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Synopsis

In recent years, precise structural characterization of nanostructured materials is

becoming increasingly important as they find widespread usages in various fields of

science and nano-technological applications. Numerous advantages of functionalized

patterned nanostructures especially in medical physics, chemistry, biology and their

applicability as catalyst for solar energy applications have rapidly driven the growth of

this field in the last two decades. In particular, for applications involving biomedical

imaging, the nanostructured materials have attracted perhaps the greatest attention as

they provide a direct interface at the subcellular length scale. The performance of a

nanostructured device strongly depends on its microstructural properties. Presence of

any unwanted impurity even at micro or trace level may lead to change in the physical

properties and may deteriorate the overall performance of a nanostructured device.

Quantitative analysis of nanomaterials is often very challenging because currently

available methods are not suitable for probing large depth of the order of 100 nm or

more, moreover, it requires high depth resolution of a nano-probe method (of the order

of sub-nanometer length scale) to distinguish internal structure of a nanoscale thin film

device [1–4].

In a similar vein, periodic synthetic multilayer structures consisting of alternating thin

layers of high Z and low Z elements or compounds, offer unique structural, magnetic,

and electronic, properties with a wide range of applications. Multilayers as an x-ray

optical element are used in many technological applications like x-ray astronomy,

microscopy and fluorescence spectroscopy. They are also employed as filters and
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monochromators in synchrotron beamlines and free-electron x-ray lasers. The

performance of a multilayer structure strongly depends on its microstructural properties

such as thickness of individual high Z and low Z layers, interface roughness and

interlayer formation between the two mediums [5–7].

In the literature, most commonly available surface microscopy methods (e.g. -

scanning electron microscopy, scanning tunneling microscopy, atomic force microscopy)

and compositional analysis methods (e.g. - x-ray photoelectron spectroscopy, secondary

ion mass spectrometry etc.) allow nanometer length scale resolution for probing

nanomaterials, however, these techniques suffer from the serious disadvantages of

relatively poor probing depths as well as inferior detection sensitivities for elements that

are present at low concentrations. Moreover, these techniques do not provide any depth

resolved physical and chemical nature of a nanostructured material.

The x-ray reflectivity (XRR) technique is another reliable method to measure structural

properties such as thickness and interface roughness at sub-nanometer length scale, as

demonstrated for several metallic, intermetallic, semiconducting and ceramic thin film

mediums. The conventional XRR technique however, has the intrinsic limitation of

analyzing non-reflecting (non-continuous) layers. Moreover, it does not provide any

element-specific information. It only gives the thickness and roughness values for the

high and low Z layer mediums, and thus sometimes it becomes quite difficult to

determine true microstructural parameters of the periodic multilayer thin film structures

[8, 9].

Using grazing incidence x-ray fluorescence (GIXRF) analysis, it is possible to unfold

depth resolved physical and chemical properties of a nanostructured material. GIXRF

analysis not only provides dimensional visualization for a nanostructured material but

also offers depth resolved localization for a foreign impurity element (if any) embedded

inside the nanostructured thin film medium. GIXRF technique provides information both

for the non-reflecting layer as well as for the reflecting thin layer medium. The inherent

characteristics features of GIXRF allow us to even analyze multielement nanostructured
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materials. However, it has less sensitivity to surface roughness effects in a thin layered

material as compared to that of the XRR technique. In addition, small density variations

in a thin film structure cannot be truly described by using the GIXRF technique alone

[10–12].

In the present thesis work, it has been shown that the XRR analysis, in combination

with GIXRF measurements allows angstrom level (∼ 5 Å) depth resolved sensitivities for

nondestructive determination of microstructural parameters of a thin layered material.

The most significant advantage of the combined XRR and GIXRF analysis is that it

reduces the limitations of the individual techniques thereby improving the reliability of

the estimated parameters (such as thickness, roughness, density variations, and interface

diffusion) of a thin film medium. Synchrotron radiation based instrumentation as well as

computational analysis methodologies developed for the combined XRR-GIXRF

analysis of the nanostructured materials are described in this thesis.

A brief description of the individual Chapters of the present thesis work is given below.

Chapter 1: Introduction

Chapter 1 describes a general overview, importance and role of thin film nanostructured

materials as optics for synchrotron mirrors, monochromators as well as a catalyst for

energy applications. The limitations and advantages of various x-ray based techniques

over the conventional methods have been presented. Various characterization techniques

available for the structural and chemical analysis of nanostructured materials are also

briefly described. Various advantages of the combined XRR-GIXRF analysis approach

over other conventional methods have been highlighted in detail. Finally, the scope of

present work in light of existing literature is described.
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Chapter 2: Instrument development and Experimental

details

An x-ray reflectometer station has been developed and set-up on the BL-16 microfocus

beamline of Indus-2 synchrotron facility. This Chapter describes the mechanical details

and various salient features of the BL-16 reflectometer station. The reflectometer station

facilitates surface-interface characterization of thin layered materials by using x-ray

reflectivity and x-ray standing wave induced grazing incidence x-ray fluorescence

measurements. The performance of the reflectometer has been evaluated by analyzing

several thin layered structures having different surface interface properties. In addition, a

brief description of the various experimental stations available at the BL-16 beamline for

characterization of bulk materials is also presented in this Chapter.

Contents of this Chapter are published in Review of Scientific Instruments 86, 055102

(2015) and AIP Conference Proceedings 1728, 020142 (2016).

Chapter 3: Effect of Synchrotron Polarization on grazing

incidence excited fluorescence emission

The effect of synchrotron beam polarization in grazing incidence excited x-ray

fluorescence analysis has been investigated in Chapter 3. Theoretical computations

carried out explain how scattering probability densities of the Compton and elastic

scattering radiations depend on the scattering angle (θ) and azimuthal angle (φ) in the

polarization plane of the synchrotron radiation beam. The computation results closely

corroborate with the experimental total reflection x-ray fluorescence (TXRF)

measurements carried out on several standard reference materials (SRMs). The results

further explain that one can achieve approximately one order of magnitude enhancement

in the spectral signal strength of various elements in synchrotron assisted TXRF analysis
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by utilizing anisotropic nature of the primary scattered radiation in the horizontal

detection geometry (θ = π/2, φ = 0). Interestingly, the azimuthal anisotropy of the

scattered photons shows its vital role on the significance of observed x-ray fluorescence

detection sensitivities.

Contents of this Chapter are published in Journal of Analytical Atomic Spectrometry

29, 2405 (2014), AIP Conference Proceedings 1591, 642 (2014), and AIP Conference

Proceedings 1665, 080039 (2015).

Chapter 4: Depth resolved structural and chemical analy-

sis of thin layered materials

In this Chapter, the underlying physical aspects of x-ray standing wave technique and

development of the GUI-CATGIXRF program, as a solution to provide non-destructive

evaluation of nanostructured materials are described. The GUI-CATGIXRF program

allows combined analysis capabilities for both XRR and GIXRF data simultaneously,

thus enabling us an improved reliability for the determination of microstructural

parameters of a thin film medium. The potential utility and various salient features of the

GUI-CATGIXRF program are described by providing example calculations as well as by

analyzing several thin film structures comprising of different surface-interface properties.

Applicability of the combined XRR and x-ray standing wave (XSW) analysis approach

for probing deep buried interfaces inside a W-B4C multilayer structure has also been

demonstrated. The cross sectional transmission electron microscopy results obtained on

the same W-B4C multilayer structure provide overall reliability and accuracies of the

XSW technique. It has been demonstrated that XRR investigation together with the

GIXRF measurements can be used as a sensitive probe to quantitatively evaluate the

presence of a buried interface structure or any thickness non-uniformity inside a periodic

multilayer structure. It has been further demonstrated that the technique offers capability
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to distinguish density variations of the order of 6 % or any atomic migration occurring

in any layer, deep inside a multilayer medium.

To study nondestructive chemical speciation inside a W-B4C multilayer structure, XSW

assisted depth resolved near edge x-ray absorption measurements have been carried out.

Interestingly, results presented in Chapter 4 show existence of some unusual electronic

states for W at the surface-interface boundary of the W-B4C multilayer structure as

compared to that of the bulk W. Grazing incidence x-ray diffraction analysis carried out

on the same multilayer structure provides valuable insights on the local crystalline

environment of W in the multilayer medium and supports conclusions drawn from the

XSW results.

Contents of this Chapter are published in X-Ray Spectrometry 45, 212 (2016), Applied

Physics Letters 108, 263109 (2016).

Chapter 5: Analysis of nanoparticles using XSW

In Chapter 5, potential applicability of the combined XRR-GIXRF approach has been

demonstrated for the reliable and precise characterization of surface morphology of

metal nanoparticles, dispersed on a flat surface. Appropriate theoretical models have

been developed that take into account an effect of average particle size, particle’s shape,

nature of particle’s dispersion and their agglomeration on top of a substrate surface

during computation of XSW assisted fluorescence profile of a nanostructured material.

The effect of temporal coherence of the primary x-ray beam on the total reflection

assisted x-ray standing wave (TR-XSW) fluorescence analysis of nanostructured

materials is also evaluated in detail.

In the subsequent sections of the Chapter 5, applicability of the XSW assisted

fluorescence methodology for the determination of surface morphology of different types

of nanostructured materials (e.g. Au nanoparticles and TiO2 nanoparticles dispersed on

top of a Si substrate surface) has been described. A novel synthesis procedure for the
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fabrication of low dimensional TiO2 nanoparticles using gas phase CO2 laser pyrolysis

method is described. Laser based pyrolysis method provides nearly mono - dispersed,

and narrow size distribution of the TiO2 nanoparticles over large surface area of a Si

substrate surface. Atomic force microscopy measurements along with the transmission

electron microscopy measurements were also carried out to correlate findings of the

XSW investigations. Grazing incidence x-ray diffraction and electron diffraction

measurements were performed to investigate the crystalline nature of the TiO2

nanoparticles.

Contents of this Chapter are published in Applied Physics Letters 107, 103104 (2015),

AIP Conference Proceedings 1832, 050025 (2017), and X-Ray Spectrometry (2017).

Chapter 6: Summary and Future scope

Chapter 6 summarizes the results and conclusions of the present thesis work. A

grazing incidence x-ray reflectometer station has been developed and set up on the

BL-16 microfocus x-ray fluorescence beamline of Indus-2 synchrotron facility for the

microstructural characterization of nanostructured materials using combined

XRR-GIXRF analysis approach. Effect of polarization properties of synchrotron

radiation and correction for nonzero wavelength dispersion of the incident x-ray wave

field have been taken into account in the model computations of x-ray reflectivity and

XSW assisted angle dependent fluorescence profiles originated from a thin

nanostructured material. It has been shown that the combined XRR - GIXRF technique

allows precise determination of depth resolved structural and chemical informations

about a nanostructured material in a nondestructive manner.

For future work, two developments that seem promising are: I) vacuum compatibility of

the reflectometer for light element detection and, II) in-situ studies of nanostructured

materials at various sample environments (with change of temperature and magnetic

field). Other interesting applications that can be pursued using combined XSW-XANES

xiii



technique are - depth resolved x-ray absorption studies on electrolyte interfaces of solid

state batteries, and chemical speciation of buried interfaces in thin film solar cell

structures. Furthermore, the combined XRR-GIXRF technique can also be applied to

study structural and chemical properties of the core-shell nanoparticles. Such kinds of

studies have not been performed so far and therefore may yield valuable informations on

novel physical properties of the core-shell nanoparticles.
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Chapter 1

Introduction

This chapter gives a general overview and importance of the nanostructured materials in different

areas of science and technology. The limitations and advantages of various x-ray based techniques

over the conventional analytical methods have been presented. As a non-destructive probe, the

combined x-ray reflectivity and grazing incidence-ray fluorescence (XRR-GIXRF) technique for

the structural and chemical analysis of nanostructured materials is briefly described. Finally, the

scope of present work has been highlighted.
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1.1 Introduction

X-rays play a significant role in understanding the internal structural details of an

atom. The history of x-ray spectroscopy dates back to the accidental discovery of x-rays

in 1895 by the German physicist Wilhelm Conrad Roentgen. This discovery had opened

up a new window of research not only in the area of physics and chemistry but also in

various branches of science and technology. In 1970, the lithium drifted silicon detector

was developed for the first time and that technology is still in use today. There are

several possible atomic and molecular resonances, that allow absorption of x-ray

radiation in a very short wavelength range of the order of a few nanometer to angstrom

in the electromagnetic spectrum. All these resonances can be used to identify the specific

chemical states of an atom in a given material. By carefully controlling the incident

photon energies one can probe atomic and molecular resonances in various physical

states of a material (solid, liquid or gas). For instance, in magnetic microscopy one can

determine the contents of two neighbouring elements (i.e, Fe or Co) distinctly. Similarly,

there is a great potential to work in the water window region to determine the absorption

of O and C edges that has lot of applications in the biological field [1, 2].

1.2 Importance of Nanostructured Materials and their

role in real device applications

Usually Nanomaterials can be defined as an arrangement of structure having

characteristic dimension between the microscopic and molecular length scale.

Nanostructured materials show various novel physical and chemical properties as

compared to that of the bulk. Their unique structural, electronic and magnetic properties

play an important role in understanding many correlated and uncorrelated physical

phenomenon, such as electronic and magneto transport properties and interlayer

exchange coupling properties of various compound materials [3, 4]. Numerous
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advantages of functionalised patterned nanostructures especially in medical physics,

chemistry, biology and their applicability as catalyst for solar energy applications have

rapidly driven the growth of this field in the last two decades. In particular, for

applications involving biomedical imaging, the nanostructured materials have attracted

perhaps the greatest attention as they provide a direct interface at the subcellular length

scale [5].

Lack of adequate knowledge about the growth kinetics such as nucleation of atoms,

formation of a layer structure etc. makes it difficult to tune the overall fabrication

processes from the point of view of practical device applications of low dimensional

nanomaterials [6]. Furthermore, presence of any unwanted impurity even at micro or

trace level may lead to change in the physical properties and therefore may deteriorate

the overall performance of a nanostructured device. For example, the presence of

transition elements like Cr, Fe, Co, Ni, Cu and Zn may cause increased leakage current

of a thin film transistor device [7, 8]. Therefore, precise structural and interface

knowledge about a nanostructured material is often necessary to tailor the physical

properties of a thin film based semiconductor device. Any unwanted structural

non-uniformity in the layer thickness or formation of a buried layer interface structure

can lead to malfunction and may change the overall characteristic features of a

nanostructured device. Similarly, long term durability of a thin film based device is also

strongly correlated with the nature of interface structure associated between different

constituent layers [9]. Electronic states at the surface and interface boundary of a thin

film medium significantly differ from that of the bulk due to strong orbital reconstruction

or hybridization of near surface atoms [10, 11]. Such hybridization extensively

modulates the physical properties of a thin film medium. Alteration of surface and

interface properties due to atomic scale modulation of the orbital occupation has been a

major obstacle that hinder further progress in real device applications of the

nanostructured materials. Interface reconstruction due to diffusion or atomic migration is

an active area of research to unravel insights of many physical phenomena [12–14].
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Despite immense progress in this direction, no appropriate technique is available that can

provide depth resolved localised chemical information about a thin layered material.

The constructive interference of the x-rays produced by crystalline materials opens a

new window of research to understand many basic problems in condensed matter

physics [15]. It has been demonstrated that periodic synthetic multilayer structures

comprising of alternating thin layers of the high-Z and low-Z elements or compounds

might expand the range of utility of this phenomenon into various spectral domains,

which are not usually accessible using naturally occurring crystalline materials. Such

synthetic periodic multilayer structures are primarily employed as artificial x-ray Bragg

reflectors in synchrotron beamlines, and their reflection efficiency predominantly

dictated by the nature of the buried interfaces between different layers. Recently, an

increasing interest has grown on the synthesis of such periodic multilayer materials.

Similarly an x-ray optical system based on the total external reflection phenomena has

been used in many applications for the optimization and conditioning of an x-ray beam

[16]. Every optical system has its own advantages and limitations. On the other hand

multilayer optics can be used as a bandpass filter and they provide energy resolution

about two orders of magnitude wider as compared to that of single crystals. Another

significant benefit of multilayer optics is that they provide Bragg angle values which is

typically 2 to 3 times higher than the critical angle of a reflecting mirror based on totally

reflection phenomena. Thus, the photon flux transported by a multilayer optics is

significantly higher compared to both the single crystals and reflecting mirror optics. In

addition to that, multilayer optics also provides an opportunity to tailor ‘d’ period

laterally, satisfying the Bragg condition at each point on a curved surface. Such graded

multilayer optics are usually fabricated with elliptical or parabolic shapes. They provides

enhanced photon flux and improved beam collimation properties [17–19].

Quantitative analysis of such nanostructured optics is often very challenging because

currently available methods are not particularly suitable for probing large depths of the

order of 100 nm or more, moreover, it requires high depth resolution of a nano-probe
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method (of the order of sub-nanometer length scale) to distinguish internal structure of a

nanoscale thin film device. However, currently available techniques suffer from the

serious disadvantages of relatively poor probing depths as well as inferior detection

sensitivities for elements that are present at low concentrations. Moreover, these

techniques do not provide any depth resolved physical and chemical nature of a

nanostructured material. Therefore, it is important to explore non-destructive analytical

methods that can provide precise structural properties of the nanostructures. The recent

advances in the field of surface-interface analysis of nanostructured materials have

spurred new experimental efforts to develop methodologies that can provide depth

resolved structural and chemical information of a nanostructured material

non-destructively.

In this thesis work, special emphasis has been given on the development of suitable

analytical techniques for the depth resolved structural and chemical characterisation of

nanostructured materials. To bridge the missing gap, synchrotron radiation based

instrumentation has been developed to perform combined XRR-GIXRF analysis of the

nanostructured materials. Analytical methods have been developed to determine

surface-interface characterisation of nanostructured materials in a non-destructive

manner. The present thesis work also provides solutions to a number of unsolved issues

that are not addressed so far. For examples, in one of the case it discusses in detail the

effect of polarization of synchrotron beam during grazing incidence excited x-ray

fluorescence analysis. Similarly, effect of temporal coherence properties of a synchrotron

x-ray beam on the total reflection assisted x-ray standing wave fluorescence analysis of

the nanostructured materials has been studied in detail.
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1.3 Analytical technique for surface-interface analysis of

nanostructured materials

A number of analytical methods are employed for the characterisation of

surface-interface properties and chemical composition of a nanostructured material. A

single analytical technique cannot be applied to each branch of science to obtain

complete details about a system. Each technique has its own advantages and limitations.

Depending on the capability and sensitivity a measuring technique, reliable

characterisation results can be obtain about a specimen [20]. In this section, various

microscopy techniques used for the characterisation of a nanostructured material are

briefly summarized. The principle mechanism of a technique and its applicability to

various fields of science are also discussed.

1.3.1 Scanning Electron Microscopy (SEM) & Energy Dispersive X-

ray Analysis (EDAX)

Scanning electron microscopy (SEM) is one of the most commonly used technique for

the determination of surface morphology of a nanostructured material over a wide range

of magnification. In this technique, a high energy accelerated electron beam is allowed

to focus onto a solid sample. The interaction between the incident electron beam and the

atoms in the sample reveals the information about the surface topography and chemical

composition of the specimen. Magnification of the SEM technique can be controlled over

a wide range (up to six orders of magnitude). The energy exchange between the incident

electron beam and the orbital electrons of an atom gives rise to back-scattered electrons

(BSE), secondary electrons and characteristic x-rays. BSE are reflected electrons from

the sample due to elastic scattering and they provide information about the distribution

of different elements in the sample. BSE signal is strongly correlated with the atomic
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number (Z) of the specimen. The secondary electrons come from a very shallow depths

in the specimen because of inelastic scattering between the incident electrons and the

atoms. It provides information about surface topography and a three dimensional image

of the scanned area of the sample. Figure 1.1 demonstrates a schematic diagram of a SEM

system.

Energy Dispersive x-ray (EDX) technique is used to identify the elemental composition

Figure 1.1: Schematic diagram of a scanning electron microscope .

of a specimen. Usually EDX is combined with SEM technique. In this technique high

energy electrons are allowed to bombard on a specimen, knocking the inner shell electrons

of an atom. The vacancies created in the inner shells are then filled by the upper shell

electrons. Such transition of orbital electrons results the emission of characteristic x-rays.

Characteristic x-rays are detected by solid state detector. It provides the composition of

the constituent elements in a specimen.
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1.3.2 Transmission Electron Microscopy (TEM)

The basic working principle of TEM is similar to SEM as discussed in the previous

section. The TEM technique provides much higher spatial resolution as compared to the

SEM. The TEM technique is very useful in understanding various informations of

material such as surface morphology, crystal structure, strain, defects and chemical

information down to atomic level. TEM image of a sample is formed due to the

deflection of electrons that passes through the specimen. The technique provides a lattice

resolution of ∼ 1 nm. It has disadvantage that it can be used only for analysing thin

specimen.

Figure 1.2: A schematic diagram of Atomic force microscope system.
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1.3.3 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a high resolution scanning microscopy technique.

It finds widespread applications for the determination of surface morphology of

nanostructured materials having dimension in the range of 100 Å to few microns [21].

The working mechanism of AFM is based on the principle of a cantilever. In this

technique, a sharp tip is scanned over the sample surface in a very precise manner. The

van der Waals forces between the atoms of probe tip and sample surface cause the

cantilever to deflect on the sample surface according to its surface morphology. The

short range attractive forces cause the cantilever to bend and measure fine changes in the

surface morphology. A piezoelectric actuator provides very accurate and precise

movement of the tip element on the sample surface. A schematic diagram of AFM

system is shown in Fig. 1.2. The AFM technique allows various modes of operation.

The contact mode also known as static mode of AFM, allows one to measure surface

morphology of the solid surfaces. This mode of operation is largely affected by frictional

and adhesive forces compared to non-contact or tapping mode. In the non-contact

operation mode, the AFM tip is placed very close to the sample surface, such that it

measures the attractive van der Waals forces between sample and AFM tip. The

non-contact operation mode of AFM is preferred to measure surface morphology of soft

biological and organic thin film samples. AFM provide a three dimensional surface

visualization of a specimen. Using AFM one can image a maximum surface area of

150×150 µm2 and a maximum height variation of 10-20 µm. The lateral resolution of the

AFM technique is limited by the tip size of the cantilever.

1.3.4 Secondary Ion Mass Spectrometry (SIMS)

Secondary Ion Mass Spectrometry (SIMS) is used to probe the chemical state of an

element inside the solid and thin film surfaces. The SIMS technique is primarily a
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destructive probe. It is mainly used for the determination of depth profiling of dopants

and impurity atoms inside a solid surface. In this technique, a sample is exposed by a

primary ion beam of energy ranging from 1-30 keV in the vacuum environment. The

secondary ions generated from the specimen are then detected and analysed by a mass

spectrometer. The elemental detection sensitivities of the SIMS technique are in ppm

range for most of the (Z=6-10) trace elements. The technique has the limitation that it

can not be used to analyse soft matters and biological specimens.

1.4 Various x-ray based techniques for characterisation

of Nanostructured Materials

X-ray based spectroscopy techniques are very useful for the analysis of nanomaterials

because K, L and M absorption edges of most of the elements lie in the x-ray region.

X-ray offers large penetration depths in most of the materials. When a specimen is

exposed by x-ray, some of the x-ay photons interact with the atoms of the matter and

their energy can be absorbed selectively or can be scattered. The number of x-ray

photons transmitted by a material depends on its thickness, density and atomic number.

The absorption of x-ray in the material is caused due to the photoelectric effect,

fluorescence and auger effect; whereas the scattering of an x-ray photon may occurs due

to elastic and inelastic scattering effects. All these processes have finite probability. It

depends on the energy of the incident x-ray photon and atomic number of the irradiated

material. Various interaction mechanisms allow a number of analytical techniques for

the characterisation of a material [1, 2, 22].
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1.4.1 X-ray Photoelectron Spectroscopy (XPS)

Photoelectron spectroscopy is based on the photoelectric effect. Electrons in an atom

are tightly bound in their orbital by the characteristic binding energies. The binding

energy of an orbital electron strongly depends on the atomic number, orbital type and the

nature of neighbouring atoms. In the XPS technique, an incident photon of sufficient

high energy is absorbed by the atom with the emission of a photoelectron. The kinetic

energy of the emitted photoelectrons is evaluated by a concentric hemispherical electron

analyser. XPS is primarily a surface sensitive technique because the electrons that are

ejected from deep inside the surface are unable to escape from the surface of a material.

Therefore, only few mono layers of the sample can be probed. The XPS experiments are

performed under ultra high vacuum (< 10−9 torr) environment. The technique provides

the information about chemical state as well as concentration of different elements

present in the material [23].

Both x-ray absorption near-edge spectroscopy (XANES) and XPS are complementary

technique and can be used with equal ease to determine chemical nature of bulk and

surface region of a nanostructure. XPS can be used to obtain information about the

occupied electronic states below the Fermi level, whereas, XANES provides

determination of density of unoccupied electronic states above the Fermi level.

1.4.2 X-ray Diffraction Technique (XRD)

X-ray diffraction is a widely used technique for the structural characterisation of

materials. In this technique x-rays are allowed to diffract from a specimen. The

diffracted x-rays carry the structural details of a material. Since the atoms are arranged

periodically in the lattice, therefore x-rays diffracted from the different planes comprise

of definite phase relationship between them, which leads to constructive and destructive

interference pattern in the reflected x-ray beam. The Bragg’s law for the diffraction of
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Figure 1.3: A schematic diagram for geometric construction of Bragg Law.

x-rays is given by

2dS inθ = nλ (1.1)

where n=order of diffraction, d= interplanar spacing, θ=glancing angle, λ=wave length

of the incident x-ray beam. The schematic representation of the Bragg’s law is shown in

Fig. 1.3. According to this law, the incident x-rays are reflected from the different parallel

crystal planes (or Bragg planes), which contain a large number of atoms. These atoms

scatter the primary x-ray beam coherently and produce the intensity Bragg peaks in the

XRD spectrum. At certain incidence angles, the reflections from particular parallel Bragg

plane are in phase. Hence, they reinforce constructive interference and produce maximum

of intensity. For those angles where reflections from different planes are out of phase one

obtains destructive interference pattern (i.e, zero or feeble reflected intensity) [24]. The

lattice spacing (or the interplanar spacing) can be expressed as,

dhkl =
1√(

h
a

)2
+

(
k
b

)2
+

(
l
c

)2
(1.2)

where, a, b, c are lattice parameters and h, k, l are Miller indices for the corresponding

parallel plane. When a beam of monochromatic x-rays is incident on a crystal surface
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then each atom present in the crystal becomes the source of scattering radiation. X-ray

diffraction technique is primarily used for the phase identification, impurity or secondary

phase identification and to find out the crystallite size. The diffraction pattern can also be

used to determine the crystallite size of nanomaterials using Scherrer formula. Crystals

which are in size less than 1000 Å cause the broadening of the diffraction peaks. This

broadening is usually related to the particle size which can be calculated using Scherrer

formula, given as

D =
Kλ

BCosθ
(1.3)

where λ is the wavelength of the x-ray used, B is the broadening of the diffraction peak

measured at its half maximum intensity, θ is the angle corresponding to the Bragg peak

position, D is the diameter of crystalline particle, K is the shape factor. For various

shapes of particles, it can be evaluated. For example, for spherical shape particles, K

=(4/3)(π/6)1/3. It is important to consider instrumental broadening factor during the

calculation of particle size. The broadening factor can be expressed as B2 = B2
M - B2

S ,

where BM is the measured breadth of the diffraction line of the sample and BS is the

corresponding width of a peak of the standard material. In general, low Bragg angle

peaks are used for the determination of crystallite size as the broadening of a Bragg peak

increases at higher incidence angles.

1.4.3 X-ray absorption fine structure (XAFS)

X-rays can be absorbed by an atom, that present isolated on top of a surface or inside a

material at energies near and above the core-level binding energies. The x-ray absorption

fine structure (XAFS) spectrum is typically divided into two regimes: x-ray absorption

near-edge spectroscopy (XANES) and extended x-ray absorption fine structure

spectroscopy (EXAFS). The XAFS signal is specifically sensitive to the coordination

chemistry (e.g., octahedral, tetrahedral coordination) of the absorbing atom, neighbour

distances, and types of the atoms in the near surroundings of the atom under
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investigation. XANES measurements are strongly sensitive to formal oxidation state of

an atom. Therefore one can obtain the information about local surroundings and the

chemical state of an atom by fitting XAFS signal [25].

1.4.4 X-ray reflectivity (XRR)

X-ray reflectivity (XRR) is basically a scattering technique for the determination of

microstructural properties of a thin layered material [15, 26, 27]. It provides information

about thickness, density, and surface/interface roughness of the reflecting layers extending

from few nanometers to some hundreds of nanometers with angstrom resolution. In case

of a material that is deposited on a substrate surface and forms a continuous layer, there

will be two interfaces viz. vacuum/film and film/substrate that are separated by the thin

film of thickness ‘d’ (see Fig. 1.4(a)). Let the Fresnel reflected amplitudes of the top and

bottom interfaces be r12 and r23 respectively. The amplitude of x-ray reflection from the

thin film structure can be expressed as,

r =
r12 + r22exp(2iΦ)

1 + r12r22exp(2iΦ)
(1.4)

where Φ = 2π
λ
× (n2dS inθ) is the phase difference between the scattered amplitude from

the two interfaces, which give rise to the oscillatory behaviour in the measured

reflectivity pattern, n is the index of refraction. The oscillation frequency of the XRR

pattern determines the thickness of the film medium; if ∆q is the difference in wave

vector transfer between the two successive maxima/minima, then 2π/∆q gives the

thickness ‘d’ of the thin film medium. If only the single scattering events from the two

interfaces are considered, then the denominator term in eqn. 1.4 can be neglected and

resultant reflectivity can be described by the numerator of the eqn. 1.4 alone. However,

the multiple scattering effects give rise to higher order terms and the denominator term in

eqn. 1.4 becomes significant. Another important aspect is the relation between the film
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Figure 1.4: (a) Schematic representation of reflection phenomena from a thin film on
top of a Si substrate, where multiple reflections can take place in thin film medium.
(b) Simulated x-ray reflectivity spectra of a Cr thin film of thickness 500 Å and 100
Å respectively on Si substrate at incident x-ray energy of 8 keV. The figure clearly
demonstrate the dependency of the oscillation frequency on the film thickness.

thickness and the oscillation frequency of XRR pattern. As the thickness of the film

increases, the angular separation between two successive peaks decreases. This can be

understood by the fact that the reflectivity is the Fourier transform of the electron density

variation in the real space. This is illustrated in Fig. 1.4, where the simulated XRR

curves for a 100 Å and 500 Å thick Cr film on a Si substrate are shown.

1.4.5 Total reflection x-ray Fluorescence (TXRF) and Grazing

incidence x-ray fluorescence (GIXRF)

X-ray fluorescence (XRF) spectroscopy is a non-destructive analytical tool for the

spectrochemical determination of almost all the elements present in a specimen. The

emission of fluorescence photons occurs when a vacancy in an inner shell of an atom is

formed due to ejection of a core shell electron by the incident x-ray photon. As a result

an outer orbit electron makes a transition to that vacant core shell state. Due to this
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electronic transition the atom undergoes with the emission of characteristics fluorescence

photon. The energy of this photon is equal to the difference in energies of the initial and

final electronic states of an atom.

TXRF is a variant of energy dispersive x-ray fluorescence spectrometry. It has been

shown that the reflectivity of a polished surface is strongly increased at very low grazing

incidence angle (critical angle). The angular region below which the incident x-ray is

reflected completely from a surface is known as total reflection region. Therefore, the

XRF measurements carried out under total reflection condition of a flat substrate is

referred as total reflection x-ray fluorescence (TXRF). The main advantage of TXRF

technique is that the spectral background generated due to Compton and elastic

scattering of the primary x-ray beam is reduced to a great extent. The matrix effects are

also eliminated completely in TXRF. The technique is highly suitable for multi element

ultra-trace element analysis. In addition to trace elemental analysis, the TXRF technique

finds widespread applications for surface and near-surface characterisation of thin

layered materials. A detail description of TXRF technique has been provided in Chapter

3. The elemental depth sensitivity inside a nanostructured material can be enlarged to

nanometer regime by measuring grazing incidence angle dependent x-ray fluorescence

emitted from a thin layered material. In grazing incidence x-ray fluorescence (GIXRF)

technique, a primary x-ray beam impinges on a smooth reflecting surface, a part of the

radiation is specularly reflected and part of it is refracted and transmitted inside the

sample surface. In the condition of total external reflection (θ < θc), the incoming and

reflected beams interfere and form an x-ray standing wave (XSW) field pattern on the

substrate surface. This XSW field also expands below the substrate surface up to a

certain depth (3 nm to 0.1 µm). Enhanced fluorescence radiation is emitted from those

parts of the sample volume that are present at the locations of XSW field antinodes. By

changing the grazing incidence angle in the vicinity of the critical angle θc, the position

of XSW antinodes can be moved inside the sample material and the corresponding

changes in the fluorescence intensity can be recorded. The XSW technique provides the
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Figure 1.5: Computed GIXRF profiles for (a) bulk-like, (b) particle like, and (c) thin
layer like structures. The calculations were carried out at incident x-ray energy of 8 keV.
The critical angle position in all cases are marked by dotted lines.
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determination of microstructural parameters like-roughness, thickness effects, and

density variations in a thin film structure [28–32]. Figure 1.5 represents the computed

GIXRF profiles for the bulk, nanoparticle, and thin film like structures. It can be seen

from the Fig. 1.5 that GIXRF technique has the potential to distinguish the various types

of nanostructure materials. In Chapter 4, the basic principles of XRR & GIXRF

techniques have been explained in detail.

1.5 Combined XRR-GIXRF technique

XRR technique is a widely used technique for the surface-interface characterisation of

nanostructured materials. It provides precise determination of depth resolved

microstructural properties like density, thickness, roughness, etc. of a thin layered

medium. However, one of the drawbacks of this technique is that it does not provide

element specific information. The inherent characteristic features of GIXRF allow one to

analyse multi-element nanostructured materials. Therefore by combining the two

techniques in a simultaneous approach, one can reveal more or less complete

informations about a nanostructure. The most significant advantage of the combined

XRR-GIXRF analysis is that it reduces the limitations of the individual techniques

thereby improving the reliability of the estimated parameters (such as thickness,

roughness, density variations, and interface diffusion) of a thin film medium.

XAFS is a very promising technique to obtain chemical state and electronic structure

of a material. However, the technique has a inherent technical limitation that it does not

allow the analysis of a nanostructured material using the conventional fluorescence

measurement geometry. Furthermore, it does not provide the depth resolved information

about a nanostructured material. On the other hand XSW has the characteristic property

to unfold depth resolve elemental information about a nanostructured material. Thus, by

combining the x-ray absorption fine structure measurements in XSW geometry, it is

possible to obtain the depth resolved physical and chemical properties of a
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nanostructured material with angstrom depth resolution. Various attractive features of

the combined XRR-GIXRF technique has been described in Chapter 2.

1.6 XSW compared with other analytical technique

It would be imperative to discuss the relative advantages and limitations of the

available conventional microscopy techniques with respect to the XSW technique. The

most significant advantage of XSW technique is that it allow large area of investigation

as compared to the conventional surface analysis techniques. The inspected or sampled

areas in electron probe microscopy (EM) and scanning probe microscopy techniques are

in the range of few square micrometers, whereas the sampled area in the x-ray based

techniques in grazing incidence geometry vary in several square millimetres (∼ six

orders of magnitude larger than the irradiated area of a conventional microscopic

technique). As a result, XSW technique offers better measurement statistics as compared

to the conventional microscopy techniques. In many cases, it is very time-consuming to

record several images to improve of statistics of a measurement in EM and scanning

microscopic techniques. Electron and scanning microscopic techniques provide direct

information about the surface morphology of a nanostructured material with spatial

resolution down to ∼50 nm. Whereas, the XSW technique do not offer determination of

surface resolved structural properties of a thin layered specimen. All the conventional

techniques described above, however, do not have the capability to obtain information

about a nanoparticle if it is embedded inside a bulk matrix or if several impurities are

absorbed inside a nanostructured material. Moreover, the conventional surface

characterisation techniques do not offer depth resolved information on the physical and

chemical nature of the nanostructured materials and their localisation with respect to the

substrate surface. Table 1.1 summarizes various advantages and disadvantages of the

most common surface characterisation techniques.
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Table 1.1: Overview of various analytical techniques available for the analysis of
nanostructured material. ∗ SAXS-small angle x-ray scattering.

Technique Application Advantages limitations
SEM surface

morphology
provides magnification up to 6 or-
ders and three dimensional appear-
ance

offers limited
depth resolution

TEM surface
morphology

provides high in depth resolution
(cross section mode)

applicable to thin
samples

AFM surface
morphology

offers lateral height of 100 Å to
some microns with a resolution of
sub-angstrom

limited lateral
resolution, no in-
depth information

SIMS depth or impurity
profiling

offers high elemental detection sen-
sitivity

limited lateral res-
olution

XPS elemental compo-
sition or chemical
state

provides occupied electronic states surface sensitive
technique

XRD structural charac-
terisation

crystalline phase in-depth chemical
nature

XAFS local surroundings
and the chemical
state

provides unoccupied electronic
states

applicable to thin
samples

SAXS∗ microstructure,
chemical
composition,
texture

particle systems of structure in the
nanoscale to microscale

sensitive to elec-
tron density con-
trast

XRR microstructural pa-
rameters

offers high depth resolution no element spe-
cific information

TXRF surface characteri-
sation

offers high elemental detection sen-
sitivity

surface sensitive
technique

GIXRF structural and
chemical analysis

offers depth resolved analysis low sensitivity for
surface roughness
effects and low
density variations
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1.7 Scope of present work

To overcomes the limitations and advantages of individual XRR and GIXRF

techniques, a combined XRR-GIXRF technique has been proposed in the present thesis

work for depth resolved structural and chemical analysis of the nanostructured materials.

Keeping in view the diverse applicability and several attractive merits of XRR & GIXRF,

we have designed and constructed a x-ray reflectometer experimental station on the

BL-16 microfocus beamline of Indus-2 synchrotron facility. The details of the BL-16

reflectrometer along with its measured performance for the characterisation of

nanostructured materials are described in detail in Chapter 2. The BL-16 XRR station

allows various measurement modes e.g. total reflection XRF, combined as well as

individual XRR and GIXRF measurements, XSW assisted x-ray absorption fine structure

measurements of thin film structure, grazing incidence x-ray diffraction etc. During the

XRR-GIXRF characterisation, the structure of a thin film specimen is usually evaluated

by comparing the experimental XRR and GIXRF profiles with the model fit calculations.

Therefore, a GUI based computer program (GUI-CATGIXRF) has been developed to

examine angle dependent x-ray reflectivity and fluorescence intensities emitted form thin

film medium.

Detection and precise quantification of elements that are present at trace and ultra-trace

level in a specimen is important in many applications. Synchrotron radiation based XRF

and SR-TXRF measurements are the examples of such trends. In the present thesis work

systematic study has been carried out to investigate the influence of synchrotron

polarization on the x-ray fluorescence emission at grazing incidence angles. The effect of

anisotropic nature of Compton and elastic scattered x-rays on the spectral background

and observed detection sensitivities are discussed in detail in Chapter 3. It has been

shown that one can achieve approximately one order of magnitude enhancement in the

spectral signal strength of an element under the grazing incidence excitation condition.

We could observe detection sensitivity ∼ 93 ppb - 3 ppb for elements of atomic number
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Z ranging from 14 to 33 in synchrotron assisted TXRF analysis. The present thesis work

describes the feasibility to determine the concentration as well as location of various

trace embedded impurities at different depth inside a nanostructured material using

GIXRF analysis technique. The applicability of GIXRF technique for the determination

of shape and size distribution of metal nanoparticles has been demonstrated in detail.

1.7.1 XSW characterisation of thin layered materials

Precise structural and interface knowledge about a thin film medium is often necessary

to tailor the physical properties of a thin film based semiconductor device or integrated

circuits (ICs), magneto-electronics, and spintronics devices. Moreover, depth resolved

studies on the chemical nature and electronic properties of a thin film medium are also

important in many technological applications to understand and correlate the overall

efficiency of a thin film based device. The formation of various chemical phases at

various depths inside a thin film medium can strongly modify their physical properties.

X-ray offers a large penetration depths in most of the materials. As a nondestructive

probe, XSW induced fluorescence measurements at grazing incidence angles provide

atomic scale depth resolution inside a thin film medium. We have discussed this issue in

detail in Chapter 4 with respect to our results. Despite the recent advances in thin film

growth methodology, the interface boundary between two materials in a thin film

medium can not be realised distinctly due to atomic migration or diffusion of atoms at

the interface region. The XSW induced GIXRF measurements along with XRR can be

applied to quantitatively evaluate structural morphology of an underneath buried layer

inside a periodic multilayer structure. Our results also reveal that the combined analysis

approach has the capability to determine slight density variations or any atomic

migration occurring in any layer, deep inside a thin layer medium. We have further

demonstrated that the XANES characterisation along with the combined XRR-GIXRF

analysis can be used as a sensitive probe to perform depth resolved chemical speciation
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of a thin film medium. Our combined XSW-EXAFS analysis scheme has led to the first

observation of the surface states at the surface-interface boundary inside a periodic

multilayer structure. The understanding of distribution of surface states as a function of

depth in thin films is often necessary to correlate their electronic, magnetic and transport

properties.

1.7.2 XSW characterisation of nanoparticle

Dispersion of metal nanoparticles on flat surfaces has attracted considerable interest in

many nanotechnology, biotechnology, and semiconductor quantum dot applications.

Adequate characterisation of nanoparticle’s distribution over a flat surface is important in

many applications. In particular study of composite nanostructures (nanoparticle doped

thin film structure and core-shell nanoparticles) has become an important area of

research in last few years. Because, such nanostructures find variety of application in

diverse fields as catalysts in industry, biomedical applications like biomolecular imaging,

drug delivery, localised cancer therapy etc. Using conventional electron microscopy

(EM) and atomic force microscopy (AFM) measurements it is not possible to obtain

depth resolved chemical and physical properties of the nanostructured materials and their

localization with respect to the substrate surface. In Chapter 5, we have addressed these

issues related to the analysis of nanoparticles on top of flat a surface. The potential

applicability of the combined XRR-GIXRF approach has been demonstrated for the

reliable and precise characterisation of surface morphology of metal nanoparticles,

dispersed on top of a flat surface. Appropriate theoretical models have been developed

that take into account the effect of average particle size, particle’s shape, nature of

particle’s dispersion and their agglomeration on top of a substrate surface during

computation of XSW assisted fluorescence profile of a nanostructured material. It has

also been demonstrated that the present approach can be successfully applied to

determine the structure of a composite nanostructure. Furthermore, it has been shown
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that the longitudinal coherence properties of a partially coherent x-ray source has a

strong influence on the XSW analysis of a nanostructure material. To resolve this issue a

systematic study has been carried out and the effect of temporal coherence of the primary

x-ray beam on the XSW analysis of nanoscale materials has been investigated. The

method developed by us opens up various new important applications such as enabling

structural studies of large dimensioned nanostructures using conventional laboratory

based partially coherent sources, which was inaccessible due to their inherent technical

limitations. Chapter 6 summarizes the results and conclusions of present thesis work

along with the future directions to carry out further research work in the area

surface-interface analysis of thin nanostructured materials.

24



Chapter 2

Instrument development and

Experimental details

In this chapter, details of various experimental stations available at the BL-16 microfocus x-ray

florescence beamline of Indus-2 synchrotron facility for surface-interface characterisation of

nanostructured materials and x-ray spectroscopy analysis of bulk materials are presented. A

multipurpose x-ray reflectometer station has been developed and augmented at the BL-16

beamline to facilitate synchronous measurements of specular x-ray reflectivity and grazing

incidence x-ray fluorescence radiation emitted from a nanostructured material. The design

aspects and various salient features of the BL-16 x-ray reflectometer station are discussed in

detail. Advantages and various salient features of the combined measurements of x-ray

reflectivity and grazing incidence fluorescence on a single x-ray reflectometer station for the

determination of true microstructural parameter of a thin layered materials are described in

details.
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2.1 Introduction

Recently, combined grazing incidence x-ray reflectivity (XRR) and x-ray fluorescence

(GIXRF) analysis technique is gaining a remarkable momentum, because of its various

salient features. The technique allows one to determine microstructural parameters of a

thin layered material reliably down to atomic resolutions. Precise determination of depth

resolved micro-structural parameters of the thin layered material has been a focus of

interest in many applications (viz. distribution of impurities in magnetic thin layered

materials, characterisation of δ-doped semiconductor materials, etc.).

X-ray reflectivity (XRR) is a well established nondestructive tool for the micro

structural characterisation of thin layered materials. The XRR technique, allows one to

evaluate micro-structural parameters such as thickness, surface and interface

roughnesses and density variations in thin reflecting layers extending from few

nanometers to some hundreds of nanometers with angstrom resolution. The technique

offers high accuracy for the determination of thickness of a thin medium as it offers large

dynamic range (Qz range) for XRR measurements. The XRR technique however has the

limitation that it does not provide any elemental specific information. In addition, the

technique suffers from a serious limitation of its non-applicability for ultra thin layers of

sub-nanometers, or very thick layers (>100 nm), as well as laterally inhomogeneous

layers or non-reflecting layers, and multielemental composite thin film systems. Thus,

sometimes it becomes quite difficult to ascertain real microstructural parameters of a thin

layer medium using XRR technique alone.

X-ray fluorescence (XRF) spectrometry is another widely used non-destructive

technique for the trace elements analysis of materials. It has been shown that by

measuring grazing incidence angle dependent x-ray fluorescence intensities, the

elemental depth sensitivity inside a thin film medium can be enlarged to nanometer

regime [33]. GIXRF measurements alone have been employed for variety of applications

including determination of roughness, thickness effects and density variations in the thin
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film structures. Nevertheless, the GIXRF technique offers less sensitivity for the surface

roughness effects and low density variations in the thin layered medium as compared to

that of XRR technique.

The XRR technique, in combination with the GIXRF measurements, has shown to be a

very powerful probe for non-destructive microstructural evaluation of thin layered

materials [34]. The combined analysis approach offers determination of consistent

microstructural parameters (such as thickness, roughness, density variations and

interface diffusion) for a thin film medium with improved accuracies [35, 36]. In many

cases, it is not possible to completely reveal the structure of a complex nanostructured

material that comprises of both reflecting and nonreflecting layers, using only one of the

techniques (XRR or GIXRF) [37, 38]. Recently, a few x-ray reflectometer stations have

been installed at various synchrotron radiation facilities worldwide to facilitate combined

XRR and GIXRF analysis for the thin nano-structured materials [39–42].

The BL-16 beamline on the Indus-2 synchrotron facility was initially set-up with a

primary aim to perform trace elements analysis and micro-fluorescence mapping

applications of various materials in condensed matter research [43–45]. Considering the

numerous advantages of the SR based advanced spectroscopy methodologies in the area

of surface condensed matter physics and to meet the current requirements of advanced

analytical probes for the analysis of nanostructured materials, an in-house developed

x-ray reflectometer station has been set-up on the BL-16 beamline. It has the capabilities

to perform simultaneous XRR and GIXRF measurements of a thin layered structure. The

combined XRR - GIXRF analysis features of the BL-16 reflectometer also allow a novel

capability to perform GIXRF assisted depth resolved x-ray absorption fine structure

(XAFS) studies to investigate the chemical state and electronic structure of the

nanostructured materials.

In this chapter, details of the combined XRR-GIXRF experimental station of the

BL-16 beamline are presented along with the measured performance. Appropriate

computer softwares have also been developed for remote data acquisition control and
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alignment of BL-16 XRR station. The BL-16 XRR-GIXRF experimental station has

been equipped in a manner that allows users to perform XRR and GIXRF measurements

of the thin layered materials independently with a minimal set-up time and without

affecting the operations of other installed experimental stations at the beamline. The

BL-16 reflectometer station beamline also provides a novel capability to perform x-ray

standing wave assisted XAFS measurements to study in-depth chemical speciation

inside a thin layered material.

Table 2.1: Parameters of Indus-2 electron storage ring.

SI. No. Parameter Value
1 Stored beam energy 2.5 GeV
2 Beam current 200 mA
3 Circumference 172.47 m
4 Critical wavelength 1.98 Å
5 Beam emittance (x, y) : 5.8×10−8 mrad

: 5.8×10−10 mrad
6 No. of operational beamline : 13

2.2 Details of the source and beamline

2.2.1 Indus-2 source

Indus-2 is a 2.5 GeV, 200 mA third-generation synchrotron radiation source, with a

critical wavelength of ∼ 2 Å. It comprises of a double-bend-achromat lattice with zero

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

high-brightness photon source size for the bending magnets. The estimated photon

source size (FWHM) for the Indus-2 bending magnets is ∼ 120 µm (V) × 546 mm (H) at

10 keV x-ray energy. Table 2.1 provides the various parameters of Indus-2 storage ring.

Three different types of ports at 0o, 5o and 10o respectively have been provided at each

bending magnet to take out synchrotron radiation into the beamlines. At present there
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are 13 operational beamlines which are devoted for different applications including x-ray

spectroscopy measurements. More details about Indus-2 SR facility and available

experimental facilities at different beamlines can also be obtained online.

Figure 2.1: A schematic optical layout of the BL-16 beamline showing different
components of the beamline.

2.2.2 Synchrotron based XRF: a microfocus XRF beamline of Indus-

2 (BL-16)

Synchrotron based x-ray absorption and x-ray fluorescence measurements are shown to

be very powerful analytical probes for the investigation of chemical environment of a

material. These techniques can be applied with an equal ease to analyse bulk materials as

well as samples that comprise of various elements in picograms or femtogram range.

Modern third generation synchrotron source allows us a possibility to precisely

investigate the distribution and concentration profile of different elements inside a

sample simultaneously at sub-micrometer scale resolutions. A microfocus x-ray

fluorescence spectroscopy beamline (BL-16) at the Indian synchrotron radiation facility
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Table 2.2: Main parameters of BL-16 Beamline.

SI.
No.

Parameter Value

1 Source Bending magnet
2 Working energy range 4-25 keV
3 Beam acceptance 0.2 mrad (V) × 1.0 mrad (H)
4 Energy resolution ∼ 10−3 - 10−4

5 Beam spot size (at the sam-
ple position)

: ∼ 4.3 mm (V) × 7.5 mm (H) (Focused
mode)
: ∼ 5 mm (V) × 22 mm (H) (Collimated
beam mode)

6 Photon flux (at 10 keV x-
rays/100 mA ring current)

: Flux ∼ 3 × 107 photons s−1 (Focused
mode)
: Flux ∼ 2 × 108 photons s−1 mm−2 (Colli-
mated mode)

7 Experimental stations : 4-axis sample manipulator (for TXRF and
TXRF based XANES applications)
: 5-axis sample manipulator (for micro XRF
scanning applications)
: Two circle (theta-2theta) Goniometer (for
XSW, XRR, GIXRF and XSW assisted
XAS applications)

Indus-2 has been constructed with an experimental emphasis on environmental,

archaeological, biomedical and material science applications involving heavy metal

speciation and their localization [46]. The BL-16 has been installed on the 5o port of an

Indus-2 bending magnet. Figure 2.1, illustrates a schematic optical layout of the BL-16

beamline. The beamline offers a combination of different analytical probes, e.g. x-ray

fluorescence mapping, x-ray microspectroscopy and total-external-reflection

fluorescence characterisation. BL-16 beamline has been designed to work in the x-ray

energy range of 4 - 25 keV. Its main components are: a double crystal

monochromator(DCM) and a Kirkpatrick-Baez (KB) focusing optics. In addition, there

are several other components such as water cooled 4-blade slit (S1), an un-cooled

4-blade slit (S2), fluorescence screens etc. The combination of slits allows shaping of the

x-ray beam dimensions as per the requirements of various experiments. The beamline

radiation shielding hutch and the built-in personal safety interlock system allow safe
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operation of the beamline. The beamline operates under high-vacuum conditions (∼1 ×

10 −6 mbar). The experimental station of the BL-16 beamline consists of a 4-axis sample

manipulator for total reflection x-ray fluorescence (TXRF) analysis, 5-axis sample

manipulator for microprobe XRF- scanning applications and a 2-circle goniometer for

x-ray reflectivity and grazing incidence x-ray fluorescence measurements. A number of

detectors (Ionization chamber, photodiode, Vortex spectroscopy detector and VHR x-ray

CCD cameras) are also available on the beamline that makes it possible to record good

quality data. The main parameters of BL-16 beamline are given in Table 2.2. In the

subsequent section, the various key elements of the BL-16 beamline are described

briefly.

Monochromator

A monochromator is an important optics of a synchrotron beamline. It provides a

monochromatic x-ray beam (a beam of photons of single wavelength) from the white

spectrum of incident synchrotron beam radiation. A double crystal monochromator

(DCM) provides the monochromatic SR beam at fixed exit and therefore it eliminates the

requirement to move the vertical position of an experimental station at different incident

x-ray energies. BL-16 beamline uses a DCM system manufactured by FMB, Berlin,

Germany. It contains a pair of symmetric and asymmetric Si (111) crystals. In BL-16

beamline the DCM is placed at ∼19 m from the source. The first crystal of the DCM

selects beam of x-ray with a particular wavelength corresponding to a Bragg angle θB.

The second crystal is placed in downward looking direction and it also satisfies the same

Bragg condition, which in turn allows to transmit the x-ray beam monochromatized by

the first crystal. The purpose of the second crystal in the DCM is to ensure that the SR

beam exits at a fixed height on to the experimental station. In BL-16 DCM flexibility has

been provided to select either two pairs of symmetrical or asymmetrical Si (111)

crystals. An asymmetry angle of 5o has been chosen for asymmetric Si (111) crystals.
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The selection of asymmetric crystals provides ∼ 1.5 to 2 times higher photon flux

compared to symmetric Si (111) crystals.

Kirkpatrick-Baez (KB) optics

To investigate a two dimensional focussed beam of synchrotron x-rays a Kirkpatrick-Baez

(KB) (Xradia, USA) optics has been installed on the vibration free table. The KB optics

provides a stable two dimensional x-ray focal spot over the entire working energy range of

BL-16 beamline. It comprises of a pair of Pt coated (25 nm) elliptical bendable mirrors of

size ∼30 mm (W) × 200 mm (L). The mirrors have been mounted inside the KB vacuum

chamber housing. The vacuum chamber of the KB system comprises of two beryllium

windows of thickness ∼ 75 mm at the entrance and exit ends. The shape of the mirrors can

be adjusted by the bender mechanism. The grazing incidence on the KB mirrors was set

to be ∼ 3.9 mrad to get a focused beam of maximum energy of 20 keV. The KB focusing

optics of BL-16 beamline is placed at ∼ 4.7 m upstream of the DCM. The KB optics of

the BL-16 beamline provides a microfocus beam of dimension ∼ 4.3 µm (V) × 7.5 µm

(H) for x-rays ranging from 5-20 keV.

2.3 Details of the XRR-GIXRF experimental station

The BL-16 x-ray reflectometer is also installed on a vibration free optics table before the

Kirkpatrick-Baez focusing optics. Figure 2.2 depicts a photograph of the BL-16 x-ray

reflectometer station. The reflectometer station has been equipped with several motion

stages to facilitate different modes of XRR and GIXRF investigations. The BL-16 XRR

station comprises of a 2-circle goniometer mounted on solid base. It is equipped with

incident and detector arms. On the incident arm of the goniometer, an additional slit S3

is placed followed by a miniature ionization chamber (micro-IC) to monitor incident

beam photon flux variations. Slit S3 allows adjustable vertical openings for the incoming

32



Figure 2.2: Annotated photograph of the developed x-ray reflectometer station at BL-16
beamline.

x-rays. The sample holder of the x-ray reflectometer station has been provided vertical

motion with a minimum translation step size of ∼ 5 µm in order to facilitate precise

alignment of the sample with respect to the incident x-ray beam path. The angular

resolution of the BL-16 reflectomter station is ∼ 0.002o. The detector arm of the

reflectometer station consists of an Avalanche Photo Diode (APD) detector followed by

a slit S4 to monitor specularly reflected x-rays from a sample. The APD detector was

placed at ∼ 350 mm away from the sample rotation axis. The low noise and high

dynamic range of the APD detector allow one to measure XRR pattern with a dynamic

range up to ∼ 7 orders. For the XRR and GIXRF measurements, it is possible to select

different x-ray energies monochromatized from a Si (111) double crystal

monochromator of the BL-16 beamline. To measure grazing angle dependent x-ray

fluorescence emission from a thin film structure, a vortex spectroscopy detector (SDD)

comprising an active surface area of 50 mm2 and an energy resolution of ∼140 eV at 5.9

keV (Mn-Kα x-rays) was installed on the BL-16 x-ray reflectometer station. The SDD

detector was placed in the plane of sample substrate (i.e., in the plane of s-polarized
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Figure 2.3: A snapshot of the “XSWBL16” control software of the BL16 beamline,
showing different windows for remote data acquisition and alignment of the x-ray
reflectometer station.

electric vector of the synchrotron beam) in order to obtain better signal to noise ratio for

the emitted fluorescent x-rays [47]. Fluorescence x-rays were measured through a 1-mm

Al pinhole collimator to maintain a constant solid angle of the SDD detector on the

sample surface at various incidence angles [48]. The SDD was placed at ∼ 25 mm

distance from the sample. A computer software “XSWBL16” was developed for remote

data acquisition and control of the BL-16 reflectometer station. Figure 2.3 shows a

snapshot of the control software of BL-16 reflectometer station. “XSWBL16” software

allows simultaneous measurements of the XRR and GIXRF profiles for a nanostructured

material.
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2.4 Thin film Deposition system: Magnetron sputtering

Thin film structures consisting of W and B4C materials were deposited on the polished

Si(100) substrate at room temperature using a DC magnetron sputtering system (Fig.

2.4). The deposition system consists of two parts; the main processing chamber and

load-lock chamber. It is possible to load a Si substrate in the loadlock chamber and then

it can be transferred in to the main deposition chamber through a mechanical rail

platform. Pressures in main and load lock chambers were maintain to be ∼ 1×10−8 and

Figure 2.4: A picture of DC magnetron sputtering system, utilized for the deposition of
different single and multilayer thin film structure.

8×10−8 mbar, respectively. Two rectangular magnetron cathodes having a dimension of

500 mm (L) × 100 mm (W) have been provided in the deposition system. Different types

of masking arrangements were also installed in the deposition system to control the

spatial variation of deposition rate of different targets. All the safety and interlock

features in the deposition system were provided through a programmable logic

controller. The power supplied to the W and B4C target are 158 and 700 watts
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respectively. W and B4C based thin film samples were deposited using argon, as a

sputtering gas medium at constant pressure of ∼ 5×10−3 mbar, whereas the base vacuum

of the chamber was maintained to be ∼ 2×10−8 mbar before start of the deposition

process. During the fabrication of W-B4C multilayer structures, the deposition rates ware

kept constant for different targets (W ∼ 4 Å/s and B4C ∼ 4.2 Å/min respectively, at a

working pressure of 5×10−3 mbar). Several synthetic test thin film samples have been

also prepared prior to optimizing various deposition parameters (such as gas flow rate,

pressure, power, target-substrate distance and substrate velocity etc.) to obtain good

quality thin film structures. The details of the deposition system are given elsewhere

[49, 50]. Before deposition, the r.m.s. roughness of the Si substrate was examined by

laboratory based x-ray reflectivity measurements using BRUKER D-8 x-ray

reflectometer system at Cu-Kα wavelength (λ = 1.54 Å). The average roughness for a

polished Si substrate was found to be ∼ 5 ±1 Å.

2.5 Photon Flux Measurements at BL-16

Photon flux available at the experimental station for the sample excitation, is an

important characteristic parameter of a SR beamline. Monochromatic photon flux

available at the XRR experimental station of BL-16 beamline was measured by using a

calibrated silicon photodiode. An Mo aperture of ∼1 mm×1 mm was placed in front of

the photodiode. The photodiode current generated at a given incident photon energy was

converted to photon flux (per mm2) using the responsivity curve of the photon diode.

Based on the dispersion relation in vacuum fλ = C or ω = kC, where C is the velocity of

light in vacuum and, the product of photon energy ~ω and wavelength λ is given by

~ω × λ=1239.842 eV nm. The number of photons required for one joule of energy, with

wavelength given in nanometers (nm), is 1 joule =⇒ 5.034 ×1015λ(nm)photons and 1

watt =⇒ 5.034 ×1015λ(nm)(photons/second). Power of one watt corresponds to a

photon flux of 5.034 ×1015 photons/s, each photon having an energy E � 1240 eV. So
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energy of one photon = 1.987×10−16/λ(nm) watt. The photon flux can be expressed as

Photon flux=
Photo current in A/responsivity (A/W)

Energy o f a single photon (W) .

Table 2.3 gives the values of the photon flux at the BL-16 XRR experimental station at

different incident photon energies at Indus-2 operation of 100 mA ring current.

Responsivity of the photodiode and observed photodiode current (nA) at different

incident x-rays are also shown in Table 2.3. Figure 2.5 depicts the measured photon flux

at the BL-16 beamline as a function of incident photon energy.

Figure 2.5: Variation of photon flux with energy at BL-16 beamline of Indus-2 SR facility.

2.6 Various x-ray spectroscopy probes at BL-16

beamline

The BL-16 beamline offers different modes of operation for the x-ray fluorescence and

scattering measurements. In the subsequent sections, salient features of various
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Table 2.3: The measured photon flux at 100 mA ring current at BL-16 beamline.

Energy
(keV)

Responsivity
(A/W)

Photodiode
current
(nA)

Photon flux
per 100 mA
ring current

6 0.17027 2.7185 2.72E+07
7 0.20188 10.919 8.00E+07
8 0.2201 34.42 1.76E+08
9 0.23287 64.92 2.82E+08
10 0.23712 156.99 6.29E+08
11 0.22998 186.49 7.06E+08
12 0.22599 200.99 7.14E+08
13 0.21418 197.99 6.91E+08
14 0.19821 190.99 6.72E+08
15 0.1793 175.49 6.41E+08
16 0.1637 155.99 5.88E+08
17 0.14344 133.99 5.46E+08
18 0.13683 116.99 4.74E+08
19 0.11245 98.99 4.66E+08

experimental stations available at the BL-16 are briefly described.

2.6.1 XRF and TXRF

A 4-axis sample manipulator system has been installed on the vibration-free optics table

of BL-16 beamline for XRF and TXRF analysis of various types of samples

[29, 43, 51, 52]. The detection sensitivity of the BL-16 beamline XRF experimental

station ranges from a few ∼ µg/g (ppm) to sub ppm levels for a wide range of elements

with atomic numbers (Z) ranging from 14 (Si) to 92 (U). On the other hand detection

sensitivities of BL-16 TXRF station were found to be in the range ∼ 2 ppb to 156 ppb for

elements of atomic number Z ranging from 19 to 33 [47, 53]. Nevertheless, since the

fluorescence efficiency of an element strongly depends on the excitation energy E0;

hence, by properly selecting the excitation energy close to the absorption edge of an

element and optimizing the detector-to-sample distance down to ∼ 15 mm, detection

sensitivity can be improved further down to sub ppb level for some of the high Z
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elements. In TXRF geometry, it is possible to mount a fluorescence detector either in the

plane of the synchrotron radiation beam or perpendicular (∼ 90o) to the substrate surface.

In addition various state of the art instrumentations available at BL-16 beamline allows

one to perform novel measurements, such as study of trace elements in biological

specimen as well as elements that are embedded inside a solid surface.

2.6.2 µ-XRF and Microfluorescence mapping

BL-16 beamline also includes a third experimental station that allows one to perform

elemental mapping in multi-element samples using a microfocused x-ray beam generated

from a KB mirror optics. In the µ-XRF measurements, a specimen is scanned through

a microfocused x-ray beam and fluorescence radiation emitted is recorded as a function

of sample movements. Micro-XRF measurements allow one to visualize compositional

variation and spatial distribution of different elements in a sample. The BL-16 beamline

has already been used for variety of micro-XRF applications for the study of distribution

of elements in uranium (U), thorium (Th) compounds and trace elements distribution in

biological samples [44, 45].

2.7 Analysis of thin layered materials by using

simultaneous XRR and GIXRF measurements

An x-ray reflectometer station is also installed at the BL-16 beamline for the

simultaneous characterisation of nanostructured materials. The details of the BL-16

reflectometer are described in section 2.3. The performance of the BL-16 x-ray

reflectometer station was evaluated thoroughly by performing combined XRR and

GIXRF measurements on several thin film and multilayer structures comprising of

different surface interface properties. Figure 2.6(a) shows the measured grazing
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incidence angle dependent XRR profile along with fitted profile for a W thin film layer

structure, deposited on a Si substrate surface at the incident x-ray energy of 10.0 keV. It

can be seen from Fig. 2.6(a), that the periodic Kiessig interference oscillations in the

measured XRR profile appear up to the large grazing incidence angle of ∼ 4.0o. The

location and amplitude of these oscillations match quite well with the computed XRR

profile. The Kiessig interference oscillations in the XRR profile appear as a result of a

fixed path difference encountered by the incident and reflected x-ray beams and their

period is closely related with the thickness of the thin film medium. The best fit XRR

curve to the experimental data was obtained assuming a three layer model comprising of

a native oxide layer on top of Si substrate surface (between W-layer and Si substrate), a

bare W-layer and a low density C-layer on top of the W layer (see the inset of Fig.

2.6(a)). The computations were performed using the CATGIXRF program [34]. The

reflectivity data have been analysed by using Parratt formalism [54] and the effect of

surface roughness has been taken into account using Novet-Croce model [55]. The

details about the CATGIXRF program and the internal physical mechanism is described

in Chapter 4. The best fit XRR curve to the experimental data yields a thickness of the

bare W-layer ∼ 116.7 ± 3.0 Å, roughness and mass density to be ∼ 4.8 Å and 17.3 g/cm3

respectively. The electron density profile of the W thin film structure derived from the

best fit structural parameters is depicted in the inset of Fig. 2.6(a). In this EDP profile,

the depth z=0 is defined as the top surface of the thin film medium (air-Carbon

interface).

To evaluate the reliability and reproducibility of determined microstructural

parameters of the W thin film medium we have performed x-ray standing wave (XSW)

induced x-ray fluorescence and XRR measurements simultaneously at incident x-ray

energy of 12.0 keV. The measurements are presented in Fig. 2.6(b) wherein, the

normalized W-Lα fluorescence yield emitted from the W layer is plotted as a function of

incidence angle θ along with the measured XRR data. For the GIXRF measurements,

W-Lα fluorescence counts were collected for an data acquisition live time of 3 s at each
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Figure 2.6: (a) Measured and fitted XRR profile of a W thin film structure measured at
10.0 keV incident x-ray energy. In the inset of the figure, the effective electron density
profile of the three layer medium is shown, calculated from the best fit results of XRR
and W-Lα fluorescence measurements. A Schematic diagram of the W thin film on
a Si substrate is delineated in the inset of figure. (b) Measured and fitted XRR and
XSW induced W-Lα fluorescence profiles of the W layer at 12.0 keV x-ray energy. The
scattered points show the experimental data while the solid lines are the best fits to the
measured profiles. The fluorescence yield of W-Lα has been normalized at an incidence
angle θ=1.2o.

angular position of the W thin film sample. The net W-Lα fluorescence peak intensity

was then derived using non linear least square fitting of a Gaussian profile, after

subtracting linear background from the W-Lα peak. From the Fig. 2.6(b), it can be

observed that the periodic Kiessig interference fringes in the XRR and GIXRF profiles

are anticorrelated in nature. The W-Lα fluorescence intensity is minimum at very small

incidence angles and it starts increasing rapidly as the incidence angle crosses the critical

angle θC=0.26o of the W film medium. Above θC (∼ 0.26o), fluorescence intensity

reaches to a maximum value (∼ 1.2) due to the formation of XSW field inside the thin
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Table 2.4: Best fitted microstructural parameters of the W thin film obtained using XRR
and GIXRF measurements.

Incident x-ray en-
ergy

Layer Mate-
rial

Density
(g/cm3)

Thickness
(Å)

Roughness
(Å)

chi2

10 keV
(XRR mea-
surements
only)

C 1.1±0.1 17.5±0.4 3.2±0.2 0.82
W 17.3±0.6 116.7±3.0 4.8±0.2
SiO2 2.2±0.1 22.3 ±3.0 3.2 ±0.2

12 keV
(XRR and
XSW
measurements)

C 1.1±0.1 16.5 ±0.2 3.2±0.2 0.11
W 17.3±0.5 115.5±1.8 4.6±0.2
SiO2 2.2±0.1 21.6±2.0 3.2 ±0.2

film medium. At higher incidence angles, the W-Lα fluorescence intensity more or less

remains constant, because the W material is excited only with the direct x-ray beam. For

fitting of the XSW induced W-Lα fluorescence and XRR profiles we have taken

microstructural parameters of the W layer medium, determined from the XRR

measurements at 10.0 keV as an initial guess. The thickness, roughness and density of

the individual layers in the three layer model were then varied systematically to obtain

best fit results for the measured XRR and W-Lα fluorescence profiles simultaneously.

The fitted microstructural parameters of the W thin film sample at two different x-ray

energies are summarized in Table 2.4. It may be noted here that the two profiles (XRR

and W-Lα fluorescence) are quite sensitive to the structural parameter of the W thin film

medium. The combined XRR and GIXRF analysis allows us to reduce the uncertainties

in the individual fitting procedures and offers more precise microstructural parameters of

a thin film medium. The combined fitting of the measured XRR and GIXRF profiles was

performed using the CATGIXRF program. An encouraging level agreement obtained

between measured and fitted profiles gives us a confidence about the accuracy of the

determined microstructural parameters of the W thin film medium.

In the next section, the microstructural characterisation of a thin TiO2 layer grown using
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Figure 2.7: (a) Measure and fitted XRR profiles of a TiO2 thin film medium at 10.0
keV incident x-ray energy. The inset of figure (a) shows the effective electron density
distribution of TiO2 thin film medium on top of a Si substrate. (b) Measured and fitted
XSW induced Ti-Kα fluorescence and XRR profiles of the TiO2 structure at 8.0 keV x-ray
energy. The scattered points are the experimental data while the solid lines represent the
best fit curves to the measured data. The Ti-Kα fluorescence yield has been normalized
at an incidence angle θ ∼ 1.0o.

Table 2.5: Best fitted microstructural parameters of the TiO2 thin film obtained using XRR
and GIXRF measurements.

Energy Layer Mate-
rial

Density
(g/cm3)

Thickness
(Å)

Roughness
(Å)

chi2

10.0 keV
XRR

TiO2 2.71 ±0.2 356±7.0 3.4±0.2 0.73
SiO2 1.6±0.1 22.0 ±3.0 4.8 ±0.2

8.0 keV
XRR and
XSW

TiO2 2.71±0.15 362.0 ±4.0 3.0±0.2 0.12
SiO2 1.7±0.1 21.0±2.0 4.0±0.2
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atomic layer deposition (ALD) technique is discussed. Figure 2.7(a) shows the measured

and fitted XRR profiles of the TiO2 thin film medium deposited on a Si(100) substrate at

incident x-ray energy of 10.0 keV. From this figure, one can clearly distinguish various

periodic Kiessig oscillations up to an incidence angle of θ ∼2.2o. The experimental XRR

profile has been fitted by considering a two layers model comprising of a TiO2 layer and

a native oxide layer of Si (i.e. SiO2) on top of the Si substrate surface (refer to the inset

of Fig. 2.7(a)). Table 2.5 describes the determined microstructural parameters of TiO2

thin film medium obtained from the best fitted XRR results at 10.0 keV energy. To verify

the reproducibility of the determined microstructural parameters, we have carried out

simultaneous XRR and x-ray standing wave (XSW) induced XRF measurements near

the K-absorption edge of Ti. The measured and fitted XRR and normalized Ti-Kα

fluorescence profiles of the TiO2 thin film medium are plotted in Fig. 2.7(b). The

computations were carried out using the CATGIXRF program and the best fitted

microstructural parameters are summarized in Table 2.5. The effective electron density

profile calculated from the best fitted results is given in the inset of Fig. 2.7(a).

In the proceeding an example of structural analysis of a bit complicated thin film

medium is described. Figure 2.8(a) demonstrates the XRR measurements for a periodic

W-B4C multilayer structure obtained using a commercial BRUKER D-8 x-ray

reflectometer station at Cu-Kα wavelength (λ = 1.54 Å). It can be seen from the Fig.

2.8(a) that the periodic Kiessig oscillations and Bragg peaks up to 4th diffraction orders

are clearly visible, which suggests a uniform and distinct formation of the bilayer period

boundaries in the multilayer stack. The best fitted XRR results yield a bilayer period

thickness of the W-B4C multilayer d ∼ 46.9 Å. The thickness and roughness of the

individual W and B4C layers are summarized in Table 2.6.

The same periodic multilayer structure was further analyzed using the BL-16 x-ray

reflectometer station, at incident x-ray of energy of 10 keV. The measurements are

depicted in Fig. 2.8(b). From the measured XRR profile one can clearly observed

various Bragg peaks up to the 5th diffraction orders. In the inset of Fig. 2.8(b) we have
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Figure 2.8: (a) Measured x-ray reflectivity profile of the W-B4C multilayer structure using
a laboratory reflectometer (BRUKER D-8 system) at Cu-Kα wavelength (λ = 1.54 Å).
The multilayer structure consists of N = 15 bilayers of the W and B4C layers deposited
on Si (100) substrate, as shown schematically in the inset of the figure. (b) Measured
XRR profile of the same W-B4C multilayer structure using BL-16 reflectometer station
at incident x-ray energy of 10.0 keV. The scattered points indicate the experimental data
while the solid lines show the best fit curves for the measured data.

shown an extended view of the reflectivity pattern in the vicinity of first and second

Bragg peaks. The measured reflectivity profile was fitted using CATGIXRF program by

considering determined structural parameters from the laboratory source data as initial

guess. It can be seen that measured reflectivity pattern obtained using synchrotron x-rays

matches quite well with the fitted profile in the θ range of 0 to 4o except a small deviation

at higher θ values. This deviation attributes to the nonlinear diffuse scattered background

produced from the thin film sample due to presence of high energy orders contamination

from beamline double crystal monochromator optics. The best fit XRR profile yields
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multilayer period thickness d = 46.3 Å (dW=23.7 Å + dB4C = 22.6 Å). The roughness

values of the W and B4C layers were found to be ∼4.8 Å and 3.2 Å respectively.

Determined microstructural parameters of the W-B4C multilayer structure are given in

Table 2.6. By comparing tabulated results it can be clearly seen that the structural

parameters obtained from synchrotron reflectivity measurements match reasonably well

to the parameters evaluated from a commercial laboratory instrument.

To further validate determined microstructural parameters of the W-B4C multilayer,

Figure 2.9: XSW induced W-Lα fluorescence and XRR profiles measured for the W-B4C
multilayer structure at incident x-ray energy of 12.0 keV. The scattered points shows the
experimental data while the solid lines are the best fits to the measured profiles. The
W-Lα fluorescence yield has been normalized at an incidence angle θ=1.2o.

we have performed combined XRR and XSW induced fluorescence measurements at

12.0 keV x-ray incident energy. In Fig. 2.9, normalized W-Lα fluorescence yield and

XRR profiles in the vicinity of the 1st Bragg order were plotted. It can be seen that the

W-Lα fluorescence intensity shows a strong XSW induced modulation across the Bragg

region. One can also observe the characteristics Kiessig oscillations at low and high

angle side of the Bragg peak. These Kiessig oscillations are anticorrelated with Kiessig

oscillations of the reflectivity profile. While fitting the XRR and W-Lα fluorescence
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profiles at 12.0 keV x-ray energy we considered best fit results obtained from XRR

measurements at 10.0 keV, as the initial guess. The fitting was carried out in a iterative

way using the CATGIXRF program. During the fitting, we allowed to vary thickness,

roughness and density of individual high Z and low Z layers until one gets best fit curves

to the experimental data. The results obtained from the combined XRR and GIXRF

analysis are summarized in the Table 2.6. It can be seen from Table 2.6, that the

determined microstructural parameters roughly agree in all three cases within observed

experimental error values. The error values in the parameters estimation were derived

from the measurement accuracy, which comprises the statistical fluctuations in the W-Lα

fluorescence and XRR counts as well as repeatability of a measurement. The quality of

fits in the combined XRR and GIXRF analysis gives us a confidence about accuracy of

the determined microstructural parameters of the W-B4C multilayer structure.

Table 2.6: Best fitted microstructural parameters of the W-B4C multilayer obtained using
laboratory and synchrotron based XRR and GIXRF measurements.

Incident x-ray en-
ergy

Layer Mate-
rial

Density
(g/cm3)

Thickness
(Å)

Roughness
(Å)

chi2

8.047 keV
(Cu-Kα)
(XRR mea-
surements
only)

B4C 2.1±0.1 22.7±0.7 3.2±0.5 0.75
W 17.3±0.7 24.2±0.7 4.8±0.5
SiO2 2.2±0.1 25 ±3.5 3.2 ±0.5

10.0 keV
(XRR mea-
surements
only)

B4C 2.1±0.1 22.6±0.5 3.2±0.2 1.5
W 17.3±0.6 23.7±0.5 4.8±0.2
SiO2 2.2±0.1 25 ±3.0 3.2 ±0.2

12.0 keV
(XRR and
XSW
measurements)

B4C 2.1±0.1 22.3 ±0.3 3.2±0.2 0.13
W 17.3±0.5 23.5±0.3 4.6±0.2
SiO2 2.2±0.1 22±2.0 3.2 ±0.2
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2.8 Summary

The different key experimental stations that are available at the BL-16 beamline for the

material characterisation are presented in this chapter. The BL-16 beamline offers

various re-configurable operation modes for normal XRF, TXRF and µ-XRF

measurements. This allows one to perform a wide range of experiments for the presence

of trace elements and their distribution inside a specimen. A grazing incidence x-ray

reflectometer station has also been designed and installed on the BL-16 microfocus

beamline of Indus-2 synchrotron facility for surface-interface investigation of

nanostructured materials. The reflectometer offers combined as well as individual

measurement modes for specular x-ray reflectivity and grazing incidence x-ray

fluorescence analysis of thin nanostructured materials. The performance of the BL-16

reflectometer has been evaluated by analysing some real thin layered (W film, TiO2 film

and W-B4C periodic multilayer structures) materials. The results obtained evince a good

accuracy and agreement with the standard lab source data. The BL-16 reflectometer

provides an attractive platform for a variety of research activities especially in the fields

of surface condensed matter physics applications and characterisation of nanoscale thin

layered materials.
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Chapter 3

Effect of Synchrotron Polarization on

grazing incidence excited fluorescence

emission

In this chapter, the effect of synchrotron beam polarization in total external reflection x-ray

fluorescence (TXRF) analysis has been investigated. The effect of anisotropic Compton and

elastic scattered x-rays on spectral background and detection sensitivities has been demonstrated.

Theoretical computations have been performed to study the role of the Compton and elastic

scattered radiation on the spectral background of a fluorescence spectrum. The numerical

calculations explain how scattering probability densities of the Compton and elastic scattering

radiations depend on the scattering angle (θ) and azimuthal angle (φ) in the polarization plane of

the synchrotron radiation beam. The computation results closely corroborate with the

experimental TXRF measurements carried out using standard reference samples. The results

further reveal that one can achieve approximately one order of magnitude enhancement in the

spectral signal strength of synchrotron radiation (SR) based TXRF technique by utilizing

anisotropic nature of the scattered synchrotron radiation in the horizontal detection geometry (θ =

π/2, φ = 0).
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3.1 Introduction

Understanding the nature of x-ray scattering and its influence on the XRF detection

sensitivities in case of plane polarized x-ray beam provide an opportunity to improve the

elemental sensitivities of the technique. Despite the emergence of new technologies and

high brilliance synchrotron radiation sources, the requirements of high detection

sensitivities of various elements is a crucial prerequisite in many technological

applications viz. magnetic thin layered materials, semiconductors and integrated circuit

technologies etc, where process control and physical failure analysis are mostly

dominated by elemental impurity infiltration [29, 56]. In conventional XRF technique,

the element detection sensitivities are largely limited to the µg/g (ppm) range due to

large spectral background produced by the Compton scattered x-rays from the specimen.

TXRF spectroscopy is another variant of the energy dispersive-XRF (EDXRF)

technique, which has seen a remarkable progress over the past few years. Numerous

applications in basic and applied sciences prove its importance. In this technique the

complexity of the large spectral background gets eliminated to a great extent owing to

the high reflectivity of the flat surface and low penetration depth of the primary x-ray

beam in the substrate material, on which the incident x-rays are allowed to impinge at

glancing incidence angles. So, in the total external reflection region the sample surface is

excited by the evanescent wave. The extinction depth of the x-ray beam at this condition

is around ∼ 2-5 nm for most of the substrate materials. These characteristics of the

TXRF technique significantly eliminate the matrix effects and the complexity of large

spectral background of the fluorescence process. All the above mentioned features

improve the detection sensitivities of TXRF to ∼ 2-3 orders of magnitude or better

compared to the conventional XRF, typically in the range of parts per billion (ppb) levels

for most of the elements [52, 53]. Another approach to reduce the spectral background in

x-ray fluorescence measurements is to utilize linearly polarized primary radiation for

excitation [29, 57]. Based on the classical dipole oscillator approach, it is well
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understood that the emission profile of scattered radiation is anisotropic in nature in case

of a polarized x-ray beam. For synchrotron x-rays, the azimuthal anisotropy of the

scattered photon imposes an important constraint for the excitation and detection

geometry of the XRF experimental set-up. Maximal signal to noise ratio can be realized

if fluorescence signal is measured in a position, where the contribution of anisotropic

scattered radiation is minimal [51, 58–62].

In literature, several attempts have been made earlier that report significant reduction

of the spectral background and hence improved detection sensitivities of the XRF

technique. Embong et al. [63] have reported sub-ppm level detection sensitivities using

three-dimensional polarization dependent excitation geometry for the multielement

sediment samples by means of varying experimental parameters like excitation

geometry, x-ray energy, secondary targets, operating voltage and current of the x-ray

tube source, and thickness of the filters installed in the XRF spectrometer. Spolnik et al.

[64] highlighted that the use of three-dimensional polarizing optical geometry in

combination with secondary targets is highly beneficial to reduce the scattered

background and they achieved nearly one order of magnitude improved detection

sensitivities as compared to that of the conventional EDXRF measurements. It may be

mentioned here that a small molecule in solution is excited by polarized x-ary, then it

emits partially polarized fluorescence light. This polarized fluorescence x-ray is then

used as a tool to find the structural binding, orientation or motion of a small molecule or

protein.

In this chapter, we have described the effect of the linear polarization of the SR

radiation in the grazing incidence x-ray fluorescence analysis. It has been shown that the

Compton and elastic scattering probability densities strongly depend on the scattering

angle (θ) and the azimuthal angle (φ) in the plane of synchrotron polarization. The

analytical treatment described in this chapter considered the effect of incident x-ray

energy as well as the spatial distribution of the scattered x-ray photons. The results show

that the Compton and elastic scattered x-rays have an optimal intensity contrasts for
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some particular positions of θ and φ because of the anisotropic emission characteristics

of the scattered radiation. Interestingly, the azimuthal anisotropy of the scattered photon

is shown to have a vital role on the improvement of the x-ray fluorescence detection

sensitivities. The effect of SR beam polarization on spectral background is demonstrated

by carrying out TXRF measurements on standard reference materials as well as using a

few TXRF methodological samples. The results reveal that one obtains approximately

one order of magnitude enhancement in the spectral signal strength, if the spectroscopy

detector is placed in the plane of polarization of synchrotron beam (θ = π/2 and φ = 0)

in contrast to the conventional mounting geometry (θ = π/2 and φ = π/2).

3.2 Physical background on the scattering density profile

The number density of scattered photons in a well defined solid angle strongly depends

on the plane of polarization of the incident x-ray beam. However, if the excitation

radiation is unpolarized in nature then the isotropic behaviour of the scattered radiation

allows us to choose detector collimator geometry randomly. Figure 3.1 illustrates a

typical geometrical configuration used in the x-ray fluorescence measurements. For the

convenience the propagation of x-ray beam is considered along the z-axis and the electric

field vibrations are constrained parallel to the x-axis (i.e., s-polarized synchrotron beam).

The scattering angle (θ) and azimuthal angle (φ) are measured from the z-axis and from

the plane of vibrations of electric field respectively. The differential Compton scattering

cross section can be readily obtained from the Klein Nishina formula [65]. The theory of

Compton and elastic scattering cross sections for polarized x-rays including the effect of

the detector aperture has already been investigated in detail by A. L. Hanson [66, 67]. In

case of the linearly polarized x-ray beam of energy E, the differential Compton and

elastic scattering cross sections can be expressed as function of polar angle θ and
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azimuthal angle φ, from a scattering centre (i.e. atom of atomic number Z)

d
dΩ

σComp(θ, φ, E) =
r2

e

2
γ2(γ +

1
γ
− 2S in2θCos2φ)S (X,Z) (3.1)

and
d

dΩ
σelas(θ, φ, E) = r2

e (1 − S in2θCos2φ)F2(X,Z) (3.2)

where, S(X, Z) is the incoherent scattering factor, F(X, Z) is the atomic form factor, X

is defined as S in(θ/2)×(E/1.239852 keV nm), re represents the classical electron radius,

and the dimensionless quantity γ can be defined as

γ =

(
1 +

∆λComp

λ

)−1

(3.3)

Here, ∆λComp describes the wavelength shift in the Compton scattering process and λ is the

wavelength of the incident x-ray beam. The scattering probability density for a photon of

Figure 3.1: Experimental geometry used for the angle dependent XRF measurements.
The spectroscopy detector is placed in the vertical geometry (i.e., θ = π/2 and φ = π/2)
as well as in the horizontal geometry (i.e., θ = π/2 and φ = 0) to collect the XRF spectra.
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energy E, which scatters within the finite polar angle domain of φ and φ+dφ, at a specific

scattering angle θ, can be expressed as

f (θ, φ, E) =
1

σ(θ, φ, E)
d

dΩ
σ(θ, φ, E) =

d
dΩ

σ(θ, φ, E)
[ ∫ 2Π

0

d
dΩ

σ(θ, φ, E)dφ
]−1

(3.4)

To estimate the Compton and elastic scattering density profiles it is required to substitute

the differential scattering cross-sections [68, 69] in eqn. (3.4). This substitution allows

one to arrive at a relation

f (θ, φ, E) =
1

2Π

[
1 −

S in2θ

G(θ)
Cos2φ

]
(3.5)

where, the mathematical term G for Compton scattering is expressed as

G(θ) = γ +
1
γ
− S in2θ (3.6)

and for elastic scattering

G = 2 − S in2θ (3.7)

From eqn. (3.5), it is evident that the scattering probability densities are independent of

the incoherent scattering form factor S(X,Z) and atomic form factor F(X,Z). For

unpolarized x-ray beam of energy E, the differential Compton and elastic scattering cross

sections can be expressed as function of polar angle θ and azimuthal angle φ, as

d
dΩ

σComp(θ, E) =
r2

e

2
γ2(γ +

1
γ
− S in2θ)S (X,Z) (3.8)

d
dΩ

σelas(θ, E) =
r2

e

2
(1 + Cos2θ)F2(X,Z) (3.9)

From eqns. (3.8) and (3.9), it can be seen that the differential Compton and elastic scat-

tering cross sections are isotropic in nature for a unpolarized x-ray beam.
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Figure 3.2: Angular distribution of the scattered photon for (a) Compton and (b) elastic
scattering as a function of scattering angle (θ) and azimuthal angle (φ) at incident x-ray
energy of 15 keV.

3.2.1 Theoretical simulation

Numerical simulations have been carried out to investigate the effect of angular

dependence of the scattered photons. Figure 3.2 depicts scattering probability densities

(eqn. (3.5)) for the (a) Compton and (b) elastic scattered x-rays as a function of

scattering angle θ and azimuthal angle φ assuming an incident x-ray energy of 15 keV.

It can be seen from Fig. 3.2, that both the Compton and elastic scattered x-ray photons

show strong angular anisotropy with respect to angles θ and φ. The scattered intensity is

maximum at angular positions θ = π/2 and φ = π/2 and minimum at θ = π/2 and φ = 0.
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Figure 3.3: Variation of Compton scattered radiation as a function of scattering angle (θ)
and incident energy.

These angular positions have been referred as vertical and horizontal geometry

respectively. It can be realized that if the spectroscopy detector is placed in the

horizontal geometry (i.e., θ = π/2 and φ = 0) one will observe minimum spectral

background in the fluorescence spectrum.

The behaviour of angular dependence of the scattered photons at higher incident x-ray

Figure 3.4: Angular distribution of the Compton scattered photon as a function of
scattering angle (θ) and azimuthal angle (φ) at the 1 MeV monochromatic incident x-ray
beam.
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energies was also evaluated by theoretical simulations. The results are presented in Fig.

3.3. It has been realized from simulations that energy dependence does not have much

influence on the angular distribution of the scattered photons especially in the medium

energy range (10-100 keV). However, if the energy of the incident x-ray photon is

greater than 100 keV then the angular profile of scattered photon changes considerably.

Fig. 3.4 shows computed angular distribution profile for the Compton scattered x-rays as

a function of θ and φ at incident x-ray energy of 1 MeV. It can be observed from this

figure that minima and maxima of the Compton scattering distribution are shifted

towards the lower scattering angle side (θ ≈ 75o). However, the azimuthal angle (φ)

remains unchanged. On the other hand, the angular distribution of elastically scattered

intensity nearly remains unchanged at lower as well as at higher incident x-ray energies.

The scattering measurements also allow one to determine degree of polarization P, of

the incident x-ray beam using following formula [70]

P =
I⊥ − I‖
I⊥ + I‖

(3.10)

where I⊥ and I‖ are the intensities of the scattered radiations (Compton or elastic) in the

parallel and perpendicular planes respectively with respect to the plane of incident electric

field vibrations.

3.3 Experimental

The TXRF measurements using various standard reference samples were carried out at

the microfocus x-ray fluorescence (BL-16) beamline of the Indus-2 synchrotron

radiation facility. The BL-16 beamline is designed to work in the x-ray energy range of 4

- 25 keV. The details of the beamline and different experimental stations installed on this

beamline are described in Chapter 2 [46, 53]. Figure 3.5 shows the photograph of the

TXRF experimental station of BL-16 beamline. The BL-16 TXRF set-up comprises of
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an in-house developed 4-axes motorized sample manipulator installed on a vibration free

optics table. It provides vertical as well as horizontal movement to a sample with respect

to the x-ray beam with a minimum step size resolution ∼ 1 micrometer. Two independent

angular motions (Tilt and Roll) were also provided for the alignment of the sample as

well as to set small grazing incidence angle to achieve total external reflection condition

on sample reflector surface with a minimum step size resolution of ∼ 0.001o.

Monochromatic x-rays of energy 15keV monochromatized from a Si (111)

Figure 3.5: Annotated photograph of the TXRF experimental station of the BL-16
beamline. The inset shows a recorded image at the x-ray CCD in TXRF excitation
geometry. In this figure the incident and reflected x-ray beam are marked.

double-crystal monochromator (DCM) were used for excitation of the samples at grazing

incidence angle. For the total reflection x-ray fluorescence measurements an incident

x-ray beam of size ∼ 10 mm (H)× 100 µm (V) was allowed to impinge on the sample

surface at grazing incidence angle of 0.102o. Provisions have been made to mount the

solid state spectroscopy detector (Vortex, USA) in the horizontal plane as well as in the

vertical plane with respect to the substrate surface (see Fig. 3.1). The spectroscopy

detector (SDD) has an active surface area of 50 mm2 and an energy resolution of ∼ 140

eV at 5.9 keV (Mn-Kα) x-rays. The SDD was placed at ∼ 30 mm distance from the

centre of beam footprint on the sample surface. An x-ray CCD camera was also

employed to confirm the TXRF condition by observing reflected x-ray beam from the
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sample. The inset of Fig. 3.5 depicts a recorded CCD image of the reflected x-ray beam,

which clearly demonstrates total external reflected part of the incident x-ray beam. For

the TXRF investigations, NIST-1640 standard reference material (Trace elements in

natural water), ICP-IV Merck multielement standard sample were used. Aliquots of ∼

20 µL volume of standards were micropipetted on polished Si (100) substrates. Instead

of using a single element standard we used multielement reference materials to

investigate detection sensitivities of different elements over the full spectral background.

Figure 3.6: Measured TXRF spectra of a NIST-1640 reference material in vertical
geometry (θ = π/2 and φ = π/2) and horizontal geometry (θ = π/2 and φ = 0). Here,
Ga (100 ppb) is used as an internal standard reference element. Scattered points are
experimental data, solid lines are the fitted spectrum in the two measurement geometries.

3.4 Results and discussions

Figure 3.6 represents the measured TXRF spectra of the NIST-1640 reference material

at 15 keV monochromatic x-ray energy in the vertical (θ = π/2 and φ = π/2) and

horizontal (θ = π/2 and φ = 0) geometries. The figure clearly shows the presence of
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Figure 3.7: Recorded TXRF spectra for an ICP-IV Merck reference standard (containing
50.35 ppm wt. concentration of each elements) in vertical (θ = π/2 and φ = π/2) and
horizontal (θ = π/2 and φ = 0) geometry. In this figure, scattered points are experimental
data, solid lines are fitted spectrum in the two geometries. Figure 3.7(b) shows extended
view of the encircle region of Fig. 3.7(a), where Tl-Lγ1 peak is individually fitted in the
presence of large Compton scattered background. It can be seen that the visibility of Tl-
LLγ1 peak gets enhanced in the horizontal detection geometry due to the reduced spectral
background.
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various elements in the NIST reference material of atomic number Z ranging from 19

(K) to 33 (As). The fluorescence peaks of Ar and Si were also observed from the Si

substrate and atmosphere respectively. It can be noticed from the Fig. 3.6 that the signal

to noise ratio is unambiguously higher in the horizontal geometry compared to that of

the vertical geometry. As a result, one can detect an analyte, which is present at very low

concentration in the NIST specimen with an encouraging level of confidence limit (for

example, As 26.67 ppb). In case of vertical detection geometry, the peak height for the

same element is very small compared to the horizontal geometry. This is mainly because

of the reduction of (Compton and elastic) scattered background originated from the

specimen. To validate above observations, similar measurements were also carried out

using another reference standard material (ICP-IV sample) containing different elements

at ppm level. Figure 3.7(a) illustrates measured TXRF spectrum of the ICP-IV

standard reference material containing 50.35 ppm of each elements at 15 keV

monochromatic x-ray energy in the vertical geometry (θ = π/2 and φ = π/2) as well as

horizontal geometry (θ = π/2 and φ = 0). From this figure, it can be seen that the effect

of spectral background is not very significant as recognized in case of NIST-1640

standard reference sample because most of the elements in the ICP-IV standard sample

are present in the ppm range. Nonetheless, we could observe similar kind of behaviour

for the spectral background in the case of the ICP-IV as well. The effect of spectral

background on the fluorescence signal becomes obvious if we give attention to the TI

L-γ1 peak. The fluorescence peak of TI L-γ1 could only be observed clearly in the

horizontal geometry, as a result of significant reduction of the Compton scattered

background (see Fig. 3.7(b)). This suggests that the influence of spectral background on

the fluorescence signal is more significant if the analytes are present (in ppb level) at the

tailing background of the Compton scattered peak. These results are consistent with the

observations of Sakurai et al. [71].
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3.4.1 Applications to a few methodological samples

To further demonstrate the effect of SR polarization on the spectral background of

TXRF a few methodological samples were analysed using TXRF measurements. In one

case, the distribution of self assembled Au nanoparticles, on top of a polished Si

substrate surface was analysed. For this, Au nanoparticles of average heights of ∼ 90 nm

were dispersed into the water solution. The Si substrate was then directly dipped into the

Au nanoparticles solution to deposit nanoparticles on the substrate surface and then

taken out. The nanoparticle sample was then heated to ∼ 500C for 30 minute to remove

the water component from the nanoparticle film. This generates a uniform distribution of

Au nanoparticles over a large surface area on the Si substrate. Figure 3.8 compares the

Figure 3.8: Measured TXRF spectra of the Au nanoparticles distribution on the Si
substrate at monochromatic x-ray energy of E0 = 15 keV in the horizontal and vertical
detection geometries respectively. Scattered points are experimental data, solid lines are
fitted spectrum in the two measurement geometries. Inset gives AFM image for the Au
nanoparticles distribution on the Si Substrate surface.

measured TXRF spectra of the self assembled Au nanoparticles distribution in the two

measurement geometries. From Fig. 3.8, it can be clearly observed that the spectral
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background reduced significantly in the horizontal detection geometry. Moreover, the net

area intensities of various Au-Lα fluorescence lines also increased considerably as

compared to that of the vertical detection geometry. These measurements clearly

demonstrate the effect of signal potency of the fluorescence peaks in the horizontal

detection geometry. From TXRF measurement, we could also determine the presence of

Fe and Ca impurities in the distribution of Au nanoparticles on the Si substrate surface.

These impurities are expected to originate from the dried water residue and from the

ambient dust particles that get deposited during sample preparation. To confirm the

surface morphology of the Au nanoparticles on the Si substrate surface, we have

performed AFM measurements. Inset of Fig. 3.8, shows the AFM image for the Au

nanoparticles distribution. The AFM investigations reveal a monodispersed distribution

of the Au nanoparticles on the Si substrate surface with an average particle height of

about ∼ 90 ± 2 nm. In another study, we performed TXRF measurement to determine

Figure 3.9: Measured TXRF spectrum of coconut water sample at monochromatic x-ray
energy of E0 = 15 keV in the horizontal and vertical geometries respectively. Ga (35 ppm)
was used as an internal standard. Scattered points are experimental data, solid lines are
fitted data in the two geometries.
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the presence of various trace elements in Coconut water. For this, ∼ 10 µL volume of

coconut water was pipetted on a cleaned quartz glass substrate after adding Ga internal

standard (35 ppm) and without employing any dilution procedure. The dried residue of

Coconut water was then employed for TXRF measurements in the vertical (θ = π/2 and

φ = π/2) and horizontal (θ = π/2 and φ = 0) geometries. Figure 3.9 shows the measured

TXRF spectra of the coconut water in two different geometries. From Fig. 3.9, it can be

seen that the relative signal strengths (signal to noise ratio) of various fluorescence peaks

grow noticeably in the horizontal geometry as compared to that of the vertical detection

geometry owing to effective reduction of spectral background. The enhanced signal

efficiency in the horizontal geometry is especially helpful for analysing fluorescence

peaks that lie on the tailing background of Compton and elastic scattered peaks. For

example, the Br-Kβ line is not clearly visible in the vertical geometry. In such a

situation, sometimes it is quite difficult to analyse an element, if it is present in a very

low concentration, in the sample. These results clearly prove the effectiveness of the

horizontal geometry measurement. We define the relative signal strength as a ratio of the

signal to noise ratios (S/B = net peak area intensity / background) in horizontal to

vertical detection geometry. Table 3.1 summarise determined concentrations and relative

signal strength of various trace elements present in the coconut water sample in the two

excitation geometries. To evaluate the advantages of horizontal geometry measurement

more quantitatively, the relative fluorescence signal strength was calculated for all the

samples. The results are summarised in Table 3.2. These tabulated data clearly show

that the signal strength enhancement in horizontal geometry is about one order of

magnitude higher as compared to that of the vertical detection geometry especially for

the specimens that contain trace concentrations of the elements. This enhanced signal

strength greatly influences the observed detection sensitivities of various elements if

TXRF excitation is made in the horizontal detection geometry.
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Table 3.1: Determined relative signal strengths and concentrations of various trace
elements in the coconut water.

Element Z S/B S/B Relative Determined
(vertical geom-
etry)

(horizontal ge-
ometry)

signal strength Concentration
(ppm)

Cl 17 3.3 3.9 1.2 265 ± 6
K 19 12.16 13.72 1.1 1367 ± 14
Ca 20 3.89 5.62 1.4 68 ± 2
Ti 22 0.06 0.08 1.4 130 ± 6 ppb
Cr 24 0.09 0.22 2.4 23 ± 1 ppb
Mn 25 2.24 3.18 1.4 2 ± 0.1
Fe 26 1.88 4.29 2.3 2 ± 0.1
Ni 28 0.43 0.89 2.1 158 ± 8 ppb
Cu 29 0.44 0.83 1.9 91 ± 7 ppb
Zn 30 0.76 1.12 1.5 258 ± 7 ppb
Ga 31 21.8 44.95 2.1 35 ± 2
Br 35 3.47 8.19 2.4 4 ± 0.2

3.4.2 Effect on the Detection sensitivity

The term “detection limit” (DL) is an important aspect of any technique because it is

an indication of the sensitivity of the technique. The detection limit is a measure of the

minimum quantity that can be detected by an instrument or technique under the given

experimental conditions (sample geometry, sample matrix, analysis time, etc).

The minimum detection limits (MDLS) in the XRF technique can be described using the

formalism CDL =
3
√

IB
IA/CA

, where IB is the integrated linear background intensity under the

fluorescence peak of analyte element A, IA is the net area intensity of the analyte, and CA

is the weight concentration of the analyte. Figure 3.10 shows the measured detection

sensitivities of various elements in the vertical and horizontal geometries for the (a)

NIST-1640 and (b) ICP-IV standard reference samples. From Fig. 3.10(a), it can be seen

that the detection sensitivities in the horizontal geometry range ∼ 234 ppb to 2 ppb for

elements of atomic number Z ranging from 19 to 33 for the NIST-1640 standard

reference material. On the other hand, in the vertical detection geometry these detection

sensitivities have been found to be diminished by a factor of 2. Furthermore, we
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Table 3.2: Measured relative signal strength of various elements in different samples.

Element Z S/B S/B Relative
(vertical
geometry)

(horizontal geome-
try)

signal
strength

NIST-1640
K 19 0.43 1.55 3.6
Ca 20 2.99 9.80 3.3
V 23 0.02 0.10 7
Cr 24 0.13 1.15 9.4
Mn 25 0.30 1.38 4.7
Fe 26 7.33 36.00 5
Ni 28 0.13 0.90 6.7
Cu 29 0.45 1.83 4
Zn 30 0.72 3.12 4.4
Ga 31 0.25 1.60 6.6
As 33 0.30 2.29 7.5
Au nano particles
Au L-γ 79 0.19 1.47 7.7
Au L-β 79 4.87 22.1 4.5
Au L-α 79 14.14 33.53 2.4
Au L-L1 79 1.51 5.09 3.4
Fe 26 0.98 2.78 2.8
Ca 20 0.54 1.47 2.7
ICP-IV standard
reference sample
Cr 24 11.25 14.32 1.3
Mn 25 13.94 18.19 1.3
Fe 26 17.35 21.00 1.2
Co 27 17.34 21.17 1.2
Ni 28 15.38 18.60 1.2
Cu 29 11.48 12.86 1.1
Zn 30 7.54 8.15 1.1
Ga 31 6.38 6.68 1.1
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Figure 3.10: Variation of elemental detection sensitivities for (a) NIST-1640 (in ppb) and
(b) ICP-IV (in ppm) standard reference samples as a function of atomic number Z in the
vertical (θ = π/2 and φ = π/2) and horizontal (θ = π/2 and φ = 0) detector mounting
geometry.

obtained an analogous conclusion in case of ICP-IV standard reference sample. The

detection sensitivities of various elements in the horizontal detection geometry were

found superior compared to that off the vertical detection geometry as depicted in Fig.

3.10(b). The higher CDL values were found for different elements in case of ICP-IV

sample as compared to that of the NIST-1640 sample because of higher concentration of

analyte present in the ICP-IV sample. The minimum detection sensitivity of an element

in the x-ray fluorescence technique strongly depends on the analyte mass present in the

specimen [72]. These findings are consistent with the experimental observations reported
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by Margui et al. [73]. They showed that the quantification of Cadmium in 100 mL

aqueous samples in the range of 1-20 µg is only practicable by using polarized energy

dispersive x-ray fluorescence instrument (P-EDXRF) in contrast to the conventional

EDXRF and WDXRF spectrometers.

Figure 3.11: Variation of the Compton and elastic scattered radiations at different
azimuthal angles in the TXRF measurements. Scattered points are experimental data,
solid lines are the fitted data at different angles. The inset illustrates the scattered radiation
intensity variation at different azimuthal angles.

3.4.3 Effect of azimuthal anisotropy of scattered radiation on the

fluorescence signal strength

The azimuthal anisotropy of the scattered radiation plays significant role in obtaining

improved elemental detection sensitivities in a TXRF measurement. For precise

determination of effect of azimuthal anisotropy of the Compton and elastic scattering

cross sections in the horizontal plane, TXRF measurements were carried out for the

NIST-1640 standard reference sample at different shallow azimuthal angles. In order to
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accomplish this, first, the SDD detector axis was aligned in the horizontal plane at φ = 0

and then it was moved in the azimuthal plane (φ - plane) to acquire fluorescence

spectrum at different shallow azimuthal angles (please refer to the inset of Fig. 3.12).

Figure 3.11 illustrates a comparison of the scattered radiations (Compton and elastic

radiations) in the TXRF spectrum of NIST-1640 at different azimuthal angles. It is

evident that tailing part of the Compton and elastic scattered peaks has a significant

extent towards the lower energy side in the fluorescence spectrum and this tailing

spectral background increases monotonously as one increases azimuthal angle (φ). From

these measurements it can be clearly realized that one gets improved fluorescence signal

strength (signal-to-background ratio) at smaller azimuthal angles. The inset of Fig. 3.11

shows the intensity variation of the Compton and elastic scattered peaks as a function of

azimuthal angles. Figure 3.12 shows the variation of fluorescence to Compton intensity

ratios for different elements present in the NIST-1640 standard sample for azimuthal

angles ranging from -7o to 20o. The inset of Fig. 3.12 pictorially describes experimental

arrangement used for the φ-scan measurements. It may be noted from the Fig. 3.12 that

the maximum of the fluorescence to Compton intensity ratio lies in the angular region of

φ = 3o to φ = 6o for all the elements. This azimuthal angular region is basically dictated

by the effective geometrical active area of the detector element and detector-to-sample

distance. For the BL-16 TXRF spectrometer fluorescence signal strength (signal to noise

ratio) was found to be maximum for the detector take-off angle values of φ ∼ 5o. If

detector is moved further away at higher take-off angles, the spectral background due to

Compton scattered radiation starts increasing rapidly, thus decreasing the signal to noise

ratio monotonously at higher values of the azimuthal angles. This azimuthal anisotropy

is directly related to the scattering density profile of the Compton and elastic scattering

intensity distributions.
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Figure 3.12: Variation of fluorescence signal to scattered Compton intensity ratios for
different elements present in the NIST-1640 standard reference material at 15 keV as a
function of azimuthal angle (φ). The inset illustrates the experimental geometry used for
the Phi- scan measurements. The arrow shows the scanning direction of the detector in
the horizontal mounting geometry. The detector was placed at a distance ≈ 30 mm from
the centre of beam footprint on the sample surface.

3.4.4 Determination of degree of Polarization of the Synchrotron

beam

It is also possible to estimate the degree of polarization of the incoming SR beam using

the Compton and coherently scattered radiations observed in a TXRF spectrum. The

Compton and elastic scattered intensities were calculated from the measured TXRF

spectra in the vertical (θ = π/2 and φ = π/2) and horizontal detection (θ = π/2 and

φ = 5o) geometries. The polarization factor is then calculated following eqn. 3.10. The

values obtained are tabulated in Table 3.3. During the polarization measurements the

SDD detector was placed at a distance ≈ 30 mm from the centre of beam footprint on the

sample surface. The observed degree of polarization is ∼ 88 ± 2 % for the incoming

synchrotron x-ray beam for TXRF excitation at the BL-16 beamline.
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Table 3.3: Measured degree of Polarization for SR beam at the BL-16 beamline.

Radiation I⊥ I‖ Polarization (P)

Compton 3182085 212829 0.87
Elastic 1563135 95212 0.88

3.5 Summary

The effect of synchrotron beam polarization in grazing incidence x-ray fluorescence

excitation was examined experimentally by performing TXRF measurements of several

samples. It was realized that the anisotropic nature of the scattered radiation imposes a

constraint to place an x-ray spectroscopy detector in a condition where the contribution

of the scattered background is minimal. The computation results obtained using reported

literature [66–69] closely corroborate with the experimental TXRF measurements

performed on various standard reference materials as well as for few TXRF

methodological samples. It is realized that the horizontal detection geometry provides

approximately one order of magnitude better signal to noise ratio, in contrast to the

conventional vertical detection geometry, thus improving TXRF detection sensitivities

∼ 20 − 60% for most of the elements. In addition, it also gives the benefit of reducing

detector dead time and thus improves the real time spending (∼ 20% ) considerably, for

the acquisition of spectra. The φ-dependent anisotropy of the scattering cross section in

the horizontal plane can be understood in terms of the detector geometry for different

elements. For the BL-16 TXRF set-up best signal to Compton background contrast was

obtained in the angular region of φ = 2o to φ = 8o. It may be worth mentioning here that

the results described here provide a general guideline for mounting of a spectroscopy

detector, especially, for the synchrotron based grazing incidence x-ray fluorescence

(GIXRF) and total reflection x-ray fluorescence (TXRF) measurements to achieve better

signal to spectral background contrast and will be of vital importance to the field of

ultra-trace element analysis.
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Chapter 4

Depth resolved structural and chemical

analysis of thin layered materials

In this chapter the underlying physical aspects of x-ray standing wave (XSW) technique and

development of GUI-CATGIXRF program, as a solution to provide non-destructive evaluation of

nanostructured materials have been described. The potential utility and various salient features of

the GUI-CATGIXRF program are described by providing example calculations as well as by

analysing experimentally a few thin film structures comprising of different surface-interface

properties.

We demonstrate the applicability of combined XRR-XSW analysis approach for probing

deeply buried interfaces inside a W-B4C multilayer structure. X-ray standing wave field

generated under Bragg reflection condition is used to probe the different constituent layers of the

W-B4C multilayer structure. To provide various insights on chemical speciation of a W-B4C

multilayer structure, XSW assisted depth resolved near edge x-ray absorption measurements have

been carried out. Various depth resolved localized chemical states of W in the W-B4C multilayer

structure were probed. Interestingly, the results show the existence of some unusual electronic

states at the surface-interface boundary of the W-B4C structure as compared to that of the bulk

thin film medium.
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4.1 Introduction

Nanostructured materials deposited on a flat smooth surface find widespread applications

in many branches of science, especially in the semiconductor industry, x-ray optics and

integrated circuits (ICs) fabrication technology etc. Their unique structural, [74, 75]

electronic [76, 77] and magnetic properties [78–80] play an important role in

understanding many correlated and uncorrelated physical phenomenon such as

electronic and magneto transport properties, interlayer exchange coupling and

magneto-transport properties of various compound materials [77, 79, 81]. Periodic

multilayer structures consisting of alternating thin layers of the high-Z and low-Z

elements or compounds are used as an x-ray optical element in many technological

applications like x-ray astronomy, microscopy, synchrotron beamlines and free-electron

x-ray lasers [81–84]. In all these applications, microstructural properties of the thin film

medium such as thickness, roughness, presence of unwanted impurities, (if any), buried

interfaces and interface diffusion between the constituent layers play an important role in

obtaining overall performance of a thin film device [85–87]. Precise structural and

interface knowledge about a thin film medium is often necessary to tailor the physical

properties of a thin film based semiconductor device or ICs, magneto-electronics and

spintronics devices [88, 89]. Any unwanted structural inhomogeneity in the layer

thickness or formation of a buried layer interface structure can lead to malfunction and

deteriorate the overall performance of a thin film device. This is because the anisotropic

intermixing or the mechanical strain developed between different layers in a thin film

medium significantly alters the physical properties e.g. magnetization, tunneling spin

polarization, and band alignment etc. of a thin film semiconductor device [90–93]. In

such cases, it is often necessary to use characterisation technique that are non-destructive

in nature and it is not advisable to abrade or add any unwanted impurities into the sample

during the analysis.

In literature, several conventional methods; such as secondary ion mass spectrometry,
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soft x-ray emission spectroscopy, auger electron spectroscopy, x-ray photoelectron

spectroscopy, etc., have been proposed and used for the structural analysis of

nano-scaled thin layered materials [94–96]. Most of the techniques described above

however offer probing depths up to few nanometers (∼ 10 nm), and therefore they are not

particularly suitable for probing of nano-structured materials of large dimensions or

buried interfaces that are present in the form of a deeply buried layer inside a thin film

medium.

X-ray offers large penetration depths in most of the materials. The depth sensitivity of

the x-ray inside a thin film medium can be enlarged to nanometer scale by using XSW

induced fluorescence measurements at grazing incidence angles [97–100]. XRR is a

widely used non-destructive tool for the microstructural characterisation of thin film

structure. For the analysis of x-ray reflectivity data, a large variety of software packages

have been designed with specific aims and are reported in the literature [35, 101–107].

Some of these software packages are also freely available to the scientific community.

However, all these softwares utilise XRR technique alone to evaluate microstructural

parameters of a thin film medium. GIXRF technique has been used as a sensitive probe

[38, 108–114] to determine the location of an impurity atom inside a thin film medium.

It has also been employed for determination of roughness and density variations in thin

film structures, although the GIXRF technique is less sensitive for surface roughness

effects in thin layered materials, as compared to the XRR technique. Similarly, small

density variations in thin layer structures cannot be truly described by using GIXRF

technique alone. The various potential features of combined XRR and GIXRF analysis

are described in detail in Chapter 2. The most significant advantage of the combined

XRR and GIXRF analysis is that it reduces the uncertainties of the individual techniques

thereby drastically improving the reliability of the estimated structural parameters of a

thin film medium [34, 35, 39, 115].

Considering the various attractive features and relative advantages of both the GIXRF

and XRR techniques, we have developed a GUI-CATGIXRF program for the
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simultaneous analysis of angle dependent XRR profile and fluorescence intensities

emitted from a thin film specimen or a substrate. In this chapter, we will describe the

salient features and potential applicability of GUI-CATGIXRF computer program. The

GUI-CATGIXRF program is capable of performing computations for both XRR and

GIXRF profiles, simultaneously. The combined analysis of XRR and GIXRF data allows

us to determine a consistent set of microstructural parameters (i.e., thickness, roughness,

density variations and interface diffusion) of the thin film medium, with improved

accuracies.

4.2 Standing wave - grazing incidence x-ray fluorescence

Figure 4.1: (a) Refraction of x-rays through an inhomogeneous medium (material). (b)
The formation of x-ray standing wave on top of a reflecting surface due to the interference
of incident and reflected x-ray beams of wave length λ. Enhanced fluorescence x-rays are
emitted from those parts of the sample volume that present at the locations of XSW field
antinodes.
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An x-ray standing wave field is produced above the reflector surface due to the

interference of incoming and reflected beam. As can be seen from Figs. 4.1(a), when a

primary x-ray beam impinges on a smooth reflecting surface, a part of the radiation is

specularly reflected and part of it is refracted and transmitted inside the sample surface.

In the condition of total external reflection (θ < θc), the incoming and reflected beams

interfere and form x-ray standing wave (XSW) field on the surface. The periodicity (D)

of the standing wave can be defined as D = λ/2sinθ, for θ < θc, where λ is the

wavelength of the incident x-ray beam. In the Fig. 4.1(a) the incidence angle θ and

refracted angle θ1 for the incoming and refracted x-ray beams are defined with respect to

the sample surface respectively. These angles are related to each other by the equation

S inθ1, j = Re[(ñ2
j − Cos2θ)1/2], where ñ j is the refractive index of the jth medium. Fig.

4.1(b), demonstrates such a superposition of the incident and reflected x-ray beams on a

mirror surface. It can be seen from this figure that the maxima and minima of

interference fringe pattern generated, are planes parallel to the mirror surface. The

maximum intensity of a bright fringe can be increased as large as ∼ 4 times. For small

value of θ, the phase shift between incident and reflected X-ray beam is ∼ 180o. In this

condition, node of the X-ray standing wave field coincides at the surface of a substrate.

At critical angle, the phase shift is close to zero, and we have an anti node near the

surface.

The node to anti node distance and their position with respect to the substrate surface

can be moved by changing the incidence angle between zero to critical angle. In this

way, one can use the x-ray standing wave field as a probe to find out the location of an

impurity atom near the surface. One can observe the fluorescence intensity from an

impurity atom excited by the x-ray standing wave field as a monitor for the location. The

fluorescence intensity will be larger when position of an impurity atom coincides with

the position of an anti node where as a very low fluorescence signal is observed if node

of the x-ray standing wave field coincides with the position of impurity atom. Beyond

the critical angle, the reflected intensity becomes weak thereby decreasing contrast of the
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x-ray standing wave field on substrate surface. This situation has been demonstrated in

Fig. 4.1. In this condition, only a small modulation in the fluorescence intensity can be

observed and the fluorescence excitation is mainly performed by the incident beam.

The smallest period of the x-ray standing wave field formed at critical angle. Usually

the period of the x-ray standing wave field generated on a flat surface under total external

reflection condition range in nanometer. When a sample residue is deposited on it, the

fluorescence yield from an element increases due to increased value of electromagnetic

field intensity available for excitation in TXRF region. In residue materials, the size of

particles normally range in µm (i.e. larger than the period of X-ray wave field) thus

several x-ray standing wave periods excites a particle. Moreover at the same time the

x-ray field intensity at antinode and node positions of XSW field can be as high as 4

times of incident intensity and zero respectively therefore in case of droplet residue

materials one obtains average x-ray fluorescence yield ∼ 2 times in TXRF region.

4.3 Development of a GUI-CATGIXRF program

In order to perform the microstructural analysis of thin films, multilayer, substrates, etc.

a computer program ‘GUI-CATGIXRF’, has been developed in FORTRAN 77 for the

calculation of x-ray fluorescence intensities from a thin layered specimen or a substrate.

Details of the methodology and several features of the program developed have been

described in these subsections.

4.3.1 Program Methodology

For the computation of x-ray fluorescence intensities emitted from layered materials,

both recursive formalism and matrix formalism have been described in the literature

[54, 97, 116, 117]. We have followed recursive methodology to calculate electric field

intensities in different layer mediums [34]. In order to estimate angle dependent
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fluorescence intensities from a layered specimen, it is important that the electromagnetic

field intensity at each position of the layered medium should be known explicitly. The

GIXRF intensities originated from a complex thin layered material, like a periodic

multilayer system, strongly depend on the structural parameters of the multilayer

medium. These micro-structural parameters of the layered specimen (or substrates) can

be derived from the combined analysis of XRR and GIXRF profiles.

Reflection and refraction in a layered specimen

In this section the reflection and refraction phenomenon occurring in a thin layered

medium are described in detail for the sake of simplicity. We have considered a multiple

thin film structure deposited on an infinitely thick substrate, as shown in Fig. 4.2. Layers

of two materials (with high and low atomic numbers) having the thicknesses d1, d2,...dn1,

dn are assumed to be stacked on a substrate surface. The layer index ‘0’ represents the

medium for the incoming x-ray wave; this may be either vacuum or air. In case when

all the interfaces of the multilayer system are parallel to each other, one can write the

equation of a plane electromagnetic wave travelling with frequency ω in a medium j, at a

position r as

E j(r) = E jexp[i(ωt − ~k j · ~r)] (4.1)

where E j is the electromagnetic field amplitude at the top of layer j. For the jth layer,

the wave vector k j can be expressed as k j = k
′

j − ik
′′

j and its components in the x-z plane

are expressed by k j,x = 2π
λ

cosθ, k j,z = 2π
λ

(ε j − cos2θ)1/2, where θ is the glancing angle of

incidence, λ is the wavelength of the incident x-ray field. The complex dielectric constant

ε j of a medium j can be expressed as

ε j = ñ2
j ≈ 1 − 2δ j − i2β j (4.2)
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Figure 4.2: Multiple refraction and reflection of x-rays in a multilayer thin film structure
on a thick infinite substrate. The transmitted and reflected field intensity in different media
has been demonstrated by respective subscripts.
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where δ is decrement term, which describes the deviation of real part of the refractive

index ñ from unity, while β denotes the absorption of x-rays into the medium. The values

of δ and β are expressed as δ =
NAreλ

2ρ× f
′

2πA and β = λ
4π (µ

ρ
)ρ, where NA is Avogadro’s number,

re is the classical electron radius, ρ is the density of the material (in g/cm3), which relates

to the electron density (ne) by the formula ne = Z× NA
A ×ρ. Here, A is the atomic weight of

an element having atomic number Z, f
′

is the real part of average atomic scattering factor

(equal to atomic number Z if anomalous dispersion can be neglected), (µ/ρ) is the mass

absorption coefficient (in cm2/g).

The electric field intensity inside a layered medium can be calculated for both s and

p polarizations. However, in hard x-ray region (i.e. in small δ j, β j approximations),

the formulas remain more or less identical for both polarizations. Here, we discuss the

case for s-polarization. For the electric field parallel to the interface (s-polarization), the

complex coefficients of reflection r j and transmission t j at the j and j+1 interface can be

calculated from Fresnel’s formulas

r j =
k j,z − k j+1,z

k j,z + k j+1,z
(4.3)

and

t j =
2k j,z

k j,z + k j+1,z
(4.4)

These formulas (4.1-4.4) do not include the effect of substrate and interlayer roughness.

Various methods are reported in the literature [55, 118, 119], to incorporate effects of

roughness in the calculation of XRR and GIXRF profiles of a layered specimen.

Moreover, the interface roughness (σ) of a thin film medium cannot be considered as a

single quantity. This parameter basically defines the interface width of a thin film

medium using an Error function. The density of a thin film medium at the interface

region varies according to the Error function profile. In one approach, r j is multiplied by

a factor (the Debye-Waller factor), given by S j = exp[−2σ2
jk j,zk j+1,z], where σ j

represents the root mean square deviation of the interface atoms from the ideal condition
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(i.e. situation of perfectly smooth interface medium). However, the Debye-Waller factor

approximation is valid only for small roughness values (∼ 0 - 2 nm). In a more practical

approach, (the Nevot-Croce model [55]), r j is multiplied by a factor S j, and t j is

multiplied by a factor T j, which can be expressed as T j = exp[σ2
j(k j,z − k j+1,z)2]/2.

Nevot-Croce model provides better results for incidence angles below θc as well as above

θc. However, in the case of higher roughness values (σ > 2 nm), one needs to vary or

approximate the density of the thin film medium as well. In our GUI-CATGIXRF

program, surface roughness effects in the range of 3-6 nm can also be successfully

treated by splitting a thin film medium into several layers and subsequently varying (or

approximating) the density of the individual sub-layers, as described by H. Schwenke et.

al [119].

The transmitted and reflected x-ray field amplitudes, Et
j and Er

j at the top of jth layer

can be determined from recursion relations as Er
j = a2

j X jEt
j, Et

j+1 =
a jEt

jt jT j

1+a2
j+1X j+1r jS j

,

X j =
r jS j+a2

j+1X j+1

1+a2
j+1X j+1r jS j

, and a j = exp(−ik j,zd j), where d j is the thickness of the layer j. Using

the above relations, the electric field amplitudes Et
j and Er

j can be calculated in a layer

medium from the knowledge of λ, θ, ε j, the thickness d j of layer j and its interface

roughness σ j. In the substrate medium, there is no reflection, thus Er
s = Xs = 0. The

calculation is performed in the reverse order, i.e. we first calculate the electric field

amplitudes in the nth layer and then progressively the field amplitudes are obtained for

0th layer.

The ratio of electric fields at j =0 (air-film) interface, gives the reflectivity R, i.e.

R(θ) =
∣∣∣Er
◦/E

t
◦

∣∣∣2 (4.5)

Replacing Et
◦ with 1.0, provides normalized XRR for a layered specimen.
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Calculation of electric field intensity and fluorescence intensity

The total electric field intensity at a point r in the jth layer medium is the vector sum

of transmitted contribution Et
j(r) ↓ and reflected contribution Er

j(r) ↑ and is given by

[28, 33, 34, 116, 120]

ET
j (r) = Et

j(r) ↓ +Er
j(r) ↑ (4.6)

where Et
j(r) ↓= Et

jexp(−ik j,z × z)exp[i(ω × t − k j,x × x)] and Er
j(r) ↑= Er

jexp(−ik j,z ×

z)exp[i(ω× t−k j,x× x)] represent equations for transmitted incident and reflected plane x-

ray waves respectively. Et
j and Er

j are the amplitudes of transmitted and reflected electric

fields at the top of layer j, which can be calculated using the recursion relations. The

average x-ray field intensity I j(θ, z), in the jth layer medium at depth z is given by the

following equation

I j(θ, z) =

∣∣∣∣Er
j + Et

j

∣∣∣∣2∣∣∣∣Et
j

∣∣∣∣2 = [exp(−2k
′′

j,z × z) +

∣∣∣∣∣∣∣E
r
j

Et
j

∣∣∣∣∣∣∣
2

exp(2k
′′

j,z × z) + 2

∣∣∣∣∣∣∣E
r
j

Et
j

∣∣∣∣∣∣∣ cos([ν(θ) + 2k
′

j,z × z])]

(4.7)

where
Er

j

Et
j

=

∣∣∣∣∣Er
j

Et
j

∣∣∣∣∣ eiν(θ). Here, the term ν(θ) represents the phase of the E-field ratio at the top

of layer j. Using fundamental parameter approach, the equation for fluorescence intensity

emitted from an element X, distributed in a layer j can be written as

I j,X(θ) = F(θ) = I0G × S X,E0εdetTair ×

∫ d j

0
CX(z)× I j(θ, z)× exp(−[

(µ/ρ)E

sinφ
]ρ× z)dz (4.8)

where S X,E0 is the x-ray fluorescence production cross section for element X at incident

x-ray energy E0. This quantity can be calculated theoretically as S X,E0 = τx(E0) × ω̄k,L ×

g × f , where τX(E0) is the photoelectric cross section of element X at incident energy

E0. ω̄k,L represents average fluorescence yield for L or M shell. f is the jump factor of the

respective absorption edge and g is the relative emission rate of the respective fluorescence

line in its series. φ is the take off angle of the emitted fluorescence x-rays from layered

specimen surface (φ ∼ 900). Various concentrations profile, as shown in Fig. 4.3 can be
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Figure 4.3: Schematic of various concentration profiles for an impurity element in a layer
of thickness d.

assumed for an element X in layer j for the depth profile analysis. In such case, eqn. (4.7)

needs to be solved numerically. If concentration of element X in layer j over its thickness

d j is constant (homogeneous layer) CX(z) ≈ CX, then this quantity can be taken outside

the integral and solution of eqn. (4.7) yields

I j,X(θ) = I0G ×CX × S X,E0εdetTair(M1 + M2 + M12) (4.9)

where

M1 =
∣∣∣∣Et

j

∣∣∣∣2 × 1 − exp(−[(µ/ρ) j,E0/sinθ1 j + (µ/ρ) j,E]ρ j × d j)
[(µ/ρ) j,E0/sinθ1 j + (µ/ρ) j,E]

(4.10)

M2 =
∣∣∣∣Er

j

∣∣∣∣2 × 1 − exp(−[−(µ/ρ) j,E0/sinθ1 j + (µ/ρ) j,E]ρ j × d j)
[−(µ/ρ) j,E0/sinθ1 j + (µ/ρ) j,E]

(4.11)

and

M12 = 2 × Re[Et∗
j × Er

j

1 − exp(−[−2ik0sinθ1 j/ρ j + (µ/ρ) j,E]ρ j × d j)
[−2ik0sinθ1 j/ρ j + (µ/ρ) j,E]

] (4.12)

where I0 represents the primary intensity and G is a geometrical factor. The factor G

takes care of the effect of footprint variation of the x-ray beam on the sample surface, at

different incidence angles. (µ/ρ) j,E0 and (µ/ρ) j,E represent mass attenuation coefficients

of layer j at primary x-ray energy E0 and at characteristics energy E of the detected

element X. CX is the mass concentration of element X in the layer j. εdet represents the
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detector efficiency and Tair is the transmission of fluorescence x-ray in the air path from

sample to detector. ρ j is the density of layer j. In order to calculate GIXRF intensity from

a repetitive layer structure, for example, in a multilayer medium, the net fluorescence

intensity is calculated by summing the contribution from all layers and taking into

account the absorption correction of upper layers. The fluorescence intensity emitted

from an element X, present in all high Z and low Z layers are given, respectively, by

Ihigh.x(θ) =
∑

j,high.Z

(
exp

[
−

j−i∑
n=1

(µ/ρ) j,E × ρ j × d j

sinφ

]
× IA,x(θ)

)
(4.13)

and

Ilow.x(θ) =
∑

j,low.Z

(
exp

[
−

j−i∑
n=1

(µ/ρ) j,E × ρ j × d j

sinφ

]
× IB,x(θ)

)
(4.14)

Here A and B represents the atomic numbers of high Z and low Z layers, respectively.

The above formulas for XRR and GIXRF yield are valid for perfectly parallel or

collimated incident x-ray beam. However, if the incident x-ray beam has certain

divergence, expressed as α, then the reflectivity R [eqn. (4.5)] and fluorescence yield F

[eqn. (4.8)], can be expressed as a convolution of the reflectivity/fluorescence function

and the primary x-ray beam intensity distribution I(α).

R(θ) =

∫
R(θ − α) × I(α)dα∫

I(α)dα
(4.15)

and

F(θ) =

∫
F(θ − α) × I(α)dα∫

I(α)dα
(4.16)

In the CATGIXRF program, the shape of the primary incident x-ray beam has been con-

sidered as a Gaussian profile under ±3σ limits.
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Figure 4.4: A snapshot of the main window of the GUI-CATGIXRF program, showing
different command tools and buttons for input and output of the data. To allow model
based fitting of the thin film medium, one can define the structure type by selecting
options; ‘multilayer structure’ or ‘independent structure’, as described in the text.

4.3.2 GUI-CATGIXRF Interface

The CATGIXRF program runs in a standalone GUI window, as can be seen from the

Fig. 4.4 and requires minimal inputs from a user. The structure type of a thin film

medium, either ‘Independent layers’ or ‘Multilayer Structure’ can be selected using

radio buttons selection. Depending upon the structure type, it is possible to provide

inputs for the number of layers that contribute in a multilayer thin film structure. The

inputs for the constituent’s layers such as layer index, element symbol or chemical

compound formula for the layer material, thickness, roughness, density can be supplied

through a GUI table that appears in the program window after the selection of thin film

structure type. The experimental conditions such as energy of the incident x-rays, start

angle, stop angle, angle step and beam divergence of the incident x-ray beam or

instrumental resolution factor can be defined under the section of ‘Main Parameters’

panel. For the calculation of grazing incidence angle dependent x-ray fluorescence

profile of an element it is important to provide inputs such as element symbol and

appropriate characteristics fluorescence lines; K-alpha or L-alpha for the element of
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interest. To ensure ease of use, we have defined another table to feed substrate

parameters exactly below the schematic representation of the multilayer structure that

appears in the GUI-CATGIXRF window. In this table, it is also possible to describe the

element symbol or chemical compound formula for the substrate material. After

providing all appropriate inputs in the GUI window, it is possible to compute XRR and

GIXRF profiles using the push button ‘Perform Computation’. The results of

calculations appear in the respective XRR and GIXRF plot windows on the GUI panel.

For the fitting of experimental data, it is necessary to load the measured XRR and

GIXRF data prior to the computation of the theoretical XRR and GIXRF profiles.

4.3.3 Program internals

The GUI window of the CATGIXRF program is designed in the MATLAB (R2010b)

platform while the core computation code for the calculation of XRR and GIXRF

profiles is developed on the FORTRAN 77 platform. As an input, CATGIXRF program

requires energy of incident radiation E0, thickness of layer d j, density of the layer ρ j,

atomic number of the detected element Z and its characteristics fluorescence energy E,

angular range namely start angle, end angle and the angular step. One can also specify

the divergence of the primary x-ray beam, if primary beam divergence effects need to be

corrected, or otherwise it can be set equal to the angular step. Primary beam divergence

effects in GIXRF analysis of multilayer structures have been described elsewhere [72].

Furthermore, the interfacial roughness σ j for each interface can be specified in angstrom

units. The program needs the values of δ j and β j for layer and substrate materials. The

program also requires the value of photo electric absorption coefficient of the detected

element at incident primary energy E0 and mass absorption coefficients of the layer (in

cm2/g) at incident energy E0, and at the characteristics fluorescence energy of the

detected element E. The CATGIXRF program utilizes x-ray library (xraylib) functions

[121] for the computation of fundamental parameters for x-ray - matter interactions. The
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GUI-CATGIXRF program can be successfully run on any Windows (32-bit) machine

after installing a command line utility of the xraylib (xraylib-3.1.0-win32-cli.exe) on the

Windows machine. This allows the GUI-CATGIXRF to automatically obtain the optical

constants for the different materials or elements at a given incident x-ray energy. The

xraylib utility eliminates the requirement to prepare or use look up x-ray data tables for

the optical constants of different materials and their compounds. Moreover to help a user

we have also provided a look up table for density (gm/cm3) of most common materials.

One can start with an input guess of layer parameters thicknesses d j, concentration c j,

density ρ j and roughness σ j. These values are changed manually until a good fit with the

experimental data is obtained. A normalized fluorescence profile can be obtained by

normalizing the GIXRF intensity at higher incidence angle.

4.3.4 Main features and utilities of the CATGIXRF program

GUI-CATGIXRF program calculates the XRR and GIXRF profiles simultaneously. It

takes into account the interfacial roughness effects, the inter element absorption effects

and the effect of primary beam divergence. The program can be used for several diverse

applications: for calculation of the XRR and GIXRF intensities from thin films and

multilayer structures, examination of XSW effects in multilayers, characterisation of

metal nanoparticles on substrates and mirrors. It can also be used to study x-ray

waveguide structures using marker fluorescence measurements. The GUI-CATGIXRF

program offers various salient features and capabilities for fitting and visualization of

XRR and GXRF data. Some of them are listed in the following subsections:

Reflectivity background

It is possible to include background counts during the calculation of XRR profile for a

thin film medium. The background in the reflectivity profile can be either measured
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experimentally or can be estimated theoretically using the reflectivity counts at an

incidence angle far above the critical angle where Kiessig oscillations almost disappear

in the measured XRR profile. Inclusion of reflectivity background gives an opportunity

to reliably estimate roughness effects in a thin film structure.

Calculation of Electron density profile

The in-depth electron density profile (EDP) of a thin layered medium can be computed

from the best fitted parameters of a thin film medium. An ‘Effective-EDP’ push button is

provided in the compute and show results window of the CATGIXRF to generate in depth

electron density profile of a thin film structure.

Calculation of Electric field distribution

The CATGIXRF has provided an option to compute x-ray electric field distribution in

the different layered medium as well as above the reflector surface (in air or vacuum) as

a function of angle and depth. The ‘E-Field Distribution’ push button in the compute and

show results window of the CATGIXRF gives the electric field distribution.

Beam foot print

X-ray beam foot print or geometrical effects markedly modify the measured XRR and

GIXRF patterns of a thin film structure. In XRR, the geometrical effects dominantly

appear in the vicinity of critical angle and it changes the nature of flat-top in the vicinity

of total external reflection region. Since, this region does not contain any useful

information about a thin film medium, it may be ignored during fitting of the measured

XRR profile. Inclusion of a knife edge arrangement on the sample surface provides an

alternative experimental approach to eliminate beam foot print effect in the XRR

measurements. However, in case of the GIXRF measurements, the beam foot print
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Figure 4.5: A schematic illustration for the beam foot print effect in the grazing incidence
x-ray fluorescence measurements. On the right hand side, a snapshot of the sub-program
window of the GUI-CATGIXRF program is shown that takes different input parameters
from a user to define excitation geometry for a thin film specimen for the correction of
beam foot print effect in the computed GIXRF profile.

effects become noticeably visible at higher incidence angles. The GUI-CATGIXRF

program, corrects beam foot print effects in the computed GIXRF profile using the

analytical formalism presented in the literature [48]. Fig. 4.5 depicts a schematic

representation for the x-ray reflectivity measurement from a thin film structure along

with the details of experimental geometry for fluorescence assisted GIXRF

measurements. On the right side of the figure a snapshot of the sub-window of

GUI-CATGIXRF program is shown that asks the inputs from a user for the correction of

beam foot print effect in the measured GIXRF profile.

Append layer functionality

The structure of a thin periodic multilayer medium may not be truly periodic. There is

always a possibility for the presence of a buried layer interface medium or thickness

inhomogeneity of the bilayer period inside the multilayer structure. In such cases it is

quite useful to describe the in-depth distribution profile of a thin film medium using
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append layer functionality. The GUI-CATGIXRF program provides the option to add an

append layer structure at any depth inside a thin film medium during the computation of

XRR and GIXRF profiles.

Fit residuals

In the GUI-CATGIXRF program chi2 (χ2) minimization procedure is used for the

simultaneous fitting of XRR and GIXRF data. The fit residuals of individual XRR and

GIXRF profiles directly indicate the goodness of the fits. It is possible to obtain precise

and reliable estimate for the microstrucural parameters of a thin film medium when XRR

and GIXRF fit residuals are minimised within the range of 2-6 %.

Manual Selection

Although various website and individual programs provide the x-ray data sets for optical

constants and mass absorption coefficients for most common materials in the x-ray region

(300 eV - 30 keV) [35, 101–107]. However, in some specific cases the availability of

reliable optical constants and absorption database is still limited. For example, value of

the optical constants (δ, β) especially in the vicinity of absorption edge of an element may

vary or fluctuate ∼ 20-30 % or more. To overcome this problem in the GUI-CATGIXRF

program, we have provided a freedom (or an option) to user: initially, start fitting with the

tabulated values of x-ray optical constants (δ, β) using the xraylib utility and then check

“Manual Selection” box to vary them manually in order to derive more accurate values

corresponding to the best fit results of the measured XRR and GIXRF profiles. This

specific utility of the GUI-CATGIXRF facilitates an opportunity for the user to adopt and

evaluate even unknown thin layered materials for which the optical constants at specific

x-ray are not available in the literature.
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Compute and show results

Compute and show results panel of the GUI-CATGIXRF program allows a user to

calculate both the XRR and GIXRF profiles simultaneously using a push button

‘Perform Computation’ after providing all relevant input parameters in the main GUI

window. Using the ‘XRR fit’ and ‘Fluo. Fit’ push buttons, it is possible to display fitted

XRR and GIXRF profiles along with experimental data and fit residuals (χexpt. − χtheo.) in

separate figure windows. The GUI-CATGIXRF program also provides an ability to

compute electromagnetic x-ray field intensity distribution inside a thin layer medium

using the recursive method [97, 117]. The push button ‘E-field distribution’ displays the

computational results in a separate figure window. The push button ‘Effective−EDP’

provides an opportunity to determine effective electron density distribution inside the

thin film medium as a function of film depth. The computed results for the effective

electron density distribution appear in a separate window. For the fitting of the

experimental XRR and GIXRF profiles one needs to provide an initial guess for the

microstructural parameters such as thicknesses (d), density (ρ) and roughness (σ) of a

thin film medium. The GUI-CATGIXRF program automatically obtains various optical

constants for the thin film medium using its xraylib functionality. The structural

parameters are then slowly varied to obtain the best fit XRR or GIXRF profiles

corresponding to the measured data. It may be interesting to mention here that the angle

dependent XRR and GIXRF profiles, which are complementary in nature, help each

other in a self-consistent feedback manner to find out a precise and reliable estimate for

the microstructural parameters of a thin layered structure. This is a general statement

which would be applicable to all types of thin layered systems utilizing combined XRR

and GIXRF analysis approach for the structural characterisation. The GUI-CATGIXRF

program offers this unique functionality for the fitting of XRR and GIXRF profiles of a

thin film structure. In the GUI-CATGIXRF program as such no specific criterion is

implemented at which the fitting procedure can be stopped, however, it is purely left on
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the satisfaction and judgement of the user. Usually, when fit residuals in both XRR and

fluorescence are minimized within the range of 2-6%, one can terminate the fitting

procedure.

4.4 Some example studies

In this section, various potential features of the GUI-CATGIXRF program have been

demonstrated using some example calculations.

4.4.1 An x-ray wave guide structure

For a simple case, a multilayer structure consisting of three independent layers (trilayer

structure) Cr (55 Å) / B4C (400 Å) / Cr (250 Å) on top of a Si substrate was considered.

Here, a low Z layer (Boron carbide) is sandwiched between two high Z (Chromium)

layers. Such a trilayer structure is usually considered as x-ray wave guide. Figure 4.6

depicts the computed XRR profile and angle dependent GIXRF profile for the Cr-Kα

fluorescence intensity. For these computations, the incident x-ray energy of 12 keV was

assumed. It can be seen from Fig. 4.6(a) that, the XRR profile shows a distinct and

systematic interference fringes (Kiessig oscillations). The relative amplitude and width

of these Kiessig oscillations strongly depend on the thickness and interface roughness of

the Cr and B4C layers. Furthermore, one can also observe a few small dips in the XRR

profile below the critical angle (θc). These dips in the XRR appear due to the formation

of selective excitation modes inside the B4C layer medium. These excitation modes will

be described with more details in the later figure (Fig. 4.7). Figure 4.6(b) demonstrates

the variation of Cr-Kα fluorescence intensity, emitted from the Cr (55 Å) / B4C (400 Å)

/ Cr (250 Å) trilayer structure as a function of grazing incidence angles. It can be seen

from Fig. 4.6(b) that several peaks corresponding to the resonant excitation modes (TE0,

TE1, TE2, etc.) appear in the computed Cr-Kα fluorescence profile below critical angle
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(θc) of the thin film medium. These peaks occur due to the formation of XSW field in the

Cr / B4C / Cr trilayer medium. The relative peak heights of these resonant modes strongly

depend on the XSW field intensity distribution inside the trilayer medium as well as on

the surface-interface properties of the high and low Z layers. Fig. 4.7(a) describes the

contour plot for the electric field intensity (EFI) distribution inside the Cr (55 Å) / B4C

(400 Å) / Cr (250 Å) waveguide structure, calculated at an incident x-ray energy of 12

keV, as a function of incidence angle and film depth in the trilayer medium. From Fig.

4.7(a), it can be seen that various transverse electric field modes (TE0, TE1, TE2, etc.) are

excited in the B4C layer medium at definite incidence angles. At large incidence angles

(for higher modes), the x-ray field intensity moves towards the interface boundaries of the

layered medium, this provides a possibility to determine the interface properties of the

high and low Z layers by measuring Cr-Kα fluorescence intensity emitted from respective

top and bottom Cr layers. The effective electron density for the Cr / B4C / Cr trilayer

structure is also calculated using GUI-CATGIXRF program and is shown in Fig. 4.7(b).

Table 4.1 summarizes the structural parameters of the trilayer thin film medium that were

used during the computation of curves presented in Figs. (4.6 and 4.7).

Table 4.1: Structural parameters used in the GUI-CATGIXRF program for the computa-
tion of XRR and GIXRF (Cr-Kα fluorescence) profiles for a Cr/B4C/Cr trilayer structure.

Element/Compound Thickness d (Å) Roughness σ (Å) Density ρ (gm/cm3)

Cr 60.0 3.0 7.18
B4C 400.0 3.3 2.50
Cr 250.0 4.0 7.18
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Figure 4.6: Computed XRR and GIXRF (Cr-Kα fluorescence) profiles of a Cr (55 Å)
/ B4C (400 Å) / Cr (250 Å) trilayer structure, deposited on a Si substrate surface. The
computations are performed using the GUI-CATGIXRF program assuming an incident x-
ray energy of 12 keV. (a) XRR profile, (b) GIXRF (Cr-Kα fluorescence) profile, showing
various transverse electric field excitation modes (TE0, TE1 and TE2) that excite inside
low Z material (B4C) at specific incidence angles. In the inset of figure (a) we have also
shown an extended view of the XRR profile in the vicinity of critical angle, showing
location of the incidence angle for various excited modes.
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Figure 4.7: Electric field intensity (EFI) distribution computed inside the Cr (55 Å) / B4C
(400 Å) / Cr (250 Å) trilayer structure on a Si substrate surface using GUI-CATGIXRF
program. The formation of different transverse electric field modes (TE0, TE1 and TE2)
can be clearly observed in the B4C medium at distinct incidence angles. (b) Computed
effective electron density profile for the trilayer medium.

4.4.2 Applicability of GUI-CATGIXRF for the characterisation of

thin layered materials

To demonstrate the applicability of the GUI-CATGIXRF program, experimental

measurements for a few thin layered structures of different surface-interface properties

were carried out and determined their microstructural properties were determined using

combined analysis of XRR and GIXRF profiles.

W-B4C bilayer structure

Bilayer structure consisting of B4C and W materials was fabricated on the polished Si

(100) substrates at room temperature using a magnetron sputtering system [50]. Figure

4.8(a) shows measured and fitted XRR and GIXRF profiles obtained for the W (275 Å)-

B4C (300 Å) bilayer structure at incident x-ray energy of 12 keV. In the figure, W-Lα

fluorescent radiation emitted from the W-B4C bilayer sample at different grazing

incidence angles is plotted along with the measured x-ray reflectivity data. From Fig.

4.8(a), it can be seen that one finds an encouraging level of agreement between the
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Figure 4.8: (a) Measured XRR and GIXRF (W-Lα fluorescence) profiles along with fitted
curves for the W (276 Å) - B4C (304 Å) bilayer structure at incident x-ray energy of 12
keV. The fitted results also reveal the presence of a SiO2 layer of thickness ∼ 12.7 Å at
the interface of W layer and Si substrate, as illustrated in the inset of the figure. Scattered
points are the measured data while solid lines represent best fit curves to the experimental
data. The fit residuals of the respective profiles are shown below. (b) Effective electron
density profile for the bilayer medium computed from the best fit results.

experimental and computed profiles. It can also be noticed from Fig. 4.8(a), that the

reflectivity and W-Lα fluorescence profiles are anticorrelated in nature. One observes

maximum fluorescence intensity of the W-Lα line especially at those locations where

x-ray reflectivity is minimum. This feature of the combined XRR-GIXRF method can be

clearly recognized below critical angle θc ≈ 0.32o. At higher incidence angles, the

reflected intensity of the W-B4C bilayer structure reduces rapidly (R ∝ 1
θ4 ), as a result,

one does not observe small fluorescence oscillations corresponding to the Kiessig fringes

that appear in the reflectivity profile at higher incidence angles. Thus, the W-Lα

fluorescence yield at higher incidence angles remains more or less constant. The best

97



fitted XRR and GIXRF profiles obtained from GUI-CATGIXRF program provide a

thickness of the B4C layer ∼ 304 ± 3 Å and for the W layer ∼ 276 ± 2 Å. The roughness

of B4C (W) layers was found to be 14.5 Å (7.7 Å) respectively. The combined XRR and

GIXRF analysis also reveals the presence of a SiO2 layer of thickness ∼ 12.7 ± 0.8 Å

with a roughness value of ∼ 6 ± 0.6 Å at the interface between tungsten and Si substrate.

The fitted microstructural parameters of the W-B4C bilayer structure at incident x-ray

energy of 12 keV are summarized in Table 4.2. In Fig. 4.8(a), we have also plotted the fit

residuals for the fitted XRR and GIXRF profiles, obtained using GUI-CATGIXRF

program. The small fit residuals (<5 %) provide an encouraging level of confidence for

the computed micro structural parameters of the bilayer medium. Figure 4.8(b) depicts

effective electron density profile (EDP) computed for the W-B4C bilayer structure

corresponding to the best fit experimental results. It can be seen from Fig. 4.8(b), the

sharpness of the electron density profile at the interface boundary decreases if the

interface roughness of the medium increases and vice-versa.

Table 4.2: Fitted microstructural parameters of the W-B4C bilayer structure, determined
from the GUI-CATGIXRF program using combined XRR and GIXRF (W-Lα fluores-
cence) analysis at incident x-ray energy of 12 keV.

Element/Compound Thickness d (Å) Roughness σ
(Å)

Density ρ (gm/cm3)

B4C 304.0 ± 3.0 14.5 ± 1.5 2.4 ± 0.1
W 276.0 ± 2.0 7.7 ± 0.8 18.3 ± 0.6
SiO2 12.7 ± 0.8 6.0 ± 0.6 2.1 ± 0.2

W-B4C multilayer structure

Multilayer structure consisting of B4C and W materials was fabricated on the polished

Si (100) substrates at room temperature using a magnetron sputtering system [50]. In

this section the structural characterisation of a W-B4C multilayer structure is presented.

Simultaneous GIXRF and XRR measurements of the bilayer and multilayer structures
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Figure 4.9: Measured and fitted XRR and GIXRF (W-Lα fluorescence) profiles along with
the fit residuals for a W-B4C periodic multilayer structure of parameters d = 48.5± 0.8 Å
and, number of bilayers N = 15 on a Si (100) substrate surface at incident x-ray energy of
12 keV. (a) XRR profile, (b) GIXRF (W-Lα fluorescence) profile in the vicinity of Bragg
region. Scattered points are the measured data while solid lines represent best fit curves
to the experimental data.

were carried out in θ − 2θ geometry using BL-16 reflectometer station [46, 47, 115, 122]

at Indus-2 synchrotron facility, in the ambient air environment. Figure 4.9, describes

measured XRR and W-Lα fluorescence profiles along with the fitted curves for the

W-B4C periodic multilayer structure consisting of N = 15 bilayer periods on the Si

substrate surface. The XRR and fluorescence experimental data were fitted

simultaneously using the GUI-CATGIXRF program. The layer thickness and roughness

values of the high-Z and low-Z layer were allowed to vary during the fitting procedure.

The density of the high-Z medium (W layers) was also allowed to change during the

fitting in order to find a close match with the measured XRR data, especially in the

vicinity of the critical angle of the multilayer structure. During the fitting process, the

optical constants (δ and β) of the Henke’s tabulation [123], were obtained using xraylib

utility, and deposited thickness values of the multilayer structure were taken as the initial
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guess. Both the XRR (Fig. 4.9(a)) and W-Lα fluorescence (Fig. 4.9(b)) profiles were

fitted consistently to derive the microstructural parameters of the W-B4C multilayer

structure such as thickness of the layers, surface roughness, and the interface diffusion

between the high-Z and low-Z layers. The fitting procedure was repeated until both the

XRR and W-Lα fluorescence profiles are best fitted to the experimental data. The best

fitted results to the measured XRR and W-Lα fluorescence profiles of the W-B4C

multilayer give a value of the multilayer bilayer period thickness d = dW + dB4C = 48.5 ±

0.8 Å with individual thickness of W and B4C layers to be dW = 25.9 ± 0.5 Å, dB4C =

22.6 ± 0.6 Å, and σW = 5.0 ± 0.6 Å and σB4C= 5.0 ± 0.6 Å respectively for the

roughness values. The estimated thickness of W and B4C layer were 30 Å and 25 Å. The

thickness of the W layer in the last bilayer period, near to the Si substrate was found to

be slightly high (dW = 45.0 ± 1.0 Å), compared to the average thickness of the W layer

in the other bilayer periods. This extended W layer was created inadvertently during the

plasma stabilization in the magnetron sputtering system. The non-uniformity of

thickness in a multilayer structure needs to be analysed. Detailed analysis of

non-uniformity of thickness or buried layer of W inside a multilayer structure is

described in the later section (4.5). In addition, we could also reveal the presence of a

low density SiO2 interface layer of thickness ∼ 20 Å between Si substrate and W-B4C

multilayer stack. In Fig. 4.9, we have also plotted the fit residuals for the XRR and

W-Lα fluorescence profiles to show the goodness of the theoretical fits. Table 4.3

summarizes fitted microstructural parameters of the W-B4C multilayer structure

determined using GUI-CATGIXRF program. The net errors in the determined

microstructural parameters of the bilayer and multilayer thin film samples were obtained

from the experimental measurement accuracies (e.g. counting statistics, repeatability,

angular step resolution, and angular repeatability of the experimental data etc.) and

found to be between 5 to 12 %.
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Table 4.3: Microstructural parameters of the W-B4C periodic multilayer structure
consisting of N = 15 bilayers of the B4C and W materials. These parameters were
determined from the GUI-CATGIXRF program using combined XRR and GIXRF (W-
Lα fluorescence) analysis.

Element/Compound Thickness d (Å) Roughness σ (Å) Density ρ (gm/cm3)

B4C 22.6 ± 0.6 3.6 ± 0.4 2.16 ± 0.1
W 25.9 ± 0.5 5.0 ± 0.6 16.8 ± 0.6
SiO2 20.0 ± 2.0 5.0 ± 0.6 2.1 ± 0.2

4.5 Analysis of interface morphology of a deeply buried

layer in a multilayer structure

Long term durability of a thin film device is strongly correlated with the nature of the

interface structure associated between different constituent layers. The reflection

efficiency of synthetic periodic multilayer structures, which are primarily employed as

artificial x-ray Bragg reflectors in many applications, is predominantly dictated by the

nature of the buried interfaces between different layers. Recently, an increasing interest

has been observed in case of characterisation of the buried interfaces in thin layered

materials, as they significantly amend the physical properties of a thin film device

[85–87, 93, 124]. The applicability of combined XRR-XSW analysis approach for

probing deep buried interfaces inside a W-B4C periodic multilayer structure have been

demonstrated in this section. To understand the influence and underlying degradation

pathways of buried interface layers on the measured XRR and GIXRF profiles,

numerical simulations were carried out by considering a buried layer of W at different

depths inside the W-B4C multilayer structure. The results clearly show that the

combined XRR and XSW analysis allows one to explore the location and structural

morphology of a buried interface layer inside the periodic multilayer structure. The cross

sectional transmission electron microscopy (TEM) measurements obtained on the same

specimen support the observations of XRR and XSW analysis. The results also reveal

that the present approach has the capability to determine slight density variations or any
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atomic migration occurring in any layer deep inside a thin layered medium.

Figure 4.10: (a) calculated XRR and GIXRF profiles of a W-B4C multilayer structure at
12.0 keV incident x-ray energy assuming a thickness asymmetry in the bilayer period of
∼ 5 Å at 4th, 8th, and 12th bilayer location respectively. (b) Simulated XRR and GIXRF
profiles of the W-B4C multilayer structure assuming a thickness variation of ± 5 Å in the
W layer at 4th bilayer location.

4.5.1 Numerical simulation to understand the depth profiling of

buried layer

During the numerical simulations, we have considered a W-B4C multilayer structure

consisting of N=15 bilayers on top of a Si(100) substrate surface. The bilayer period

thickness of the multilayer structure was assumed to be d ∼ 60 Å with an individual

thickness of W (B4C) layer to be dW ∼ 25 Å (dB4C ∼ 35 Å). The roughness values of

the W and B4C layers were assumed to be ∼ 5 Å and ∼4 Å respectively. Figure 4.10(a)

shows the computed XRR and W-Lα fluorescence profiles of the W-B4C multilayer after

assuming an additional buried layer of W of thickness ∼5 Å at different locations (4th, 8th,

and 12th bilayer position respectively) inside the multilayer structure. In this figure, the

XRR and GIXRF profiles of W-B4C multilayer structure computed in the ideal condition

(i.e., without assuming any inclusion of buried W layer) at the incident x-ray energy of

12.0 keV were also compared. It can be seen from Fig. 4.10(a), that XRR and GIXRF
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profiles differ significantly as the location of the buried layer of W changes inside the

multilayer structure. XSW induced modulations in the XRR and GIXRF profiles are

usually very weak, if a buried layer is present deep inside the multilayer structure. This

is mainly because of the small phase changes that occur between incident and outgoing

(reflected) wave.

The sensitivity of the combined XRR and GIXRF measurements was also quantitatively

demonstrated in a condition when, the bilayer period of a multilayer is not uniform at

various depths. Figure 4.10(b) depicts computed XRR and W-Lα fluorescence profile of

the W-B4C multilayer structure by accounting a very small variation in thickness of W

layer (∆d∼ ±5 Å) at the 4th bilayer position. It can be seen from the computed results

(Fig. 4.10(b)), W-Lα fluorescence profile is fairly sensitive to the small variation of the

bilayer period thickness at a particular depth inside the multilayer structure.

4.5.2 Probing buried interfaces

Figures 4.11(a), and 4.11(b) show the measured and fitted XRR profiles of the W-B4C

multilayer structure at 10.0 keV and 12.0 keV x-ray energies respectively. During the

model fitting [120] of the experimental XRR data two distinct cases were considered; in

one case, a perfect bilayer structure (without any buried layer) for the W-B4C multilayer

structure with a number of bilayers N=15 with a period thickness ∼ 50 Å was assumed.

In the other case, a similar structure for the W-B4C multilayer along with a buried layer

of W at 15th bilayer location was considered. From Figs. 4.11(a), and 4.11(b), it can

be observed that if we assume a buried layer of W in our fit model the location and

the amplitude of the Kiessig oscillations as well as respective Bragg reflections match

quite well with the measured XRR profile. On the other hand, if the XRR profile is

computed assuming a perfect bilayer model, it differs significantly from the experimental

data especially in the incidence angle regime between the first and second Bragg peaks, as

depicted in the inset of the Figs. 4.11(a) and 4.11(b). However, a subtle difference can be
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Figure 4.11: Measured (scattered points) and fitted (solid lines) x-ray reflectivity profiles
of W-B4C multilayer structure at two different incident x-ray energies of (a) 10.0 keV and
(b) 12.0 keV. On the right hand side, a schematic illustrations depict two layer and buried
layer model of the W-B4C multilayer. In this layer model, a low-density C layer is also
marked on top of the W-B4C multilayer medium.

seen at 4th Bragg peak. This deviation probably can be attributed to the nonlinear diffuse

scattered background produced from the multilayer sample. The thickness and roughness

values of the individual layers, as well as the buried layer of the multilayer structure, were

determined from the best fitted XRR profiles and are summarized in Table 4.4.

To validate the conclusions drawn from XRR measurements, combined XSW induced

fluorescence and XRR measurements at 12.0 keV x-ray energy were carried out. An

extended view of the combined XRR and GIXRF profiles in the vicinity of the 1st Bragg

peak is shown in the inset of Fig. 4.12(a). It can be seen here that the reflectivity profile

computed assuming a buried layer structure matches quite well with experimental data at

both the high and low angle sides of the 1st Bragg peak. On the contrary, the fitted XRR
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profile does not follow the experimental data points especially at the higher angle side of

the Bragg peak in a situation when computations are performed using the two layer model.

We arrive at a similar conclusion after fitting XSW induced W-Lα and W-Lβ profiles in

the vicinity of the 1st Bragg reflection peak, as illustrated in the inset of Fig. 4.12(a). In

Fig. 4.12(b), we have shown computed electric field intensity (EFI) distribution inside the

W-B4C periodic multilayer structure as a function of incidence angle and film depth (z).

Table 4.4: Fitted microstructural parameter of the W-B4C multilayer structure obtained by
using XRR and XSW analysis. d = thickness (Å), ρ = density (g/cm3), σ = roughness (Å),
All the error values in the determined microstructural parameters of multilayer structure
are lies between 2-6 %.

Layer
Material

10 keV XRR 12 keV XRR 12 keV XSW
d σ ρ d σ ρ d σ ρ

C 32.0 6.5 1.3 31.3 6.0 1.2 30.0 6.0 1.2
B4C 24.0 3.6 2.2 23.6 3.2 2.1 22.3 3.2 2.1
W 26.0 5.0 17.4 26.4 4.6 17.3 25.4 4.6 17.3
buried W 18.0 5.0 17.4 18.0 4.6 17.3 16.6 4.6 17.3

4.5.3 Determination of in depth Electron density profile

Transmission electron microscopy (TEM) measurements on the W-B4C multilayer

structure were also carried out to verify the results obtained using XRR and XSW

induced fluorescence measurements. The cross-sectional transmission electron

microscopy measurements were performed at Philips CM200 transmission electron

microscope with a W-filament cathode operating at 200 KV. Figure 4.13(a) depicts

measured cross-section TEM micrograph, showing alternating W (dark fringe) and B4C

(light gray fringe) layers of the W-B4C multilayer structure with a sharp interface

boundary. Figure 4.13(b) shows the line scan profile derived from measured TEM

micrograph. It can also be noticed from Fig. 4.13(b) that the 15th bilayer period is

slightly asymmetric. This is due to the presence of an additional buried layer of W of

thickness ∼ 14.0 Å, which was formed unintentionally during the deposition process.
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Figure 4.12: (a) Measured and fitted W-Lα fluorescence and XRR profiles for the W-
B4C multilayer structure at an incident x-ray energy of 12.0 keV. The inset shows an
extended view of the XRR and GIXRF profiles in the vicinity of the 1st order Bragg peak.
(b) Computed x-ray field intensity (EFI) distribution inside a W-B4C periodic multilayer
structure at 12.0 keV x-ray energy.
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The calculated period thickness of the W layer in the last asymmetric bilayer was found

to be ∼ 51.0 ± 2.5 Å, which is in good agreement with the results obtained using

effective electron density profile (EDP). The EDP profile, (Fig. 4.13(c)) of the W-B4C

multilayer structure was obtained from the best fit results of the XRR and GIXRF

profiles as shown in Fig. 4.12(a). In the Fig. 4.13(c), the EDP profile of W-B4C

multilayer structure was also compared and plotted by considering an ideal case, after

neglecting interface roughness effects (σ = 0) and assuming bulk densities of the W and

B4C layers. On the right side of Figs. 4.13(b) and 4.13(c), an enlarged view of the TEM

line scan profile and EDP profile were given, where one could clearly distinguish a slight

diffusion of W in the last B4C layer (as shown by thick arrows). The diffusion of W

increases the density of the B4C layer (ρ ∼ 3.9 g/cm3) and therefore reduces density

contrast between W and B4C layers in the 15th bilayer period (see Fig. 4.13(a)). One

could also observe formation of a low density SiO2 layer (thickness ∼22 Å) between the

multilayer structure and Si substrate, which is distinctly visible through the fitted EDP

and TEM line scan profiles (see Fig. 4.13). These results clearly demonstrate the

compelling abilities of the combined XRR and GIXRF analysis approach for the

non-destructive determination of deeply buried interface layer structure inside a

multilayer structure. Tungsten has an outer shell electronic configuration of 5d4 6s2

6p0. Its 5d band remains partially filled in case of divalent, trivalent, tetravalent,

pentavalent compounds and completely empty in the case of the hexavalent compounds.

Since the 5d, 6s and 6p electronic levels are very close to each other, hybridization of

these orbitals is energetically favourable in many tungsten compounds. Such

hybridization eventually modulates the nature of these higher shell energy levels

[125–131]. Hence, depth resolved chemical speciation is often desirable to understand

the underlying degradation pathways (if any) and its influence on the interfacial chemical

changes in the case of a multilayer structure. The depth resolved chemical analysis of a

multilayer structure is described in the later section (4.6).
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Figure 4.13: (a) Cross-sectional TEM micrograph of the W-B4C multilayer structure. (b)
A line scan profile derived from the cross section TEM micrograph. (c) Derived effective
electron density profile (EDP) of the multilayer structure.

4.6 Depth resolved chemical speciation in a multilayer

structure

Electronic states at the surface and interface boundary of a thin film medium

significantly differ from that of the bulk due to strong orbital reconstruction or

hybridization of near surface atoms [132]. Such a hybridization extensively modulates

the physical properties of a thin film medium. Despite the recent advances in thin film

growth methodology the interface boundary between two materials in a thin film can not

be realised distinctly due to atomic migration [133]. Surface and interface alteration due

to atomic scale modulation of the orbital occupation is an active area of research to

unravel insights on many correlated and uncorrelated physical phenomena, such as,

electronic and magneto transport properties, interlayer exchange coupling properties of

various thin layered materials in condensed matter physics research [134–140]. In order
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to achieve a detailed understanding about the electronic mechanism responsible for the

observed physical properties in thin layered materials it is often necessary to investigate

and compare the unusual behaviour of orbital electrons in surfaces, interfaces and bulk

[132, 134, 141–143]. Probing surfaces and interfaces in a superlattice structure [93, 124]

can lead to new opportunity to reveal unusual physical properties associated with a thin

layered material. Despite immense interest in this field, no appropriate technique is

available that can provide depth resolved localised chemical information about a thin

layered material. The conventional absorption techniques suffer from the inherent

technical limitations as they do not provide depth resolved information about physical

and chemical properties of nanostructured materials and their localization with respect to

the substrate surface. Surface interface studies had many surprises in the past and are

still not fully understood [144–149]. For example, a recent work discovers unknown

origin of interfacial magnetism and superconductivity [150]. Similarly electronic

properties such as density of states, change of valance states at surface interface

boundaries of thin film medium can be significantly different from bulk.

Fluorescence assisted x-ray standing wave (XSW) technique has become the

workhorse for the surface-interface aspects of condensed matter research. As a

nondestructive probe, the XSW induced fluorescence measurements at grazing incidence

angles offer atomic scale depth resolution inside a thin film medium [38, 100, 151–159].

Recent advancements in various combined x-ray spectroscopy approaches have made it

possible to obtain depth resolved chemical information on surfaces and interfaces in a

non-destructive manner. It has been shown that x-ray reflectivity (XRR) together with

grazing incidence x-ray fluorescence (GIXRF) measurements can be used as a sensitive

probe to evaluate depth resolved microstructural parameters of a buried layer inside a

W-B4C multilayer structure [124]. The recent advances in the field of surface-interface

analysis of thin layered materials have spurred new experimental efforts to develop

methods that are far more accurate as compared to that of the conventional absorption

methods.
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Depth resolved chemical speciation of a W-B4C multilayer structure has been

demonstrated using combined XRR and GIXRF measurements along with the XSW

assisted depth resolved x-ray absorption near edge structure (XANES) measurements.

The depth selectivity of the XSW wave field inside the multilayer structure was

controlled by precisely tuning the grazing incidence angle of the impinging x-ray wave

field. We have carried out x-ray reflectometry measurements to investigate the

anomalous behaviour of the optical constants (δ, β) of W in the vicinity of W-L3

characteristics absorption edge. Such measurements are highly useful for obtaining

quantitative information on stoichiometric chemical nature and electronic distribution of

the probed atom in the material. XSW assisted depth resolved XANES measurements

near the W-L3 absorption edge energy (Eo ∼ 10207 eV) are carried out for two sets of

W-B4C multilayer structure comprising of 10 and 15 bilayer repetitions, respectively.

Our results show existence of unusual electronic states for the W atoms that are present

at interface boundary as compared to those present in the bulk thin film medium in case

of the W-B4C multilayer structure. The grazing incidence x-ray diffraction (GIXRD)

measurements performed on the same multilayer structure supports results of the XSW

investigations.

4.6.1 Probing various depth of a multilayer structure

W-B4C periodic multilayer structures, comprising of N=15 and N=10 bilayers, used in

the present analysis were prepared on a polished Si(100) substrate at room temperature

using a DC magnetron sputtering system [50]. A schematic illustration of the x-ray

reflection from a periodic multilayer structure comprising of bilayer repetitions N=15 is

shown in Fig. 4.14. The combined x-ray reflectivity and grazing incidence x-ray

fluorescence measurements for W-B4C multilayer consisting of 15 bilayer repetitions

were carried out at the x-ray reflectometer station of BL-16 beamline of Indus-2

synchrotron facility [115, 122]. Figures 4.15(a) and 4.15(b) respectively show the
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Figure 4.14: A schematic representation showing the x-ray reflection from a W-B4C
periodic multilayer structure consisting of N=15 bilayer repetitions. In this figure we
have also depicted a buried interface layer of W inside the multilayer medium, on top of
a Si substrate.

measured and fitted XRR and GIXRF profiles in the vicinity of the 1st Bragg peak for the

W-B4C multilayer structure consisting of 15 bilayer repetitions at 10230 eV incident

x-ray energy (above the W-L3 absorption edge energy Eo ∼ 10207 eV). Simultaneous

fitting of the measured XRR and GIXRF data was carried out using the CATGIXRF

program [120]. During the model fitting of the experimental XRR and GIXRF profiles

we have considered a thin buried layer of W of thickness 16.6 Å, inside the multilayer

structure. A schematic illustration showing the location of the buried layer of W is given

in Fig. 4.14. The microstructural parameters of the W-B4C multilayer structures

comprising of number of bilayer repetitions N=15 and N=10 were determined using the

combined XRR-GIXRF measurements. The best fit results give an average multilayer

bilayer period thickness d = dW + dB4C=47.7 Å with individual thicknesses of W and

B4C layers dW ∼ 25.4 Å, dB4C ∼ 22. Å respectively. The detailed microstructural analysis

of the W-B4C multilayer structure is described in section (4.6) [124]. Figure 4.16 depicts

computed electric field intensity (EFI) distribution at 10230 eV x-ray energy inside the
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Figure 4.15: Measured and fitted (a) XRR and (b) W-Lα fluorescence profiles for W-B4C
multilayer structure comprising of N=15 bilayer repetitions at an incident x-ray energy of
10230 eV.

W-B4C periodic multilayer structure as a function of incidence angle and film depth (z).

The EFI was computed taking into account the microstructural parameters determined

from the best fit results obtained using combined XRR and GIXRF analysis. From Fig.

4.16, it can be observed that the positions of XSW antinodes vary inside the multilayer

medium as grazing incidence angles of the primary x-ray beam are changed. The

observed periodic Kiessig interference fringes in the XRR and GIXRF profiles are

anticorrelated in nature. It can be seen from the Fig. 4.15(b) that the W-Lα fluorescence

intensity profile shows a strong XSW modulation especially at the low and high angle

sides of the Bragg region. The W-Lα fluorescence intensity is minimum at very low
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grazing incidence angles and starts increasing rapidly as the grazing incidence angle just

crosses the critical angle (θc ≈ 0.29o) of the film medium. This variation of W-Lα

fluorescence intensity mainly arises due to the movement of XSW wave field in the thin

film structure. At very low grazing incidence angles or below the critical angle

(θc ≈ 0.29o), there is no appreciable x-ray intensity inside the multilayer medium, but it

exists only on top of the multilayer surface in the form of XSW fringes due to strong

reflection (total external reflection region) from the sample surface. So, a very few W

atoms, situated 2-5 nm below the top surface of the multilayer, is excited by the

evanescent wave and the corresponding fluorescence intensity is very weak. As the

incidence angle advances through the critical angle boundary, the x-ray field starts to

penetrate in different layers of the multilayer medium and consequently W-Lα

fluorescence intensity increases very rapidly. At the Bragg angle (θBragg ≈ 0.785o), an

XSW field of periodicity equal to the multilayer period (D = d) is set-up inside the

multilayer medium. At the low angle side (θLow ≈ 0.74o) of the Bragg peak, the

antinodes of the XSW field remain in the low Z layer (B4C layer). As the incidence

angle advances across the Bragg region, these antinodes move towards the high Z layer

(W layer). However, at the Bragg peak the antinodes stand exactly at the interfaces of the

low Z and high Z layer. At the high angle side (θHigh ≈ 0.85o) of the Bragg peak, XSW

antinodes completely coincide with the position of the high Z layers (W layer). Because

of this movement of the XSW antinodes intensity, the W-Lα fluorescence intensity is

strongly modulated over the Bragg region. As a result, at the high angle side of the

Bragg peak, one obtained relatively higher W-Lα fluorescence yield as compared to that

of the low angle side. At higher incidence angles (after the 1st Bragg peak) the W-Lα

fluorescence yield more or less remains constant because the W atom is excited only

with the direct x-ray beam as there is no formation of XSW field due to very weak

reflected x-ray beam at high incidence angles. One may expect a light XSW modulation

of the W-Lα fluorescence yield near the 2nd Bragg peak. These control depth selectivity

of XSW field in combination with x-ray absorption fine structure analysis provides a
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possibility to determine the depth selective chemical speciation of a thin film medium.

This can be achieved by measuring the XSW assisted fluorescence intensity from a thin

layered medium across the characteristics absorption edge of a layered material. Various

grazing incidence angles were selected for the XSW assisted depth resolved x-ray

absorption measurements near the W-L3 absorption edge energy (Eo ∼ 10207 eV). These

angles are marked by the dotted vertical lines in Figs. 4.15 and 4.16. It may be important

to mention here that the probed depth volume estimated from XSW field is usually not

constant across the absorption edge of a material due to anomalous behaviour of the

complex refractive indices or optical constants of the layered material.

Figure 4.16: X-ray field intensity (EFI) distribution inside a W-B4C periodic multilayer
structure computed using best fitted parameters obtained from the XRR and W-Lα
fluorescence measurements at an incident x-ray energy of E= 10230 eV. In this figure, we
have also marked various dotted vertical lines showing different incident angles that have
been opted for depth selective XANES measurements of W-B4C multilayer structure.
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Figure 4.17: Measured and fitted XRR profiles for W-B4C multilayer structure comprising
of N=15 bilayer repetitions in the incident x-ray energies of 10192-10230 eV.

4.6.2 Determination of optical constant of W near the absorption

edge

In order to investigate the anomalous behaviour of the optical constants (δ, β) of W

near the characteristics L3 absorption region, we have performed x-ray reflectivity

measurements of the W-B4C multilayer structure near the W-L3 absorption energy

region. Figure 4.17 shows the measured and fitted specular reflectivity profiles of the

W-B4C multilayer structure in the energy region of 10192 eV to 10230 eV. The x-ray

reflectivity data were recorded with an angular step size of θ ≈ 0.0050 using

reflectometer station of BL-16 beamline of Indus-2 synchrotron facility. Before XRR

measurements, incident x-ray energies emitted from the BL-16 beamline were calibrated
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by performing absorption edge measurements of a pure W foil as well as a W thin film

of thickness 270 Å. While fitting XRR profiles in the energy region of 10192 eV- 10230

eV, as an initial guess we have considered measured optical constants (δ, β) of a pure W

thin film. In addition, we fixed the microstructural parameters of the W-B4C multilayer

structure and allowed to vary optical constants of W in a controlled manner until one

obtains best fit curves to the measured XRR data. It can be seen from Fig. 4.17 that the

measured XRR patterns match quite well with the fitted profiles except a subtle

difference at the 2nd and 4th Bragg peak locations. This deviation can be attributed to the

non-linear diffused scattering background produced from the multilayer sample. In

addition, we also recognized that the 15th bilayer period of W-B4C multilayer structure

(N=15) is slightly asymmetric, since an additional buried layer of W was created

unintentionally during the deposition process. This non-uniformity in bilayer period

thickness results in a subtle difference between the measured and fitted XRF profiles at

the 2nd and 4th Bragg peaks. A detailed discussion is presented elsewhere [124]. The

reflectivity of the 1st Bragg peak decreases significantly near the L3 absorption edge

region of W due to strong anomalous absorption effects.

The average optical constants of W in the energy region of 10192 eV - 10230 eV have

been determined experimentally by fitting the measured angle dependent specular x-ray

reflectivity profiles of the W-B4C multilayer structure. Measured values of the optical

constants (δ, β) of W are plotted in the Figs. 4.18(a) and 4.18(b) respectively. For

comparison, we have also plotted Henke tabulated values of optical constants of W in

Fig. 4.18 considering a density of W ∼ 17.3 g/cm3. It can be seen from Fig. 4.18 that the

measured optical constants (δ, β) in the energy region of 10192 eV to 10230 eV show a

good agreement with the Henke tabulated values [123]. A maximum deviation ∼ 5 - 7 %

was observed between measured and tabulated values of δ where as in case of β values, a

maximum deviation ∼ 10 - 15 % was realized. In the case of x-ray reflectivity analysis,

the measurement accuracies of the optical constants usually depend on the β/δ ratio for

all the materials [160, 161]. The optical constants can be uniquely determined in a
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Figure 4.18: Determined optical constants (a) δ,(b) β, and (c) the ratio β/δ of W from
the x-ray reflectivity measurements in a W-B4C multilayer structure comprising of N=15
bilayer repetitions in x-ray energy region of 10192 -10230 eV. The values of optical
constants calculated from the Henke table are also given for comparison.
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situation when β/δ ≤ 0.5. Figure 4.18(c) shows the variation of β/δ ratio of W in our

case for the energy region of 10192 eV to 10230 eV. At a first glance, this variation

seems to be in close agreement with the Henke tabulated values. We observe a maximum

variation in the β/δ ratio of W ∼ 0.23. In order to investigate the dependency of probed

depth volume of the XSW field at different incident x-ray energy and grazing incidence

angles, we have computed EFI distribution in the vicinity of the L3 absorption edge of

W. Figure 4.19 represents the computed EFI distribution at (a) 10205 eV, (b) 10207 eV,

(a) 10212 eV, and (a) 10218 eV x-ray energies inside the W-B4C multilayer structure as a

function of incidence angle and film depth (z). The EFI was computed taking into

account the fitted microstructural parameters of the multilayer structure and derived

optical constants obtained from the XRR analysis at x-ray different energies. From Fig.

4.19, it can be observed that the probed depth of the x-ray field inside the multilayer

structure remains more or less constant in case when the incident x-ray energies are

varying in the vicinity of W-L3 absorption edge. However, the locations of XSW

antinodes shift by an angle of 0.01o for x-ray energies above the L3 absorption edge (E ∼

10218 eV).

4.6.3 Depth resolved chemical analysis of a multilayer structure

XSW assisted depth resolved XANES measurements at W-L3 absorption edge energy

(Eo ∼ 10207 eV) for W-B4C multilayer of 15 bilayer repetitions was performed at the

same reflectometer station [115]. An x-ray beam of size 100 µm(v) × 10 mm(h),

generated using a crossed-slits aperture, was allowed for the GIXRF-XANES

measurements. Figures 4.20(a) and 4.20(b) respectively show the measured and

normalised XSW assisted depth resolved x-ray absorption near edge structure

measurements for two different W-B4C multilayer structures consisting of 15 and 10

bilayer repetitions at various grazing incidence angles in the vicinity of L3 edge energy

of tungsten. In these figures, measured XANES profile (in the fluorescence mode) of a
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Figure 4.19: X-ray field intensity (EFI) distribution inside a W-B4C periodic multilayer
structure computed using best fitted parameters obtained from the XRR and W-Lα
fluorescence measurements and determined optical constants (δ, β) at incident x-ray
energy of (a)10205 eV,(b) 10207 eV,(c) 10212 eV and (d) 10218 eV. One clearly observed
the proving depth volume of XSW wave field inside W-B4C multilayer structure across the
W-L3 absorption edge energy preserves a more or less constant volume, except a angular
shift θ ∼ 0.01o at high energy side (E ∼ 10230eV) of the W-L3 edge.

pure tungsten metal foil was also plotted. The main absorption peak (white line) in Fig.

4.20(a) and 4.20(b) is visible due to strong transition of 2p3/2 electrons to the partially

filled 5d levels. White spectrum or line is defined by an intensity distributed

continuously over a broad range of energy or wavelength. It can also be seen here that

the peak intensity of the white line varies at various grazing incidence angles. This is

mainly attributed to different probing depths (i.e. extinction lengths) of the x-ray wave

field inside the W-B4C multilayer structure at different grazing incidence angles. The

observed white line features in measured XANES profiles of W-B4C multilayer structure
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Figure 4.20: X-ray standing wave induced XANES profiles of the W-B4C multilayer
structures measured at L3 edge of W. (a) Measured XANES profile of a multilayer struc-
ture consisting of N=15 bilayer repetitions using BL-16 beamline of Indus synchrotron
facility, and (b) W-B4C multilayer structure with N=10 bilayer repetitions measured at the
International Atomic Energy Agency (IAEA) GIXRF-XRR experimental facility operated
at the XRF beamline of Elettra Sincrotrone Trieste (BL-10.1L).

(N=15) at different grazing incidence angles, e.g., θ=0.73o (at low angle side), θ=0.775o

(at 1st Bragg peak) and θ=0.84o (at high angle side) correspond to different probing

depths of the x-ray wave field. At these incidence angles, antinodes of XSW field exist in

the low Z layers (B4C), at the interface of B4C-W layers and in the high Z layers (W)

respectively. The white line intensity at an incidence angle of θ=1.48o (at 2nd Bragg

peak) describes a normal excitation of the W-B4C multilayer structure. This is due to the

fact that at such a high incidence angle XSW field does not exist inside the multilayer

structure because of very weak reflection of the primary x-ray beam. In this condition,

all the W layers of the multilayer are excited only by the primary x-ray beam. It can also
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be seen that the characteristic features of the white line at θ=1.48o is similar to that of the

pure W metal foil. On the other hand, a subtle shift of the edge energy position

(Eo=10207 eV) can be observed in the measured XANES profiles at grazing incidence

angles of 0.21o and 0.33o. This occurs mainly due to the small probing depth of the

XSW wave field inside the multilayer medium at these angles. In such conditions only

few W atoms sitting at the top surface of a tungsten layer are excited. These top

sub-surface W atoms experience a highly asymmetric crystal environment, which in turn

decreases their binding energy as compared to those W atoms, situated at deep inside the

multilayer medium. It can also be noticed from Fig. 4.20 that at lower grazing incidence

angles, the peak intensity of white line is relatively larger as compared to that of the

higher incidence angles. This can be explained by understanding the origin of white line

that arises as a result of electron transition from W-2p3/2 orbitals to partially filled 5d

orbitals in addition to the transitions that occur from W-2p3/2 to unoccupied localised

states near 5d states. These localised states emerge because of the bulk defects as well as

due to surface effects (see Fig. 4.20(c)). In case of bulk, an atom remains in a

homogeneous structured environment. This causes an overlap of electron wave functions

of adjacent neighbouring atoms in all 3-directions uniformly. As a result, the dipolar

coupling between two orbitals that leads to origin of white line intensity is distributed

nearly isotropically. On the other hand, in the case of surface or interface states the

atomic densities may be localized to its position because of lack of bulk symmetries.

This would lead to sharp dipolar transitions between core levels and unoccupied surface

states. The contribution of the surface effects are usually very large in the case of a thin

film structure of thickness ranging in few tens of angstrom. At grazing incidence angle,

the relative contribution of surface states will be larger as compared to that of the bulk

defects, which in turn enhance the peak intensity of white line in the normalised XANES

spectra. XSW-XANES measurements for a W-B4C multilayer consisting of N=10

bilayer repetitions were also carried out the at the International Atomic Energy Agency

(IAEA) GIXRF-XRR experimental facility operated at the XRF beamline of Elettra
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Sincrotrone Trieste (BL-10.1L). Figure 4.20(b) shows the normalized XANES spectra

measured at XRR-GIXRF experimental station of IAEA- Elettra beamline (BL-10.1L)

for a W-B4C multilayer consisting of number of bilayer periods N=10. We arrive at

similar conclusion after analysing the XSW-XANES profiles presented in Fig. 4.20(b).

These XANES profiles do not provide any signature of change of chemical state of W in

the W-B4C multilayer structures.

In order to further validate our conclusions drawn from the XANES analysis of the

Figure 4.21: X-ray standing wave induced XANES profiles of (a) W-B4C bilayer and (b)
W single thin film structures at L3 edge of W. In the inset of Figs. (a) and (b) a schematic
model structure of the W-B4C bilayer and W single thin film structures are given. On the
right hand side, computed x-ray field distribution near W-L3 edge energy (E ∼ 10208 eV)
is shown inside the two mediums.

multilayer structures, we have carried out XSW assisted XANES measurements on a W
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single thin film structure (thickness d ∼ 270 Å), as well as of a W-B4C bilayer structure

(bilayer thickness d = dW + dB4C = 280+240 Å) to determine the formation of various

chemical phases (if any) inside the thin film medium. Figure 4.21 shows the measured

XANES profiles for (a) W-B4C bilayer and (b) W single thin film structures at various

grazing incidence angles. It can be noticed from Fig. 4.21 that the XANES profiles of

W-B4C bilayer and W single thin film structures resemble the formal XANES nature of

multilayer structures at various grazing incidence angles. On the right hand side of Fig.

4.21, we have depicted the XSW field distribution inside the bilayer and single thin film

structures. In these figures the probed depths of x-rays at various grazing incidence

angles are marked by arrows. It confirms that the enhanced white line intensity at very

low grazing incidence angles arises mainly due to the surface states and self absorption

effect does not play any significant role in this particular scenario [162, 163]. In

conventional XANES measurements it has already been shown that the peak intensity of

white line remains more or less unchanged in case of different oxidation states of W

[125, 126, 164]. The results are found to be consistent with the investigations reported

by Rao et al., [165]. They have shown that W and B4C in the W-B4C multilayer remain

stable up to an annealing temperature of 800oC. Beyond this temperature (above ∼1000o

C), B4C layer starts to decompose into free C or B atoms, which then react with the W

atoms to produce more stable chemical phases of the tungsten [166].

4.6.4 X-ray diffraction study

GIXRD measurement was carried out at angle dispersive x-ray diffraction (ADXRD)

beamline [167, 168] (BL-12) of Indus-2 synchrotron facility for the W-B4C multilayer at

15.5 keV x-ray energy to determine formation of various crystalline phases (if any)

inside the multilayer medium. Figure 4.22 shows the measured GIXRD pattern of the

W-B4C multilayer consisting of N=15 bilayer repetitions at a fixed grazing incidence
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Figure 4.22: Measured GIXRD pattern of W-B4C multilayer consisting of N=15 bilayer
repetitions at incident x-ray energy of 15.5 keV. During the measurements the incidence
angle of the primary x-ray beam was fixed at 1.0o.

angle of 1o. It may be noted here that the attenuation length of the incident x-ray at 15.5

keV is greater than the total thickness of the W-B4C multilayer stack. The GIXRD

measurements show two broad peaks corresponding to the W(110) and W(211) planes,

which suggest that W is present in the polycrystalline phase with a very small grain size

boundary. We could also observe a very small peak at ∼29.9o that arises due to

asymmetric reflection from the Si substrate. The GIXRD measurement does not provide

any evidence of formation of any other chemical phases of W inside the W-B4C

multilayer structure.

In practice, it is very difficult to map depth resolved chemical information on thin

layered materials by using conventional x-ray absorption fine structure (XAFS)

measurements (transmission or fluorescence mode). The combined XSW-XAFS analysis

approach offers an opportunity to study depth resolved local structure of thin layered

materials with atomic scale resolution.
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4.7 Summary

We have described a “GUI-CATGIXRF” is as an easy-to-use computational tool

capable of simulating grazing incidence x-ray reflectivity and x-ray standing wave

induced fluorescence emission from a thin film structure, simultaneously. It is specially

designed to meet the increasing demand of reliable and precise evaluation of

microstructural parameters of a thin film medium using both synchrotron and

conventional laboratory x-ray sources. The program also allows model based fitting

procedures, which can be implemented simply by selecting options; independent layered

structure or periodic multilayer structure, thus enabling us to resolve structures of more

complex heterogeneous thin film systems.

The structural morphology of a W-B4C multilayer structure have been investigated at

angstrom resolutions using combined XRR and grazing incidence x-ray fluorescence

measurements. It is realized that XRR investigation together with the GIXRF

measurements can be used as a sensitive probe to quantitatively evaluate a buried layer

structure or any thickness inhomogeneity of the bilayer period inside a periodic

multilayer structure. The combined XRR and GIXRF measurements are therefore

especially suitable in correlating electronic and magnetic properties of a nanoscale thin

film semiconductor device or a magnetic multilayer structure with their structural

properties.

The XANES characterisation along with the combined XRR-GIXRF analysis have

been used to perform depth resolved chemical speciation of a thin film structure. Two

sets of W-B4C multilayer structures consisting of N=15 and N=10 bilayer periods have

been analysed independently using Indus-2 synchrotron and Elettra Sincrotrone Trieste

facilities. XSW-XANES results reveal significant changes in the chemical nature of W

atoms that are present at the surface and interface boundaries as compared to those

present in the bulk thin film medium. This is mainly due to the surface electronic states

of the W atoms. On the other hand, the electronic behaviour of the W atoms that are
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present deep inside the bulk W layer remains unchanged, which represents the bulk

electronic states of W. The grazing incidence x-ray diffraction results also support the

above mentioned conclusions. The understanding of distribution of surface states as a

function of depth for thin films is often necessary to correlate electronic, magnetic and

transport properties of a thin film device.
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Chapter 5

Analysis of nanoparticles using XSW

In this chapter applicability of the x-ray fluorescence technique in combination with the x-ray

reflectivity technique has been described for the reliable and precise characterisation of surface

morphology of metal nanoparticles, dispersed on a flat surface. Theoretical models have been

developed that takes into account the effect of average particle size, particle’s shape, nature of

particle’s dispersion and their agglomeration on top of a substrate surface during the calculation

of XSW assisted fluorescence profile of the nanostructured materials. The effect of longitudinal

(or temporal) coherence property of the primary x-ray beam on the total reflection assisted x-ray

standing wave (TR-XSW) analysis of nanoscale materials is also quantitatively evaluated.

In the subsequent sections of the chapter, XSW assisted fluorescence methodology has been

applied to study the surface morphology of different types of nanostructured materials e.g. Au

nanoparticles and TiO2 nanoparticles deposited on top of a Si substrate surface. A novel synthesis

procedure for the fabrication of low dimensional TiO2 nanoparticles on polished Si substrates

using gas phase CO2 laser pyrolysis method is described in detail. Atomic force microscopy

measurements along with the transmission electron microscopy measurements were also carried

out to correlate the findings of the XSW investigations.
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5.1 Introduction

Dispersion of metal nanoparticles on flat surfaces has attracted considerable interest in

many technological applications. Numerous advantages of functionalised patterned

nanostructures especially in medical physics, chemistry, biology and semiconductor

quantum dot applications have rapidly driven the growth of this field in the last two

decades. In particular, for applications involving biomedical imaging, the nanoparticles

have attracted perhaps the greatest attention as these materials provide a direct interface

at the sub-cellular length scale. Precise characterisation of nanostructured materials is

becoming increasingly important as they find widespread applications in various fields of

science and nanotechnology [169–171]. The performance of a nanostructured device

strongly depends on its microstructural properties [172, 173]. Reliable characterisation

methods are thus often needed to reveal their detailed structural properties such as

average particle size, particle’s shape, internal structure, surface morphology, particle’s

distribution and chemical composition. Presence of any unwanted impurity even at

micro or trace level may lead to change in the physical properties and may deteriorate

the overall performance of a nanostructured device [37]. The quantitative analysis of

nanomaterials is often very difficult because currently available methods are not very

robust, moreover, it requires high spatial resolution for a nano-probe method (of the

order of sub-nanometer length scale) in order to distinguish the internal structure of a

nanomaterial. At present most commonly available surface microscopy techniques (e.g.

- scanning electron microscopy, scanning tunneling microscopy, atomic force

microscopy, etc.) allow nanometer length scale resolution for probing of the materials,

however, these techniques suffer from the serious disadvantages of relatively poor energy

resolution as well as relatively modest detection sensitivities for elements present at low

concentrations. Moreover, these techniques do not provide any depth dependent

information about physical and chemical nature of the nanostructured material and their

localisation with respect to the substrate surface.
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X-ray standing wave assisted grazing incidence fluorescence technique is one of the

most powerful and versatile tools to unfold depth resolved physical and chemical

properties of the nanoparticles [174–176], as it combines the features of both x-ray

reflectivity (XRR) and x-ray fluorescence (XRF) techniques. In the condition of total

external reflection of x-rays on a mirror surface or Bragg reflection from a multilayer

structure, the incoming and reflected beams interfere and form an XSW field on top of

the mirror surface. This XSW field also extends below the mirror surface up to a certain

depth. Enhanced fluorescence radiation is emitted from those parts of the sample volume

that are present at the locations of XSW field antinodes. By changing the grazing

incidence angle in the vicinity of the critical angle or Bragg reflection region, the

position of XSW antinodes can be moved inside the sample material and the

corresponding changes in the fluorescence intensity can be recorded as a function of

grazing incidence angles [34]. So, the GIXRF profile contains the information about the

nanoparticles dispersed on the substrate surface. GIXRF technique offers high accuracy

for the determination of the density variation in a thin film medium [177]. GIXRF

analysis not only provides dimensional visualization for the nanostructures but also

offers depth dependent localisation for a foreign impurity element (if any) embedded

inside a nanostructured material. XRR technique suffers from an intrinsic difficulty of

analysing non-reflecting (non-continuous) layers. On the other hand, GIXRF technique

provides information about the non-reflecting layers as well as for the reflecting layers.

Here, the nanoparticles dispersed on a mirror surface act as a nonreflecting layer for the

incident x-ray beam. Therefore, in many cases it is not possible to completely reveal the

structure of a complex nanostructured thin film medium that comprises both reflecting

and nonreflecting layers, using only one of the techniques (XRR or GIXRF)

[34, 35, 37, 38, 178–180]. The inherent characteristic features of GIXRF allow us to

even analyse multielement nanostructured materials and obtain useful information on the

nature of dispersion, agglomeration, average particle size, shape of the particles as well

as internal structure and chemical composition of the nanostructured materials over a
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large surface area (∼ 4 to 5 orders larger in magnitude) as compared to that of the

conventional surface microscopy technique [38, 113, 154, 181, 182]. The various

attractive features of the combined XRR-GIXRF analysis have been described in detail

in Chapter 2. A few research groups have recently demonstrated that XSW assisted XRF

measurements can be used successfully for the determination of average particle size of

mono-dispersive nanoparticles over a flat reflecting surface as well as for those

embedded in a complex sample matrix [183–186].

In this chapter, surface morphology of various nanomaterials using combined

XRR-GIXRF analysis technique has been investigated. The results show that GIXRF

measurements along with the x-ray reflectivity analysis can be used as a sensitive probe

for the reliable and precise determination of surface morphology of the metal

nanoparticles, dispersed on a substrate surface. Numerical simulations were also carried

out to demonstrate striking capabilities of GIXRF technique for the determination of

average size, shape, nature of dispersion of the particles and their agglomeration on a

substrate surface. Given example includes the analysis of Au nanoparticles and TiO2

dispersed on Si substrate surface. The relative advantages of GIXRF analysis have been

discussed by comparing the results obtained using atomic force microscopy and

transmission electron microscopy measurements.

5.2 Analysis of Au nanoparticle on flat substrate

In this section, surface morphology and microstructural analysis of Au nanoparticles

using GIXRF technique will be described. Often, nature of dispersion of nanoparticles

on a flat surface is governed by many complex short range forces. Depending upon the

surface chemistry and available cohesive and adhesive forces between different particles

as well as between particle and substrate, the dispersion of the nanoparticle usually

follows a complex distribution profile on the Si surface. It might be poly-dispersive in

nature or may follow a complex distribution of particles in the form of agglomerations.
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The quantitative analysis of such complex nanostructured materials is very important,

but still a largely unexplored issue. Currently available surface analysis techniques are

not particularly suitable for the morphological analysis of nanostructured materials. The

XRR measurements in combination with the GIXRF [178] investigations can be used as

a sensitive probe to characterize the nature of dispersion of nanostructured materials on

top of a flat surface. Observing the characteristic intensity modulations in the GIXRF

profile below the critical angle (e.g. in the TXRF region), it is possible to explore the

fractional concentrations of the nanoparticle clusters that are formed by the aggregated

nanoparticles on a substrate. If the distribution of the nanoparticles is purely

mono-dispersive in nature on top of a surface, then one observes several peaking

modulations in the GIXRF profile. Their peak heights usually approach to ∼ 4 times

with respect to the fluorescence intensity at higher incidence angles. These peaking

oscillations in the GIXRF profile arise due to the coincidence of an XSW antinode

(XSW field that appears below the critical angle, see Fig. 5.2(d)) with the volume of the

Au nanoparticles. The peak intensity of these GIXRF modulations reduces to ∼ 2 times,

if the mono-dispersive nature of the nanoparticles is lost on the substrate surface and the

particles are present in the form of agglomerates (micro cluster). The intensity of GIXRF

modulations further reduces to a value of ∼ 1.2 times in a situation when large size

clusters of the nanoparticles or a continuous thin film are present on the substrate

surface.

Figure 5.1 shows a systematic representation of this agglomeration procedure of Au

nanoparticles grown on Si substrate. The computation is performed at incident x-ray

energy of 15.0 keV. The XRR and GIXRF profiles display a formal illustration as the

density of the layer of Au nanoparticles increases from 0.005 to 19.3 g/cm3 and a

continuous layer is formed on top of a Si substrate. The XRR profile does not show any

signature of the presence of Au nanoparticles having densities from 0.005 to 2.0 g/cm3,

which are likely due to the fact that the Au layer is quite thin (d ∼ 10 nm) having a very

low density (0.005 g/cm3) as compared to its bulk density (19.3 g/cm3). Thus, the
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Figure 5.1: Computed XSW assisted (a) XRR and (b) Au-Lα fluorescence profiles for 10
nm Au nano-spheres of various densities (0.005 to 19.3 g/cm3). During the calculation we
have assumed Au nano-spheres dispersed on top of a Si surface at incident x-ray energy
of 15.0 keV.

surface area concentration [ρ (g/cm3)× d(cm)] of the Au nanoparticle on a Si surface is

assumed to vary between 5 ng/cm2and 19.3 µg/cm2 [113, 38]. In addition, these GIXRF

intensity modulations are also significantly affected by the shape factor of a particle. In

the subsequent sections, these effects were explored in detail.

Effect of particle size distribution

In this section, the effect of particle size distribution on the GIXRF analysis has been

studied. Numerical simulations have been carried out by taking into account a fixed

average size of (dia.∼30 nm) the Au nanoparticles and their different particle size

distribution profiles. Figures 5.2(a), (b), and (c) show the computed GIXRF profiles for

the Au nanospheres at 15.0 keV incident x-ray energy assuming different r. m. s.

variations in the particle size distribution (σ∼2 nm, σ∼8 nm and σ∼12 nm,

respectively). During the calculation of GIXRF intensity, we have considered a Gaussian

size distribution profile for the Au nanospheres on a Si substrate. From Fig. 5.2, it can be

clearly observed, that the GIXRF profile undergoes a systematic modification if the r. m.

s. variation (σ) as the size of Au nanospheres changes from 2 to 12 nm. The Au-Lα
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Figure 5.2: Computed Au-Lα fluorescence profiles for the Au nano-spheres dispersed on
top of a Si surface at incident x-ray energy of 15.0 keV. The Au-Lα fluorescence yield has
been calculated by assuming an average particle size of ∼30 nm and considering different
r. m. s. variations (σ) in the particle size distribution (a) σ = 2 nm, (b) σ = 8 nm, and
(c) σ = 12 nm respectively. The insets show the computed distribution profiles of the
Au nanoparticles (NF) vs. their size. On the upper right location of the figure we have
depicted a schematic illustration for the distribution of nanoparticles on a Si surface. (d)
Computed contour plot for x-ray field intensity distribution at 15 keV x-ray energy on a
Si substrate.

intensity modulations in the GIXRF profiles below θC ≈ 0.12o, change rapidly and merge

together if one increases the r. m. s. variation in the particle size. In the insets of Fig. 5.2

we have also shown distribution profiles of the Au nanoparticle as a function of their size

(normalized frequency-NF vs. particle size). In Fig. 5.2(d), we have shown computed

electric field intensity (EFI) distribution above the Si surface as a function of incidence

angle and height (z). During the EFI computations, incident x-ray of energy 15 keV was

assumed. In Fig. 5.2(d), one clearly observes a boundary for the critical angle of the Si

substrate (≈ 0.12o). Below θC, the x-ray wave field on the Si surface exists in the form of
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standing wave field. This standing wave field interacts with the Au nanoparticles and

produces intensity modulations in the GIXRF profile below θC. On the top right location

of Fig. 5.2, we have depicted a schematic illustration for the XSW induced fluorescence

excitation of Au nanospheres on a Si substrate at grazing incidence angles.

Figure 5.3: Computed GIXRF profiles (Au-Lα fluorescence yields) for different shapes of
Au nanoparticles distributed on the Si surface at 15.0 keV x-ray energy. (a) Nano-sphere
(dia.= 30 nm), (b) Nanorod (height = 30 nm). In the above calculations, we have assumed
a r. m. s. variation (σ) in the particle size distributions σ = 2 nm. (c) Computed form
factor profiles for the spherical and cylindrical shapes nanoparticles.

Effect of particle shape

Numerical simulations were also carried out to study the effect of shape of a

nanostructure in the GIXRF analysis. To maintain a consistency in the interpretation of

our results with respect to previous sections, similar size of the Au nanoparticles

(average diameter d ∼ 30 nm) was considered during the numerical computations. In one
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case (Fig. 5.3(a)), we have considered spherical shape of the nanoparticles. In another

case (Fig. 5.3(b)), we have considered cylindrical shape (i.e. nanorod type) of the Au

nanoparticles. In both the cases, we have assumed an r. m. s. variation (σ) in the particle

size distribution of ∼2 nm. The calculations were done at incident x-ray energy of 15

keV. The form factor (F(z)) for spherical and cylindrical nanoparticle can be given as

F(z)= [4z(d-z)/d2] for z≤d; 0 for z > d and F(z)=1 for z≤d; 0 for z > d respectively

[181, 182]. From Figs. 5.3(a) and 5.3(b), it can be seen that the Au-Lα fluorescence

yield shows strong variations in the computed GIXRF profile especially below θC, if the

shape of the nanoparticles changes from spherical to cylindrical. These results clearly

show that the shape parameter (i.e. form factor profile) considerably modulates the

GIXRF profile of a nanoparticle. The computed form factor profiles for the spherical and

cylindrical nanoparticles have been depicted in Fig. 5.3(c). On the top right corner of

Fig. 5.3, we have also shown schematic illustrations for the different shapes of

nanoparticles. It can be seen from Fig. 5.3, that GIXRF investigations are fairly sensitive

to the shape of the nanoparticles. Such measurements can be successfully employed to

distinguish different shapes of the metal nanoparticles (e.g. nanosphere, nanorod, etc.).

Analysis of surface morphology of the nanoparticles

Assembled nanostructures on flat surface have recently attracted considerable interest

in many nanotechnology, biotechnology and semiconductor quantum dot applications.

Adequate characterisation of such patterned nanostructure is thus often needed to infer

and characterize detailed surface morphology and chemical composition of the

nanostructured materials. In the present case the surface morphology of self assembled

Au nanoparticles were analysed using GIXRF measurements. Figure 5.4(a) depicts

measured and fitted Au-Lα fluorescence profile for the Au nanoparticles on the Si

surface at incident x-ray energy of 15.0 keV. During the fitting, we have assumed a

Gaussian profile for the particle size distribution of Au nanoparticles with a
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polydispersity factor (σ/Nav) ∼ 0.07. Here, σ is the r. m. s. variation in the particle size

whereas Nav describes the average diameter of the particles. Best fitted GIXRF curve to

the measured data yields a value of Nav ∼ 30 nm ± 2 nm with σ∼ 2.1 nm. In Fig. 5.4(b),

we have plotted the size distribution profile of the Au nanoparticles that has been taken

into account during the computation of GIXRF profile. An AFM system (Danish Micro

Engineering Ltd) operating in IC (intermittent contact) mode was employed to study the

surface topography of the samples over the regions of ∼2 µm×2 µm. Different regions of

the sample surfaces were probed using computer-controlled sample translation stages.

On the right hand side of Fig. 5.4, we have shown measured AFM images for the Au

nanoparticles on the Si surface. The AFM results reveal an average vertical size of the

Au nano-sphere ∼30 nm. However, the lateral dimension was found to be ∼ 200 nm.

This is mainly because of the fact that the lateral resolution in the AFM investigations is

often limited by the tip size of the AFM instrument [187].

5.3 Effect of temporal coherence on surface x-ray stand-

ing wave measurements

Over several decades, the X-ray standing wave (XSW) technique has been developed

as a nondestructive element-specific probe yielding structural analysis over length-scales

ranging from 0.1 to 100 nanometers. The method, which is reviewed elsewhere

[100, 112, 188–190], has been widely exploited for a variety of applications including

determination of positions of impurities in crystals [108, 109, 191–193],

chemically-bound atoms at single crystal surfaces [152, 194, 195], metallic atoms in

molecular multilayer films [98], ions at electrified liquid/solid interfaces [111],

distributions of metallic nanoparticles on surfaces [38, 113, 181, 182] as well as studies

of interface structures and density variations in synthetic periodic multilayer structures

[196–198]. In terms of x-ray wavelength λ and scattering angle 2θ the probed
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Figure 5.4: (a) Measured and fitted Au-Lα fluorescence profiles obtained for the Au nano-
spheres, deposited on top of the Si surface at 15.0 keV x-ray energy. The scattered points
show the experimental data while the solid line is the best fitted profile to the measured
data. The Au-Lα fluorescence yield has been normalized at an incidence angle of θ =

0.5o. (b) Particle size distribution profile obtained for the Au nanoparticles on top of the
Si surface using GIXRF measurements. On the right side, measured AFM images for
the distribution of Au nanoparticles on the Si surface acquired at different locations are
shown.

length-scale is directly linked to the XSW period D = λ/2S inθ = 2π/Q , which is 0.1 to

1 nm for an XSW generated by single crystal Bragg diffraction, and 8 to 100 nm for an

XSW generated by total reflection from a mirror surface.

While understanding of the XSW technique has witnessed considerable progress there

remain a number of unexplored effects that can influence this 2-beam interference

phenomenon. One such effect is the influence of the coherence properties of the

incoming x-ray wave field on the XSW field intensity distribution above a reflector

surface. In conventional XSW analysis the incident wave field is assumed perfectly

monochromatic plane-wave with zero wavelength dispersion (δλ = 0), hence assuming
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an infinite longitudinal coherence length of the incoming x-rays. As previously

demonstrated [100, 199], this simplifying assumption has no significant effect on the

analysis until the optical path length difference (∆ = n2zS inθ) between the two

interfering waves is significantly smaller than the longitudinal coherence length

(LL ≈ λ2/δλ), where n is the index of refraction, z is the height of the probed atomic

layer above the mirror surface and δλ is the FWHM of the spectral distribution. Beyond

this constraint, XSW analysis will not match well with the measurements, if the

longitudinal coherence properties of the incoming x-ray field are not properly taken into

account in the model calculations.

In this section, we extend the analysis method beyond the zero-bandwidth

approximation to include the influence of longitudinal coherence properties of the

incoming x-ray field on XSW measurements. The results show that the derived

numerical solutions developed to account for the coherence properties of a source can be

directly adapted in the computation of the angle-dependent XSW field pattern produced

by a partially coherent x-ray beam, characterized with a Gaussian distribution in

intensity and a finite spectral bandwidth. The new approach allows one to perform XSW

analysis with improved reliability using most of the x-ray sources currently available,

which offer finite spectral resolutions for the incoming x-rays. To explicitly demonstrate

the applicability of our modified XSW approach, XSW analysis was performed on

several nanostructured materials, deposited on Si or Au mirror surfaces using different

incident x-ray beams with different longitudinal coherence properties.

Figure 5.5: A schematic illustration describing formation of XSW field under total
external reflection of x-rays on a mirror surface.
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5.3.1 Theoretical background

It is convenient to express the electric field intensity at height z above a reflecting surface

(refer Fig. 5.5) by [97]

I(θ, z) =
∣∣∣Ei
◦ + Er

◦

∣∣∣2 = I◦{1 + R + 2
√

R · Re[γ(∆)]} (5.1)

where R =
∣∣∣Er
◦/E

i
◦

∣∣∣2 represents the reflectivity above the Si mirror surface, I◦ =
∣∣∣Ei
◦

∣∣∣2
is the incident intensity, Ei

◦ and Er
◦ respectively describe amplitudes of the incident and

reflected x-ray wave fields, the complex degree of coherence γ(∆) =
∣∣∣γir(∆)

∣∣∣ · exp(i[ν(θ) −

Qzz]) accounts for the interference between the incident and reflected wave fields, Qz =

4πS inθ/λ represents z-component of scattering vector ~Q = ~k′ − ~k, ν(θ) is the phase of

the E-field amplitude ratio and θ is the glancing incidence angle on the mirror surface.

In the above expression, we have introduced an additional term
∣∣∣γir(∆)

∣∣∣ that signifies the

modulus of the degree of mutual coherence [200, 201] between incident and reflected x-

ray waves above the mirror surface. Its value changes from 0 to 1 and strongly depends

on the optical path length difference ∆ = n(AP− BP) ≈ n2zS inθ between two wave fields

at point P with a vertical height z above the substrate surface. It is expressed by

γ(∆) =

〈
Ei
◦(P, t) · Er

◦(P, t)
〉

[ 〈∣∣∣Ei
◦(P, t)

∣∣∣2〉 · 〈∣∣∣Er
◦(P, t)

∣∣∣2〉 ]1/2 (5.2)

Figure 5.6(a) depicts simulation for the term Re[γ(∆)] as a function of path length

difference, (represented in terms of height z) above the substrate surface at incidence

angle of θ ≈ 0.114◦. Fig. 5.6(b) shows the contour plot for the x-ray field intensity

distribution computed as a function of height z and incidence angle θ on top of the Si

substrate surface. In the contour plot (Fig. 5.6(b)), one clearly observes a boundary for

the critical angle of the Si substrate. The visibility contrast of XSW interference fringes

is significantly higher below the critical angle θc ≈ 0.114◦. The results presented in Figs
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Figure 5.6: Variation of Re [γ(∆)] and computed x-ray field intensity distribution above
the Si substrate surface for the 15 keV x-rays at two different spectral resolutions. (a) and
(b) show simulation results obtained at spectral resolution of λ◦/δλ ≈ 5000. While (c)
and (d) depict simulation results obtained at low spectral resolution of λ◦/δλ ≈ 6.22. (a)
and (c) are calculated at the critical angle θc ≈ 0.114◦.

5.6(a) and 5.6(b) have been simulated for incident x-rays of 15 keV and considering a

spectral resolution of λ◦/δλ ≈ 5000 , described by a Gaussian distribution profile I(λ) =

I◦
√

2π(δλ/2.35)
exp[−

(λ − λ◦)2

2(δλ/2.35)2 ] as shown in the inset of the Fig. 5.6(a). It can be

further observed from Fig. 5.6(a), at a large value of spectral resolution, the amplitude

of real part γ(∆) remains unchanged up to the height z = 300 nm above the substrate

surface. This is because at this incident angle the optical path length difference between

the incident and reflected waves at z = 300 nm is ∆ ∼ 1.2 nm, which is much smaller than

the longitudinal coherence length (∼413 nm).

Figures Fig. 5.6(c) and Fig. 5.6(d) respectively report simulations obtained for the
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incident x-rays energy of 15 keV comprising a spectral resolution of λ◦/δλ ≈ 6.22. From

Fig. 5.6(c), it can be seen that at large height above the substrate surface, for example, at

z ≥ 150 nm, the incident and reflected beams hardly remain coherent with each other. As

a result, the interference term in eqn. (5.1) vanishes and the total x-ray intensity above the

substrate simply represents the sum of the intensity of the incident and reflected x-rays

beams (refer to Fig. 5.6(d)). Furthermore, it can also be noticed from Fig. 5.6(d) that the

XSW interference modulations below critical angle are strongly correlated with the γ(∆)

value. If path length difference ∆ (for a given height z), between two interfering beams,

is significantly smaller than the coherence length (i.e. ∆ � LL), then a XSW with high

fringe visibility, V = (Imax − Imin)/(Imax + Imin), is produced in the total reflection region.

As the path length (∆) is increased, the XSW fringe visibility is reduced. For example, for

incident x-rays of energy ∼15 keV comprising of spectral resolution of λ◦/δλ ≈ 6.22, the

coherence length LL ≈0.51 nm (FWHM), which corresponds to a height of z ≈ 129 nm

above the substrate surface. At this height, the visibility of the XSW fringe has reduced

by ∼ 50 %. For large heights (z� LL), the interference effect completely vanishes and the

net intensity below the critical angle attains maximum value of ≈ 2I◦.

5.3.2 Numerical simulations

In this section, we describe the applicability of the XSW methodology by analysing a

few nanostructured materials using a well-characterized partial coherent x-ray radiation.

Figure 5.7(a) depicts simulation results for the Au nanoparticles distribution on the

Si(100) surface, that clearly reveals deeper insights on how the monochromaticity of the

partially coherent x-ray radiation affects the sensitivity of the TR-XSW assisted angle

dependent Au-Lα fluorescence yield of the Au nanoparticles. The TR-XSW assisted

Au-Lα fluorescence profiles were computed at different spectral widths of the incident

x-ray radiation assuming spherical shape of the Au nanoparticles (dia. ≈ 250 nm). It can

be noted from Fig. 5.7(a) that the XSW assisted Au-Lα fluorescence profile of the
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Figure 5.7: (a) Computed XSW induced fluorescence profiles for spherical Au nanopar-
ticles distribution on a Si substrate surface at different spectral resolution widths of the
incoming x-ray beam. The angle dependent fluorescence profiles are simulated using eqn.
(5.1) and the formula IFY(θ) =

∫ d

0
I(θ, z) × exp(− µAu

S inφ ) × F(z)dz, where µAu describes the
linear absorption coefficient of Au for the outgoing fluorescent x-ray photons, φ is the take
off angle of emitted fluorescent photons and d is the diameter of the nanoparticle, F(z)=
4z (d−z)

d2 represents the normalized density profile for a spherical nanoparticle as a function
of height z above the substrate surface. (b) Comparison of measured to calculated Au
fluorescence yields. AFM image of Au nanoparticles distribution on Si surface is shown
in upper right along with enlarged image of a single nanoparticle.
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nanoparticles undergoes slowly with a distinct and systematic variation as we allow to

vary the monochromaticity of the incident x-ray radiation (λ◦/δλ = ∞ to 6.22). The

visibility contrast of the XSW induced Au-Lα fluorescence oscillations decreases

gradually in the total reflection region (θ < 0.114o) at the lower spectral resolutions.

Even, many XSW oscillations vanish completely in the computed Au-Lα fluorescence

profile at spectral resolution λ◦/δλ ≈ 6.22, which can be clearly seen from the expanded

view as shown in the inset of Fig. 5.7(a)).

5.3.3 Analysis of Au nanoparticles and Langmuir-Blodgett thin film

structure using partially coherent SR radiation

The experimental measurements for the Au nanoparticle distribution comprising an

average particle size d ∼ 90 nm (dia.), dispersed on a Si(100) substrate surface were

carried out at the BL-16 beamline of Indus-2 synchrotron radiation facility [46]. The

angular resolution of the BL-16 reflectometer station (KOHZU 2-circle goniometer) was

found to be ∼ 0.002o. Incident x-rays of energy 15 keV from bending magnet source,

monochromatized with a fixed exit Si (111) double-crystal monochromator were used to

excite nanoparticle samples at grazing incidence angles. A vortex spectroscopy detector

(SDD) comprising an active surface area of 50 mm2 and an energy resolution of ∼140

eV at 5.9 keV (Mn Kα x-rays) was placed in the plane of sample substrate (i.e., in the

plane of s-polarized electric vector of the synchrotron beam) in order to obtain better

signal to noise ratios for the emitted fluorescent x-rays. The SDD was placed at ∼ 30 mm

distance from the centre of the beam footprint on the sample surface. Au-Lα

fluorescence x-rays emitted from the gold nanoparticles were collected by a Vortex

spectroscopy detector. Figure 5.7(b) depicts experimentally measured XSW induced

Au-Lα fluorescence profile for the Au nanoparticles along with the computed TR-XSW

profiles at different spectral resolutions. The counting statistics of Au-Lα intensity was

ensured in the range of (1-3)%. In the computation, we have considered a polydispersity
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factor (σ/Nav) ≈ 0.05 for the Au nanoparticles, where Nav is the average particle size and

σ is the r. m. s. variation in particle size. In Fig. 5.7(b), one observes a couple of

interference oscillations in the measured XSW induced Au-Lα fluorescence profile

below the critical angle of the Si substrate (θc ≈ 0.114◦). These peaking interference

oscillations in the fluorescence profile emerge due to the coincidence of the XSW

antinodes within the volume of the Au nanoparticles. The left side inset of the Fig.

5.7(b) shows an expanded view for the total external reflection region. It can be seen that

the computed fluorescence profile at spectral resolution λ◦/δλ ≈ 5000 closely agrees

with the profile that was obtained assuming an ideal monochromatic x-ray source (i.e.

λ◦/δλ = ∞). This is due to the fact that at higher spectral resolutions, the incident and

reflected x-ray beams remain fully coherent, up to a height of several hundred of

nanometers above the substrate surface. If the size of the nanostructure is considerably

smaller than the coherence length, for example, in our case of 90 nm Au nanoparticles,

then full volume of a nanostructure is excited by the XSW field created with a 100%

coherent superposition of the incident and reflected x-ray beams. In conditions, if

spectral resolution of the incident x-rays deteriorates or if the height of a nanostructure

increases on top of the substrate surface, then the measured fluorescence profile will

show deviation from the ideal behavior (λ◦/δλ = ∞). On the top right inset of Fig. 5.7(b)

we have shown the measured AFM image for the Au nanoparticles, which clearly

demonstrates a mono-dispersed surface topography for the Au nanoparticle distribution

on the Si substrate surface. We have also performed TR-XSW analysis for a LB thin

film structure deposited on top of a Au mirror surface using 10 keV incident x-rays of

different spectral resolutions. This experiment used the hard-bend radiation from the

D-line at the Cornell High Energy Synchrotron Source. Figures 5.8(a-c) show measured

Zn-Kα fluorescence profiles originated from the trapped Zn atomic layer (thickness ≈

3.0 nm) at a height z ∼ 90.3 nm in the LB film structure using incident x-ray beam with

differing longitudinal coherence lengths and a fixed angular divergence ≈ 0.003◦. Figure

5.8(a) shows Zn-Kα fluorescence profile measured using a nearly ideal plane wave
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Figure 5.8: Experimental demonstration of the applicability of the partially coherent
radiation for TR-XSW analysis. (a-c) Measured and fitted angle-dependent x-ray
fluorescence profiles for the Zn atomic layer embedded in a LB film structure at different
spectral widths of the incident x-ray photons. The relative uncertainty in the Zn yield is
less than 5% for data above 0.45◦ and less than 2% below 0.45◦. (d) Measured and fitted
x-ray reflectivity profiles for the LB thin film structure at x-ray energy of 10.162 keV with
spectral resolution of λ◦/δλ ≈ 5000 corresponding to (a). (e) Effective electron density
profile of the LB thin film structure determined from the best fit results using combined
XRR and TR-XSW analysis, which clearly reveals the presence of Zn atomic layer at a
mean height 〈z〉=90.3 nm, from Au surface layer.

condition of spectral width λ◦/δλ ≈ 5000, (LL ≈ 608 nm) obtained by a Si(111)

monochromator. Figs. 5.8(b) and 5.8(c) demonstrate measured Zn-Kα fluorescence

profiles obtained using relatively wider band-pass incident x-ray beams produced by

synthetic Bragg multilayer monochromators, providing spectral resolutions of

λ◦/δλ ≈ 43.5 and λ◦/δλ ≈ 18, respectively, which were determined by using the

measured angular width of the reflectivity curves from two different hkl planes of a Si

analyser crystal in the sample position. The details about preparation of LB thin film

structure and experimental conditions used for the measurements described in Fig. 5.8
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are given elsewhere [98, 188, 199, 202]. It can be seen from Figs. 5.8(a-c), the visibility

of the XSW induced oscillations in the Zn-Kα fluorescence profile reduces dramatically

as the monochromaticity (λ◦/δλ ) of the incident x-ray photons varies from 5000 to 18.

The theoretically computed curves shown by red solid lines closely predict the

experimental observations even in the cases when spectral resolution of the incident

x-ray photons changes by large magnitudes (≈ 200 times). This encouraging level of

agreement between the experimental and computed TR-XSW profiles convinces the

validity of our modified XSW approach. In Fig. 5.8(d), we have shown the measured

and fitted x-ray reflectivity profiles obtained for the LB thin film structure at incident

x-ray photon energy of 10.162 keV at the highest spectral resolution corresponding to

the Fig. 5.8(a). In this figure, we have also shown a schematic layout for the LB thin film

structure. Fig. 5.8(e) shows effective electron density profile (EDP) for the LB thin film

structure determined from combined x-ray reflectivity (XRR) and TR-XSW analysis

using the best fit results obtained in all three cases. The EDP clearly reveals the presence

of Zn atomic layer at location z ≈ 90.3 nm, from the Au layer surface.

5.4 Characterization of TiO2 nano-composites

Nanostructures of titanium oxide are currently being investigated for variety of

potential applications, such as solar photovoltaics, solar water splitting for H2 fuel

generation etc., as they offer excellent photo-catalytic properties. Recently, several

motivated research programs are being pursued for the development of advanced solar

absorber materials for efficient utilization of solar energy as a long term sustainable

energy resource [186, 203–207]. Titanium oxide (TiO2) nanostructures, are considered

to be the most promising photo-catalysts for this purpose, because these have a bandgaps

in the ultraviolet region which can be readily tuned to the visible region after proper

band-gap tailoring [208–212]. TiO2 is being used in solar photovoltaics, solar water

splitting for H2 fuel generation, and environmental pollutant purification etc.
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applications [174, 206, 213, 214]. In addition, TiO2 nanomaterials are also used for

biochemical, sensors, self-cleaning applications [215–217]. All these advanced

technological applications require highly pure, low dimensional crystalline TiO2

nanostructures of specific sizes. Precise knowledge about the growth kinetics of

nucleation, formation of layer structure, crystalline nature, etc. help us in understanding

the physical properties of TiO2 nanostructure for the practical device applications. The

microstructural characterisation of TiO2 nanostructures is also very essential as their

catalytic properties are greatly influenced by the structural defects and associated

surface-interface characteristics. One, therefore, needs suitable processes to synthesize

different types of nanostructures effectively on a large surface with a high production

rate and reliable means to analyse them in an efficient manner [218].

Presently deposition of TiO2 nanoparticles (NP) on a flat smooth surface is being

carried out by using various liquid phase, and gas phase chemical synthesis processes

[219–227]. Most of these synthesis processes are very time consuming and based on the

chemical process. In addition, during the synthesis process, a lot of precautions are

required to avoid any impurity contamination in the deposited sample. Laser pyrolysis is

an efficient deposition technique to grow low dimension nanomaterials over a large

surface area of the substrate [228–233]. It is very fast and single step process with a very

high production rate.

In this section, we describe the synthesis of the TiO2 nanomaterial using CW CO2 laser

pyrolysis method and their non-destructive surface characterisation using XRR and

GIXRF techniques. The growth conditions have been extensively studied using GIXRF

measurements. We have also performed grazing incidence x-ray diffraction (GIXRD)

measurements to investigate the crystalline nature of the deposited NP on the Si

substrate. Detailed surface morphological analysis of the TiO2 nanostructure has been

performed using combined XRR and GIXRF measurements. Electron diffraction (ED)

and transmission electron microscopy (TEM) measurements were also carried out to

validate the findings of the XSW analysis on the TiO2 nanostructures.
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Figure 5.9: A photograph of the deposition set up (based on the laser pyrolysis process).

5.4.1 Synthesis of TiO2 nanoparticles

TiO2 nanostructures were synthesized in an in-house developed continuous wave (CW)

CO2 laser based gas phase pyrolysis system. Figure 5.9 shows the photograph of the

deposition chamber. The basic synthesis process is based on the resonant absorption

process. In this process, C2H4 is used as a sensitiser gas. C2H4 absorbs the laser energy

resonantly and transfers this energy to the precursor material Ti(OC3H7)4 or TTIP via

molecular collisions for the formation of TiO2 by breaking the bonds of TTIP. Synthesized

TiO2 NP were collected on a Si (100) substrate on the top of the reaction zone of laser

beam and Ti(OC3H7)4 gas. We have also made an arrangement that allows C2H4 gas to

flow through the TTIP in the vapour phase to the reaction zone through a round-nozzle of

diameter 4 mm. The typical diameter of the laser beam was 5 mm (FWHM). The samples

were deposited using argon, as a cooling gas medium, which also confines the flow of the

NP at a constant pressure of ∼ 650 mbar into the reaction chamber. We have employed

a constant temperature of 80oC to the chamber tube, through which the vapours of TTIP

and C2H4 flow to the reaction zone to avoid any condensation of vapour inside the tube.

Different experimental parameters of the deposition process have been optimized to obtain

high quality NP formation on a substrate surface. The optimum deposition parameters for

the generation of highly pure, nearly mono-dispersed TiO2 NP are given in Table 5.1.
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Prior to the deposition of the nanostructures, the r.m.s roughness, metal impurity (if any)

and presence of the any native oxide on top of the Si substrate have been analysed by

the XRR and XRF measurements. The r.m.s roughness and the thickness of the SiO2

layer were found to be ∼0.48 ± 0.05 nm and 2.4 ±0.2 nm respectively. TiO2 NP were

deposited on Si (100) substrates for the surface characterisation. A Cu grid support ( a

TEM grid comprising films of formvar/carbon) was also placed in close proximity with

the Si substrate on top of the reaction zone for the collection of nanoparticles for TEM

analysis. The collection time for NP on top of the Cu grid was ∼ 4 second.

Table 5.1: Optimum parameters for the low dimensional TiO2 nanoparticle deposition.

SI. No. Parameter Value
1 Laser power (after reactor) 80W
2 Reactor pressure 650 mbar
3 Argon flow rate 0.4 slpm∗

4 Flow rate of Ethylene 0.2 slpm∗

5 Temperature of precursor materials (or Bub-
bler temperature)

40 ◦C

6 Temperature of the substrate 300K

∗ slpm : standard liters per minute.

5.4.2 Studies on growth kinetics and crystalline phase of TiO2

nanoparticles

To elaborately study the growth conditions of TiO2 nanoparticles several samples were

prepared at precursor temperature 40oC, 50oC, 60oC, 70oC, and 80oC respectively.

However, the temperature of the tube was kept fixed at ∼ 80oC. The TXRF

measurements were carried out at BL-16 beamline of Indus-2 synchrotron radiation

facility for all the samples [46, 53] to obtain quantitative information on the growth

mechanism of TiO2 nanoparticles using laser assisted pyrolysis fabrication process. In

Fig. 5.10, we have plotted the vapour pressure of precursor material (TTIP) and Ti

fluorescence intensities emitted from the TiO2 NP samples at different temperature of the
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Figure 5.10: Total reflection x-ray fluorescence (TXRF) measurements were performed
at incident x-ray energy of 8 keV. The grazing incidence angle θ ∼ 0.22o was fixed during
the measurements. Si, Ti-fluorescence intensity, and Scattered light intensity are plotted
with vapour pressure of TTIP as a function of temperature.

precursor materials. The variation of Compton scattered intensity observed in different

NP samples with temperature is also plotted in Fig. 5.10. It can be seen from Fig. 5.10

that the variation of Ti fluorescence intensity follows the variation of vapour pressure of

the precursor material at different temperatures. This is because the amount of TiO2

deposited on the Si substrate is strongly correlated to the vapour pressure of TTIP.

Therefore, if one increases the temperature of TTIP, it increases the deposition of NP on

the substrate surface. It can also be noticed from Fig. 5.10 that variation of Compton

scattered x-ray follows the variation of Ti fluorescence intensity at different vapour

temperature of TTIP. Similar nature was also observed for Si fluorescence intensity. The

laser pyrolysis process provides high production rate for the fabrication of the

nanoparticles. It is also possible to fabricate doped nanoparticle structures with a narrow

particle size distribution over the broad surface area of a substrate.

The crystalline nature of the TiO2 nanoparticles were analysed using powder x-ray

diffraction measurements in grazing incidence geometry at the room temperature
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Figure 5.11: (a) Grazing incidence x-ray diffraction profile of synthesised TiO2 nanopar-
ticles deposited on Si substrate. (b) XRD profile of standard TiO2 powder (P25) at Cu-Kα
wavelength (λ=1.54 Å).

condition. The x-ray diffraction (XRD) measurements were carried out using a

commercial BRUKER D-8 x-ray reflectometer station at Cu-Kα wavelength (λ=1.54 Å).

Figure 5.11(a) demonstrates the XRD profile of the fabricated TiO2 nanostructures.

During the measurement the grazing incidence angle was fixed at 1.0o. The TiO2

nanoparticles were deposited on a Si substrate using laser pyrolysis process for a

deposition time of 15 minute. In Fig. 5.11(b), measured XRD profile of a standard TiO2

powder (P25) at room temperature is provided for the comparison purpose [234, 235].

The characteristics peaks observed in the profile (5.11(a)) predict the structure of the

sample to be tetragonal with the I41/amd space group. It can also be concluded from Fig.

5.11 that the TiO2 nanoparticles are polycrystalline in nature and are having an anatase

phase. The particle size of the TiO2 nanoparticles, evaluated from the grazing incidence

x-ray diffraction pattern using Scherrer’s formula [236] was found to be ∼ 8-10 nm

(corresponding to the (101) reflection).

5.4.3 Determination of surface morphology of TiO2 nano-composites

Surface morphology of the nanocomposite materials can be determined using XSW

method. XSW induced GIXRF measurements are extremely sensitive to the nature of
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Figure 5.12: Calculated XSW assisted GIXRF profiles at 8 keV incident x-ray energy for
two cases: (a) TiO2 nano-spheres of various sizes, and (b) TiO2 thin films of different
thicknesses on top of Si substrate.

surface structure of a nanomaterial (i.e. if it is a thin film, nanoparticles, macroparticles

or buried layer etc). Figure 5.12(a) depicts computed GIXRF profiles for the TiO2

nano-spheres comprising of an average particle size ranging from 5 nm to 10 nm,

whereas Fig. 5.12(b) shows the simulated GIXRF profiles for TiO2 thin film structures of

various thicknesses ranging from 5 nm to 10 nm. The simulations were carried out

assuming an incident x-ray energy of 8 keV. In Fig. 5.12(a) Si-Kα fluorescence intensity

emitted from the Si substrate is also plotted. It can be seen from Figs. 5.12(a) and

5.12(b) that fluorescence yields (FY) emitted in the case of nanoparticles and in the case

of thin film structures are markedly different from one another. Distinct differences

observed in the nature of the GIXRF profiles in case of nanoparticles and in the case of

thin film structure can be understood from the XSW wave field distribution computed as

a function of grazing incidence angle and depth z on top of a Si substrate surface at 8

keV incident x-ray energy (see Fig. 5.14(c)). The nanoparticles are excited by the x-ray

field present in the form of XSW wave field below the critical angle on top of the Si

substrate surface. On the other hand in the case of TiO2 thin film structure one observes

the Ti-Kα fluorescence yield at incidence angles above θ ≈ 0.25o (critical angle of Ti at 8

keV). The Ti-Kα fluorescence yield increases monotonically if one increases the

152



thickness of TiO2 thin film medium (5.12(b)). From the simulations presented in Figs.

5.12(a) and 5.12(b) it can be concluded that by observing the fluorescence intensity

emitted in the vicinity of the critical angle it is possible to predict the structures of the

nanomaterials (nanoparticle type or continuous thin film structure type).

In order to validate the capability of the combined XRR and GIXRF analysis

Figure 5.13: Measured and simulated (a) XRR and (b) XSW induced GIXRF profiles of
TiO2 nanostructures at 8 keV incident x-ray energy. The inset shows a three layer model
of TiO2 nano-structure opted for the fitting of measured experimental data.

technique for the analysis of nanoparticle matter we have analysed the distribution of

composite TiO2 nanostructures on top of a Si substrate surface. The simultaneous XRR
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and GIXRF measurements were carried out at reflectometer station of BL-16 beamline at

100 mA ring current. The angular resolution of the BL-16 reflectometer station

(KOHZU 2-circle goniometer) was found to be ∼ 0.002o. Figures 5.13(a) and 5.13(b)

respectively represent the measured and fitted XRR and GIXRF profiles of the composite

TiO2 nanostructures on top of the Si substrate surface at 8 keV incident x-ray energy. It

can be seen from Fig. 5.13(b) that the measured fluorescence profile of Ti-Kα matches

quite well with the simulated profile when a three layer model comprised of a SiO2 layer

on top of Si substrate, a bare TiO2 thin layer, and a low density TiO2 NP layer on top of

the TiO2 thin film is assumed for the fitting of experimental Ti-Kα yield (see the inset of

Fig. 5.13(a)). For the comparison purpose computed GIXRF profiles for the individual

cases (either nanoparticles or a continuous thin film) are also provided in Fig. 5.13(a). It

can be seen that these computed profiles significantly differ from the measured Ti-Kα

GIXRF profiles. However, the XRR profile presented in Fig. 5.13(a) was fitted

considering a low density SiO2 over-layer of thickness ∼ 2.4 nm. The XRR profile

provides the critical angle of Si (∼ 0.22o), which corresponds to critical value of Si at 8

keV energy. The XRR profile does not show any signature of the presence of TiO2 NP or

pure TiO2 thin layer medium. This can be attributed to the fact that the TiO2 layer is

quite thin (d ∼ 4.5 nm) having a very low density (0.4 gm/cm3) as compared to its bulk

density (4.23 gm/cm3). The XRR profile is unable to distinguish the low electron density

contrast between the low density TiO2 layer and Si substrate. On the other hand, the

GIXRF profile shows a strong peaking behaviour near the critical angle of Si substrate

(θc=0.22o) due to the coincidence of the XSW antinodes with the location of NP (see the

inset of Fig. 5.14(a)). The measurements presented in Fig. 5.13(a) clearly show that the

combined analysis provides us a novel capability to completely resolve the structure of a

complex thin layered medium comprising of both particles as well as reflecting layer

structure. In our case, the best fit results indicate the presence of TiO2 nano-spheres of

average diameter ≈ 8.0 ± 1.0 nm with an average density of ρ ≈ 0.04 gm/cm3 (surface

area concentration ∼ 0.032 µg/cm2) with a underneath TiO2 thin film layer of thickness ∼
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4.5 nm, and density ≈ 0.4 g/cm3 on top of the Si substrate. The roughness values for NP

layer and TiO2 thin film medium were found to be ∼0.6 nm and ∼0.8 nm respectively.

We have also carried out characterisation of surface morphology (i.e., particle size,

shape, nature of dispersion, particle agglomeration, presence of wetting layer, etc.) of

another TiO2 nanostructure using combined simultaneous XRR and GIXRF

measurements at 8 keV x-rays. Figures 5.14(a) and 5.14(b) respectively represent the

measured and fitted combined XRR and GIXRF profiles of the TiO2 nanostructure on top

of a Si substrate surface. It can be seen from Fig. 5.14(a) that the simulated XRR profile

closely follows the measured profile if we assume a three layer model (as shown in the

inset of Fig. 5.14(a)) comprising of a thin SiO2 layer on top of Si substrate, a bare TiO2

thin layer, and a low density TiO2 NP layer on top of the TiO2 thin film medium. On the

other hand, the simulated XRR profiles in the individual cases (only nanoparticles layer

or a thin film etc.) differ significantly from the measured one. One arrives at a similar

conclusion after fitting XSW induced Ti-kα GIXRF profile. GIXRF profile shows a

strong peaking behaviour in the vicinity of the critical angle of Si substrate (θc=0.22o)

due to the coincidence of the XSW antinodes (see Fig. 5.14(c)) with the NP layer (see

inset of Fig. 13(c)). In Fig. 5.14(c) we have shown computed normalized x-ray field

intensity distribution on the Si substrate at the 8 keV incident x-ray energy corresponding

to the best-fit parameters obtained from the combined XRR and GIXRF measurements.

The variation of Ti-kα fluorescence intensity as a function of grazing incidence angles θ

can be understood with the help of XSW wave field distribution on top of a Si substrate

at 8 keV x-ray energy. In Fig. 5.14(c), one clearly observes the boundary for critical

angle θc=0.22o (dashed line). Below the critical angle, the x-ray field on top of the Si

substrate surface exists in the form of XSW fringes. As one increases the incidence

angle θ, the x-ray field starts penetrating onto the Si substrate medium. The penetration

of the incident x-ray field further increases at higher incidence angles. The best-fitted

microstructural parameters of the TiO2 nanostructure obtained from the combined XRR

and GIXRF analysis at 8 keV incident x-ray energy are summarized in Table 5.2.
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Figure 5.14: Combined XRR and GIXRF measurements at 8 keV incident x-ray energy.
Measured and fitted (a) XRR , and (b) XSW induced GIXRF profiles of the TiO2 nano-
structure. (c) The contour plot of x-ray field intensity distribution on a Si substrate as a
function of depth of layer medium and incidence angle calculated with the best fit results
of XRR and Ti-Kα fluorescence measurements. The scatter points are the experimental
data and the solid lines are the simulated data. The fluorescence yield of Ti- Kα has been
normalized at θ = 0.45o.
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To increase the dynamical range and sensitivity of the GIXRF analysis for the

Figure 5.15: (a) Measured and fitted GIXRF profiles of TiO2 nanostructures deposited on
a W thin film at 8 keV incident x-ray energy. (b) The contour plot of x-ray field intensity
distribution on a W thin film as a function of depth of layer medium and incidence
angle. The EFI was calculated from best fit results of GIXRF. The scatter points are
the experimental data and the solid lines are the fitted data. The fluorescence yield of Ti-
Kα has been normalized at θ = 0.85o.

investigation of small feature size, TiO2 nanostructures, were synthesized on top of a W

thin film at similar deposition conditions as mentioned in Table 5.1. Large critical angle

values of W thin film (θc=0.55o) at 8 keV x-ray energy allows us to obtain improved

accuracy of the estimated microstructural parameters of the small size nanoparticles

using GIXRF measurements. To further re-evaluate the microstructural parameters of

TiO2 nanostructure, they were dispersed on top of a W thin film structure (∼thickness

200 Å) prepared using magnetron sputtering system. Figure 5.15(a) demonstrates the
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Table 5.2: Best fitted microstructural parameters of the TiO2 nanostructured obtained
from the combined XRR and GIXRF measurements.

Substrate Layer
Material

Thickness
d (nm)

Roughness σ
(nm)

Density ρ
(g/cm3)

chi2

Si
TiO2 NP 8.0±1.0 0.8±0.2 0.065±0.01 0.07
TiO2 4.2±0.3 0.6±0.2 2.15±0.05
SiO2 2.2±0.3 0.6 ±0.1 1.6 ±0.1

W thin film

TiO2 NP 8.0±1.0 0.8±0.2 0.04±0.01 0.08
TiO2 5.0±0.3 0.6±0.2 2.15±0.05
W 28.0±0.6 0.55±0.2 19.0±0.5
SiO2 2.4±0.3 0.6 ±0.1 1.6 ±0.1

measured and fitted GIXRF profiles of the TiO2 nanostructure on top of W thin film

medium. The measured profile was fitted by assuming a three layer model as opted in the

previous case (see the inset of Fig. 5.14(a)). In Fig. 5.15(b), we have shown contour plot

of electric field intensity (EFI) distribution on top of a W thin film as a function of depth

z of film medium and incidence angle. From Fig. 5.15(a) it can be seen that the GIXRF

profile shows strong peaking behaviour in the vicinity of critical incidence angle of

θc ∼0.55o. Below the critical angle the x-ray wave field remains in the form of

interference fringes above the W film medium (see Fig. 5.15(b)). As one increases the

incidence angle above θ ∼0.55o, the x-ray wave field starts penetrating in the W film

medium. In the vicinity of θc the fluorescence yield of the TiO2 nanoparticles decreases

abruptly and remains more or less constant at further higher incidence angle values.

From the EFI profile (Fig. 5.15(b)) one can clearly visualise the boundary of x-ray wave

field, for the W thin film medium. From Fig. 5.15(a) it can be seen that there is a slight

discrepancy in the fitted and measured profile at low incidence angle (θ = 0 − 0.2o). This

deviation arises mainly because of the presence of some bigger size particles on top of

the W thin film medium. The variation in the particle size distributions and presence of a

continuous thin layer of TiO2 usually occur due to the non-uniform interaction of the

Gaussian profile of the laser beam intensity with the parabolic-laminar profile of gas
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velocity in the reaction zone. This provides a fair chance that some unreacted TTIP may

also deposited on Si substrate surface. So, when the effect of bigger size nanoparticles

were included in our model calculation then we observed a significant improvement in

the fitted GIXRF profile.

To validate the findings of the XSW investigation on TiO2 nanostructures, TEM

Figure 5.16: (a) TEM micrograph, and (b) Electron diffraction (ED) profile of TiO2

nanoparticle deposited on Cu grid.

measurements were carried out using a commercial TEM (Philips, CM200) instrument.

In this instrument, W-filament was used as the cathode material at an accelerating anode

voltage of 200 kV. Figure 5.16(a) shows the TEM image of the TiO2 nanoparticle

distribution on top of a Cu grid. In the inset of the Fig. 5.16(a) a histogram for the TiO2

nanoparticle size distribution is given. It can be seen from the Fig. 5.16(a) that deposited

nanoparticles have very narrow particle size distribution. The average particle size of the

TiO2 nanoparticles was also determined using transmission electron microscope images.

The estimated average particle size of the TiO2 nanoparticles was found to be between

7-10 nm with r. m. s. size variation of 1.5 nm. The shape of the TiO2 particles was found

to be spherical which can be clearly observed from the measured TEM image (Fig.

5.16(a)). In the same TEM set up electron diffraction measurements were also carried
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out. Figure 5.16(b) shows the measured electron diffraction profile of the TiO2

nanoparticles. Selected area electron diffraction shows lattice fringes that confirm the

crystalline nature of the TiO2 nanostructures. One can clearly identify various reflection

peaks in the measured ED pattern. These reflection peaks were found to closely match

with the peaks obtained using XRD measurements. However, the (103) reflection could

not be detected in the XRD profile. This may be due to the easy growth direction of TiO2

nanoparticles on top of the Si substrate.

5.5 Summary

The feasibility and effectiveness of the combined XRR-GIXRF analysis approach has

been demonstrated for the determination of microstructural parameters of different types

of nanoparticles. The developed theoretical models allow one to directly evaluate the

average particle size, particle shape, nature of particle dispersion and their agglomeration

on top of substrate surface using XSW assisted fluorescence measurements. Most

significant advantages of the XSW assisted fluorescence analysis is that it allows

non-destructive quantitative mapping of the surface morphology of nanostructured

materials dispersed on top of a surface or embedded inside a continuous bulk matrix.

It has been shown that longitudinal coherence properties of a partially coherent x-ray

source have an ability to efficiently modulate the XSW field intensity pattern under total

reflection condition on a mirror surface. We have implemented the source properties

such as spectral resolution and its intensity distribution to account for longitudinal

coherence in the model computation of fluorescence-induced XSW profile of a

nanostructured material. There are two technical outcomes from our findings that

connects the TR-XSW fringe visibility to coherence properties of SR photons. (1) The

spectral resolution of the upstream monochromator can be designed to maximize the

incident intensity and therefore fluorescence sensitivity from an atomic layer without

significantly compromising the spatial resolution of the measured atomic height
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distribution profile. For example, certain TR-XSW measurements can be performed on a

conventional X-ray tube or rotating anode source using wide-band-pass multilayer

optics. (2) The TR-XSW measurement can be designed to measure the longitudinal (or

temporal) coherence properties of the incident beam.

TiO2 nanoparticles on top of the Si substrate surface have been synthesized by gas

phase laser pyrolysis process. Nearly mono-dispersed, highly pure TiO2 nanoparticles of

∼ 7-10 nm sizes were obtained on large area of Si substrate at optimum operating

conditions. Depth resolved element sensitive analysis of TiO2 nanostructure has been

carried out using combined XRR & GIXRF analysis technique. The XSW analysis

demonstrates that the nanoparticles are embedded in a thin TiO2 layer medium on top of

the substrate. The particle sizes of the TiO2 nanoparticles determined by the XSW

analysis have also been confirmed by the TEM measurements. The methodology

discussed in this Chapter has a potential to provide depth-resolved and element-specific

information about low dimensional metal nanoparticles.
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Chapter 6

Summary and Future scope

This chapter summarizes the results and conclusions part of the present thesis work. Future

directions to carry out further research work both in the fields of characterisation of nanostructured

material analysis as well as their applications for harvesting solar energy and depth resolution

chemical speciation of buried interfaces in thin film structure are described.
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The present thesis work clearly demonstrates the immense capability of synchrotron

radiation based x-ray spectroscopy techniques for the depth resolved structural

characterisation of nanostructured materials. Recently, precise characterisation of

nanostructured materials are becoming increasingly important as they find widespread

applications in various fields of science and nanotechnology. We report the development

of new methodologies for probing of surface-interface of the nanostructured materials in

a non-destructive manner. The subject of this thesis work was the analysis of

nanomaterials using x-ray standing wave generated using total reflection on a mirror

surface as well as Bragg reflection of multilayer structure.

6.1 Development of an x-ray reflectometer

A grazing incidence x-ray reflectometer station has been developed and set-up on the

BL-16 microfocus x-ray fluorescence beamline of Indus-2 synchrotron facility. The

reflectometer station facilitates surface-interface characterisation of nanostructured

materials using x-ray reflectivity and XSW induced x-ray fluorescence measurements.

The performance of the reflectometer has been evaluated by analysing several thin film

structures comprising of different surface interface properties. The details of the BL-16

x-ray reflectometer are presented in Chapter 2. The reflectometer has been employed for

variety of studies, for examples, analysis of nanoparticles, surface-interface

characterisation of nanocomposite, XSW characterisation of thin films, depth resolved

structural and chemical analysis of a W-B4C multilayer structure.

6.2 Grazing incidence x-ray fluorescence studies

In Chapter 3, we have described effect of synchrotron beam polarization in grazing

incidence excited x-ray fluorescence analysis. Theoretical computations have been
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carried out to explain how scattering probability densities of the Compton and elastic

scattering radiations depend on the scattering angle (θ) and azimuthal angle (φ) in the

polarization plane of the synchrotron radiation beam. Our computation results closely

corroborate with the experimental total reflection x-ray fluorescence (TXRF)

measurements, carried out on several standard reference materials (SRMs). Interestingly,

the azimuthal anisotropy of the scattered photons shows its vital role on the significance

of observed x-ray fluorescence detection sensitivities.

6.3 XSW analysis of thin layered medium

In Chapter 4, we have described the applicability of combined XRR-GIXRF analysis

approach for probing of deep buried interfaces inside a W-B4C periodic multilayer

structure. It has been shown that XRR investigation together with the GIXRF

measurements can be successfully used to quantitatively evaluate the presence of a

buried interface structure or any thickness non-uniformity inside a periodic multilayer

structure. It has also been shown that the combined XRR-GIXRF technique allows one

to distinguish minimal density variations of the order of ∼ 6% or any atomic migration

taking place in a layer medium, deep inside a multilayer structure. The cross-section

TEM analysis unveil a much deeper insight of the interface diffusion phenomena and

supports the conclusion drawn from the XSW characterisation. To study chemical

speciation inside the W-B4C periodic multilayer structure, XSW assisted depth resolved

near edge x-ray absorption measurements have been carried out. Interestingly, the results

presented in Chapter 4 show existence of some unusual electronic states for W at the

surface-interface boundary of the W-B4C multilayer structure as compared to that of the

bulk W.
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6.4 XSW analysis of nanocomposite

In Chapter 5, we have discussed the unique ability of the combined XRR-GIXRF

approach for the reliable and precise characterisation of surface morphology of metal

nanoparticles, dispersed on a flat surface. Appropriate theoretical models have been

developed that take into account the effect of average particle size, particle’s shape,

nature of particle’s dispersion and their agglomeration on top of a substrate surface

during the computation of XSW assisted fluorescence profile of the nanoparticles. We

have studied in detail the effect of temporal coherence properties of the primary x-ray

beam on the total reflection assisted x-ray standing wave fluorescence analysis of

nanostructured materials. The applicability of the XSW assisted fluorescence

methodology for the determination of surface morphology of different types of

nanostructured materials (e.g. Au nanoparticles and TiO2 nanoparticles dispersed on top

of a Si substrate surface) has been described in detail in Chapter 5. A novel synthesis

procedure for the fabrication of low dimensional TiO2 nanoparticles using gas phase

CO2 laser pyrolysis method has been described. Atomic force microscopy, transmission

electron microscopy, grazing incidence x-ray diffraction and electron diffraction

measurements were also carried out to correlate findings of the XSW investigations. Our

results show that TiO2 nanostructure on top of a Si substrate follow a composite

distribution. Using slicing analysis it was found that a certain fraction of nanoparticles

are present in the form of continuous thin layer medium. Whereas, some of the

nanoparticles follow a particulate type of distribution.

6.5 Future scope

For the future scope, we anticipate that the new developments in the instrumentation as

well as analysis methodology will enable us to study a large variety of low atomic

number nanostructure (such as- graphane nanostructure). Two developments that seem
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promising are: I) vacuum compatibility of the BL-16 reflectometer station for light

element detection and, II) in-situ and in-operando studies of nanostructured materials at

various sample environments.

In the present thesis work, it has been shown that polarization properties of the

synchrotron beam significantly affect the elemental detection sensitivities in grazing

incidence x-ray fluorescence analysis. A more careful study can be planned to

understand the nature of polarization dependent grazing incidence x-ray fluorescence

emission from a SRM or nanostructure material. The scattered polarised x-rays can be

measured using the position-sensitive detector. Such measurements would be able to

provide useful information about the azimuthal anisotropy of the scattered photons

(Compton and elastic scattered photons). It is expected that polarization dependent

scattering measurements from a nanostructure material would greatly help us in

understanding in-plane and out-of-plane correlation of scattered photons.

XSW assisted depth resolved chemical speciation in periodic multilayer structure can be

used as a sensitive probe to investigate interface intermixing phenomena in thin film.

Therefore, some interesting applications that can be pursued using combined

XSW-XANES analysis are - depth resolved chemical speciation of electrolyte interfaces

in solid state batteries, and chemical speciation of buried interfaces in thin film solar cell

structures etc. Furthermore, the combined XRR-GIXRF technique can also be applied to

study structural and chemical properties of the core-shell nanoparticles. Such kinds of

studies have not been performed so far and therefore may yield valuable informations on

novel physical aspects of the core-shell nanostructures.

During the thesis work, we have also synthesised and studied in detail the structure of

low dimensional TiO2 nanocomposites on top of Si substrate. It is worth mentioning

here that TiO2 nanostructures find vital importance for various practical applications.

Composite TiO2 nano-structures, doped with Ag, Au elements can be studied to

understand their absorption response in visible light range for various practical

applications.
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