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6.1 Summary and Conclusions: 

 The present thesis deals with the evaluation of optical behavior of three important oxides: 

aluminum oxide, magnesium oxide & zirconium oxide which are widely used as optical 

elements for different Soft X-ray optics applications.  The evaluated optical constants in the 

Extreme ultraviolet (EUV)/Soft X-ray region are the crucial parameters for determining the 

reflectivity performance of optical elements of such materials.  The thesis also deals with the 

correlation of the optical constants with the material’s structural parameters, chemical 

composition, stoichiometry and the electronic structure.  Most of the investigation of the present 

thesis has been carried out using the reflectivity beamlines BL-04 & BL-03 of the Indus-1 & 

Indus-2 synchrotron radiation sources respectively.   

Below, the crucial findings of the present thesis are summarized along with the future scope of 

this work. 

6.1.1 Work Related to Beamline Development: 

Reflection optics based harmonic suppressor system comprised of two parallel mirrors is 

installed and optimized on reflectivity beamline BL-04 of Indus-1 SR source.  In order to 

suppress the higher harmonics in 120-1000 Å wavelength region a pair of polished silicon mirror 

was used and set on optimized angle (5-20 degree range).  The performance of the HOS system 

was checked by measuring R vs wavelength spectra of α-Al2O3 with & without the HOS system.  

The reflectivity in the 360-100 Å wavelength region (grating 3) remains almost constant to the 

value of 85% with no features using the two mirror HOS.  On the other hand, without the 

presence of the two mirror suppressor system the reflectivity diminishes upto 20% in the grating-

3 and several unwanted features are observed.  The reflectivity performance with HOS setup was 
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compared with the data obtained on same sample from metrology beamline of Synchrotron 

SOLEIL, and found both matches well in the Grating 2 region.   

The harmonic content of the Soft X-ray Reflectivity beamline (BL-03) of Indus-2 Synchrotron 

Radiation Source is estimated using a W/B4C multilayer of 36.5 Å period and 100 layers for 

photon energy range of 600-1000 eV.  A three mirror based HOS system for this beamline is in 

fabrication and will be installed in near future. Different edge filters are presently being used for 

harmonic suppression 

The energy calibration of the beamline in the Grating 3 (~400-1600 eV) is carried out by tracing 

the shift of the Bragg peak position from the expected/simulated position.  The energy offset 

with respect to the set value is found to be linear in nature and can be easily estimated from the 

slope and the intercept value as obtained from the linear fitting. 

6.1.2 Optical studies: 

 Optical behaviors of three oxides Al2O3, MgO & ZrO2 are analyzed in the EUV/ Soft X-

ray region covering the absorption edges of their respective constituent elements.  The 

investigation has been carried out using the angle-dependent & energy-dependent reflectivity 

measurements.  

For aluminum oxide thin film deposited using Al target, the optical constants are investigated in 

the 60-200 Å (~206-62 eV) range covering the Al L-edge region.  The experimentally obtained δ 

& β values are found to be 5-33% higher than the tabulated Henke's values for reduced density 

alumina of 2.93 g/cc.  Near Al L- absorption edge, δ are 50-120% higher whereas β are lower by 

7-20%.  An increase in delta values and a decrease in beta values are possible if unreacted Al and 

oxygen are present in a significant amount.  Such films grown using reactive sputtering method 

may be useful as a spacer layer in multilayer optics because of the lower value of the absorption 
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(β).  The optical constants of the thin film obtained at few discrete photon energies by R vs angle 

method are compared with optical constants spectra of crystalline α-Al2O3 obtained from R v/s 

photon energy method in small steps of 0.1 eV.  The L2 and L3 features are found to be well-

resolved in both dispersion (δ) and absorption (β) curve with an energy separation of 0.4 eV.   

The optical constants of magnesium oxide thin film deposited using MgO target (IBS) are 

investigated using energy-dependent reflectivity technique in 42-310 Å (~300-40 eV) range 

covering the Mg L-edge.  Below the Mg L-edge region, the experimentally obtained delta (δ) 

values are found to be higher by ~20-50% with respect to the Henke tabulated values 

(corresponding to bulk density) making it suitable for use in this region.  In the higher energy 

region far away from the Mg L-edge (140-300 eV) the deviation in delta (δ) is ~5-10%, while for 

beta (β) values the experimental values are found to be higher by ~5-20%.  At the Mg L-edge 

region a drastic increase in the experimental δ values (~45%) as compared to the Henke 

tabulated one is observed.  While for the experimental β values the deviation extends upto ~30%.  

Experimental value of Mg L-absorption edge is found to be 52.8 eV because of chemical shift 

associated with Mg-O bonding which is missing in Henke database. 

The optical constants of zirconium oxide film deposited using ZrO2 target on GaAs substrate are 

investigated in the 50-150 Å (~250-80 eV) range covering the Zr M-edge at discrete photon 

energies.  The experimentally obtained δ and β values above the Zr M4,5 edge region 150-70 Å 

(~80-177 eV) are found to be lower by 1- 24 % as compared to tabulated Henke's values.  Below 

the Zr M4,5 edge region the measured β values are higher by 1-20% whereas the delta values are 

lower than the Henke values.  This could be understood if the behaviour of atomic scattering 

factors for Zr and O are separately analysed.  The real and imaginary part of the atomic 

scattering factor shows that the f2 values of Zr and O are very close in 50-150 Å (~250-80 eV) 
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range, whereas the f1 values of these two elements are significantly different.  This suggests that 

the change in Zr: O ratio (due to presence of oxygen and voids) does not affect the beta values 

much, but it lowers the delta values significantly.  Thus the presence of oxygen vacancies with 

change in Zr: O ratio as discussed below attributes to this deviation in optical constants. 

We have also investigated the fine optical constants profile covering the O K-edge region of 

zirconium oxide thin films of different thicknesses & densities deposited on Si substrate.  The 

obtained fine absorption (β) and dispersion (δ) profile correlate well with the electronic structure 

of the film showing the eg & t2g feature.   

6.1.3 Structural & compositional studies: 

In this thesis work, the initial characterization of the structural parameters, like determination of 

thicknesses and roughnesses & the densities of the three different oxide thin films are carried out 

using X-ray reflectivity measurements (R vs. θ).  The chemical composition of the film, surfaces 

and interface are investigated using X-ray Photoelectron Spectroscopy (XPS).   

Density of the aluminum oxide film of 240 Å thickness is found to be 2.93 g/cc, which is 73% of 

the bulk density (3.93 g/cc).  The Scattering length density (SLD) profile obtained from the 

modelling of reflectivity data indicates about the presence of interlayer whose composition is 

different from the substrate native oxide.  The thickness of this interlayer is found to be 18 Å.  

To investigate the qualitative composition of the principal as well as the interfacial layer the 

optical modelling of the optical constants profile is carried out.  It is estimated that the principal 

layer consists of 50% AlOx (x=1.6) and 50% Al2O3, while the interfacial layer consists of 25% 

SiO2 and 75% AlOx (x=1.6).  The intermixing of these two leads to form an aluminum silicate 

compound at the interface region.  The composition of the principal layer corroborates well with 

the XPS data.  Analysis of the XPS spectra ensures the presence of two different phase of 
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aluminum oxide at the principal layer.  The off-stoichiometric nature of the film, with increased 

oxygen content as compared to Al confirms the fact that the optical constants delta (δ) is found 

to be higher while beta (β) is found to be lower as compared to Henke tabulated value at a 

density of 2.93 g/cc. 

For the magnesium oxide thin film deposited on Si substrate, the optical density profile obtained 

from SXR analysis confirms the presence of Mg-Si-O and Si-O layers at the film/substrate 

interface.  In-depth profile of the film as obtained from SIMS has also been found to be 

consistent with in-depth optical density profile. 

Density of the 467 Å thick zirconium oxide thin film deposited on the GaAs substrate is found to 

be 4.50 g/cc (80% of the bulk density of 5.68 g/cc).  The composition of ZrO2 film is 

qualitatively estimated by modelling the optical constant profile over 50-150 Å wavelength 

region.  The principal layer is estimated to be composed of 60% ZrO2, 20% ZrOx & the 

remaining part consists of oxygen vacancies.  From XPS analysis it is confirmed that the peak 

position of Zr 3d & O 1s corresponds to ZrOx & ZrO2 phases.  The optical constant profile of the 

interfacial layer matches well by considering a composition of 20% As2O3 along with 25% 

Ga2O3, 35% ZrO2 and 20% oxygen vacancies.  The presence of voids ensures the variation in 

Zr:O ratio which affects the atomic scattering factor and simultaneously the optical constants  

6.1.4 Relation of the optical constants with the electronic structure: 

We have observed and analyzed the fine features in optical constants profile (both dispersion δ & 

absorption β) of α-Al2O3 in the energy range of 45-150 eV from energy dependent reflectivity 

measurement.  Various fine features corresponding to the absorption edge and various other 

transitions occurring from the Al 2p to other states are visible in the optical constants profile.  

Two well resolved peaks corresponding to the L2 & L3 absorption edge of Al are located at an 
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energy position of 78.0 eV & 78.4 eV respectively.  These are also termed as Al L2,3 excitonic 

features.  The spin orbit splitting is found to be 0.4 eV and is visible in both δ & β. 

For MgO thin film the fine features are evident in both dispersion (δ) and absorption (β) profile 

in the 40-100 eV region near the Mg L-edge energy.  All the higher energy features (above 60 

eV) marked from root from the transition of Mg p to Mg s, d and hybridized states of Mg s and 

O s states respectively as observed from the calculated partial density of states (PDOS) and 

literature data.  However, the features marked as ‘a’ & ‘b’ located at 52.8 eV & 54.4 eV (see 

Figure 4-6, Chapter -4) are found to originate as a consequence of core-hole excitonic effect as 

shown from the calculation of Mg L- edge absorption spectrum with & without considering core-

hole.   

For ZrO2 thin film, the optical constants profiles near the O K-edge region are extracted from the 

analysis of energy-dependent reflectivity data.  The eg and t2g features originating as a 

consequence of crystal field effects is well evident in both the dispersion & absorption profile. 

For zirconium oxide, we could not observe core-hole effect in the optical constants as measured 

near the Zr M4,5 edge and O K-edge. Thus, it is very important to understand the factors related 

to the occurrence of the core-hole feature in the optical constants spectra.  Some of the solid state 

phenomena like crystal field effect, covalency and distortion might play an important role in the 

appearance of a core-hole feature. For 3d and 4d transition metals like Ti4+ and Zr4+ in their 

oxides, the crystal field effect is pronounced as a result of which the core-hole potential is much 

weaker as compared to the crystal field and thus we do not observe any core-hole peak. Whereas 

in case of Al3+ and Mg2+ in their oxides there are no 3d electrons and the p electrons being more 

delocalized don't show any crystal field effect as a result of which the core hole potential is 
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dominating in the XAS spectra. Detailed understanding can be achieved on investigation of 

optical constants of metal oxides having different exotic solid state properties. 

Fine features reported in the thesis is an important finding as Henke tabulated database does not 

show such features therefore our experimental data is more useful for practical applications 

particularly for X-ray optics community. 

6.2 Scope of the Future Work: 

 The information of optical behavior of three oxides investigated in the present thesis 

work will be useful in calculation/ simulation of reflectivity performance of the oxide/ Metal 

multilayer combination in the EUV/ soft X-ray region.  The formation of various interfaces and 

varied chemical composition /stoichiometry as analyzed from the present thesis can be taken into 

account while simulation.   

The present work can be continued to study the optical constants of the three oxides deposited 

using different deposition techniques e.g. e-beam evaporation, ion beam sputtering, pulse laser 

deposition etc.  This will help in understanding the role of each deposition techniques on 

structure, composition and stoichiometry of oxide thin films and resultant effect on X-ray optical 

properties.  Moreover, films of different thicknesses for e.g. ultrathin films used as capping layer 

and moderate thin films used as mirror coating etc. have several X-ray optics applications. 

However, for thin film of same material but different thickness, density and other physical 

properties may be different. Thus, in future we would like to do a comparative study on the films 

of different thicknesses to understand the growth mechanism and its influence on the optical 

properties of thin films of compound materials. 
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Moreover, it is known that PVD growth methods can produce textured thin films. Thus if there is 

a crystal face dependence of optical constants, knowing the exact texture of these films would be 

important. This work could be continued in future. 

We also hope to understand the effect of the different co-ordination geometry like octahedral, 

tetrahedral etc. on the optical properties of oxide thin films.  It is known that in accordance with 

the co-ordination geometry, the crystal field splitting differs and thus the dispersion and 

absorption features near the edge region reflects all these. 

As discussed in the last part of the Section 6.1.4, there is a lot of scope in the detailed 

understanding of the different factors like crystal field splitting, covalency, distortion and other 

material properties responsible for the disappearance of the core-hole feature is few oxides. 

Finally, the present work can be continued to study the optical properties near the K-edges of the 

constituent 1st element of oxide. 
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Summary 

Synchrotron and Free electron laser (FEL) beamlines emanating X-rays of broad range of 

energies are widely used all over the world for various cutting edge research purposes and the 

heart of these beamlines is its optical elements.  The main criterion of the selection of these 

optical elements is based on the optical properties of the material in the working energy range 

along with its thermal stability and radiation tolerating ability.  Oxide material having high 

mechanical and thermal stability mostly satisfies these criteria.  There are several literatures on 

fabrication and optical performance of optical elements like multilayer mirrors, Fresnel’s zone 

plate, Laue lens etc. where oxides are abundantly used.  However, for understanding their optical 

performance, X-ray optics community still relies mostly on the Henke tabulated optical constants 

database available on CXRO website which has several limitations.  The present thesis deals 

with the evaluation of optical constants of three important oxides: aluminum oxide, magnesium 

oxide & zirconium oxide which are widely used as optical elements for different Soft X-ray 

optics applications.  The thesis also deals with the correlation of the optical constants with the 

material’s structural parameters, chemical composition, stoichiometry and the electronic 

structure.   

For aluminum oxide thin we determined the optical constants (δ & β) experimentally are found 

to be 5-33% higher than the tabulated Henke's values for reduced density alumina of 2.93 g/cc as 

determined from GIXRR measurement.  Near Al L- absorption edge, δ are 50-120% higher 

whereas β are lower by 7-20%.  We have also evaluated the optical constants profile of α-Al2O3 

covering Al L2,3 edge and O K-edge where there is appearance of the excitonic like feature as 

stated in literature.  On comparison of the optical constants of the thin film with that of α-Al2O3 
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we found that δ & β of the film is slightly lower than that of α-Al2O3.  The lower value of the 

absorption (β) indicates the suitability of the thin film as a spacer layer for a multilayer mirror.   

For magnesium oxide thin film deposited using MgO target (IBS), the optical constants are 

investigated in 42-310 Å (~300-40 eV) range covering the Mg L-edge using energy-dependent 

reflectivity.  The experimentally obtained delta (δ) values are found to be higher by ~20-50% the 

with respect to Henke tabulated values (corresponding to bulk density) below the Mg L-edge 

making it suitable to use in this region.  In the higher energy region far away from the Mg L-

edge (140-300 eV) the deviation in delta (δ) is ~5-10%, while for beta (β) values the 

experimental values are found to be higher by ~5-20%.  At the Mg L-edge region a drastic 

increase in the experimental δ values (~45%) as compared to the Henke tabulated one is 

observed.  While for the experimental β values the deviation extends upto ~30%.  Experimental 

value of Mg L-absorption edge is found to be 52.8 eV because of chemical shift associated with 

Mg-O bonding which is missing in Henke database. 

For zirconium oxide film deposited using ZrO2 target on GaAs substrate, the optical constants 

are investigated in the 50-150 Å (~250-80 eV) range covering the Zr M-edge at discrete photon 

energies.  The experimentally obtained δ and β values above the Zr M4,5 edge region 150-70 Å 

(~80-177 eV) are found to be lower by 1- 24 % as compared to tabulated Henke's values.  Below 

the Zr M4,5 edge region the measured β values are higher by 1-20% whereas the delta values are 

lower than the Henke values.  This could be understood if the behaviour of atomic scattering 

factors for Zr and O are separately analysed.  The real and imaginary part of the atomic 

scattering factor shows that the f2 values of Zr and O are very close in 50-150 Å (~250-80 eV) 

range, whereas the f1 values of these two elements are significantly different.  This suggests that 

the change in Zr: O ratio (due to presence of oxygen and voids) does not affect the beta values 
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much, but it lowers the delta values significantly.  Thus the presence of oxygen vacancies with 

change in Zr: O ratio as discussed below attributes to this deviation in optical constants. 

We have also investigated the fine optical constants profile covering the O K-edge region of 

zirconium oxide thin films of different thicknesses & densities deposited on Si substrate.  The 

obtained fine absorption (β) and dispersion (δ) profile correlate well with the electronic structure 

of the film showing the eg & t2g feature. 
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Chapter 1.  

 

Introduction 

 

 This chapter gives a general overview of the complex refractive index in X-ray region 

which are defined in terms of “optical constants”.  A brief introduction to the X-ray reflectivity 

and absorption spectroscopy techniques are given which are useful for the investigation of these 

optical constants in Extreme ultraviolet (EUV) and Soft X-ray region.  The implementation of 

methodologies like conventional Kramers-Kronig (KK) relation, double subtracted KK relation 

in the extraction of optical constants along with the challenges involved is described.  The 

importance of investigation of optical constants is described along with the application of oxide 

materials as optical elements in synchrotron beamlines.  Finally the scope of the work is 

presented. 
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1.1 Introduction: 

The discovery of X-rays in the year 1895 and its further development has opened up the path of 

various forms of researches which were not possible until the previous century.  With the short 

wavelength property as compared to the other part of the electromagnetic spectrum several 

microscopic properties of the material can be investigated using X-rays.  However, the X-ray 

region of the electromagnetic spectrum is quite broad, ranging from 0.01 nm to 10 nm in terms 

of wavelength and 100 eV to 120 keV in terms of energy.  Thus, in terms of wavelength or 

energy range they can be roughly classified as- Hard X-rays & Soft X-rays.  The X-rays with 

photon energies above 5 keV are called Hard X-rays and have much shorter wavelengths, while 

those with lower energies from 100 eV to 5 KeV and comparatively higher wavelengths are 

called soft X-rays.  Below the soft X-ray region, there exists the extreme ultraviolet region 

(EUV) with photon energies ranging from 20 eV to 100 eV.  The response of a material in the 

EUV/Soft X-ray region is strikingly different from the remaining part of the electromagnetic 

spectrum.  This can be well understood from the well-known response function- “refractive 

index”.  In general form, it can be written as: N = n+iβ, where n is the real & β is the imaginary 

part of the complex refractive index N.  The real part of the refractive index indicates dispersion 

behavior of a material with respect to its interaction with the probing photon energy, while the 

imaginary part indicates its absorptive behavior.  From a semi-classical approximation, the 

expression of refractive index1 in X-ray region can be written as- 

𝐍(𝛚) = 𝟏 −
𝐞𝟐𝐧𝐚

𝟐𝐦𝛆𝟎
∑

𝐠𝐬

(𝛚𝟐−𝛚𝐬
𝟐)+𝐢𝛄𝐬 ………………………………. (1-1) 

where na is the atomic density of the material, gs is the oscillator strength, ωs is the resonant 

frequency of the oscillator ‘s’, e & m are the charge & mass of an electron, ε0  is the electric 
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permittivity of the medium & γ is the damping factor and is related to the losses occurring inside 

the medium.  The most important approximation accounted in this expression is that the 

frequency of the X-rays is higher as compared to the others parts (IR, visible, UV)  of the 

electromagnetic spectrum.  Thus, one obtains Equation (1-1) by introduction of binomial 

expansion in the generalized expression of refractive index valid for low energy region of the 

electromagnetic spectrum. 

The origin of this expression is based on the forces acting on a system of electrons bound to the 

nucleus.  The whole system is under the influence of the fields of an electromagnetic wave 

passing through the material.  Thus the dispersion & absorption behavior of a material under the 

interaction of X-rays is provided from its refractive index.  This becomes more interesting since 

the absorption edges of most of the elements lies in the EUV and X-ray region of the 

electromagnetic spectrum. 

In simplified form refractive index in X-ray region can also be written as- 

𝐍(𝛚) = 𝟏 −
𝐫𝐞𝐧𝐚𝐜

𝟐

𝟐𝛑𝛚𝟐
[𝐟𝟏

𝟎(𝛚) − 𝐢𝐟𝟐
𝟎(𝛚)] ………………………… (1-2) 

Where c is the speed of light in vacuum, re is the classical electron radius given by re =

e2

4πεomec
2
= 2.817 × 10−5 Å, f1

0(ω) &  f2
0(ω) are real and imaginary part of an important 

physical term known as atomic scattering factor.  The atomic scattering factor is the Fourier 

transform of the electron density distribution.2  For X-rays, the scattering factor is proportional to 

the atomic number of the element or the total number of electrons in a material.  It is also 

dependent on the scattering angle, however the scattering contribution at angles other than θ=0 

(forward scattering) is negligible because of predominance in destructive interference.  For the 

forward scattering case, the scattering factor tends to the atomic number of the element.3 
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In terms of the optical constants δ & β, the refractive index can be written as N = 1 − δ + iβ, 

where,  

𝛅 =
𝐫𝐞𝐧𝐚𝐜

𝟐

𝟐𝛑𝛚𝟐
𝐟𝟏
𝟎(𝛚) , 𝛃 =

𝐫𝐞𝐧𝐚𝐜
𝟐

𝟐𝛑𝛚𝟐
𝐟𝟐
𝟎(𝛚)………….. (1-3) 

Both δ & β are of the order of 10-2-10-6 and is critically dependent on the energy and the other 

sample property.  Generally, away from the absorption edge region, β < δ , but near the edges 

due to predominance of absorption, β ≈ δ. 

In X-ray region there is scarcity of the available data of the optical constants which are very 

important for understanding the optical properties of the material.  The standard available 

database is the Henke tabulated one4, which contains information about the optical constant β of 

all the elements with atomic number Z=1-92, investigated from transmission measurements.  In 

the next step, the optical constant δ is extracted by applying Kramers-Kronig relation.   

The information about the optical constants of compound materials in X-ray region is not easily 

available.  The more common approach adopted for compounds is the weighted average method 

where weighted contribution of atomic scattering factors of constituent elements are taken into 

account.  However, there are several flaws in this method.  For example, the actual density of the 

material is not considered, rather individual densities of the constituent elements are taken, with 

individual stoichiometric ratios as weighted factors.  Thus, this approach is found to be well 

validated away from the absorption edges of the constituents of the compound but near the 

absorption edges the situation is worse.  The local chemical environment of the atoms forming 

the bond has to be taken into account for the correct near edge results which is absent in the 

weighted average approach.  Thus, experimental determination of optical constants of 

compounds in the X-ray region, especially near the absorption edge is a prerequisite task.  



Chapter: 1  Introduction 

Page | 5  

 

Several techniques like ellipsometry5,6, interferometry7, reflectivity8,9, absorption 

measurements10,11 etc. can be used for the determination of optical constants.  However, each of 

these techniques is advantageous near a certain energy range of the electromagnetic spectrum. 

Another important thing which we often overlook is the relation between the optical constants 

and the structural parameters, electronic states and also the surface and the interfaces of the 

sample.  There are several techniques like Electron Microscopy, Secondary Ion Mass 

Spectroscopy (SIMS), Rutherford Backscattering Spectroscopy (RBS), X-ray Photoelectron 

spectroscopy (XPS) to probe sample surface, interface, elemental composition, each with its 

individual pros and cons.  The primary disadvantages of these techniques are either they have 

lower probing depth or in most cases they are destructive in nature.  On the other hand, X-ray 

reflectivity proves to be an interesting technique which can probe surface, interfaces as well as 

provide a wide plethora of information about the film density, structural parameters like 

thickness & roughness along with their optical constants in the measuring energy range in a non-

destructive manner. 12,13,14,15  This powerful technique is capable of evaluating the optical 

constants along with understanding its relation with the other intrinsic properties. 

1.2 Correlation of optical properties with other intrinsic properties of 

matter 

Optical properties of the materials in the X-ray region are represented by energy-dependent 

optical constants δ & β as defined earlier.  There are evidences available in the literature which 

confirms the fact that optical constants are not only critically dependent on energy but also on 

the electronic structure, chemical environment and bonding, density and most importantly on the 
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growth conditions.16,17,18  In this section we will discuss how the optical constants in soft X-ray 

region are related to the other properties like electronic structure, composition etc. 

In the introduction part we have already discussed about the origin of refractive index under 

semi-classical approximation and the physical significance of the real & imaginary part of it.  

Talking about the relation with electronic structure, these begin with the very basic rule of time-

dependent perturbation theory of quantum mechanics- the “Fermi Golden Rule” which will 

finally provide us the concept of refractive index in quantum mechanical term.  According to this 

rule, the transition rate from initial energy state to a group of energy states in a continuum (or 

final state), as a result of a weak perturbation is given as- 

𝚪𝐢→𝐟 =
𝟐𝛑

ħ
|⟨𝐟|𝐇′|𝐢⟩|𝟐𝛒(𝐄𝐟) ………………………… (1-4) 

where, ⟨f|H′|i⟩ are the matrix element of the perturbation H′ between the final and the initial 

states and ρ(Ef) is the density of states at the energy Ef of the final state.  The perturbation in this 

case is the electromagnetic wave or X-rays impinging on the solid.  The perturbation 

Hamiltonian can be written as2-  

𝐇′ = −
𝐞

𝐦𝐜
𝐀⃗⃗ (𝐫). 𝐩⃗⃗ +

𝐞𝟐

𝟐𝐦𝐜𝟐
𝐀𝟐(𝐫)…………………….. (1-5) 

Where, the 1st term represents absorption and the 2nd term represents scattering, both of which 

are closely related to the optical constants δ & β, 𝐀⃗⃗ (𝐫) is the vector potential of the incident 

field and 𝐩⃗⃗  is the linear momentum of the interacting electrons.  The transition rate as expressed 

in Equation (1-4) gives the number of photons absorbed per unit time and volume i.e., the power 

lost by the field per unit volume of the material.  Power loss from the field can also be expressed 

in terms of imaginary part of the dielectric constant.  We can express the rate of decrease in 

energy of the incident beam per unit volume as19-  
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−
𝐝𝐈

𝐝𝐭
= −

𝐝𝐈

𝐝𝐱

𝐝𝐱

𝐝𝐭
=

𝛚𝛆𝐢𝐈

𝐍𝟐
………………………. (1-6) 

Where, I = −
N2

8π
|E⃗⃗ |

2
, E⃗⃗  being the electric field of the electromagnetic wave and N is the 

refractive index of the medium.  Thus the imaginary part of the dielectric constant representing 

absorption is directly proportional to the transition rate which consists of information about the 

electronic structure of the material in terms of its density of states as well as the matrix elements 

depicting the final and initial state wave functions participating in the transitions.19   

When the photon energy impinging on the sample matches or is greater than the binding energy 

of the core-levels of the constituent elements present, a photoelectron is ejected.  This process is 

followed by the generation of a core hole which has a finite lifetime resulting in energy 

broadening.  This fact is a consequence of the well-known Heisenberg’s uncertainty principle.  

In case of insulating sample, the number of free electrons being less, the core hole formed gets 

screened effectively by the presence of the surrounding electron cloud leading to the formation 

of bound excitonic like states.  In other words, the Coulomb interaction between the excited 

electron and the core-hole formed results in the formation of exciton like state, whose energy 

depends on the strength of the Coulomb interaction.20,21,22  Now, the final state will be a 

combination of the final orbital state along with the contribution of this excitonic state which 

modifies the transition rate as evident from “Fermi Golden Rule”.  These excitonic states will 

have a strong influence on the overall absorption which is related to transition rate.  Moreover, 

the oscillator strengths for transitions at higher energies will be modified to a large extent.  The 

creation of excitonic like features results in the appearance of sharp features near the absorption 

threshold, modifying the optical constants near the absorption edge region.  Thus, from the fine 

optical constants spectra covering the absorption edge of any material we can understand the 

electronic structure from the transitions occurring between several states. 
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Besides electronic structure, optical constants of a material are highly dependent on the 

deposition technique, composition or stoichiometry, structure and density of the film.23  For 

example, in case of a compound material like ZrO2 if we are using Zr target and grow films 

under different oxygen flow, the density of the films differs from that of the bulk density 

resulting in different optical properties. 24,25,26  Soufli et al. 27 determined the atomic composition 

of the magnetron sputtered boron carbide films from its optical constants profile utilizing the 

density as determined from another complementary technique.  In their case, the atomic 

composition of the B4C film consists of 74% boron 20% carbon and 6% oxygen and with the 

change in composition the optical constants changes accordingly.  Filatova et al 28 also 

demonstrated the effect on optical constants of HfO2 thin films as a result of two different 

deposition techniques- MOCVD and ALD.   

From the above discussion, we conclude that for real applications it is necessary to investigate 

the optical constants & understand the relation between the optical properties with the other 

physical properties of matter. 

1.3 Tools for determination of optical constants in soft X-ray region  

1.3.1  Reflectance spectroscopy 

In soft X-ray region there are several techniques available to investigate optical constants such as 

reflectivity, absorption, electron energy loss spectroscopy etc.  However, in this thesis we have 

exploited the X-ray reflectivity technique for the determination of optical constants due to its 

advantage over several other techniques.   

X-ray reflectivity measurements are performed in two different modes: Angle-dependent & 

Energy-dependent.  Angle-dependent reflectivity mode can precisely determine the structural 

parameters of a layered structure along with the optical constants at discrete photon energies. 
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29,30,31,32,33  From measurements we obtain reflectivity v/s incidence angle (θ) or in terms of z-

component of momentum transfer vector qz.  From the obtained data one can extract the 

information about the variation of density (or scattering length density) along the depth of the 

film (along z-direction) by modelling.34,35  However, this technique involves lot of modelling and 

effort in computations.  Using energy-dependent reflectivity measurements one can obtain fine 

spectra of dispersion and absorption by applying “Kramers-Kronig relations”.36,37,38,39,40 

The importance of this technique lies in the fact that it- provides information about thickness 

with Å-resolution, non-destructive in nature, element specificity especially near the absorption 

edges.  However, there are certain disadvantages associated with this technique such as one does 

not generally obtain unique result without any pre-knowledge of the sample layer structure.   

The theory of reflectivity can be understood from both dynamical as well as kinematical 

scattering theory.35,41  The kinematical scattering theory works under the Born Approximation42 

and under this the multiple scattering effects are usually neglected and the reflected intensity is 

given by the Fourier transformation of the derivative of the electron density.  But this 

approximation fails as, qz → 0.  Thus, the dynamical scattering theory comes into the picture 

where multiple scatterings are taken into account.  

For a flat, smooth and homogeneous vacuum/substrate interface the reflection co-efficient is 

given by Fresnel’s formula as-  

𝐫𝐬 =
𝐬𝐢𝐧𝛉−√𝐍𝟐−𝐜𝐨𝐬𝟐𝛉

𝐬𝐢𝐧𝛉+√𝐍𝟐−𝐜𝐨𝐬𝟐𝛉
…………………………. (1-7) 

Where, θ is the glancing incident angle and N=1-δ+iβ is the refractive index of the substrate 

medium and subscript s -polarization of the incident wave where the electric field vector remains 

perpendicular to the plane of incidence.  The derivation relies on the boundary conditions as 

predicted from Maxwell’s equation.43  The limitation of Fresnel’s formula for reflection lies in 
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that- it is applicable only for smooth surfaces where there is no role of surface or interface 

roughnesses.  But in reality it is very difficult to obtain such smooth surfaces.  The presence of 

surface roughness causes diffused scattering thus reducing the magnitude of the reflectivity.  To 

take into account the presence of surface roughness in the film, Nevot-Croce model44 is generally 

used.  

Once the reflection co-efficient is known, reflectivity can be written as R = |rs|
2.  If we assume 

the case of normal incidence i.e. θ=90°, with incorporation of N=1-δ+iβ, we obtain R ≈
δ2+β2

4
.  

Both the values of δ & β are of the order of 10-2-10-6, thus for a single interface the reflectivity at 

normal incidence is very small. 

In order to obtain enhanced reflectivity performance near to normal incidence region multilayer 

structures are widely used.  The multilayer structure consists of alternate high Z- low Z material 

and acts as a 1D-Bragg reflector.45  However, reflection co-efficient of a multilayer configuration 

cannot be explained using Fresnel’s formulae owing to the presence of multiple layers & 

interfaces. 

To understand the reflection process in multiple layered films we begin with the consideration of 

a film of two different layers having different refractive indices deposited on a substrate as 

shown in Figure 1-1.  As the incident photon impinges on the 1st layer of thickness d1 & 

refractive index n1, a part of it gets reflected and the other part gets refracted to the 2nd layer of 

thickness d2 & refractive index n2.  On reaching the interface of 2nd layer/substrate, a part of the 

refracted beam gets reflected back and the other part gets transmitted to the substrate.  

Simultaneously, multiple reflections occur throughout the layers.  The reflected beam appearing 

in the surface layer after travelling through the interfaces of different layers may interfere 
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constructively or destructively with the initial reflected beam.  The interference of the reflected 

beams leads to the formation of Kiessig fringes as shown in Figure 1-1. 

In case of multilayer structure, the reflection co-efficient is derived starting with the Fresnel’s 

formula for single interface and finally incorporating the multiple reflections from different 

layers in a recursive manner.  The final expression is known as Parratt’s recursive formalism. 46  

𝐗𝐢 = 𝐞𝐱𝐩(−𝟐𝐢𝛗𝐢)
𝐫𝐢,𝐢+𝟏+𝐗𝐢+𝟏 𝐞𝐱𝐩(∓𝟐𝐢𝛗𝐢)

𝟏+𝐫𝐢,𝐢+𝟏𝐗𝐢+𝟏 𝐞𝐱𝐩(∓𝟐𝐢𝛗𝐢)
……………………. (1-8) 

Where, Xi is the ratio of the reflected to the transmitted beam of the ith layer, ri,i+1 is the 

Fresnel’s reflection from the substrate/ layer interface.  Another formalism known as ‘matrix 

formalism’ by Abeles47 also produces similar results as that of Parratt recursive formalism. 

 

Figure 1-1 Schematic diagram showing interference of the reflected beam emerging from the top surface of a bilayer 

sample and the origin of the Kiessig fringes. 

Finally we conclude that the prime criterion for a successful reflectivity measurement is a 

smooth and polished surface and a suitable film thickness since the thickness measurement 

depends on the angular resolution and the available q-range. 
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1.3.1.1 Methodology for extraction of optical constants from angle-dependent reflectivity 

data. 

In this thesis the analysis of the experimental angle-dependent reflectivity data is carried out 

using a Labview based SRxrr tool as well as MOTOFIT48 software.  Using MOTOFIT software 

one can perform the least squares fitting of specular X-ray and neutron reflectivity data.  The 

advanced feature of this software includes the inbuilt scattering length density database (SLD) 

which is user expandable too.  The most unique feature of MOTOFIT is that it can 

simultaneously fit the multiple contrast neutron and reflectometry data.  The user has choice of 

using four different algorithms for the refinement of the reflectivity data.  There are various 

features like estimation of layer thickness using Fourier transform and from fringe spacing, it can 

fit as many layers as the user wants and finally all the graphs can be easily exported.  The only 

limitation of this software is that all the analyses are valid for s-polarized X-rays.  The SRxrr tool 

49 has many unique features which are not available in other softwares.  It considers the effect of 

higher harmonic, contribution of different polarization, effect of beam divergence, background 

noise etc.  This tool is also capable of calculating both reflectivity and transmission as a function 

of incidence angle and wavelength/energy. 

The most important step in extraction of optical constants from angle-dependent reflectivity data 

is the modelling of the different layers present in the film.  In most cases, for a single layer thin 

film deposited on the substrate, a three layer model is used which consists of principal film layer, 

top surface layer which forms due to contamination or oxidation of the principal layer and a 

native oxide/interface layer over the substrate.  Once the choice of layer model is complete the 

remaining task is to evaluate the different parameters associated with reflectivity data.  The 

parameters include the optical constants (δ & β) of the individual layers & their structural 

parameters thickness & roughness. 
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Thus, for analysis in first step we start with the evaluation of the structural parameters of the 

different layers of the thin film.  This is conveniently done by analyzing the hard X-ray 

reflectivity data where the number of variables is less.  As for most of the elements the 

absorption edge lies in the soft X-ray region, so in the hard X-ray region beta (β) value does not 

varies much from the bulk form.  Thus, as an initial guess, the thickness and roughness values of 

the layers & the optical constants corresponding to the bulk values are incorporated, with fixed 

beta (β) values. 

Once the structural parameters of the film are obtained from hard X-ray reflectivity data, these 

are kept fixed while analyzing the soft X-ray reflectivity data.  In this case the only variables 

remains are the optical constants, delta & beta. 

The limitation of determining optical constants using this technique is that it provides optical 

constants for discrete photon energies. Thus to obtain fine features near the absorption edge 

region one has to perform a huge number of measurements in small steps of energy.  Moreover, 

the modelling also becomes critical near the absorption edge region where due to high beta (β) 

value, the critical angle is not well visible or undefined and thus uncertainty in the determination 

of correct optical constants increases. 

If a researcher is interested to understand the fine features near the absorption edges of the 

constituent elements, energy-dependent reflectivity measurements serve the purpose.  However, 

for quantitative analysis of the optical properties i.e., extracting information about dispersion and 

absorption spectra from the photon energy v/s Reflectivity raw data is quite tricky.  The 

following section deals with methodology involved in the extraction of optical constants from 

energy-dependent reflectivity spectra. 
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1.3.1.2 Methodology for extraction of optical constants from energy-dependent reflectivity 

spectrum 

In experimental procedure the reflectivity is measured in terms of photon intensity which is 

nothing but a modulus square of reflection co-efficient. Therefore, in experimental procedure the 

phase information is lost and extraction of this information is a major challenge.  This difficulty 

can be resolved using a special relation- Kramers-Kronig (KK) relation. 50,51   

KK relations are bidirectional relations which connects the real and imaginary part of a causal, 

linear response function of any physical system. 52,53  However, there are criteria for a response 

function to satisfy the KK relations. One of the most important criteria of the response function 

is that it must be causal and analytic. 

We consider a physical quantity X(t) at time t which depends on another quantity Y(t') at times t' 

by the relation:  𝐗(𝐭) = ∫ 𝐑(𝐭 − 𝐭′)𝐘(𝐭′)
+∞

−∞
𝐝𝐭′ …………… (1-9) 

Where, R is the response function which describes that how some time dependent property X(t) 

of a physical system responds to an impulse Y (t') at time t'.  

To satisfy the criteria for KK relations, the response function must be causal and on the other 

hand strict causality implies that the past can determine the present.  Taking this into account: R 

(t - t')=0  for t' ≥ t.  In this way the causality condition gets satisfied. 

KK relations can be applied to both absorption and reflection spectroscopy.  In case of 

absorption spectroscopy, one can obtain the β spectrum experimentally and obtain the δ spectrum 

using KK relation.  Whereas, in reflection spectroscopy, using KK relation one evaluate the 

phase (φ) of the electric field, and using reflectivity (R) and phase (φ) we can determine both δ & 

β simultaneously.  There are several evidences in literature which shows the application of KK 

relation to the reflectance data for the reconstruction of phase. 54,55,56,57  To obtain information 
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about two variables: dispersive part of refractive index δ as well as the imaginary part or 

absorption/ extinction co-efficient, there is requirement of information about both reflectivity 

and phase.  But, unfortunately phase information is lost.  Thus utilizing the KK relations to the 

reflectance data, one can easily determine the optical property of a material especially in the 

short wavelength region.  This is very useful for researchers since in the short wavelength region 

other conventional methods like interferometry and ellipsometry fails because of experimental 

limitations. 

KK relations in Reflectance Spectroscopy 

The reflection co-efficient is a complex quantity which can be defined in terms of reflectivity (R) 

and phase (φ) of the reflected electric field as: r(E) = √R(E)eiφ.  In ample of literatures, the 

KK relation was implemented to the reflectance data for the formulation of phase at a particular 

energy say E0 as- 

𝛗(𝐄𝟎) = −
𝟐𝐄𝟎

𝛑
𝐏 ∫

𝐥𝐧𝐑(𝐄)

𝐄𝟐−𝐄𝐨
𝟐

+∞

𝟎
𝐝𝐄………………. (1-10) 

This is well known as Robinson-Price formula58 where P stands for the principal value of the 

integral.  

Several problems were pointed out in the Robinson-Price formula.  From the physics of the 

scattering theory as well as the theories of the dispersion relations52 it was clear that something 

was missing in the formula mentioned above.  When this relation was used for two different 

energy values by Jones & March and their difference was taken, it obtained an ambiguous result. 

It was clearly evident that Equation 1-10 was incorrect by an additional term which is 

independent function of energy. 
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Nash et al.57 claimed the correct version of the KK relation for the phase of the reflected electric 

field at energy E0 as- 

𝛗(𝐄𝟎) = 𝛗(𝟎) −
𝟐𝐄𝟎

𝛑
𝐏 ∫

𝐥𝐧𝐑(𝐄)

𝐄𝟐−𝐄𝐨
𝟐

+∞

𝟎
𝐝𝐄……………….. (1-11) 

This modification is inherent in the Robinson-Price formula itself, which may be corrected by 

performing the correct contour integration.  Otherwise, according to Nash et al.57, it is a term 

which arises from the existence of a pole at zero frequency/energy whose value is generally close 

to –π for those materials whose absorption-coefficient tends to vanish at zero energy/frequency.  

There are several other possibilities of modification in the KK relation for phase, the most 

important one relating to the occurrence of singular points of complex reflection co-efficient 

along the imaginary energy axis.  The correction terms corresponding to these singularities are 

known as Blashke factors and to know the exact value of this factor the knowledge of the 

behavior of the complex refractive index along the imaginary energy axis is required.59  There 

are several other factors on which these additive terms in the phase depend, such as the geometry 

of measurement i.e., normal or oblique incidence, polarization of the incident beam, samples 

under study: thin films, bulk or a multilayer.39 

In the shorter wavelength region (i.e. UV and X-ray region), the reflectance measurements are 

mostly carried out at oblique incidence because the critical angle in this region is of the order of 

few degrees only and below critical angle only the incident beam is totally reflected.  

Thus, the choice of angle for the reflectance measurement is also an important parameter for 

reconstruction of phase from reflectivity.  The choice must be such that the selected angle is 

below the critical angle for the particular energy range of measurement and most importantly it 

shouldn’t be so small that footprint effect creeps into limelight. 
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The main concern that lies with the application of the KK relation of phase with reflectivity 

values at oblique incidence is the analyticity of the logarithmic kernel in the upper half plane at 

this condition.  This has been emphasized well for the first time by Plaskett et al. 59 where they 

have explicitly shown the origin of the additional terms (Blashke factor, zero-energy pole term 

etc.) in the phase of KK relation and its relation to oblique incidence.  

1.3.2  X-ray Absorption Spectroscopy  

X-ray absorption spectroscopy (XAS) is one kind of inner-shell spectroscopy where X-ray 

photon interacts with an electron belonging to inner core-shell and the behavior of interaction is 

dependent upon the energy of the X-ray photon.60,61  As the incident photon energy approaches 

towards the energy of a core-shell, there is a sudden increase in the absorption cross-section, 

depicting the absorption edge.  It is a powerful tool to probe the electronic structure.  Moreover, 

the optical constants of material can also be determined using XAS data.  However, depending 

on the mode of measurement the process of evaluation of optical constants is tricky one and will 

be discussed in the next section.  In this section we will discuss about the basic mechanism of 

absorption process, the various modes of measurements and the factors influencing the 

experimental results. 

Figure 1-2 shows all the basic mechanism involved in the X-ray absorption process.  In this 

process, the sample undergoes photon absorption and finally leads to emission of a core level 

electron or photoelectron into unoccupied states near or above the Fermi level.  As a 

photoelectron is ejected due to absorption, a vacancy is created in the core level.   

This vacancy can be subsequently filled by an electron from upper level having lower binding 

energies.  The difference between the two energy levels is released in the form of fluorescent 

photon.  Another process i.e., Auger electron emission may occur which is nothing but radiation-
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less transition.  Further these electron emitted may lead to inelastic scattering among themselves 

resulting in the formation of a cascade of secondary electrons.   

 

Figure 1-2  Schematic diagram showing the basic mechanism of the X-ray absorption spectroscopy and its utility in 

probing the unoccupied states and the electronic structure. 

Depending on the products obtained in absorption process, XAS measurements can be performed 

in different modes: 1) Fluorescence Yield Mode (FY), where a photon emitted is collected. 2) 

Total electron Yield Mode, where the electrons emitted from the sample gets collected in the 

form of electrical current from the specimen. 3) Transmission mode where transmitted photon 

are collected and normalized with respect to the incident photons.  

Figure 1-3 shows the schematic diagram of the different modes of XAS measurement.  

Transmission mode is the most simple and straightforward technique, however its limitation lies 

in the suitable sample preparation.  The transmitted intensity can be written as- It = Ioe
−μx, 

where Io is the intensity of the incident photons, x is the thickness of the sample and μ is the 

linear absorption co-efficient.2  In soft X-ray region, since the absorption co-efficient is very high 

as compared to the hard X-ray region, there is requirement of preparation of free standing films, 

which is quite a difficult task. 
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Figure 1-3 Schematic diagram showing different modes of X-ray absorption measurement. 

To avoid this problem, the by-products such as the ejected electrons and the fluorescent photons 

can be recorded to obtain XAS spectra at different core-shells.  The XAS mode where the ejected 

electrons (containing the primary, Auger & secondary electrons) are collected as the incident 

energy is scanned, is known as total electron yield (TEY) technique while if the fluorescent 

photons are collected, it is known as total fluorescence yield (TFY) technique.  It is generally 

considered that both the TEY and TFY spectra is proportional to the absorption spectra62,63, 

however, this statement is valid only under certain conditions.64 

In this thesis work, we have used the total electron yield mode for recording the X-ray absorption 

spectra. Thus the basic mechanism, influencing factors affecting the TEY spectrum and other 

details are described below.  

When a X-ray photon of particular energy E and intensity I impinges on the sample surface, a 

portion of the radiation RI gets reflected and the remaining portion (1-R)I gets refracted and 

penetrates inside the sample, where R is the reflectivity.  The penetration depth of the refracted 

X-ray photon depends upon the angle of incidence θ and also on the refractive index N of the 

sample.  In the next step, as the X-ray beam penetrates inside, absorption process becomes 

dominant.   
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In absorption process, depending on the incident photon energy, the ejection of electrons (either 

valence or core electrons) occurs which results in creation of a ‘core-hole’ in the inner shells.  To 

obtain a stable electronic configuration, the core-hole is filled by an electron from upper states 

resulting in fluorescence/Auger processes.  65,66,67,68  The generated photoelectrons and Auger 

electrons as a result of the absorption possess sufficient kinetic energy to travel towards the 

sample surface.  However, it engages in the process of ionization with the atoms present in the 

sample at the expense of its kinetic energy.  In the ionization process a cascade of secondary 

electrons are originated as a result of inelastic electron-electron collisions.  The generated 

secondary electrons also possess sufficient kinetic energy to escape the barrier energy of the 

sample and get collected in the form of current (electron yield) signal.  Thus the TEY signal 

mostly consists of the secondary electrons and also a part of high energy photoelectrons and 

Auger electrons whose mean free path is large enough to travel to the surface of the film.69 

An important point is to be noted that in most cases we consider the yield signal corresponding 

to the absorption process, however, the signal also depends on the nature of the absorption 

process or energy of the incident photon.  In any of the absorption process, as an electron gets 

ejected a core hole is created in the inner shell, resulting in energy release through emission of 

Auger electrons.  However, when the energy of the incident photon is more than the absorption 

edge energy, the ejected initial photoelectron possess a large kinetic energy and may contribute 

to the TEY signal along with the other by-products such as Auger and secondary electrons.  On 

the other hand when the incident photon energy is equivalent to any absorption edge energy of 

the probing sample, the ejected photoelectron has approximately less kinetic energy and remains 

just above the Fermi level.  At this point it is not capable of contributing to the TEY signal.  

However, the auger electron and the secondary electrons arising in such instance contribute to 
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the TEY signal.  Thus, the contribution of the photoelectrons and also the Auger & secondary 

electrons (arising from these two cases) to the TEY signal is different. 

The next important point is the influencing factors affecting the TEY signal which results in its 

disproportionality with the absorption spectrum.70,64  

1. The sampling depth of the TEY signal depends on the escape depth of the emitted 

electrons. As the X-ray penetration depth varies over an absorption edge, it might be 

possible that the electron escape depth tends to approach the X-ray penetration depth, 

leading to saturation effects and distorting the measured electron yield spectra.  

2. At glancing angles, the reflection-refraction optical effect interferes with the yield signal 

resulting in its suppression. 

3. Since TEY signal consists of photoelectrons, Auger electrons as well as secondary 

electrons whose energies are distributed over a broad range, it is not possible for a 

detector to detect all kind of electrons with equal efficiency. 

4. The number of electrons recorded in a yield signal for different absorption process 

(mentioned above) differs resulting in distortion of TEY signal especially below the 

absorption edge. 

1.3.2.1 Methodologies for extraction of optical constants from X-ray Absorption 

Spectroscopy 

We have already discussed the various modes of XAS measurements in the previous section.  In 

case of transmission measurements, both the transmitted intensity (𝐼𝑡) and the incident intensity 

(𝐼𝑜) of photons are recorded and thus absorption co-efficient (𝜇) can be determined from Beer-

Lambert’s law using: 𝜇 = −
1

𝑥
ln (

𝐼𝑡

𝐼𝑜
).  Finally the optical constant β can be expressed as- 𝛽 =
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𝜇

2𝑘
, where k is the propagation constant defined as 𝑘 =

2𝜋

𝜆
, with λ as the wavelength of the 

incident photon energy.  However, XAS measurements in TEY/TFY and other modes do not 

record the absolute value of absorption co-efficient.  In such case, the recorded spectrum have to 

be scaled with the standard Henke database over a large energy range away from both sides of 

the absorption edge region to get absolute β value.   

Once we are able to extract the absorption spectra (β) over the complete energy range from 

transmission or other modes of absorption measurements, the dispersion spectra can be easily 

obtained using KK relation.- 

𝛅(𝐄) = 𝟏 +
𝟐

𝛑
𝐏 ∫

𝐄′𝛃(𝐄′)

(𝐄′𝟐−𝐄𝟐)

+∞

−∞
𝐝𝐄′……………. (1-12) 

However, the problem arises on the available limited energy range of measurement.  As an 

alternative to this finite energy range one has to opt for the extrapolations in both lower and 

higher energy spectra side of the measured spectra.  The whole analysis process becomes 

complicated and sometimes errors are introduced in the δ spectra. 

To simplify these problems one can use subtractive KK relations.  The idea of subtractive KK 

relations, introduced by Bachrach & Brown71, is to reduce the error caused by the finite range of 

measurement.  There is no stringent requirement of extrapolation over the long energy range 

while using the subtractive KK relations for determination of optical constants.  First the idea of 

singly subtractive KK relation (SSKK) popped up, where the complex refractive index (both 

dispersion & absorption) at one reference point was measured using some independent 

technique.  It is very suitable to use angle-dependent reflectivity technique for simultaneous 

determination of both dispersion and absorption part of complex refractive index at discrete 

photon energy and using the obtained data as the reference.  Once the complex index of 
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refraction at one reference energy point is known, the accuracy of the KK analysis is greatly 

improved. Moreover it has the advantage of faster convergence than the conventional KK 

relation as discussed earlier. 

Palmer et al.72 described the use of multiply subtracted KK relations (MSKK), which is an 

extension of SSKK.  These relations are derived in a similar manner as singly subtractive KK 

relation; the only difference lies in the fact that it requires complete information on complex 

refractive index at several reference points.  A special case of MSKK is the doubly subtracted 

KK relation, where Ea and Eb are the two reference points where delta values are known, and the 

final expression can be written as- 

𝛅(𝐄)

(𝐄𝟐 − 𝐄𝐚
𝟐)(𝐄𝟐 − 𝐄𝐛

𝟐)
−

𝛅(𝐄𝐚)

(𝐄𝟐 − 𝐄𝐚
𝟐)(𝐄𝐚

𝟐 − 𝐄𝐛
𝟐)

−
𝛅(𝐄𝐛)

(𝐄𝐛
𝟐 − 𝐄𝟐)(𝐄𝐚

𝟐 − 𝐄𝐛
𝟐)

 

= −
𝟐

𝛑
𝐏 ∫

𝐄′𝛃(𝐄′)

(𝐄′𝟐−𝐄𝟐)(𝐄′𝟐−𝐄𝐚
𝟐)(𝐄′𝟐−𝐄𝐛

𝟐)

𝐄𝐦𝐚𝐱

𝐄𝐦𝐢𝐧
𝐝𝐄′…………. (1-13) 

MSKK have much faster convergence as compared to SSKK & conventional KK, resulting in 

significant reduction in errors caused by extrapolations which is compulsory for data analysis 

using conventional KK.73 

To obtain the optical constants over measured energy range using MSKK, one needs to perform 

X-ray absorption measurements covering a large energy range away from the absorption edges in 

both low and high energy sides.  In the next step the optical constant (β) can easily be obtained 

by scaling the measured spectra with the absorption (β) from the Henke tabulated database.  

Away from the absorption edges in both sides of edge region, the measured and tabulated spectra 

must match well, since the chemical environment of the bonding atoms does not affect the 

spectra much.  The scaled absorption (β) along with the complex index of refraction measured at 
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discrete reference points using angle-dependent reflectivity are considered as inputs for DSKK 

and finally the dispersion spectra can be obtained over the finite energy range measured.74 

1.4 Methods to check the accuracy of the investigated optical constants. 

Once we have determined the optical constants using the experimentally measured reflectivity or 

absorption spectrum, it is very important to know its accuracy and reliability.  The reliability of 

the investigated optical constants using Kramers-Kronig relation depends on the integration 

limits i.e. the energy range of the reflectivity or absorption data used during phase or dispersion 

(δ) calculation.  This can be well understood if we closely see the dispersion relation between 

phase and energy as given in Equation (1-10).  In another form, this equation can also be 

expressed as- 

𝝋(𝑬𝒐) =
𝟏

𝝅
∫ 𝒍𝒏 |

𝑬+𝑬𝒐

𝑬−𝑬𝒐
|

∞

𝟎

𝒅 𝒍𝒏√𝑹(𝑬)

𝒅𝑬
𝒅𝑬…………………… (1-14) 

According to Roessler54, determination of correct optical constants depends on the evaluated 

phase which in turn depends on the slope of the reflection spectrum.  When the reflection 

changes rapidly with the variation of energy, the term 
𝑑 𝑙𝑛√𝑅(𝐸)

𝑑𝐸
 becomes very large, thus it is 

necessary to choose an energy range where the slope of the reflection spectrum is high.  In X-ray 

region, as we proceeds towards lower energy range, 𝑅 → 1, and the slope of  reflection spectrum 

tends to zero and thus does not contribute to phase of the reflected electric field.  Thus, the 

reliability of the optical constants is critically dependent on the choice of the higher energy range 

rather than that of the lower energy range. 
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Figure 1-4 shows the effect of ignoring (a) lower energy range and (b) higher energy range of the reflection 

spectrum while calculating the optical constants. 

Figure 1-4 shows the effect of ignoring the contribution of lower energy range and higher energy 

range of reflection spectra while calculating the optical constants using the phase spectrum as 

evaluated using Kramers-Kronig relation.   

For these calculations we have considered the measured reflectivity spectrum of a ZrO2 thin film 

at an incidence angle of 2o and stitched it with the simulated reflectivity spectrum calculated for 

different energy ranges.  For simulation of the reflectivity spectrum outside the measured energy 

range, the structural parameters of the film were taken as obtained from GIXRR measurement of 

the film and the optical constants are taken from CXRO database75.   

It is evident from Figure 1-4 (a) that on ignoring the lower energy range truncation error creeps 

at the lower energy end of the optical constants (δ and β) spectra (~450 eV).  On the other hand, 

the optical constants (δ and β) values near the measured O K-edge region does not get seriously 

affected.  Figure 1-4 (b) clearly shows that the effect of ignoring the higher energy range is very 

critical on obtaining correct values of optical constants (δ and β).  On choosing the reflectivity 

spectrum from the energy range of ~62-700 eV, we obtain negative values of optical constants, 

which is completely wrong.   
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Figure 1-5 shows the effect of the choice of the higher energy range in the determination of optical constants (δ and 

β). 

As we increase the choice of the upper limit of the energy range from 700 eV to 3000 eV, we 

obtain positive value of optical constants, though the values were still inconsistent.  To obtain 

accurate and reliable values of optical constants we calculated the same using different limit of 

the higher energy values in increasing order.  Figure 1-5 shows the effect of the increasing the 

upper limit of higher energy values for determination of optical constants (δ and β) spectra.   
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Figure 1-6 Difference in the optical constants (δ and β) values calculated using the reflectivity spectrum for two 

different energy ranges of 62-20,000 eV and 62-24,000 eV respectively. The upper limit of the higher energy values 

is different. 

It is evident that as the limit of the higher energy range increases the optical constants values 

changes and finally we conclude that the optical constants values calculated using the reflectivity 

spectrum for the energy range of 62-20,000 eV and 62-24,000 eV are similar.  Figure 1-6 shows 
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that the difference of both the optical constants (δ and β) lies in the fifth significant digit 

ensuring the accuracy of the obtained optical constants near the O K-edge region if we choose 

the upper limit of the higher energy to be greater than 20,000 eV. 

Other factors like the number of data points used for the phase calculation, accuracy of the 

measured reflectivity data, uniformity of the film and most importantly roughness affects the 

accuracy of the determined optical constants using KK approach. 

 

1.5 Oxides in X-ray optics    

Rapid development of free electron lasers (FEL) 76 and high brilliance synchrotron radiation 

sources have posed a new challenge for X-ray optics community.  There is high risk of radiation 

damage in optical components due to X-ray pulses of very high intensity. 77,78  The increasing 

use of high brilliance sources for cutting edge research purposes poses a demand for high 

throughput optics.  The optical elements must have the ability to withstand the heat load coming 

from the insertion devices in advanced synchrotron radiation sources.   

The optical elements mostly used in the beamlines are thin film coated mirrors, multilayer 

mirrors, Fresnel’s Zone plate, Laue lens etc.  In case of thin film coated mirrors, high reflection 

occurs below the critical angle.  Thus, mostly high-Z materials like Au, Pt, Ir etc. are used since 

θc ≈ λ√Z.  In case of a multilayer mirror, alternate high Z and low Z materials are deposited in 

such a way that high reflection is obtained near the normal incidence.  Different multilayer 

combinations like Mo/Si, W/B4C, Mg/SiC, Mg/Co, Pt/C are widely used in the EUV/Soft X-ray 

region providing higher reflectivity. 79,80  However, problems like surface oxidation, 



Chapter: 1  Introduction 

Page | 28  

 

interdiffusion, interface formation, ageing with time & poor thermal stability always creeps in 

deteriorating the reflectivity performance. 

New materials are required to withstand extreme radiation conditions and optimal performance. 

There is ultimate requirement of better understanding of their optical behavior.  Researchers are 

working to find new materials combinations for better stability and high reflectivity 

performances. 81,83  Oxide thin films have wide range of applications owing to their attractive 

mechanical, thermal, chemical and optical properties.  Some of the oxide thin films are used in 

Fresnel’s zone plate for soft X-ray microscopy application as well as in multilayer optics.   

The present thesis work is devoted to the investigation of optical properties of three oxide thin 

films; aluminum oxide (Al2O3), magnesium oxide (MgO) & zirconium oxide (ZrO2) in the 

Extreme ultraviolet (EUV)/ Soft X-ray region.  The available literatures on X-ray optics focusing 

these three materials are discussed below. 

Mayer et al.84 developed a new technique of growing multilayer based zone plate for soft X-ray 

microscopy applications.  They have chosen different combinations of oxides like Al2O3-Ta2O5 

& SiO2- Al2O3 and demonstrated from calculations that the efficiency of the zone plate is 

dependent on its thickness and obviously on the energy range.  Finally using atomic layer 

deposition (ALD) technique, Al2O3-Ta2O5 Fresnel’s zone plate was grown whose diffraction 

efficiency was determined to be 1.4% for the present partial Fresnel’s zone plate & 3.7% for the 

corresponding full Fresnel’s zone plate.  The numbers obtained are comparable with the 

theoretical efficiency for the full Fresnel’s zone plate of 4.0% and are capable of resolving sub 

39 nm structures at working energy of ~1200 eV.  Sanli et al.85 have demonstrated three-

dimensional nanofabrication of multilayer zone plate with Al2O3-HfO2 material combinations.  

This combination provides higher diffraction efficiencies at both soft and hard X-ray region.  
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Experimentally they have achieved efficiencies of 80% with respect to the theoretical value and 

are capable of resolving sub-15 nm structures.  

M. Reese et al.86 have shown that the soft X-ray (28.8 Å, 430.56 eV) can be focused upto 

submicron level using multilayer Laue lenses.  They have fabricated Laue lenses of ZrO2/Ti 

multilayers using pulsed laser deposition (PLD) and focused ion beam (FIB) technique.  T. Liese 

et al.87 used ZrO2/Ti multilayers for linear focusing optics (Fresnel zone plates).  Moreover, ZrO2 

is considered as one of the most suitable capping layers for use in synchrotron based optical 

components.88 

Vitta et al.89 have shown that multilayer material Ni80Nb20–MgO having periods in the range of 

25–30.7 Å is suitable for the water-window region (23-44 Å, 280-530 eV).  Fuhse et al.90 have 

also demonstrated the high reflectivity performance of Metal/MgO based multilayers in the 

water window region.  Magnesium based Mg/SiC is one of the potential multilayers providing 

best reflectivity performance in the 250–800 Å (30-49 eV) wavelength range (below Mg L-

edge).91  However, due to instability of Mg, the experimentally obtained reflectance value is 

found to be degraded. MgO is found to be more stable as compared to Mg and can be chosen as 

the best alternative to Mg.  There is also evidence of using MgO in conjunction with other oxide 

materials as capping layer over reflective multilayer structures.92 

All these applications of oxides in the EUV/Soft X-ray region motivate us to investigate its 

optical properties and understand its relation to other important physical properties like 

composition, electronic structure etc.  In this thesis we have chosen three oxides: aluminum 

oxide (Al2O3), magnesium oxide (MgO) & zirconium oxide (ZrO2) owing to their enriched 

applications in the field of X-ray optics.  We have evaluated the optical constants of these three 

oxides covering the absorption edges of their constituent elements.  We have also evaluated the 
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fine optical constants spectrum where several features appearing near the absorption edges are 

reflected in both δ & β spectra.  Understanding the origin of these features reveals the electronic 

structure of the material and we are also able to correlate the electronic properties with that of 

optical properties.  These fine features in δ & β spectra are missing in the Henke table and thus 

are a valuable finding.  

1.6 Scope of the present work 

The aim of the present thesis work is experimental investigation of optical constants of three 

oxide thin films; aluminum oxide (Al2O3), magnesium oxide (MgO) & zirconium oxide (ZrO2) 

in the Extreme ultraviolet (EUV) and Soft X-ray region.  All the applications of oxides as 

mentioned in Section 1.5 motivate us to investigate its optical constants.   

The present work shows that the behavior of the optical constants is highly dependent on the film 

composition/stoichiometry, deposition technique and obviously the density.  Thus, depending on 

our requirement of selecting an ideal spacer layer or absorber layer we can modify its optical 

properties by controlling its density using different deposition techniques. 

The present work also aims to investigate the fine features of the dispersion (δ) & absorption (β) 

of these three important oxides near the absorption edges of their constituent elements.  The 

investigation of fine features in the optical constants is important from fundamental point of 

view since these informations are not available in the literature.  The huge deviation of the 

optical constants near the edge region with respect to the standard tabulated database is 

understood to be dependent on electronic structure & other structural characteristics. 

Once the optical constants are estimated experimentally, its relation with various physical 

properties are understood, it will be much easier to simulate the optical performance of a device 

in this energy region.  
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Chapter 2.   

Experimental Techniques  

 

 In this chapter, details of the Soft X-ray Reflectivity Beamline BL-03, including a brief 

introduction of Indus-2 synchrotron radiation source are discussed.  A short description of the 

reflectivity beamline BL-04 of Indus-1 source is also presented.  Details of the X-ray 

reflectometer chamber, which facilitates simultaneous measurements of specular X-ray 

reflectivity & grazing incidence total electron yield (TEY) used for the present thesis work are 

also discussed.  Several other lab- & synchrotron based techniques used in the present thesis are 

given in details. 
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2.1 Introduction: 

 X-rays are the part of the electromagnetic spectrum, which is one of the most explored 

areas of research worldwide.  With the advancement in technology one obtains high brilliance & 

focused X-ray beams which have variety of applications ranging from imaging soft matter & 

structural components of materials to killing cancer cells & providing spectroscopic information.  

X-rays can be broadly classified into two regimes- Hard X-rays & Soft X-rays depending upon 

their wavelength range.  Hard X-rays can be used to probe materials at the atomic scales because 

of small wavelengths, whereas, the EUV and the Soft X-ray region of the electromagnetic 

spectrum are mainly used for different types of spectroscopic applications.  The importance of 

soft X-rays lies in the fact that a large number of atomic resonances are present in this band of 

electromagnetic spectrum.  Thus, the characteristics features of a particular element can be 

probed in the soft X-ray region.  Moreover, soft X-ray microscopy is a powerful imaging 

technique and has a lot of applications in the field of biology93, magnetic materials94 and many 

more.     

In the recent past, several advancements in soft X-ray and high vacuum components were made 

which enabled a rapid growth in the field of soft X-ray spectroscopy.  With the emergence of 

high brilliance synchrotron sources where tunable monochromatic X-rays are available, the ease 

of investigating various materials properties is appreciated by materials science researchers.  

EUV and soft X-ray based spectroscopic techniques serve as a powerful non-destructive tool for 

probing structural parameters as well as optical properties of the materials.  In this thesis we have 

investigated the soft X-ray optical properties of oxides and tried to understand the influence of 

electronic structure on optical properties using soft X-ray reflectivity (SXR) and other 
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complementary techniques.  Most of the experiments are carried out at the beamlines of Indus 

Synchrotrons Radiation Source.95 

This chapter deals with the complete specifications of the two different soft X-ray reflectivity  

beamlines- a) BL-03 covering the energy range of 100-1500 eV on Indus-2 and b)  BL-04 

covering the energy range of 10-300 eV on Indus-1 synchrotron radiation sources.  Brief 

descriptions of the two synchrotron sources are also given.  This chapter also focuses on the 

sample deposition & other experimental techniques used in this thesis. 

2.2 Indus Synchrotron Sources 

2.2.1 Indus-1 source 

Figure 2-1 shows the schematic layout of the Indus-1 Synchrotron source along with associated 

beamlines.  It is a 450 MeV, 100 mA synchrotron source belonging to second generation.  It 

produces continuous electromagnetic radiation in the soft X-rays to extreme ultraviolet region 

with a critical wavelength of 61 Å.   

Table2-1: Parameters of Indus-1 synchrotron radiation source. 

Electron energy 450 MeV 

Beam Current 100 mA 

Beam lifetime 7 hours 

Bending magnet field 1.5 T 

Critical wavelength 61 Å (~202 eV) 

Circumference 18.97 m 

Electron bunch length 11.3 cm 

Photon flux @ λc ~7x1011 photons/s/mrad horiz. 0.1% BW 
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The Indus-1 ring has a circumference of 18.97 m where four bending magnets and 16 quadrupole 

magnets are present.  The magnets are arranged in four similar cells where each of the unit cell 

has a 1.3 m long straight section.  In one of the section the septum magnet is present while a 

pulsed kicker magnet is placed diametrically opposite to it.  The main function of the pulsed 

kicker magnet is to inject electron beam into the ring.  In another straight section, a RF cavity 

operating at a frequency of 31.613 MHz is placed.  Synchrotron radiation is extracted from 3 

bending magnets placed inside vacuum chamber.  Each of the bending magnet chamber has 2 

ports, one at 10o and another is at 50o for extracting the emitted synchrotron radiation. 96,97  There 

are 6 operational beamlines which are devoted to different applications.  Parameters of Indus-1 

synchrotron machine are given in Table2-1 and further details about Indus-1 SR facility and 

related beamlines can be obtained online.  

 

Figure 2-1 Schematic diagram of the various beamlines on Indus-1 synchrotron radiation source. 
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2.2.2 Indus-2 source 

Figure 2-2 shows the schematic layout of Indus-2 synchrotron source along with associated 

beamlines.  Indus-2 is a 2.5 GeV, 200 mA synchrotron source belonging to third generation.  It 

produces continuous electromagnetic radiation in hard X-rays to soft X-rays with a critical 

wavelength of ~1.98 Å.  The Indus 2 source consists of a double-bend-achromat lattice with zero 

dispersion function along the straight sections.  This allows one to obtain a low-emittance and 

high-brightness photon source size for the bending magnets.  The circumference of Indus-2 ring 

is about 172.47 m.  The storage ring consists of 8 unit cells.  The length of the straight section of 

each unit cell is 4.5 m and two 22.5o bending magnets are present.  Besides this, several 

quadrupole and sextupole magnets are also present in the straight sections of each of the unit 

cell.  A RF system is also present to compensate the energy lost by the electron beam.  The 

system consists of four cavities which are powered by four stations excited by 64 kW RF power 

with operating frequency of 505.812 MHz.98,99  Table 2-2 provides the various parameters of 

Indus-2 storage ring.  At present, there are 16 operational beamlines which are devoted to 

different applications including X-ray spectroscopy measurements.  More details about Indus-2 

SR facility and available experimental facilities at different beamlines can be obtained online.  

Table 2-2: Parameters of Indus-2 synchrotron radiation source. 

Electron energy 2.5 GeV 

Beam Current 200 mA 

Beam lifetime 24 hours 

Bending magnet field 1.5 T 

Critical wavelength 1.98 Å (6.3KeV) 

Circumference 172.47 m 

Electron bunch length 3.00 cm 

Photon flux @ λc ~1013 photons/s/mrad horiz. 0.1% BW  
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Figure 2-2 Schematic diagram of the various beamlines on Indus-2 synchrotron radiation source. 

2.3 Soft X-ray Reflectivity Beamlines 

 Beamline serves as the interface between the synchrotron source i.e; the bending magnet 

or other insertion devices with the experimental station where the sample of interest is placed.  

Several components that lie within the path of beamline include the optical components like 

mirrors, monochromator(s), vacuum components, diagnostic devices and so on.  The design of a 

beamline depends on the mechanism of various techniques and their requirements.  For a soft X-

ray beamline, even the experimental station requires a chamber having ultra-high vacuum; on the 

other hand there is no requirement of vacuum based experimental chamber in case of a hard X-

ray beamline.  Optimization of parameters like photon flux and monochromator resolution is an 

important factor and is completely based on the experiment.  For example, in case of angle-

dependent reflectivity measurements there is no stringent condition on high resolution but there 

is requirement of high flux otherwise the dynamic range of reflectivity reduces.  On the other 
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hand, for energy-dependent reflectivity measurements especially near the absorption edges, 

where the energy separation between the salient features is less, there is a requirement of high 

resolution as well as high flux.  

2.3.1 Reflectivity Beamline of Indus-1 source 

The Reflectivity beamline100 of Indus-1 provides monochromatic photons in the range of 40 Å to 

1000 Å in terms of wavelength and 10 eV to 300 eV in terms of energy covering a portion of the 

soft X-ray region up to the extreme ultraviolet (EUV) region.  This beamline covers the K-edges 

of low-Z elements like boron, carbon etc. to the L- edges of magnesium, aluminum, silicon etc. 

& M-edges of rare-earth transition elements like zirconium etc.  All the parameters of Indus 1 

reflectivity beamline are tabulated in Table 2-3.  The beamline is installed on the bending 

magnet port of 50o, where the dimension of circulating electron beam in storage ring is 0.8 mm × 

0.1 mm (horizontal × vertical).  The acceptance angle of the beamline is 10 mrad × 5 mrad. 

Table 2-3: Parameters of BL-04 of Indus-1 synchrotron radiation source. 

Source Bending magnet 

Energy range 40-1000 Å (10-300 eV) 

Flux ~1011 photons/s/mrad horiz. 0.1% BW 

Beam Size ~1mm×1mm  

Energy Resolution 200-500 

Monochromator 

TGM 

(40-120 Å) 1800 l/mm 

(120-360 Å) 600 l/mm 

(360-1000 Å) 200 l/mm 

 

This beamline uses toroidal grating monochromator to provide monochromatic photons in 40-

1000 Å wavelength range (~300-10 eV energy range) with high flux and moderate spectral 
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resolution (λ/Δλ ~200-500).  Three gold-coated gratings with different groove densities of 1800, 

600 and 200 lines/mm respectively are installed in the monochromator section to get  

monochromatic photon with high flux in three different wavelength range of 40-120 Å, 120-360 

Å and 360-1000 Å respectively.101  Different edge filters like boron, aluminum, silicon and 

indium are present in the beamline to suppress the higher harmonic contribution.102  Moreover, a 

two-mirror system is also provided in the beamline to reduce higher harmonic contamination 

dominant in the grating-2 (120-360 Å) & grating-3 (360-1000 Å) region103 whose details are 

given below.  

2.3.1.1 Two-mirror harmonic suppressor system 

The two mirror harmonic suppressor system consists of two polished Si mirrors placed parallel 

to each other in such a way that the beam incident on one mirror gets reflected when the 

incidence angle is equal to the critical angle and the reflected beam from mirror 1 serves as an 

incident beam for mirror 2 and the final reflected beam from mirror 2 consists of photons free 

from undesired higher harmonics. 

Figure 2-4 shows the reflectivity spectra of aluminum oxide single crystal measured at an angle 

of 5 degree.  The measurements are carried out at the grating 2 (120-360 Å) and 3 (360-1000 Å) 

of BL-04 of Indus 1 synchrotron source with and without Higher order suppressor (HOS) 

system.  The reflectivity in the grating 3 region remains almost constant to the value of 85% with 

no features using the two mirror HOS.  On the other hand, without the presence of the two mirror 

suppressor system the reflectivity diminishes up to 20% in the grating-3 and several unwanted 

features are observed.  The results obtained using BL-04 are compared with same measurements 

performed at the metrology beamline of Synchrotron SOLEIL; both of the results matches well. 
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Figure 2-3 Schematic and actual photograph of two mirror higher order suppressor system installed at the 

reflectivity beamline (BL-04) of Indus-1 Synchrotron radiation source primarily used for grating 2 & 3 in the 

wavelength range of 120 Å-1000 Å 

 

 

 

 

 

 

 

 

Figure 2-4 Comparison of the reflectivity spectra over the complete range of grating 2 & 3 of BL-04 Indus 1 with 

and without two mirror harmonic suppressor system.  Results of similar measurement carried out at metrology 

beamline of Synchrotron SOLEIL are also shown. 

2.3.1.2 Details of the reflectometer chamber 

Reflectometer chamber104 is the experimental station where the samples are placed and 

maintained at a high vacuum of 2×10-7 mbar, which is comparatively much less than the rest of 

the beamline.  A differential pumping system is accommodated in between the reflectometer 
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chamber and the beamline section in order to separate the high vacuum reflectometer chamber 

(~2×10-7 mbar) from the ultra-high vacuum section of the beamline (~5×10-8 mbar).  A θ-2θ 

goniometer and a linear translation stage are used for performing various scans and sample 

alignment purposes.  The goniometer can be set in both vertical and horizontal reflection 

geometry but it is not motorized.  In vertical reflection geometry, the incident synchrotron light 

is plane polarized in horizontal plane and hence this measurement geometry is called s-

polarization geometry.  On the other hand, for the horizontal geometry the synchrotron light is 

plane polarized in vertical plane and thus it is called p-polarization geometry. In this thesis work, 

the s-polarization geometry is chosen for all measurements.  

Before the onset of reflectivity measurements, various scans are performed to align the sample in 

the path of the beam to obtain specular reflection condition. In the first stage, the detector is 

aligned with respect to the direct beam by placing the sample stage out of the beam path. In the 

next stage, the sample stage is placed in the path of the beam at the position where the detector 

current reads just the half of the direct beam.  Once the sample stage is placed in the beam path, 

in the next step rocking scan is performed to align the sample with respect to the beam.  A soft 

X-ray silicon photodiode detector (International Radiation Detector Inc, USA) having a 100 % 

internal quantum efficiency is used for the detection of the reflected photon.105  The detector 

signal is measured in terms of electrical current using a Keithley electrometer (6514).  

2.3.2 Reflectivity Beamline of Indus-2 source 

The soft X-ray reflectivity beamline of Indus-2 is a bending magnet based beamline covering 

photons from the energy range of 100 to 1500 eV and 8 to 124 Å in terms of wavelength. This 

beamline covers the K edges of light elements like C, N and O and the L and M edges of 
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transition elements. The major parameters of the beamline optical elements are given in Table 

2-4106- 

 

2.3.2.1 Optical Scheme of the beamline: 

  The Indus-2 Soft X-ray reflectivity beamline uses a constant deviation angle 

variable line spacing plane grating monochromator (VLS-PGM) with Hettrick type107,108,109 

optics.  The choice of this configuration lies in its simplicity of mechanism and requirement of 

less number of optical elements.110  The optical layout of the beamline is shown in the Figure 

2-5.  The optical components of the beamline consist of the pre-focusing toroidal mirror, a 

spherical mirror, three interchangeable gratings and finally a post-focusing toroidal mirror.  

 

 

Table 2-4: Parameters of BL03 beamline optical elements 

Optical Element TM1 SM TM2 G1 G2 G3 

Deflection Horizontal Vertical Horizontal Vertical Vertical Vertical 

Size (mm2) 900×50 300×20 270×25 180×20 180×20 180×20 

Coating Au Au Au Au Au Au 

Meridional Radius (mm) 413088 152745 85961 -- -- -- 

Sagittal Radius (mm) 280 152745 105 -- -- -- 

mer. slope error (arc sec) 1.0 0.1 1.0 0.16 0.16 0.16 

sag. slope error (arc sec) 3.0 0.2 3.0 0.2 0.2 0.2 

Included angle (deg) 176 177 176 174.5 174.5 174.5 

Groove density (l/mm) -- -- -- 1200 400 150 

Energy range (eV) -- -- -- 400-1500 150-600 100-225 

    a1(mm-1) -5.546 × 10-4 

a2(mm-2) 2.304  × 10-7 

a3(mm-3) -6.3 × 10-11 
Line space variation 

parameters for G1, G2, G3 

   

    

Beamline major parameters 

Energy Resolution    1000-6000 

Flux    109 - 1011 ph/sec 

Beam size    0.5 mm(H) × 0.3 mm (V) 

(in experimental station)     
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Figure 2-5 Optical schematic of the soft X-ray reflectivity beamline BL-03 of Indus-2 Synchrotron source. 

The first optical element of the beamline is a horizontally deflecting and vertically mounted 

toroidal mirror named as TM1.  TM1 accepts 2 mrad (H) × 3 mrad (V) of the emitted bending 

magnet radiation and focuses the light vertically on to the entrance slit S1, and horizontally on to 

the exit slit S2.  The second optical element present is a spherical mirror SM, which is vertically 

deflecting and forms a convergent beam on the grating present.  After SM, the white light is 

diffracted by the plane grating and desired wavelength gets focused on the slit S2.  Three 

gratings named as G1, G2 and G3 of line densities 1200, 400 and 150 lines/mm respectively are 

present.  These gratings are interchangeable in-situ without breaking the vacuum and are used to 

cover the whole energy region of 100-1500 eV efficiently.  The beamline provides moderate 

spectral resolution (E/ΔE ~1000-6000) and high photon flux (~109 - 1011 ph/sec) with the use of 

three gratings.  The monochromatized light with a particular wavelength gets focused on to the 

sample by horizontally deflecting and vertically mounted toroidal mirror TM2.  The whole 

beamline operates in ultrahigh vacuum environment of pressure < 3 × 10-9 mbar.  All the 

parameters of beamline optical elements are given in Table 2-4. 
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2.3.2.2 Details of the Reflectometer chamber 

The experimental station of the Soft X-ray reflectivity beamline BL-03 consists of a 

reflectometer chamber, where the sample to be studied is placed in a high-vacuum environment 

similar to that of BL-04 of Indus 1 as described in section 2.3.1.2.  A diverse range of 

experiments can be performed in the reflectometer chamber, which includes angle- & energy-

dependent soft X-ray reflectivity studies of thin films & multilayers, metrology experiments of 

real optical elements, total electron yield measurements of bulk as well as thin film samples, 

investigation of efficiency of gratings etc. 

  

(a) (b) 

 

Figure 2-6. (a) Inside view of the reflectometer chamber (b) schematic of sample scanning stages as the sample can 

be scanned in x-y plane using two lateral translation stages and Z-vertical stage can be used to move the sample in 

and out of the beam and also to adjust samples of different thicknesses. 

The reflectometer chamber consists of a 2-axes high-vacuum compatible goniometer with X-Y-Z 

sample manipulation stages as shown in Figure 2-6 (a).  The scattering geometry is in the vertical 

plane which is suitable for the s-polarized reflectivity measurements.  Figure 2-6 (b) shows the 

schematic diagram of the sample stage present in the reflectometer chamber.  The sample and the 

detector are mounted on the θ and 2θ axes respectively.  For moving the sample in and out of the 

beam, a high vacuum compatible linear translation stage is mounted on the sample rotation stage.  

The sample holder is capable of accommodating a sample of size up to 300 mm length, 100 mm 
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width and 50 mm height.  It is also capable of holding a sample upto a weight of about 5 kg, 

enabling metrology of real optical components in terms of reflectivity performance.  The 

reflectometer has a capability of positioning the sample with precision of 2 microns and the 

angular position of the sample can be set within 0.001º.  A glass window gate valve separates the 

experimental station from the beamline.  This helps in using the visible part of the synchrotron 

radiation from the window of the gate valve to position and align the sample keeping the 

reflectometer at the atmospheric pressure.  Incident beam intensity can be monitored 

continuously by inserting a Nickel wire mesh in the incident beam and monitoring the 

photoelectron current from this mesh.   

A soft X-ray photodiode detector (similar to that of Indus-1 beamline) is placed at a distance of 

200 mm from the axis of rotation.  The detector is placed at the detector arm which is designed 

to mount multi detectors.  Using these detectors, reflectance can be measured over five orders of 

dynamic ranges.  The used silicon photodiode detector (from International Radiation Detector 

Inc., USA) has 100 % internal quantum efficiency.  Besides this photodiodes with Al or TiC 

coatings are also present.  The detector signal is measured in terms of electrical current using a 

Keithley electrometer (6514).  The total electron yield (TEY) signal can be directly measured by 

connecting a wire on a sample surface since the sample stage is electrically isolated from the 

goniometer body. 

2.3.2.3 Investigation of Higher harmonics in BL-03 

Harmonics are an intrinsic part of a beamline.  In case of a soft X-ray beamline, grating 

monochromator is an essential optical component, however it has the problem of higher order 

harmonics in the monochromatic light it chooses.  
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In various experiments the data generated by the incoming energy of photon E and those by the 

higher harmonics (i.e. 2E, 3E and so on) cannot be separated and therefore the analysis of 

measured data becomes a complicated process.  In general, transmission or reflection-based 

gratings are used as an analyzer to experimentally quantify the spectral purity. The first order 

diffraction peak of incident energy range E coincides with higher order diffraction peaks of 2E, 

3E, etc. Therefore the relative measurement with respect to the first order peak does not give 

correct information.   

There is an alternative solution to estimate the higher harmonic contribution in the soft X-ray 

region. The solution is based on the angle-dependent reflectivity measurement of the multilayer 

mirror. The quantitative analysis of multilayer reflectivity data is rather simple; therefore the 

measured data can be fitted to retrieve the information of harmonic contamination. To 

investigate the different harmonic contribution of BL-03 in energy range of 400-1600 eV 

(grating 3), we have used a W/B4C multilayer of d=37 Å to analyze higher harmonics in the 400-

1600 eV energy range. 

The initial characterization of the multilayer was carried out by Grazing Incidence X-ray 

reflectivity (GIXRR) technique using Cu K source (1.54 Å). The obtained data was analyzed 

using the Parratt Recursive formalism46 and the effect of surface roughness was taken into 

account using the Nevot-Croce model44 where the interface is considered to be of the form of an 

error function.  The information about the structural parameters of the multilayer are given in 

Table 2-5.  In the next step, we have measured the angle-dependent reflectivity data at different 

photon energies in the energy range of 400-1200 eV with the aim to investigate the harmonic 

contribution.   
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Table 2-5 Structural parameter of the W/B4C multilayer used for investigation of harmonic content 

Layer Thickness 

(Å)  

Roughness (Å) 

Top surface  18±1.5 2.0 

B4C 20.6±2.0 2.0 

W 16±2.0 5.1 

Si Substrate -- 3.3 

The measured data are analyzed using the Parratt formalism, keeping the structural parameters 

fixed and varying the other parameters like optical constants (δ & β) for two different energies 

corresponding to the fundamental energy (E) selected for the measurement and its harmonic (2E) 

along with their individual contributions. 
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Figure 2-7  Measured (green stars) and calculated (red solid line) reflectivity pattern considering the contribution of 

harmonics present in the beamline. 

In case of the reflectivity data measured at a wavelength of 16.4 Å, an appearance of a Bragg 

peak at θ=6.5o is observed, which is not expected. However, a simulation of the reflectivity data, 

with same structural parameters, for the wavelength of 8.2 Å shows the appearance of Bragg 

peak at 6.5o.  This fact ensures the presence of harmonic contribution in the reflectivity data of 
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the fundamental wavelength λ=16.4 Å.  Moreover, appearance of a critical angle at θ=1.7o 

corresponding to the higher harmonic (λ~8.2 Å) is evident.   

2.3.2.4 Higher order suppressor system in BL-03: 

There are several solutions to improve the spectral purity of the monochromatic light of a 

beamline- 

1) Transmission filters. 

2) Two, three & four mirror system. 

With the aim to improve the spectral purity of the monochromatic light coming from the 

monochromator, a three mirror based higher order suppressor (HOS) is designed.  This HOS 

system will be installed before the exit slit of the monochromator of the Indus-2 reflectivity 

beamline.  The schematic of the HOS optical elements is shown in Figure 2-8.   

 
 

 

(a) (b) 
Figure 2-8. (a) Schematic of three mirror assembly for higher order suppressor (top view). Each mirrors are coated 

with stripes of four different materials as shown in (b).  During the operation the three mirrors will set such that the 

stripes of same materials will remain in the beam path.   
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It is clear from the figure that the mirrors M1 and M3 operate at a grazing angle θ/2, whereas, 

mirror M2 is set at an angle θ and moved in transverse direction.  The configuration of M2 is set 

in such a way that the beam exit will remain fixed during the angular movement of the mirrors 

M1 and M3. 

In order to suppress the higher harmonics efficiently in the energy range of 100-800 eV, different 

coating materials suitable to different energy regimes are used.  The three mirrors in the HOS 

system will have a stripe coating of four different materials - Carbon, Chromium, Silicon and 

Nickel.  During the operation of the HOS, the three mirrors can be set in the beam path with 

similar coatings on respective mirrors.  The HOS setup will improve the spectral purity and 

reduce the harmonic components below 0.1%.  

2.4 Deposition Techniques 

 In the present thesis work, three types of oxide thin films are prepared using different 

Physical Vapor Deposition (PVD) based techniques.  The PVD technique is based on 

vaporization or atomization of the target sample inside a vacuum chamber, which condensate on 

a substrate, thus forming a film. We have used reactive & ion- beam sputtering technique for the 

deposition of aluminum oxide and magnesium oxide thin films, while the zirconium oxide films 

were prepared using electron beam evaporation technique.  In this section we will give a brief 

introduction of the mechanism of sputtering and evaporation based process and then the details 

of the individual deposition techniques. 

2.4.1 Mechanism of Sputtering 

Sputtering is the process of removal of atoms from the surface of a thin film or coating material 

as a consequence of transfer of momentum by bombarding neutral atom/ion to the film surface.  
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The different processes occurring during a sputtering process is depicted in Figure 2-9.  Mostly 

energetic gas ions are used for the bombardment process.  In most of the cases, the gas ions are 

accelerated by implementation of a high voltage.  As a result of acceleration, the gas ions gain 

energy and hit the target/ cathode material.  The whole process is maintained at a high vacuum 

environment.  The atoms ejected from the target material as a consequence of momentum 

transfer are deposited on the substrate placed inside the chamber forming a thin film. 

 

Figure 2-9 Schematic diagram of different processes which occurs during sputtering. 

When the gas ions interact with the surface of the target, phenomena like reflection, adsorption, 

sputtering, ion implantation, chemical reaction etc. can take place.  These phenomena depend on 

the kinetic energy of the bombarding particles, for e.g. at very low energy (⁓5 eV) the 

bombarding particles bounce back/reflect without affecting the target.  Whereas at much higher 

energy (>10 keV) the process of ion implantation predominates over the sputtering process.  

Thus, one must choose the energy of the gas ions carefully to lie in between these two extremes 

(~10 eV to 3 keV) to carry out sputtering smoothly.   
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Another important point is the bombardment direction of the gas ions.  In case of normal 

incidence, the number of atoms ejected from a surface is comparatively less since only the 

secondary collision participates in atom ejection.  Whereas at oblique incidence the sputter yield 

from the primary collision process is significant. 

Despite of choice of correct energy, some unavoidable consequences always exist in the 

sputtering process. For example, it may happen that some fraction of the energy of the 

bombarding ions may contribute to the lattice damage.   

2.4.1.1 Reactive Sputtering Technique 

In this technique a compound thin film is deposited by sputtering a target which may be a 

compound or pure element in presence of a reactive gas (mostly oxygen, nitrogen etc.) or a 

mixture of gases.  Along with the reactive gas, an inert gas (mostly Ar, Xe, Kr etc.) creates a 

plasma discharge through ionization.  Simultaneously, as the reactive gas enters into the 

deposition chamber, it collides with the energetic particles present in the plasma created and 

dissociates into neutral as well as charged components.  These components react with the 

sputtering target resulting in the film deposition on the substrate.  Figure 2-10 shows the 

different processes occurring during reactive sputtering as discussed above. 

The prime advantage of this technique is that one can easily control the film composition by 

controlling the flow of the reactive gas.  However, there are certain disadvantages too.  In case of 

an elemental target, the process of target poisoning is a severe issue and the difficulty increases 

with the higher value of the partial pressure of the reactive gas. 
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Figure 2-10 Schematic diagram of reactive sputtering technique. 

2.4.1.2 Ion Beam Sputtering Technique 

In this technique an ion source is used to generate energetic ion beam, which bombards on the 

target material to be sputtered.  The ion source consists of both cathode and anode which are 

aligned to each other.  On applying a high voltage field of 2-10 kV an electrostatic field is 

created inside the ion source as a result of which the injected argon gas ionizes, creating plasma 

inside the source region.  The ions are then accelerated from the anode region to the cathode 

resulting in the formation of a focused ion beam.  The focused ion beam hits the target material 

and sputters the target material towards the substrate via the sputtering mechanism as shown in 

Figure 2-11.  

In this technique there is no use of external reactive gas, thus control of film composition 

completely relies on the target material.  However, to have better stoichiometry and density of 

the films, one can use two ion beam configuration system.  Other options include the presence of 

additional flowing gases like oxygen, nitrogen etc. for the growth of oxides & nitrides thin films. 
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Figure 2-11 Schematic diagram of ion beam sputtering technique in a single ion beam configuration. 

One of the most important advantages of this technique is good quality film, which is firmly 

bonded to the substrate.  This is due to the fact that because of high energy of the ion beam, there 

is still sufficient kinetic energy to migrate on the surface of the substrate.  Other advantages 

include high precision of thickness and preferable density and adhesion to the substrate. 

However, the disadvantage includes low deposition rate and incapability of depositing uniform 

films over larger areas. 

2.4.2 Mechanism of Evaporation Based Processes 

Evaporation is the process where the target material used for deposition is vaporized by various 

means of heating which include resistance heating, heating by electron gun etc.  The evaporated 

atoms/molecules traverse towards the substrate with minimum collisions and get settled on the 

substrate forming a thin film.  The complete process takes place in vacuum condition (~10-5 -10-9 

mbar) to minimize collision with the residual gases and have suitable mean free path.   

For evaporation based deposition process the melting temperature of the holder having the target 

material to be deposited should be reasonably higher than the boiling point of the material.  

Other important criterion includes: temperature of the substrate must be less than the melting 
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point of target material and the substrate to target separation should be less than the mean free 

path of the material atoms or molecules. 

2.4.2.1 Electron Beam Evaporation Technique 

In this technique the target material is bombarded by high energy electron beam leading to 

evaporation.  The electron beam is originated from thermionic emission of electrons generated 

by heating the filament (tungsten material).  The emitted electrons are accelerated by a high 

voltage potential and a magnetic field is often applied to bend the electron path so that it gets 

focused on the target along the line of sight.  The focused electron beam along the line of sight 

initiates the process of localized heating and leads to high evaporation rate.  Thus, by changing 

the magnetic field one can easily control the curvature of the electron path and control the 

evaporation rate by changing the line of sight.  Figure 2-12 shows the different processes 

occurring during film deposition by electron beam evaporation technique as discussed above 

 

Figure 2-12 Schematic diagram of the electron beam evaporation technique 

The most important advantage of this technique is that it can yield higher deposition rates 

starting from 0.1 nm/min to 100 nm/min.  The disadvantage of this technique includes the 
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control of electron beam power in order to maintain the required speed of evaporation.  Mostly 

the electron beam power fluctuates and results in variation of evaporation speed leading to 

formation of non-uniform films with moderately high roughness. 

2.5 Other Characterization Techniques 

2.5.1 X-ray Photoelectron Spectroscopy (XPS) 

  X-ray photoelectron spectroscopy (XPS) technique is used to investigate the 

chemical state, elemental identification and the relative composition of the constituent elements 

present in the sample.111  When a sample is irradiated with mono energetic photon of energy hν, 

it emits electrons from the sample surface.  A XPS spectrum is represented by the variation of 

the intensities of the photoelectrons with respect to its kinetic energies or in terms of the binding 

energies.  From the energy conservation principle, the kinetic energy of the emitted electrons is 

given as: 

𝑲.𝑬 = 𝒉𝝑 − 𝑬𝑩 − 𝝋……………………….. (2-1) 

 where, hν is the energy of the incident photon, EB is the binding energy of the electrons in 

the core level from which it is ejected and φ is the work function of the sample.  Generally the 

work function of the material is difficult to investigate accurately.  Thus, in real experiments, the 

kinetic energy is expressed in terms of the work function of the spectrometer in the way as 

shown in Figure 2-13.  This is quite logical since we calibrate the binding energy scale with 

respect to the Fermi level and the kinetic energy of the photoelectrons is measured by the 

spectrometer and both of them are maintained at common potential.   
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Figure 2-13 Schematic diagram describing referencing the work function of the sample with respect to spectrometer 

The photoelectrons are detected only when hν ≥ B.E. + φ.  For excitation purpose, the 

conventional X-ray sources mostly used are Al Kα source (~1486.6 eV) and Mg Kα source 

(~1253.8 eV).  In this energy range, the inelastic mean free path (IMFP) is approximately 0.3–4 

nm, which can be estimated from the universal mean free path curve.  Thus, XPS is a surface 

sensitive technique.  The best way to probe throughout the depth of the sample is to tune the 

excitation energy so that the IMFP can be varied and thus chemical information from different 

depth of the sample can be easily obtained.  With the advent of the synchrotron sources, one can 

easily tune the excitation energy to measure the XPS spectrum at different depth. 

Other ways include variation of the take-off angle of the analyser where the ejected 

photoelectrons are collected and simultaneous collection of the XPS spectrum by etching the 

film surface in a controlled manner. 
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Figure 2-14: Diagram of X-ray photoelectron spectrometer used for experimental purpose for this thesis. 

 The photoelectron spectroscopy chamber consist of three major components 1)- A X-ray 

photon source, 2)- An electron energy analyser and 3)- An electron detector as shown in Figure 

2-14.  Inside the chamber, ultrahigh vacuum of the order of ~10-10 mbar is maintained in order to 

increase the mean free path of photoelectrons.  The monochromatic X-ray photon source is used 

for excitation and the energy of the photoelectron depends on it.  The electrostatic analyser 

consisting of the electrostatic lens, the hemispherical elements and the detector (basically an 

electron multiplier tube) collects the ejected photoelectron and finally we obtain the XPS 

spectrum.   

 During the measurement process, initially a survey scan is recorded with higher energy 

interval.  The survey scan consists of core-level peaks as well as the Auger peaks over the 

inelastic scattering background.  One can distinguish Auger peaks by measuring XPS spectrum 

with different X-ray sources, because in the B.E. scale Auger peak positions depend on the X-ray 

source.   
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In the next step, fine scan of the different core levels is recorded with small steps of K.E/B.E.  

The peak positions of various core levels indicate that the binding energy values are fingerprint 

of different elements.  For p, d & f core-levels, presence of doublets are observed, which 

corresponds to the different value of the total angular momentum ‘j’.  The separation between 

the two different doublets is known as spin orbit splitting (SOS) and the peak area ratio between 

the doublets depends on the degeneracy of each of the state ‘j’.  Both SOS and peak area ratio 

serves as important clue for elemental identification. 

The prime advantage of XPS is that one can evaluate sample composition quantitatively.  To 

estimate the composition or stoichiometry of a compound one needs to evaluate the intensity of 

the photoelectrons of different core-levels of the elements present in the compound, i.e, to 

evaluate the peak areas.  However, to obtain correct value of the peak area one must subtract the 

background contribution.  The intensity of photoelectrons corresponding to the core-level of an 

element ‘x’ can be expressed as- 

𝐈𝐢 = 𝐂𝐢𝛔𝐢𝐥𝐢𝐊…………………………….. (2-2) 

Where, 𝐶i is the average atomic concentration σi is the photoelectron cross-section and li is the 

inelastic mean free path of element ‘i’ in the measured energy range.  K is related to all the other 

factors on which an XPS signal depends.  With the prior information of σi & li along with the 

measured Ii of different core levels, one can acquire information about composition 

quantitatively.  

2.5.2 Secondary Ion mass Spectrometry (SIMS) 

Secondary mass ion spectrometry is a surface sensitive technique widely used to analyze the in-

depth composition of thin films by sputtering of bulk samples using a primary beam.  The 
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primary beam is generally a positive (e.g. Cs+) or negative (e.g. O-) ion.  As the primary ion 

beam impinges upon the sample surface, generation of secondary ions, neutral atoms and 

molecules begins with the interaction.  Depending on the composition of the specimen different 

types of the secondary ions are generated, which are directed towards mass spectrometer where 

detection process is carried out.  The choice of the type of the primary beam is very crucial for 

the analysis of the secondary ions generated.  If we choose positive ion for bombardment, then 

generally negative ions are generated & vice versa. 

Nowadays, one of the most popular detection techniques is Time of Flight (TOF) mass 

spectrometry.112  It is based on the fact that ions with the same energy but different masses travel 

with different velocities.   

 

Figure 2-15 Schematic diagram of a TOF-SIMS set up. 

The instrumentation for TOF-SIMS measurement consists of a primary beam source, a column 

for accelerating & focusing the beam, mass spectrometer, which separates the ions according to 

charge by mass ratio and a detection medium as shown in Figure 2-15.  The whole system is kept 
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inside a high vacuum chamber (pressure~10-6 mbar) in order to avoid collision of the secondary 

ions with the residual gases present inside the chamber environment.  During the measurement 

process when the primary ions and the generated secondary ions stabilize, then accurate 

composition can be known in a quantitative manner. During the measurement, one records the 

counts of the different ions having different charge to mass ratio over the complete sputtering 

time.  However, if one measures the total thickness of the sample sputtered during measurement 

using X-ray reflectivity or by surface profilometry, then, by knowing the sputter yield the 

thickness can be easily calibrated.  Finally, one obtains the variation of the intensity of different 

ions based on the charge to mass ratio with respect to the sample thickness. 

The most important advantage of this technique is that samples with very low concentration 

down to ppb level can be analyzed.  Other application includes depth profiling of thin layers or 

the imaging of the surfaces.  The main limitation includes the effect of sputtering which may 

lead to deterioration of sample surface or may include artifacts which mislead a lot of 

information.  Sometimes, in case of insulators effect of charging can also provide misleading 

information.  Another limitation is that it is destructive in nature. 
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Chapter 3.   

Structural, optical and compositional analysis of aluminum oxide (Al2O3). 
 

 

 In this chapter, the optical properties of reactive sputtered aluminum oxide thin film are 

investigated in the wavelength region of 60-200 Å (~206-62 eV) covering the Al L2,3 edge.  The 

optical properties of the thin film are compared with that of α- Al2O3 in its single crystal form.  

Both the Al L & O K-edges of α- Al2O3 are probed.  The investigated optical properties are also 

compared with the existing available literature. 

This chapter also shows the capability of soft X-ray reflectivity (SXR) technique to quantify the 

depth-resolved compositional details of the film.  Modelling of optical constants profile obtained 

from the angle-dependent reflectivity data is used to evaluate the qualitative composition of the 

principal and the interfacial layer of the film which corroborates well with the X-ray 

photoelectron spectroscopy results. 
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3.1 Introduction: 

Aluminum oxide (Al2O3) has many superior qualities such as high mechanical strength, 

excellent dielectric properties and good adhesion to many surfaces.  In literature, it is shown as a 

superior spacer layer to achieve good stability 113 and high reflectivity performances. 114,115  A 

detailed description of the application of aluminum oxide in X-ray optics is discussed in Section 

1.5 of Chapter 1.  In the present chapter, we focus on the optical properties of aluminum oxide in 

the EUV/ Soft X-ray region covering the edge region and its relation to the film 

composition/stoichiometry. 

Now we present a literature survey on the study of optical properties of aluminum oxide thin 

films.  A study to compare optical response of sapphire crystal (α- Al2O3) and electron beam 

deposited amorphous alumina have been performed in 145-185 Å wavelength range (~67-86 eV) 

to understand the effect of crystalline nature of alumina near Al L2,3, edge. 116  It was reported 

that the optical constants of amorphous and crystalline alumina are different near the Al L 

absorption edge, though they match with each other away from the absorption edge.  It is 

important to note that the measurements were carried out at discrete photon energies.   

The optical properties not only rely on the state of the sample but also on their composition or 

stoichiometry which is again dependent on the deposition techniques and its condition.  J.Y. Jung 

117 has studied optical properties of alumina thin films in Visible- IR region with variation of 

stoichiometry over a wide range of film composition.  French et.al 118 investigated the optical 

properties of α-Al2O3 by Vacuum Ultraviolet (VUV) spectroscopy and Electron Energy-Loss 

spectroscopy (EELS) within the energy range of 6 to 142 eV.  They have concluded that the 

determination of optical constants are not only sensitive to sample preparation method but also 
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depends on the measurement technique.  Therefore, a comparison of various data sets is the only 

way to understand the uncertainty in the information content of the final results.  

As discussed in Chapter 1, it is also important to understand the relation between the 

experimentally measured optical constants with the chemical bonding and electronic structure of 

the material.  The optical constants (δ & β) relating to dispersion and absorption spectrum is 

closely connected to the electronic structure of the material.  Formation of defects states, core-

exciton states etc. leads to modification in the electronic structure and the same is mapped in its 

optical constants spectra.  Near the absorption edge region, the influence of the core-hole effect 

is generally visible for few special type of material.  The effect of a localized core hole on the 

optical properties is found to be more prominent in case of strong insulators because of their less 

screening ability of electrons.  Studies on the influence of the core hole119,120,121,122 and formation 

of excitonic like states on the electronic structure and absorption spectrum of oxides like Al2O3, 

MgO & SiO2 are widely discussed in literature. 123,124,125,126  Experimental evidences of this 

effect is highly dependent on the resolution of the measurement.  In this Chapter we have also 

attempted to address the influence of core-hole effect on the optical constants (both dispersion & 

absorption spectra) of α-Al2O3 near the Al L2,3-edge. 

For practical purposes and useful real applications, mere estimation of optical properties 

of the thin films does not complete the aim, investigation of the in-depth composition and 

structure is equally important.  Depending on the deposition technique and the different 

parameters used for deposition, the film quality, composition, stoichiometry etc. may vary.  

Numerous studies on compositional details as well as depth profiling in aluminum oxide thin 

films have been carried out using different techniques.  E. P Gusev et al.127 have used a 

combination of different techniques like-nuclear resonance profiling (NRP), medium energy ion 
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scattering (MEIS) and high resolution transmission electron microscopy (HRTEM) to obtain in-

depth profile of the CVD deposited alumina films.  They have also explored the microstructural 

aspects of the films.  Most of the interface studies reported on aluminum oxide thin films are 

based on the destructive methods.  Thus, application of these destructive techniques for surface 

& composition studies can lead to additional modifications in film and interface region, tailoring 

its properties.  Thus, it is desirable to investigate film composition by applying non-destructive 

techniques.  To the best of our knowledge the interface studies on aluminum oxide thin films 

using a non-destructive technique is rather scarce. 

Unlike the available conventional techniques, soft X-ray reflectivity based non-destructive 

technique serves to be efficient for in-depth compositional analysis.  In the soft X-ray region, the 

energy-dependent optical constants (δ & β) changes drastically especially near the absorption 

edges of constituent elements.  Thus, SXR technique is widely used for element sensitive 

analysis by tuning the energy of X-rays to the absorption edges of specific elements to be 

investigated.  Moreover, unlike the X-ray photoelectron spectroscopy technique which is capable 

of providing information up to a certain depth of the material (~50-70 Å), the SXR technique 

gives the in-depth compositional details upto a depth of 500-700 Å, depending upon its 

penetration depth, which is again dependent upon the energy of the X-ray photon.  

Few literatures are available that have focused on the unique feature of SXR technique in the 

investigation of the depth-resolved compositional details of thin films.  Singh et al.128 have 

investigated compositional details of silicon rich silicon nitride (SRSN) thin film utilizing SXR 

technique.  They observed that the measured optical index profile of their SRSN layer lies in 

between the reference profile of Si and Si3N4.  The measured profile was used to determine the 

fractional composition of Si and Si3N4 in the SRSN film.  M. Zwielber et al.129 have shown that 
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the SXR technique in resonant mode can be used to obtain electronic depth profile with Å-

resolution.  They have shown that the effects in X-ray reflectivity near the absorption edges are 

caused by rapid variations in X-ray optical properties owing to a periodic arrangement of the 

resonating lattice planes.  J. Bai et al.130 have carried out X-ray reflectivity measurements near 

the K-absorption edges of Fe and Cr of a Fe/Cr multilayer system.  They obtained the 

information of the electron density as well as the compositional profile of the multilayer.  

In the present study, optical constants of a sputter deposited aluminum oxide thin films are 

measured using the angle dependent reflectivity technique in the energy range of 62-206 eV 

(~200- 60 Å in terms of wavelength), covering the Al L-edge region.  Measured optical constants 

obtained are compared with the tabulated data available from the CXRO website75 as well as 

with few other databases131.   

Next, energy-dependent reflectivity measurements are carried out on α- Al2O3 substrate also near 

the Al L-edge and O K-edge region, and simultaneously the continuous spectra of optical 

constants are evaluated from phase extraction using KK relation.  Comparison of the optical 

constants of the thin film with that of α- Al2O3 substrate is carried out. 

Finally, X-ray photo electron spectroscopy (XPS) measurements are carried out to establish the 

chemical composition of the film.  We have also carried out a depth resolved compositional 

analysis of an aluminum oxide thin film using non-destructive SXR technique.  The SXR 

technique is applied to obtain the optical index (δ & β) profile of principal layer and interface 

region and simultaneous optical modelling is carried out to investigate the in-depth 

compositional details.  The results of optical modelling are compared to the information obtained 

from the XPS technique. 

3.2 Experimental details: 
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The aluminum oxide film was deposited on a Si substrate using reactive sputtering technique. 

The sputtering of a pure Al target (~99.9995% purity) was carried out in oxygen ambient using a 

pulsed DC power supply source.  Argon was used as the sputtering gas.  The Ar and O2 flow 

rates were set at 15 sccm (standard cubic centimeter) and 60 sccm respectively. The base 

pressure of the system was 9.3 × 10−8 mbar before the deposition.  Prior to the deposition, the Si 

substrates were cleaned by a standard RCA cleaning process.  This process involves the removal 

of insoluble organic contaminants with H2O:H2O2:NH4OH solution.  A thin silicon dioxide layer 

and metallic contaminants were removed using H2O: HF solution.  Ionic and heavy-metal 

contaminants were removed using H2O:H2O2: HCl solution.  After the standard process, the 

native oxide is etched by dipping in 2% HF for 30 s, followed by rinsing in de-ionized water.  

Grazing incidence X-ray Diffraction (GIXRD) spectrum was recorded using a Bruker D-8 

diffractometer.  The glancing angle was fixed at 0.5° to limit the penetration of the beam into the 

film.  The data was recorded in the range of 30-80° in the step of 0.03° and 10 second acquisition 

time. 

To determine chemical composition, XPS measurements were carried out using Al source 

operated at an anode voltage of 10 kV and an emission current of 10 mA.  Samples are etched by 

Argon ion beam (4 kV, 1 μA) to clean the sample surface and for chemical depth profiling.  

Survey scans are collected over 0 – 1400 eV kinetic energies.  Detailed core scans are then 

performed to find the oxidation state of the constituent elements.  XPS data have been recorded 

for as deposited and after different (10, 20, & 30 minutes) sputtering time cycle.  XPS spectra 

have been de-convoluted using Gaussian de-convolution method. 
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To obtain information about structural parameters like thickness and roughnesses, Grazing 

incident X-ray reflectivity (GIXRR) measurement were performed using Bruker D-8 system 

which consists of a goniometer and a Cu Kα X-ray source (1.54 Å).  The GIXRR measurements 

were performed in 0.005o angular step size to observe the fine features of the Kiessig fringes.  
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Figure 3-1 Reflectance curve of 60 layer pair Mo/Si multilayer of a period of 103 Å measured at λ=138 Å. The 

Bragg peak located near Brewster angle provides precise information about the polarization content. 

Soft X-ray reflectivity (SXR) measurements were carried out using a high vacuum soft X-ray 

reflectometer at the reflectivity beamline of Indus-1 synchrotron radiation source.  In the 

beamline, the polarization state of the incident beam was checked by using a 45o Bragg 

reflection multilayer.  A Mo/Si multilayer of d=103 Å (Si 73 Å/ Mo 31 Å)×60 was used which 

gives a first Bragg reflection near 45o for d=138 Å.  The analysis of the reflectivity pattern of the 

multilayer as shown in Figure 3-1 suggests that the incident beam is 85% s-polarized.  This 

information is used in analyzing the soft X-ray reflectivity data of the aluminum oxide thin film. 

3.3 Results and discussions: 



Chapter 3.                     Structural, optical and compositional analysis of aluminum oxide (Al2O3) 

Page | 68  

 

3.3.1 GIXRR analysis 

Figure 3-2 shows the measured and fitted GIXRR curve of 240 Å thickness aluminum oxide thin 

film deposited on Si substrate.  The analysis of the curve has been carried out by taking into 

account suitable layers of different densities.  As initial guess, a single layer of aluminum oxide 

with its density corresponding to bulk (3.97 g/cc) is considered on top of the Si substrate.  Inspite 

of density reduction as compared to bulk, the fit was not found to match and the χ2 value was 

also high.  Next, in the fitting model an additional layer was added over the substrate having the 

density of substrate native oxide (SiO2), still lacking the best fit.  Finally to obtain a best fit, a 

three layer model as shown in the inset of the Figure 3-2 is used.  The model consists of an 

interfacial layer near the Si substrate, a principal aluminum oxide layer and a top surface layer 

arising due to interaction of the surface with the ambient.  The structural parameters i.e. 

thickness and roughness of the different layers of the film as obtained from our analysis are 

tabulated in Table 3-1. 

Table 3-1 Structural parameter of the aluminum oxide thin film from GIXRR analysis 

Layer Thickness 

(Å)  

Roughness (Å) 

Top  30±1.5 5.0 

Principal Al-O 240.0±2.0 4.0 

Interface 18±2.0 7.9 

Substrate -- 5.4 

In the next step we derived the Scattering length density (SLD) profile using the fit parameters as 

shown in Figure 3-3.  The SLD resembles the scattering power of a material.  The SLD has both 

real and imaginary part and it is related to the optical constants as: ρ =
2π

λ2 × δ and iρ =
2π

λ2 × β.  

The SLD profile in Figure 3-3 shows that the film is uniform across the depth except near the top 
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surface.  The density obtained from the GIXRR analysis is found to be 2.93 g/cc, which is 73% 

of the bulk density of stoichiometric Al2O3 (3.97 g/cc). 
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Figure 3-2 Measured (open circles) and fitted (continuous line) GIXRR spectra of aluminum oxide thin film as a 

function of momentum transfer vector qz is shown. Schematic of three layer model used for the fitting is also shown. 

 

Figure 3-3 Scattering length density (SLD) profile derived by modelling the parameters obtained from the analysis 

of the GIXRR curve. The region of different layers is marked in the SLD profile. 
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The error or accuracy in density parameter depends on measurement accuracy of critical angle. 

In GIXRR analysis, the critical angle is not a fitting parameter and therefore error in curve fitting 

cannot be directly linked to define an error in density or in critical angle.  To know the exact 

value of critical angle from a GIXRR curve, its well defined shape, especially below c region is 

required.  The shape of reflectivity curve below the critical angle region depends on the 
𝛽

𝛿
 ratio. 

If β/δ<1, i.e., absorption is not dominant, then critical angle θc can be calculated from the 

relation- θc=√2δ, where δ is related to the density of the film.  Another important parameter 

which helps in defining correct critical angle is goniometer accuracy in angle measurement.  This 

angle accuracy defines the accuracy of the critical angle (θc) measurement.  

In GIXRR experiment, the measurement error in density analysis can is obtained from the 

relation - 
𝑑𝜌

𝜌
= 2(

𝑑𝑞

𝑞𝑐
).  For aluminum oxide 𝜌 = 2.93 𝑔/𝑐𝑐, (as obtained from the fit value of 𝛿), 

the step size of momentum transfer (qz) is 0.0007 Å-1 and the critical angle in terms of qc is 

0.0359 Å-1 this yields an error in density determination of  ~0.12 g/cc. 

The analysis error in density determination can be estimated by calculating the difference 

between critical angle of measured and fitted GIXRR curve. From Figure 3-2, the difference 

between the critical angle (θc) of the fitted and the measured GIXRR curve is found to be ∆𝜃𝑐 ≈

0.004. Thus, the error in density is 𝑑𝜌 = 0.0929 𝑔/𝑐𝑐. 

In Figure 3-3 the hump in the SLD profile near the Substrate/ Film interface indicates about the 

presence of interlayer whose composition is different from the substrate native oxide.  The 

interlayer may form during the initial stage of growth of alumina film where the Al atoms 

interact with the Si and native oxide layer.  In the present case the thickness of this interlayer is 
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found to be 18 Å.  The exact composition of the interlayer can be estimated from the optical 

constants profile as investigated further. 

3.3.2  Determination of Optical Constants 

To determine the optical constants in the soft X-ray region of 60-200 Å (~206-62 eV) the angle-

dependent SXR experiments are carried out at Indus-1 reflectivity beamline.  Measured and 

fitted SXR data are shown in the Figure 3-4 (a) for different incident wavelengths in step of 10 

Å.  In the close vicinity of the Al L absorption edge (~170 Å) the SXR measurements are carried 

out in 0.5 Å and 1 Å step size and those are shown in the Figure 3-4 (b).  The SXR data are fitted 

with the same three layer model which was earlier used for GIXRR data analysis.  The 

information of structural parameters obtained from the GIXRR analysis are kept fixed while 

processing SXR data.  This approach reduces the number of variable parameters in the fitting 

process of the soft X-ray reflectivity data.  In this scenario, the only variables are the optical 

constants (δ & β) of the different layers used in the model. 
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Figure 3-4 Measured (circle) and fitted (solid line) angle dependent SXR spectra of aluminium oxide thin film are 

shown for different wavelengths in (a) 60-200 Å (~206-62 eV) region. (b) Near the Al L absorption edge (170Å/73 

eV). For the sake of clarity the curves are vertically shifted by a constant factor as shown in the figure. 
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In Figure 3-5 the experimentally determined values of optical constants and Henke’s values 

obtained from the CXRO website for Al2O3 film calculated for the density values of 3.97 g/cc 

(bulk density) & 2.93 g/cc (as obtained from GIXRR analysis) are shown. The experimentally 

obtained optical constants values are also listed in the Table 3-2. 

In case of aluminum oxide layer the obtained delta and beta values are 5-33% higher than the 

tabulated values except near the Al L absorption edge (~170 Å/73 eV) where the delta values are 

50-120 % higher and the beta values are 7-20% lower.   

 

0.015

0.030

0.045

0.060

60 80 100 120 140 160 180 200 220
0.000

0.015

0.030

0.045

0.060

 

 

 Experimental

 For measured density 2.93 g/cc

 For bulk density 3.97 g/cc

D
e
lt

a
 (


)

 Experimental

 For measured density 2.93 g/cc

 For bulk density 3.97 g/cc

B
e

ta
 (


)

Energy (eV)
 

Figure 3-5 The measured optical constants of the aluminium oxide thin film (principal layer) are compared with the 

Henke's tabulated values obtained from the CXRO website for bulk density as well as for the measured density of 

2.93g/cc. 

To understand this variation in optical constants of the present film with stoichiometric Al2O3 

data, the optical constants for two different density case a) 2.93 g/cc as obtained from GIXRR 

analysis and b) 3.97 g/cc bulk density are also calculated and compared with the obtained 

experimental results.  It seems that the measured optical constants values are closer to the 

Henke’s values for reduced density. 
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Table 3-2: Measured values of optical constants of off stoichiometric aluminum oxide thin film are listed along with 

Henke’s tabulated values of Al2O3 for reduced density 2.93 g/cc in the 60–200 Å (~206-62 eV) region 

Energy (eV) Wavelength (Å) δ (exp) δ (Henke ) β (exp) β (Henke) 

206.64 60 0.0108 0.01123 0.007 0.00523 

177.12 70 0.0147 0.01379 0.008 0.00867 

154.98 80 0.017 0.01594 0.012 0.01186 

137.76 90 0.020 0.01787 0.017 0.01538 

123.98 100 0.024  0.019 0.022 0.01929 

112.71 110 0.025 0.02009 0.024 0.02179 

103.32 120 0.028 0.02161 0.029 0.0246 

95.37 130 0.024 0.02301 0.030 0.02737 

88.56 140 0.029 0.02426 0.030 0.03025 

82.65 150 0.031 0.02483 0.037 0.03212 

75.14 165 0.032  0.02548 0.039 0.03474 

74.24 167 0.032  0.02467 0.032 0.03517 

73.80 168 0.033 0.02327 0.029 0.03539 

73.58 168.5 0.029 0.02256 0.028 0.03551 

73.36 169 0.032 0.02184 0.03 0.03562 

73.14 169.5 0.034 0.02112 0.029 0.03574 

72.93 170 0.034 0.01793 0.036 0.03586 

72.71 170.5 0.036 0.01606 0.034 0.02745 

72.51 171 0.038 0.01735 0.035 0.02364 

68.88 180 0.044 0.03559 0.036 0.02703 

61.99 200 0.055 0.05027 0.048 0.03579 

 

In the soft X-ray region the measured values of optical constants of Al2O3 film is reported by 

Palik132 and Hagemann133 also.  The results of their finding are plotted in Figure 3-6 (a) & (b) 

and compared with the present experimental data.  Henke's data obtained from the CXRO 

website for Al2O3 of bulk density 3.97 g/cc and reduced density 2.93 g/cc are also shown.  It is 

obvious that both the Palik and Hagemann data exhibit a large deviation from the Henke 

tabulated values.  The data reported by Hagemann was measured on vacuum evaporated 

amorphous alumina film where the sample may have significant deviation in film stoichiometry.  

Interestingly the feature corresponding to L2,3 spin orbit coupling is visible in Hagemann beta 

values near 158.9 (78 eV) and 159.9 Å (77.5 eV) whereas the Palik data shows a smooth 

variation in this region. 
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Figure 3-6 Comparison of (a) delta (δ) and (b) beta (β) of aluminum oxide thin film obtained from Henke, Palik, and 

Hagemann literature with the present experimental data. 

Further, the delta values reported by Palik and Hagemann are higher compared to those of Henke 

values whereas the beta values of Hagemann and Palik are lower to those of Henke values.  This 

discrepancy generally cannot be understood if their film comprised stoichiometric Al2O3 phase.  

Increase in delta and decrease in beta value could be possible if unreacted Al and Oxygen are 

present in a significant amount.  From the density point of view, if the film density varies it leads 

to change in delta (δ) and beta (β) values simultaneously.  In the present study both delta (δ) and 

beta (β) values are found to be less than the Henke data corresponding to bulk density.  It seems 

that the reduced film density and off stoichiometric nature of the present film are mainly 

responsible for a large mismatch observed between the experimental values and the Henke’s 

tabulation.  To correlate the experimentally obtained optical constants values with the film 

composition further analysis is carried out. 

3.3.3 Optical constants spectra of α-Al2O3 near Al L2,3 and O K-edge. 

In the next step we have determined the optical constants of α- Al2O3 near the Al L2,3 and O K- 

absorption edge regions utilizing energy dependent soft x-reflectivity(SXR) technique.  The 
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measurements were carried out at an incidence angle of 5° & 3° respectively for the Al L2,3 and 

O K-edges using s-polarized radiation.  The reason behind the choice of the incidence angle is 

discussed in Chapter 1.  Applying the Kramers-Krönig (KK) relations to the energy dependent 

SXR data, the phase φ(E) of the reflected electric field is calculated.  Finally knowing the phase 

as well as the reflectivity, the optical constants (δ & β) are evaluated using the Fresnel’s 

reflection co-efficient formula for s-polarized light. 

The optical constants profile near the Al L2,3 absorption edge region shows the resolved L2 and 

L3 features separated by an energy value of 0.4 eV, i.e., spin orbit splitting (SOS) value is 0.4 

eV.  The features appearing in the optical constants profile near the O K-edge region are 

comparatively broader.  The appearance of these broad features is in accordance with the 

absorption spectra available in literature and also with the TEY spectrum measured at soft X-ray 

reflectivity beamline (BL-03)106 of Indus-2 synchrotron radiation source.  The origin of these 

features appearing near the edge region is also discussed. 

3.3.1.1 Energy dependent SXR measurements 

Soft X-ray reflectivity measurements were carried out in the energy region of 45-150 eV 

covering Al L2,3 edge at metrology beamline of synchrotron SOLEIL.134  While measurement the 

resolution is maintained at 2500 through the complete energy range of 45-150 eV with the slit 

size of 100 & 200 µm.  The reflected beam is recorded using a soft X-ray silicon photodiode 

detector with Al coating.  The measurements were carried out at different incidence angles of 5°, 

7° & 10°.  However, the spectra measured at 5° was considered for the evaluation of optical 

constants profile near the Al L2,3 edge region since the critical angle of α- Al2O3 in this energy 

region is above 5°. 
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Figure 3-7 (a) Shows the reflectivity spectrum of α- Al2O3 measured at an incidence angle of 5° covering the Al L2,3 

edge region. (b) Shows the reflectivity spectrum near the O K-edge region measured at an incidence angle of 3°. 

On the other hand, measurement near the O K-absorption edge was carried out at BL-03 of Indus 

2 at an incidence angle of 3°.  Figure 3-7 (a) shows the energy dependent soft X-ray reflectivity 

spectrum of α- Al2O3 near the Al L2,3 edge measured at a grazing incidence angle of 5°, whereas 

(b) shows the data near the O K-edge region measured at 3°.  To evaluate the optical constants 

profile of the sample near the Al L- & O K-edge region we have used the reflectivity spectra 

measured at these two different edges.  From the knowledge of the measured reflectivity profile 

the phase information has been retrieved using the KK relation.  To minimize the error in the 

phase determination using KK relations, the reflectivity data outside the measurement range is 

calculated.  This calculation is carried out using the optical constants extracted from the CXRO 

database outside the measured energy range.  Finally the obtained spectrum is stitched with the 

experimental spectra on both the higher and lower energy side of the absorption edge region 

where experimental data is not available.  In the present analysis, the phase error term of ±π is 

also considered in phase calculations.  Once we know the phase, using the Fresnel’s reflection 

formula for s-polarized radiation, the optical constants profiles of the films are evaluated for both 

the absorption edge region. 
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Figure 3-8 (a) shows the obtained optical constants (δ & β) profile near the Al L2,3 edge region where the features 

are marked from A to F. Inset shows the well resolved L2 and L3 edge features with a SOS of 0.4 eV.  (b) shows the 

optical constants (δ & β) profile near the O K-edge region where the salient features are marked from A to D. 

Figure 3-8 (a) shows the optical constants profile obtained in the 45-150 eV energy region 

covering Al L2,3 edge region.  The obtained beta (β) profile matches quite well with the Al L2,3 

absorption spectrum135,136 in terms of energy position.  Unlike the conventional absorption 

spectrum which is arbitrary in nature, beta (β) profile provides absolute information about the 

absorption co-efficient of a material.  Together with the beta (β) and delta (δ) value the complex 

index of refraction of a material can be known.  

The features appearing in Figure 3-8 (a) are marked from A to F.  On the other hand, the inset of 

the Figure 3-8 (a) shows the edge region with well resolved peaks A & B separated by an energy 

value of 0.4 eV.  These well resolved peaks correspond to the L2 & L3 feature of Al in α- Al2O3 

and are located at an energy position of 78.0 eV (Peak A) & 78.4 eV (Peak B) respectively.  

According to literature137,138,139 the doublet features A & B are often referred to as Al L2,3 

exciton.  The spin orbit splitting is found to be 0.4 eV which is slightly less than the literature 

value of 0.47 eV but well within the resolution of measurement.  There are several speculations 

about the origin of the core-hole/exciton features (marked as A & B in our case) for α- Al2O3.  It 

is described in refs. 137,138 that the exciton is formed from an Al 3s level which is pulled down in 
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the band gap under the influence of core- hole potential.  According to ref. 123 the presence of a 

short Al-Al bond is responsible for the appearance of excitonic like feature in α- Al2O3.  The 

short Al-Al bond leads to the overlap of these two wave-functions on the cationic sites.   

In simple words, α- Al2O3, being a strong insulator with prominent ionic character has less 

screening due to absence of valence electron on the cation (Al3+) site.  This strengthen the core-

hole potential on the cationic site that lead to the appearance of Al L2,3 exciton doublet marked as 

A & B.  The higher energy features marked from C to F are related to the transitions from Al 2p 

state to the Al d (t2g and eg) states.  The appearance of the higher energy features is also related to 

the molecular fields of the oxygen atoms on the Al absorption process.136  The intensity ratio of 

the peaks corresponding to L2 and L3 edges is found to be 1.34 which is slightly less than the 

literature value of 1.65.  

Figure 3-8 (b) shows the optical constants profile obtained in the 480-600 eV energy range 

covering O K-absorption edge region of α- Al2O3.  The features appearing in the spectrum are 

marked from A to D.  In the O K-edge, no excitonic feature is observed.  This is due to the fact 

that the core-hole potential associated with O K-edge gets weakened due to screening by the 

valence electrons on the anion (O2-) site.  The origin of the features marked as A & B can be 

described as a result of transitions occurring from the O 1s states to O 2p states hybridized with 

Al 3d states which is splitted by crystal field effect.  On the other hand the higher energy features 

marked as C and D originate due to transitions occurring from O1s to O 2p hybridized with the 

Al 4s and 4p states.  These features are much less intense as compared to the broad feature A & 

B. 
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3.3.3.2 Comparison of Optical Constants of α-Al2O3 with that of thin film. 

Figure 3-9 shows the comparison of the experimentally investigated fine optical constants 

spectra of α-Al2O3 with an energy step of 0.1 eV with that of the obtained optical constants of 

the reactive sputtered aluminum oxide thin film measured at discrete photon energies.   
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Figure 3-9 Comparison of the experimentally obtained optical constants δ & β of the sapphire (α-Al2O3) with that of 

the aluminum oxide thin film having a thickness of 240 Å. 

It is clearly evident that away from the absorption edge the trend of the optical constants of bulk 

α-Al2O3 and the thin film matches well with slight difference.  Near the Al L-edge region the 

scenario is different and is difficult to distinguish.  The absorption edge energy seems to be 

different for the two samples because of different Al:O chemical shift.  Thus, one can conclude 

that the optical constants are highly dependent on the state of the sample and also on the 

deposition technique. 

Comparison of optical constants evaluated from Angle & Energy-Dependent SXR 

techniques 

Soft X-ray reflectivity techniques in both the angle & energy-dependent modes can be utilized 

for investigation of the optical constants in the X-ray region. However, it is also important to 
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note that there are certain differences in the information obtained from these two techniques 

which are discussed below.   

Angle dependent SXR technique is mostly suitable in case of thin film structure rather than thick 

crystal owing to its limitation in the angular resolution.  In case of angle dependent SXR 

technique, a complete idea of the layered model of the thin film i.e, its structural as well as the 

optical constants (δ & β) of the individual layers can be easily determined. However, near the 

absorption edges, the behavior of the optical constants (δ & β) changes drastically, thus there is a 

need of angle-dependent measurement at small steps of wavelength/energy. Thus, precise 

determination of optical constants near the absorption edge using angle-dependent SXR 

measurement, takes a lot of effort. Another issue lies with the accuracy of the obtained optical 

constants from this technique, especially near the absorption edges.  Near the edge region, the 

absorption(β) is dominant, thus, the β/ δ ratio becomes greater than 1 leading to an exponential 

like shape in the reflectivity curve. This leads to difficulty in the fitting of the measured angle-

dependent reflectivity curve and as a consequence there is an uncertainty in the determined 

optical constants (δ & β) for most of the materials. 

On the other hand, in energy dependent SXR technique, one can easily evaluate the optical 

constants (δ & β) of a crystal or principal layer of thin film. There is no difficulty in evaluation 

even near the absorption edge region. However, the only experimental limitation of this 

technique is that no information about the layered structure of a thin film and its structural 

parameters are obtained. 
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Figure 3-10  shows the comparison of the optical constants of sapphire crystal evaluated from angle-dependent and 

energy-dependent Soft X-ray reflectivity (SXR) measurements.  
 

Figure 3-10 shows the comparison of the optical constants (δ & β) of sapphire crystal evaluated 

from the two techniques as mentioned above. For this comparison the optical constants (δ & β) 

data of sapphire crystal evaluated from the angle-dependent SXR measurements are taken from 

the earlier work carried out at the Indus-1 soft X-ray reflectivity beamline by Arijeet et al.140.  In 

their study the R v/s angle measurements were performed near the Al L-edge region with the 

beamline operating at relatively lower resolution of λ/Δ λ ~ 200 near the Al L2,3 absorption edge 

energy.  

From the figure it is seen that the optical constants investigated from the energy-dependent 

technique shows the fine features in the spectra clearly, whereas, for the angle-dependent data 

the features are not clear due to lack of enough measurements near the edge region. It is also 

evident that the optical constants (δ & β) of sapphire crystal investigated using two different 

modes of SXR matches well except in the vicinity of the absorption edge.  The optical constants 

evaluated from angle-dependent techniques are found to be over-estimated at the edge region and 

the reason behind this is already explained in the beginning of this section. 
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3.3.4.  Depth Resolved Compositional analysis of off-stoichiometric film. 

It is known that in the soft X-ray region, optical response of a material can be quantified in terms 

of optical constants which are more sensitive near the absorption edges of the constituent 

elements.  This sensitivity can be attributed to the fact that near the absorption edges the optical 

properties are largely influenced by the local environment of the material.  Thus precise 

determination of the optical constants near the absorption edges yields in-depth compositional 

details of the material.  The details of the measurements carried out and the modelling approach 

considered are described below- 

3.3.4.1 GIXRD analysis 

In case of PVD grown films, high deposition rate leads to the formation of metastable structures 

as the atoms does not get much time to rearrange themselves so that they can achieve the most 

energetically favourable position.  A number of metastable phases of alumina are reported in 

literature.  These metastable phases can be categorized on the basis of the arrangement of the 

close packed oxygen sub-lattice.141  Thus it is very important to analyze the phases present in the 

aluminum oxide thin film.  Figure 3-11 shows the glancing angle X-ray diffraction (GIXRD) 

pattern of aluminum oxide thin film measured at a glancing angle of 0.8o.  From the obtained 

XRD pattern as shown in Figure 3-11 the peak position of 38.5o corresponds to Al (111) plane 

with slight shift from the actual value and that at 55.2o confirms the existence of rhombohedral 

phase of aluminum oxide (Al2O3).  These values are verified from the JCPDS database (JCPDS 

46-1212).  One can conclude that the film is polycrystalline in nature.  Using Debye Scherer 

formula the particle size is calculated to be 92.8 Å.  The X-ray diffraction pattern does not 
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provide further information about the composition of the film throughout its depth which led us 

to explore using other techniques. 
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Figure 3-11 GIXRD spectrum of aluminum oxide thin film is shown.  The vertical dotted line represents the peak 

positions of aluminum (Al) & aluminum oxide (Al2O3). 

3.3.4.2 XPS analysis 

To analysis the chemical composition of the film in-depth we have carried out X-ray 

Photoelectron spectroscopy (XPS) measurement for the as-deposited film as well as after 

sputtering the film for a time interval varying from 5 minutes to 25 minutes.  Figure 3-12 shows 

the Al 2s, Al 2p and O 1s core levels XPS spectra of the aluminum oxide thin film after 

sputtering for a time interval of 10 minutes. 

The high value of FWHM of Al 2s, 2p and O 1s core level spectra indicates the presence of more 

than one combined chemical composition of Al and O.  The de-convolution of the XPS spectra 

corresponding to different core levels are carried out using XPS Peak fit software. The binding 

energy positions and the area of the different phases obtained from the de-convolution method 



Chapter 3.                     Structural, optical and compositional analysis of aluminum oxide (Al2O3) 

Page | 84  

 

are tabulated in Table 3-3.  The binding energy value of the various core levels as shown in 

Figure 3-12 seems to be slightly shifted from the literature value as shown in dotted lines. 

 

 

 

 

Figure 3-12 XPS spectra of Al2p, 2s & O 1s core levels of aluminum oxide thin film measured after sputtering for 

10 minutes. Sputtering leads to removal of the top contamination layer. 

Table 3-3. Elemental concentration for different sputtering cycle obtained from the XPS spectra of Al 2s  and 

O 1s core levels 

Etching 

 time 

(min) 

Al 2s O 1s Elemental  

Concentration 

Binding 

energy 

(eV) 

Phase At% Binding 

energy 

(eV) 

At % Al 

(%) 

O 

(%) 

5 120.3 AlOx 52.47 532.8 66.76 31.057 68.943 

121.1 Al2O3 47.53 533.5 33.24 

10 120.3 AlOx 50.24 532.8 58.96 31.81 68.19 

121.1 Al2O3 49.76 533.44 41.04 

15 120.4 AlOx 44.19 532.8 55.84 32.49 67.51 

121.2 Al2O3 55.81 533.5 44.16 

20 120.45 AlOx 44.7 532.84 53.28 32.65 67.35 

121.2 Al2O3 55.3 533.5 46.72 

25 120.4 AlOx 28.75 532.81 33.9 44.11 55.89 

121.3 Al2O3 71.25 533.45 66.1 

It is also identified from the analysis of XPS spectra of various core-levels that two phases 

corresponding to AlOx and Al2O3 are present in the film.  Reference position of AlOx and Al2O3 

phases based on literature values obtained from NIST XPS database142 are marked as vertical 

dashed lines in the figures.  From the analysis of area under the peaks the percentage 
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contribution of Al2O3 and AlOx phases are calculated for different sputtering cycles for different 

core levels and are tabulated in the same table.  

It is observed that upto 10 minutes sputtering cycle the percentage contribution of AlOx is more 

or less stable around 50-52% but suddenly after 20 min the percentage contribution of AlOx 

decreases whereas that of Al2O3 increases.  This is so because huge percentage of the 

stoichiometric oxide deposited gets buried inside the film and the top layers mostly consists of 

AlOx, however the oxidation may differ slightly.143  The O/Al ratio as calculated from the peaks 

corresponding to Al2O3 phase is found to be 1.52.  Similarly, the value of x is calculated from the 

ratio of the area corresponding to the AlOx peak in O 1s and Al 2s core level and is found to be 

1.97.  These ratios are calculated by considering the area of the peaks of the corresponding 

phases at the O 1s and Al 2s/ Al 2p core level along with the contribution of the photoelectric 

cross section of the different core levels.  The O/Al ratio for different sputtering cycles gives an 

idea about the approximate composition of the thin film at various depths.  Though we have 

taken into account the photoelectric cross section of the different core levels, but other factors 

like mean free path of the electron for different energy range of the different core levels are not 

considered.  Thus, this may result in an inaccuracy of the obtained stoichiometry results. 

However, carrying out the analysis for two different core levels of Al enhances the accuracy of 

the stoichiometry estimation using XPS technique.  The primary limitation of this technique lies 

in its limited probing range of photoelectrons following its disability to probe the interfacial 

layer formed at the film/substrate interface. For the present case non-destructive soft X-ray 

reflectivity technique comes to the rescue. 
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3.3.4.3 In-depth compositional study using SXR analysis 

We consider the optical constants profile obtained from the analysis of the angle-dependent soft 

X-ray reflectivity for the investigation of the composition of the principal layer.  The 

disagreement of experimental profile with that of Al2O3 profile indicates about the absence of 

pure stoichiometric aluminum oxide as revealed from the XPS measurements also.  The 

evaluation of the composition of the film is carried out by modelling the obtained experimental 

optical constants profile.  To obtain a best fit for experimental optical constants profile the 

fractional composition of these two phases are considered.  It is found that a contribution of 50% 

AlOx (x=1.6) and Al2O3 gives the experimental profile a best fit.  This exercise has been carried 

out for various AlOx + Al2O3 combination where the value of x is varied from 1 to 2, but the best 

fit is found for AlO1.6+ Al2O3 combination.  It is very important to assume a correct density of 

these two phases while calculating the optical index of these two phases.  For this reason we 

have calculated the optical index of these phases assuming different possible densities ranging 

from 2.90 g/cc to the bulk density of Al2O3 i.e., 3.97 g/cc.   

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 3-13 Optical index profile (a) δ and (b) β for AlOx (x=1.6), Al2O3 are calculated for 2.93 g/cm3 and 3.97 

g/cm3 density respectively and compared with experimentally measured profile of aluminum oxide thin film. The 

combination of 50% AlOx (x=1.6) + 50% of Al2O3 gives best fit to the experimental data 
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The calculated profile of AlO1.6 (high oxygen content) and Al2O3 along with experimental profile 

is shown in Figure 3-13 (a) and (b) respectively.  From this figure it is evident that the 

experimental profile of the aluminum oxide thin film lies in between that of AlOx (x=1.6) and 

Al2O3 profiles.   

In next step we studied the compositional details of the interface formed at the aluminum oxide 

film/substrate interface using the optical index profile of interface layer.  The evaluation of the 

optical index profile of the interface layer is carried out from the analysis of the angle-dependent 

reflectivity measurements.  Generally, a silicon substrate has a 30-50 Å thick native oxide layer 

therefore we assumed that the interface layer could be of SiO2 but the comparison of 

experimental optical index profile with that of SiO2 do not have any resemblance.  Further the Si 

substrate was RCA cleaned hence the possibility of pure SiO2 layer is rather minimum. 
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Figure 3-14 Optical index profile (a) δ and (b) β for interfacial layer formed at film/substrate interface.  The 

experimental profile matches reasonably well with 25% SiO2 and 75 % AlOx (x=1.6) composition. 

The most possible explanation behind the formation of an interfacial layer other than the native 

oxide can be understood from the film deposition process.  It might have happened that while the 

sputtering of Al target in oxygen environment, the oxygen could react with Si substrate as well 

as with the sputtered Al atoms.  In such a case it is possible that the silicon oxide and aluminum 
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oxide phases coexist in the initial stage of growth and then it is buried under the principal layer 

of aluminum oxide.   

It is also likely that during the initial stage of deposition the Al can share two electrons with 

oxygen and another electron with the dangling bond of the Si substrate forming a Si-Al-O 

bonding.144  Therefore in the interface region the formation of the AlOx (x=1.6) phase along with 

silicon oxide is more probable.145  All these fact has been considered in the optical modeling of 

the interface layer.  The optical index profile of interface layer is therefore compared with that of 

SiO2 and AlOx (x=1.6) in Figure 3-14 (a) & (b) respectively.  The fractional composition of 25% 

SiO2 and 75% AlOx (x=1.6) phase gives a best fit to the experimental profile of interface layer. 

3.4 Conclusions 

GIXRR results suggest that the film density is lower (2.93 g/cc) from that of bulk alumina (3.97 

g/cc).  The experimentally obtained δ & β are found to be 5-33% higher than the tabulated 

Henke's values for reduced density alumina of 2.93 g/cc.  Near Al L- absorption edge, δ are 50-

120% higher whereas β are lower by 7-20%.  The variation in optical constant values are 

attributed to lower film density and mixed phases found in the present sample as revealed from 

the GIXRR and the XPS analyses.  The optical constants of the film at discrete photon energy 

are also compared with the values available from other databases and that of fine spectra of α- 

Al2O3.  It is evident that for the thin film the beta (β) values are lower than that of α- Al2O3, 

making it more suitable as a spacer layer in multilayers.   

For α- Al2O3 well resolved peaks corresponding to the L2 & L3 absorption edge of Al are 

observed in both dispersion (δ) and absorption (β) which are located at an energy position of 
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78.0 eV & 78.4 eV respectively.  These doublet feature are also termed as Al L2,3 excitonic 

feature as cited in literature. 

Compositional analysis of the principal layer as well as the interfacial layer of the aluminum 

oxide film was estimated quantitatively using the SXR technique.  The best fit of the optical 

index profile of the principal layer over 60-200 Å (~206-60 eV energy) wavelength region was 

obtained by taking into account the composition of 50% AlOx (x=1.6) and 50% Al2O3.  SXR 

analysis further reveals that the interface layer at the film/substrate region comprised of SiO2 and 

AlOx (x=1.6).  The intermixing of these two leads to form an aluminum silicate compound at the 

interface region.  The SXR technique gives compositional details of principal layer and interface 

region both in a non-destructive manner unlike the conventional XPS technique where one needs 

to sputter the film to obtain in-depth information.  
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Chapter 4.  
Study on Structural and Optical Properties of MgO 

 

 This chapter deals with the investigation of optical properties in extreme ultraviolet 

(EUV)/ Soft X-ray region along with the characterization of surface and interface of MgO thin 

film deposited on Si substrate.  The underlying physical aspects of the optical properties of MgO 

and its correlation with the electronic structure are investigated using energy-dependent 

reflectance spectroscopy.  We utilized the energy-dependent reflectance data in order to extract 

the values of dispersion & absorption (optical constants) in 40-300 eV photon energy range 

covering the Mg L-edge (~50 eV).  Interestingly, the effect of core hole on the optical properties 

of MgO is also shown.  

For real application point of view we have also provided insights about the structural as well as 

surface and interface properties of MgO thin film using non-destructive EUV/SXR, Secondary 

Ion Mass Spectrometry (SIMS) and surface sensitive absorption (in total electron yield mode) 

techniques. 
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4.1 Introduction: 

 Magnesium oxide (MgO) is a versatile material that exhibits excellent dielectric property 

and has wide range of applications in various emerging fields of science and technology.  It is 

used as a barrier layer in magnetic tunnel junctions. 146,147  It is also regarded as one of the 

potential dielectric materials that has ample of applications in the semiconductor integrated 

devices.  It is also well known for its use as a substrate in depositing high quality oxide films.148  

The utility of Magnesium oxide (MgO) thin film for various EUV/Soft X-ray optics applications 

are already discussed in Chapter 1.  The scientific desire to obtain a fundamental understanding 

on the structural and optical properties of the thin film in the soft X-ray/ VUV region for 

applications in the field of multilayer mirror is an important requirement and is emphasized in 

Chapter 1.  There we have also discussed about the relation between the optical properties with 

the electronic structure of a material. 

Very few studies are available which provide unprecedented insight into the connection between 

the optical properties with the electronic structures. 149,150,151,152  Among them most of the studies 

are based on the optical properties in the IR and visible region of the electromagnetic spectrum 

which lies below the band gap energy of semiconductor or insulator materials.  Studies on the 

correlation between electronic structure & optical properties in the EUV/ Soft X-ray region 

covering the core-level absorption edges of the constituent elements of compound materials are 

scarce.153,154  Recent progress in the instrumentation of the beamlines using synchrotron radiation 

sources enables one to map the optical properties of materials with respect to the modification in 

the electronic structures.155,156  In the introduction of Chapter 3, we have provided references of 

few possible materials like Al2O3, MgO & SiO2, where the influence of core-hole effect on the 

absorption spectrum near the edge region of cation is observed.  In the same chapter itself, we 
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have also shown how the optical properties are dependent on the crystalline state, electronic 

structure & composition in case of aluminum oxide.  There are several other oxide materials like 

TiO2, CaO 157and minor actinide dioxides like NpO2 & AmO2
158in which this effect is observed 

from theoretical calculations and are reported.  Calandra et al. 159 reported that shakeup processes 

occur at the K-edge XAS spectra of NiO, CoO, and CuO.  According to their study, charge-

transfer satellites occurring in X-ray Photoelectron core-hole spectra gives rise to shakeup 

satellites in the corresponding X-ray absorption (XAS) spectra. 

In EUV/ Soft X-ray region there is no satisfactory understanding achieved so far, on extracting 

optical constants in the near edge region of strong ionic-insulators having strong core-hole 

effects.  In this endeavor a joint experiment-theory effort using synchrotron radiation source and 

a computer time-space effective first principles method is the main aim of this Chapter.   

Reflection spectroscopy performed in EUV and soft X-ray region close to the absorption edges 

of constituent elements serve as a powerful tool to probe optical constants in this energy region.  

Near the absorption edges, the response functions are being perturbed leading to additional fine 

features corresponding to the local atomic and electronic structures.  These features are similar to 

that observed in near edge X-ray absorption spectroscopy results.160  However, these results 

represent absorption features, while there is no direct way to estimate the dispersion features.  

One can use conventional Kramers-Kronig relation on the obtained absorption spectrum to 

derive the dispersion curve.  Similarly, from the energy dependent reflectivity spectrum one can 

estimate both the optical constants simultaneously using Kramers-Krönig (KK) relation where 

several fine features near the edges along with small shifts may appear.  These fine features 

account for core excitations and different bonding configurations associated with electronic 
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structure respectively.  Once we understand the origin of these fine features we can easily 

correlate the relation of the electronic structure with that of the optical properties. 

In literature, although electron energy loss spectroscopy (EELS) and X-ray absorption 

spectroscopy (XAS) measurements of MgO are available, no reports of optical constants above 

the photon energy of 29 eV is available.  Previously, ref.161 obtained the optical constants of 

MgO for the energy range of 4-29 eV, by Kramers-Kronig analysis of their reflectance data.  

Brien et al.137 also carried out soft X-ray reflection spectroscopy measurements in the energy 

range of 50-85 eV.  However, the prime inadequacy of their work was that, they measured 

relative reflection, not the absolute one.  In this way, their information failed to provide 

information about optical constants of MgO. 

Optical constants are highly dependent upon the structural details of the thin film which is again 

dependent upon its deposition technique.  The advancement in thin film deposition techniques 

enables one to fabricate high precise low thickness film (~ nm) along with spatial uniformity.  

However, the nature of interaction of the deposited film on the substrate is not always known.  

Sometimes interface formation due to inter-diffusion, formation of rough surfaces, presence of 

buried layer may deteriorate the quality of the deposited film resulting in the degradation of its 

performance.  Thus, it is a prerequisite to carry out proper material characterization i.e. 

determination of structural parameters with high accuracy, in-depth density profile, surface and 

interface composition of the film along with its optical constants.  Soft X-ray reflectivity and soft 

X-ray absorption spectroscopy are powerful techniques used to investigate the surface, interface 

and the structural characterization of a material as discussed in Chapter 1.   

There are several instances in literature where SXR-TEY techniques are used to successfully 

describe the interfaces buried deep down the surface.  Borrero et al.162 carried out site selective 
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spectroscopy of transition metal oxide (LaCaMnO3/YBCO) heterostructures using reflectivity 

and X-ray absorption spectroscopy.  Filatova et al.163 have shown the evolution of near edge 

absorption fine structure of HfO2 thin film using simultaneous TEY and X-ray reflection 

spectroscopy technique.  Alders et al.164 also carried out grazing incidence reflectivity and 

absorption spectroscopy of NiO near Ni 2p edge.  In this work we have carried out a detailed 

characterization of surface/ interface quality of MgO thin film using soft X-ray reflectivity and 

soft X-ray absorption spectroscopy.  However, in order to achieve the calculated performance 

from a thin film/ multilayer devices it is prerequisite to characterize the surfaces/ interfaces 

quality in actual energy/wavelength regime.  Studies on soft X-ray behavior of MgO thin film 

are scarce in literature, which motivates us to understand the soft X-ray optical behavior.  

In the present study, we present experimentally obtained optical constants of magnesium oxide 

(MgO) thin film in 40 - 300 eV energy range (~300-40 Å) covering the complete soft X-ray 

region available in the reflectivity beamline of Indus-1 synchrotron radiation source. To the best 

of our knowledge, ours is the first experimental study which covers optical constants of MgO 

thin film in wide energy range of 40-300 eV, where various fine features observed in the 

absorption spectra near the Mg L edge are explained using first principles density functional 

calculations.  The measured optical constants indicating the presence of fine features near the Mg 

L edge region are compared with the Henke’s tabulated values obtained from the CXRO website.  

Henke data available from the CXRO website does not explain the effects of core-hole on the 

optical constants of MgO near the Mg absorption edge region.  Whereas, our results give clear 

evidence of effect of core-hole on the MgO optical constants which has been confirmed by 

theoretical calculations carried under the framework of density functional theory.  We have also 

carried out angle-dependent soft X-ray reflectivity measurements of MgO thin film deposited 
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over Si substrate over the wavelength range of 120-190 Å.  From the analysis of the soft X-ray 

reflectivity data the in-depth delta profile is obtained, which gives a clear picture of the density 

variation of the surface and interface below and above Si L-edge (~125 Å).  The model, as 

assumed for the analysis of the soft X-ray reflectivity data is correlated with the secondary ion 

mass spectra. On the other hand, the X-ray absorption measurements (XAS) in total electron 

yield mode were carried out near the O K-edge providing information about the top surface layer 

and the structure of the film. 

4.2 Core-hole effect and its implication on electronic structure 

  When a photon having an energy equivalent to the Mg L-edge energy gets 

impinged on MgO thin film sample, formation of core-hole at Mg L shell occurs as a result of 

knocking out of an electron.  After the formation of the core hole, it may be screened by the 

surrounding electron cloud present in the system leading to the formation of bound exciton like 

states. The main principle behind the formation of these states can be attributed to the Coulomb 

interaction between the excited electron and the core hole formed.  Since these states are 

localized deep within the atomic cores and are incapable of hopping from one atomic site to 

another, these can be named as core-exciton states.  The electron associated with a core exciton 

faces an excess strong potential of the core-hole as a result of which an observable change in the 

electronic structure near the vicinity of the absorption edge can be noticed.  However, the 

strength of the core-exciton effects may vary from system to system (e.g; semiconductor, 

insulators).  The degree of the effect primarily depends on the response of the remaining 

electrons in the solid that attempt to screen the core hole from the high-energy unoccupied states.  

Thus, in case of insulators the core-hole effect plays a key role in the modifications of the 

electronic structures near the vicinity of the absorption edges as compared to metals and 
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semiconductors.  There are ample of literatures showing the core-exciton features in the 

absorption spectrum, especially near the edge region.165,166,126  The theory of the absorption 

spectrum is based on the famous principle of quantum mechanics- the Fermi Golden rule, where 

two factors such as, site and symmetry projected density of states and the transition matrix 

elements play the major role. However, the origin of the features corresponding to the core-hole 

effect can’t be completely interpreted from these two terms.  In order to understand this, we 

present a schematic understanding of the core-hole or equivalently core-excitonic effect in our 

case shown in Figure 4-1. 

 

Figure 4-1 Schematic representation of the formation of core-exciton state as a consequence of core-hole effect (a) 

shows the ground state of MgO (b) shows the transition state where formation of core-exciton state occurs & (c) 

shows the final effect of core-hole. 

The figure at the left shows the ground state (or initial state) - with the electron of the 2p state 

being excited by the X-ray photon. The middle figure shows that an electron making a transition 

to the unoccupied valence states are pulled down in energy due to the presence of the hole in the 

2p state. The curve on the right is the spectrum in the final state with a hole in the 2p and a 

photoelectron in the valence band shifted down in energy due to the attractive core hole.  
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In reality, the probing electron (in case of EELS) or X-ray photon (in case of photon 

spectroscopy) interacts with the sample under study that has already been perturbed by the probe.  

This perturbation results in the removal of an inner shell electron or generation of a core-hole.  

After the generation of the core hole, the relaxation of the system also occurs simultaneously.  

This phenomenon is replicated in the experimental spectrum.  Thus, proper explanation of the 

experimental absorption spectra near the edge region especially for oxides is a challenging task 

since it involves the contribution of many other effects which are explained below. 

The core-hole formed owing to the ejection of the photoelectron remains localized on a 

particular atomic site.  Thus, of the most popular approach adopted by researchers of DFT 

community is to introduce a core hole i.e., to reduce the electron occupation in the core level and 

simultaneously apply supercell approximation.  Another way to confirm the origin of the 

different features appearing in the experimental absorption spectra is to simultaneously perform 

ground state XANES calculation. 

4.3 Experimental details 

The magnesium oxide films were deposited by ion-beam sputtering (IBS) technique.  The ion 

source used produces an ion beam of desired gas of Argon, Nitrogen and Oxygen.  The ion 

source has a diameter 30 mm with energy lying in the range of 200-1200 eV and beam current 

lies within 20-100 mA.  The ion source uses RF to ignite plasma and a RF electron source to 

neutralize the ion beam.  This enables the IBS system to sputter both conducting as well as 

insulating materials. Other details of the system can be found in167.  Before the deposition, the Si 

substrate was ultrasonically cleaned with acetone.  The sputtering of pure MgO target (99.99% 

purity) was carried out in an argon (Ar) environment at a working pressure of 2 × 10-3 Pa.  The 
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target was sputtered with an argon ion beam having energy of 1000 V and a beam current of 30 

mA. With MgO being an insulator, to avoid the sample charging effect a neutralizer was flown at 

a rate of 5 sccm while deposition.  Prior to the deposition, the chamber was maintained at a base 

pressure of 4.2 × 10-5 Pa. 

Reflectivity measurements were performed at reflectivity beamline of Indus-1 synchrotron 

radiation source with the use of two mirror harmonic suppressor system.  Details are given in 

Section 0. 

Depth profiling using Secondary Ion Mass Spectrometry (SIMS) was carried out on magnesium 

oxide (MgO) sample deposited on Si substrate.  The primary beam consists on Cs+ ion 

bombarded with energy of 1 keV and a current of 80 nA on an area of 300 μm × 300 μm of 

sample surface.  The analysis was carried using bismuth ion (Bi+) at energy of 300 keV and a 

current of 4.7 pA on an area of 100 μm × 100 μm on the crater. 

4.4 Results and discussions: 

4.4.1 Surface/ Interface study of Magnesium oxide thin film 

 Angle dependent Soft X-ray reflectivity measurements were carried out in the 

wavelength region of 120-190 Å to investigate the structural parameters and the layer model of 

the thin film.  Figure 4-2 shows the measured (star) and fitted (black solid line) angle-dependent 

reflectivity curves of 500 Å thick magnesium oxide (MgO) thin film using photon beam in the 

120 Å to 190 Å wavelength range.  In order to obtain a best fit, it is found that a simple three 

layer model consisting of the top surface layer, principal MgO layer and the interfacial layer 

consisting of native oxide of the substrate is not sufficient to fit the measured data.  To improve 
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the fit quality an additional layer near the film/substrate interface is assumed after the native 

oxide layer on the substrate. 

The model which gives a best fit consists of the top surface layer, the principal MgO layer, an 

interfacial layer consisting of Mg-Si compound and the native oxide layer on the silicon 

substrate.  From the analysis of the reflectivity data, the structural parameters i.e., thicknesses 

and roughness of each layer comprising the film was evaluated along with their corresponding 

delta (δ) variation with thickness.  The structural parameters i.e., thicknesses and roughness of 

the different layers as obtained from the SXR analysis are tabulated in Table 4-1. 

 

 

 

 

 

 

 

Figure 4-2 Measured (star) and fitted (continuous solid line) angle dependent soft X‐ray reflectivity curve of 

magnesium oxide (MgO) thin film over the wavelength range of 120‐190 Å. 

The structural parameters obtained were valid over the complete region of wavelength (120-190 

Å) where reflectivity measurements were performed. 

From the delta (δ) values of the top surface and principal layer MgO layer it was found that the 

delta (δ) of the top surface layer is ~33% less than that of principal layer.  The layer model as 
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considered for analysis of reflectivity data was confirmed from secondary ion mass spectrometry 

(SIMS) measurements too.  Our SIMS data as shown in Figure 4-3 also suggests that the surface 

layer is comprised of MgO, and its low density could be due to surface roughness and presence 

of unreacted oxygen etc. as evident from reflectivity analysis. 

Table 4-1 Structural parameter of the magnesium oxide thin film obtained from angle-dependent SXR. 

Layer Thickness (Å) Roughness σ (Å) 

Top surface 350.6 9.3 

Principal MgO 4340.7 9.2 

Interface 470.8 7.9 

400.8 3.6 

Si substrate INF 3.3 
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Figure 4-3 Secondary ion mass spectroscopy (SIMS) spectra of magnesium oxide (MgO) thin film. 

The in-depth composition of the magnesium oxide thin film can be well understood from the 

optical density (delta) profile obtained by modelling the reflectivity data over the wavelength 

range of 120 to 190 Å and is shown in Figure 4-4.  The optical density profile (ODP) as obtained 
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from SXR analysis ensures the fact that the top layer has low density in comparison to the 

principal MgO layer.  It is also evident that the principal layer is almost uniform except near the 

air/film and the film/substrate interface.  The effect of surface roughness is included in the 

calculation of in-depth ODP as evident in Figure 4-4, where a gradual change in density (delta) is 

observed between the interfaces of various layers as assumed in the model.  The surface 

roughness effect is considered in accordance to the Névot-Croce model where an error function 

instead of a step function is assumed near the interface of different layers.  Near the 

film/substrate interface, formation of some interfacial layer is observed.  Previously, Singh et 

al.168 carried out X-ray reflectivity measurements of Fe/MgO/Fe multilayer stack where MgO 

buffer layer was deposited on Si substrate to prevent silicide formation at the Si/Fe interface.  

They observed that the obtained reflectivity pattern matched well with the simulated one on 

consideration of a SiOx and Mg2Six layer above the Si substrate.   
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Figure 4-4 In‐depth optical density profile obtained from modelling the soft X‐ray reflectivity data. Inset shows the 

Henke tabulated delta values in the wavelength range of 120‐190 Å for bulk Mg2SiO3, SiO2, and Mg2Si. 
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In our study also we have considered two layers of different densities between the principal MgO 

and Si substrate.  To identify the composition of this interface layer we tried to make a 

comparison between the Henke tabulated-delta values of bulk Mg2SiO3, Mg2Si and SiO2.  

For 120 Å, the in-depth delta profile shows that the interfacial layer is actually composed of two 

different layers having a slight contrast in delta i.e. having slightly different densities.  The two 

interfacial layers are nothing but Mg-Si-O and Si-O layers. At 120 Å, the delta value of the 1st 

interfacial layer is slightly higher than that of the 2nd one, while at 140 Å this trend reverses.  

This is evident from the inset of Figure 4-4, where we can see that the delta value of bulk SiO2 

lies between that of Mg2SiO3 having a bulk density of 3.21 g/cc and Mg2Si with a density of 1.99 

g/ c.c.  If we consider that the 1st interfacial layer is composed of Mg-Si-O then its delta value 

must lie somewhere between the delta profile of bulk Mg2SiO3 and Mg2Si, which is true for our 

case.  Moreover, according to the trend of the delta profile of bulk SiO2, it is quite evident that 

the delta value at 140 Å for Si-O must be higher as compared to Mg-Si-O.  It is also evident that 

after 170 Å, the delta value of the Mg-Si-O layer is quite lower than the Si-O layer.  If we 

observe the inset of Figure 4-4, we can see that delta value of both bulk Mg2SiO3 and Mg2Si 

follows a decreasing trend as wavelength increases after 170 Å.  To confirm the correct picture 

of the model obtained by analysis of the soft X-ray reflectivity we have carried out secondary 

mass ion spectroscopy (SIMS) measurements. SIMS being a destructive technique provides the 

real picture of the in-depth composition of the thin film.  Figure 4-3 shows the SIMS spectra of 

the magnesium oxide thin film, where it is observed that the principal MgO layer is almost 

uniform throughout the depth of the film except at the film/substrate interface.  Near the 

interface, presence of both SiO2- and Mg-Si is evident.  It is evident from the spectra that the Si 

atoms from the substrate diffused towards the principal MgO layer upto some extent.  The Si 
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atoms along with MgO form a complex Mg-Si-O compound.  Thus the SIMS results 

corroborates well with the optical density profile (ODP) obtained by modelling the soft X-ray 

reflectivity data.  

4.4.2 Investigation of optical constants of MgO thin film and its relation to 

electronic structure 

4.4.2.1 Investigation of optical constants near Mg L-edge from energy-dependent SXR 

measurement. 

Figure 4-5 shows the energy-dependent reflectance spectra in the 40-300 eV range for a fixed 

incident angle of 5o.   
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Figure 4-5 Measured reflectance spectrum of an MgO thin film at a fixed glancing angle of θ = 5o in the energy 

range 40–300 eV.  The inset shows thereflectance spectra neat the Mg L-edge. 

To perform Kramers-Kronig integration we need reflectivity data over broader energy range 

(zero to infinity), thus to satisfy this condition we have stitched our experimental data of 40-300 

eV range with the simulated reflectivity data of 300 to 30,000 eV range.  Finally the phase of the 
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reflected wave field was retrieved using the Kramers-Kronig relation as shown in Equation (1-

10). 

Figure 4-6 (a) and (b) shows the optical constants (δ & β) of MgO thin film obtained by applying 

KK relation.  The obtained optical constants over the continuous spectral range of 40-300 eV are 

compared with the only optical constants available from the CXRO website.  The present study 

of optical constants measurements of MgO thin film in 40-300 eV photon energy range has two 

different regions 1) Near Mg L absorption edge, 40-100 eV (as shown in inset of Figure 4-6 (a) 

and (b) ) and (2) Away from absorption edge, 100-300 eV.  It is evident that the fine features are 

observed in the first region i.e. 40-100 eV.  On the other hand, no distinct features are observed 

in 100-300 eV range.  The features as observed in the profile of optical constants near the Mg L 

absorption edge region are completely different from the features appearing in the Henke 

tabulated values.  The calculation of penetration depth suggests that the photons of 40-100 eV 
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Figure 4-6 Measured values of (a) delta (δ) and (b) beta (β) obtained from the KK analysis of reflectivity versus 
photon energy data are compared with tabulated values obtained from the CXRO database. The inset shows the 40–

100 eV region where several fine features are evident. 

penetrate a thickness of more than 5.0 nm and thus they interact with principal MgO layer.  This 

suggests that the fine features as observed in the 40-100 eV energy range are correlated with 
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principal MgO layer.  On the other hand in the 100-300 eV energy region, the penetration depth 

lie within a thickness of 3.0-4.5 nm, thus representing the optical constants of low density MgO 

surface layer.  From the inset of Figure 4-6 (a) and (b) it is also evident that the energy position 

of the feature marked ‘a’ as determined from the experimental reflectance spectra lies at 52.8 eV 

which is almost consistent with ref.137. On the other hand, according to Henke tabulated optical 

constant profile obtained from CXRO database, the Mg L-edge is located at an energy value of 

49.6 eV, which actually corresponds to that of pure Mg.  This shift could be well understood as 

the Henke tabulated data are calculated using the weighted sum method and near the absorption 

edge region the weighted sum approach fails.  For example, Mg and O atoms forms an ionic 

bond and resultant overlapping of atomic wave functions lead to formation of new molecular 

wave function for compound MgO.  In the weighted sum approach, the role of this overlapping 

wave function is not accounted and therefore the edge energy of the tabulated data corresponds 

to that of Mg.  

4.4.2.2 Investigation of optical constants near O K-edge from X-ray absorption 

measurement. 

It is well known that the total electron yield (TEY) spectrum measured in normal incidence mode 

is proportional to the absorption co-efficient or the beta (β) spectrum.  The limitation of Henke 

tabulated database is that it lacks the details of the fine features near the absorption edge region.  

However, far away from the edge region it provides accurate information about the optical 

constants.  Thus, if we record total electron yield spectrum over a larger energy range (~50 eV 

from both sides of the edge region) and scale with respect to the Henke tabulated beta (β) values 

away from the edge region to match, we obtain the beta spectrum with all the possible fine 

features.  Figure 4-7 shows the X-ray absorption spectrum of the 500 Å thick MgO thin film 
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measured in total electron yield mode scaled with respect to the Henke tabulated beta (β) values 

taken from CXRO database. 
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Figure 4-7 Experimental X-ray absorption spectra of MgO thin film measured near O K-edge in total electron yield 

mode scaled with respect to the Henke tabulated beta values taken from CXRO database. 

In the next step we have used the Kramers-Kronig (KK) relation for the extraction of the 

dispersion part, delta (δ) from the scaled total electron yield spectrum representing beta (β).  The 

KK relation used in this case is given in Equation (1-12).  It is evident that the integration limit 

of energy in the above KK relation extends from zero to infinity, while our measured 

experimental range is limited.  Thus, to avoid the truncation error in the evaluation of delta (δ) 

we have stitched our experimental beta spectrum with the Henke tabulated beta values from the 

energy range of 40 eV to 10000 eV. 

The obtained delta spectrum in the energy range of 480-600 eV covering O K-edge is compared 

with that of the Henke tabulated value taken from CXRO database.  It is evident that away from 

the edge region the deviation between the experimental beta (β) values with respect to the 

tabulated one decrease, which is quite obvious.  At the O K-edge region deviation between 
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experimental beta (β) values with respect to the tabulated one is higher and the edge position is 

found to be shifted by 11.5 eV with respect to Henke. 
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Figure 4-8 Measured values of delta (δ) obtained from the KK analysis of beta (β) values as obtained by scaling of 

total electron yield spectra with respect to Henke tabulated data.  Comparison of the measured delta (δ) values with 

the Henke data available in CXRO database is also shown. 

This shift could be well understood as the Henke tabulated data are calculated using the weighted 

sum method and near the absorption edge region the weighted sum approach fails due to Mg-O 

bonding resulting in chemical shift. 

The origin of the fine features appearing near the O K-edge in both the dispersion (δ) & 

absorption (β) spectra will be discussed in the next section. 

4.4.2.3 Relation between electronic structure & the investigated optical constants. 

To correlate the optical constants near the Mg L-edge & O K-edge with the electronic structure 

of MgO thin film it is necessary to understand the origin of the various transitions which lead to 

the appearance of several fine features near the edge region.  In our experimental results, some 

fine features are observed in the optical constants spectrum near the Mg L edge region as well as 
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O K-edge region.  From few of evidences in literature we assume that the appearance of some 

fine features can be accounted to the creation of an excitonic like state as a consequence of core-

hole effect.  In case of MgO, the exciton is created in the band edge and it is due to the transition 

2𝑝6 → 2𝑝53𝑠1 in the cation site.137  The excitonic like state formed leads to the modification in 

the oscillator strength for transitions at higher energies.165  The creation of the core exciton state 

as a result of the core-hole effect can be referred to as a modification in the electronic structure 

which is reflected in the optical constants profile of MgO.  In order to ensure the fact that the 

fine features arises as a result of the presence of core-hole effects, it is necessary to provide 

theoretical evidences.   

DFT calculations 

There are several instances in literature where core level spectrum calculations have been carried 

out using different methods based under the framework of DFT.  The accuracy of most of these 

calculations depend on the choice of correct pseudopotentials which takes into account the effect 

of the electron hole interaction of an excitonic like state.  Ref 169studied the influence of 

supercell size on calculated absorption spectra of MgO using the conventional Z+1 

approximation.  They have also generated pseudopotentials for excited states, for Mg, both with 

a large core (1s, 2s, 2p orbitals) and a small core (1s orbital only).  The corresponding 

calculations were found to have a very good agreement with the results from the Z+1 calculation 

for the Mg-K edge only.  Ref170 carried out calculations of Mg-K edge absorption spectra of 

MgO using WIEN2k employing a supercell.  In their approach, the calculations were carried out 

by removing one core electron and adding it as uniform background charge to avoid 

renormalization.  References 165, 166, investigated the near edge structure of the Mg L2,3 edge of 

MgO under the framework of Bethe-Salpeter Equation (BSE) within two-particle method.  The 
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Bethe-Salpeter Equation (BSE) takes into account the effect of electron-hole interaction in a 

rigorous manner and thus provides more accurate results. However, absorption calculation using 

this equation is very cumbersome requiring higher computational cost. 

In this study, we have reproduced the fine features appearing in the optical constant spectra near 

the Mg L absorption edge using first principles calculations in CASTEP.  Gao et al. 171carried 

out calculation of absorption spectra of MgO using CASTEP; however their study was focused 

on Mg-K absorption edge only.  While performing our calculations we have considered MgO to 

have a rocksalt cubic structure, similar to that of a single crystal MgO, and the comparison were 

made with the experimental absorption spectra of MgO thin film.  In order to support our stand 

to compare optical constants results with single crystal MgO, we have carried out total electron 

yield (TEY) measurements on both MgO thin film and substrate (single crystal) near O-K edge 

region as shown in Figure 4-9.  From the TEY results, it was confirmed that the MgO thin film 

has similar rocksalt structure as that of a single crystal.  

 

 

 

 

 

 

Figure 4-9 X‐ray absorption spectra of 500‐Å‐thick MgO thin film and that of a MgO substrate measured in total 

electron yield mode near the O‐K absorption edge region. 
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To study core level spectroscopy using CASTEP, 3×3×3 supercell is used.  In our approach both 

the advantages of reduced computational cost, the ability to study very large systems and the 

accuracy of all-electron methods are retained.  This is in contrast to the methods like BSE as 

mentioned above.  Calculations with core hole are designed to describe the electronic structure of 

MgO containing highly excited ion with a hole in Mg-L core shell.  Such calculations are 

relevant to the description of excitation and relaxation of these excited states.  The calculations 

are carried out in two modes: without core-hole and considering a core-hole on an Mg atom.  

Figure 4-10 demonstrates the detailed comparison of the experimental spectra with the calculated 

one.  The spectrum with legend named 'Experimental' in Figure 4-10 represents the variation of 

the optical constant beta (β) with respect to energy near the Mg L edge.  The features appearing 

in the spectrum are marked from ‘a’ to ‘g’.  The calculated spectrum considering core-hole effect 

matches very well with the experimental one in terms of the location of the features which are 

marked as ‘a’ to ‘g’.   
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Figure 4-10 Experimental absorption spectra of MgO near the Mg L2,3-edge shown along with the theoretical 

spectra. The experimental spectra match well with the theoretical spectra obtained by considering the core-hole 

effect. 
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However, differences in terms of strength of the features in the experimental and the calculated 

spectrum are observed.  The reason behind the differences in the experimental and the calculated 

spectrum can be attributed to the consideration of a single crystal like periodic system instead of 

the polycrystalline nature of the thin film where presence of defects and impurities are quite 

expected.  We have considered the width of the core-hole to be 0.25 eV in order to match with 

the experimental spectrum.  The effect of core-hole is self-evident as one compares the 

absorption spectra in absence and presence of core-hole effect.  On comparison of the 

'Experimental' and the 'calculated spectrum considering core-hole' it is clear that the features 

marked as 'a' and 'b' originate as a consequence of the core hole effect.  

A detailed study on the various angular momentum projected partial density of states (PDOS) of 

MgO as shown in Figure 4-11 may provide significant light on this.  However, it is not possible 

to justify the origin of every absorption features marked from 'a' to 'g' from the calculated 

angular momentum projected density of states in absence or presence of  core hole.  Below the 

Fermi energy level, the negative energy states represent the occupied energy states while the 

positive energy states are the unoccupied ones.   

Thus from the calculated PDOS one can conclude that the absorption features of the 

experimental spectrum in Figure 4-10 root from the transition of Mg p to Mg s, d and hybridized 

states of Mg s and O s states respectively. 121  Features 'c' and 'd' originate due to the transition 

from Mg 2p to the hybridized Mg and O states respectively.  Higher energy absorption features 

marked from 'e' to 'g' appears as a result of transitions to Mg 3d states.  While the origin of the 

features marked as 'a' and 'b' could be explained from the calculated PDOS in absence of core-

hole.  Thus, it is ensured that these two features appear as a consequence of the core-hole. 
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Figure 4-11 Calculated partial density of states (PDOS) of MgO in the absence of a core-hole. 

 Now, we will discuss about the features appearing in the optical constants spectra near 

the O K-edge of MgO.  Here we observe 5 features which are designated as A, B, C, D, E and F 

as shown in Figure 4-7 and Figure 4-9. The three features named as A, B and C arises due 

Oxygen p states to hybridized states of Mg 1s and Mg 2s states, where 1 and 2 stands for first 

and second nearest neighbors of Mg atoms respectively.  The feature D is due to strong anti-

bonding interaction with Mg p orbitals and the feature E and higher energy features are mainly 

due to Oxygen p to hybridized states of Mg 1d anti-bonding interactions.172  One of the features 

shown by arrow in the spectra could be due to core-exciton which generally expected to appear 

in the vicinity of the absorption edge. 

4.4.2.4 Checking the accuracy of the optical constants of MgO thin film. 

To check the accuracy of the obtained optical constants we have simulated the reflectivity 

spectrum for different angle of incidence and compared with the experimental one.  For 
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simulation we have used the structural parameters i.e. the thickness & roughness of the different 

layers of the film along with the investigated optical constants.   

On comparison of the simulated reflectivity spectra using the investigated optical constants with 

the measured one, we find that towards higher energy side a deviation of around 1-2% is present 

whereas in the 40-100 eV region a deviation of 0.4-1.0% prevails.   
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Figure 4-12 Comparison of the measured energy-dependent soft X-ray reflectivity spectra at incidence angles of 5° 

with the simulated one. 

4.5 Conclusions: 

 Soft X-ray characterization of MgO thin film has been carried out using soft X-ray 

reflectivity and absorption spectroscopy.  X-ray absorption spectroscopy in surface sensitive 

total electron yield mode near the O K-edge, confirms that the top surface of the film is nothing 

but MgO only.  The rock-salt structure of the thin film is also confirmed.  Angle-dependent soft 

X-ray reflectivity measurements provide information about the structural parameters and the 
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composition at the film/substrate interface.  The optical density profile obtained from SXR 

analysis confirms the presence of Mg-Si-O and Si-O layers at the film/substrate interface.  In-

depth profile of the film as obtained from SIMS has also been found to be consistent with in-

depth optical density profile.  

In the next step we have investigated the optical constants (δ and β) of magnesium oxide thin 

film in the 40-300 eV energy range covering Mg L-edge from energy-dependent reflectivity 

measurements.  Appearance of fine features is evident from the energy range of 50-75 eV 

covering the Mg L-edge region.  The origin of these features is discussed in details.  We have 

also determined the optical constant (δ) in the energy region of 480-600 eV covering the O K-

edge utilizing X-ray absorption results.  The origin of the fine features appearing near the O-K 

edge is also discussed. 

Thus, we have conclusively demonstrated the influence of core-hole effect near the Mg L edge 

on the optical constants (δ and β) through reflectance spectroscopy and first principles DFT 

studies.  The optical constants obtained are also compared with the Henke tabulated values 

obtained from CXRO website.  Intense features appearing as a result core-hole effect as obtained 

from first principles simulation agrees well with that of the experimentally measured one.  

Agreement between simulated and measured absorption (β) spectra near the Mg L edge is 

excellent in terms of peak positions and their relative strength etc. 
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Chapter 5.   

 

Structural and optical properties of zirconium oxide 

 

 

 This chapter deals with the investigation of optical properties in extreme ultraviolet 

(EUV)/ Soft X-ray region along with the characterization of surface and interface of ZrO2 thin 

film deposited on different type of substrates like Si & GaAs.  The underlying physical aspects of 

the optical properties of ZrO2 and its correlation with the electronic structure are investigated 

using both angle & energy-dependent reflectance spectroscopy.  We used the Kramers-Kronig 

(KK) relations to the energy-dependent reflectance data in order to extract the absolute values of 

dispersion & absorption (optical constants) from 500-600 eV covering the O K-edge.  The 

various factors associated with the calculation of fine spectrum of optical constants using KK 

relations and its implications are discussed. 
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5.1 Introduction: 

 Zirconium oxide (ZrO2) thin films have wide range of applications in science and 

technology owing to their attractive mechanical, thermal and chemical properties173.  The various 

applications of zirconium oxide as optical elements in EUV/ Soft X-ray region have already been 

discussed in Chapter 1.  Despite of several use of ZrO2 in soft X-ray region no experimental data 

of optical constants are available.  Moreover, formation of surface/interface and the nature of 

interaction with other substrate/layer material and their relation with the optical constants are 

also scarce.  The electronic properties of the thin films are generally found to be different from 

its bulk counterpart.  Thus, experimental investigation of the relation of optical constants with 

the electronic structure of the film is also an important requirement.   

In literature, few studies on the compositional analysis of zirconium oxide thin film are 

available.  N.L. Zhang et al.174 studied the interfacial and microstructural properties of zirconium 

dioxide thin film on silicon substrate using X-ray photo electron spectroscopy (XPS) technique.  

XRD analysis suggests that the film was amorphous upto 700oC, above this it became 

polycrystalline.  Moreover, transmission electron microscopy (TEM) analysis confirmed the 

formation of interfacial layer in 700°C annealed film, which is attributed due to the interaction 

between diffused oxygen from annealing ambient and Si.   

 S. Harasek et al. 175 carried out the compositional analysis of metal-organic chemical 

vapour deposited (MOCVD) zirconium dioxide film using Auger electron spectroscopy.  

Presence of fluorine along with oxygen vacancies was confirmed in the as-deposited film, while 

for the annealed film fluorine was not present and the oxygen content was increased remarkably 

ensuring stoichiometric ZrO2 film. 
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In the present study optical constants of e-beam deposited ZrO2 thin film (450Å thick) deposited 

on GaAs substrate are measured in 55 – 150 Å wavelength region (~80-225 eV energy region) 

covering Zr M4,5 edge using angle dependent reflectivity technique.  Soft X-ray reflectivity 

(SXR) measurements are performed using reflectivity beamline at Indus-1 synchrotron radiation 

source.  Optical constants obtained from the fitting of reflectivity data are then compared with 

Henke's tabulated values.  We have also carried out a detailed depth graded compositional 

analysis using soft X-ray reflectivity and X-ray photoelectron spectroscopy technique.  SXR has 

been used to obtain the optical index profile and to obtain the depth graded compositional details 

of the thin film quantitatively.  In depth composition of the film is obtained from the best fit of 

optical density profile.  Further, XPS technique is used to obtain the chemical composition of the 

film, the results obtained are compared. 

We have also investigated the fine optical constants spectrum of zirconium oxide thin film on Si 

substrate near the O K-edge region.  The initial investigation of the structural parameters of the 

film is carried out by grazing incidence X-ray reflectivity (GIXRR) technique using 1.54Å 

wavelength.  Thereafter, energy-dependent soft X-ray reflectivity and absorption measurements 

in total electron yield mode are carried out simultaneously at different grazing angles of the films 

covering the O K-edge region.  

5.2 Experimental details: 

The zirconium oxide films were prepared using electron beam evaporation technique. One set of 

thin film was deposited on a Gallium Arsenide (GaAs) substrate using an electron beam 

deposition system (EBG-PS-3K, Hind HIVAC). The deposition was carried out at a constant 

pressure of 6 × 10−4 Pa with a typical deposition rate of ∼3–4 Å∕s at 80°C. ZrO2 pellets of 
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>99.97% purity were used as a source material for the deposition in the e-beam coating unit. The 

thickness of the film was monitored in situ using a quartz crystal monitor. 

Another set of film was deposited on silicon substrate. Prior to deposition, the substrate were 

cleaned with acetone ultrasonically.  The deposition was carried out at a pressure better than 2.6× 

10−4 Pa with a typical deposition rate of 0.3 Å/s.  

5.3 Results and Discussions: 

5.3.1 Initial Characterization: GIXRD & GIXRR 

Initial characterization of the ZrO2 thin film deposited on GaAs substrate was carried out using 

Grazing incidence X-ray diffraction (GIXRD) & GIXRR to determine the structural parameter 

and crystallinity of the film. 
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Figure 5-1 Measured (circle) and fitted (solid line) GIXRR spectra of ZrO2 thin film for λ =1.54 Å are shown. 

 GIXRD measurement confirms that the film is polycrystalline in nature.  The peaks (101), 

(110), (200) and (211) are assigned to the tetragonal phase of ZrO2.  It has been reported that the 
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lattice oxygen vacancies (due to change in partial pressure of oxygen during deposition) are 

mainly responsible for tetragonal phase of ZrO2.  Details of GIXRD results are given in Ref.176 

GIXRR measurements are carried out to determine thickness, density and surface/interface 

roughness.  Figure 5-1 shows the measured and fitted GIXRR curves of 450 Å thick ZrO2 thin 

film using Cu Kα radiation (λ=1.54Å).  In order to get the best fit, different models i.e. 2-layer, 

3-layer and 4-layer are tried.  The consistent fit parameters, which could give a best fit for all R 

versus θ curves (λ=1.54Å and soft X-ray wavelengths), were obtained with 3-layer model as 

shown in Figure 5-2.  The model comprised of a native oxide layer on the substrate, a ZrO2 

principal layer and a top layer formed due to contamination/oxidation.  Rigorous analysis of 

GIXRR data reveals the thickness and roughness of the film as given in Table 5-1. 

Table 5-1 Structural parameters of ZrO2 thin film deposited on GaAs substrate as obtained from GIXRR analysis. 

Layer Thickness 

(Å)  
Roughness (Å) 

Top  30±1.0 8.6 

Principal ZrO2 465±1.5 11 

Interface 31±2.0 6.2 

Substrate -- 7.9 

 

Figure 5-2 shows the variation of Scattering Length Density (SLD) with respect to film thickness 

as derived from the fit parameters of GIXRR data.  It is evident from the figure that the film is 

uniform across the depth except near the air/film interface and film/substrate interface region. 

The analysis reveals the density of the film as ~4.5 g/cc, which is ~80% of the bulk density (5.68 

g/cc) of stoichiometric ZrO2.  The reduced density could be attributed to the presence of oxygen 

and voids in the film. 
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Figure 5-2 Variation of Scattering length density (SLD) with respect to thickness as derived from the GIXRR fit of 

the measured data of ZrO2 thin film is shown. Schematic of the three-layer model used for the fitting is also shown. 

Further a dip in the ODP profile near the Substrate/Film interface indicates the presence of native 

oxide layer.  In GaAs substrate the native oxide layer is attributed to Ga2O3 and/or As2O3.  The 

information of structural parameters obtained from GIXRR fit is used for SXR data analysis to 

determine optical constants of the ZrO2 thin film. 

As discussed in Chapter 3, the measurement error in density analysis is obtained from the 

relation - 
𝑑𝜌

𝜌
= 2(

𝑑𝑞

𝑞𝑐
).  For zirconium oxide 𝜌 = 4.50 𝑔/𝑐𝑐, (as obtained from the fit value of 𝛿), 

the step size of momentum transfer (qz) is 0.0007 Å-1 and the critical angle in terms of qc is 

0.0417 Å-1 which yields an error in density determination to be ~0.15 g/cc. 

The analysis error in density determination can be estimated by calculating the difference 

between critical angle of measured and fitted GIXRR curve. From Figure 5-1, the difference 

between the critical angle (θc) of the fitted and the measured GIXRR curve is found to be ∆𝜃𝑐 ≈

0.006. Thus, the analysis error in density is 𝑑𝜌 = 0.189 𝑔/𝑐𝑐. 
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5.3.2 Investigation of optical constants of ZrO2 covering Zr M4,5 edge. 

 To determine the optical constants in the soft X-ray region of 55-150 Å (~225-82 eV), the 

angle-dependent SXR measurements are carried out at Indus-1 Reflectivity beamline.  Figure 5-3 

shows the measured and fitted SXR curves in 55-150 Å (~225-82 eV) wavelength region 

measured in 10Å step. 
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Figure 5-3 Measured (circle) and fitted (solid line) SXR curves of ZrO2 thin film are shown for different incident 
wavelengths in the 55–150 Å wavelength region. Reflectivity data are fitted with the same model used in GIXRR 

data analysis. Curves are vertically shifted for the sake of clarity. 

In the close vicinity of the Zr M4,5 absorption edge, SXR measurements are carried out in 1Å and 

0.5Å step increment and results of those are shown in Figure 5-4 along with their best fit.  SXR 

data are fitted with the same three layer model (1-oxide layer, 2-ZrO2 principal layer and 3- 

surface/contamination layer) as used for GIXRR data analysis.  To obtain more reliable values of 

optical constants and to reduce the number of fit parameters, thickness and roughness values 

obtained from the GIXRR fit are kept fixed.  Values of optical constants are varied in a 
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controlled manner to obtain a best fit.  This approach reduces the number of variable parameters 

in χ2 minimization process just to obtain optical constants delta (δ) and beta (β) only. 
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Figure 5-4 Measured (circle) and fitted (solid line) angle-dependent SXR curves of ZrO2 thin film near the Zr M4,5 

edge are shown. Curves are vertically shifted for the sake of clarity. 

Table 5-2 Experimental and tabulated optical constants of ZrO2 in the 55-150 Å wavelength region (~225-82 eV). 

Energy 

(eV) 

Wavelength 

(Ǻ) 
δ (Exp) δ (Tab) β (Exp) β (Tab) 

225.42 55 0.005(8) 0.00578 0.004(8) 0.00464 

213.76 58 0.0064() 0.00623 0.005(1) 0.00455 

206.64 60 0.006(7) 0.00631 0.004(7) 0.00394 

204.94 60.5 0.006(6) 0.00646 0.004(1) 0.00367 

203.25 61 0.006(7) 0.00666 0.003(5) 0.00344 

199.97 62 0.007(0) 0.00723 0.003(1) 0.00306 

196.80 63 0.007(1) 0.00789 0.003(0) 0.00289 

193.72 64 0.007(3) 0.00847 0.003(3) 0.00287 

190.74 65 0.007(5) 0.00895 0.002(9) 0.00282 

187.05 66 0.008(2) 0.00946 0.002(8) 0.00275 

185.05 67 0.007(9) 0.01004 0.002(9) 0.00270 

182.33 68 0.008(8) 0.01061 0.003(3) 0.00275 

177.12 70 0.009(4) 0.01159 0.003(1) 0.00279 

154.98 80 0.012(9) 0.01691 0.003(7) 0.00377 

137.76 90 0.017(2) 0.02235 0.004(5) 0.00507 

123.98 100 0.021(2) 0.02831 0.006(9) 0.00670 

112.71 110 0.028(0) 0.03476 0.006(9) 0.00866 

103.32 120 0.032(6) 0.04185 0.010(8) 0.01091 

95.37 130 0.0387(6) 0.04949 0.012(9) 0.01353 
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88.56 140 0.045(6) 0.05792 0.014(0) 0.01651 

82.65 150 0.053(8) 0.06716 0.018(2) 0.01988 

 

We have also tried to show the accuracy of experimentally obtained optical constants measured 

from X-ray reflectivity technique.  The accuracy of the optical constants depends on β/δ ratio.1,3  

If this ratio is less than one (β/δ<1), i.e., absorption is not dominant, then the critical angle θc can 

be calculated from the relation- θc=√2δ.  This can be done easily because in this case the 

reflectivity pattern has a well-defined shoulder and thus δ and β can be uniquely determined.  As 

𝛽

𝛿
→ 1, the reflectivity pattern becomes exponential like due to dominance of absorption.  If the 

β/δ ratio is greater than one (β/δ>1) then the critical angle region in reflectivity pattern is not 

distinguishable and it is not possible to determine δ and β uniquely.  So for the region with 

β/δ>1, the uncertainty in determination of δ and β is very high.   
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Figure 5-5 β∕δ ratio for experimentally derived optical constants (in circle) along with the β∕δ ratio for Henke’s 

tabulated values (in solid line) are shown. 
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 Figure 5-5 shows the β/δ ratio for experimentally derived optical constants of ZrO2 principal 

layer along with the β/δ ratio for Henke's tabulated values.  It is evident that β/δ ratio is less than 

one (also in close agreement to β/δ ratio for Henke's values) in the whole wavelength region 

suggesting that the measured optical constant values have minimum uncertainty.  The 

experimentally measured optical constants for ZrO2 are listed in Table 5-2 along with the 

tabulated Henke values and same are plotted in Figure 5-6. 

 It is evident from the figure that in 70-150 Å wavelength region (~177-82 eV) the measured 

δ values are consistently lower than the tabulated Henke values.  The measured delta values are 

lower by 19 to 24%.  Below 70Å wavelength (near Zr M4,5 absorption edge/ 177 eV) the 

measured δ values are lower by 3 to 21%.  The mismatch between tabulated and experimentally 

obtained β values show an inconsistent picture as beta values are lower by 1-8% in 70-150 Å 

wavelength region but at some points this deviation increased to 20% value.  Below 70Å 

wavelength region (55-70Å) β values are higher than the Henke values by 3 to 20%.  
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Figure 5-6 Experimentally evaluated optical constants of ZrO2 thin film are shown as discrete points along with the 

error bars. In the inset, optical constants near the Zr M4,5 edge are shown. 
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Figure 5-7 Real and imaginary parts of atomic scattering factor f1 and f2, respectively, are plotted in the 80-240 eV 

(within 55–150 Å) energy region for Zr and O as obtained from the CXRO website. 

It is interesting that the measured delta values are consistently lower than the Henke data 

whereas the change in beta values is slightly inconsistent.  This could be understood if the 

behavior of atomic scattering factors for Zr and O are separately analyzed.   

Figure 5-7 shows the atomic scattering factor f1 and f2 for Zr and O in the 55-150 Å (~225-82 

eV) region which are obtained from the CXRO website.  The real and imaginary part of the 

atomic scattering factor suggest that the f2 values of Zr and O are very close in 55-150 Å 

wavelength region (~225-82 eV), whereas the f1 values of these two elements are significantly 

different (see Figure 5-7).  This suggests that the change in Zr: O ratio (due to presence of 

oxygen and voids) will not affect the beta values much, but it will lower the delta values 

significantly.  Since density of the film for GIXRR data is found to be ~80% of the bulk density, 

this indicates the possibility of oxygen and voids which in turn may change the Zr: O ratio.  

Similar behavior has been observed in optical constant analysis of Zirconium Carbide (ZrC),32 

where there was significant mismatch in delta values while the beta values were in close 

agreement because f2 values for Zr and C were very close and f1 values were significantly 

different. 
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5.3.3 Optical constants spectra of ZrO2 thin film near the O K-edge 

In the next step we have determined the optical constants of ZrO2 thin film near the O K- 

absorption edge regions using energy dependent soft x-reflectivity measurements.   

The extraction of optical constants is carried out is similar manner as described in Chapter 4 

using the KK relations.  The optical constants profile near the O K-absorption edge region shows 

relatively prominent eg and t2g features marked as A & B at an energy position of 531.0 & 533.6 

eV respectively.  Other features appearing in the optical constants profile near the O K-edge 

region are comparatively broader which is in accordance with the absorption spectra available in 

literature and also with the TEY spectrum measured at soft X-ray reflectivity beamline (BL-

03)106 of Indus-2 synchrotron radiation source.  

5.3.3.1 GIXRR Analysis 

For initial characterization of the films Grazing Incidence X-ray reflectivity measurements using 

Cu Kα source (λ=1.54 Å) is carried out.  Figure 5-8(a) shows the measured (scatter) and fitted 

(solid line) GIXRR data of the zirconium oxide thin film.  In order to obtain a best fit of the 

reflectivity patterns, various models are tried but the best fits are obtained using a three-layer 

model as discussed earlier.  The structural parameters i.e. the thicknesses and roughnesses of the 

various layers considered in the modelling of the films of different thicknesses are tabulated in 

Table 5-3. 

For initial characterization of the films Grazing Incidence X-ray reflectivity measurements using 

Cu Kα source (λ=1.54 Å) is carried out.  Figure 5-8(a) shows the measured (scatter) and fitted 

(solid line) GIXRR data of the zirconium oxide thin film.  In order to obtain a best fit of the 

reflectivity patterns, various models are tried but the best fits are obtained using a three-layer 
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model as discussed earlier.  The structural parameters i.e. the thicknesses and roughnesses of the 

various layers considered in the modelling of the films of different thicknesses are tabulated in 

Table 5-3. 
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Figure 5-8 (a) Measured (scatter) and fitted (solid line) GIXRR curves of as-deposited 500 Å ZrO2 thin film. The 

curves are vertical shifted for clarity. (b) Variation of delta (δ) along the depth of the as-deposited 500 Å. ZrO2 films 

obtained from the modelling of the GIXRR data. 

Table 5-3 Structural parameters of different layers of the as-deposited 500 Å ZrO2 film as obtained from the analysis 

of the GIXRR data. 

 

Layer Thickness 

(Å)  

Roughness 

(Å) 

Top  11±2.0 4.9 

Principal 499±2.0 7.9 

Interface 32±3.0 10.0 

Substrate -- 6.5 

 

Figure 5-8(b) shows the variation of scattering length density (SLD) along the film depth.  It is 

confirmed that the density variation of the film is uniform along the depth except at the 

film/substrate and the air/film interfaces.  The density of the film is found to be 83% of the bulk 

density (5.68 g/cc).  However, the information obtained using an X-ray probe source of 1.54 Å, 
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which is far away from the absorption edges of both Zr as well as O fails to provide complete 

picture of the local environment of the films. 

From the analysis of the GIXRR data, 𝜌 = 4.71 𝑔/𝑐𝑐, (as obtained from the fit value of 𝛿), the 

step size of momentum transfer (qz) is 0.0007 Å-1 and the critical angle in terms of qc is 0.042 Å-1 

. Thus the measurement error in density determination is found to be ~0.16 g/cc. 

As discussed earlier, the analysis error in density determination can be estimated by calculating 

the difference between critical angle of measured and fitted GIXRR curve. From Figure 5-1, the 

difference between the critical angle (θc) of the fitted and the measured GIXRR curve is found to 

be ∆𝜃𝑐 ≈ 0.005. Thus, the analysis error in density determination is, 𝑑𝜌 = 0.157𝑔/𝑐𝑐. 

5.3.3.2 Energy dependent SXR measurements  

Soft X-ray reflectivity measurements were carried out in the energy region of 500-565 eV 

covering O K-edge with an energy accuracy of 0.5 eV.  The measurements were carried out at an 

incidence angle of 2°, 3° & 5°.  The spectra measured at 2° were considered for the evaluation of 

optical constants profile near the O K-edge region. 

Figure 5-9 shows the measured energy dependent soft X-ray reflectivity spectrum of ZrO2 thin 

film covering O K-edge.  From the measured reflectivity profiles the optical constants profiles of 

the films are evaluated for using the same methodology as mentioned in Chapter 2. 
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Figure 5-9 Shows the reflectivity spectrum of ZrO2 measured at an incidence angle of 2° covering the O K-edge 

region. 
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Figure 5-10 Measured values of delta (δ) & beta (β) obtained from KK analysis of reflectivity versus photon energy 

data near O K-absorption edge. 

 

Figure 5-10 shows the optical constants (δ & β) profiles of the zirconium oxide thin film near the 

O K-edge region as determined from the reflectivity spectra obtained at an incidence angle of 2°.  

The prime features appearing in the beta spectrum are marked as A-D and these matches well 

with the absorption spectrum available in literature. 177,178 The obtained beta spectrum also 

matches well with the measured TEY spectra at normal incidence as shown in Figure 5-11. 
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Figure 5-11 X-ray absorption spectrum (XAS) of ZrO2 thin film measured in total electron yield mode at normal 

incidence geometry. 

The background subtraction of the measured TEY data is carried out using ATHENA 

software.179  The origin of the features in the energy range of 530–540 eV can be attributed due 

to the transitions from O 1s states to O 2p final states, which are hybridized with the Zr 4d states, 

split by the crystal field effects.  The two peaks in this region, located at the energy position of 

~531.0 and ~533.8 eV are of eg and t2g symmetry.  Above 540 eV the features appearing are 

attributed due to transitions from O 1s states to oxygen 2p states mixed with Zr 5s states. From 

degeneracy arguments, the eg: t2g intensity ratio must be 2:3 (0.66).  However, in our case this 

ratio is found to be 0.95 i.e., it deviates significantly from the standard value.  This deviation is 

generally related to a difference in distribution of the O 2p weight among the eg and t2g states in 

the compounds. 

Above 540 eV the features appearing in the TEY spectra are marked as C and D.  These features 

originate as a result of transition from oxygen 1s state to oxygen 2p states mixed with Zr 5s 

states, which are pushed up in energy due to the larger oxygen 2p–metal 5sp interactions. 
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5.3.3.3 Checking the accuracy of the optical constants near O K-edge of ZrO2 thin film. 

The next step was to check the accuracy of the obtained optical constants.  For this we have used 

the structural parameters i.e. the thickness & roughness of the different layers of the film along 

with the investigated optical constants and simulated the reflectivity pattern.   

 

 

 

 

 

 

 

 

 

Figure 5-12 Comparison of the measured energy-dependent soft X-ray reflectivity spectra at incidence angles of 2° 

with the simulated one. 

On comparison of the simulated reflectivity spectra using the investigated optical constants with 

the measured one, a difference of the order of ~0.005 is found which is extremely small, 

confirming the fact that the obtained optical constants are reliable and accurate. 

5.3.4 Glancing Incidence TEY 

Glancing angle absorption measurements are also performed covering the O K-edge region to 

understand the oxygen distribution throughout the depth of the film.  However, there are several 

limitations of XAS measurement in total electron yield mode at glancing angle geometry.  For 

example, in this case the effective sampling depth might be comparable to the X-ray penetration 

depth, resulting in the distortion of the TEY spectra.  Thus, under this condition the TEY 
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spectrum is not equivalent to the absorption spectrum.  Inspite, of this limitation, other useful 

information can be obtained from the glancing angle TEY spectrum, which is not explored by 

the researchers.   

 

 

 

 

 

 

 

 

Figure 5-13 Total electron yield (TEY) spectra of zirconium oxide thin film measured at an glancing angle of 3 & 5 

degree respectively. 

Very few literatures are available which focuses on the spectral features appearing as a result of 

grazing incidence total electron yield (TEY) spectra.  It is evident that inspite of its dissimilarity 

with the absorption spectra, grazing incidence TEY spectra provides a wealth of information 

especially for anisotropic samples. 180,181  It also provides information about the hidden multiplet 

structures present in the absorption spectrum.164  Figure 5-13 shows the measured total electron 

yield spectra at glancing incidence angles of 3 & 5 degree respectively.  It is clear that at an 

angle of 3°, a dip is observed before the onset of the absorption edge.  To understand this, we 

have simulated the total electron yield spectrum for 3°, taking into account the measured 

reflectivity data along with the obtained optical constants.  However, the above consideration 

does not exactly replicate the total electron yield spectra.  Following the work of Andreeva et al. 
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181,180we tried to simulate the obtained yield spectra considering different contribution of the 

electrons arising from two different absorption processes.   

𝐘 = (𝛕𝐧𝐫𝐞𝐬
𝟐(𝟏−𝛅)𝛃

𝛌
+ 𝛕𝐫𝐞𝐬

𝟐(𝟏−𝛅𝐊𝐊)𝛃𝐊𝐊

𝛌
)𝐄𝐟

𝝀𝒆

𝝀𝒆+𝛃𝝀𝒆
× [𝟏 − 𝐞𝐱𝐩 {(−𝛃 +

𝟏

𝝀𝒆
) 𝐝}]                  (5-1) 
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Figure 5-14 (left) Measured (red scatter) and simulated (blue short dot dash) total electron yield spectra considering 

the contribution of electrons originating from both resonant and non-resonant absorption processes separately. For a 

complete understanding we have also plotted our experimentally obtained beta (β) spectra normalized wrt the TEY 

spectra.(right) the behavior of the resonant and the non-resonant contribution along with the net total electron yield 

contribution covering the O K-edge of off-stoichiometric zirconium oxide thin film. The parameters of the simulated 

TEY spectrum are τnres=0.05 and τres=0.95, with the electron escape length of 10 Å. The energy scale of the 

simulated spectra is shifted to a certain value which is well within the energy resolution of beamline. 

Equation (5-1) shows the expression of total electron yield where, Ef = |E0 +

sinθ−√N2−cos2θ

sinθ+√N2−cos2θ
E0|

2

is the internal electric field of radiation, N=1-δ+iβ is the complex refractive 

index, 𝝀𝒆 is the escape length of electrons, d is the film thickness, E is energy of incident photons 

& τ is a constant parameter determining the no. of photoelectrons for one absorbed photon.  τnres 

& τres corresponds to the number of photoelectrons originated from two different absorption 

process- non-resonant i.e., where the Zr atoms also participates even when the sample is scanned 

through the O K-edge & the resonant process dominant near the absorption edge region.  Taking 

into account the different contribution of τnres & τres the total electron yield spectra replicates well 

with the measured one. 
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5.4 Depth resolved compositional analysis using non-destructive SXR 

technique 

5.4.1 XPS analysis 

Figure 5-15 shows the Zr 3d and O 1s core levels XPS spectra of the ZrO2 thin film for as 

deposited and 10 minutes sputtered film.  The vertical dotted lines corresponds to the peak 

position of binding energies of different phases as obtained by fitting and verified from the 

values as reported in refs.142,182.  The higher value of FWHM of Zr 3d and O 1s core level spectra 

indicates the presence of more than one combined chemical composition of Zr and O.  Thus the 

XPS spectra corresponding to O 1s & Zr 3d are de-convoluted using Gaussian de-convolution 

method and the percentage contribution of each phase for different core levels are summarized in 

Table 5-4. 

In the analysis of Zr 3d spectra the intensity ratio was locked to 3:2 for Zr 3d5/2 and Zr 3d3/2 

respectively.  XPS analysis confirmed the presence of ZrO2 and ZrOx with percentage 

contributions of 98.1% and 1.9% respectively for the as-deposited film.  The binding energy 

value of ZrO2 at the Zr 3d core level are 183.5 eV (3d5/2) and 185.9 eV (3d3/2) respectively, while 

for ZrOx the binding energy value corresponding to 3d5/2 and 3d3/2 are 180.9 eV and 183.2 eV 

respectively. Thus, it is difficult to identify separately the peak corresponding to Zr 3d3/2 core 

level of ZrOx.  Similarly, the analysis of the O 1s core level confirms the presence of ZrO2 phase 

along with chemisorbed oxygen (possibly from oxygen voids) having the percentage 

contributions of 35.7% and 64.3 % respectively.  The analysis of as deposited XPS spectra of O 

1s core level suggests the presence of strong oxygen on the surface.   
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Table 5-4: Percentage contribution of various phases obtained from de-convolution of XPS spectra from Zr 3d and 

O 1s respectively. 

Coating 

Zr (3d) O (1s) 

Phas

e 
Area  BE (eV) 

at% 
Phase at% BE (eV) 

ZrO2 

As-deposited 

ZrO2 

 

ZrOx 

 

41596 

27730 

 

790 

526 

183.59 

185.98 

 

180.84 

183.28 

 

 
98.13 

 

 

1.87 

ZrO2 

O 

35.7 

64.3 

531.25 

532.39 

ZrO2 

Sputter etched 

10 min 

ZrO2 

 

ZrOx 

 

64891.3 

43260.87 

 

3857.9 
2571.94 

183.54 

185.94 

 

180.9 
183.2 

 

 

94.38 

 

 
5.62 

ZrO2 

O 

84.06 

15.94 

531.39 

533.33 

   

Just after the sputtering of 10 minutes, a change in the intensity of the spectra is observed and the 

percentage contributions of both the ZrO2 and ZrOx phases in Zr 3d core level are found to be 

94.4% and 5.6% respectively.   

Similarly for O 1s core level spectrum, a remarkable change is observed and the percentage 

contributions of ZrO2 phase and the chemisorbed oxygen is found to be 84 % and 16% 

respectively.  After 10 minute of sputtering, ~16% chemisorbed oxygen is present, indicating the 

possibility of oxygen voids in the depth of ZrO2 thin film.  Since the ZrO2 film in the present 

study have a large thickness of 450 Å, XPS technique cannot provide the complete in-depth 

information of the film.  Also the changes in the film from Ar ion sputtering in depth profiling 

are unknown. 
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Figure 5-15 XPS spectrum of zirconium dioxide thin film at Zr 3d and O 1s core levels for as-deposited and 10 min 

sputtered film. The spectra are deconvoluted using Gaussian de-convolution method and two different phases of 

ZrOx and ZrO2 are identified along with the presence of oxygen. 

5.4.2 Investigation of chemical composition by SXR in qualitative manner 

The next approach adopted for determining the chemical composition of the film qualitatively is 

the SXR technique.  The main advantage of this technique is that it can provide an overall 

description of the composition of the principal as well as the interfacial layer.  The optical 

density profile corresponding to few discrete photon energies obtained from the modelling of the 

SXR data are shown in Figure 5-16.  
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Figure 5-16 In-depth optical index profiles of 450 Å zirconium oxide thin film using λ= 64 Å, 80 Å, 100 Å, 120 Å 

and 150 Å wavelengths are shown. The different regions in the film are marked. 

From Figure 5-16 it is clear that the film is uniform across the depth except near the air/film 

interface and the film/substrate interface regions.  It is obvious from the figure that near the 

film/substrate interface the optical index profile shows a hump and the value of it is slightly 

higher than that of optical index value of principal layer at λ=64 Å and 80 Å.  Whereas in case of 

profile determined using λ=100Å, 120 Å and 150 Å there is a shoulder near the film/substrate 

interface region and the height of it is marginally lower than the principal layer optical index 

value.  Before we explain this let us first recall the optical index value of Ga2O3 and As2O3 for 

80 % of the bulk density at 64 Å and 80 Å both.  At λ =64 Å Ga2O3 =1.22e-2 and As2O3= 1.104e-

2 and this is near to the obtained experimental delta value of the interfacial layer (=7.953e-3) 

Further, the delta value for ZrO2 corresponding to bulk density is 8.4e-3 and corresponding to 80 

% of bulk density it is 6.7e-3.  So the presence of hump at the interface region for λ = 65Å and 

80Å profile is either due to presence of oxides of GaAs as delta value of either of two are higher 
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than that of ZrO2.  Similarly for λ=100Å, 120 Å and 150 Å the delta values of the principal ZrO2 

is higher in comparison that of the oxides of GaAs. The in-depth optical index profile also 

clearly indicates that the film composition at the interface and that at the principal layer region 

are totally different.  Figure 5-17 shows the δ (left) and β (right) profile of the principal ZrO2 

layer obtained from the best fit as a function of photon wavelength.  The optical constants 

determined are significantly different from the Henke's tabulated value.  These changes  may 

attributed to low density of the film as revealed from GIXRR analysis, where the density of the 

film is found to be 4.50 g/cc (80% of bulk density) and the absence of pure stoichiometric ZrO2 

as confirmed from the XPS analysis.  XPS analysis revealed that the film has a complex 

composition consisting of different ZrOx and ZrO2 phases.  To confirm this composition the 

optical constant profile as obtained from the SXR analysis are further analyzed.  For comparison 

the tabulated values of optical constants of stoichiometric ZrO2, Zr0.8O2.2 and oxygen as obtained 

from CXRO database are shown in the Figure 5-17.  

It is evident from Figure 5-17 that experimental δ values for ZrO2 film is significantly less than 

the stoichiometric ZrO2.  The optical constants which are found to differ from the tabulated 

values as obtained from the CXRO database are fitted considering the combined fractional 

contributions of ZrO2, Zr0.8O2.2 and also considering the presence of oxygen voids. 

  The best fit of the optical constant profile as shown in Figure 5-17 is obtained by taking into 

account the composition of 60% ZrO2, 20% Zr0.8O2.2 & 20% oxygen.  As revealed from fitting of 

optical constant profile 20% oxygen is found through the depth of the film, which is consistent 

with XPS results where ~16% oxygen is found after 10 minutes of sputtering.  From this 

composition of the two phases, the elemental concentration of Zr and O is found to be 25.3% and 

74.7% respectively.  Thus the overall O/Zr ratio is determined to be 2.95. 
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Figure 5-17 Optical constant profile for zirconium oxide thin film as a function of energy over 225-82 eV (55–150 

Å) region. CXRO data for Zr0.8O2.2 and ZrO2 are also plotted for comparison. Composition consisting of 60% ZrO2 

and 20% Zr0.8O2.2 & 20% oxygen vacancies gives the best fit to the experimentally obtained data. 

The most important advantage of using SXR technique is that complete information of the 

interfacial layer is also obtained along with the principal layer.  Figure 5-18Figure 5-17 shows the 

optical constants profile for interfacial layer of ZrO2 thin film as a function of wavelength over 

55-150 Å (225-82 eV) region.  Since the substrate used is GaAs, the interfacial layer is 

comprised of Ga2O3 and As2O3 and this fact is clear from the optical density profile.  The optical 

constant profile for Ga2O3, As2O3, ZrO2 and oxygen are plotted for comparison with the optical 

constant profile of interfacial layer.  The optical constant profile for the interfacial layer is fitted 

with the fractional composition of Ga2O3, As2O3, ZrO2 and oxygen profile and the best fit is 

obtained.  The best fit is obtained for 20% As2O3, 25% Ga2O3, 35% ZrO2 and 20% oxygen. 

Analysis suggests that SXR technique provides depth graded composition of the film, which is in 

good agreement with other techniques like XPS.  The advantage of SXR technique is that one 

can quantitatively estimate the composition of the thin film at higher depths of the film whereas 

XPS fails to provide such information. 
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Figure 5-18 Optical constant profile for interfacial layer of zirconium oxide thin film as a function of energy over 

225-82 eV (55–150 Å) region. CXRO data for Ga2O3, As2O3 and ZrO2 are also plotted for comparison. Composition 

consisting of 20% As2O3 along with 25% Ga2O3, 35% ZrO2and 20% oxygen vacancies gives the best fit to the 

experimentally obtained data. 

5.5  Conclusions: 

 In the present study angle dependent X-ray reflectivity measurements are used for the 

determination of optical constants of e-beam deposited ZrO2 thin film in 55-150 Å (225-82 eV) 

wavelength region covering the Zr M4,5 edge region.  Experimental δ and β values are found to 

be lower by 1 -24 % as compared to tabulated Henke's value in 70-150 Å (177-82 eV) 

wavelength region i.e., above the Zr M4,5 edge region.  Below Zr M4,5 edge region the measured 

β values are higher by 1-20% whereas the delta values are lower than the Henke values.  The 

analysis of f1 and f2 curves of Zr and Oxygen suggest that the presence of oxygen and voids 

could lead to the decrement of delta values above 70 Å wavelength region (below 177 eV).  We 

have also investigated the fine optical constants spectra of zirconium oxide film deposited on Si 

substrate near the O K-edge region.  The effect of the crystal field splitting i.e.; the appearance of 

the eg and the t2g peaks at an energy position of 531 eV & 533.6 eV respectively is evident in the 

optical constants spectra.  To the best of our knowledge this study presents the first reported 
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experimental values for optical constants for ZrO2 compound material.  Unlike, the other two 

material Al2O3 and MgO we haven’t observed any core-hole feature  

In this chapter, we also tried to address the issues associated with glancing angle total electron 

yield spectra.  It is evident that at glancing angle condition the contribution of electrons 

originating from the resonant & non-resonant atoms varies and results in the creation of a dip 

before the onset of absorption edge. 

In the next stage, SXR technique was used along with XPS to extract the in-depth compositional 

information of e-beam deposited ZrO2 thin film.  The compositional analysis of ZrO2 film was 

estimated quantitatively by obtaining the best fit of the optical constant profile over 55-150 Å 

(225-82 eV) region.  The best fit of the optical constant profile was obtained by taking into 

account the composition of 60% ZrO2, 20% Zr0.8O2.2 & the remaining part consists of oxygen 

vacancies.  Moreover from our XPS analysis it was found that the peak position of Zr 3d & O 1s 

agrees well with the reported values and these corresponds to ZrOx & ZrO2 phases.  Thus XPS 

analysis as well as the compositional analysis from the optical density profile index confirms that 

the principal layer is a mixture of stoichiometric and non-stoichiometric zirconium dioxide.  In 

addition, the optical constant profile of the interfacial layer shows that it is not a mere substrate 

oxide layer. The profile matches well by taking into a composition of 20% As2O3 along with 

25% Ga2O3, 35% ZrO2 and 20% oxygen vacancies. 
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Appendix 

I. Reflection from a homogeneous slab deposited on a substrate2 

 

Schematic diagram of reflection process occurring in a thin film of thickness d deposited on a substrate of 

semi-infinite thickness 

We assume a thin film of thickness d deposited on a substrate of semi-infinite thickness 

(much higher thickness as compared to the layer thickness). The medium above the film is 

nothing but air/vacuum whose refractive index can be assumed to be N=1 and the layer is 

designated as 0, whereas the refractive index of the thin film layer is Nf and it is designated 

as 1 while the substrate is designated as 2 and its refractive index is Ns. 

When an electromagnetic wave is incident upon the film surface the following phenomenon 

occurs in a step by step manner- 

i. As the incident wave strikes the surface of the film, reflection occurs at the interface 

of 0 to 1. The amplitude of reflection co-efficient can be written as r01. A part of the 

incident wave is transmitted at the same 0 to 1 interface and the amplitude of the 

transmission co-efficient is t01. 
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ii. The transmitted beam undergoes reflection at the interface of 1 to 2, and a part of it 

gets transmitted too inside the substrate which does not contribute to the final 

reflection. The amplitude of reflection is written as r1,2. 

iii. The reflected wave will now undergo transmission at the film/air interface and thus 

the transmission co-efficient can be written as t1,0. Interestingly, at this point phase 

factor is introduced because of the path difference originated due to change of 

refractive index between the air/film interfaces. The phase factor is designated as 𝑍 =

𝑒𝑗𝑄𝑑  where Q is the momentum transfer along the z-direction of the film and is given 

by Q=2kz=
4𝜋

𝜆
𝑁 𝑠𝑖𝑛𝜃 

Thus, the final expression of reflectivity can be written as 

𝑟𝑡𝑜𝑡 = 𝑟0,1 + 𝑡0,1𝑟1,2𝑡1,0𝑍 + 𝑡0,1𝑟1,2
2 𝑟1,0𝑡1,0𝑍

2 + ⋯…………… .. 

𝑟𝑡𝑜𝑡 = 𝑟0,1 + 𝑡0,1𝑟1,2𝑡1,0𝑍{1 + 𝑟1,2𝑍 𝑟1,0 + ⋯……… . . } = 𝑟0,1 +

𝑡0,1𝑟1,2𝑡1,0𝑍 ∑ (𝑟1,2𝑍 𝑟1,0)
𝑚∞

𝑚=0      (1) 

Using the geometric series we get 

∴ 𝑟𝑡𝑜𝑡 = 𝑟0,1 +
𝑡0,1𝑟1,2𝑡1,0𝑍

1 − 𝑟1,2𝑍 𝑟1,0
=

𝑟0,1(1 − 𝑟1,2𝑍 𝑟1,0)+𝑡0,1𝑟1,2𝑡1,0𝑍

1 − 𝑟1,2𝑍 𝑟1,0
 

Using Fresnel’s formula for reflection from a single layer we get-𝑟0,1 =
𝑄𝑜−𝑄1

𝑄𝑜+𝑄1
 and 𝑡0,1 =

2𝑄𝑜

𝑄𝑜+𝑄1
 

Thus, the reflection co-efficient from interface 0 to 1 is same as that of 1 to 0 with a negative 

sign i.e., 𝑟0,1 = −𝑟1,0   (2) 

∴ 𝑟𝑡𝑜𝑡 =
𝑟0,1 + 𝑟1,2𝑍 𝑟2

1,0 + 𝑡0,1𝑟1,2𝑡1,0𝑍

1 − 𝑟1,2𝑍 𝑟1,0
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=
𝑟0,1 + 𝑟1,2𝑍 (𝑟2

1,0
+ 𝑡0,1𝑡1,0)

1 − 𝑟1,2𝑍 𝑟1,0
 

Calculating (𝑟2
1,0

+ 𝑡0,1𝑡1,0) using Fresnel’s relation we get it equal to 1. 

∴ 𝑟𝑡𝑜𝑡 =
𝑟0,1+𝑟1,2𝑍

1+𝑟1,2𝑍 𝑟1,0
   (3) 

II. Reflection from a multilayer-“Parratt Formalism”46 

 

Schematic of multilayer film showing reflected and transmitted amplitudes just above each interface. 

We define a i-layer system multilayer film where R and T denotes reflection and transmission 

respectively.  The substrate and the air medium is denoted in the schematic diagram. 

Since there is no backscattered wave from air medium at the i+1th interface, we can write- 

𝑅𝑖+2 = 0  .         (1) 

We define X= R/T, i.e., ratio of the reflected to transmitted intensity. 

∴ 𝑋𝑖+2 = 0          (2) 

𝑇𝑖+2 = 𝑇𝑖+1𝑡𝑖+1,𝑖+2         (3) 
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𝑅𝑖+1 = 𝑇𝑖+1𝑟𝑖+1,𝑖+2         (4) 

𝑋𝑖+1 =   
𝑅𝑖+1

𝑇𝑖+1
= 𝑟𝑖+1,𝑖+2        (5) 

𝑇𝑖+1 = 𝑇𝑖𝑡𝑖,𝑖+1𝑒
𝑖∅𝑖 + 𝑅𝑖+1𝑒

2𝑗∅𝑁𝑟𝑖+1,𝑖        (6) 

𝑅𝑖 = 𝑇𝑖𝑟𝑖,𝑖+1 + 𝑅𝑖+1𝑒
𝑗∅𝑖𝑡𝑖+1,𝑖       (7)   

∅𝑖 =
2𝜋

𝜆
𝑁𝑖𝑑𝑖 sin 𝜃𝑖           (8) 

where, di is the thickness, 𝑁𝑖 is the refractive index and 𝜃𝑖 is the incidence angle of the ith layer. 

Dividing Eq. (6) by 𝑇𝑖+1 , 

1 =
𝑇𝑖

𝑇𝑖+1
𝑡𝑖,𝑖+1𝑒

𝑗∅𝑖 +
𝑅𝑖+1

𝑇𝑖+1
𝑒2𝑗∅𝑖𝑟𝑖+1,𝑖 

=>   
𝑇𝑖+1

𝑇𝑖
=

𝑡𝑖,𝑖+1𝑒𝑗∅𝑁

1+𝑋𝑖+1𝑟𝑖,𝑖+1𝑒2𝑗∅𝑖
  (9) 

Using the relation 𝑟𝑖+1,𝑖 = −𝑟𝑖,𝑖+1 as derived using Fresnel’s formula (shown in earlier section). 

Dividing Eq. (6) by 𝑇𝑖 , 

𝑇𝑖+1

𝑇𝑖
= 𝑡𝑖,𝑖+1𝑒

𝑗∅𝑖 +
𝑅𝑖+1

𝑇𝑖
𝑒2𝑗∅𝑖𝑟𝑖+1,𝑖     (10) 

Equating equations (9) and (10), 

𝑡𝑖,𝑖+1𝑒
𝑗∅𝑁 +

𝑅𝑖+1

𝑇𝑖
𝑒2𝑗∅𝑖𝑟𝑖+1,𝑖 =

𝑡𝑖,𝑖+1𝑒
𝑗∅𝑖

1 + 𝑋𝑖+1𝑟𝑖,𝑖+1𝑒2𝑗∅𝑖
        

 

𝑅𝑖+1

𝑇𝑖
=

𝑡𝑖,𝑖+1𝑒𝑗∅𝑖

1+𝑋𝑖+1𝑟𝑖,𝑖+1𝑒
2𝑗∅𝑖

 −  𝑡𝑁,𝑁+1𝑒
𝑖∅𝑁   

𝑒2𝑖∅𝑁𝑟𝑁+1,𝑁  (1 + 𝑋𝑁+1𝑟𝑁,𝑁+1𝑒2𝑖∅𝑁)
     

 

𝑅𝑖+1

𝑇𝑖
=

 𝑡𝑖,𝑖+1𝑒
𝑗∅𝑖 − 𝑡𝑖,𝑖+1𝑒

𝑗∅𝑖  (1 + 𝑋𝑖+1𝑟𝑖,𝑖+1𝑒
2𝑗∅𝑖) 

𝑒2𝑗∅𝑖𝑟𝑖+1,𝑖  (1 + 𝑋𝑖+1𝑟𝑖,𝑖+1𝑒2𝑗∅𝑖)
     

𝑅𝑖+1

𝑇𝑖
=

𝑡𝑖,𝑖+1𝑋𝑖+1𝑒
𝑗∅𝑖

1+𝑋𝑖+1𝑟𝑖,𝑖+1𝑒
2𝑗∅𝑖

    (11) 
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Dividing Eq. (7) by 𝑇𝑖 , 

𝑅𝑖

𝑇𝑖
= 𝑟𝑖,𝑖+1 +

𝑅𝑖+1

𝑇𝑖
𝑒𝑗∅𝑖𝑡𝑖+1,𝑖 

Replace 
𝑅𝑖+1

𝑇𝑖
 value from Eq. (11) 

 

𝑅𝑖+1

𝑇𝑖
 = 𝑟𝑖,𝑖+1 + 

𝑡𝑖,𝑖+1𝑋𝑖+1𝑒
𝑗∅𝑖

1 + 𝑋𝑖+1𝑟𝑖,𝑖+1𝑒2𝑗∅𝑖
  𝑒𝑗∅𝑖𝑡𝑖+1,𝑖 

  𝑋𝑖 = 𝑟𝑖,𝑖+1 +
(1 − 𝑟𝑖,𝑖+1

2)𝑋𝑖+1𝑒
2𝑗∅𝑖

1 + 𝑋𝑖+1𝑟𝑖,𝑖+1𝑒2𝑗∅𝑖
 

where (𝑡𝑖,𝑖+1𝑡𝑖+1,𝑖 + 𝑟𝑖,𝑖+1
2 = 1) 

 𝑋𝑖 =
𝑟𝑖,𝑖+1(1 + 𝑋𝑖+1𝑟𝑖,𝑖+1𝑒

2𝑗∅𝑖) + (1 − 𝑟𝑖,𝑖+1
2)𝑋𝑖+1𝑒

2𝑗∅𝑖

1 + 𝑋𝑖+1𝑟𝑖,𝑖+1𝑒2𝑗∅𝑖
 

=>   𝑋𝑖 =
𝑟𝑖,𝑖+1 + 𝑋𝑖+1𝑒

2𝑗∅𝑖

(1 + 𝑋𝑖+1𝑟𝑖,𝑖+1𝑒2𝑗∅𝑖)
 

where, ∅𝑖 is defined earlier. 

III. Kramers-Kronig relation in reflection mode57,59,39 

Refractive index (n) is a function of the angular frequency/energy and it has the following 

properties- 

1) It is an analytic response function. 

2) It does not take any real values at any finite point in the upper half part of the 

complex frequency plane except on the imaginary axis, where it decreases 

monotonically from ε>1 at E=j0 to 1 at E=j∞.59 

The next important step is the choice of the kernel and the contour.  Nash et al.57 have made use 

of the kernel having the form 
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𝑓(𝑧) =
𝑙𝑛[𝑟(𝑧)]

𝑧(𝑧 − 𝐸𝑜)
 

 

In this approach one calculates the integral I with the consideration of pole at z=0: 

𝐼 = ∮
𝑙𝑛[𝑟(𝑧)]
𝑧(𝑧− 𝐸𝑜)

𝑑𝑧 

Within and on the contour as shown in fig. the kernel is analytic and therefore according to 

Cauchy’s integral theorem I=0. 

The integral can be expressed as:39 

𝐼 = ∫
𝑙𝑛[𝑟(𝑧)]
𝑧(𝑧 − 𝐸𝑜)

𝑑𝑧+ ∫
𝑙𝑛[𝑟(𝐸)]
𝑧(𝑧 −𝐸𝑜)

𝑑𝐸+

−𝛿

−𝑅𝐶𝑅

∫
𝑙𝑛[𝑟(𝐸)]
𝑧(𝑧 −𝐸𝑜)

𝑑𝐸

−𝛿+𝐸𝑜

+𝛿

+ ∫
𝑙𝑛[𝑟(𝐸)]
𝑧(𝑧 − 𝐸𝑜)

𝑑𝐸+

𝑅

𝛿+𝐸𝑜

∫
𝑙𝑛[𝑟(𝑧]

𝑧(𝑧 − 𝐸𝑜)
𝑑𝑧+ ∫

𝑙𝑛[𝑟(𝑧)]
𝑧(𝑧− 𝐸𝑜)

𝑑𝑧
𝐶𝐸𝑜𝐶𝑜

 

From the contour figure it is well evident that the limits R and δ can be easily taken as-𝑅 →

∞ &  𝛿 → 0. 

Under this condition the integral 

𝐼1 = ∫
𝑙𝑛[𝑟(𝑧)]
𝑧(𝑧− 𝐸𝑜)

𝑑𝑧 → 0
𝐶𝑅
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Moreover, since the kernel is finite in the upper half of the complex energy plane we can write: 

𝐼2 + 𝐼3 + 𝐼4 = ∫ +∫
𝑙𝑛[𝑟(𝐸)]

𝐸(𝐸−𝐸𝑜)
𝑑𝐸+−𝛿

−𝑅𝐶𝑅
∫

𝑙𝑛[𝑟(𝐸)]

𝐸(𝐸−𝐸𝑜)
𝑑𝐸 + ∫

𝑙𝑛[𝑟(𝐸)]

𝐸(𝐸−𝐸𝑜)
𝑑𝐸 →𝑅

𝛿+𝐸𝑜

−𝛿+𝐸𝑜
+𝛿

𝑃∫
𝑙𝑛[𝑟(𝐸)]

𝐸(𝐸−𝐸𝑜)
𝑑𝐸+∞

−∞   

We define 

 𝐼5 = ∫
𝑙𝑛[𝑟(𝑧)]

𝑧(𝑧−𝐸𝑜)
𝑑𝑧𝐶𝑜

= 𝜑(𝐸0) ∫
𝑑𝑧

𝑧
+𝐶𝑜

∫
𝜑(𝑧)−𝜑(0)

𝑧𝐶𝑜
 

Using 𝑧 = 𝛿exp (𝑗𝜃) in the first integral of the above equation and integrating with θ as a variable from π to 

0 gives: 

𝐼5 = −𝑖𝜑(0)𝜋 + ∫
𝜏(𝑧) − 𝜏(0)

𝑧
𝐶𝑜

 

Since 𝜏(𝑧) is continuous at z=0, which means that for all ε>0 there exists a value η such that if |𝑧| <  𝜂 , 

then |𝜏(𝑧) − 𝜏(0)| <  𝜂, thus we get- 

| ∫
𝜏(𝑧) − 𝜏(0)

𝑧
𝑑𝑧

𝐶𝑜

| ≤
ε

𝜂
| ∫

𝑑𝑧

𝑧
𝐶𝑜

| =
ε

𝜂
𝜋𝜎 = ε 

which means that it can be made smaller than any pre-assigned number. 

𝐼5 = 𝑗
ln [𝑟(0)]

𝐸𝑜
𝜋 

Similarly, defining 𝐼6 = ∫
𝑙𝑛[𝑟(𝑧)]

𝑧(𝑧−𝐸𝑜)
𝑑𝑧𝐶𝐸𝑜

= −𝑗 ln [𝑟(𝐸𝑜)]

𝐸𝑜
𝜋 

Thus 𝐼 = 𝐼1 + 𝐼2 + 𝐼3 + 𝐼4 + 𝐼5 + 𝐼6 

𝐼 = 𝑃 ∫
𝑙𝑛[𝑟(𝐸)]

𝐸(𝐸 − 𝐸𝑜)
𝑑𝐸 +

+∞

−∞

𝑗
ln [𝑟(0)]

𝐸𝑜
𝜋 −  𝑗

ln[𝑟(𝐸𝑜)]

𝐸𝑜
𝜋 = 0 

Taking real part of the above equation we get: 

𝐼𝑚[ln[𝑟(𝐸0)] = 𝐼𝑚[ln[𝑟(0)] −
2𝐸0

𝜋
𝑃 ∫

𝑅𝑒[ln[𝑟(𝐸)]]

𝐸2−𝐸𝑜
2

+∞

0
𝑑𝐸  
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IV. Derivation of optical constants from energy-dependent reflectivity 

spectrum183 

The complex reflection coefficient in term of reflectivity and phase is represented by 

𝑟(𝐸) = √𝑅(𝐸)𝑒−𝑗𝜑(𝐸)       (1) 

Here r(E), R, φ(E) is the reflection co-efficient, reflectivity and phase of the reflected electric 

field respectively.  

Fresnel reflection coefficient for s polarized radiation can be written as- 

𝑟𝑠 = 𝐵 = 
𝑠𝑖𝑛𝜃−√𝑁2−𝑐𝑜𝑠2𝜃

𝑠𝑖𝑛𝜃+√𝑁2−𝑐𝑜𝑠2𝜃
       (2) 

Here , N is the grazing incident angle and complex refractive index respectively. 

Substitute AN =− 22 cos  in eq. (2). 

ASin

ASin
B

+

−
=




        (3) 

)1(

)1(sin

B

B
A

+

−
=


        (4) 

Substitute the value of A in eq. 4  

)21(

)21.(sin
cos

2

22
22

BB

BB
N

++

−+
=−


  

)21(

)2cos21(
2

2
2

BB

BB
N

++

++
=


       (5) 

Substitute the value of B from eq. (1) to eq. (5) 
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).2.1(

)2cos..2.1(
)()(2

)()(2
2

EjEj

EjEj

eReR

eReR
N



 
−−

−−

++

++
=                 (6) 

))(sin2)(2sin())(cos2)(2cos1(

)2cos).(sin2)(2sin()2cos).(cos2)(2cos1(2

ERERjERER

ERERjERER
N





+−++

+−++
=  

          (7) 

Substitute  iN +−= )1(  in eq. (7)  

 

22

22

))(sin2)(2sin())(cos2)(2cos1(

))(sin2)(2sin).(2cos).(sin2)(2sin())(cos2)(2cos1).(2cos).(cos2)(2cos1(

)1(

ERERERER

ERERERERERERERER







++++

+++++++
=

−−

           (8) 

22 ))(sin2)(2sin())(cos2)(2cos1(

))(sin2)(2sin).(2cos)(cos2)(2cos1())(cos2)(2cos1).(2cos)(sin2)(2sin(

2

ERERERER

ERERERERERERERER







++++

+++−+++
=

           (9) 

By solving eq.(8) and (9) 










+++++

+++++
=−−

)1)((cos4))(2cos(241

)1)((cos)(cos4)))(2cos(2())2cos(4(1
)1(

2

22
22

RERERRR

RERERRR




  (10) 










+++++

−
=−

)1))((cos(4))(2cos(241

)1)((sin)(sin4
)1(2

2

2

RERERRR

RER




     (11) 

Let us assume,  

p
RERERRR

RERRERR
=

+++++

−++++

)1))((cos(4))(2cos(241

)1)((cos)(cos42cos4))(2cos(21
2

22





 

q
RERERRR

RER
=

+++++

−

)1))((cos(4))(2cos(241

)1)((sin)(sin4
2

2




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And putting these in eq. (10) and (11) respectively we get,

 

22)1(  −− =p and  )1(2 − =q by solving these equations 

2
)1(

22

2
qpp ++

=−   and 
2

)1(

22

2
qpp +−

=−     (12) 

)1( 


−
=

q

         (13) 

Equation (12) and (13) is used for determination optical constants.

 

V. Derivation of Total electron yield (TEY)66,180,181 

Now, we will derive the expression for the yield signal assuming different models that we have 

used in this thesis- 

Assuming the contribution of the secondary electrons only 

 

In this case one assumes that the primary electron does not contribute to the yield signal since the 

secondary electrons are created just at the point of creation of the primary electron due to the 

photon absorption process. 



 

Page | 165  

 

If R is the reflection coefficient, then the intensity of photons transmitted inside the sample is 

given as -𝐼𝑡𝑠 = [1 − 𝑅(𝜑)]𝐼𝑜 where, 𝐼𝑜 is the intensity of the incident X-ray photon. 

Thus, the probability of the absorption of the transmitted X-ray photon in a layer of differential 

thickness dx at a distance x from the sample surface is – 

[1 − 𝑅(𝜑)]𝜇′exp (−𝜇′𝑧)𝑑𝑧   (1) 

Where 𝜇′ =
𝜇

𝑠𝑖𝑛𝜑′
, μ is the linear absorption co-efficient and 𝜑′ is the angle of refraction. 

If 𝐸 = ℎ𝜗 is the energy of the incident photon and e is the required energy to create one 

secondary electron which overcome the barrier and gets collected contributing to the yield signal, 

then the number of secondary electrons created in the layer of differential thickness dx is-66 

𝑁(𝑧)𝑑𝑧 = [1 − 𝑅(𝜑)]𝜇′exp (−𝜇′𝑧)
ℎ𝜗

𝑒
𝑑𝑧   (2) 

All the created secondary electron does not have the capability to overcome the surface barrier 

and contribute to the yield signal. Several factors are associated with the transmission of the 

created secondary electron into the vacuum. We define an escape function L(z), which is nothing 

but the probability of the electrons collected by the electrometer. The choice of an escape 

function is a difficult task since various factors like multiple electron scattering resulting in 

electron loss, angular distribution of the created secondary electrons, change in potential barrier 

at the interface of the sample layers, refraction effects etc. contribute to its form. However, for 

simplicity we can ignore those effects and write the escape function as- 

𝐿(𝑧) ∝  ∫ 𝑑𝜑 ∫ 𝑒𝑥𝑝 (−
𝑧

𝜆𝑒𝑐𝑜𝑠𝜓
)

𝜋
2⁄

0
 𝑠𝑖𝑛𝜓 𝑑𝜓

2𝜋

0
= 𝐵𝑒𝑥𝑝 (−

𝑧

𝜆𝑒
)  (3) 
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Where,𝜆𝑒 is the escape depth of the secondary electrons and B is the escape probability of the 

electrons from the surface of the sample. 

Thus, the total yield signal collected from the sample can be expressed as- 

𝑌 = ∫ 𝑁(𝑧)𝐹(𝑧)𝑑𝑧 = [1 − 𝑅(𝜑)]

𝑑

0

ℎ𝜗

𝑒
𝐵 ∫𝜇′𝑒𝑥𝑝(−𝜇′𝑧)𝑒𝑥𝑝 (−

𝑧

𝜆𝑒
) 𝑑𝑧

𝑑

0

 

The advantage of this model to explain the yield signal is its simplicity, though it fails to explain 

most of the time since the yield signal not only consists of the secondary electrons, Auger 

electrons & the primary electrons also contribute to the yield signal directly. Moreover, the 

generation of the secondary electron does not occur just at the point of creation of primary 

electron. The created primary electron traverses a certain distance in the sample and undergoes 

ionization with the other electrons present in the sample, resulting in the generation of secondary 

electrons along the track of the primary electron only. 

Assuming the different contribution of the electrons from different absorption processes 

The total electron yield signal can be written as- 

𝑌 = ∫ 𝑁(𝑧)𝐿(𝑧)𝑑𝑧

𝑑

0

 

Where 𝐿(𝑧) is the escape function, which can be expressed in exponential form as shown 

earlier & 𝑁(𝑧) is the number of electrons created at depth z as a result of absorption of X-ray 

photon.  From the perspective of the two different absorption processes, we have to redefine 

the expression of 𝑁(𝑧). 

According to electromagnetic theory, the general conservation law can be written as- 

𝑑𝑖𝑣 𝑆 +
𝜕𝑢

𝜕𝑡
= −𝑄    (1) 
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Where 𝑆  the Poynting vector averaged over time, u is the density of the electromagnetic 

energy & Q is the energy loss in unit volume at unit time. 

In case of soft X-ray region, the energy loss factor Q determines the photon absorption and 

thus tells about the number of electrons created at a depth z, thus-𝑁(𝑧) ∝ 𝜏𝑄  (2) 

where 𝜏 is a constant parameter determining the number of photoelectrons for one absorbed 

photon.  

𝑄 ∝  𝐼𝑚𝑎𝑔(𝜒)|𝐸|2  (3) 

Where, 𝜒  is the electric susceptibility and E is the electric field or the X-ray field amplitude 

which is a function of depth, incidence angle and energy of the incident photon 𝐸𝑝ℎ .180,181 

Thus, 𝑁(𝑧) ∝ 𝜏𝑄 ∝ 𝜖|𝐸|2 =
1

𝜆
𝜖|𝐸|2, where the term 

1

𝜆
 denotes that with increasing energy the 

number of created electrons will also increase because of higher penetration depth. 

Relation between susceptibility and dielectric constant is- 𝜒 = 𝜀 − 1, where 𝜒 = 𝜒1 + 𝑗𝜒2 and 

𝜀 = 𝜀1 + 𝑗𝜀2, 𝜒1 & 𝜒2 are the real and imaginary part of susceptibility and 𝜀1 & 𝜀2 are that of 

dielectric constant. 

We get, 𝜒1 = 𝜀1 − 1 and 𝜒2 = 𝜀2.  We can also represent dielectric constant in terms of 

refractive index N=(1-δ)+iβ as- 𝜀 = 𝑁2 

Thus 𝜀2 = 𝜒2 = 2(1 − 𝛿)𝛽 

Taking into account the contribution of different number of registered electrons originating 

from two different absorption processes we can express N(z) as181- 

𝑁(𝑧) = (𝜏𝑛𝑟𝑒𝑠
2(1−𝛿)𝛽

𝜆
|𝐸(𝑧, 𝐸𝑝ℎ , 𝜃)|

2
+ 𝜏𝑟𝑒𝑠

2(1−𝛿𝑟𝑒𝑠)𝛽𝑟𝑒𝑠

𝜆
|𝐸(𝑧, 𝐸𝑝ℎ , 𝜃)|

2
)  (4) 

Deriving the expression of Y(Eph,θ) 

We can write- 
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|𝐸(𝑧, 𝐸𝑝ℎ , 𝜃)|
2
=|𝐸𝑜 + 𝐸𝑅|2𝑒−𝜇𝑧   (5) 

𝐸𝑜 is the electric field of the incident photon, 𝐸𝑅  is the electric field of the reflected photon and 𝜇 

is the absorption co-efficient.  The internal electric field is the superposition of the incident field 

and the reflected field which resultantly forms standing waves.  The effect of 𝐸𝑅  is higher at 

glancing angles only.  The exponential term represents the fact that the field decays 

simultaneously because of X-ray absorption by the sample. 

|𝐸(𝑧, 𝐸𝑝ℎ , 𝜃)|
2
=|𝐸𝑜|

2 |1 +
𝐸𝑅

𝐸𝑜
|
2

𝑒−
4𝜋𝛽

𝜆⁄ 𝑧
   (6) 

Where 𝜇 =
4𝜋𝛽

𝜆
⁄ , 𝛽 being the imaginary part of the optical constant.  The term 

𝐸𝑅

𝐸𝑜
 is the 

reflection co-efficient which can be written according to Fresnel’s formula as 

- 
𝐸𝑅

𝐸𝑜
=

sinθ−√N2−cos2θ

sinθ+√𝑁2−cos2θ
. Thus, we define Ef = |E0 +

sinθ−√N2−cos2θ

sinθ+√N2−cos2θ
E0|

2

 

Thus, 

𝑌 = ∫𝑁(𝑧)𝐿(𝑧)𝑑𝑧

𝑑

0

= ∫ (𝜏𝑛𝑟𝑒𝑠

2(1 − 𝛿)𝛽

𝜆
+ 𝜏𝑟𝑒𝑠

2(1 − 𝛿𝑟𝑒𝑠)𝛽𝑟𝑒𝑠

𝜆
) Ef 𝑒

−
4𝜋𝛽

𝜆⁄ 𝑧exp (−
𝑧

𝜆𝑒
) 𝑑𝑧

𝑑

0

 

We rewrite 𝛿𝑟𝑒𝑠 as 𝛿𝐾𝐾  and 𝛽𝑟𝑒𝑠 as 𝛽𝐾𝐾  since we determined the optical constants near the 

edge region where resonant phenomena is dominant by performing energy dependent 

reflectivity measurement and applying KK relation to find the phase. 

∴ 𝑌 = (𝜏𝑛𝑟𝑒𝑠

2(1 − 𝛿)𝛽

𝜆
+ 𝜏𝑟𝑒𝑠

2(1 − 𝛿𝐾𝐾)𝛽𝐾𝐾

𝜆
)𝐸𝑓

𝜆𝑒

𝜆𝑒 + 𝛽𝜆𝑒
× [1 − 𝑒𝑥𝑝 {(−𝛽 +

1

𝜆𝑒
) 𝑑}] 
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