides and boride. But considering very close peak positions, the particular

phase cannot be distinguished.
4.4. Conclusion:

Thermally induced structural changes and its detrimental effect on the normal incidence
reflectance of W/B,C MLs in the vicinity of B K-edge are studied. The main findings of this
study is as follows
=  WI/B,C is used as optical element in both hard and SXR regime. In this study we extend
the application of this combination to EUV regime.
= We observed maximum peak reflectivity of ~8.3% at 68 A wavelength. W/B,C ML
structure yielded a peak reflectivity of ~7% even after 800 °C annealing. This confirms
that W/B,C combination is good for high heat load applications.
= GIXRD measurements performed using lab source and synchrotron radiation suggested

that interface reaction is happening and formation of phases like W-C and/or W-B is
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possible. This observation is concluded by appearance of new shoulder near W (110)
peak in synchrotron based measurements.

We observed successive disappearance and reappearance of ML Bragg maxima in XRR.
Such behavior suggested that redistribution of atomic density within bilayer, the
displacement of interface and the ML period thickness changes as annealing proceeds.

The formed phases in W/B4C MLs could not affect the reflectivity performance of ML
with B4C layer thickness more than 20 A.
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Chapter 5.

Structural and compositional analysis of C/B,C a low-Z/low-Z ML

structures and its thermal stability.

In this chapter, we present structural and compositional analysis methodology for a low-Z/low-Z
ML combination. C/B4C combination was examined. Annealing studies were also carried out on
this combination. All samples were deposited using ion beam sputtering. Different
characterization techniques like hard x-ray reflectivity, resonant soft x-ray reflectivity,
transmission electron microscopy, and Raman spectroscopy are used. Results obtained are

discussed in this chapter.
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5.1. Introduction:

X-ray multilayer (ML) structures are alternating layers of absorber and spacer with periods in the
range of few nm.’®**! Absorption of incident radiation in the ML structure limits the number of
layer pairs contributing to reflection of incident beam and hence the resolution. The energy
resolution, (E/AE ~N) of the ML mirrors increases with increase in layer pairs, N. In particular
high resolution MLs are realized by using the low-Z/low-Z combination. The anomalous
dispersion in C and B4C provide strong optical contrast between these two materials at C and B
K edges. The criteria required to achieve high reflectance is to have large difference in dispersion
(0) and low absorption coefficient (f). C/B4C combination fulfills the criteria required for high
reflecting mirror near K absorption edges of C and B. These low electron density contrast (EDC)
structures have potential applications as a narrow band pass filter,"*? beam splitter,"* and to
study interaction of high intense radiation with matter. “**4

The properties of x-ray ML structures (like Bragg peak width, peak and integrated reflectivity)
are strongly influenced by the physical and chemical nature of the interfaces, the composition of
the individual layers, and their relative thicknesses.** The compositional changes in the buried
layers, either due to stoichiometry change or due to presence of impurities, reduce the optical
contrast between the materials, which results in significant drop in reflectivity at the application
wavelength.® It is important to derive the structural parameters like period thickness, relative
layers thickness ratio, and interface roughness/width and composition of these nanometer scale
length materials, so that the ML preparation techniques can be optimized to yield better
performance.

Hard x-ray reflectivity (XRR) is a routinely used non destructive tool to characterize nanometer

53,115

scale thin films and MLs. It provides information about layer densities, thicknesses, and
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interface roughness/width with sub-nm accuracy. Sensitivity of the conventional XRR depends
on EDC between the constituent materials.’*® In the case of MLs containing low-Z/low-Z
elements, the electron densities in the two layers are very similar, resulting in limited
applicability of XRR to get structural information. It is difficult to get a unique model to fit the
XRR data for low-Z/low-Z elements. The structural model obtained from the analysis of the
XRR data is generally not able to accurately predict the performance of ML structures in extreme
ultraviolet-soft x-ray (EUV-SXR) regime. This is due to fact that the reflectivities at different

wavelengths have different sensitivities to the ML parameters.®*

The XRR measurements are more sensitive to the layer thickness and the interface
roughness/width of the ML, and are less sensitive to the compositional changes of the layers.™’
For example, in a Pt/C ML, even a 15% change in the electron density of C layers due to
diffusion of Pt atoms into the C layer does not produce significant change in conventional XRR
data.*® Soft x-ray reflectivity measurements performed near the absorption edges are more
sensitive to the compositional changes in the layers. Resonant soft x-ray reflectivity
measurements were performed to investigate the constituent elements in the low EDC

119,120

structures. Resonant soft x-ray reflectivity (RSXR) has been used to study magnetic

121,122 119,123 124

multilayers , polymeric materials , onic liquids™", and compositional analysis of soft

x-ray/extreme ultraviolet ML optics.'®

Multilayers, when exposed to high intense synchrotron radiation, show a quick rise in
temperature up to 600 °C % and with x-ray free electron lasers (XFELSs) the rise in temperature

could be even higher. Study of thermal stability of any optical elements is important as it is
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exposed to high power density synchrotron/XFEL radiation. Many multilayer systems are

investigated on this context.

In case of low-Z/low-Z elements, as discussed above, getting precise structural information is
difficult. One can use cross-sectional TEM (CXTEM) to get additional structural information
and reach a unique solution for XRR data fitting. In the present study, we have used a
combination of techniques like XRR, transmission electron microscopy (TEM), and RSXR to
derive both structural and compositional information and to test the thermal stability of C/B,C
ML which is a low EDC combination.

5.2.Theoretical background:

In the x-ray region, the response of a medium is described by its energy dependent complex
refractive index n (=1- 6 + ip, where 6 (dispersion coefficient) and B (absorption coefficient) are
the optical constants).'® The fundamental quantity which tells about the scattering strength and

absorption of an atom is the atomic scattering factor (f), which can be written as
f = f&(@)+ fo(2)-ifa(2) 5.1
where fﬁR(q)is the non resonant atomic scattering factor which arises from the free electrons in

the atom, fo(4) and f,(4) are the resonance and absorption corrections to the atomic scattering

factor arising from anomalous dispersion. When electromagnetic radiation is incident on a
medium, the electrons in the atom start oscillating. The amplitude of these oscillations has a peak
when the frequency of the incident wave is close to the natural frequency of the atom. In a multi
element system, the total scattering is the sum of scattering from both resonant and non-resonant
atoms. The interaction between the incident radiation and the resonating atoms is stronger as

compared to the interaction between the incident radiation and the non-resonant atoms. These
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interactions cause large change in the refractive index near the absorption edges and causes
strong modulation in the reflectivity profile. Hence analysis of a reflectivity profile near
absorption edges gives the information of spatial variation of number density of the resonating
atoms perpendicular to the material surface. The optical constants of such a multi element layer

can be written as®®

ij(fng,j + f§,j(’1))

85 =2.7007x107* 22 p - 5.2
2. Xk
]

2% fey(2)
B=27007x10“2pt e
ijﬂj

j

5.3

Here A is the incident wavelength [nm], p is the density [g/cm®], X is the atomic fraction of j

atoms, and ; is the atomic weight of j atoms [g/mol].

Conventional XRR performed at higher photon energy is only sensitive to phase shift related to
d. In the resonant region, both the dispersive and the absorption properties of the matter are
important and provide orders of magnitude more contrast for materials having a strong resonance
effect (particularly in the soft x-ray region) than conventional XRR. Hence, simultaneous
analysis of conventional XRR and resonant soft x-ray reflectivity (RSXR), can give the
information about the structure and the composition of the buried layers. The knowledge of
optical constants is essential to derive the composition of the buried layers. In this work optical
constants data base of Henke et al.®®, available at CXRO™ web site for carbon, which works
well away from the absorption edge, has been used. The atomic scattering factors for boron,

extracted from the measured B,4C films, were used to