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Chapter 1

Introduction

Last two decades have witnessed new directions of modern research broadly named

as Nanoscience and Technology [1, 2, 3, 4]. Under these new directions, fabrication,

characterization, manipulation of materials with a control over nanometer level and

their possible applications have remained under intense focus of research. These new

materials, fabricated with control over atomic dimensions, required for Nanoscience

are termed as Nanomaterials and have the size in the range of 1-100 nanometers

(nm). With this size-range, materials started to exhibit the properties which are

totally di�erent from its atomic and bulk properties. Due to this they embrace

areas of research as broad as engineering, physics, chemistry, material science and

molecular biology. The study of these new materials have also been triggered by

the availability and development of new instruments and approaches which can give

information up to atomic length scales.

Driven by the desire of fabricating new materials with improved and novel prop-

erties, nanomaterials and their organizations to form superstructures are studied to

perform complex and e�cient tasks. The tasks include higher rate of decomposition

of pollutants, selective and sensitive response towards a given biomolecule, an im-

proved conversion of light into electrical energy, or more e�cient energy and data

storage [5, 6].

This thesis is based on the study of growth and structural properties of gold

nanoparticles either encapsulated by thiol or organic precursor during their orga-

nization at air-water, toluene-water and on solid surfaces to form ultra-thin �lms.

1



1.1. Gold Nanoparticles 2

Grazing Incidence X-ray Scattering (GIXS) techniques have been used extensively

for the study along with some other techniques like Atomic Force Microscopy (AFM),

Transmission Electron microscopy (TEM), UV-Visible Spectroscopy, Scanning Elec-

tron Microscopy (SEM). In the subsequent sections, a brief introduction about Gold

nanoparticles, its properties and the studies of ultra-thin �lms made of them is

provided. This introductory chapter is concluded with a brief outline of the thesis.

1.1 Gold Nanoparticles

Gold nanoparticles also known as gold colloids are the most stable metal nanopar-

ticles. Though the form was not known, gold nanoparticles were used extensively

in Roman times to make coloured glasses which are still present in stained glass

windows of cathedrals throughout Europe . Faraday [7] was the �rst to recognize

that the colour of these glasses was due to the minute size of the gold particles.

Gold nanoparticles have been studied extensively in the last two decades due to

the exhibition of their size-related electronic, magnetic and optical properties, and

applications to catalysis and biology. Though various methods for the prepara-

tion of gold nanoparticles have been reported and reviewed [8, 9, 10] earlier but the

progress in the last two decades is exceptional after the breakthroughs reported by

Schmid [10,11,2] and Brust et al [12,13,14]. Lots of reviews and books [1, 15,16,4]

have been published regarding gold nanoparticles soon after these pioneering works.

Exhibition of the unique properties of gold nanoparticles is attributed to the

e�ect of con�nement in size. Nanoparticles in the size range of 1-10 nm exhibit

electronic structures governed by quantum mechanical rules [17]. The resulting

physical properties are neither those of bulk metal nor of molecular compounds,

but they strongly depend on the particle size, inter-particle distance, nature of

the protecting organic shell, and shape of the nanoparticles [18]. Generally metal

nanoparticles are synthesized by bottom-up approach [5] in which ions of a metal

are reduced in a solution by a proper reducing agent in the presence of some capping

agents. The capping agents get attached to the nanoparticles to prevent them from

coalescence. The molar ratio of the metal ions to the capping agents in the solution
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decides the nanoparticle size. In general alkane thiols, organic ligands and polymers

are used as capping agents. Among the capping agents, alkane-thiols having a -

SH group and has an strong a�nity towards gold (111) surface are mostly used to

stabilize gold nanoparticles.

1.1.1 Electronic Properties

Due to con�nement in the size, the de Broglie wavelength of the valence electrons

in the nanoparticles approaches the size of the nanoparticles and the nanoparticles

start behaving electronically as a zero dimensional quantum dots. Then a gap opens

up between the valence band and conduction band unlike the bulk. This band gap

has a dependence over size of the nanoparticles and below a certain size (about 20

nm) metal to insulator transitions have been observed. For instance, disordered �lms

of gold nanoparticles reported [19] recently showed metal to insulator transitions.

The con�nement in the size also decreases the capacitance C of the nanoparticles

below 10−18 Farad and the single transition of electrons is observed at low tem-

peratures which is termed as Coulomb Blockade. The single electron transitions

at low temperatures is due to higher electrostatic charging energy (e2/2C) of the

nanoparticles compared to thermal energy (kBT ). Dorogi et al [20] studied �lms of

gold nanoparticles on a thin di-thiol �lm and showed the evidence single electron

transitions through gold nanoparticles using ultra-high vacuum Scanning Tunneling

Microscope (STM). In a recent study [21], thin �lm of gold nanoparticles deposited

on a Gadolinium Stearate �lm were reported to provide recti�cation behaviour due

to spatial asymmetry of the connecting tunnel barriers. Other than these, examples

of nanoparticles in many electronic applications are very well reviewed and discussed

by Matusui [6].

1.1.2 Optical Properties

Freely mobile electrons in a con�ned metal nanoparticle show characteristic collec-

tive oscillation frequency of the plasma resonance, giving rise to plasmon resonance

band (PRB), observed near 530 nm for the size range (5-20 nm) [5,22]. Due to which
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a peak is observed in the UV-Visible spectroscopy, known to be plasmon absorption

peak, near the wavelength of 530 nm. The absorption characteristics of colloidal

gold nanoparticles, in solution or deposited on substrates, are determined by local

dielectric environment, size of the particles, inter-particle spacing [23,24,25,26] and

chemical nature of interface [27]. The study of the PRB has remained an area of very

active research from both scienti�c and technological standpoints, especially when

the nanoparticles are embedded in ionic matrices and glasses [28, 24]. For instance,

a driving force for this interest is the application to the photographic process [29].

PRB also provides considerable amount of information about the band structure of

metals and has been the subject of extensive research for the optical spectroscopic

properties of gold nanoparticles [28,30].

Apart from PRB, Fluorescence studies of gold nanoparticles have also been car-

ried out under di�erent conditions [31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41], including

femtosecond emission [32] and steady-state investigation of the interaction between

thiolate ligands and the gold core [33]. Capping �uorescent groups are pyrenyl [35],

polyoctylthiophenyl [37], �uorenyl [41], and other probes [36, 38, 39, 40]. The reso-

nant energy transfer is also observed in �uorescent ligand-capped gold nanoparticles

and is of great interest in biophotonics [42].

1.1.3 Magnetic Properties

The con�nement in size as well as the increase in the ratio of surface atoms to the

total number of atoms in metallic nanoparticles drastically change their properties.

This is true for ligand or surfactant protected gold nanoparticles also. Gold in

bulk is a well known diamagnetic material but recently magnetic measurements

using Superconducting Quantum Interference Device (SQUID) and X-ray Magnetic

Circular Dichroism (XMCD) [43, 44, 45, 46] on gold nanoparticles protected with

ligands showed the existence of ferromagnetism in them. Till now there is no concrete

explanation for the appearance of magnetism in gold nanoparticles below 5 nm but

the general belief is the size con�nement and attachment of ligands.
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1.1.4 Catalytic Properties

Although the catalytic properties of platinum were discovered by Michael Faraday

in 1835, and those of the transition metals and their oxides soon after, it has been

widely believed until quite recently that gold was too inert to be useful as a catalyst.

The paradigm was overturned in the mid-1980s by the work of Masatake Haruta at

the Osaka National Research Institute in Japan [47], and Graham Hutchings, then

at University of the Witwatersrand in South Africa [48]. Their work showed for the

�rst time that gold can act as an active catalyst provided it is prepared according

to some speci�c recipes. These early endeavours have laid the basis for an ever-

expanding study of catalytic gold, and it is now generally (but not universally [49])

accepted that the special property of catalytically active gold is in the size range

below 3 nm [50,51].

1.2 Thin �lm of nanoparticles

Nanoparticles having unique size dependent properties can act as building blocks

of new advanced materials which will have direct applications in micro- or nano-

electronics, optoelectronics, chemical and biological sensors and catalysis [10,52,53,

54, 17, 55, 5, 56, 16]. Lots of research work is going on around the world to arrange

them either in the form of one dimensional array [57,58] or a thin �lm of two dimen-

sional array [59, 60, 21, 61, 62, 63, 64, 65, 66, 67, 68] or a three dimensional [69, 70, 71]

superstructures in a controlled way. Among the three arrangements, assembly of

nanoparticles in the form of ultra-thin �lm on di�erent substrates and interfaces

has been studied extensively due to its direct possible applications. Apart from

the experimental observations, understanding of the formation of these structures

by complex inter-particle interaction and interaction of the nanoparticles with their

external environment has remained a subject of interest.

1.2.1 Thin �lms at air-water interface

In most of the studies of thin �lms of organo-metallic nanoparticles, variety of dif-

ferent methods have been developed to deposit them on a substrate. Most of the



1.2. Thin �lm of nanoparticles 6

techniques utilize, in one way or another, the solubility of these particles in organic

solvents or even in aqueous solutions in some cases [4,55]. When nanoparticles with

a protective ligand capping are allowed to spread on the inhomogeneous environment

of air-water interface they generally form a very well monolayer known as Langmuir

Monolayer [72]. In this approach a dilute solution of nanoparticles in a volatile sol-

vent is prepared and spread over air-water interface. After the evaporation of the

solvent the left over nanoparticles form a well-ordered monolayer which can be trans-

ferred to a solid substrate either by Langmuir�Blodgett (LB) or Langmuir�Schae�er

techniques [73, 11, 74, 75]. The remarkable feature of this technique is the ability to

control the coverage of the nanoparticles on the substrate. With the help of movable

barriers the monolayer of the nanoparticles can be compressed before depositing it

on a substrate . The studies showed that the monolayer of the gold nanoparti-

cles deposited by this technique showed local hexagonal ordering and depending on

the distance between the nanoparticles the assembly found to exhibit interesting

collective behaviour [76, 77, 78, 61, 21, 79]. This technique has also been extended

further to deposit multilayer of nanoparticle by collapsing the monolayer. Studies

revealed [77, 78, 61] that the collapsed �lm is not as well ordered as the monolayer

but the understanding of the collapse is still lacking. Though this technique provides

a control over the surface coverage of nanoparticles but a recent study [80] showed

that one cannot increase the surface coverage of the monolayer of the nanoparticles

beyond 60% by just compressing and transferring it on to a substrate. The reason

behind this 60% monolayer coveraged is also not well understood. A chapter of this

thesis is devoted to discuss our detail study on the structure of monolayer of pre-

formed thiol encapsulated gold nanoparticles on air-water interface under di�erent

conditions of temperatures and surface pressures. We showed that the monolayer

of the gold nanoparticles undergoes through a buckled structural phase before the

collapse and the monolayer can either be annealed or decompressed to get rid of the

buckled structure.
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1.2.2 Thin �lms on Solid Surfaces

The simplest approach of depositing nanoparticles directly from a solution onto a

solid substrate is either by allowing drops to wet and evaporate on the substrate

or by dipping the substrate in the solution to allow nanoparticles to self-assemble

at the interface [81, 82, 83, 69, 84, 54, 85, 67, 68, 86, 87]. Though the technique is

simple but the results i.e the two dimensional ordering and patterns formed by

the nanoparticles are interesting systems to understand. The interplay between

the interactions of inter-nanoparticle, nanoparticle-solvent, nanoparticle-substrate,

solvent-substrate and dynamics of solvent evaporation lead to numerous variety of

patterns and structural transitions.

Structural phase transitions in solids proceeds via complicated phases covering a

range of stable and meta-stable con�gurations [88]. Detailed investigations have re-

vealed that the thermodynamic properties guiding the evolution and phase stability

of nanostructures are distinctly di�erent from their bulk counterparts [89]. Colloidal

nanosystems like nanoparticles are prone to structural phase-transitions under the

in�uence of external parameters like temperature [90, 91], con�nement [88, 92, 93],

shear [94, 95], electrical and magnetic �elds [96, 97, 98] and provide viable routes

to visualize and study the ordering and dynamics of structural transitions in 2D

using state-of-the-art techniques like scattering and microscopy. Sequence of struc-

tural transformation from n1→(n+1) → (n+1)1, of such colloidal systems when

trapped within optically �at surfaces have been observed with increasing separation

between the surfaces [99, 100]. Here n is the number of layers and 4 and 0 are

layers corresponding to triangular and square symmetry respectively.

The pattern formation becomes much more complex when the nanoparticles are

deposited on soft solid substrates like polymer �lms [101, 102, 103, 104, 105, 106,

107]. The presence of macromolecules like polymers in the vicinity of nanoparticles

changes the environment of nanoparticles inducing interactions amongst them [101,

102]. These complex interactions induce both in-plane and out-of-plane di�usion of

nanoparticles which are not understood properly.
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1.2.3 Thin �lms at liquid-liquid interfaces

Another interesting approach to form thin �lms of metal-organic nanoparticles is

to make use of an interface between two immiscible liquids [108, 109, 110, 111, 63,

64, 65, 66]. This approach can be used in two di�erent ways. In the �rst one, by

proper choice of capping ligands of preformed nanoparticles and the immiscible liq-

uids, it is possible to spontaneously arrest the nanoparticles at the interface and

then transfer them on to a substrate [108, 109, 110]. While in the second one, it is

possible to form metal-organic nanoparticles at the interface between the liquids by

a reduction reaction between reacting species present in both the liquids [64,65,66].

In both the cases the interplay between the interfacial energy and thermal �uctua-

tions govern the ordering and structure of the �lms at the interface. The evidence

of this interplay is very much manifested in the formation of larger gold nanopar-

ticles with increase in temperature of the liquids [66]. It is well known that bare

liquid interfaces have a long range order characterized by thermally excited capillary

waves [112,113,114,115]. But microscopic structure of liquid interfaces, during trans-

fer of ions across them, studied by extensive numerical simulations suggested [116]

the formation `�nger' like protrusions of size about 1 nm which last for tens of pi-

coseconds. The later approach being more complex due to the formation of gold

nanoparticles by transfer of ions across the interface followed by reduction. Till

date the experiments performed to study the interfacial �lms by reduction reac-

tion are based on Transmission Electron Microscopy and other measurements on

the transferred �lms. The in-situ studies of the formation of these interfacial �lms

by reduction reaction, which can provide us not only the structure of the �lms but

also improve out understanding of interfacial reactions and its dependence on inter-

facial tension, are still rare in the literature. A detailed studies on the formation

and ordering of gold nanoparticles at toluene-water interface by a reduction reac-

tion is also presented in a chapter of this thesis. The results show the formation of

1.3 nm gold nanoparticles at the toluene-water interface just after the reaction and

these gold nanoparticles self-assemble spontaneously to form 13 member aggregates

in the absence of external vibrations. The presence of external mechanical vibra-

tions increases the rate of reaction to form aggregates having fractal dimension of 2
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indicating disc like structures.

1.3 GIXS technique

X-rays are electromagnetic waves having wavelengths in the range of 0.01 to 100

Å and can be generated either by tube sources in laboratories or huge Synchrotron

sources. After the discovery of X-rays in 1986 by Rontgen and pioneering works by

Max von Laue, W. H and W. L. Bragg and P. P. Ewald on X-ray Di�raction from

solids, X-ray scattering become a strong tool for structural determination of mate-

rials. In X-ray scattering technique, a well collimated (monochromatic or White)

X-ray beam is allowed to scatter from a sample of interest and the scattered X-ray

beam is collected by a detector. With a monochromatic beam the scattered inten-

sities are measured as function of scattering angle and the technique is termed as

Angular Dispersive while the technique, using white beam and the measurements

are performed as a function of energy keeping the scattering angle �xed, is termed

as Energy dispersive. In both the techniques the e�ective wavelength is varied and

depending upon the structure of the sample there is an interference pattern ob-

served in the scattered X-rays. Angular Dispersive technique is widely used due

to its high resolution while Energy dispersive technique, due to fast data collection

rate, is generally used for studying structural dynamics of a system. The advantage

of X-ray scattering technique over other techniques are that it is non-destructive,

gives very well statistically averaged information about the structure and it is the

only technique to provide structural information about buried interfaces.

Thin �lms of materials, their surfaces and interfaces have been studied exten-

sively during the last few decades. Though the direct measurements techniques like

Atomic Force Microscopy (AFM), Scanning Electron Microscopy, Transmission Elec-

tron Microscopy (TEM) have been developed to produce the images of them in the

atomic level resolutions but the structural studies of thin �lms, buried surfaces and

interfaces are only possible by X-ray scattering measurements. For the study of thin

�lm of materials like nanoparticles in which the characteristic length scales (nanopar-

ticle size) are much higher than the atomic length scales, the scattering measure-
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ments in the Grazing incidence geometry is required. Grazing incidence geometry

makes the X-rays sensitive to the interfacial structure by its low penetration depth

below the critical angle and plays a crucial role for studying structure and ordering of

interfacial �lms [117,118,113,75,61,115,119,110,120,121,114,112,122,123,124,125].

The Grazing incidence techniques, which are extensively used for our measurements

and presented in this thesis are Specular X-ray Re�ectivity (XRR), Grazing Inci-

dence Di�raction (GID), Grazing Incidence X-ray O�-Specular scattering (GIXOS),

Grazing Incidence Small Angle X-ray Scattering (GISAXS).

In order to extract information from the scattering data collected by using these

technique one needs to have proper theoretical formalism and modeling. The details

of the theoretical formalism which are needed to study the growth and structural

properties of thin �lms at the interfaces are discussed in Chapter 3.

1.4 Outline of Thesis

This thesis is based on our new experimental �ndings to address growth, ordering

and structural properties of thin �lms of gold nanoparticles di�erent surfaces and

interfaces as discussed above. Some of the results are already published in Interna-

tional Journals. Grazing incidence X-ray scattering technique is mainly employed

with the laboratory rotating anode source at Surface Physics Division (SPD), Saha

Institute of Nuclear Physics (SINP), India to study the �lms at solid interfaces

and various Synchrotron sources namely European Synchrotron Radiation Facility

(ESRF), France, Advanced Photon Source (APS) and National Synchrotron Light

Source (NSLS) both in USA. This thesis has six chapters excluding Introduction.

Second Chapter is devoted to the brief description of all the experimental tech-

niques starting from preparation of thiol passivated gold nanoparticles, its size de-

termination and instruments involved for the experiments performed. Since X-ray

scattering has been the main tool of our experiments we have presented a detailed

description about X-ray sources and instruments used. In the Third chapter, theo-

retical formalism of GIXS technique used in this thesis is presented.

Fourth chapter addresses the structure and ordering of monolayer of dodecanethiol



1.4. Outline of Thesis 11

passivated gold nanoparticles of two di�erent sizes on air-water interfaces studied

by GIXS technique. The experiments on the gold nanoparticles with gold-core size

just below 2 nm are carried out at ESRF, France, while that of size above 2 nm at

APS, USA. Our main aim of this study is to understand the ordering of nanoparticle

of di�erent sizes up to the collapse of the monolayer and has not been done to the

best of our knowledge. The results show that gold nanoparticles below 2 nm exhibit

reversible buckling under compression-decompression cycles before the monolayer

collapses to form bilayer. While gold nanoparticles of size above 2 nm do not show

reversible buckling.

In this thesis, the Fifth Chapter is devoted to address the two basic phenomena

which occur in the monolayer of thiol encapsulated gold nanoparticles when trans-

ferred to a solid substrate from air-water interface and by spin casting them on a

surface of a thin polymer �lm respectively. We observed that when a monolayer of

gold nanoparticles is transferred from a liquid surface it undergoes a phase transfor-

mation from closed-pack hexagonal to square lattice as a function of time. When the

nanoparticles are deposited on a thin �lm of Polyacrylamide a continuous change in

the monolayer structure is observed due to both in-plane and out-of-plane di�usion.

The di�usion mechanism attributed to the movement of the nanoparticles inside the

polymer �lm is found to be Non-Fickian.

In the Sixth Chapter, in-situ studies of formation of Gold nanoparticles at

toluene-water interface by an interfacial reaction, its ordering and structural prop-

erties are discussed. The studies reveal that the gold nanoparticles formed at the

toluene-water interface due to reduction reaction having gold-core of size 1.3 nm

with an organic capping of 0.5 nm. The gold core size is shown to be independent

of the presence of macroscopic �uctuations at the interface while the thickness of

the �lm is dependent on it. Studies also show that the �lms formed in the presence

of macroscopic �uctuations composed of fractal aggregates of 1.3 nm gold nanopar-

ticles.



Chapter 2

Experimental Techniques

The search of new materials and their properties demand the development of new,

e�cient techniques for their preparation and measurement of properties. This chap-

ter is devoted to the experimental techniques which were used for preparing the

gold nanoparticles and to study the growth and structure of �lms of nanoparticles

on solid substrates, at air-water and toluene-water interfaces.

2.1 Preparation of Gold nanoparticles

The reduction of gold (III) derivatives is the conventional method of preparing gold

nanoparticles. Till now many methods [5] have been introduced to reduce gold ions

to form gold nanoparticles. In the year 1951, Turkevitch [8] introduced a method

of preparing 20 nm gold nanoparticles by reducing AuHCl4 by citrate in water.

Schmid's cluster [Au55(PPh3)12C16], reported in 1981, long remained unique with

its narrow dispersity (1.4±0.4 nm) for the study of a quantum-dot nanomaterial,

despite its delicate synthesis [126]. Later in the year 1994, Brust et al introduced

a phase transfer method [13, 14] which made a considerable impact in the �eld of

nanoparticle synthesis. The method involved transfer of gold ions to an organic

phase followed by reduction reaction in the presence of capping agent like alkane

thiols. The alkane thiols have a strong a�nity towards the newly formed gold

nanoparticles by reduction reaction and get attached to their surfaces to restrict

their further growth. Due to this property of alkane thiols one can have control over

12
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1 ml of 25 mM HAuCl4 + Toluene + 220 mg TOABr + 82 µl of Dodecanethiol + 
80 mg NaBH4

+ tetra 
n-octyl
ammonium 
bromide 
(TOABr)

HAuCl4
(aqueous 
solution)

Toluene

water 

Au ions in 
toluene

+Dodecane
thiol
+NaBH4

washed thoroughly with 
water and precipitated 
with methanol to remove 
excess TOABr and thiol. 

Dodecanethiol
encapsulated Au 
nanoparticles in 
toluene

Reduction

phase 
transferred
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Figure 2.1: Schematics of preparation of thiol encapsulated-Gold nanoparticles by
Brust Method.

the size of nanoparticles by changing the molar ratio of gold to thiol. We used the

same technique to prepare the gold nanoparticles for our experiments.

A schematics of the preparation method of gold nanoparticles is shown in Fig-

ure 2.1. In a typical preparation we took 1 mL of 25 mM aqueous solution (yellow

in color) of HAuCl4 (Hydrogen tetrachloroaurate) in a volumetric �ask and 5 mL

toluene. Then we added the well known phase transfer reagent Tetra-octyl Ammo-

nium Bromide (TOABr) and shaken the �ask vigorously. After shaking the �ask

for about 1 minute the transparent toluene layer became light brown in color due to

transfer of Gold ions from the aqueous layer to the toluene layer. Before adding the

reducing agent, the solution was shaken after adding 82 mL of Dodecanethiol due to

the toluene layer becomes milky in colour. Then 5 mL aqueous solution of 80 mg

of NaBH4 (Sodium Borohydride) is added as a reducing agent with rapid shaking

to produce dark brown colour toluene solution. Then the solution containing newly

formed gold nanoparticles are thoroughly washed with water and precipitated with

excess of Methanol. The precipitated gold nanoparticles are then �ltered �lter paper
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of pore size 0.45 mm and stored on it for using it for experiments. All the chemicals

used were freshly ordered from Aldrich, USA. We prepared gold nanoparticles of two

di�erent core sizes by taking two molar ratios of Gold to Dodecanethiol (Au:Thiol)

viz 3:1 and 6:1 . In order to use the nanoparticles for experiments �rstly a section of

the �lter paper was �rst weighed and then dipped into measured amount of toluene.

Then the left over �lter paper after the transfer of nanoparticles from the surface

of the �lter paper to the solution is again weighed to calculate the density of the

solution.

2.2 Determination of size of the Nanoparticles

Before doing any experiment with the nanoparticles so prepared it is important to

determine the size and distribution of the nanoparticle which we prepared. For this

purpose we performed two measurements as

� UV-Visible Absorption Spectroscopy and

� Transmission Electron Microscopy.

2.2.1 UV-Visible Absorption Spectroscopy

The spectroscopy of photons in the UV-visible region is termed as UV-Visible ab-

sorption spectroscopy. It uses light in the visible and adjacent (near ultraviolet

(UV) and near infrared (NIR)) ranges. This technique is employed to characterize

nanoparticles, the basic idea being the fact that there exists a strong band in the

visible region of the absorption spectra of noble metal nanoparticles arising from

the surface plasmons in response to an external electromagnetic �eld [127, 86]. It

has been observed that as the nanoparticle size decreases there is dramatic increase

in the plasmon resonance bandwidth which may be accompanied by shifts in the

resonance position. The intensity is however proportional to the metal concentra-

tion. This necessitate the introduction of size dependent dielectric constant, at least

for free electron metals, when the particle diameter (a) becomes smaller that the

electron mean free path (l) in the bulk metal. We used this technique to observe
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the Plasmon modes of the Gold nanoparticles and determine their sizes. For a < l,

the electrons are scattered by the surface, strongly a�ecting their response to the

incident electromagnetic �eld. This results a inversely proportional dependence of

the plasmon bandwidth on particle diameter [128, 129]. In fact, for particle diam-

eters substantially smaller than a wavelength of light, samples prepared without a

matrix generally appear to be black. The size of spherical metallic nanoparticles

can be obtained from the width of its absorption peak i.e a Lorentzian and is given

by [130]

Γ =
2νF
a

(2.1)

where Γ is the Full-Width at Half-Maximum (FWHM) of the absorption spec-

trum near the surface plasmon peak, υF is the Fermi velocity of the metal. It is

assumed here that the particles are spherical in shape.

Figure 2.2: (a) Variation of Absorption of the gold nanoparticles as a function
of wavelength. (b) Linear Background corrected plasmon absorption peaks as a
function of energy. The peak positions corresponding to wavelengths and energies
are marked in the plots by vertical arrows.

We performed our measurements on a dilute solutions of the nanoparticles using

GBC UV-Visible Cintra 10e Spectrometer, Australia (Shown in Figure ) of Surface

Physics Division(SPD), Saha Institute of Nuclear Physics (SINP), India, in transmis-

sion mode to determine the size of them. The scan range used for our measurements

was 300-800 nm with a Tungsten-Iodine lamp. A Czerny-Turner monochromator was
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used to select the precise wavelength of interest and Silicon photo diode was used as

the detector. Figure 2.2 (a) shows the UV-Visible absorption plots for two nanopar-

ticles prepared with Au:Thiol ratio 3:1 (Black Circles) and 6:1 (Red Squares) as a

function of wavelengths (λ). The presence of weak plasmon peak around 516 nm

for the nanoparticles prepared with Au:Thiol=3:1 compared to the peak at 540 nm

for Au:Thiol=6:1 indicates reduction of core size with low Au:Thiol ratio. In order

to know calculate the average size of the nanoparticles we have subtracted a linear

background around the plasmon peaks and plotted them as a function of energies

(hc/λ, h being the Planck's constant and c the speed of light) in eV shown in 2.2

(b). We �tted the curve with a Lorentzian to know the width `Γ' and calculated the

the size of the nanoparticles `a' from Equation 2.1. We obtained the gold-core size

of the nanoparticles prepared with Au:Thiol ratio 3:1 as 1.8±0.1 nm and with 6:1

as 2.4±0.2 nm.

2.2.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique [131] whereby

a highly accelerated beam of electrons with energies (> 100 keV and higher) is

transmitted through an ultra thin specimen, interacting with the specimen as it

passes through. An image is formed from the interaction of the electrons transmitted

through the specimen; the image is magni�ed and focused onto an imaging device,

such as a �uorescent screen, on a layer of photographic �lm, or to be detected by

a sensor such as a CCD camera. The working principle of the imaging system in

transmission electron microscopy (TEM) is sketched in Figure 2.3. The lens system

used in TEM is the same as in an inverted light microscope with two di�erences,

namely, the use of electromagnetic lenses to focus the electron beam instead of glass

lenses and the use of an electronic gun instead of an incandescent lamp. Focusing of

the electron beam is done by varying the magnetic �eld of electromagnetic lenses.

The electron beam is concentrated by the use of one or two condenser lenses. An

objective lens initially magni�es the image which is further enlarged by the use of one

or more projector lenses in the same way the eye-piece lens does in a light microscope.

The greatest advantages that TEM o�ers are the high magni�cation ranging from
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Figure 2.3: Schematics of a Transmission Electron Microscope.

50 to 106 and its ability to provide both image and di�raction information from a

single sample.

The high magni�cation or resolution of all TEM is a result of the small e�ective

electrons wavelength `λ' which is given by the de Broglie relationship

λ =
h√

2mqV
(2.2)

where m and q are the electron mass and charge, h is Planck's constant, and V

is the potential di�erence through which electrons are accelerated.

We used JEOL-JEM 2010 Transmission Electron Microscope at Indian Asso-

ciation for the Cultivation of Science, India, operated at 200 kV for measuring

the particle size of the Dodecanethiol encapsulated gold nanoparticles as discussed

in Section 2.1 on page 12. We prepared a dilute solution of the gold nanoparti-

cles in toluene and put few microlitres of the it on a Carbon-coated Copper grid

and allowed to dry under a lamp. The TEM micrograph of the nanoparticles ob-

tained with Au:Thiol ratio 3:1 and 6:1 are shown in Figure 2.4 on the next page (a)

and (b) respectively. For the determination and particle size distribution we have

used a Image processing software namely ImageJ available under public domain

at http://rsb.info.nih.gov/ij/. The particle size distribution for the corresponding

ratios are shown in Figure 2.4(c) & (d). The distribution show that the particle
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Figure 2.4: TEM micrograph of Nanoparticles prepared with Au:Thiol ratio (a) 3:1
and (b) 6:1. The corresponding Particle size distributions are shown in (c) & (d)
respectively.

size obtained by the ratio (AU:Thiol) of 3:1 has a narrow distribution with average

diameter 1.8 nm while that with 6:1 is 2.4 nm. This matches very well with our

previous �ndings with UV-Visible spectroscopy measurements.

2.3 Preparation of Thin �lms of Nanoparticles

2.3.1 Spin Coating

Spin coating [132] is the most easy and widely used technique nowadays for de-

positing thin uniform �lms of materials, which can be easily dissolved in a volatile

liquid, on a solid �at substrate within very short time. Polymers, Micro-emulsions

and Nanoparticles well dispersed in a volatile liquids are most common materials

which are deposited by Spin Coating. In this simple technique, �rst the material to

be deposited is added to a volatile solvent to form a solution and then few drops

of the solution (according to the substrate dimension) are placed on the solid sub-

strate. Depending on the wettability of the substrate, the solution can �ow to form

a meta-stable continuous �lm or form a droplet on the surface. The substrate is

placed on a vacuum chuck, which is connected to a pump. As soon as the pump
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Figure 2.5: (a) The Spin Coater at SPD, SINP. (b) The vacuum chuck on which the
substrates are placed (a glass slide is shown for example).

is on, the substrate is hold by the chuck and by spinning the substrate with very

high speed (more than thousands of rotations per minute) the solution is forced to

spread throughout the substrate. The direction of �owing of the solution is outward

from the center of the substrate due to the centrifugal force. Eventually, the solvent

evaporates making a thin �lm and the viscosity of the solution increases. Ultimately,

the spinner is stopped and depending on the rotation speed and the concentration of

the solution used for spinning, we get a �lm of uniform thickness within few seconds.

The �lms should be kept in a desiccator or in some vacuum arrangement so that the

residual solvent goes out.

We have used the spin coater from Headway Research Inc., USA, Model�EC101

(shown Figure 2.5) at SPD, SINP, India, to deposit Gold nanoparticles and Polymer

namely Polyacrylamide (Molecular weight ∼5Ö106 and Radius of gyration, Rg∼80

nm) on Si (100) substrates like Silicon. Details of the deposition are discussed in

Chapter 5.

2.3.2 Langmuir-Blodgett (LB) Deposition Technique

LB deposition technique [117] is generally used to study and deposit monolayers

of `Amphiphile' molecules like long chain fatty acids having hydrophobic tail and

hydrophilic head groups on solid substrates. This method make use of clean wa-

ter surface on which a solution of desired amphiphile in a suitable volatile solvent

(insoluble in water) is spread. The solvent evaporates out within few minutes and
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Figure 2.6: Schematics of LB deposition System.

the left over molecules on the water surface form a monolayer of molecules which is

termed as Langmuir monolayer after the pioneering work of Irving Langmuir [72].

The �rst study on a deposition of multilayer of long chain carboxylic acid onto a

solid substrate was carried out by Blodgett [133, 134]and this started the �eld of

LB �lm deposition.The most important property of the Langmuir monolayer is its

surface tension. In studies of these monolayer �lms, one measures the di�erence in

surface tensions between a clean or pure liquid (denoted as the subphase) surface

and that covered by the �lm. Langmuir �rst pointed out the analogy between the

surface tension di�erential and the force or pressure exerted by the �lm [72]. The

surface pressure, Π, is de�ned as,

Π = γo − γ, (2.3)

where γo is the surface tension of the pure liquid and γ the surface tension of the

�lm covered surface.

The instrument which is used to prepare the Langmuir monolayer and subse-

quently deposit the LB �lms is called a trough. The trough has undergone several

modi�cations since the �rst one developed by Agnes Pockels. The modern day

troughs are fully computerized with state-of-the-electronics involved in the design.

Figure 2.6 shows the schematic of a single bath trough. The essential elements of a

trough are (a) the bath, usually made of a hydrophobic material like Te�on (PTFE),

(b) the mobile barriers for controlling the area and hence pressure of the monolayer,
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(c) a balance that measures the surface pressure and (d) a dipper for dipping the

substrate in the monolayer. In all the commercially available troughs there is a

provision in the bath to increase the temperature of the liquid by �owing hot or

cold water through the bath. This helps to do temperature study de�ned by the

temperature range of the liquid used.

We have used KSV 5000 alternating trough of SPD, SINP, India, for depositing

monolayer �lms of thiol encapsulated gold nanoparticles on Silicon substrates at

particular surface pressures and temperatures. Before the deposition the substrate

has been chemically treated with ammonia (NH4OH) and hydrogen peroxide (H2O2)

solution (NH4OH:H2O2:H2O = 1:1:2) to make the surface hydrophilic. This Method

of treating substrates is known as RCA cleaning [135, 136]. Hydrophilic silicon

substrates were then kept horizontally in a homemade L-shaped Te�on substrate

holder which is attached to the clip of the trough dipper. The substrate holder thus

can be moved up and down with desired speed. At the time of �lm deposition water

surface was properly cleaned and the L-shaped substrate holder was immersed into

the water so that the substrate was kept parallel to water surface and 10 mm below

the air-water interface. Transfer onto Si (100) were done at room temperature,

with the substrate moving upwards at the rate of 0.5 mm/min, in this modi�ed

inverse Langmuir-Schaefer method [74, 75]. Details of the deposition conditions

are discussed in the corresponding chapters. Other than deposition we have used

single trough mounted on the Goniometer in the beamlines ID10B and 15IDC of

Synchrotron Sources at European Synchrotron Radiation Facility (ESRF), France,

and Advanced Photon Source (APS), Argonne National Laboratory (ANL), USA.

2.4 X-ray Scattering Measurements

Since the discovery of X-rays in 1896 by W. C. Roentgen [137], it has been used

extensively as a probe of the structure of matter. X-rays are electromagnetic waves

with wavelengths in the range of 10 to 0.001 nanometers, corresponding to frequen-

cies in the range 30 petahertz to 30 exahertz (30Ö 1015 Hz to 30 Ö 1018 Hz) and

energies in the range 120 eV to 120 keV. Till the mid 1970, X-ray tubes were only
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used as X-ray sources in which X-rays are generated by bombarding high energy

electrons on a suitable target material like Copper (Cu), Molybdenum (Mo) etc.

In mid 1970s it was realized that the synchrotron radiation emitted from charged

particles circulating in storage rings constructed for high energy nuclear physics

experiments was potentially a much more intense and versatile source of X-rays.

Indeed synchrotrons have proved to be such vastly better source that many storage

rings have been constructed around the world dedicated solely to the production of

X-rays.

2.4.1 X-ray Tube Sources

After the discovery of X-rays in 1985, the �rst X-ray tube to be used as a standard X-

ray source was developed by W. D. Coolidge in 1912. A typical X-ray tube (shown in

Figure 2.7 on the following page) consists of a �lament or cathode made of Tungsten

to produce electrons which are focused and accelerated by applying a high voltage

between cathode and anode. The anode is generally coated with a metal like Copper

(Cu), Molybdenum (Mo), etc. depending upon the requirement of wavelength of X-

rays to be generated. The point where the electron beam strikes the anode is called

the focal spot. Most of the kinetic energy of the electrons after bombardment with

anode is converted to heat and only about 1% of the energy is converted into X-ray.

The heat generated during the bombardment is dissipated by keeping the anode in

contact with circulating coolant like cold water. This generation of heat at anode

and e�ciency of cooling restrict the power of the X-ray tube around 1 kW. A further

improvement in the power was achieved when a rotating anode (shown in Figure 2.7

on the next page) was used instead of �xed anode. A rotating anode can dissipate

heat over a larger volume compared to �xed one. The technical di�culties like

problem of maintaining high vacuum seal on the rotating shaft of anode took some

time to settle and only after 1960's rotating anode X-ray sources could be available

on commercial basis.
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Figure 2.7: Schematics of Fixed and Rotating Anode X-ray tubes.

X-rays produced from bombardment of electrons on anode consist of two dis-

tinct components depending the nature interaction of electrons with anode material.

There is a continuous part due to the electrons being decelerated, and eventually

stopped in the metal. This is known as bremsstrahlung radiation and has maximum

energy that corresponds to the high voltage applied to the tube.

Figure 2.8: The X-ray spectrum from a anode material showing a continuous
bremsstrahlung and characteristic X-ray peaks Kαand Kβ.

During collision of a high energy electron with an atom of the anode, an electron

from inner shells of the atom can be knocked o� creating a vacancy. The sponta-
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neous relaxation of an electron from an outer shell into the vacancy produces an

X-ray photon with a characteristic energy equal to the di�erence between the en-

ergies of the shells. These characteristic energy peaks superimposed on continuous

bremsstrahlung give the total spectrum of X-rays (shown in Figure 2.8 on the pre-

ceding page) emitted from that particular anode material. The experiments with

monochromatic beam utilize the K lines of the anode material which is several orders

of magnitude more intense than bremsstrahlung spectrum.

Figure 2.9: Rotating anode X-ray set up of our laboratory and its schematics.

2.4.1.1 Rotating Anode source in our laboratory

The x-ray scattering experiments, which we performed in the laboratory of SPD,

SINP, India, are done using 18 kW Rotating anode X-ray generator FR591 with

Copper anode from Enraf Nonius, Germany (shown in Figure 2.9), operated at 55

kV and 70 mA corresponding to 4 kW power in �ne focus mode. The schematics of

the X-ray measurement setup is also shown in Figure 2.9 along with the laboratory

set up. The Cu rotating anode and cathode assembly are placed inside a vacuum

chamber maintained at high vacuum (∼ 10−7 millibar) with the help of a turbo
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pump backed by another rotary pump. The anode is cylindrical in cross-sectional

view and its shaft also rotates co-axially inside another cylinder containing ferro�uid.

The ferro�uid serves the purpose of vacuum seal as well as the lubricant. The anode

is water-cooled and it can rotate with very high speed, typically at the speed of

4000 RPM at full power of the instrument. The cathode part consists of a high

voltage cable receptable connector, metal body having a ceramic nose piece and focus

assembly. The whole cathode is insulated and cooled by oil �ow all the time. The

�lament and other important equipments are associated with the focus assembly.

Electrons, produced from the �lament are accelerated by the voltage between anode

and �lament and directly hits the anode. The axis of electron beam is at 90° angle

with the axis of rotation of the rotating anode. In this instrument, we have both

broad focus and �ne focus types of �laments. For broad focus, a distance of 9 cm

is �xed between the anode and the �lament that produces 0.5 Ö 10 mm2 electron

beam. But in case of �ne focus, the electron beam cross-section is 0.3 Ö 3.0 mm2

keeping 10 cm distance from �lament to anode. The powers dissipated are 18 kW

and 4 kW for broad focus and �ne focus set up respectively.

The X-rays generated in the vacuum chamber from the Cu rotating anode is al-

lowed to incident on a Silicon (111) single crystal monochromator through a Beryl-

liumWindow S1 and Cu-Kα is only selected by eliminating Cu-Kβ with an adjustable

horizontal slit S2 adjacent to the monochromator and Cu-Kα2 with a pair of hori-

zontal and vertical slits S3 of width 100 mm and 5000 mm respectively.

2.4.1.2 Goniometer

For the X-ray scattering measurements from solid surfaces the samples are vertically

on a triple axis goniometer (Micro-controller Inc.) head of SPD, SINP, India. Both

translational and angular movements are possible using di�erent stepper motors of

the goniometer. As the direction of incoming x-ray beam is �xed, the angle of inci-

dence (θi) on the sample is controlled by changing the angle of the goniometer head

with respect to the beam direction. The scattered beam is collected by the detector

mounted on the 2θ arm of the goniometer. Both the θ and 2θ motors are mounted

co-axially. The typical distance of monochromator to goniometer centre and from
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Figure 2.10: Movements of Goniometer.

this centre to the detector is 40 cm. Movements of the goniometer is indicated

in Figure 2.10. The goniometer is equipped with Z-motor to control translational

movements along Z-axis, the θX and θY motors for rotations along X-axis and Y-axis

respectively and another Φ motor about Z-axis. There are separate microprocessors

for all the θ, 2θ and Φ movements and also we can control the motor movements

from control panel.

2.4.1.3 The Detector

Figure 2.11: Schematic of signal chain from detector to counter in our laboratory
set up where we have indicated di�erent labels.

In our laboratory at SPD, SINP, India we use NaI scintillation detector for detect-

ing scattered X-rays from the samples. The detector signals are processed by by
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standard linear electronics consisting of photomultiplier tube (PMT), a preampli�er

followed by a linear ampli�er and a single channel analyzer (SCA). We have shown

a schematic of the above sequence from detector to counter in Figure 2.11. The

detector picks up signals coming from the sample and each incident photon gener-

ates optical pulses with a certain amplitude that is proportional to that particular

photon. The rise time of the pulse has very short compared to the fall time. The

light pulses are incident onto the photo-cathode of PMT and photo-electrons are

generated. These photo-electrons are subsequently re�ected o� the dynodes pro-

ducing secondary electrons. Finally we get a magni�ed signal at the anode of PMT.

The output of the detector is fed to a preampli�er circuit [138] having larger time

constant than the charge collection time of the detector to acquire the whole charge.

The purpose of having the preampli�er circuit is that it minimizes the capacitive

load on the detector giving better signal-to-noise ratio. The linear tail pulses from

the preampli�er may result the pulse pileup problem and one need to shape the

pulses [138] to reduce the tail without loosing pulse amplitude. So the preampli�er

output is feed through a linear shaping ampli�er that amplify and shape the coming

signals. To convert the linear pulse to a logic pulse, a di�erential discriminator or

single channel analyzer (SCA) is used. If the input linear pulse lies between a win-

dow of certain amplitude, then only we get a logic output pulse for counting purpose.

In our X-ray scattering set up, we have selected a Lower Level Discriminator (LLD)

and a window to select only the CuKa1 line and to optimize the signal-to-noise ratio

accordingly. We have another evacuated collimator tube between the detector and

the sample stage and overall we have a background around 0.25 counts/sec.

Usually, three di�erent types of scans are performed in grazing incidence x-ray re-

�ectivity studies�specular re�ectivity scan, transverse di�use scan and longitudinal

o�-specular scan [117]. In specular scans the scattered intensities are measured as a

function of scattering angle keeping equal incident and scattered angles (θi = θf = θ)

of x-ray beam with sample surface normal. In di�use scattering measurements, two

types of scans can be executed. A transverse di�use scan is performed about a

specular point by scanning θ motor at �xed 2θ. The longitudinal di�use data are

collected along a specular direction keeping a suitable o�set in θ motor. We can
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perform scans with a minimum step of 0.001° with stepping motors. In the anal-

ysis of these re�ectivity data, instrumental e�ects are important. Obtained data

are properly corrected considering footprint of the beam and appropriate resolution

functions depending on the slit widths as very discussed in the review by Sanyal et

al [117]. The details of resolution functions are discussed in next chapter.

2.4.2 Synchrotron Sources

A Synchrotron source is a source of electromagnetic radiation produced by acceler-

ating charges, mainly electrons, in a curved path. The electromagnetic radiation so

produced is known to be synchrotron radiation [139, 122]. A schematics of a syn-

chrotron is shown in Figure 2.12. In a typical synchrotron source �rst the electrons

are accelerated to high speeds in a linear accelerator (LINAC) to gain the energy

in the range of several Giga-electron-Volts (GeV) and then transferred into storage

rings in which the electrons are kept circulating at constant energy. In a storage

ring the synchrotron radiation is produced either in the bending magnets needed

to keep the closed orbits, or in the insertion devices wigglers or undulators situated

in the straight sections of the ring. In these devices an alternating magnetic �eld

forces the electrons to follow oscillating paths rather than moving in a straight line.

In a wiggler the amplitude of the oscillations is rather large, and the radiation from

di�erent wigglers add incoherently, whereas in undulators, electron produce a co-

herent addition of the radiation from each oscillation. Apart from these devices a

RF or radio frequency system is also kept in a storage ring to replenish the energy

of the electrons radiated as synchrotron X-rays.

A X-ray beam is characterized by single quantity called Brilliance, which allows

one to compare the quality of X-ray beam from di�erent sources, and de�ned as

Brilliance =
Photons/second

(mrad)2(mm2 source area)(0.1% bandwidth)

The brilliance is a function of the photon energy.

After a X-ray beam is extracted from a storage ring, which is considered as white
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Figure 2.12: Schematics of a Synchrotron Source.

beam, is allowed to pass through a series of vacuum pipes for its conditioning to

use it for any particular experiment. This whole section of conditioning a beam is

known to be Beamlines. A standard synchrotron beamline consists of the following

components:

� Monochromator: For X-rays, Silicon or Germanium single crystals are used

as monochromators. The purpose of these single crystals is to extract a par-

ticular wavelength or energy from the white X-ray beam. This is done by

incident the white beam on the crystals and the lattice planes of the crystals

di�ract the X-rays of di�erent energies in di�erent directions in accordance

with Bragg's law. In order to direct the di�racted beam in the same direction

as the incident one another similar crystal parallel to the �rst is used (shown

in Figure 2.13). Monochromators with this kind of crystal arrangements are

known to be Double Crystal Monochromators.
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Figure 2.13: Schematics of Double Crystal Monochromator.

� Windows: Thin sheets of metal, often beryllium, which transmit almost all of

the beam, but protect the vacuum within the storage ring from contamination,

are generally used as windows.

� Slits: In order to de�ne both the horizontal and vertical beam size several

slits are used before indenting the beam on a sample of interest.

� Focusing Mirrors: One or more mirrors, which may be �at, bent-�at, or

toroidal are used to collimate or focus the X-ray beam. Lenses are also used.

� Spacing tubes: Vacuum tubes which provide the proper space between op-

tical elements, and shield any scattered radiation, are generally used in beam-

lines.

2.4.3 Liquid Surface Spectrometer

Measurement of the angular dependence of the re�ectivity from a solid sample can

be achieved by simply rotating the sample with respect to the incident beam. This

is obviously unacceptable for studying bulk liquids, since the surfaces must remain

horizontal. Therefore, studying liquids requires a specially designed goniometer that

is commonly called liquid surface spectrometer [121].
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Figure 2.14: Schematics of Liquid Spectrometer.

In Figure 2.14 we have shown a schematics of a Liquid spectrometer. A horizontal

monochromatic beam from the synchrotron source is Bragg-re�ected by a steering

crystal that can be rotated around the axis parallel to the incident beam by an angle

χ while keeping the angle between the incident beam and the reciprocal lattice vector
−→
G of the crystal �xed. In this way the angle α that the Bragg-re�ected beam makes

with respect to the horizontal plane of the sample changes such that

G sinχ =
2π

λ
sinα (2.4)

There is an incident arm located between the steering crystal and the sample,

containing the slits de�ning the size of the beam and the normalization monitor.

The size of the slit is smaller than the size of the beam and is usually on the order

of 10 µm for low incident angles and opened up to 300-500 µm for higher angles

to increase the �ux. The normalization monitor is used to measure the intensity of

the incident beam, which is then used to normalize the scattered signal. In view

of the fact that the beam follows a cone the incident arm as well as the sample

stage containing the sample have to move both vertically and horizontally in order

to follow the beam. The beam re�ected from the sample is registered by a detector

that must also move horizontally in order to follow the re�ection. If the distance
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from the steering crystal to the sample stage is equal to the distance from the sample

stage to the detector then the vertical position of the detector can be held �xed.

In fact, the actual mechanical implementation of what might appear a rather

simple instrument is quite sophisticated. Depending on the particular setup, a

typical liquid surface spectrometer requires motion of more than twenty individual

motors, some of which require precision in the range of 1µm - 100µm for linear motors

and a few millidegrees for rotational motors. These include motors responsible for

movement of monochromator crystal, sample height (which is de�ned by the incident

angle α), detector height and detector rotation (which determines output angle β,

as well as various motors responsible for optical delivery of the beam (mirrors and

slits). In addition there are two sets of motorized slits before the sample and two

on the detector side, each of which has four separate motors. The motion of most

of the spectrometer motors is controlled by commands issued through a computer

interface, according to a liquid surface geometry code [140, 141]. However, for the

geometry code to work properly, the exact positions of these motors have to be

individually aligned with respect to both the x-ray beam and the positions of other

motors. Furthermore several tracking parameters, such as the distances that relate

the linear displacement of the sample and detector to the various angles, have to be

carefully determined before liquid surface spectrometer can be used. Also, in the

course of the measurement there is often slight drifts in the position of the incident

beam, the shape of the liquid sample, etc. As a consequence key motor positions

and tracking parameters have to be periodically checked during the experiment, and

if necessary adjusted [142,143].

2.4.4 Active Anti-vibration system

One of the experimental di�culties in dealing with liquids is that even minor vi-

brational noise disturb the sample, causing ripples on the surface that de�ect the

re�ected beam away from the detector. It is therefore crucial to isolate the liq-

uid from vibrations coming from either outside of the experimental hutch, or from

the movements of liquid spectrometer itself. Suppression of external vibrations are

accomplished by a commercially available active vibration isolation system. The
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Beamline Source Energy,

E(keV)

Mono-

chromator

Flux

(ph/s/mm2)

Resolution

(4E/E)

ID10B, ESRF,

France

Undulator 8-22 Diamond(111),

Diamond(220)

1×1012 @

9 keV

5.9×10-5,

2.3×10-5

X21, NSLS,

BNL,USA

Wiggler 6-16 Si(111), Multilayers 2×1012 @ 300

mA

2.0×10-4,

1.0×10-2

15IDC, APS,

ANL, USA

Undulator 6-32 Diamond(111) 1×1013

@ 9 keV

2×10-4

Table 2.1: Speci�cations of Beamlines used for our experiments.

motion of the table top containing the sample is detected by a highly sensitive

piezoelectric accelerometer consisting of a mass resting on a piezoelectric disc. The

acceleration signal obtained by accelerometer is processed by analog control circuit

and ampli�er. A correction signal is then supplied to a magnetic actuator that

is located on the movable table that supports the liquid sample. Active feedback

systems available commercially are capable of suppressing external vibrations in all

6 degrees of freedom with frequencies > 0.6Hz while supporting up to 90 kg of

equipment. Minimization of the e�ect of vibrations caused by the movements of the

spectrometer is further achieved with a pre-determined sleep time, normally on the

order of 5 to 10 seconds, is used between the completion of the motor movement

and the beginning of signal detection count.

2.4.5 Spectrometers used in our experiments

For our X-ray scattering experiments to study growth and structure of �lms of gold

nanoparticles on air-water and toluene-water interface we have used Liquid spec-

trometer of ID10B (Tröika II) Beamline of European Synchrotron Radiation Facility,

France and 15IDC beamline of Advanced Photon Source at Argonne National Labo-

ratory, USA. We have also used X21 beamline of National Synchrotron Light Source

(NSLS) at Brookhaven National Laboratory, USA for our in-situ study of formation

and ordering of gold nanoparticles at toluene-water interface. The speci�cations of

the beamlines used for our experiments are given in Table 2.1.
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2.4.6 Trough and Cell used for the study at Liquid-Liquid

interface

There are two major challenges in studying ordering at the interface of two immis-

cible liquids. Firstly, when X-rays has to penetrate through one of the liquids to

incident on the interface and get scattered most of its energy is absorbed due to the

absorption of the liquids. Secondly, the interface between the liquids always forms

a curved meniscus with the wall of the trough/container containing the liquids and

makes the grazing incidence scattering measurements an impossible task.

Figure 2.15: Schematics of the trough prepared for Grazing Incidence X-ray scat-
tering measurements from toluene-water interface with (a) side view and (b) Per-
spective view. Dimensions of the trough are not up to the scale.

The availability of high brilliance synchrotron sources makes it possible to select

high energy X-rays which can penetrate through the liquids and then the scattered

X-rays have enough intensity to provide a good quality data. While in order to

�atten the curved meniscus smart techniques have been employed. In order to

perform grazing incidence X-ray scattering from liquid-liquid interface we have used

a trough which has been developed in ID10B beamline of ESRF, France. The

schematics of the trough is shown in Figure 2.15. The trough made of Te�on is 30
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Figure 2.16: Schematics of Te�on cell.

cm long and 7 cm wide and has a pair of Kapton windows on the opposite side of

the walls through which X-rays can go in and go out of the trough. Two thin silicon

wafer of 0.5 mm thickness are mounted on the windows to anchor the interface

between the two liquids. The anchoring of the interface is done by adjusting the

height of the interface with control addition and removal of the lower liquid. In our

experiments we have used water as the lower layer and toluene as upper one.

In ordered to perform Small Angle X-ray scattering from liquid-liquid interface in

which �attening of interface is not very much required we prepared a cylindrical cell

made of Te�on. The height and diameter of the cell is 6 cm and 2 cm respectively.

This cell has also two Kapton windows on diametrically opposite side of the cell

to allow the X-ray to go in and out of the cell. The experiment is performed at

X21 beamline of National Synchrotron Light Source (NSLS), Brookhaven National

Laboratory (BNL), USA. Details of the experiments will be discussed in Chapter 6.

2.5 Atomic Force Microscopy

The advent of Scanning Probe Microscopes and especially of the Atomic Force Mi-

croscope (AFM) has opened new perspectives in the �eld of microscopy. AFM is a

very high-resolution type of scanning probe microscope having nanometer order of

resolution which is more than 1000 times better than the optical di�raction limit.

First AFM was designed by Binnig, Quate and Gerber [144] in 1986, four years after
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the invention Scanning Tunneling Microscope [145]. The need of conducting sample

and ambient measurement conditions like ultrahigh vacuum for STM measurements

make AFM more popular than STM for surface microscopy. Though lots of ad-

vancements [146]have been done in the designing of ATM but the basic principle

remained the same.

2.5.1 Basic Principle

In AFM a sharp tip mounted on a cantilever is allowed to scan over a sample sur-

face and de�ection of the tip due to its interaction with the sample surface atoms

is monitored. Schematics of AFM is shown in Figure 2.17. Under normal working

conditions the interaction forces between the tip and sample atoms bend the can-

tilever following Hooke's law. The cantilever de�ection is detected by an `optical

lever' principle and converted into an electrical signal to produce the images. In

optical lever method, a laser beam re�ected from the backside of the cantilever is

made incident on a Position Sensitive Photo Detector (PSPD). As the cantilever

de�ects, the angle of re�ected beam changes and the spot falls on a di�erent part

of the detector. Generally the detector is made of four quadrants (marked as A,

B, C and D in Figure 2.17) and the signals from the four quadrants are compared

to calculate the position of the laser spot. The vertical de�ection of the cantilever

Figure 2.17: Schematics of a Atomic Force Microscope showing its working principle.

can be calculated by comparing the signal from the `top' and `bottom' halves of the
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Figure 2.18: Variation of inter-atomic forces with distance.

detector. The lateral twisting of the cantilever can also be calculated by comparing

the `left' and `right' halve signals from the detector. This detection system measures

the cantilever de�ection with sub-Angstrom sensitivity. The spring constant of the

cantilever should be small enough to allow detection of small forces and its resonant

frequency should be high to minimize sensitivity to mechanical vibration. The scan-

ning i.e tip or sample movement is performed by an extremely precise positioning

device made from piezo-electric ceramics, most often in the form of a tube scanner.

The scanner is capable of sub-Angstrom resolution in X, Y and Z-directions. To

control the relative position of the tip with respect to the sample accurately, good

vibration isolation of the microscope has to be ensured.

In AFM, the force F (r) which acts between the tip and sample is used as the

imaging signal. For two electrically neutral and non-magnetic bodies held at a

distance r of the order of several nanometers, the van der Waals forces usually

dominate the interaction between them. The force can be derived from the Lenard-

Jones potential and its distance dependence can be written as

F (r) ∝
[

1

r13
− 1

r7

]

The variation of interaction force with the distance is depicted in Figure 2.18.

As the atoms are gradually brought together the attractive force between them

increases until they are so close together that their electron clouds begin to repel

each other electrostatically. This electrostatic repulsion progressively weakens the

attractive force as the inter-atomic separation continues to decrease and when the
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distance between the atoms reaches a couple of Angstroms, the total van der Waals

force becomes repulsive. In AFM, the local variation of the force acting between the

tip and the sample is measured in order to generate the three dimensional images

of the surface.

2.5.2 Modes of Operation

There are various modes of operation of an AFM among which contact mode, tap-

ping mode and non-contact mode are frequently used to probe surfaces.

2.5.2.1 Contact Mode

In contact mode, the tip and the sample remain in close contact during the scanning,

i.e. the tip is always in the repulsive regime of the intermolecular force as shown in

Figure 2.18 on the preceding page. The forces range from nano to micro-Newton in

ambient and even lower (0.1 nN or even less) in liquids. In this mode, imaging can

be done in two di�erent methods:

Constant Force Imaging: In this method a feedback circuit adjusts the height of

the tip during scanning so that the cantilever de�ection and hence the corresponding

force remains same. The feedback system is connected to the z-piezodrive and the

output signal of the feedback loop adjusts the vertical z position of the sample

or the tip to achieve a constant cantilever de�ection (constant force). The output

signal can be recorded as a function of (x, y) co-ordinates which are determined by

the corresponding voltages applied to the x and y piezoelectric drives. The obtained

signal obtained in terms of voltages can �nally be translated into `topography' z(x, y)

provided that the sensitivities of the three orthogonal piezoelectric drives are known.

Constant Height Imaging: In this method the tip is scanned at a �xed height

above the sample and the variation in tip sample interaction force re�ects the atomic-

scale topography of the sample. This mode is useful when the tip has to be scanned

faster than the �nite response time of the feedback loop. A signi�cant drawback

of this mode lies in the fact that vertical height information is not directly avail-
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able. Although the constant force mode is generally preferred for most application,

constant height mode is often used for taking atomic scale images of atomically �at

surfaces, where the cantilever de�ections and thus the variation in force is small.

This also essential for recording real-time images of changing surfaces, where high

scan speed is essential. A signi�cant drawback of the contact mode is the dragging

motion of the probe tip, combined with adhesive forces between the tip and the

surface which can cause substantial damage to both sample and probe and creates

artifacts in the resulting image. Thus this mode is not an ideal one to perform

high resolution topographic imaging of surfaces of soft materials which can easily

be damaged or of over-layers those are loosely bounded to the substrates.

2.5.2.2 Non-Contact Mode

Non-contact AFM (NC-AFM) mode is a vibrating cantilever technique in which an

AFM cantilever is made to vibrate above the surface at such a distance that the

forces of interaction not remains in the repulsive regime of the inter-atomic force

curve as indicated in Figure 2.18 on page 37. Since in non-contact regime, there

is no contact between the tip and the sample surface and the total force acting

between them is very low, this mode is advantageous for studying soft or elastic

samples. Cantilever used in this mode must be sti�er that those used for contact

AFM because soft cantilever can be pulled to contact with the sample surface. Th

small force values in non-contact regime and the greater sti�ness of the cantilevers

make the NC-AFM signal small and therefore di�cult to measure. Thus a sensitive

AC detection scheme is used for NC-AFM operation. In non-contact mode, a sti�

cantilever vibrates slightly above its resonant frequency (typically from 100 to 400

Hz) with an amplitude of a few hundred of Angstroms. The resonant frequency of

the cantilever is decreased by van der Waals force resulting in a change in oscillation

amplitude. The system monitors the changes in resonance frequency or vibrational

amplitude of the cantilever and these changes can be used as a measure of changes

in the force gradient, which re�ects changes in the tip-to-sample spacing or sample

topography. The resonance frequency or vibrational amplitude of the cantilever is

kept constant with the aid of feedback system that moves the scanner up and down.
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By keeping the resonant frequency or amplitude constant, the system also keeps

the average tip-to-sample distance constant. As with contact AFM, the voltage

applied to the scanner is used to generate the topography. Although this mode does

not su�er from the tip to sample degradation e�ects that are sometimes observed

after taking several scans with contact AFM. Contact AFM often provides better

resolution that NC-AFM. This is because the attractive van der Waals forces are

substantially weaker that the forces used by contact mode and the attractive forces

extend only a small distance from the surface, where the adsorbed �uid layer may

occupy a large fraction of their useful range. Hence, even when the sample-tip

separation is successfully maintained, non-contact mode provided substantially lower

resolution that contact mode.

2.5.2.3 Tapping Mode

Tapping mode imaging overcomes the limitations of the conventional scanning modes

by alternately placing the tip in contact with the surface to provide high resolution

and then lifting the tip o� the surface to avoid dragging the tip across the surface.

Tapping mod imaging is implemented in ambient by oscillating the cantilever as-

sembly at or near the cantilever's resonance frequency using a piezoelectric crystal.

The piezo motion causes the cantilever to oscillate with high amplitude (typically

greater than 20 nm) when the tip is not in contact with the surface. The oscillating

tip is then moved toward the surface until it begins to lightly touch, or `tap' the sur-

face. During scanning, the vertically oscillating tip alternately contacts the surface

and lifts o�, generally at a frequency of 50, 000 to 500,000 cycles per second. As

the oscillating cantilever begins to intermittently contact the surface, the cantilever

oscillation is reduced due to energy loss caused by the tip contacting the surface.

The amplitude of oscillation changes when the tip scans over the bumps or depres-

sions. A constant oscillation amplitude and thus a constant tip-sample interaction

is maintained during scanning with the help of the feedback circuit by adjusting

the tip-sample separation. This mode inherently prevents the tip from sticking to

the surface and causing damage during scanning. Unlike contact and non-contact

modes, when the tip contacts the surface, it has su�cient oscillation amplitude to
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overcome the the tip-sample adhesion forces. Also, the surface material is not pulled

sideways by lateral forces since the applied force is largely vertical. This technique

has proved to be valuable tool since it allows reduction of the lateral forces act-

ing on the sample during scanning. Damage and distortion to the sample can be

minimized. For these reasons, tapping mode ARM is well suited for the study of

polymer, nanoparticles, soft matter and fragile objects.

We have used Nanoscope-IV Multimode SPM from Digital Instruments, USA,

in tapping mode under ambient conditions to obtain the surface morphology of thin

�lms of gold nanoparticles deposited on Silicon substrates. We have also used Vari-

able temperature ultra high vacuum scanning probe microscope (VT-UHV-SPM)

from Omicron Nano-Technology, Germany, in tapping mode under under ultra high

vacuum (10-10 millibar) for obtaining high resolution images of topography of ultra

thin �lms of gold nanoparticles prepared at toluene-water interface by a reduction

reaction. Measurements by both the instruments are done at SPD, SINP, India.

The details of the measurements are discussed in the corresponding chapters.

2.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) [147] is widely used to obtain images of the

morphology or topography of a specimen by scanning an electron probe across it.

Compositional analysis of the specimen can also be carried out by monitoring char-

acteristic x-rays produced by the electron-specimen interaction. Thus detailed maps

of elemental distribution along with the topography the specimen comprising multi-

phase materials or composites and bio-active materials can be done using SEM.
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Figure 2.19: The SEM setup in our Laboratory.

Figure 2.19 shows the FEI Quanta 200F schottkey �eld emission gun (FEG)

Scanning Electron Microscope set up in our laboratory. The Quanta 200F FEG

SEM operates in three vacuum modes for di�erent types of samples: High Vacuum

mode is the conventional mode for observing conducting sample. Other two modes

are Low Vacuum and ESEM modes using which one can observe nonconducting

materials (insulator, ceramic, polymer) without any metal coat on the sample. In

either of these two modes, water vapour is used inside the chamber from a built-in

water reservoir. The ionization of H2O by electron bombardment produces H+and

OH- which help to neutralize the charging on the nonconducting sample under in-

vestigation. Acceleration voltage of the electron beam of the employed SEM can be

varied from 200V to 30kV. The resolution is 2 nm at 30 kV in high vacuum and 3.5

nm at 3 kV in low vacuum mode. This particular advantage allows to work with

nonconducting polymer samples at ESEM or low vacuum mode at a low pressure

(around 0.3 Torr) without damaging the sample.

The schematics overview of a SEM is shown in Figure 2.20 on the next page.

There are di�erent types of detectors used for di�erent mode�the Everhart Thomley

Detector (ETD) is a Secondary Electron (SE) detector. The Gaseous Secondary

Electron Detector (GSED) and Large Field Detector (LFD) are used for both Low

Vac and ESEM modes. Also for back-scattered electron detections a solid state

back-scattered electrons (BSE) detector is included.

The energy of the primary electrons determines the quantity of secondary elec-
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Figure 2.20: The schematic diagram to show the working principle of SEM.

trons collected during inspection. The emission of secondary electrons from the spec-

imen increases as the energy of the primary electron beam increases, until a certain

limit is reached. Beyond this limit, the collected secondary electrons diminish as the

energy of the primary beam is increased, because the primary beam is already acti-

vating electrons deep below the surface of the specimen. Electrons coming from such

depths usually recombine before reaching the surface for emission. Aside from sec-

ondary electrons, the primary electron beam results in the emission of back-scattered

(or re�ected) electrons from the specimen. Back-scattered electrons possess more

energy than secondary electrons, and have a de�nite direction. Back-scattered elec-

tron imaging is useful in distinguishing one material from another, since the yield of

the collected back-scattered electrons increases monotonically with the specimen's

atomic number.
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2.6.1 Energy Dispersive X-ray Spectrometry (EDS)

The SEM set up in our laboratory (refer Figure 2.19 on page 42) is also equipped with

a Energy Dispersive X-ray Spectrometer (EDS). The EDS system uses a sapphire

Si(Li) type detector with a Super Ultra Thin Window (SUTW) for detection of all

elements down to and including Beryllium with a resolution of 130 eV or better,

measured at MnKα, 1000 CPS and with the time constant 100 ms. EDX analysis is

useful for elemental analysis with a minimum detection limit of ∼0.1 wt%, as well

as estimating their relative concentrations on the surface of the sample.

During EDX analysis, the sample is bombarded with an electron beam inside

the scanning electron microscope. The electron beam generates X-ray photons in

the beam specimen interaction volume beneath the specimen surface. These X-ray

photons have energies speci�c to the elements in the specimen and are called the

characteristic X-rays that provide the SEM's analytical capability. The X-ray pho-

tons pass through the Si(Li) detector and processed by a computer X-ray analyzer

(CXA) and the resulting spectrum are displayed on a computer screen. Further-

more, the atom of every element releases X-rays with unique amounts of energy

during the transferring process. Thus, by measuring the amounts of energy present

in the X-rays being released by a specimen during electron beam bombardment, the

identity of the atom from which the X-ray was emitted can be established. The EDX

spectrum is just a plot di�erent X-ray energies corresponding to the energy levels

of di�erent elements vs. the counts related with the characteristic X-ray peaks.

An EDX spectrum plot not only identi�es the element corresponding to each of its

peaks, but the type of X-ray to which it corresponds as well. For example, a peak

corresponding to the amount of energy possessed by X-rays emitted by an electron

in the L-shell going down to the K-shell is identi�ed as a Kα peak. The peak cor-

responding to X-rays emitted by M-shell electrons going to the K-shell is identi�ed

as a Kβ peak and so on. One can do X-ray mapping analysis of a certain portion of

the sample to see how the elements are exactly distributed to that area.

We have used SEM in low vacuum mode for studying the patterns formed by

thiol passivated gold nanoparticles on Polyacrylamide thin �lms which is discussed

in Chapter 4 & 5. We have also used SEM in the same mode for studying the thin



2.6. Scanning Electron Microscopy 45

�lms of gold nanoparticles formed at toluene-water interface by interfacial reduction

reaction. In order to check the composition of the �lms we have collected also

collected EDX spectra which will be discussed in Chapter 6.



Chapter 3

Theoretical Formalism

After the invention of X-rays by Roentgen in 1986, and pioneering works of Bragg

and Laue on crystal structure determination by using X-rays, a new �eld called X-ray

Crystallography has emerged. Soon After the availability of intense X-rays from the

modern synchrotron sources, now X-rays have found its use in the determination

of interfacial structures of solids, liquids. X-rays are electromagnetic waves and

interact with materials through its electrons. The refractive index of X-rays for any

material as shown for the �rst time by Compton is less than 1 and given by

n = 1− δ + iβ (3.1)

where δ and β are positive quantities and depend on the average electron density

(ρe) and absorption coe�cient (µ) of the material as

δ =
λ2re
2π

ρe (3.2)

β =
λ

4π
µ (3.3)

where re = 2.814 × 10−5 Å and known as classical electron radius and λ is the

wavelength of X-rays. According to the laws of optics, X-rays su�er total external

re�ections when it propagate through a medium of higher refractive index and in-

cident on a surface of a material having lower refractive index. The very concept

of total external angle de�nes an angle below which the X-rays are totally re�ected

46
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Figure 3.1: Schematics of the Scattering Geometry for GIXS measurements.

and termed as Critical angle (θc) and related to the electron density of the material

as

θc =
√

2δ = λ

√
reρe
π

(3.4)

provided the �rst medium is vacuum. Otherwise, for two di�erent media it is

related in the same fashion to the di�erence between their electron densities. The

phenomena is of great importance for the study of surfaces/interfaces due to the

reason that below the critical angle the X-rays propagate as an evanescent wave

along the surface/interface with a penetration depth of few nanometers. Around

this critical angle X-rays can probe both in-plane and out-of-plane structures at the

surfaces/interfaces and the measurement techniques developed for this very purpose

are known to be GIXS techniques.

In Figure 3.1, the schematics of scattering geometry employed under GIXS tech-

niques is shown. The incident X-ray beam has momentum vector ~ki and then the

elastically scattered X-rays will have momentum vector ~kf with |~ki| = | ~kf | = k0 =

2π/λ, where λ is the wavelength of X-rays. Then we can write the wave-transfer

vector as

~q = ~kf − ~ki (3.5)
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with the components along X, Y and Z directions respectively [117] as

qx = k0 (cos θf cosφ− cos θi) ,

qy = k0 (cos θf sinφ) and

qz = k0 (sin θf + sin θi) (3.6)

We can also de�ne an in-plane wave transfer vector by combining the qx and and

qy components as

q|| =
√
q2
x + q2

y

= k0

√
cos2 θf + cos2 θi − 2 cos θf cos θi cosφ (3.7)

In general in grazing incidence geometry θi, θf are small and cos θi, cos θf ≈ 1

and then the in-plane wave transfer vector becomes function of in-plane angle φ as

q|| = 2k0 sin

(
φ

2

)
(3.8)

Depending on di�erent angular settings there are several types of measurements

under GIXS as follows.

3.1 Specular X-ray Re�ectivity (XRR)

Specular X-ray re�ectivity has emerged as a powerful tool for the investigation

of the structural properties of thin �lms. In XRR technique, a well collimated

monochromatized X-ray beam is allowed to incident on a sample surface/interface

at a grazing incidence θi (starting form few milliradians) and the re�ected intensity

is recorded in the plane of incidence (φ = 0) at an angle θf . If the angle of incidence

of impinging X-rays is su�ciently small (less than θc), the penetration depth and

the scattering is limited to the near interface region. Re�ectivity data is generally

taken at angles considerably larger than the critical angle of total external re�ection

and therefore penetration depth is of the order of hundreds of nanometers. The
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sensitivity is then obtained by interference of X-rays by layers with di�erent electron

densities at di�erent depths in the sample.

It one of the most used GIXS techniques in which intensity of specularly re�ected

X-rays are measured as function of angle of incidence (θi). The necessary angular

conditions maintained during the measurements are

1. θi = θf and

2. φ = 0.

With these angular conditions the re�ected intensity is only a function of out-of-

plane wave transfer vector qz and qx, qy = 0. XRR provides us with structure

along the out-of-plane direction of the surfaces/interfaces. The scattering intensity

collected as function of θi has a dependence on the distribution of electron density in

the out-of-plane direction across the surfaces/interfaces. Generally point detectors

are used for these measurements.

There are two approaches to calculate XRR from a thin �lm at any interface.

First approach is exact and make use of Maxwell's equations to calculate the Elec-

tric Field vectors at di�erent depth of the �lm to calculate the re�ectivity. This

approach automatically takes care of multiple scattering and termed as Dynami-

cal Theory [148, 149, 150]. The second approach, known as Kinematical Theory or

Born Approximation [148,149], greatly simpli�es the expression for the intensity of

specular re�ectivity for non-ideal surfaces that are either rough or have structure.

3.1.1 Dynamical Theory

The basic expression for specular X-ray re�ectivity for a smooth surface can be

obtained by solving the Maxwell's wave equations under the appropriate boundary

conditions for the continuity of the electric �eld and its derivatives [150,151,152,150].

The wave equation for the electric �eld, ψ(~r), can be written in the form of the

Helmholtz equation as

(
∇2 + k2n(~r)2

)
ψ(~r) = 0, (3.9)



3.1. Specular X-ray Re�ectivity (XRR) 50

Figure 3.2: Schematic showing incident, re�ected and refracted X-rays from s
Vacuum-Medium interface.

where ~k is the momentum vector of the X-rays in vacuum with |~k| = 2π/λ and

n(r) is the refractive index of the medium given by Equation 3.1.

In vacuum, the z-component of the momentum transfer vector, normal to the

surface or x− y plane, is given by

qz,0 = 2π
λ

(sin θf + sin θi) (3.10)

In specular condition θi = θf , we can write

kz,0 = qz,0/2 = 2π sin θi/λ (3.11)

For a single interface separating two media shown in Figure 3.2, Snell's law of

refraction gives

cos θi
cos θr

=
n1

n2

=
1− δ1 + β1

1− δ2 + β2

(3.12)

Since for any material δ ∼ 10−6 and β ∼ 10−7 we can expand the denominator

of Equation 3.12 in power series and neglecting the higher order terms we can write
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cos θi
cos θr

= 1− (δ1 − δ2) + i (β1 − β2)

= 1− λ2re
2π
4ρe + i

λ

4π
4µ (3.13)

Now depending on the di�erences in the average electron densities (electron

density contrast) of two media one can de�ne an angle of incidence such that the

refracted angle becomes zero and the angle of incidence is known to be critical

angle of that particular interface. From Equation 3.13 we can get the dependence

of critical angle on the electron density contrast between the two media considering

only the real part as

θc =
√

2 (δ1 − δ2) = λ

√
re
π
4ρe (3.14)

Similarly we can de�ne a critical wave-transfer vector for the interface as

qc =
4π

λ
sin θc (3.15)

Depending on the critical wave-transfer vector qc,i of ith medium with respect to

that of vacuum the wave-transfer vector along z in in that medium can be written

as

qz,i =
√
q2
z,0 − q2

c,i (3.16)

Now by using the appropriate boundary conditions for the electric �eld and its

derivative at the interface between Medium 1 and Medium 2 one can obtain Fresnel

Formulas for the re�ection and transmission coe�cients as [117,122,149,148]

r1,2 =
qz,1 − qz,2
qz,1 + qz,2

(3.17)
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Figure 3.3: Schematics of incident, re�ected and transmitted X-rays from a thin �lm
sand-witched between two media.

and

t1,2 =
2qz,1

qz,1 + qz,2
(3.18)

The specular X-ray re�ectivity from an interface separating two media as function

of wave-transfer vector can be written as

R(qz,0) = r1,2r
∗
1,2

=

∣∣∣∣∣∣
√
q2
z,0 − q2

c,1 −
√
q2
z,0 − q2

c,2√
q2
z,0 − q2

c,1 +
√
q2
z,0 − q2

c,2

∣∣∣∣∣∣
2

(3.19)

and for qz,0 > 3qc(obtained from Equations 3.15, 3.14) the Fresnel re�ectivity

from the interface may be well approximated by q−4
z,0.

In the case of a thin �lm of �nite thickness d as shown in Figure 3.3, we have

to solve the wave equations at two interfaces. It is interesting to note that the

continuity condition at z = d will generate an extra factor, which in turn will give

us re�ectance at the �lm-substrate interface as

r2,3 =
qz,2 − qz,3
qz,2 + qz,3

exp [−iqz,2d] (3.20)
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With the help of simple algebra and noting the fact that r21 = −r12 [150] we can

write the re�ectance from the thin �lm sand-witched between two media as

r0 =
r1,2 + r2,3

1 + r1,2r2,3

(3.21)

We can easily extend the above calculation to the case of re�ectivity for a system

having M such thin �lms (strati�ed media), having smooth interfaces. We denote

the thickness of each �lm by dn. A set of simultaneous equations similar to Equation

3.21 can be solved and one can arrive at a recursive formula [153,117] given by,

rn−1,n =
rn,n+1 + Fn−1,n

1 + rn,n+1Fn−1,n

exp(−iqz,ndn) (3.22)

where

Fn−1,n =
qz,n−1 − qz,n
qz,n−1 + qz,n

(3.23)

To obtain the specular re�ectivity of the system having M layers one solves the

above recursive relations from the bottom layer with the knowledge that rM,M+1 =

0, since the thickness of the (M + 1)th medium (normally the substrate) can be

taken as in�nite. It should be mentioned here that the re�ectivity calculation of

strati�ed homogeneous media having smooth boundary interfaces given by Equation

3.22 is not only used for multilayer �lms, but also widely used to approximate

realistic continuously varying electron density pro�les. This is done by subdividing

the continuous electron density of the �lm into series of discrete layers [154,155].

So far we have dealt only with smooth surfaces and interfaces. At this stage we

can introduce the concept of roughness. It should be mentioned here that roughness

is di�erent from waviness of a/an surface/interface. In fact this di�erence becomes

apparent when the variation of electron density is plotted as a function of depth

(Z-axis). In the length scale probed by X-ray (few Angstroms), the density pro�le

for rough surface will be a slowly varying function but the pro�le for surface having

waviness will be sharp one. Roughness for solid �lms can vary from few tens of

Angstroms fro very rough �lm to few Angstroms for �lms grown in Molecular Beam
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Epitaxy (MBE) technique. Intrinsic roughness for liquid �lms are high and can be

correlated to the molecular diameter of the liquid [112].

It is known that re�ectivity of a rough surface is smaller than that of a smooth

surface and this deviation increase with qz. One can calculate the e�ect of roughness

by approximating the electron density pro�le with a series of discrete layers as

discussed above and using iterative scheme of Equation 3.22. Actually the �rst

derivative of the scattering pro�le can be described, for most of the cases, as a

Gaussian function and as a result by using Born Approximation [156] one can write

the re�ectivity of a rough surface as

rn−1,n = rFn−1,n exp[−qz,n−1qz,nσ
2
n−1,n/2] (3.24)

The parameter σn is the measure of roughness between (n− 1)th and nth inter-

faces, and roughness acts like a Debye-Waller Factor [122]. σn is actually the Root

Mean Square (RMS) �uctuation of the interface with respect to the average inter-

face. Equation 3.24 also explains the observation that re�ectance of rough surface

rn−1,n deviates more from the re�ectance for smooth surface rFn−1,n as qz,n−1 and qz,n

increase with qz,0 (or qz). For a surface separating two media as shown in Figure 3.2

Equation 3.24 can be simpli�ed [157] as

Rrough = RF exp[−q2
zσ

2
1,2], (3.25)

where RF is Fresnel given in Equation 3.19 and σ1,2 represents surface roughness.

In general, the roughness of the �lm surface brings down the re�ectivity curve faster,

on the other hand roughness of the interface of the �lm and the substrate reduces

the amplitude of multilayer peaks.

3.1.2 Resolution Function

While performing re�ectivity data analysis, one has to include the e�ect of resolution

of the experimental set-up. The resolution mainly depends on the wavelength dis-

persion (4λ/λ), the angular divergence of incoming beam (4θi) and the acceptance
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of the outgoing beam (4θf ). Before comparing a calculated data with a measured

values one needs to convolute the calculated data with a relevant resolution func-

tion [117]. In the usual geometry of re�ectivity measurements, the aperture of the

detector slits perpendicular to the scattering plane is kept wide open so that the

scattered intensity in the qy direction is integrated out. So the resolution function is

a dependent on the width of the slit along the scattering plane which gives a window

of size 4qz in q-space over which the calculated re�ectivity has to be integrated out.

The 4qz depends on both the wavelength and geometry of the experimental set-up.

To calculate 4qz, we start with the total di�erential of Equations 3.6 with in-plane

angle φ = 0 as

dqz = k0 (cos θidθi + cos θfdθf ) + dk0 (sin θi + sin θf ) , (3.26)

dqx = k0 (sin θidθi + sin θfdθf )− dk0(cos θi − cos θf ) (3.27)

With the assumption that dθi and dθf are randomly distributed both 4qz and

4qx can be written as

4qz =
[
k2

0

(
cos θ2

i4θ2
i + cos θ2

f4θ2
f

)
+4k2

0 (sin θi + sin θf )
2] 1

2 , (3.28)

4qx =
[
k2

0

(
sin θ2

i4θ2
i + sin θ2

f4θ2
f

)
+4k2

0(cos θi − cos θf )
2
]

(3.29)

For angle dispersive re�ectivity measurements (θi = θf = θ), neglecting the

wavelength dispersion term 4k0 we can write the above equations as

4qz = k0 cos θ
[
4θ2

i +4θ2
f

] 1
2 (3.30)

4qx = k0 sin θ
[
4θ2

i +4θ2
f

] 1
2 (3.31)

De�ning
[
4θ2

i +4θ2
f

] 1
2 as the Half-Width at Half-Maximum (HWFM), σd, of

the direct beam we can write

4qz = k0σd cos θ (3.32)

4qx = k0σd/2 (3.33)
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3.1.3 Kinematical Theory or Born Approximation

The full dynamical theory described above is exact but does not clearly show the

physics of scattering because numerical calculations are necessary. Sometimes sim-

pli�cations or approximations can provide analytical expressions which reasonably

matches with the exact solutions. Born Approximation greatly simpli�es the ex-

pression for re�ectivity by applying three approximations:

1. No Multiple Re�ections at the interfaces.

2. The e�ects of refraction at the interfaces can be neglected.

3. The re�ection coe�cient at each interface is proportional to the di�erence of

electron density.

By dividing a system into M discrete layers and incorporating the above approx-

imations by their order for the calculation of re�ectivity using Parratt recursion

relations given by Equation 3.23 one can write the re�ectance of the system as

r =
4πre
q2
z,0

M∑
j=1

(ρj+1 − ρj) exp[iqz,0Zj+1], (3.34)

where Zj is the depth of the jth layer from the top surface of the system. Finally,

if we consider the system to be made of an in�nite number of thin layers, the sum

may then transformed into an integral over z, and the re�ectance has the form

r =
4πre
q2
z,0

∫ +∞

−∞

dρ(z)

dz
exp[iqz,0z]dz (3.35)

Now we will apply another very useful approximation by replacing the factor

(4πreρ∞)2/q4
z,0 by Fresnel re�ectivity of the vacuum-substrate interface RF (qz,0) and

write the re�ectivity as

R(qz,0) = RF (qz,0)

∣∣∣∣ 1

ρ∞

∫ +∞

−∞

dρ(z)

dz
exp[iqz,0z]dz

∣∣∣∣2 (3.36)



3.1. Specular X-ray Re�ectivity (XRR) 57

Figure 3.4: (a) Specular Re�ectivity of a thin �lm of 50 Å calculated by both
Parratt Recursion formula (Symbols) and Born approximation (Red Solid line) (b)
The corresponding electron density pro�le and its derivative used for calculating
re�ectivity using Born approximation.

This equation is known as Master Formula with ρ∞ to be the electron density

of the substrate. As the basic assumption to obtain this analytical formula is the

exclusion of multiple scattering events, this formula would work well only for thin

�lms in which the e�ect of multiple scattering is not dominant. In Figure 3.4(a) we

have shown X-ray specular re�ectivity calculated by using Parratt recursion formula

and Master formula along with the electron density pro�le as a function of depth

and its derivative. The mismatch between the two calculated re�ectivity is evident

near the critical angle where multiple scattering is important.

3.1.4 Inversion Scheme Based on Born Approximation

In a re�ectivity measurement, intensity of a X-ray beam is measured as a function

of angle of incidence θi keeping the angle of re�ection θf equal to that of incidence

(shown in Figure 3.2). The re�ectivity measurements provide information about

electron density pro�le (EDP) of thin �lms as a function of depth z [153,154]. The

unavailability of phase information during the re�ectivity measurements makes the

extraction of the EDP from it non-trivial. In order to extract the EDP pro�le from

the re�ectivity measurement, one assumes an aprori EDP across the thin �lm and

calculates re�ectivity, approximating the EDP by a series of slabs having constant
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electron densities, by using the recursive formula given by equation 3.22 . The

calculated re�ectivity pro�le is then �tted to the experimental data by varying some

of the parameters such as the electron density of each slab, thickness of the slabs

and roughness of the interfaces [149,155]. This conventionally used technique works

well for systems in which actual EDP is close to the apriori assumption of EDP

with which the non-linear �tting process is started and only a few parameters are

involved in �tting. Due to the recursive non-linear relationship between real space

parameters, i.e thickness and electron density of each slab and re�ectivity pro�le,

determination of parameters by �tting becomes problematic when initial guess of

real space parameters are far away from the actual solution. A scheme has been

developed [158] to inverse the re�ectivity data to get the actual EDP using the

Master formula based on Born Approximation.

In order to calculate the re�ectivity using the Master formula 3.36, one needs to

provide the derivative of EDP as a function of depth as an input. According to the

scheme [158], a model EDP ρm(z) is considered which is close to the actual EDP

ρe(z) and their derivative will follow a relation given by

ρ′e(z) = FT −1

[√
Re(qz)

Rm(qz)
FT [ρ′m(z)]

]
(3.37)

whereRe(qz) andRm(qz) are the experimental data and the calculated re�ectivity

data from the modeled EDP ρm(z). FT and FT −1 are the representations for

Forward and Inverse Fourier Transform respectively. In the above expression the

phase factors of the actual and model re�ectivity are assumed to be equal which is

in practice not true. In order to avoid the phase problem an iterative procedure is

employed to obtain the ρe(z), through the intermediate derivatives of EDP generated

in each iteration.

In analyzing an experimental re�ectivity data, an iterative procedure is started

using Equation 3.37, where a model pro�le ρm(z) is used to generate the initial

model re�ectivity Rm(qz). The deviation of Rm(qz) from the Re(qz) is used in

3.37 to generate modi�ed pro�le, ρe(z)[=
∫ z

0
ρ′e(z

′)dz′]. Model re�ectivity pro�le
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Rm(qz), for the next iteration is now calculated by setting ρm(z) equal to ρe(z) of

the previous iteration with the assumption that the obtained derivative pro�le ρe(z)

is non-zero only in the interval [0, T ], where T is the total thickness of the �lm. The

model re�ectivity Rm(qz) can be calculated either by Master Formula or by Parratt

Recursion formula. In the presence of large absorption, which is not included in

the Born approximation, Parratt formalism should be used. The obtained EDP

within the interval [0, T ] from this iterative scheme can only be said to be consistent

with the re�ectivity and may not be the unique solution. There are some particular

conditions for which it is possible to extract the information regarding phase from

the re�ectivity data and have been discussed in some view graphs [159,160,161]. As

the starting guess of the EDP is very close to the actual solution this technique is

very useful to �nd the �ner details of the EDP.

3.2 Development of Software for the �tting of Re-

�ectivity data

We have developed a program to �t experimental X-ray re�ectivity data using a

freely available open source platform for numerical and scienti�c computing known

as Scilab [162]. We have given a Graphical User Interface (GUI) to the program to

make it more user friendly. The program is capable of �tting Neutron re�ectivity

data as well. A screen-shot of the GUI is shown in Figure 3.5. For the calculation

of re�ectivity both Parratt Recursion Formula and Inversion Scheme discussed in

the previous subsection are included in the program. Two more methods namely,

Re�ectivity �tting using Distorted-Wave Born-Approximation (DWBA) and Model

independent �tting, in which no apriori model EDP is required, are under construc-

tion and will be included in the program in future.

The GUI of the program has four section as shown in Figure 3.5. The top left

section is for selecting the source i.e X-rays or Neutron. One needs to select one

of them to proceed further. In the top right section one has to provide the wave-

length of the source (for neutrons the default value should be kept as the program

for neutron re�ectivity is kept independent of wavelength), information about the
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Figure 3.5: Screen-shot of the GUI developed to �t experimental re�ectivity data.

resolution function i.e FWHM (Gaussian Resolution function), Nres (No .of points

to carry out the convolution with Gaussian resolution function) and constant back-

ground. In the second section from the top of GUI one needs to provide the path

of the experimental re�ectivity data �le (for example �data�le.dat�) in two columns

format (qz,Re�ectivity) and �le (for example �EDP�le.dat�) containing the initial

information about the system (thickness, electron density, absorption factor of the

layers and roughnesses of the interfaces separating the layers) in the format shown

in Figure3.6. As shown in Figure 3.6, the �le should contain eight columns and as

many numbers of rows to describe the system. The columns names should not be

included in the �le. The �rst and last rows are for giving the information about the

top layer and the substrate. P1-P4 are �ags which can take integer values of either

1 or 0 depending on whether the values just in the left adjacent columns are used as

�tting parameters or not. Both data �le and EDP �le must have the extension of

�.dat�. The fourth column of the GUI is provided for generating the re�ectivity pro-

�le corresponding to the initial parameter values provided by the EDP �le. In order

to generate one just needs to click the �Calculate Re�ectivity� button and within
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Figure 3.6: The format of the �le containing the information about the parameters
of the system to calculate the specular re�ectivity.

Figure 3.7: Graph showing the experimental , generated re�ectivity data along with
the electron density pro�le.

a second a graph showing the experimental data, the generated re�ectivity along

with the Electron Density pro�le will pop up as shown in Figure 3.7. The generated

re�ectivity and EDP �le will be saved automatically (for example �data�le_gen.dat�

and �EDP�le_gen_conv.dat)

The third third column of the GUI is for �tting the experimental re�ectivity

data either by Parratt Recursion formula or Born approximation as shown in Figure

3.5 by clicking the �Parratt Fitting Wizard� or �Born Fitting Wizard� respectively.

�Parratt Fitting Wizard � will �t the data as per the parameters mentioned by

the value of �ags P1-P4 in the EDP �le and pop-up a similar plot showing �tted

re�ectivity plot as well as EDP after �tting as shown as Figure 3.7. The �tted

re�ectivity and corresponding electron density will be saved automatically (for ex-

ample �data�le_�t.dat� and �EDP�le_�t.dat�). When the �Born Fitting Wizard�

is clicked a window opens up asking for the number of points to be used for using
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Figure 3.8: Graph showing the experimental , generated re�ectivity data along with
the electron density pro�le and the χ2 value as a function of iterations.

Fourier transform and number of iterations to be done. One needs to provide a pos-

itive integer value which is multiple of 2 for the number of points and and positive

integer also for the number of iterations. The one needs to click the �OK� button to

proceed further and soon a graph showing three plots of re�ectivity, electron density

and χ2 value with iterations will pop up as shown in Figure 3.8. The output �les

in this case will be automatically saved (for example �data�le_born_�t.dat� and

�EDP�le_born.dat). The standard Fast Fourier Transform (FFT) routines avail-

able in Scilab are used for doing the Forward and Inverse Fourier transforms. In

order to use the FFT package the experimental re�ectivity data is �rst interpolated

to have required number of points to give the �ner details of the EDP when inverse

transform is done. A model EDP of the �lm having thickness and electron density

closed to the actual EDP is generated with as many points as the interpolated re�ec-

tivity data. The total thickness including the �lm and substrate is taken to be 2π

times the inverse of 4qz (distance between neighbouring points in the interpolated

data). The minimum distance between two adjacent points in EDP corresponds to

2π times the inverse of qzmax (the maximum value of qz in the interpolated data). In

the iterative process using Equation 3.37 the part of the EDP corresponding to the

�lm is only allowed to change and the electron density of the substrate are kept �xed
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throughout the iterative process. At each iteration, the last point in the EDP near

the substrate which is allowed to change is normalized to be equal to the density of

the substrate. After each iteration Merit function (χ2) is calculated and compared

with its value in the previous iteration. The iteration procedure is continued for

getting the minimum value of Merit function. The EDP for which is the minimum

is reached is then said to be the EDP corresponding to the experimental re�ectivity.

Testing the Inversion Scheme of the Software

Before applying the program, so developed to invert the experimental re�ectivity

data to obtain the actual EDP, it must be tested with some known EDPs. The

testing is done on some re�ectivity curves generated by Parratt formalism with

known EDPs. The trial EDP for those cases are taken to be little bit di�erent from

the actual one. It is observed that after running few iterations of our program the

actual EDP can be extracted from the trial one. Two systems are taken to check

the e�ciency of the scheme as well as the program. First system shown in Figure

3.9(a) is a bilayer system of thicknesses 50 Å each but di�erent electron densities

on silicon substrate. As a trial EDP again a bilayer system of same thicknesses is

considered but with electron densities other than the actual one. This trial EDP is

then fed to the program to generate the actual EDP and �t the re�ectivity curve.

In the second system shown in Figure 3.9(b) a �lm of thickness 100 Å is considered

with oscillating electron density. The trial EDP for this case is taken to be a �lm

of same thickness 100 Å but with uniform average density. The re�ectivity curve so

obtained after 30 iterations matches well with the generated re�ectivity curve and

the �nal EDP so obtained also fall on the actual EDP shown in the inset of Figure

3(b). These two examples showed that the scheme works very well to obtain an

actual EDP starting from a trial EDP close to the actual one.

After successfully testing the program with the known EDPs the program can be

used to obtain the actual EDPs from the experimental data. The �rst application

of this inversion technique of the program is to invert the re�ectivity data obtained

from bare silicon surface. The re�ectivity data is shown in Figure 3.10. The trial

EDP consider here for �tting is silicon surface with electron density 0.71 el/Å3 with
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Figure 3.9: (a) Re�ectivity calculated from Parratt formalism (symbols) and ob-
tained after the inversion (solid line) of a bilayer system of thickness 50 Å each.
Inset: The actual (red circles), trial (green circles) and EDP obtained after the
successful inversion (solid lines). (b) Re�ectivity calculated from Parratt formalism
(symbols) and obtained after the inversion (solid line) of �lm of oscillating EDP
of thickness 100 Å. Inset: The actual (red circles), trial (green circles) and EDP
obtained after the successful inversion (solid lines).

roughness 4 Å. The EDP obtained after the minimization of the merit function is

reached and shown in the inset of Figure 3.10. The electron density so obtained

show that there a modulation of the electron density near the silicon surface.

3.3 X-ray Di�use Scattering from Surfaces/Interfaces

In the previous section we dealt with Specular X-ray Re�ectivity from smooth sur-

faces and interfaces. Although the e�ect of roughness is introduced by using Born

approximation with a single parameter σn to de�ne the surface/interface roughness.

The roughness of a surface/interface manifests itself in the form of scattered inten-

sities in the non-specular directions reducing the intensity in the specular direction

and this scattering is termed as Di�use Scattering. From the surfaces/interfaces on

which the in-plane correlations are weak like solid surfaces, the di�use scattering is

weak and can be separated from the Specular component [156,148]. This is di�erent

in liquids for which the gravity determined length scale for roughness associated with

thermal capillary waves is typically of the order of a millimeter. Since the reciprocal

of this length is smaller than the spectrometer resolution, a major fraction of the

intensity that is measured at the specular condition is due to di�use scattering from

thermal capillary waves [156,112,149,148,118].
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Figure 3.10: The re�ectivity data (symbols) obtained from a bare silicon surface
and the �t (solid line) after the convergence of Merit function. Inset: The EDP
(symbol) obtained after �tting.

The manner in which surface/interface roughness gives rise to o�-specular di�use

scattering is best discussed in terms of di�erential scattering cross section dσ/dΩ

[148,156,117]. As the interaction of X-rays with with matter and hence calculation

of di�erential scattering cross-section with Born approximation can give reasonable

results. Under Born approximation the di�erential scattering cross-section can be

written as

dσ

dΩ
= r2

e

∣∣∣∣∫ d~rρ(~r) exp [i~q · ~r]
∣∣∣∣2 , (3.38)

3.3.1 Scattering from a Single Surface/Interface

For a single interface de�ned by the height h (~r(x, y)) as shown in Figure 3.11, the

di�erential scattering cross-section can be written as

dσ

dΩ
= r2

eρ
2

∣∣∣∣∣
∫ h(x,y)

−∞
dz exp[iqzz]

∫ +∞

−∞
dx exp[iqxx]

∫ +∞

−∞
dy exp[iqyy]

∣∣∣∣∣
2

,(3.39)
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Figure 3.11: Schematics of Single interface de�ned by height h(~r(x, y)).

where ρ is the electron density of the medium having the interface. The above

equation can be further simpli�ed to

dσ

dΩ
=

r2
eρ

2

q2
z

∫ +∞

−∞
dxdy

∫ +∞

−∞
dx′dy′ exp[iqz(h(x, y)− h(x′, y′))]

× exp[iqx(x− x′)] exp[iqy(y − y′)], (3.40)

In order to proceed further we need to introduce the statistical description of an

interface. Considering the di�erence in heights for the interface at two di�erent

positions (x, y) and (x′, y′) as a Gaussian Random Variable [163], one can de�ne a

height di�erence correlation function as

g(X, Y ) =
〈

[h(x, y)− h(x′, y′)]
2
〉
, (3.41)

with X = x − x′ and Y = y − y′. Accordingly, a con�guration average has to

performed over all possible con�gurations of the interface to calculate the scattering

cross-section. Then by performing appropriate change of variables one can write

Equation 3.40 as [156,148]

dσ

dΩ
=

r2
eρ

2

q2
z

A
∫ ∞
−∞

∫ ∞
−∞

dXdY exp

[
−q

2
zg(X, Y )

2

]
exp [iqxX + iqyY ] (3.42)

Here, A is the area of the interface illuminated by the incident beam. If the inter-

facial is statistically isotropic in the in-plane direction i.e g(X, Y ) can be written as
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g(r) with r =
√
X2 + Y 2 (the radial in-plane co-ordinate), the above equation can

take the form

dσ

dΩ
=

2πr2
eρA
q2
z

∫
r exp

[
−q

2
zg(r)

2

]
J0(q||r)dr (3.43)

Here, J0(x) is the zeroth order Bessel function with q|| de�ned by Equation 3.7. Now

we can calculate the di�erential scattering cross-section given by Equation 3.43 for

surfaces of di�erent types having di�erent g(r).

� Ideally �at surface: For totally �at surface, g(r) = 0, and scattering cross-

section calculated form 3.42 becomes [156,148]

dσ

dΩ
=

4π2ρ2r2
e

q2
z

Aδ(qx)δ(qy) (3.44)

where, δ(x)'s are Delta functions.

� Isotropically self-a�ne rough surface: For an isotropically rough surface with

a �nite cut-o� the height-height correlation can be written as [156,148]

g(r) = Ar2h (3.45)

with h being the Hurst exponent with value between 0 and 1. The value of

h determines how smooth or jagged as surface is. lower value of h shows the

surface to be extremely jagged and higher values close to 1 means the surface

is having smooth hill and valleys. Then the scattering cross-section can be

calculated analytically with some particular values of h = 1 and h = 0.5

respectively as [156,148]

dσ

dΩ
=

Aπρ2r2
eA[

q2
|| + (Aq2

z/2)2
]3/2

(3.46)

and

dσ

dΩ
=

2πρ2r2
eA

Aq4
z

exp[−q2
||/2Aq

2
z ] (3.47)
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Liquid surfaces/Interfaces : In the intermediate length scales between the molecu-

lar size and gravity waves liquid surfaces/interfaces are mainly characterized by a

long range correlations due to thermally excited capillary waves [148,156,112,149].

Due to the capillary wave a liquid surface/interface has a logarithmic height-height

correlation such that the height di�erence correlation function has the form [156]

g(r) = A+B ln(r) (3.48)

and corresponding scattering cross-section becomes

dσ

dΩ
=

2πr2
eρ

2A
q2
z

exp[−q2
zA/2]

21−η

q2−η
||

Γ(1− η/2)

Γ(η/2)
, (3.49)

where η = Bq2
z/2. Apart from the �nite size e�ects coming form the �nite size of

molecules and gravity waves in general X-ray scattering measurements are mainly

limited by the length scale corresponding to the coherence length ζ of the photon.

The e�ect of coherence length can be incorporated by convoluting the scattering

cross-section with a Gaussian function having width ζ and cross-section becomes

[156]

dσ

dΩ
=

r2
eρ

2A
q2
z

exp[−q2
zA/2]Γ(1− η/2)πη/2ζ2−ηΦ

[
(1− η/2); 1;−q2

||ζ
2/4π2

]
(3.50)

where Φ is the Kummer Function [164].

3.3.2 Scattering from Multiple Interfaces

Like in the calculation of Specular re�ectivity one needs to divide the �lm or interface

into multilayer and calculate the scattering cross-section. In multilayer �lms, apart

from in-plane correlation length discussed in previous section, another correlation

length, ξz , in the growth direction comes into play. Generally, an interface in a

multilayer �lm tends to follow the morphology of the interface just below it and if

the total thickness of the �lm d < ξz, all the interfaces become statistically similar

and the interfaces are called conformal [165, ?]. All the expressions for scattered

intensity derived for single surface can be extended for multiple interfaces [165,166]
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with necessary modi�cations in the formalism.

For multilayer systems, where di�use and specular components of scattered in-

tensity cannot be separated, the scattering cross-section assuming conformal to the

lowest layer's or substrate's surface can be written as [117]

dσ

dΩ
=

2πr2
e

q2
z

∑
i,j

4ρi4ρj exp [iqz(zi − zj)]
∫
r exp

[
−q

2
zg(r)

2

]
J0(q||r)dr(3.51)

and in the continuum limit by using the re�ectivity in the Born approximation [117],

the cross-section for conformal multilayer can be approximated to

dσ

dΩ
=

R(qz)qz
2k0

∫
r exp

[
−q

2
zg(r)

2

]
J0(q||r)dr, (3.52)

where R(qz) is the specular re�ectivity of the multilayer and can be calculated

using either Parratt Recursion Formula (Equation 3.22) or Master formula (Equation

3.36).

Born approximation gives reasonably good results if we are not calculating the

scattering cross-section near the critical angle. Since around critical angle multiple-

scattering comes into play one needs to go beyond Born approximation by using per-

turbation theory [156,118,148] and then the approximation is termed as Distorted-

Wave Born Approximation (DWBA). In the �rst order DWBA, the scattering cross-

section form an interface is a product of the cross-section with Born approximation

(BA) and transmission coe�cients (transmittance) between the two media separated

by the interface (Equation 3.18) and written as [148,118,156]

dσ

dΩDWBA
= |t1,2(θi)|2 |t2,1(θf )|2

dσ

dΩBA
(3.53)

In order to obtain an exact expression for intensity collected by the detector one

needs to integrate the scattering cross-section, obtained either by BA or DWBA,

over the solid angle, ΩD, of the detector from the center of the sample and multiply

it with the incident �ux I0/ (A sin θi) as
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I =
I0

A sin θi

∫
ΩD

dσ

dΩ
dΩ (3.54)

The following techniques are generally employed to collect the di�use scattering

data from any interface:

1. Grazing Incidence Small Angle X-ray Scattering (GISAXS): In this technique

X-rays is allowed to incident on an interface with a grazing angle less than that

of the critical angle of the interface and scattered intensities are measured as

function of out-of-plane and in-plane angles. The necessary conditions are,

θi < θc and (θf ,φ) 6= 0. This method is generally used to study to study

non-crystalline systems and provides geometry, size distributions and spatial

correlations on nanometer length scales. For this measurements either a Linear

Position Sensitive Detector (PSD) or a two dimensional Area detectors are

used.

2. Grazing Incidence Di�raction (GID): This technique is similar to that of

GISAXS in which the scattered intensity form any interface is measured as

a function of in-plane angles provided the angle of incidence (θi) is less than or

close to the critical angle (θc). This is done either by collecting the total count

of a PSD detector as a function of in-plane angles. GID is used is used to study

structure of two dimensional crystalline systems and gives information about

lattice parameters, structure of molecules/nanoparticles, angle and azimuth of

molecular tilt and in-plane correlations.

3. Grazing Incidence X-ray O�-Specular Scattering (GIXOS): In this technique,

the scattered intensity is measured as a function of the out-of-plane angles

provided that the angle of incidence (θi) is less than or close to the critical

angle (θc) and the in-plane angle (φ) is very close to zero. This measurement

is considered to be the replacement of XRR to provide the information about

electron distribution in the out-of-plane direction but only when the structures

developed at the interface are conformal to the interface. The advantage of
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this method is its ability to collect of data quickly and one can apply this

method to study time dependent studies of a system having time dependent

electron density distribution in the out-of-plane directions.



Chapter 4

Gold Nanoparticles on Air-Water

Interface

4.1 Introduction

Chemically synthesized nanoparticles with a metal core surrounded by a dielectric

ligand shell have received a lot of interest in recent years because of their unique

electrical, magnetic and optical properties [17,167,43,44,21]. One of the major chal-

lenges to exploit these novel properties in nanotechnology is to form a dense mono-

layer �lm of these nanoparticles onto a chosen substrate. These ligand-stabilized

nanoparticles have been found to self assemble on a substrate with the interdigita-

tion of ligand shell up to its hard sphere limit [168]. The van der Waals interaction

among the metal cores gives rise to an attractive force whereas the steric repulsion

between the interdigitated thiol molecules balances it to form a stable structure

on a substrate [169]. It is also known that for a large ratio of metal core diam-

eter to ligand shell thickness a hexagonal ordered phase is obtained in deposited

monolayers [170, 78]. But nanoparticles with smaller (few nanometers) diameter

of metal core with organic capping of about 1 nm thickness, which exhibit inter-

esting physical properties [17, 167, 43, 44, 21], do not exhibit long-range positional

order and the coverage remains about 60% in the deposited monolayer �lms. Al-

though several other techniques have been used earlier [170, 171], perhaps the best

method for formation of monolayer �lm of these smaller nanoparticles is to transfer

72
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Figure 4.1: (a) Schematic diagram of the experimental arrangement. (b) Pressure-
area isotherm of the Langmuir monolayer of gold nanoparticles. The vertical arrows
marked 1 and 2 indicate the reversible region of the isotherm.

the Langmuir monolayer of nanoparticles from the air-water interface to a substrate

following Langmuir-Blodgett (LB) deposition technique [21, 172, 80]. The packing

density of a monolayer deposited using LB technique is expected to depend strongly

on monolayer pressure on water surface ( π = γ0 − γ, with γ0 being surface tension

of bare (monolayer covered) water) at which the particles are transferred to a sub-

strate. However it was observed that the morphology of the transferred monolayer

�lms and coverage of nanoparticles (about 60%) remain almost the same for depo-

sition over large reversible region (1 to 15 mN/m) of pressure-area isotherm of gold

nanoparticles on water surface [80]. Films deposited at higher pressure (>15 mN/m)

exhibit continuous formation of the second upper layer of gold nanoparticles. In this

pressure range the measured isotherm also shows irreversibility [80] indicating the

formation of the upper layer on the water surface itself, as reported in a study [61]

of hydrophilic-shell�covered gold nanoparticles.

The primary purpose of this work is to understand the structure and morphol-

ogy of the monolayer of thiol-capped gold nanoparticles (with ≈2 nm core and ≈1

nm thiol shell) on water surface over the large reversible region of isotherm (1�15

mN/m) and to develop a method to improve coverage of these nanoparticles in

deposited monolayer �lms. Our results show that, before irreversible monolayer-to-

bilayer transition, representing fracture or break, the monolayer of gold nanoparticles

with hydrophobic thiol shell exhibits reversible buckling on water surface even at

a relatively low surface pressure of 5 mN/m. Reversible buckling of monolayers of
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Figure 4.2: Pressure-area isotherm of the Langmuir monolayer of gold nanoparticles
having gold core of 2.4 nm.

amphiphilic charged-neutral diblock copolymers on water at the air-water interface

has been recently reported [173] at the moderate surface pressure of 15 mN/m. The

buckled diblock copolymers however formed strips of width about 30 mm perpendic-

ular to the direction of compression but no short-range order was observed. In our

present study we found an in-plane Bragg peak that retains its position and exhibits

an �arc� of intensity instead of a �rod� observed in two-dimensional systems. This

occurs due to buckling of monolayers of gold nanoparticles on water under in-plane

pressure �the �arc� of intensity reversibly come back to its original �rod� structure

either with decompression or with thermal annealing at �xed monolayer pressure.

We also present Atomic Force Microscopy (AFM) images which indicate remarkable

improvement in surface coverage of the monolayer �lm deposited from the annealed

compressed monolayer, though the monolayer breaks into circular patches.

In order to observe the e�ect of gold core size in the ordering and nature of

buckling we also performed experiments with similar conditions on monolayer of

gold nanoparticle with larger core diameter i.e 2.4 nm and same capping ligand

i.e Dodecanethiol of length ∼1 nm. The pressure-area isotherm obtained with the

monolayer of these nanoparticles is shown in Figure 4.2.

4.2 Experimental Details

Dodecanethiol-encapsulated gold nanoparticles were prepared by reducing an aque-

ous solution of hydrogen tetrachloroaurate (HAuCl4) with sodium borohydride (NaBH4)

in the presence of tetra n-octyl ammonium bromide (TOABr) and Dodecanethiol
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as described earlier in Chapter 2. Approximately 1 ml of the toluene solution of

the gold nanoparticles (2 nm diameter) was spread on the water from a Millipore

MilliQ system (resistivity >18 MΩ.cm) in a Langmuir trough (schematically shown

in Figure 4.1(a)). The X-ray scattering measurement was performed at using a liq-

uid spectrometer at the ID10B beamline of the European Synchrotron Radiation

Facility (ESRF). The Langmuir trough was mounted on a di�ractometer using an

active anti vibration system and a 8.06 keV X-ray beam was used [75]. The surface-

pressure area isotherm (refer to Figure 4.1(b)) was taken up to the pressure of 28

mN/m. The isotherm shows that up to the surface pressure of 15 mN/m (marked

by the region between 1 and 2) the compression and decompression curves super-

impose with each other. The hysteresis in the isotherm is evident when the �lm is

decompressed from above 15 mN/m (in our case we decompressed from 28 mN/m).

The e�ect of gold core-size is evident from the di�erent nature of isotherm with

2.4 nm gold core as compared to that of 2 nm. The X-ray scattering measure-

ments namely XRR and GIXOS data collected from the monolayer of 2.4 nm gold

nanoparticles on water surface at 10 °C are performed at 15-ID-C beamline of Ad-

vanced Photon Source, Argonne National Laboratory, USA.

4.3 Results and Discussions

We have shown in Figure 4.3(a) the normalized X-ray scattering intensity of a bare

water surface and a water surface having a monolayer of gold nanoparticles at the

two surface pressures of 1.0 mN/m and 10.0 mN/m as a function of q|| by integrating

position sensitive detector (PSD) data that provide qz-dependence. The horizontal

and vertical components of the wave-vector transfer q|| and qz are related to the

out-of-plane and in-plane angles θf and φ(refer to Figure 1(a)) [112, 115, 117, 118].

Large di�use scattering intensity with power law dependence on q|| due to long-range

capillary wave is evident in all the data shown in Figure 4.3(a). An in-plane Bragg

peak was observed at 0.19 Å=1 and the position of this peak was found to be almost

independent of surface pressure. We have shown in Figure 4.3(b) the calculated and

measured GIXOS pro�les taken at in-plane angle φ= 0.11 degree for various surface
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Figure 4.3: (a) The scattered intensity integrated over qz plotted as a function of q||
for bare water and nanoparticle-covered water at surface pressures of 1 mN/m and
10 mN/m. (b) The scattered intensity (symbol) as a function of qz at φ=0.11 degree
and the corresponding �tted curves (solid lines) for di�erent surface pressures (1,
5, 10 and 13mN/m) (The curves are shifted vertically to improve clarity). (c) The
EDP as a function of depth obtained by �tting for di�erent surface pressures. (d)
The integrated GID peaks (symbols) plotted as function of q|| at surface pressures
1 mN/m with temperature 10 °C and 13 mN/m with temperature 44 °C.
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pressures. The incidence angle θi was kept �xed at 0.19 degree and the data was

collected far from specular condition ( φ = 0, θi = θf ). We have assumed conformal

interfaces and calculated the scattering cross-section away from specular condition

as [112,115,117,118]

dσ

dΩ
= A× G × F (qz)×

2π

q2
z

[
exp[−Γe]

qmax

]η
Γ(1− η/2)

Γ(η/2)
qη−2
|| (4.1)

Here A represents the area of scattering volume projected on the surface, which

is �xed here by the incident slits and angle, G is the geometric function, which can be

approximated by G = r2
eρ

2
w |t(θi)|

2 |t(θf )|2 cos2 φ . In Equation 4.1 is Γe (=0.5772) is

the Euler constant, the transmission coe�cients t(θi) (t(θf )) represent the scattering

intensity as the incident (scattered) angle approaches the critical angle, the cos2φ

factor comes from the polarization of the incident and scattered beam and ρw is the

electron density of water. The exponent which is also present in the Γ-functions can

be written as [112] η = Bq2
z/2 with B = kBT/(πγ) given by surface tension (γ) and

temperature (T). The reciprocal of the size of nanoparticles multiplied by 2π was

taken as the maximum wave vector qmax that sustains capillary wave. The derivative

of x -y averaged electron density pro�le (EDP) ρ(z) along depth (z) including the

conformal roughness of the monolayer of gold nanoparticles on water are used to

generate a good approximation [117] of the function F (qz) as

F (qz) =

∣∣∣∣ 1

ρw

∫
dρ

dz
exp[iqzz]dz

∣∣∣∣2 (4.2)

Calculated GIXOS pro�les at surface pressures 1.0, 5.0, 10.0, 13.0 mN/m are

shown in Figure 4.3(b) with measured data and the corresponding EDPs of the

�lm ρ(z) as a function of depth are shown in Figure 4.3(c). From the �tting away

from Yoneda wings [117, 118] of the data it is clear that for < 5 mN/m the �lm

remains primarily a monolayer. Above this pressure the electron density shows a

bimodal distribution having the two centers separated by 30 Å. With the increase

in surface pressure there is also an increase in number density of nanoparticles

about the upper center. At higher pressures (10 and 13 mN/m) position of the
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Figure 4.4: The (q||=qz) contour plots of measured data ((a) and (b)) and calculated
intensity ((c) and (d)) for surface pressure 1 mN/m and 13 mN/m, respectively. The
schematic of the models used to generate the calculated contour plots are shown
beside (c) and (d), respectively. The scattered intensity is measured at 10 � at
surface pressures 1 mN/m (e) and 13 mN/m (f) during compression and 1 mN/m
(g) during decompression. The scattered intensity at a surface pressure of 13 mN/m
at the temperatures 10� (h) and 44� (i) is also shown. The horizontal and vertical
arrows indicate the q|| and qz axes in Å−1. The intensity scale is shown by the color
bar.

top layer becomes more de�ned than that observed at lower pressures (1 and 5

mN/m) (refer to Figure 4.3(c)). It is evident that the electron density of the top

layer increases systematically with the increase in surface pressure whereas for the

bottom layer it remains almost unchanged. We also found that EDPs obtained

for lower pressure and higher pressure is reversible in nature through compression-

decompression cycles. This gives the initial evidence of buckling and the lower

number density of top layer indicates coexistence of buckled and �at monolayer

even at low surface pressure.

In Figure 4.4 we have shown some of the observed and calculated (q||=qz) contour

plots of scattered intensity for di�erent pressures and temperatures. For π=1 mN/m
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(refer to Figure 4.4(a)), a Bragg rod is seen to be at q|| = 0.19 Å=1 indicating a purely

two-dimensional nature of the nanoparticles on water surface at this low pressure.

This is consistent with a model of a �at monolayer shown in the cartoon (beside

Figure 4.4(c)). For the analysis of the GID peak and the Bragg rod the monolayer is

assumed to be a free-standing 2D �lm composed of the identical spherical particles

of radius R. Then for higher in-plane angles , Equation 4.1 becomes

dσ

dΩ
= A× G × F (qz)× ρ

〈
1 + 2πρ

∫
[g(r||)− 1]J0(q||r)r||dr||

〉
(4.3)

where, F (q) = [sin(qR)− qR cos(qR)]2 /(q)6, is the form factor due to the spher-

ical shape of the particles, ρ being the electron density of gold. Here 〈〉 stands for

averaging over �uctuations in the incidence angle in between the incident beam and

the locally buckled �lm (refer to the cartoon beside Figure 4.4(d)) and the �uctua-

tions are considered to be Gaussian in our calculation. In the above expression g(r||)

is the conventional 2D isotropic pair distribution function (PDF) and we have used

an analytical form of the PDF [174] here as

g(r||) = 1 +
χ− 1 + λ

ym
+

(y − 1 + λ) exp[−α(y − 1)]

y

× cos[2π(y − 1)] for m ≥ 1, y ≥ 1

= χ exp[−t(y − 1)2] for y < 1, (4.4)

where y = r||/d, α = 2πd/ξ. Here d, ξ are the lattice constant and correlation length

of the structures formed by the particles.

We performed �rst a detailed analysis (refer to Figure 4.5(a)) of the GID peak

at 0.19 Å=1 and its intensity pro�le along qz (refer to Figure 4.5(b)) for the surface

pressure 1mN/m using Equation 4.3 and 4.4. The width of the Gaussian distribution

used for averaging is taken to be zero assuming a �at monolayer at low surface pres-

sure. The center-center distance of gold nanoparticles obtained from the GID peak

comes out to be 34 Å. This distance indicates interdigitation [168] of thiol chains as

two of them, each having fully extended chain length 14.4 Å, are squeezed within 15.0

Å. The broadening of the in-plane peak indicates the absence of long-range order as
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Figure 4.5: (a) The integrated GID peak (symbols) plotted as a function of q|| at
surface pressure 1.0 mN/m and the �t (solid line) from our model. (b) The Bragg rod
(symbols) plotted as a function of qz and the corresponding �t (solid line) from our
model. (c) The AFM images of the �lm of gold nanoparticles horizontally deposited
from LB trough on a silicon surface with surface pressure 13mN/m and temperature
16 °C and (d) with same surface pressure but with temperature 33 °C.

expected for the core-shell ratio used here. The correlation length of the structure

formed by the particles is found to be 140 Å. At higher surface pressure ( π= 13

mN/m), the Bragg rod shows �arc formation� in the q|| − qz plane (refer to Figure

4.4(b)). This type of contours, similar to that observed in �powder patterns�, can

be generated either from randomly oriented three-dimensional crystallites or from

a buckled monolayer as shown in the model (beside Figure 4.4(d)). The existence

of the three-dimensional crystallites, as observed in vapour-deposited [170] or dip-

coated [171] �lms, is ruled out in our case from the low-q|| results shown in Figure

4.3. Moreover, crystallite formation is essentially an irreversible process and the

reversibility observed here rules this out completely. The formation of regular strips

like in buckled diblock copolymers [173] is also ruled out because of the random

nature of the locally buckled monolayer of nanoparticles. Moreover, the correlation

length of the structures formed by the nanoparticles is much less in comparison to

the width of the strips for copolymers. The reversibility of the buckled monolayer

is con�rmed by taking the monolayer through a compression-decompression cycle.

In the �rst sequence of Figure 4.4(e)-(g) we have followed a compression (from 1
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mN/m to 13 mN/m) and a decompression (back to 1mN/m) of the monolayer. The

intensity contour in the (q|| − qz) space exhibited continuous transition from �rod�

to �arc� formation as the monolayer is buckled. Hence, the only explanation of the

observed �arc formation� in the scattered intensity contour can be the buckling of

the gold monolayer on water surface.

We have calculated the scattered intensities for large q|| values for both the

�at and buckled monolayers by using the information obtained from the �tting of

Bragg rod and GID peak at low surface pressure. In case of buckled monolayer the

averaging over �uctuations in incidence angle is done with a Gaussian distribution

of �nite width of about 30 degrees. The calculated intensity contour (refer to Figure

4.4(c) and (d)) matches well with measured data (refer to Figure 4.4(a) and (b)).

In Figure 4.4(h)-(i), we have shown that a buckled monolayer can be annealed

by raising the temperature from 10 � to 44 �. Then the two-dimensional nature

of the monolayer is regained, exhibiting the Bragg rod in the scattered intensity

contour. We also found that there is an increase in intensity (refer to 4.3(d)) of

the GID peak from the annealed monolayer which clearly demonstrates a higher

packing fraction of the monolayer. Both our observations of reversal of monolayer

buckling and increase in packing fraction by thermal annealing may provide a route

to improve the coverage of nanoparticles in a monolayer. This enhancement in

coverage is further investigated by transferring the monolayers of gold nanoparticles

on a silicon substrate by horizontal deposition [75] with a �xed surface pressure of

13 mN/m at two di�erent temperatures 16� and 33�. The AFM images of the as-

deposited �lms (Figure 4.5 (c),(d)) clearly show that at 16� the nanoparticles form

percolating structures while for �lms deposited at 33 � these percolating structure

are replaced by well-separated bigger compact islands. Due to the release of in-plane

pressure on the monolayer after deposition the compressed �lm breaks in to circular

islands. In order to understand the structure of the monolayer �lm of these gold

nanoparticles transferred onto a Solid substrate from air-water interface a study is

carried out and presented in the next Chapter of this thesis.

The XRR data collected from monolayer of gold nanoparticles having gold-core

of 2.4 nm are shown in Figure 4.6(a). The data were collected at di�erent surface
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Figure 4.6: (a) XRR data obtained from monolayer of nanoparticles having 2.4 nm
gold-core at di�erent pressures 5 mN/m , 12 mN/m , 13 mN/m during compression
and 1 mN/m, 10.8 mN/m after decompression. Both data and corresponding �tted
curves were multiplied by factors of 10 for clarity. (b) The electron density pro�les
obtained from the �tting of the XRR data (shown as solid lines) collected at di�erent
pressures.

pressures during the �rst and second compression cycles after decompressing the

�lm to the maximum possible area of the trough to check the reversibility. From

the data itself it is quite clear that the monolayer nature of gold nanoparticles

changes when compressed up to 13 mN/m and retains its nature even after total

decompression. We �tted the re�ectivity data with Parratt Formalism as discussed

in Chapter 3 using discrete box model. The EDP obtained from the �tting is shown

in Figure4.6(b) along with the �tted curves in 4.6(b). The EDPs show that the �lm

remain as monolayer till the surface pressure is below 13 mN/m and it undergoes a

transition from monolayer to bilayer at 13 mN/m and the transition is not reversible

unlike the gold nanoparticles with 2 nm gold cores. When the �lm is decompressed

after attaining surface pressure 13 mN/m the bilayer structure remained intact and

become more prominent when the pressure is increased in the second compression

cycle to 10.8 mN/m.

We have also collected GIXOS data for the monolayer of 2.4 nm gold nanopar-

ticles at the same surface pressures for re�ectivity data and shown in Figure 4.7. A

peak around qz = 0.15 Å−1is observed when the surface pressure is increase to 12

mN/m and become prominent for higher surface pressure. The appearance of this

peak is due to the formation of out-of-plane movement of nanoparticles and becomes

strong when bilayer forms. The most interesting observation here is the data col-
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Figure 4.7: GIXOS data collected at in-plane angle φ=0.3� with di�erent sur-
face pressures 5 mN/m, 12 mN/m, 13 mN/m during �rst compression cycle and
1 mN/m, 10.8 mN/m during second compression cycle after decompression.. The
peaks around qz = 0.15 Å−1 are highlighted by an ellipse.

lected at 12 mN/m. From the re�ectivity data we know the �lm is monolayer but

the appearance of the peak at qz = 0.15 Å−1indicate the out-of-plane movements of

the nanoparticles. These observations show that the monolayer of 2.4 gold nanopar-

ticles becomes bilayer above 13 mN/m and undergoes through a buckled phase from

monolayer phase at 12 mN/m.

4.4 Conclusions

We have shown that monolayer �lms of organic capped gold nanoparticles of 2

nm exhibit buckling of di�erent kind than copolymers on water surface over a large

portion of the pressure-area isotherm. This buckled phase is reversible in nature and

can be annealed thermally below 15 mN/m. The stored energy in the buckled phase

forces the �lm to relax as the �lm is transferred on to a substrate from the air-water

interface. This explains the observation of about 60% coverage of nanoparticles in

the LB �lms deposited over a wide range of the isotherm. We have demonstrated

a possible route to improve the coverage of the deposited monolayer �lm of these

technologically important nanoparticles. We have also shown that when the size of

the gold core is increased from 2 nm to 2.4 nm the monolayer formed by them does

not show reversible region in the pressure-area isotherm. We have shown that the

monolayer of 2.4 gold nanoparticles exhibits a buckled phase below 13 mN/m and

undergoes bilayer transition beyond that.



Chapter 5

Gold Nanoparticles on Air-Solid

Interfaces

5.1 Introduction

Till date the research on metallic nanoparticles showed [19, 21, 22, 20, 6, 45, 44, 43,

22, 25, 175] us that how important is to �nd out the ways to anchored them on a

solid substrate to use them in possible device applications. In the last Chapter, I

have discussed our studies on the structural properties of thiol encapsulated gold

nanoparticles on air-water interface and showed a possible route to increase their

coverage. But between the formation of a stable �lm of these nanoparticles on a

substrate, either by transferring them from air-water interface or by spun casting,

there lies many phenomena like drying of underlying water or solvent molecules and

the random movements of the nanoparticles which can change the structure of the

monolayer of the nanoparticles after deposition.

It is known that during the self-assembling processes of colloidal systems like

thiol encapsulated gold nanoparticles, internal stress is generated by drying/de-

wetting forces as well as the underlying interfacial interactions [176] which induces

patterning in monolayers of such colloids when transferred over solid substrate [85,

68, 87]. Self-assembling processes are universal in nature and a lot of materials

with vastly di�erent physical properties are known to self-assemble in a very similar

fashion. A lot of interest has been aroused lately on the self and directed-assembly

84
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of gold nanoparticles. Sequence of structural transformation from n1→(n+1) 

→ (n+1)1, of such colloidal systems when trapped within optically �at surfaces

have been observed with increasing separation between the surfaces [99, 100]. Here

n is the number of layers and 4 and 0 are layers corresponding to triangular

and square symmetry respectively. It is known from various experiments [61, 177,

90] and the results presented in the last Chapter of our thesis that monolayer of

gold nanoparticles generally form two dimensional Hexagonal Closed Packed (HCP)

structure. There are no reports yet to the best of our knowledge regarding the

structure of the monolayer of gold nanoparticles just after transferring them on to

a solid substrate. In this Chapter, I discussed some of our X-ray scattering results

to show the structural transitions in the monolayer of gold nanoparticles with time,

when transferred on to a Silicon substrate.

On the other hand, metallic nanoparticles decorated inside polymer matrices

are the new generation materials, having novel electronic, magnetic and mechanical

properties [178,179,180] . The presence of long chain macromolecules like polymers

alters the external environment of the nanoparticles resulting in change of the in-

teraction amongst them [101,102]. There are many experimental observations [103]

in which the non-adsorbing polymer environment induces phase separation of the

colloidal particles dispersed in it. The depletion of polymer molecules from the

inter-particle region leads to an attractive force between the particles [101, 103].

The nature of the interacting force becomes more complex when nanoparticles are

deposited on a thin polymer �lm. The inhomogeneous nature of the polymer-air

interface leads to movement of the nanoparticles on or inside the polymer �lm. In

plane di�usion of gold atoms on polystyrene �lms to form nanoparticles is already

reported in many studies [104,105] either by annealing or waiting for long time. The

out-of-plane movement of nanoparticles inside a polymer thin �lm is used in many

studies to probe the glass transition temperature [181] and viscoelasticity [182] of

polymer surfaces with temperature. These in-plane and out-of-plane movements are

the results of di�usion of some complex kind. Recently by using resonanced en-

hanced x-ray scattering [106] and x-ray photoelectron spectroscopy [107] the motion

of gold nanoparticles embedded in a hydrophobic polymer matrix of polystyrene has
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been studied. The results show that the in-plane di�usion coe�cient of nanopar-

ticles is 1 order of magnitude larger than the out-of-plane and di�usion dynamics

di�er from Stokes-Einstein Brownian motion. In all the studies above the di�u-

sion of the nanoparticles are observed near the glass-transition temperature of the

polymer matrix. Due to complex interactions it is interesting to monitor the dy-

namics of monolayer of gold nanoparticles on a thin polymer surface. So I have also

included in this Chapter, our study on dynamics of monolayer of gold nanoparti-

cle thin �lm to demonstrate a morphological transformation of structures formed

by them when dispersed on a surface of hydrophobic thin Polyacrylamide �lm at

normal temperature and pressure (NTP) and is interesting because of its direct pos-

sible applications. Though the polymer matrix is hydrophobic but under constant

temperature, pressure and humidity conditions the morphology of the polymer �lm

does not change with time. We deposited an monolayer of thiol passivated gold

nanoparticles on a polyacrylamide �lm and perform both x-ray re�ectivity (XRR)

measurements and atomic force measurements (AFM) to probe the morphological

changes of the monolayer of nanoparticles.

5.2 Gold Nanoparticles on Si Substrate

5.2.1 Experimental Details

About 200 mL of toluene solution containing gold nanoparticles having gold-core of

size ~2.4 nm with concentration of 0.44 mg/mL was spread carefully on a Langmuir

trough (KSV, Mini-Micro) placed on an anti-vibration device over the spectrome-

ter. The X-ray scattering experiments were performed on the liquid spectrometer

using linear position sensitive detector (PSD) at ID10B, Troika II beamline, Euro-

pean Synchrotron Radiation Facility (ESRF), using high energy (8 KeV, λ =1.54 Å)

synchrotron source. To facilitate measurements from the transferred �lm of nanopar-

ticle on a substrate, a bare hydrophillized Si substrate mounted on the dipper unit

of the Langmuir trough was aligned with respect to the incident X-ray beam. The

pre-alignment ensured that once the monolayer is transferred, the measurements

could be performed instantaneously. After the alignment, the substrate was sub-
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Figure 5.1: Schematic representation of the experimental setup. The substrate
was dipped inside the water before the particles were spread. The monolayer was
compressed and data taken from the water surface initially. The substrate was then
lifted out and the measurements were performed on the transferred monolayer as a
function of time.

merged below the air-water interface and the solution containing gold nanoparticles

dispersed in toluene solution was spread over the water surface. Once the toluene

evaporated, the barriers were compressed slowly (at a speed of 1 mm/min) to at-

tain a target pressure of 3 mN/m. On achieving the target pressure, scattering

measurements were performed on the monolayer of nanoparticles at the air-water

interface. The monolayer was then transferred to the substrate at the same pressure

by horizontal deposition technique [75] by pulling out the substrate slowly at a speed

of 1 mm/min and scattering measurements were performed repeatedly at frequent

intervals of time. The scattering measurements were performed by collecting the

scattered intensity from the monolayer, either from water surface or Si substrate,

as function of in-plane (φ) and out of plane (θf ) angles by using a Linear Position

Sensitive Detector (PSD). The incident angles for both of the measurements per-

formed on water surface and silicon substrate are kept �xed at 0.13 degrees which

is less than the critical angle of water (0.15 degrees) and Si (0.22 degrees). This

condition is maintained in order to get the scattering information mainly from the

surface due to low penetration of X-rays below the critical angle. The scattered

intensities are then plotted as function of in-plane and outof- plane components (q||,

qz) of the wave transfer vector (~q ) which are related to the in-plane and out-of-plane
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Figure 5.2: GID plots obtained from monolayer of gold nanoparticles transferred
on to Si substrate. The peak shifts towards the lower in-plane momentum transfer
value.

angles respectively [18] as shown in Figure 5.1. In order to obtain the GID data,

which provides in-plane correlation of the the nanoparticles, we integrated over the

whole length of PSD (i.e integrated over the entire range of θf or qz) and plotted the

integrated intensities as a function of q||. We performed AFM measurements of a

transferred �lm of these gold nanoparticles with time. The measurements were done

in the tapping mode using etched Silicon Nitride cantilevers to minimize tip-induced

damages.

5.2.2 Results and Discussions

In Figure 5.2, we have shown GID plots of scattered data collected from monolayer

of gold nanoparticles on both water surface as well as Si substrate as a function of

time. There are two important observations. Firstly, there is a power law region

at low q|| values and the slope in log-log plot of which is found to change when the

nanoparticles are transferred from water to Si surface and remained �xed after that.

Secondly, the peak due to correlation between nanoparticles at q|| =0.197 Å−1 is

found to change its position gradually after transferring to the Si substrate from

0.197 Å−1 to 0.180 Å−1. The power law behavior of the GID plots indicate a long

range correlation of the average interface formed between the monolayer of gold

nanoparticles and air. This long range correlation can be due to the capillary wave
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�uctuations on water surface [112] and arrested capillary wave �uctuations [117]

on Si substrates. As our main theme of this experiment is to study the structural

changes of the monolayer of the gold nanoparticles when transferred on to a solid

substrate as a function of time, we focused ourselves to the analysis of in-plane

correlation peak only.

It is known that gold nanoparticles prefer a hexagonal closed-pack (HCP) array

when �oating over water as a monolayer [61,177,90]. For a HCP structure, the corre-

lation peak should correspond to
√

3/2 times the nearest neighbour distance (a) and

appear at q|| = 2π/dliq with dliq=
√

3a/2. The separation between the nanoparticles

in the monolayer on water surface from our experiment came out as 37 Å correspond-

ing to dliq = 32 Å. The peak remained stationary immediately after transfer of the

monolayer from the water surface to the Si surface, but started shifting towards the

lower q|| value with time as shown in Figure 5.2. Systematic changes were observed

for the peak position at 0.2 hrs, 1 hr, 2 hrs, 3 hrs and 4 hrs. After 5 hrs the peak

shifted to a q|| value of 0.18 Å−1 and there was no more shift in the peak position

even after 12 hrs. The width of the peaks were almost constant throughout the

process of stabilization of the structure. The separation of the nanoparticles after 5

hours of transfer to Si (dsol5th ) corresponding to the peak position of q|| at 0.18 Å−1

comes out to be 35 Å. The ratio dsol5th/dliq is found to be 0.9 and close to the ratio of

the nearest-neighbor distance in the hexagonal array to that in the Square Lattice

(SL) (dHCP/dSL =
√

3/2 = 0.87). The shift in the peak position towards lower q||

value, signi�es that the inter-particle distance has increased and more interestingly,

the value of the initial, intermittent and �nal values of the inter-particle spacing

imply a smooth crossover from a 2-D hexagonal structure to a square structure.

In order to do quantitative analysis of the correlation peaks we �tted the peaks

after a linear background subtraction with a pair of Lorentzians corresponding to

the peaks for HCP and SL. A reasonable �t to the peaks were obtained by the

sum of these Lorentzian functions with �xed centers at 0.197 Å−1 (say L1) and

0.18 Å−1 (say L2) and �xed width as shown in Figure 5.3. The factors determining

the height of the two Lorentzian functions, which provide information about the

fraction of domains which correspond to the area occupied by the square (fSL) or
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Figure 5.3: The peaks �tted with the sum of two Lorentzian functions with centers
�xed at 0.197 Å−1 and 0.18 Å−1. The contribution to the peak just after transfer
from the hexagonal closed pack structure (L1) is dominant in (a) but with time it
becomes weak and the contribution from (L2) corresponding to the square lattice
becomes stronger (b-e) until it is dominant in (f).

the hexagonal lattice (fHCP (= 1−fSL)), were taken such that the sum of the factors

would be unity. We see that immediately after transfer, the major contribution to

the peak comes from L1 where the particles are in the hexagonal ordering with very

small contribution from L2 where the particles are in square symmetry. However,

the number of domains corresponding to the square symmetry increases with time

until it is dominant after 5 hours of transfer.

Fig. 5 demonstrates the increase in the domain population corresponding to the

square symmetry (fSL) as a function of time. The width of L1 and L2 were �xed

around 0.1 Å−1. This immediately suggests that although the fraction of domains

in the square lattice arrangement increase in time, the correlation length of the

domains (given by the width of the Lorentzian) remains unchanged. This implies

the formation of a large number of small domains corresponding to the square lattice

packing which are correlated over a small length scale. Although the structural

transition proceeds over a substantial period of time and we �nd that almost all

particles which were initially hexagonal close-packed are now rearranged into square

packing, the fact that the correlation length remains unchanged, that is to say that
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Figure 5.4: (a) Population fraction (fSL) of the domains corresponding to the square
symmetry. 1-fSL denotes the contribution from the particles in hexagonal symmetry.
(b) and (c) represent the initial and �nal con�guration of the particles as a result
of structural transition from hexagonal to square lattice packing.

the domains do not grow beyond a certain length scale, is not surprising. There are

a considerably high regions of the monolayer which are rendered non-a�ne and/or

inaccessible due to inhomogeneous lateral pressure which builds up as the drying

proceeds. The presence of numerous jammed sites [93] created by fast evaporation

of the liquid also obstruct any kind of movement of the nanoparticles. This restricts

the domain growth beyond a certain limit.

Apart from the fact that the correlation peak shifts towards lower q|| value we also

observe that the intensity of the correlation peak increases as the monolayer dries

(see upper panel of Figure 5.5). A plausible explanation seems to be due to the fact

that the vibration of the nanoparticles about their mean positions which contributes

to the Debye-Waller term [122] is enhanced due to the presence of trapped water

causing blurring and suppression of the scattered intensity. As the water dries-o�

with time, the �uctuations are arrested, leading to the observed increment in the

intensity. The fall of the intensity as a function of qz was plotted for di�erent times

sitting at the Bragg rod as shown in the lower panel of Figure 5.5. We have used

the form factor of the nanoparticle to �t the data. We did not observe any change

in the nature of the qz scans at the Bragg rods although there appears to be some

material movement in the out-of-plane direction, however the form factor of the

nanoparticles used to �t the data corresponds to a value of 2.6 nm, which is quite

close to the value obtained from TEM measurements as discussed in 2.

Successive AFM measurements, as shown in Figure 5.6, were also performed on
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Figure 5.5: The 2D X-ray scattering pro�le of the monolayer on substrate as a
function of q|| and qz. The peak shifts towards low in-plane momentum transfer
value and becomes stronger with time. Lower panel (scattered plots) depicts the fall
of intensity with qz sitting on the Bragg rod. The corresponding �ts (solid line) are
done using the form factor of the nanoparticle.

Figure 5.6: Successive AFM images of the monolayer acquired as a function of time.
(a) is after 1 hour, (b) after 3 hours and (c) after 6 hours of transfer. The area
occupied by the monolayer on the substrate decreases with time but the fraction of
particles constituting the bilayer increases. Shown below are the typical line pro�les
of the scans.
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the sample immediately after transfer at an interval of 30 minutes. We see that

initially there is a large cluster of gold nanoparticles but after some time pin-holes

start appearing within them. Images at later stage of time show that these pinhole

keep growing in dimension and �nally we see that the cluster assumes a patterned

look. The coverage area of the sample decreases but the average height of the �lm

increases (as evidenced by the line pro�les in the lower panels of Figure 5.6). From

AFM analysis [183] it is observed that the coverage of the monolayer is 76% in the

�rst hour, 67% in the third hour and 60% in the sixth hour. The occupied area is

depleted by growth of holes and there is an increment in the fraction of particles

constituting the bi-layer as a function of time. The ratio of the area covered by the

monolayer in the �rst hour to that in the sixth hour comes out to be 1.27:1. If we

assume that initially the nanoparticles in the monolayer were arranged in a HCP

structure and in about six hours they re-organize into rectangular structure (formed

out of two adjacent SL) due to changes in the lattice induced by lateral pressure due

to nucleation and growth of holes in the islands, the ratio of the occupied area comes

out to be AreaHCP : 2AreaSL = 1.3 : 1. Here we assume that the number density

of the nanoparticles is conserved, so six of the nanoparticles initially at the vertices

of the HCP structure will form two adjacent SL structure and the one at the center

is pushed out as an overlayer. This is also a direct evidence of the fact that during

the process of drying, the particles which were initially in a hexagonal symmetry

are laterally pressurized to assume square symmetry and some of the particles are

squeezed out to form bi-layers. The particles in the overlayer also should organize

into square symmetry in a transition from 11→2 [99]. However, with the present

set of measurements there seems to be no direct evidence of the square symmetry

of particles in the overlayer.

The experimental results and observations based on X-ray scattering and AFM

measurements suggest that a monolayer of nanoparticles transferred from a liquid

surface to a solid surface undergoes a continuous structural transition due to the

drying of water trapped underneath the nanoparticles during the process of transfer

of the monolayer from the trough. The drying accompanied with formation and

growth of holes induces a lateral pressure on the monolayer and in all probability is
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the driving force behind the structural changes from HCP to SL structure.

5.3 Gold Nanoparticles on Polymer surface

5.3.1 Experimental Details

Water soluble polymer Polyacrylamide of molecular weight 5Ö106 (Radius of gy-

ration, Rg ∼ 80 nm), supplied by Polysciences, Inc. USA, is used for preparing

the thin polymer �lm. A solution of density 4 mg/ml is prepared by PAM in water.

About 100 mL of the solution is then spun cast onto a polished silicon (100) substrate

with spin speed of 2500 revolutions per minute (RPM). Before the deposition the

substrate has been chemically treated with ammonia (NH4OH) and hydrogen per-

oxide (H2O2) solution (NH4OH:H2O2:H2O = 1:1:2) to make the surface hydrophilic.

A colloidal solution of 50 mL in toluene of chemically synthesized gold nanoparticles,

having gold core of size ~ 2 nm encapsulated with dodecanethiol, of density 0.95

mg/ml is spun coated with spin speed 1000 RPM. X-ray specular re�ectivity and

Atomic Force Microscopy (AFM) measurements are done at di�erent times, after

the day of deposition, to observe the time evolution of the �lm and its surface re-

spectively. The X-ray measurements were performed with 8.06 keV (1.54056 Å) Cu

anode source of Nonius Enraf at Surface Physics Division of Saha Institute of Nu-

clear Physics.. Specular re�ectivity data for the as deposited polymer �lm was �rst

collected and data were taken for the �lm with deposited nanoparticles on the poly-

mer �lm. Both AFM and X-ray re�ectivity measurements were performed on 2nd,

4th, 5th, 8th, 10th and 19th day after deposition of the nanoparticles for the same

�lm to see the time evolution of the morphology of the �lm. Multimode Nanoscope

IV from Digital Instruments is used in tapping mode with a Silicon tip is used for

the AFM measurements. The AFM images are taken just before the collection of

each re�ectivity data to see the modi�cation of the top surface, if any.
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Figure 5.7: Schematics of X-ray re�ectivity measurement.

5.3.2 Results and Discussions

The X-ray specular re�ectivity (θi = θf ) data collected from the bare polymer �lm

and nanoparticle deposited polymer �lm as a function of vertical wave vector transfer

qz = (4π/λ) sin θi as shown Figure 5.7. θi and θf being the angle of incidence and

angle of re�ection with respect to the surface and , the wavelength of X-rays. The

x-ray re�ectivity data provides us the information of variation of electron density

along the depth of a �lm. In order to obtain the electron density pro�le along the

depth of the �lms the inversion technique based on Born Approximation [158] is

used as discussed in Chapter 3.

Applying the inversion technique we �tted all the re�ectivity data obtained.

Figure 5.8(a) shows the re�ectivity data from the bare polyacrylamide �lm and

nanoparticles covered polyacrylamide �lm collected after di�erent time intervals

starting from the day of deposition. The EDPs obtained by using the inversion

technique are shown in Figure 5.8(b). In order to observe the changes in the EDP, all

the EDPs are plotted by setting the substrate polymer interface as zero. The initial

thickness of the polyacrylamide �lm and the nanoparticle layer just after deposition

obtained from the �tting are 117 Å and 15 Å. The EDPs obtained from bare polymer

�lm and the polymer �lm in the presence of nanoparticles on its surface show that the

presence of nanoparticles modulated the electron density of the polymer �lm along its

depth. The modulation is evident from the concave nature of the central part of the

polymer layer in the presence of nanoparticles which was convex in the bare polymer

�lm. Further the nanoparticle polymer composite system is allowed to relax for few

days under observation, a gradual change in the EDP is observed. Figure 5.9(a)

& (b) shows the change in the position of the electron density peak corresponding
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Figure 5.8: (a) Re�ectivity curves (symbols) and the �ts (solid lines) of the bare
polymer �lm and the polymer �lm with gold nanoparticles on dispersed on its sur-
face collected after regular interval of time. (b) The EDP obtained for the bare
polymer �lm and the �lm with nanoparticles on its surface at di�erent times. All
the re�ectivity data and the EDP are shifted for clarity.
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Figure 5.9: (a) The position of gold peak with error bars as a function of time in
days. (b) The value of electron density of the top layer with error bar (symbols) as
a function of time and the �tted power law curve (blue solid line) t−β with β = 0.29
. The inset in (b) is the log-log plot of the same with both β = 0.29 (solid blue line)
and β = 0.5 (solid red line).

to the gold layer and its value. There is a gradual shift of the nanoparticles in

the positive direction (shown in Figure 5.9(a)) which is an indication of increase in

overall thickness of the �lm by 5 Å . With the increase in �lm thickness a decrease

in electron density of the peak corresponding to gold nanoparticles as a function of

time is also observed. These two observations are the �rst indication of movement

of gold nanoparticles inside polyacrylamide. During this sinking process another

prominent layer of nanoparticles just below the polymer surface is formed at the

depth of about 100 Å. Formation this kind of layer just beneath the polymer surface

is reported earlier in a study of embedment of sub-micron sized Se or Sn particles

inside a heated polymer [184]. The di�usion of nanoparticles in the out-of-plane

direction from a monolayer �lm deposited on a polymer surface can be modeled as

a one dimensional di�usion problem along the out-of-plane direction. The di�usive

motion in the out-of-plane direction of the nanoparticles reduces the density of the

monolayer with time. In order to know the nature of di�usion of these nanoparticles

inside the polyacrylamide �lm we �tted the peak density as a function of time with
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Figure 5.10: (a) The AFM image of nanoparticle dispersed polyacrylamide �lm just
after deposition on a Silicon substrate. (b) The same �lm after 19 days of deposition.
The scan sizes are 5 mm Ö 5 mm.

a power law t−β. The value of for the best �tted curve (shown in Figure 5.9(b)) is

0.29 which is di�erent from a Fickian dynamics. For the dynamics to be �ckian the

value of has to be 0.5 in one dimensions. We have also shown a curve with β = 0.5

in the inset of Figure 5.9(b) which is not at �tting. The value of alpha show the

di�usion to be non-�ckian and very slow dynamics.

We also found considerable changes in the in-plane structure of the nanoparticles.

Figure 5 shows the AFM images of nanoparticle-covered polymer �lm taken just after

deposition and after 19 days. Initially a well de�ned connected network structure

of monolayer of nanoparticles is formed. Finally due to the combined e�ect of in-

plane and out-of-plane movements, some of the nanoparticles, which are close to

each other, aggregate and remaining sink inside the polymer �lm. The aggregates of

nanoparticles are of sizes of about 60 nm. The formation of these aggregates is due to

the increase in e�ective inter-particle attraction in the presence of polymer �lm [103].

The change in the in-plane structure is further con�rmed by the calculation of height-

distribution from the AFM images. The height-distributions are shown in Figure

5.10. In Figure 5.10(a) the height distribution of the �lm, just after deposition,

is shown. The distribution is found to be a bimodal distribution. The individual

peaks signify two interfaces. The peak at lower z values corresponds to the polymer-

nanoparticle and that at higher value is for nanoparticle-air interface. This bimodal

distribution shows that the nanoparticles have formed a uniform �lm on the polymer

surface. The height distribution for the latter case did not show such kind of bimodal
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Figure 5.11: (a) The height distribution calculated from form the AFM images
shown in Figure 5.10(a). (b) Height-distribution for the image shown in Figure
5.10(b).

distribution. There is a peak at a lower z value which now corresponds to the

polymer surface embedded by nanoparticles. There is a long tail of this peak for the

higher z-values which shows the reduction of number density of nanoparticles on the

polymer surface. This observation supports our result from x-ray re�ectivity data

that some nanoparticles are gradually embedding inside the polymer along with the

formation of aggregates of nanoparticles which are still remaining on the surface.

The formation of these aggregates due to the dominant inter-particle interaction

prevents the nanoparticles to embed inside the polymer �lm.

5.4 Conclusions

In conclusion, in this Chapter I have presented our studies on dynamics of ordering of

thiol encapsulated gold nanoparticles on a Silicon substrate just after transfer from

air-water interface and on a surface of thin �lm of Polyacrylamide. A time-resolved

x-ray scattering and AFM measurements are performed to probe the dynamics of

structural phase transition from hexagonal to square symmetry in the transferred

monolayers of gold nanoparticles. We observe that the particle-particle correla-

tion peak obtained from GID measurements shifts towards lower q|| value indicating

that the distance between nearest neighbours increases with time. AFM measure-

ments however reveal compacti�cation of the monolayer as well as increase in the

average height of the monolayer. As drying of the colloidal particles progresses pin-

holes are created in the large islands which nucleate and grow, dragging along the
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nanoparticles at their peripheral fronts until meeting of similar adjacent holes. The

lateral pressure exerted by the growing voids due to inhomogeneous drying cause the

monolayer to buckle and form bi-layer and in the process brings about a continuous

structural transformation of the nanoparticles from hexagonal to square symmetry.

The embedment of gold nanoparticles having hydrophobic ligand shell inside a

hydrophilic polymer �lm of polyacrylamide is shown. The AFM and X-ray re�ectiv-

ity measurements show the dynamics of both in-plane and out-of plane morphology

of the �lm with time. The out-of- plane di�usion of nanoparticles is shown to be non-

�ckian and slow with β = 0.5 in comparison to the �ckian dynamics with β = 0.29.

The in-plane movement of nanoparticles at the top surface leads to cluster forma-

tion, starting with a network structure. Both the in-plane and out-of-plane change

in morphology are the resultant of complex interacting forces developed due to poly-

mer itself and the density in-homogeneity across the interface. The understanding

of these complex forces de�nitely increases the understanding various natural phe-

nomena and helps us to synthesize materials with novel properties.



Chapter 6

Gold Nanoparticles at

Toluene-Water Interface

6.1 Introduction

Exhibition of unique electrical [19,21,22,20,6] magnetic [45,43,44] optical [22,25,175]

and catalytic [185, 51] properties by gold nanoparticles makes them important for

both basic and applied research. Due to these unique physical properties, the con-

trolled synthesis, growth and structural properties of these nanoparticles motivated

both physicists and chemists for the last three decades. Many methods have been

developed [5,13,14,2,126,64,65,111] so far to prepare these gold nanoparticles. Out

of these, the method utilized by Rao et al [65, 66] to produce gold nanoparticles

involves interfacial reduction reaction at toluene-water interface, is unique and is

not well understood till date. Though they standardized this method to produce

not only gold nanoparticles but also nanoparticles of other metals, metal-oxides and

metal-chalcogenides [64] but the formation, ordering and structure of nanoparticles

formed at the interface are still a subject of research. The measurements such as

Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM) and

absorption spectroscopy have been performed for characterizing the nanoparticles

formed at the toluene-water interface but they are done only after transferring the

interfacial �lm to either a solid substrate or a carbon grid or any other solvents. All

these measurements provide us with the structural information of the nanoparticles

101
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not during formation but after the transfer. Moreover, it has been found that [186]

the coalescence of neighboring nanoparticles due to heating by electron beam in a

TEMmeasurement could provide overestimated size of the nanoparticles. So in order

to have information of growth and structure of nanoparticles formed at the interface

one needs to perform in-situ measurements during formation at the toluene-water

interface. The in-situ measurements will not only provide us with information of

growth and structural properties of the �lm of nanoparticles formed at the interface

but also the interfacial reaction mechanism which is of fundamental importance in

several important research areas including drug delivery, di�usion through biological

membranes.

Liquid-liquid interfaces provide an inhomogeneous environment between the two

liquids and can alter the behavior of the reacting molecules [110, 187, 116, 188].

Formation of the nanoparticles at the interface is due to the reduction of metal ions

dissolved in the toluene layer by a suitable reducing agent in the aqueous layer. This

reduction at the interface is facilitated by transfer of ions across the interface and

that depends on the interfacial structure. In other words, the nature of interfacial

structure dictates the nature of interfacial reaction and consequently the formation

and ordering of nanoparticles at the interface. One of the remarkable properties of

the liquid interfaces which is very well studied so far is the long range correlations

termed as `Capillary wave �uctuations' [119,112,189,120,115] which are induced by

inhomogeneity across the interface. Though there are no experimental evidences yet

but computational studies [116] on the transfer of ions from one liquid to the other

through there interfaces suggested the formation of �nger-like protrusions into each

other to facilitate the transfer. These protrusions are expected to be as large as 1

nm and last for tens of picoseconds. An in situ study of nanoparticle formation and

ordering should provide us with a unique opportunity to probe the inhomogeneous

chemical reactivity and associated ion/charge transfer processes across interfaces.

This chapter is devoted to our in-situ study of formation, ordering and structural

properties of gold nanoparticles formed at toluene water interface by high energy

GIXS techniques. Though the simulation results show that the ion/charge trans-

fer mechanism is facilitated by microscopic �uctuations in the form of �nger like
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protrusions, the macroscopic �uctuations introduced by external mechanical vibra-

tions during formation can alter the organization of the nanoparticles. The primary

motivation of this study is to measure the size of the gold nanoparticles generated

through the interfacial reduction reaction and to determine the nature of the or-

dering of these nanoparticles at the interface both in the absence and presence of

external mechanical vibrations. The other aim of this work is to study the toluene-

water interfacial tension as the nanoparticles form at the interface by measuring

the GID [118] as a function of the in-plane wave vector transfer (q||). Although

liquid surfaces have been studied by di�use scattering measurements of capillary

wave �uctuations [112, 189, 115], it is only recently that the buried liquid interfaces

are receiving attention [119, 120, 123, 124, 114]. Since X-ray scattering techniques

sensitive to interfaces are carried out with a vibration isolation table and e�ect of

external vibrations is not possible. Ex-situ Atomic Force Microscopy (AFM), and

Scanning Electron Microscopy Measurements are performed on transferred �lms of

gold nanoparticles from the toluene-water interface to monitor the e�ects of exter-

nal mechanical vibrations on the �lm. A simple light scattering measurement in

re�ection geometry from the bare toluene-water interface is also done to monitor

the nature of �uctuations both in the presence and absence of external mechanical

vibrations. In order to obtain the in-situ growth and ordering of gold nanoparticles

formed at the toluene-water interface in the presence of external vibrations, GISAXS

measurements are performed.

We performed three independent measurements to study the growth, ordering

and structural properties of gold nanoparticles formed at toluene-water interface

by an interfacial reactions both in the absence and presence of external mechanical

vibrations. In the �rst section of this Chapter, the in-situ GIXS measurements

namely specular X-ray re�ectivity (XRR), Grazing Incidence Di�raction (GID) are

presented to study the ordering of gold nanoparticles formed at the toluene-water

interface in the absence of external mechanical vibrations. We performed AFM

measurements and SEM measurements on the transferred �lms from the interface

to a Silicon substrate to study the e�ect of external mechanical vibrations on the

growth and formation of nanoparticles. These measurements are presented in the



6.2. In-situ GIXS Measurements 104

second section of this Chapter. Third section is devoted to the in-situ GISAXS

measurements on the gold nanoparticle formation at the toluene-water interface by

the same reaction in the presence of external mechanical vibrations to study the

primary size of the nanoparticles and the nature ordering at the interface. In the

concluding section, we will provide a brief picture of the gold nanoparticles formed

at the interface by combining all the results of our experiments.

6.2 In-situ GIXS Measurements

6.2.1 Experimental details

In order to do the GIXS experiments to study the interfacial reactions we prepared

freshly prepared solutions of the gold precursor, Au(PPh3)Cl (triphenylphosphine

gold chloride), in toluene, an aqueous solution of NaOH (sodium hydroxide) and

THPC (tetrakis-hydroxymethyl phosphonium chloride) of concentrations 0.25 mM

(milli Molar), 0.625 mM and 50 mM respectively. THPC is the reducing agent used

for this reaction. For carrying out X-ray scattering experiments from liquid-liquid

interfaces one has to face two main problems. Firstly, to make the interface �at and

secondly, to take care of absorption of X-rays while passing through the upper liquid.

In order to overcome these two problems we prepared a special trough as discussed in

Chapter 2 and used monochromatic X-ray beam of energy 21.9 keV corresponding

to wavelength of 0.057 nm of ID10B beamline of ESRF, France. The energy of

the monochromatic beam was set to 21.9 keV to allow the X-ray beam to pass

through the upper liquid (toluene here) and re�ectivity and di�use scattering data

were collected from the toluene-water interface. In this set up the X-ray intensity

reduces by a factor of 0.142 and 0.0195 as the 21.9 keV beam pass through 7 cm

of toluene and water, respectively. We also collected scattering data in the same

geometry from the toluene bulk by moving down the interface 0.2 mm to subtract

background arising from bulk scattering. We neglected the contribution of bulk

water scattering in the analysis as incident angle of beam was low and absorption

coe�cient of water is much higher than toluene. The scattering intensity pro�le

measured as functions of out-of-plane and in-plane components of the wave-vector
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transfers qz and qy, being related to the out-of-plane and in-plane angles θf and φ

given by Equation 3.6, provide information regarding the out-of-plane and in-plane

ordering of nanoparticles formed at the liquid-liquid interface. The position of the

interface was adjusted to minimize the meniscus by controlled addition and removal

of water and monitoring sharpness of re�ected beam at small θi. Re�ectivity data

of the toluene-water interface were collected using a point detector by changing

the incident and re�ected angles and keeping these two angles equal (θi = θf ).

For di�use scattering measurements, position sensitive detector (PSD) was used to

collect the data as a function of the in-plane angle (φ), keeping the incident grazing

angle (θi) �xed at 80 millidegrees. . The process was repeated several times to

con�rm reproducibility of the scattering data. All the measurements were performed

at room temperature (23 �) with the incident beam size of 0.017 mmÖ1.0 mm

(VÖH) de�ned using conventional slits. Details of the experimental arrangement

are available in the literature [189,120,123].

6.2.2 X-ray Re�ectivity (XRR) data

In Figure 6.1(a), we have shown six re�ectivity curves collected after the initiation

of the reaction and indicated the time of data collection. We have also presented in

the insets of Figure 6.1(a) and (b), the re�ectivity data and electron density pro�le

of the bare toluene-water interface, respectively. We required around 30 minutes

time to collect a re�ectivity pro�le and have not presented the data collected within

194 min of initiation of reaction here because the pro�les changed during the scans.

The oscillations in the measured re�ectivity curves indicate the presence of a thin

�lm at the toluene-water interface.

These curves were �tted using the Iterative inversion technique (Equation 3.37)

based on the Born approximation as discussed in Chapter 3. We used the water-

toluene pro�le (with a small increase in toluene density due to presence of Au(PPh3)Cl

to match the critical angle) shown in inset of Figure 6.1(b) as initial ρm(z) and con-

�rmed the stability of the solutions by setting various total �lm thicknesses. The

extracted �nal electron density pro�les, for these six re�ectivity data, which always

take the value of water density toward the end of the �lm, are shown in Figure
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1

Figure 6.1: (a) Variation of re�ectivity and �ts as function of $q_z$ after initiation
of the reaction (pink, 194 min; light blue, 224 min; Grey, 253 min; green, 283 min;
red, 312 min; orange, 364 min) and the �ts (solid lines). The re�ectivity (dashed
line) generated from the simple box model is also shown. Inset: The re�ectivity
data (<) from the toluene-water interface and its �t (solid line). (b) The electron
density pro�les (EDPs) (colors same as those in a) as function of depth obtained
from �tting. Positions of the two upper peaks as measured from the water interface
(dashed line) 70 Å and 40 Å are marked. A simple model without (dashed line) and
with roughness convolution (solid line, blue) are also shown.

6.1(b).

We also veri�ed the solutions by simple models having a few slices; one such

simple model having six slices for 194 minutes data is also shown with and without

roughness convolution along with the corresponding calculated re�ectivity data in

Figure 6.1(a). The dip in the re�ectivity data around 0.123 Å-1 and the subsequent

modulation require a strong peak in the electron density around 70 Å above the

water surface. The width of this peak and the simple model shown in Figure 6.1(b)

suggest the size of the uppermost gold particle to be around 12 Å. There is a broad

composite structure around the middle of the �lm (marked as 40 Å) and a small

hump just before reaching the water density. Interestingly, these three layers have

a vertical separation of about 30 Å from each other. The electron density between

these layers takes the value (0.32 electrons/Å3) of a typical organic material. The

electron density of the uppermost layers reduces, and the peak electron densities of

all of the peaks tend to become equal as time progresses, but the separation of the

layers remains nearly constant.

The pro�les obtained in Figure 6.1(b) with continuous reduction of electron
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Figure 6.2: AFM images of the �lms formed on the toluene-water interface inside a
beaker placed on (a) a simple table and (b) an anti-vibration table and deposited on
a silicon substrate are shown. The enlarged views of the regions marked by yellow
squares are shown as insets. The height distributions obtained from the enlarged
views and height pro�les corresponding to the marked blue regions of the �lms are
shown beside the respective images.

density of the uppermost layer can be explained assuming coexistence of a monolayer

of individual nanoparticles having around a 12 Å gold core with an 11 Å organic shell

and a layer of a 13-member �magic cluster� of these nanoparticles. With the progress

of reaction, the number of individual nanoparticles reduces and only the monolayer

of the �magic cluster� remains at the toluene-water interface. To verify the presence

of the monolayer of individual nanoparticles, we measured the thickness of the �lm

after transferring it on to a silicon substrate using an AFM as discussed in Chapter 2.

We transferred the �lms after carrying out the reaction for 15 min on both ordinary

and anti-vibration tables (see Figure 2a and b). Although much thicker �lms (120 Å)

were formed on an ordinary table, the �lm thickness obtained on an anti-vibration

table was around 23 Å. A monolayer �lm of individual nanoparticles would have

given a �lm thickness of 34 Å. We feel that the reduced thickness observed here

is due to the partial removal of the organic layer during transfer from the toluene-

water interface. The thickness of a �lm on the anti-vibration table grows slowly with

time, and the rate of growth depends on the in-plane pressure. A detailed analysis

of AFM results of the �lms transferred at various time intervals is presented in the

next section.
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Figure 6.3: (a) Grazing incidence di�raction (GID) data integrated over qz are shown
as a function of qy from the interface (9), bulk (solid line) and interface - bulk (@).
The GID peaks are also marked by 2π/d1 and 2π/d2. (b) The variation of scattered
intensity from interface (symbols) at two di�erent qz values and the corresponding
calculated intensity from capillary wave theory with a �xed interfacial tension.

6.2.3 Grazing Incidence Di�raction data

In Figure 6.3 (a), we have shown the measured Grazing Incidence Di�raction (GID)

pro�les from the interface and the bulk (obtained by lowering the interface by 0.2

mm) as a function of qy by integrating the PSD data over qz. The bulk scattering

data was subtracted from the interfacial data (shown as �Interface-Bulk� in Figure

6.3(a), and a small peak around 0.29 Å-1 is observed. This peak corresponds to

the separation (d2) between two individual nanoparticles and is much weaker than

the peak observed at 0.04 Å-1 that corresponds to the separation (d1) of clusters

discussed below. Because the measurement of di�use scattering data takes a long

time after initiation of reaction, the number of individual nanoparticles reduced and

the clusters dominated the toluene-water interface. We could not detect any rod or

arc scattering in the (qy − qz) plane that represent (as discussed in Chapter 6) two-

dimensional and three-dimensional aggregates of these particles and clusters due to

strong bulk scattering.

The di�use scattering data was analyzed using the capillary wave model of liquid

interfaces for determining the e�ective interfacial tension of the toluene-water inter-

face. The large di�use scattering intensity in the low qy region as well as the decay

of the intensity as qη−2
y (where the η is equal to kBTq2

z/(2πγ) and γ is the interfacial
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Figure 6.4: (a) GID data (@) normalized to unity and the �ts obtained from our
model with core sizes 80 Å (solid line) and 12 Å (dashed line). Inset: The GID
peak and the �ts are shown in linear scale after subtracting the capillary scattering
contribution. (b) Three-dimensional schematics of our model that involve a 13-
member cluster of organic capped gold nanoparticles at the toluene-water interface
are shown along with the two-dimensional schematics of an individual nanoparticle
and a cluster. (c) Two-dimensional schematics for the same model is also shown
along with the three-layered electron density pro�le as a function of depth obtained
from the �tting of specular re�ectivity data.

tension) from a liquid surface can be explained using a logarithmic height-height

correlation induced by capillary �uctuations without any �tting parameters as dis-

cussed in Chapter 3. In Figure 6.3(b), we have shown di�use scattering data around

qz values of 0.09 and 0.13 Å-1 after subtracting the corresponding bulk scattering

data. This data could be �tted with the two straight lines shown in the log-log

plots. The slopes (η−2) gave [112] the value of the interfacial tension as 1.7 mN/m;

this value is much lower than the expected value (27.8 mN/m) of the toluene-water

interface. The small value of the interfacial tension indicates the enhancement of

interfacial roughness probably due to the presence of the organic layer discussed

below at the interface.

In Figure 6.4c, we have shown measured data near the grazing incidence di�rac-



6.2. In-situ GIXS Measurements 110

tion (GID) peak and a �t to a calculated pro�le that includes scattering from a

two-dimensional radial distribution function of gold nanoclusters and capillary scat-

tering contributions; details of this formalism is already discussed in the previous

Chapter. The position of this peak indicates an in-plane separation of 180 Å, but

the calculated pro�le with a form factor of a 12 Å (the smallest size of nanoparticle

obtained from XRR analysis) spherical nanoparticle is found to be broad and could

not represent the measured data (dashed lines Figure 6.4(a)). A spherical cluster

size of about 80 Å was required to �t the GID peak. The solid line shows the best �t

that includes Gaussian broadening of 0.015 Å-1 that represents coherent scattering

surface area of islands of these clusters. In the lower inset, the GID peak and the

�ts are shown in linear scale after subtracting the capillary scattering contribution.

It is to be noted that capillary scattering contribution is a sloping line in log-log

scale.

We present a simple model in Figure 6.4(b) that can explain the electron density

pro�le extracted from the re�ectivity data and in-plane scattering around the GID

peak. This model assumes a �magic cluster� of 13 Au nanoparticles of 12 Å diameter,

one at the center and twelve surrounding it in a compact spherical shell, each having

an organic capping of 11 Å. The central cross-section of this cluster is shown in the

lower-right corner of Figure 6.4(b) with a particle-particle separation (d2) 34 Å. For

the GID �t, we approximated these clusters with a core-shell model having an 80 Å

central core and an organic capping of 11 Å. If we assume that the location of the

water-toluene interface is around the middle of the cluster, then the lower portion of

the hydrophobic organic capping cannot stay in water and �oats around the upper

half of the spherical cluster to form a ring in toluene just above the interface, making

the capping look like a �semi-spherical cap� on the metal cluster. The extension of

the resultant capping is shown as black circles in Figure 6.4(b). Simple volume

calculations indicate that a 5-Å-thick ring generates an average diameter of these

circles or cluster-cluster separation d1 ) 180 Å, as observed in GID data. Earlier

results [186, 65, 64] of similar nanoparticles formed at room temperature showed

rather mono-dispersed larger particles (70 to 80 Å diameter) in TEM, but X-ray

di�raction data from these transferred �lms did not show peaks expected from such
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large particles These observations are also consistent with our present model because

the 12 Å nanoparticles in the cluster cannot give distinct X-ray di�raction peaks

but 13 of them can inter-di�use within the cluster to form bigger particles due to

electron irradiation in TEM [186].

In conclusion, we have shown by an GIXS study that a monolayer of clusters

having 13 gold nanoparticles of 12 Å diameter with large (180 Å) in-plane cluster-

cluster separation forms at the toluene-water interface. The electron density of such

aligned clusters is expected to exhibit three layers along the depth with the central

electron density values of 0.33, 0.37 and 0.33 electrons/Å3. Re�ectivity measure-

ments con�rm the presence of three layers with the lower two layers showing slightly

less than the calculated values probably due to partial coverage. The presence of low

electron densities in between these peak values con�rms the monodispersity of these

aligned clusters. The higher electron density of the top peak indicates the presence

of individual gold nanoparticles with these clusters (refer to Figure 6.4(c)). The

presence of individual nanoparticles in the initial phase of the reaction is evident

from AFM measurements of early �lms. As the reaction progresses, the number of

individual Au nanoparticles reduces and only magic clusters at the toluene-water

interface remain. The presence of an organic layer (shown as black circles in Fig-

ure 6.4(b)) at the water-toluene interface lowers the interfacial tension as seen in

di�use scattering measurements. It seems that the presence of the clusters and the

associated organic layer hinders the progress of the reaction unless the interface is

disturbed by surface pressure and/or vibrations.

6.3 E�ect of External Vibrations on the formation

of nanoparticles

The model for the formation of �lms of gold nanoparticles proposed on the basis

GIXS study assumes that 13-member magic-clusters of 1.2 nm gold nanoparticles are

�rst generated at the interface. Although this model could explain out-of-plane and

in-plane X-ray scattering data, direct evidence of the presence of 1.2 nm nanoparticle

could not be obtained from this study. In this section we will show that 1.2 nm gold
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Figure 6.5: (a) TEM micrograph of nanoparticles. The nanoparticles with 2 nm
gold core are shown by enclosing them under red circles. (b) High-resolution TEM
micrograph of the 5 nm nanoparticle showing multiple grains. The scale shown in
both the images corresponds to 2 nm.

particles are indeed formed in the reduction reaction on the basis of a high-resolution

atomic force microscopy (AFM) study carried out in ultra-high vacuum (UHV) on

�lms transferred on the silicon substrates from toluene�water interface. We will

show that one can obtain a monolayer �lm of the 1.2 nm gold nanoparticles capped

with 1 nm organic layer provided the reaction is carried out on a anti-vibration

table that reduces macroscopic inter-di�usion and the �lm is transferred within few

minutes. Thicker �lms are obtained if an anti-vibration table is not used to stabilize

the interface as reported earlier [66].

6.3.1 Experimental Details

The reaction was carried out in two identical 25 ml beakers by keeping one on a

vibration isolation table and the other on a regular laboratory table. In both the

cases, 2 ml of 1.5 mM solution of triphenylphosphine gold chloride (Au(PPh3)Cl)

in toluene was allowed to stand in contact with 3.2 ml of 6.25 mM aqueous NaOH

solution at room temperature. After the stabilization of the interface between the

two liquids, 60 mL of 50 mM tetrakis-hydroxymethylphosphonium chloride (THPC)

was injected into the aqueous layer with minimal disturbance to the toluene layer.

The initiation of the reaction was assumed to be the instant at which the reducing

agent THPC is injected into the toluene layer.

The time of termination of the reaction is the instant at which the toluene

layer is removed from the beaker with the help of a syringe again with minimal
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disturbance of the interface. Figure 6.5(b) shows a typical transmission electron

micrograph (TEM) recorded with a 300 keV JEOL microscope by taking out the

nanoparticles on a copper grid after 24 h of reaction. The micro-graphs primarily

showed the presence of nanoparticles of about 5 nm diameter, as reported earlier [66]

but, traces of 2 nm particles were also observed as marked by the red circles in Figure

6.5(b). A high-resolution image of a 5 nm particle in Figure 6.5(b) shows multiple

grains which may be formed due to agglomeration of smaller nanoparticles due to

the exposure of electron beam in TEM [186]. For this reason, we have used the

UHV-AFM technique here to study the formation of small nanoparticles. However

we �nd that the transfer of nanoparticles from the liquid�liquid interface on to a

solid substrate disturbs the ordering as seen in the in-situ GIXS study and results

in the formation of aggregates of nanoparticles. Although we could measure the

�lm thickness over short distances, X-ray re�ectivity study could not be carried

out due to roughening of the �lm due to formation of aggregates. The aggregates

also hindered extensive UHV-AFM measurements and better transfer methodology

seems necessary.

We have investigated the formation of the nanoparticles at the initial stages of re-

action with and without the vibration isolation table. Results of three such reactions

in each of the sets carried out in six di�erent beakers are presented here. The reac-

tion was terminated by taking out top toluene slowly after three di�erent durations

of time - 15 minutes, 1 hour and 2 hours. After the termination of the reaction, the

nanoparticle �lms formed at the interface were transferred on to silicon substrates

(1 cm × 1 cm), which were cleaned earlier by sonicating with acetone and propanol.

We �rst carried out ambient AFM measurements of the �lms using a silicon tip

with tapping mode of Nanoscope IV. In order to get proper information about the

thicknesses of the �lms, edges of the �lms were made by wiping out a part of the �lm

using a sharp blade. AFM topography of each of the �lms was taken at three di�er-

ent places near the edges to check the consistency of the �lm thicknesses obtained.

The analysis of the AFM images to obtain information about the �lm thickness

and roughness was done using WSxM software [183]. High-resolution UHV-AFM

measurements were carried out using a Omicron SPM operating at 3×10-10 mbar
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pressure in non-contact mode with a silicon tip. The UHV-AFM results on clusters

and individual nanoparticles formed in the �lms obtained after 15 min of reaction

with and without anti-vibration table are presented here. We also performed X-

ray �uorescence analysis of gold and phosphorous present in the organic layer using

EDAX energy dispersive X-ray spectrometer (EDS) attached with FEI QUANTA

200F scanning electron microscope (FEG SEM) with the electron acceleration set

at 10 kV.

6.3.2 Laser Re�ection Experiment on Toluene-Water inter-

face

In order to characterize the amplitude of vibrations of the toluene� water interface, a

laser beam from He�Ne laser (wavelength = 632.8 nm, Power = 4.5 mW) was allowed

to incident on the toluene�water interface. The �uctuations of re�ected beam due to

interfacial vibrations were detected by measuring the voltage �uctuations of a photo-

diode placed after a 2 mm slit as shown in Figure 6.6. The voltage �uctuations were

measured using a 100 MHz Digital Oscilloscope.

The �uctuations in the voltage of the photo-diode due the �uctuation of the

re�ected beam are shown in Figure 6.6(b). It is evident from Figure 6.6(b) that the

amplitude of voltage �uctuations obtained from simple table is larger than that of

anti-vibration table. The width of the distribution of the voltage �uctuations for

simple table was obtained as w1 = 7.4 mV while in case of anti-vibration table w2

is 2.3 mV. This and corresponding reduction of amplitude in the specular direction,

is the direct evidence of larger interfacial �uctuations at toluene�water interface on

simple table compared to anti-vibration one. The power spectrum obtained through

Fourier transform of the voltage �uctuations for the simple table as well as for the

anti-vibration table are shown in Figure 6.6(c). The �uctuation in air-cushioned

anti-vibration table is reduced substantially especially around 10 Hz frequencies. It

should be mentioned here that coupling of vibration of the table with liquid�liquid

interface is nontrivial and depends on liquid thicknesses and surface area � it will

be interesting to study this interfacial reaction by driving the table with various

frequencies.
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Figure 6.6: (a) The schematics of the optical set-up used to measure the interfacial
vibrations of toluene�water interface. (b) The voltage �uctuations as a function of
time detected in the photo-diode due to the �uctuation of re�ected laser beam from
toluene�water interface. The black solid line corresponds to the �uctuations when
the beaker containing toluene�water interface was kept on a simple table and red
solid line is when kept on anti-vibration table. The distribution of the �uctuations
(symbols, red (simple table), black (anti-vibration table)) are shown just adjacent to
it along with Gaussian �ts (solid lines) with the corresponding FWHMs w1 and w2.
(c) The power spectrum of the voltage �uctuations averaged over 15 measurements
obtained from toluene�water interface on simple table and anti-vibration table.
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Figure 6.7: AFM images of �lms of gold nanoparticles formed on simple table and
anti-vibration table after 15 min (a) and (b), after 60 min (c) and (d) and after 120
min (e) and (f), respectively. The dark and bright regions in the images correspond
to substrate and nanoparticle �lm. The height distributions are shown in each of
the insets showing two peaks corresponding to the substrate surface and the �lm
surface. The distances between the peaks determine the average thickness of the
�lms.

6.3.3 AFM measurements

The topography of the �lms transferred after the completion of 15, 60 and 120 min

of reaction on the regular laboratory table are shown in Figure 6.7(a), (c) and (e),

respectively and corresponding images for the �lms obtained on vibration isolation

table are shown in Figure 6.7(b), (d) and (f), respectively. The thickness of each

�lm was determined from the height distributions as shown in insets of Fig. 3. The

�lms of nanoparticles obtained on the vibration isolation table is 2.3 nm in thickness

(Figure 6.7(b)) which is about 10 nm thinner than the �lm obtained on simple table

(Figure 6.7(a)) after 15 min of reaction time. After 1 h (shown in Figure 6.7(c) and

(d)) and 2 h (shown in Figure 6.7(e) and (f)) of the reaction, there is increase in the

thickness on both the normal and anti-vibration tables, but di�erence in thickness

of about 8�10 nm is observed. High-resolution UHV-AFM images of the �lms after

15 min of reaction on the anti-vibration and normal tables are shown in Figure
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Figure 6.8: High-resolution UHV AFM images of nanoparticles obtained after 15
min of reaction on anti-vibration table (a) and (c) and on simple table (b) and
(d). The regions marked under white squares in (a) and (b) are magni�ed to show
the individual nanoparticles. The insets inside the magni�ed images are the height
pro�les to show the particle sizes and separation. Existence of 8 nm cluster is marked
in (c) but aggregates shown in (d) have wide distribution.

6.8. It is apparent that height �uctuations are small in both the images due to the

presence of organic capping. In the image of the sample prepared on the normal

table the average in-plane size of the aggregates was much higher and has wide size

distribution (Figure 6.8(d)). But sample transferred on anti-vibration table clearly

showed presence of primarily 8 nm particles (refer Figure 6.8(c)). The clusters of

this size having 13-member 1.2 nm gold nanoparticles with 1.1 nm organic shell

were predicted from GIXS study (refer 6.4(b) and (c)). The images shown in the

corresponding insets are magni�ed versions of the regions marked by white squares.

Both the insets show the presence of individual nanoparticles of sizes about 1.2

nm and separation of these nanoparticles are also found to be around 3 nm. Both

these numbers are consistent with the model shown in 6.4(b) and (c), which was

proposed on the basis of GIXS measurements. The EDS data in Figure 6.9(a) and

(b) for the �lms prepared without and with the anti-vibration table, respectively

show the presence of Au-Mα and P-Kα, expected from the organic-coating of gold

nanoparticles. All the EDS data are normalized with respect to the Si-Kα peak to

see the relative strength of the Au and P peaks. Under both the reaction conditions
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Figure 6.9: EDS data as a function of energy normalized with respect to the Si-Kα

peak are shown for �lms formed on (a) simple table and on (b) anti-vibration table
with di�erent reaction times.

the strength of the Au-Mα peak increases with reaction time but relative strength

with respect to P-Kα peak remains almost constant. This indicates the formation of

nanoparticle aggregates having constant gold-to-organic ratio in both types of �lms.

In conclusion, results of UHV-AFM measurements on gold nanoparticle aggre-

gates transferred on the silicon substrates after formation at the toluene�water inter-

face have provided new insights. In the case of �lms produced on the anti-vibration

table, we get smoother and thinner �lms and even a monolayer �lm of the 1.2 nm

gold core with a 1.1 nm organic-coating, provided the �lms are lifted on to the

substrates within few minutes of the reaction. It should be possible to produce 1.2

nm gold nanoparticles on a large scale by this method. The �lms produced on the

normal table were much thicker and composed of aggregates of same sized core�shell

nanoparticles. But the basic size of the gold nanoparticle remains around 1.2 nm

and is dictated by the size of the �ngers of two liquids that carry chemicals from

one to the other.

6.4 GISAXS Measurements

In this section, we present the results of a GISAXS study that directly provide the

size of the gold-core of the nanoparticles and core-core separation that arises due to

the presence of the organic shells. The SAXS measurements also allow us to probe

the aggregation process of the nanoparticles at the toluene-water interface. Inter-
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estingly, the results presented here show that one can get almost mono-dispersed

gold nanoparticles even when the interfacial �lm becomes thick in the absence of

an anti-vibration table as discussed in the previous section. The use of an anti-

vibration table slows down the reaction drastically and does not permit the large

scale production of the core-shell nanoparticles. Fluctuations, microscopic as well

as macroscopic, at the liquid-liquid interface play a crucial role in interfacial reac-

tions [116]. The macroscopic �uctuations at the interface, introduced by external

mechanical vibrations in the absence of the anti-vibration isolation, can increase the

rate of the reaction to form thicker �lms. The present results show that the size of

the gold-core remain almost unchanged even as the �lm becomes thick.

SAXS is an established technique [190, 191, 192, 193, 194, 195] to probe aggrega-

tion processes and this technique has been extended to grazing incidence geometry

(known as GISAXS) to make it sensitive for surface/interface studies. To the best

of our knowledge, this technique has not been applied to understand aggregation

process at the liquid-liquid interface. The two dimensional nature of the liquid-

liquid interface makes the SAXS measurement and its analysis more challenging.

Scattering in typical SAXS measurements is three dimensional in nature wherein

a con�ned beam of x-ray is allowed to scatter from a sample of interest and the

scattered intensity is measured as a function of wave transfer vector ~q (qx, qy, qz).

In GISAXS measurements, the incident angle is kept at a small angle, around the

critical angle of the interface and the scattering becomes di�erent in the qz and

qx(or qy) directions. In the present experiment, two dimensional scattering is ob-

tained in the initial stage of reaction but as the amount of nanoparticles increases

at the interface due to reaction and the �lm thickens, the scattering tends to be-

come isotropic in all the directions and depends only on the magnitude of the wave

vector i.e q = |~q| =
√
q2
x + q2

y + q2
z . We shall discuss experimental details in the next

section. In the subsequent sections data analysis and results will be discussed.

6.4.1 Experimental Details

In the present study, we have used low concentrations of the chemicals compared

to those used earlier [65] to slow down the reaction. We prepared fresh solutions of
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Figure 6.10: (a) Schematics of the experimental setup and small Te�on cell used for
the scattering experiments. (b) The direct beam intensity, passing through the cell
containing the liquid, as a function of depth. The change in intensity is observed at
the toluene water interface. The red circle is marked to locate the position of the
interface from which all scattering data are collected.

the gold precursor, Au(PPh3)Cl (triphenylphosphine gold chloride), in toluene, an

aqueous solution of NaOH (sodium hydroxide) and THPC (tetrakis-hydroxymethyl

phosphonium chloride) of concentrations 0.25 mM , 0.625 mM and 50 mM respec-

tively. THPC is the reducing agent in this reaction. We carried out the reactions in

a specially prepared Te�on cell kept on the goniometer table of beamline without

vibration isolation (discussed in details in the next subsection). For the reactions,

2 ml solution of the gold precursor Au(PPh3)Cl in toluene was allowed to stand

on 3 ml NaOH aqueous solution. The reaction was initiated by injecting 55 µl of

THPC in the aqueous layer by a syringe with least disturbance of the interface.

The injecting time of the reducing agent was taken to be the starting time of the

reactions.
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Absorption of X-rays plays a crucial role in designing the geometry of SAXS

measurements from a liquid-liquid interface. In conventional SAXS measurements,

X-rays are allowed to scatter from a dilute solution of sample kept in a thin cap-

illary tube. The grazing incidence measurement (GISAXS) employed here requires

larger interfacial region that can be achieved by increasing the diameter of the tube

containing the liquids. Increase in the diameter reduces measured intensity due to

absorption of the X-rays by the liquids. Keeping the thickness and absorption coef-

�cients in mind, we prepared a Te�on cylindrical cell of diameter 20 mm as shown

in 6.10(a) and used 16 keV (wavelength, λ=0.0775 nm) X-rays of X21 beamline of

National Synchrotron Light Source, Brookhaven National Laboratory (BNL), USA,

for our experiments. Two windows were cut on diametrically opposite walls of the

cell and kapton sheets of 500 µm thickness are attached to allow X-rays to go in

and out of the cell for scattering measurement. The X-ray beam was �rst de�ned

by a pair of slits (200 µm (vertical) × 500 µm (horizontal)) and then allowed to

incident on toluene-water interface with an angle of 0.08 degree. We could not em-

ploy lower incident angle (note that critical angle for toluene-water interface is 0.03

degree) as larger portion of �at meniscus was not available in the cell. The diameter

of the cylindrical cell was kept quite large to avoid scattering from meniscus that

changes with the reaction. The strategy was a compromise between reducing the

background scattering coming from the solution and having a �at enough interface

to allow proper measurements.

The scattered intensity was collected using a two dimensional (2D) MAR CCD

detector. The wave vector transfer de�ned by the scattering angle 2θ for our ex-

periment is q = (4π/λ) sin θ. The detector to sample distance was chosen to have

q-range from 0.6 nm−1 to 6 nm−1 corresponding to length scale of 10.5 nm and 1.05

nm in real space. This length scale is ideal for studying the structure of aggregates

of size 8 nm with the 1.2 nm gold-core nanoparticles as predicted in the earlier mea-

surements. In our experiment, we blocked the direct beam with two types of beam

stoppers. The large rectangular beam stopper (shown in right panel of Figure 6.11)

was used to collect the three dimensional isotropic scattering at large q values while

small rectangular beam stopper (shown in the left panel of Figure 6.11) was used to
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collect the anisotropic scattering along qz.

After the formation of the interface between the precursor solution in toluene

and aqueous solution, we aligned the interface with the direct beam. In order to

do that we collected the direct beam intensity passing through the cell with a point

detector as the sample cell is scanned vertically. The interface could be located by

a sharp change in the transmittance of the direct beam intensity (shown in Figure

6.10(b)) due to the di�erence in absorption coe�cients of toluene and water. By

performing few initial measurements with the 2D detector during the �lm formation,

we found that the scattering from the gold nanoparticles could be observed properly

when beam is at a particular position (marked as red circle in Figure 6.10(b)) where

the intensity of the direct beam was observed to be 90% of that from the toluene

layer. We performed two sets of GISAXS measurements with the same settings

but di�erent sized beam stoppers to monitor the gold nanoparticle formation at the

toluene-water interface as a function of time. We monitored the reaction for 350

minutes and the changes became slow beyond this reaction time.

6.4.2 Results and Discussions

Representative data obtained with two di�erent beam stoppers are shown in Figure

6.11. Isotropic scattering from the Kapton windows produces an isotropic ring at q

= 4 nm−1 (marked as `K') in the data. Representative data collected with smaller

beam stopper at the initial stage of the reaction in the left panel of Figure 6.11

show Keissig fringes along the qz directions indicating the formation of a thin �lm

at the interface. The period of these fringes decreased with reaction time indicating

thickening of the �lm. We observed the formation of a circular ring (marked as `P')

due to nanoparticle correlations at q=2.8 nm−1 after 30 minutes of the reaction.

The data shown in Figure 6.11(d) was collected after 78 minutes of reaction show

this isotropic ring. In the second set of data with large beam stopper, we obtained

better statistics for the correlation peak `P' to carry out detailed analysis (refer

Figure 6.11(e)-(h)).

The formation of fringes along qz at the initial stages of the reaction and the

formation of isotropic ring at q=2.8 nm−1 at the later stage are the signatures of
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Figure 6.11: The two-dimensional scattering data collected by MAR CCD detector
with small beam stopper after (a) 19 minutes, (b) 23 minutes, (c) 30 minutes, (d)
78 minutes and with large beam stopper after (e) 58 minutes, (f) 121 minutes, (g)
290 minutes and (h) 350 minutes after initiation of reaction. Insets of (e) and (h)
are calculated scattering pro�les from capillary wave theory and fractal structure as
discussed in the text.
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formation of the �lm of gold nanoparticles and its aggregation. In order to obtain

quantitative information about the �lm thickness and the aggregation process, we

analyzed di�erent regions of the 2D data separately. There are three important

regions of the data: (a) the low qz region with Keissig fringes obtained with small

beam stopper, (b) the peak at q=2.8 nm−1 and (c) the q region from 0.4 to 1 nm−1 of

the data collected with large beam stopper. The third region provides information

about the nature of aggregation of the nanoparticles in the �lms at the toluene-water

interface.

The scattering at low q region is highly anisotropic at the initial stages of the re-

action as evident from Figure 6.11 (a)-(e). At later stages of reaction, the scattering

in the low q region became isotropic (refer Figure 6.11(f)-(h)). Scattering intensity

collected at the early stage of reaction from toluene-water interface (shown in Figure

6.11(e)) with larger beam stopper, show the capillary wave scattering at low q val-

ues. For qualitative comparison, we have shown in the inset of Figure 6.11(e), a two

dimensional plot of intensity calculated from capillary wave theory. [?,?] The high

background did not allow us to do the quantitative analysis [112] of line pro�le along

qx direction. As the reaction progressed, 3D scattering became apparent leading to

isotropic scattering from gold-particles both at low and high q values as shown Fig-

ure 6.11(f)-(h). In the inset of Figure 6.11(h) we have shown the isotropic scattering

intensity calculated from fractal structure of aggregates of gold nanoparticles that

will be discussed later.

The low qz region

For the analysis of Keissig fringes, we extracted the line pro�les (refer Figure 3(a))

as a function of qz, integrated over small qx values along the region marked as a line

in the inset of Figure 3(a). The pro�le at the initial stage of reaction is slightly tilted

due to the tilting of the meniscus. As the reaction progressed the meniscus �attened

due to the presence of organic-shell covered nanoparticles and became horizontal at

later stages.

Fixed incidence angle (θi) scattering data at qx = 0 shown in Figure 6.12(a)

were analyzed using capillary wave theory [156, 112, 117] assuming the �lm of gold
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Figure 6.12: (a) The scattered intensities (Symbols) as a function qz, extracted
from line pro�les (integrated over small qx values) on the two dimensional data at
di�erent times.Inset: A two dimensional data collected after 23 minutes to show the
area marked as red line to extract the line pro�les. The solid lines are �ts generated
from capillary wave theory described in the text. (b) The electron density pro�les
(solid lines) extracted by �tting the data shown in (a). The solid dashed line show
a typical box model used for �tting described in the text. Inset: Plot of thickness
of the �lm as a function of time.
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nanoparticles to be conformal with the interface as

I(q) ∝ R(qz)qz
2ko
√
π sin θi

Γ

(
1− η

2

)
, (6.1)

where η = kBTq
2
z/(2πγ) with kB, T and γ as Boltzmann constant, temperature and

interfacial tension. ko = 2π/λ (λ being the wavelength of x-rays) and Γ is the gamma

function. R(qz) is specular re�ectivity calculated by using Parratt formalism [153]

with discrete box models of electron density pro�les (EDP). It is to be noted that in

this expression small variation in qy is neglected. The data were �tted with surface

tension value γ = 1.7 mN/m as as obtained from the GIXS measurements and

electron density pro�le as �tting parameter. The electron density pro�les obtained

by �tting the data are shown in Figure 6.12(b) with the �tting shown as solid lines

in Figure 6.12(a).

During the initial phase of the reaction, the electron density pro�les (shown in

Figure 6.12(b)) obtained from re�ectivity �tting show two noticeable changes with

time. Firstly, there is an increase in the �lm thickness from 18 nm to 34 nm. Sec-

ondly, after 30 minutes there is a modi�cation of the electron density pro�le with the

appearance of a lower density �lm near water. Three-dimensional scattering became

prominent after the appearance of this low density layer and isotropic scattering is

observed (refer Figure 6.11(d)). The electron density distributions shown in Figure

6.12(b) clearly indicate that the nanoparticles aggregate more compactly away from

the water surface giving rise to a decaying electron density towards water interface

as the reaction progressed. We can hence infer accumulation of organic phase hav-

ing less number of nanoparticle-clusters near water interface. The position of the

peak at q = 2.8 nm-1 remain almost unchanged over the entire reaction time as we

will discuss later. The layer of nanoparticle-clusters of 40 nm thickness between the

toluene and water layers reorganized itself as the reaction progressed. The formation

of the ring around q = 2.8 nm-1 clearly indicates that the scattering from the inter-

facial layer of 40 nm thickness is three dimensional in nature. A reduction in the

rate of reaction is observed after about 60 minutes of reaction and this is apparent

in the rate of increase in �lm thickness as shown in the inset of Figure 6.12(b). This
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reduction in the rate of reaction is attributed to the formation of the low density

organic layer near water interface hindering the exchange of reactants between the

toluene and water layers.

The peak at q=2.8 nm−1

The scattering around q = 2.8 nm−1 is isotropic in nature and line pro�les for the

peak are extracted by azimuthal averaging followed by background subtraction. The

data collected from the interface before the initiation of the reaction was considered

as background and azimuthal averaging was also done on this background data over

the same q range before subtraction. Only the upper half of the q-space is used for

this azimuthal averaging as scattering in lower half (through water) is much weaker.

The azimuthally averaged and background subtracted line pro�les obtained from

the peak (shown in Figure 6.13(a)) were analyzed with cluster model made of 13

nanoparticles discussed earlier. In the absence of anti-vibration isolation, a large

quantities of nanoparticles formed and the clusters formed by the nanoparticles

starts overlapping. Due to this overlapping there is reorganization of the nanopar-

ticles and number of nanoparticles per cluster get reduced. We have, therefore, an-

alyzed the peak assuming partial occupancy of the nanoparticles in the 13 member

cluster. For incorporating partial occupancy we summed over all possible clusters

containing Nc nanoparticles ranging from 2 to 13 and write the azimuthally averaged

scattering intensity as [122]

I(q) = Ko |F (q)|2
{

13∑
Nc=2

P (Nc)

(
Nc +

Nc∑
i,j

sin qdij
qdij

)}
, (6.2)

where Ko is a constant proportional to the number of scatterers and F (q) is the

form factor of the gold-core-organic-shell structure of individual gold nanoparticles

with gold core radius R1 and organic capping thickness torg with electron densi-

ties ρcore and ρorg respectively. It is to be noted that in Equation 6.2 and 6.3 we

have not considered e�ects of multiple scattering and neglected the e�ects of re-

�ection and refraction in this high q-region. di,j's are the relative distances be-

tween the ith and jth nanoparticles in a cluster. The co-ordinates (x, y, z) of
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Figure 6.13: (a) The azimuthally averaged background subtracted data (symbols)
for q >1.5 nm−1 collected at di�erent times and the corresponding �ts as discussed
in the text. Inset: 3-D schematics of the 13-member cluster. (b) The probability
distribution of number of nanoparticles in the aggregates, used to �t the data in
(a) as discussed in the text. (c) The background subtracted intensities (symbols) at
di�erent times for low q values and the �ts (solid lines) by fractal model as discussed
in text. The data and the �t obtained for 350 minutes are multiplied by 2 for clarity.
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the nanoparticles in a 13 member cluster used in our calculation are {0, 0, 0} for

the central nanoparticle, {±D, 0, 0}, {±D/2,±
√

3D/2, 0} for the six nanoparticles

located in plane, {±D/2, D/(2
√

3), D
√

2/3}, {0, D(−
√

3 + 1/
√

3)/2, D
√

2/3} for

three nanoparticles above the plane and {±D/2,−D/(2
√

3),−D
√

2/3}, {0, D(
√

3−

1/
√

3)/2,−D
√

2/3} for the remaining three nanoparticles below the plane(shown

in the inset of Figure 6.13(a)). D = 2(R1 + torg), is the separation between the two

neighboring nanoparticles in a single cluster and P (Nc) is the probability of getting

a cluster with Nc number of nanoparticles. We assume the probability distribution

of the cluster as P (Nc) = (1− tanh [(Nc −No)/σ]) /2/Pnorm to calculate the scat-

tering intensity from Equation 6.2. Here, σ is the width of the distribution, No is

the number of nanoparticles in the largest possible cluster and Pnorm is the normal-

ization factor calculated by integrating the area under the curve of P (Nc)'s shown in

Figure 6.13(b). The azimuthally averaged background subtracted data (refer Figure

6.13(a)) was �tted with Equation 6.2 keeping No, σ, D, and ρorg as free parame-

ters. The calculation using Equation 6.2 was performed by assuming that the most

probable state starts with 6+1 gold particles located in a plane (with z = 0) and

that 3 gold particles located above and below this plane further constitute the ideal

cluster. The electron density of the gold core ρcore and the organic shell ρorg used

are relative to the electron density of the toluene i.e 285 el/nm3. We kept ρcore �xed

at 4000 el/nm3 (bulk electron density of gold relative to that of toluene) in this

analysis and the values of ρorg obtained are shown in Table 1 along with the other

parameters. We �nd that all the features of the correlation peak namely - 1) peak

position, 2) peak width and 3) the di�erence between the intensities at the dip and

at the peak, are correlated and highly dependent on No, ρorg, and D. From Figure

6.2(a) it is evident that with time the di�erence between the peak intensity and the

dip (at q = 2 nm−1) decreased indicating a decrease in the contrast between the

gold core and the organic shell. This observation is re�ected in the increase of ρorg

values coming from our �tting. Also we found an increase in the width of the peak

from 0.57 nm−1 to 0.62 nm−1 by Gaussian �ts of the peaks (not shown here). This

increase in peak width directly indicates the decrease in inter-particle-correlation of

the nanoparticles in a cluster and is well re�ected by the decrease in the value No.
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t

(min)

No

(nm)

σ D

(nm)

ρorg

(el/nm3)

Ko

(x10-7)

Pnorm G R2

(nm)

B df

58 7 2.00 2.52 60.0 9.75 6.5 0.0 0.0 0.16 1.49

121 5.5 0.01 2.50 60.0 20.0 5.0 2.75 4.0 0.18 1.82

290 4 0.01 2.44 140.0 23.1 3.5 13.21 4.8 0.28 1.82

350 4 0.01 2.42 200.0 29.4 3.5 31.56 4.9 0.56 2.05

Table 6.1: Parameters obtained from �tting the peak due to separation of nanopar-
ticles and the SAXS data for low q values.

The values of D that determine the peak position showed a small decrease with time

by 0.1 nm from 2.52 nm to 2.42 nm indicating compacti�cation of the clusters. We

also found the �ts to be very sensitive to the core-size of gold nanoparticles (2R1)

which remained constant at 1.3 nm throughout the reaction. Apart form the initial

value of σ=2.0 after 58 minutes of reaction the value of σ is found to be negligible

indicating sharp cut-o� of the number of nanoparticles in the cluster around 4. In

Figure 6.13(b) we have shown the probability distribution of the clusters calculated

from the �tted values of No and σ.

The azimuthally averaged and background subtracted peak and �tted curve ob-

tained from Equation 6.2 based on the cluster model having 13 gold nanoparticles

provides a clear insight of the ordering of the nanoparticles. When the reaction was

carried out on a anti-vibration table, the rate of formation of the nanoparticles was

slow and there was su�cient time to form well-separated 13-member equilibrium

structures. In the absence of an anti-vibration table, a much thicker �lm is obtained

at the interface due to macroscopic �uctuations. The value of No after 58 min-

utes of reaction showed that the clusters do not prefer to complete the 13-member

equilibrium clusters in this situation. Rather they overlap with each other and the

resultant clusters contain a smaller number of nanoparticles. This is re�ected by

the decrease in the value of No from 7 to 4 as the reaction progressed. Another

important information from our analysis is that though there is a decrease in the

number of nanoparticles per cluster with time, an increase in compacti�cation of

the structure of the clusters occurred. This compacti�cation is re�ected from the

decrease in D value from 2.52 nm to 2.42 nm and increase in ρorg value from 60 to



6.4. GISAXS Measurements 131

200 el/nm3 relative to the electron density of toluene. The organic capping thick-

ness around gold core i.e torg calculated as (D − 2R1)/2 is found to be around 0.55

nm. The thickness of the organic capping reveals that the capping is a monolayer

coverage of left over organic precursor molecules of size about 0.5 nm [196].

The q region from 0.4 to 1 nm−1

Figure 6.13(c) shows the background subtracted scattering intensities at small q

values obtained from the interface at di�erent times of the reaction. The presence

of gold nanoparticles at the interface increased the scattering intensity at all the

q values. Though the length scales probed by our present measurements is just

about the size of the clusters, the extracted fractional occupancy motivated us to

analyze the data with a fractal structure model at these length scales. We �tted

the background subtracted data (shown as solid lines in Figure 6.13(c)) with global

�tting function for fractal structures [194,193,195] as

I(q) = G exp [−q2R2
2/3] +Bq−df (6.3)

The �rst term is the Guinier term and depends on cluster size 2R2 and the second

term is due to fractal structure of the cluster with fractal dimension df . Here,

G is Guinier prefactor which depends on number density of nanoparticles and B,

the scaling prefactor, signi�es the strength of power law scattering arising from the

fractal structure [197]. The values of parameters obtained after �tting are enlisted

in Table 1. The 2D data collected after 58 minutes of reaction at small q-values

with the large beam stopper is highly anisotropic due to capillary wave scattering

as shown in Figure 6.11(e). Due to this anisotropy, the values of R2 and df obtained

from the �tting of the low q data for 58 minutes are questionable. On the contrary,

the low q scattering data for the longer durations of reaction i.e 121 minutes onwards

are isotropic and can be considered as three dimensional scattering from clusters of

nanoparticles. The values of R2 and fractal dimension df show that cluster size

increased with reaction time from 8 to 10 nm and the fractal dimension 1.82 to

2.05. It is known that the fractal dimension of aggregates formed by cluster-cluster
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aggregation process is df=1.75. The value df=1.82 found at early reaction times

is close to this value. As the reaction progressed higher values of df are obtained

along with an increase in the values of G and B. The increase in the values of G and

B directly gives a direct indication of the increase in the density of nanoparticles or

their compacti�cation. Such an increase in fractal dimension due compacti�cation

process has been observed earlier. [190] It is to be noted here that a fractal dimension

2 would be consistent with disc-like aggregates. [195]

6.5 Conclusions

In conclusion, we have studied the aggregation process of gold nanoparticles formed

at the toluene-water interface using GISAXS. The measurements provide us direct

evidence for the formation of 1.3 nm diameter gold nanoparticles with a particle-

particle distance of about 2.5 nm. We demonstrated that in the absence of an

anti-vibration, the nanoparticles aggregate to form thick interfacial �lms where the

diameter and separation between nanoparticles remained almost unchanged. The

monolayer of 13 member cluster formed in the interfacial reaction with the use of

anti-vibration isolation exhibit fractional occupancy as the �lm thickness increases

when the reaction is carried out without the anti-vibration isolation.

By combining both the results of fractal analysis of low-q scattering data and

multiple cluster analysis of the peak we can model the growth of the clusters as

follows. The reaction at the microscopic level produces gold nanoparticles of sizes

around 1.3 nm which aggregate to form incomplete clusters. The clusters are in-

complete in the sense that they do not have the full outer shell and the cites are

fractionally occupied. The incomplete clusters aggregate to form fractal structures

and then reorganize to form compact structures with decrease in inter-particle sep-

aration. The increase in fractal dimension from 1.82 to 2.05 is due to the reorgani-

zation and compacti�cation of the clusters in the �lm in the course of the reaction.

The compact portion of the �lm moves towards toluene layer leaving behind an

organic-rich layer near water interface.



Chapter 7

Summary

Ultra-thin �lms of Gold nanoparticles have been studied extensively in the last

two decades for their novel physical properties and direct possible applications in

the diverse �elds of electronics, optics, catalysis and biology. Study of growth and

structural properties of these technologically important material is very important

to understand along with its physical properties. In this thesis, I have presented the

results of our studies to understand growth, morphology and structure of ultra-thin

�lm of organic-capped gold nanoparticles formed at various interfaces. We have

used X-ray scattering techniques extensively for our studies along with supplemen-

tary techniques like Atomic Force Microscopy (AFM), Transmission Electron Mi-

croscopy (TEM), Scanning Electron Microscopy (SEM) and UV-Visible Absorption

Spectroscopy.

In Chapter 4, I have shown that monolayer of dodecanethiol encapsulated gold

nanoparticles having gold core size ∼2 nm exhibits buckling upto a certain sur-

face pressure < 15 mN/m. Above this pressure range the monolayer collapses to

give disordered multilayer structure. The buckled monolayer can be thermally an-

nealed below < 15 mN/m to form a well-packed monolayer of larger coverage. We

have shown that by increasing the surface pressure upto 13 mN/m, annealing the

monolayer and then depositing them on a substrate we can increase the monolayer

coverage considerably. In the same chapter, I have shown study of gold nanoparticle

having gold core size of 2.4 nm which exhibit irreversible pressure-area isotherm and

monolayer to bilayer transition above 13 mN/m. These very nature of irreversibility

133
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of isotherm and bilayer formation of nanoparticles having larger sized core can be

attributed to the long range particle-particle interactions compared to the smaller

ones.

In Chapter 5, I have shown our studies on the dynamics of monolayer of thiol

encapsulated gold nanoparticles just after depositing them on a Silicon and on a soft

polymer surface. Nanoparticles on air-water interface form dense monolayer with

two dimensional hexagonal-closed-packed structure. After transferring the mono-

layer to a hydrophilic silicon substrate we found its structure to transform from

two dimensional hexagonal-closed-packed structure to bilayer square-lattice within

few hours of transfer due to pressure induced by continuous drying of underlying

thin water layer. When the same nanoparticles are deposited as a monolayer on

the surface of a thin hydrophilic polymer (Polyacrylamide) �lm, both its in-plane

and out-of-plane structure change continuously due to in-plane and out-of-plane

movements of nanoparticles. The out-of- plane di�usion of nanoparticles is shown

to be non-�ckian and slow with exponent β = 0.5 in comparison to the �ckian dy-

namics with β = 0.29. The in-plane movement of nanoparticles at the top surface

leads to cluster formation, starting with a network structure. Both the in-plane and

out-of-plane change in morphology are the resultant of complex interacting forces

developed due to polymer itself and the density in-homogeneity across the interface.

In Chapter 6, I have discussed the results of our study of formation, ordering

and structure of gold nanoparticles at the toluene-water interface by an interfacial

reduction reaction. The size of the nanoparticles which just form due to reaction is

found to be 1.3 nm. The formation of nanoparticles accompanies the formation of

left over organic precursors and some part of which encapsulate the nanoparticles

to restrict their sizes and remaining gets accumulated at the interface hindering the

further reactions. After formation the nanoparticles spontaneously self-assemble

depending on the presence/absence of external mechanical vibrations. The external

mechanical vibrations induce macroscopic �uctuations which increase the rate of

reaction to form more nanoparticles resulting in the formation of thicker �lms of

nanoparticles. When the reactions are carried out on a table with anti-vibration

isolation the nanoparticles are found to self-organize to form 13-member equilibrium
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clusters. While in the absence of anti-vibration isolation, aggregates of incomplete

13-member clusters form and having a fractal structure. The fractal dimension of

the fractals approaches the value of 2 which indicates the formation of disc-like

aggregates.
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