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1

I N T R O D U C T I O N

1.1 Nanostructures: concept and perspectives

"Nanoscience and technology will change the nature of almost every human-

made object in the 21st century" [1]. Nanoscience is defined as the study of low

dimensional systems or nanomaterials which demonstrate properties that are

sometimes completely different from the bulk one. Nanomaterials are essentially

materials whose dimension in one, two or in all three directions is reduced to

nanometer length scale and accordingly can be nanolayers (2D), nanowires or

nanorods (1D) and NPs or nanodots (0D) [2, 3].

Nanoscience has provided immense weightage to the areas of design, char-

acterization, production and application of structures, devices and systems by

controlling shape and size at the nanometer (nm) length scale [4]. Among these

low dimensional systems, nanolayers grown on semiconductor substrates have

received much attention due to their significant importance in different device

applications such as electronics, optoelectronics, biosensors, catalysis, integrated

circuits, etc. [5–7]. Also the nanolayers are ideal system to study physics of

2D-system. The nanolayers can be grown as a thin film of a single material or

an assembly/organization of NPs. Structure of the layer can be modified and

even can be made smooth by incorporation of certain layer at the film-substrate

interface. This suggests that the structure of overlayer or nanolayer is strongly

dependent on the nature of the underlying substrate surface where it is grown.

That means both the substrate surface and the nanolayer-substrate interface plays

significant role in the growth and stability of the overlayer.

1



1.1 nanostructures : concept and perspectives 2

The growth and structure or morphology of such nanolayers and their stability

or evolution can be different for each other, which are very important for their

novel properties and related applications [8, 9]. For example, the growth and

structure of initial nanolayers of simple metals on semiconductor substrates can

be layered (wetted) or island (dewetted), textured or nontextured, having sharp

or interdiffused interface [10–12]. The evolution of such structures with time

is expected to be different. Similarly, the growth and structure i.e. the initial

organization of very stable NP can be different: it can have different interparticle-

separations, different correlation lengths (to form domains of different size and

shape) and even different networks. Such organization can even change with

time. The collective properties of the NPs strongly depend on this organization

and thus needs special attention [13, 14].

1.1.1 Effect of low-dimensionality on physical properties

Figure 1: Dimensionality of structures and corresponding density of states. [15]

As the dimensions of materials are reduced down to the nanoscale their

properties often change from that of their bulk counterparts. Nanomaterials

have a larger surface area to volume ratio as the radius decreases. Since a larger

proportion of its atoms are located on the surface of the nanomaterial/AuNP than

is the case for a larger particle, it becomes more chemically reactive compared

to the bulk one resulting in enhanced electrical properties. At low dimension

the quantum affects dominates affecting the optical and magnetic properties of
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materials as well [2–4]. Thus particle size, composition and topology are the

three parameters that determine electronic, magnetic, and optical properties.

NPs includes metallic, carbon based, semiconducting, magnetic, polymeric

and hybrid NPs [16–22]. Till date many research has been performed in the field

of NPs structure fabrication, assembly, and utilization. Many other morphologies

such as nanowires, nanorods, nanocapsules, nanofibers, nanotubes [23] and

nanocomposites, having at least one component with nanoscale dimensions,

can be achieved by using synthetic methods. Example of this hybrid material

i.e. nanocomposites is polymers with either inorganic NPs or CNTs [24] which

exhibit enhanced properties. Thin solid films, such as Langmuir–Blodgett films

(LBFs) [25], SAMs [26, 27], two-dimensional supramolecular assemblies [28,

29] and Nanopatterned surfaces [30] are the other examples of nanostructured

materials. Monolayer graphene [31], is the extreme limit of nanoscaling which

possesses great electrical and mechanical properties [32].

1.2 Metal and MNPs: preliminary concepts

MNPs are important in technology not only by giving a higher number density of

molecules at the surface but also by preserving the nanodimension of the cluster

in case of monolayer-protected metal clusters such as amines, alkanethiols and

various polymers, including conjugated polymers [33, 34]. Generally, MNPs with

different sizes and shapes like spheres, rods, and pyramids, possess different

properties [35, 36]. Spherical NPs are explored widely due to ease of synthesis

procedure. They can be obtained in both homogeneous aqueous phases (using

reducers as citrate and borohydride or amines) and aqueous/organic phases [16,

36].

Among different MNPs, Noble MNPs is very sensible to the environment.

Due to this sensibility, it has been broadly investigated and used for chemical

and biological sensing as MNPs dispersions, arrays of different geometries and
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even single NP [37, 38]. Noble MNP is also best known for it’s SPR property

which originates due to collective resonant oscillation of conduction electrons

under optical excitation. This oscillation is directly related to the size, shape and

arrangements of NPs as well as on local dielectric environment [39]. The size and

shape of the MNPs, deposited upon solid substrates, by thermal evaporation and

electrodeposition [40, 41] can’t be controlled effectively.

So to precisely control the shape and size of the particle, the as-synthesized

MNPs are self assembled upon solid substrates. But the drawback of this method

is poor control over the interparticle packing distance and lack of reproducibility,

which may lead to loss of near-field coupling effect [42]. Langmuir–Blodgett

technique has been used widely for AuNP/nanosheet assembly [43, 44] to build

up NP monolayer films with precisely-controlled NP density and interparticle

distance.

1.2.1 Gold nanostructures: an emerging field

1.2.2 Historical introduction

There are old materials used by ancient Chinese and Egyptians in the fifth or

fourth century BC. There are also evidences showing that ancient Romans used

gold colloids to stain glass red or mauve. However, modern nanotechnology

was founded with the discovery of ruby AuNPs and the reversible color change

of the thin films of these AuNPs upon mechanical compression reported by

Michael Faraday in 1857 [45]. Many efforts have been devoted for tailoring the

properties of AuNPs for specific applications. Different synthetic routes, such

as Turkevich method, Brust method, Perrault method and many other newly

created approaches [45–49] have been used to control the morphology, solubility,

surface functionality and stability of AuNPs.

AuNPs are very stable metal colloids and have a number of fascinating

properties. Due to these reasons the application of AuNPs is increasing day by
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day. Throughout history, soluble gold colloids have been used for the treatment of

various diseases such as tumors, epilepsy, and for the detection of syphilis, with

varying degrees of success and for coloring ceramics and glass, [46]. The Purple

of Cassius is a gold-colloid-based coloring agent for enamel and glass popular in

the 17th Century. Research concerned with AuNPs underwent a renaissance in

the early 1950’s. AuNPs have been most intensively studied for the past 10 years

as revealed from a number of review artic1es [46, 50, 51], published on this topic.

1.2.3 General background: quantum size effect and application

It has been predicted that due to quantum-mechanical effects, NPs (diameter

range 1-10 nm which is intermediate between the molecular size and that of

the bulk metal one) would display electronic structures, reflecting the electronic

band structure of the NPs. The resulting physical properties are completely

different from both the bulk metal nor those and the molecular compounds. The

properties/nature of the NP strongly depend on it’s size and shape, interparticle

distance, nature of the capping agent (the organic shell) [52]. As the particle

size decreases the de Broglie wavelength of the valence electron reaches to the

same order and the particle behaves as a 0D quantum dot (or box). Due to

this quantum size effect, electrons show a characteristic collective oscillation

frequency, resulting into the so-called plasmon resonance band (PRB). For AuNPs

(5-20 nm-diameter range), PRB is observed near 530 nm. The pioneering work

by Schmid and co-workers on well-defined phosphine-stabilized gold clusters

showed the properties of quantum-dot particles for the first time [53, 54].

The existence of the plasmon band in AuNP systems has been exploited for

many potential applications, especially in the fields of sensors and biology. One

example is the functionalization of AuNPs with oligonuc1eotides [55]. DNA-

formed assemblies of AuNPs have been used as a colorimetric detector of DNA

hybridization, based on the sensitivity of the plasmon band resonance to aggrega-

tion which results to a red shift of the SPR peak. Also due to this size-dependent
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quantization effect, single-electron transitions can be observed between a tip and

NP when thermal energy fluctuation is small enough. AuNPs, having quan-

tum confinement properties, possess an interesting The optoelectronic properties

which make them good candidate for electronics and photonics applications [56–

59]. Most of the current AuNP applications are based on their inherent electronic

and optical characteristics. These arise mainly from the quantum size effect

present in NPs [60].

In NPs, a gap exists between the valence band and the conduction band, unlike

in bulk metals. The energy level spacings can also change with temperature

resulting in a large variation of electrical and optical properties. This made the

NPs great practical interest for applications (transistors, switches, electrometers,

oscillators, biosensors, catalysis) [61–64]. AuNPs have been reported to be used

as sensors to detect organic vapours and ions [65–68]. The mechanism behind

the sensing is that the NPs bind to the ions of interest in a bidentate fashion

and changing the solution colour [69]. In case of the vapour sensors, electrical

resistance of the AuNP films changes after the solvent vapours absorption [66, 70].

For alkylthiol coated gold and silver NPs in Langmuir films [71, 72] reversible

metal-insulator transitions have been reported under ambient conditions.

Another fascinating property of AuNPs lies in the accommodation of different

redox states. The transition from metal-like capacitive charging to redox-like

charging was observed with alkanethiolate-AuNPs of low dispersity in an electro-

chemical setup for Coulomb staircase experiments [73] where additional peaks

have been observed in controlled atmosphere and reduced temperature conditions.

Thus, AuNPs behave as delocalized redox molecules, well known in inorganic

and organometallic electrochemistry similarly as transition metal clusters and

bi-sandwich complexes.

Arrays of closely spaced AuNPs on substrates being potential candidate for

wave guides in optical devices have been explored theoretically and experimen-

tally as [57, 58]. The coherent propagation of energy along the array of NPs [56]
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occurs due to the coupling of the plasmon band resonance between adjacent NPs.

For preparation of non-linear optical devices [74, 75], AuNPs dispersed in glass

materials have also been studied also. Although gold is known to be a stable

metals (mostly inert to oxidation), AuNPs act as good catalysts in absorption

reactions such as CO oxidation, NO reduction, CO2 hydrogenation and catalytic

combustion of methanol [76, 77].

1.3 Deposition of thin films on solid substrates

The properties of a thin film of a given nanostructured material depend on the

film’s real structure which mainly varies due to deposition procedure. Commonly

known as “bottom-up” and “top-down” methods are used for formation of

nanostructures.

In “top-down” [78] strategy, the various kind of lithography techniques are

used to pattern materials having long-range order. On the other hand, bottom-

up is used in different methods of molecular synthesis, colloid chemistry [46],

polymer science [79], and related areas to produce structures having nanometer

length scale. Top-down lithography techniques now reach the sub-micron scale,

but metallic and semi-conductor NPs can bridge the 1-100 nm gap.

NPs are a bottom-up alternative to top-down fabrication methods such as

lithography techniques vastly used in semiconductor industry. One particular

challenge lies in the organization of NPs into controlled architectures in 1D, 2D,

and 3D. Three types of ultrathin films used for such potential applications are LB

Films [80], SAM [81] and two-dimensional supramolecular assemblies [29].

Top-down approaches are good for producing structures with long-range

order and for making macroscopic connections, while bottom-up approaches

are best suited for assembly and establishing short-range order at nanoscale

dimensions. In the process of bottom-up approach the physical forces operating at

nanoscale i.e., hydrogen bonding, van der Waals, electrostatic, Π−Π interactions,
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hydrophilic–hydrophilic, and hydrophobic–hydrophobic plays important role for

self assembling and combining basic units to larger stable structures which leads

to thin film deposition. So, both of the strategies have advantages along with

disadvantages. Despite the practical importance, the fundamental understanding

of surface and interface phenomena is rather slow, as the progress of surface

science is taking shape through trial-and-error empirical approaches. This is due

to the complexity of studying the surface-interface phenomena.

1.4 Nanolayers of AuNPs

1.4.1 Thin films of AuNPs: a short review

AuNPs have been deposited extensively to grow thin films on various kinds

of substrates. Different solid substrates are reportedly used as base materials

for thin film deposition of nanostructured Au such as Si [82],various molecular

silicon substrates [83], TiO2 [84], BaTiO3 [85], SrTiO3 [86], Al2O3 [87]. The aim of

depositing AuNPs on various surfaces has been physical studies [88, 89] as well

as derivation of SAM [90]. Among all, the Au/Si interface, being the most studied

metal-semiconductor contact [91–103], is a model system for investigating the

Schottky-barrier formation as well as the nature of p-d hybridization process [97,

98]. Although, Au is a very stable, non reactive noble metal, and yet it has

been reported to be very reactive with complex behaviour on a Si surface even

when deposited at room temperature. Researchers have also used ammonium

salts [104], and various forms of carbon ([60] fullerene [105], nanotubes [106], and

diamond [107]) for depositing Au nanolayers especially AuNPs.

AuNPs have been manipulated to form highly ordered 1D [108, 109], 2D [110],

or 3D [111, 112], nano networks and superstructures [113, 114]. Thin films

of AuNPs have been prepared using various methods [115–121]. Formation of

AuNPs monolayers has been reported at the liquid interface [122] and also from

the gas phase [123]. There are many reports of the preparation, characterization,
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and study of AuNPs dispersed within mesoporous silica, Au@SiO2 [124, 125]

such as, 2- and 5-nm AuNPs have been inserted to mesoporous silica materials

by the Somorjai group [126].

Films of AuNPs linked with alkanedithiols have been deposited on nanoporous

supports. Heat treatment of these AuNPs dispersed into thin films also have been

studied [127]. The Brust-Schiffrin method has been used typically by most of the

groups to synthesize alkanethiol-stabilized AuNPs [16]. This two-phase reduction

method has triumphed over many other alternatives because of its simplicity.

AuNPs experience both long range vdW attractions and short range steric

repulsion, after solvent evaporation. [128–130]. Such complex interaction leads to

the formation of self-assembled disk-like islands of monolayer height around dif-

ferent points, which on further compression formed a thermodynamically stable

2D-network of buckled or flipped disk-like islands. [131] Thiol-capped AuNPs

(DT-AuNPs) have been reported to form self-assembled 2D structures, [46, 132,

133] due to the complex balance of long range van der Waals (vdW) attractions

and short range steric repulsion of the DT-AuNPs[134–137] initiated by solvent

evaporation. [128–130] Such 2D structures formed at air/water interface, known

as Langmuir monolayers, can be readily transferred onto a solid substrate using

LB and LS techniques to grow uniform nanostructures over large areas [133, 138–

141] compared to the other deposition techniques. In that sense, separation

between particles and their local ordering as well as long-range ordering and/or

connectivity become very important, especially for the preparation of organized

structures in large areas.

Understanding and controlling the final structures of the films on solid sub-

strates, which actually decide the new collective phenomena arising from inter-

particle coupling effects, [46, 138, 142] are of utmost importance for their practical

uses. There is growing interest for the assembly and study of AuNPs on silanized

glass plates [121, 143]. The LB films on hydrophilic Si substrates show nanopat-

terns formation due to drying mediated agglomeration of AuNPs in presence
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of hydrophobic-hydrophilic interaction between thiols and substrate. [144] The

LS films on carbon coated grids have been studied mainly using TEM, which

show the ordering of the AuNPs. It is known that the hydrophobic strength

of the substrate can be tuned through termination or passivation of the sub-

strate, differently, which essentially modifies the surface free energy or contact

angle. [145, 146]

Optical microscopy or BAM has been used to monitor the structures of such

films in the micrometer length scales [147, 148] while the scattering, especially

GISAXS has been used mainly to monitor the particle arrangement and the

interparticle separation. In some cases, the presence of islands or domains have

been predicted indirectly from the width of the interparticle separation peak

[149, 150] or from the analyzed correlation length, [151] as expected. [152]

However, the complete structures of the Langmuir films (i.e. the size of the

islands and their separation or connectivity) at different surface pressure (Π)

have never been evident clearly, which is particularly important for the small size

AuNPs where the long range van der Waals (vdW) attraction is weak compare to

the thermal energies.

Also, no systematic work has been carried out to compare the structures of

the DT-AuNPs LS films grown on different hydrophobic (strength) substrates as

well as to find out and compare the structural stability/instability of the films

at ambient condition. The ambient conditions can change the passivation of the

substrate with time, even in presence of a film, which in turn can influence the

structure of the film. For examples, oxide layer has been found to grow on Si

substrates by replacing the passivated H, Br or Cl atoms, in presence of metal

(Au, Ag), metal-organic (NiA LB) or organic-inorganic (CTAB-silica) nanolayer

films to change the film-structures. [146] Also, the ambient condition can directly

change the structure of the film, through oxidation (due to ambient oxygen),

interdiffusion (due to ambient pressure), fluctuation, diffusion or reorganization

(due to room temperature thermal energy or solvent evaporation), etc. For
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examples, oxidation of metal nanolayers, such as Fe, Cu, Ni, etc. are very

common, while interdiffusion of Au inside H-Si substrate and reorganization of

DT-AuNPs on O-Si substrate have been reported, [153] all of which lead to the

change in the film-structure with time at ambient condition.

It is well known that the long keeping time of any transferred film may cause

some structural changes (toward energy minimum state) as the transfer process

itself is not always carried out under equilibrium conditions. The multilayers

of AuNPs formed on the hydrophobic substrates become thermodynamically

unstable. As found from previous reports, the instability in Au nanolayer arises

due to the presence of room-temperature thermal energy, kT (where k is the

Boltzmann constant and T is the room temperature) [91], due to the degradation

of thiols at ambient conditions [154, 155] and also due to the change in the

substrate surface energy, ∆γ [156], which induces diffusion in the AuNPs. So,

finding the energy minimum state or structure and understanding the actual

process involved in the evolution of differently deposited nanolayer films are very

important also.

1.5 Substrate surface

Among different semiconductor substrates, Si is the widely popular and most

studied substrate for its versatile use in the microelectronics industry, most

notably as transistors, precisely because of the way its surface oxide leads to

unique electrical properties [157]. The removal of surface oxide by wet chemical

surface passivation technique is as important as oxidation for the development of

the microelectronic industry [158] and facilitating the attachment of nanolayers

critical for optoelectronic devices, sensors, etc. [6, 7].

Substrate surface is modified through different ways; passivation by dif-

ferent elements like H, Br, Cl, etc. [91, 159–161] and also creating atomically

thin layer. Sometimes self-assembled monolayer (silane) is grown also as a
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substrate treatment. Thus changing the free energy or polarity of the surface,

the hydrophilic-hydrophobic nature of the surface can be tuned [91, 162, 163].

To make the substrate more hydrophobic prior to film deposition either a self-

assembled monolayer (silane) is deposited on the substrate surface as well as

wet chemical process is used to make a surface hydrophobic. In many cases HF

treatment is done to prepare a hydrophobic Si surface. In the following we will

give a brief review of such Si surface.

1.5.1 Si surface: native oxide

Silicon oxides can be categorised into different classes such as native oxide,

thermal oxide, chemical vapor deposition (CVD) oxide and anodized oxide. Here

growth of native oxide on Si substrate will be discussed. Native oxide grows

spontaneously on a clean silicon surface exposed in an ambient environment (air

or water). Native oxide, being inert in most solutions, allows the silicon surface to

be used as an electronic material in processing and application. The presence of

native oxide controls precisely the thickness and quality of very thin gate oxides

and gives an increase in contact resistance. The control of native oxide growth

rate on Si surfaces is of great importance in the fabrication of ultra-large scale

integrated devices, especially with a decrease in pattern dimension.

Silicon surface has a large number of dangling bonds which are very unstable

due to lack of electron pairing. As a result a clean Si surface is normally very

reactive toward the atoms, molecules or particles, coming in contact with the

surface. Oxygen (given in Table 1) present in the ambient condition reacts with

these bonds and saturate them forming a very thin native oxide layer. The

thickness of the native oxide films formed in water is similar to that in air,

ranging from 5 to 10 Å. The thickness, coverage and growth rates of native oxides

depend on substrate surface condition and the environmental conditions.
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Table 1: The covalent atomic radii (Ra), the electronegativity (δ) in Pauling scale, the bond-
energy (DB) with Si and the bond-length (BL) with Si for different elements. [165]

Element Ra (Å) DB (kJ/mole) LB (Å) δ

Si 1.11 222 2.33 1.90

O 0.73 452 1.63 3.44

H 0.37 318 1.48 2.20

Cl 0.99 381 2.02 3.16

F 0.71 565 1.60 3.98

1.5.2 Si surface: passivation

Surface passivation has been found to be an absolutely essential process, for

example, in the manufacturing of microdisk lasers [164]. Silicon surfaces are

chemically passivated to prevent contamination between processing steps. In this

technique, the Si surface is rendered chemically passive by terminating the bonds

on the surface with selective atoms or groups like, -OH, -H, -Cl, etc. Different

routes are used to passivate Si surface like gas phase reactions in ultra high

vacuum (UHV) condition and wet chemical process. The second one is the most

easy and popular because of many applications in semiconductor industry. Si

substrates being extremely sensitive to the environment (due to the presence

of broken bonds at the surface) when exposed into the air it readily covered

by very thin native oxide layer. The reactivity of the clean Si surface when

operated in ambient condition, can be dramatically lowered by saturating the

surface with monovalent atoms such as H, Br or Cl specially. Such passivated

surfaces are expected to be non-reactive since all surface atoms achieve nearly

ideal coordination. But after a certain time interval, these surfaces again start to

react with oxygen in ambient condition.

Passivated by different materials and their stability depends on many factors

like the relative electronegativity (δ), bond-energy (DB) with Si and the atomic

size (Ra). Values of such parameters, obtained from different sources (essential in

the description of passivation mechanism) are listed in the Table 1.
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1.5.2.1 Hydrogen passivation

When etched by hydrofluoric acid (HF), clean Si surface is terminated by a single

hydrogen layer that effectively prevents oxidation and chemical contamination

of the substrate. In this process, the native oxide layer is first removed and then

the substrate surface is predominantly terminated by hydrogen atom. Since

the number of dangling bonds are different for (100) and (111) Si surface the

H-passivation mechanism is different. The ideal (100) Si surface tends to be

terminated by SiH2 but for (111) it is by SiH or SiH3. Although, the Si(111) surface

can be made atomically smooth with an ideal H termination in buffered HF

solutions but the technologically important Si(100) surfaces becomes atomically

rough upon HF etching. The coexistence of mono-, di-, and even trihydride

species are found to be less stable toward contamination/reoxidation in air [162].

Since the late 1980s it has been well accepted that a Si surface is H-terminated

instead of having F- bonded to the Si atoms when immersing in HF solution.

Although the mechanism has not been completely understood, the etching

process of SiO2 from a Si surface can be described in the following steps: Firstly,

the oxide layer is rapidly dissolved and forms SiF−6
2 ions in HF solution and

the surface becomes temporarily F-terminated. Though the Si-F bond energy

(DB, given in Table 1) is very large but F-termination is not stable. Because of

the large electro negativity of F compared to Si, Si-F bond polarizes the Si-Si

back bonds [166] which allows the insertion of HF into the Si-Si bond leading

to fluorination of the surface silicon atoms and hydrogenation of the second-

layer silicon atoms. As a result, H-terminated Si surface is formed as shown

schematically in Fig. 2 with the removal of the surface silicon atom as SiF4.

The freshly prepared H-passivated Si substrate is hydrophobic in nature [162].

Further, the stability of H-terminated Si(100) and (111) surfaces stored in air has

been studied [166, 167]. When stored in ambient condition, the water present in

air is predominantly involved in the oxidation of surface Si atoms. The native

oxide again starts to grow when most of the surface Si atoms are oxidized.
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Figure 2: Schematic of hydrogen passivation mechanism of Si surface by HF. [165]

1.5.2.2 OTS passivation

Different organic compounds are used to form SAM on silicon surface. Mono-

layers of long aliphatic chains such as alkanethiols and alkyltrichloro or alkyltri-

alkoxysilanes [168, 169], have received much attention due to their stability and

resistance to various perturbing conditions. Alkanethiols are used mainly for

metallic surfaces but alkyltrialkoxysilanes/alkyltrichloro are used for hydroxylic

materials such as glass/silica based substrates [170, 171]. Thus the passivating

compounds are chosen based on the nature of the substrate surface. Octade-

cyltrichlorosilane (OTS) is the most extensively used surface active reagent for

creating SAMs on different types of substrates [172, 173].

The true mechanism by which OTS interacts with a hydroxylic surface is

complex ant still an area of research. The commonly accepted process com-

prises of three steps. Initially, the chloro moieties of OTS are hydrolyzed to

produce silanetriol. Then, they physisorb onto the Si surface and they finally

form Sisilane–O–Sisilane and Sisilane–O–Si via hydrogen bonding and cross-

linked covalent bonds [80]. However, Angst-Simmons and Britcher et al proposed

a slightly different mechanism [174, 175]. They proposed that the hydrolysis of

the chloro groups on OTS occurs in the bulk solution instead of the substrate

surface. The surface coverage of OTS depends on several variables like tempera-

ture, reaction time, nature of the solvent, degree of hydration of the substrates,



1.6 growth and evolution of self-organised aunps nanolayer 16

pretreatment of the substrate surface, pH of the environment, as well as the

nature and morphology of the oxide layer on the substrate [80, 168]. Researchers

found that a full-coverage layer of OTS cannot be fully cross-linked [172, 176]

and greater packing densities of OTS on silica based substrates could be achieved

with bicyclohexyl or toluene as solvent in comparison with hexadecane [177].

1.6 Growth and evolution of self-organised AuNPs

nanolayer

1.6.1 Growth of highly-ordered assembly of AuNPs

Attempts have been made to assemble NPs in two-dimensional structures by

a variety of methods like (i) self-assembly of the particles during solvent evap-

oration [178], (ii) immobilization by covalent attachment at the surface of the

SAM [179], (iii) surface modified polymers [180], (iv) electrophoretic assembly

onto suitable substrates [181], (v) electrostatic attachment to Langmuir monolay-

ers at the air–water interface [182–184], (vi) air–organic solvent interface [185], (vii)

diffusion into ionizable fatty lipid films [186, 187] and (viii) spin coating [188].

The degree of control over molecular-level organization of amphiphiles and

ions that may be exercised at the air–water interface has resulted in its exten-

sive use in the organization of large inorganic ions [189, 190], and biological

macromolecules [191, 192].

Fendler and co-workers first demonstrated that surface-modified hydrophobic

colloidal NPs may also be organized at the air–water interface more specifically,

on the surface of water and that multilayer films of the NPs could be formed

on suitable substrates by the LB technique [193]. A number of other groups

have now used this method to form multilayer films of AuNPs [72, 194–196],

polymer-capped platinum colloidal particles [197].
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Compared to lithographic patterning, bottom-up selfassembly of MNPs into

2D arrays is a more cost effective and widely used approach to prepare chip-

size substrates with sub-10 nm inter-particle spacing for efficient SERS sens-

ing [198, 199]. With the creation of <10 nm inter-particle spacing, high electro-

magnetic field enhancements are achieved more easily over large areas in the

assembled structures [199]. Among numerous assembly techniques developed to

assemble MNPs into ordered arrays [200–202], an efficient way to create mono-

layers of NPs is using the air–water interface through either Langmuir–Blodgett

or Langmuir–Schaefer techniques.

Chemically synthesized highly monodisperse NPs are in the core of many

novel and emerging applications [203, 204]. One of their fascinating properties is

the ability of spontaneous self assembly into large arrays that offers an accessible

route to design regular macroscopic NP layers [129, 202, 205]. In particular,

freely floating self-assembled NP layers at the air/ water interface also known

as the NP Langmuir films in analogy to the molecular Langmuir films attract

permanent attention. They offer an easy and uncomplicated way to obtain large

scale self-assembled templates of nanomaterials. For example, the NP templates

of plasmonic NPs provide a key to enhanced power conversion efficiency of

future solar cells or may serve as unique substrates for the surface enhanced

Raman scattering spectroscopy.

The LB technique, a room temperature deposition process, may be used

to deposit monolayer and multilayer films of organic materials permitting the

manipulation of organic molecules on the nanometer scale. Thus intriguing

superlattice architectures are assembled [206]. Using this technique, nanolayer of

soft materials are grown on semiconductor substrates which have huge potential

applications in variety of fields such as sensors, corrosions, photoresists and in

the studies of non-linear optics. These ordered arrays of oriented amphiphilic

molecules may be useful as insulating or patterning layers in microelectronics, as

model systems for studies of 2D phases and as molecular templates for protein
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crystallization. The potential of LB films for these applications is sensitive to the

details of their molecular packing; in particular, they require that the layers have

a defect-free, periodic structure.

Structure of soft nanostructured materials like LB films is strongly related to

two main factors: (i) the structure or order of the starting Langmuir monolayer

and (ii) the substrate-surface condition where it is transferred. The structure of

the Langmuir monolayer can be tuned by changing the surface pressure. As the

LB/LS film deals with the amphiphilic molecules having both hydrophobic and

hydrophilic parts or spherical hydrophobic NPs, its structure can be modified

by changing the nature of the substrate surface. As mentioned before, such

modification of surface can be easily done by passivation through wet chemical

reaction as discussed in 1.5.2. Furthermore, growth of SAM on the Si surface [26,

81] can modify the nature of the substrate surface. This is the well known

technique. But in some work [172, 173], the wet chemical passivation technique

has been used to modify the growth of LB films. However, not much work has

been carried out to investigate the structure and stability of LB films on wet

chemically passivated or terminated Si surface.

Ordering of insoluble monolayers of amphiphilic molecules or hydropho-

bic NPs on air/water interface leads to wrinkled/buckled patterns. The SAM

organization is governed by the growth equations [207] as well as the experimen-

tal parameters associated with the process. The interplay of several interfacial

forces [208, 209] are the driving force for assembling complex, gradually evolving

structures or patterns. Researchers studied different systems and concluded

differently about the reason behind generation of ordering in the system. Hydro-

dynamic mechanisms like Marangoni effect is a popular phenomena driven by

surface tension gradients that induce instabilities in the liquid films. Maillard

et. al. reported the formation of micrometer rings and hexagonal arrays made

of nanocrystals of different sizes, shapes and materials [210] by controlling the

solvent evaporation rates. Self assembly formation governed kinetically [129] as
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well as coalescence of nearest nucleation sites [211] was reported. Stephan Her-

minghaus et. al. studied emerging structures in liquid crystal and liquid metal

films, similar to those found for spinodal decomposition in mixtures [212]. The

de wetting proceeds via unstable surface waves on the liquid. Coexistence of dif-

ferent kinds of ordering/ patterning reported by Stannard et. al. indicates a sharp

transition in dewetting mechanism depending upon the deposition conditions as

well as chemical potential [213]. Schneider et. al. reported [214] a surface dynam-

ics governed by a substrate strain mediated spinodal decomposition mechanism

leading to pattern formation in organic monolayer.

1.6.2 Probing order in self-assembled AuNPs layers

For a precise characterization and structural property measurements of self-

assembled AuNPs is absolutely essential. To find out the growth, structure and

ordering of self-assembled nanostructures ; the real space (through microscopy

measurements) and reciprocal space information (through scattering measure-

ments) have been investigated to realize and understand the processes involved

in growth and evolution of nanolayer films. Further, by investigating systematic

changes in the parameters effecting the self-assembling processes using real

as well as reciprocal-space measurement techniques, the optimal value of the

relevant parameters, that lead to improved, defect-free fabrication of SAM, can

be determined.

The structures of the Langmuir films of DT-AuNPs have been studied using

microscopy and scattering techniques. Optical microscopy or BAM has been used

to monitor the structures of such films in the micrometer length scales [147, 148]

while the scattering, especially GISAXS has been used mainly to monitor the

particle arrangement and the interparticle separation. In some cases, the presence

of islands or domains have been predicted indirectly from the width of the inter-

particle separation peak [149, 150] or from the analyzed correlation length, [151]

as expected [152]. However, the complete structures of the Langmuir films (i.e.
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the size of the islands and their separation or connectivity) at different surface

pressure (Π) have never been evident clearly, which is particularly important for

the small size AuNPs where the long range van der Waals (vdW) attraction is

weak compare to the thermal energies. The structures of the LB and LS films

of DT-AuNPs have also been studied directly. The LB films on hydrophilic Si

substrates show nanopatterns formation due to drying mediated agglomeration

of AuNPs in presence of hydrophobic-hydrophilic interaction between thiols and

substrate. [144] The LS films on carbon coated grids have been studied mainly

using TEM, which show the ordering of the AuNPs.

Previous reports confirm the evolution of DT-AUNPs under thermal treatment

in solutions from the smaller-sized to larger-sized nanocrystals with the integrity

of the final encapsulating shell structures maintained and formation of the long-

range ordering of the thiolate-encapsulated nanocrystals [215–217].

1.6.3 Reciprocal space information

The reciprocal space measurements are done mainly on the basis of scatter-

ing techniques, using the statistically averaged information over a large area

(compared to the dimension of nanostructured units) of the specimen under

consideration. Being powerful and non-destructive tool, scattering techniques are

used to probe the structure in both plane and our of plane direction. Electrons,

photons, neutrons or ions are used as the probing agent depending on the type

of information that needs to be extracted from the specimen. It is mandatory

that the wavelength of the incident radiation or particle be comparable to the

periodicity of the material structure in real space.

X-rays, because of the higher penetration depth, provide detailed structural

information about the buried interfaces and multilayers. Electrons and neutrons

are also used in microstructural characterization in a manner similar to X-rays.

Pradeep et. al. studied the dynamics of alkyl chains in monolayer-protected

Au and Ag clusters and silver thiolates using neutron scattering technique [218].
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X-rays are surface sensitive at a low angle of incidence. The self-affine in-plane

interfacial correlation function for LB multilayers have been observed by Gibaud

et al using x-ray scattering [219]. Fukuto et. al. studied the Langmuir films of

gold nanoparticles derivatized with acid-terminated alkylthiol chains using X-ray

scattering such as XR, GID and reported formation of 2D hexagonal structure

with only short-range order. [149] Grazing incidence geometry makes the X-

rays sensitive to the in plane structure by its low penetration depth below the

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

films [159, 161]. Specular XR and GISAXS techniques have been used extensively

in our measurements. XR [220, 221] is the most powerful and non-destructive

tool to investigate the structure of the thin films. Analysis of XR profiles provides

an EDP, i.e., in-plane (x-y) average electron density (ρ) as a function of depth

(z) [161]. Film thickness, electron density, and interfacial roughness are estimated

from the EDP. Thus information about surface and interface of nanolayer/Si

systems are extracted in angstrom resolution [222] and also the evolution of the

structure. Details regarding the X-ray scattering technique and the theoretical

formalism of scattering will be discussed in Chapter 3.

1.6.4 Real space imaging

Real space imaging, done mainly based on imaging or microscopic techniques,

provides information about the structure of a small area of the specimen under

investigation. The most widely used real space imaging techniques are TEM,

AFM and SEM. The direct image of the structure obtained from these microscopy

techniques includes defects or mixtures of different structures during growth.

In a TEM, high energy electrons (typically 20-200 keV) are used to obtain

images of the sample in both direct imaging mode as well as from diffraction

patterns for crystalline samples [223]. Hazra et. al. measured the size of DT-

AuNPs by TEM [153]. In a Scanning Electron Microscope (SEM) the energy

of the electrons are lower (about 10-50 keV) than those used in a TEM. The
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SEM operates by detecting the secondary electrons emitted from the sample

surface and the the contrast provides the local surface morphology [224]. Li et

al [225], used X-ray diffuse scattering and AFM to obtain the interfacial correlation

function of LB films of different thickness. Muszynski et. al. presented AFM

image of a graphene sheet modified with gold nanoparticles [226]. The AFM is

quite versatile and simply by changing the material and configuration of the tip,

different characteristics of the sample can be investigated [227, 228].

1.7 Our work and the present thesis

1.7.1 Goal of the thesis

In this thesis work, the primary objective is to study the initial morphology or

structure of deposited nanolayers (of simple metals such as Au or of NPs such as

thiol capped Au NPs, etc.) on solid substrates and its evolution to understand

and control the growth of interesting low dimensional structures, using recently

developed powerful scattering techniques, namely XR [229, 230] grazing incidence

XRD and GISAXS) [231] with complementary real space imaging techniques,

namely AFM, STM and SEM.

Indeed, formation of 2D-network of disk-like islands in the thiol-coated

AuNPs (DT-AuNPs) LS films on H-Si substrates is clearly evident from the

GISAXS and AFM measurements [161]. Such study also infers that the growth

of DT-AuNP Langmuir films is through networked disk-like islands, the size and

networking of which increases while the interparticle separation decreases or

increases due to further interdigitation or buckling. Evolution in the out-of-plane

structures of the LS films with time in ambient conditions is evident from XR

techniques, which is due to room-temperature thermal energy and/or substrate

surface instability. Evolution in the in-plane structures of the LS films with time

under X-ray radiation is evident from GISAXS techniques, where within disk-like

islands relatively large correlation appear in expense of original particle-particle
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correlation due to the growth of AuNPs. In case of Au nanolayers on O-Si

substrates, the thickness of the interdiffused Au layer (which is Gaussian shaped

in nature) [91] is found to vary with the deposition conditions.

We have used the TEM, SEM and AFM extensively for characterization as well

as measurements of our samples. The working principle, basic design, modes

of usage and relevant theoretical aspects of TEM and AFM will provided in

details in Chapter 2. X-ray scattering combined with surface imaging techniques

like SEM, AFM etc. promises better understanding of growth, structure and

evolution of nanolayer/Si system and deeper insight into the processes related or

responsible to those.

1.7.2 Outline of the thesis

This thesis has been divided into nine chapters including the Introduction

(Chapter 1).

Chapter 2 is devoted to the brief description of the experimental techniques

and instruments used during the period of this dissertation for synthesis, charac-

terization and fabrication of thin films of nanostructured materials. This includes

the basic working principle and a brief outline of the instrumentation. The major

experimental techniques,viz. X-ray scattering and SPM techniques, have been

elucidated in details.

Chapter 3 is based on the theoretical formalism behind X-ray scattering which

has been used extensively in our case to probe structure of matter in a precise and

nondestructive manner, the major scattering techniques used in our experiments

to probe both out-of-plane and in-plane structuring for surfaces/interfaces and

the modeling and fitting of data to extract usable information from such scattering

techniques.

Chapter 4 to Chapter 6 present the original research as published in the 3 peer

reviewed journal publications with some relevant explanatory material. Chapter

4 is based on the ordering and pattern formation in transferred monolayers
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of AuNPs and addresses the complex nature of morphology and structure of a

deposited monolayer of AuNP on a solid substrate from water surface. Systematic

X-ray scattering and AFM measurements give insight into the gross in-plane

and out-of-plane morphological structuring. The microscopic details about the

in-plane structural symmetry in monolayers of AuNPs, transferred from water

surface to solid substrate using LS technique, is discussed using synchrotron

X-ray scattering as well as complimentary microscopic techniques. The results

demonstrate the formation of monolayers, made of networked disk-like islands

(as evident from GISAXS and AFM). The size of islands (ξ or ξh) increases with the

increase of Π-value. The islands are again made of DT-AuNPs, self-assembled into

hexagonal-like close pack with inter-digitization. The average separation between

DT-AuNPs (d) either decreases or increases with Π-value depending upon the

competitive effects of packing and flipping due to compression. The observed

structures of the LS films, at least in the initial stages, can be considered to

represent the structures of the Langmuir films, which are of immense importance

not only for the understanding of the self-assembly process of AuNPs at air-water

interface but also for their use as template to grow nanodevices with interesting

properties arise from collective phenomenon.

Chapter 5 addresses the ordering in hydrophobic nanolayers at variously

passivated silicon surfaces. The effects of hydrophobic strength of the substrate

and ambient conditions on the structures and stability of DT-AuNP LS films were

monitored using the XR technique for the formation of controlled 2D-structures

on solid substrates through a single transfer LS process. The results provide initial

coverages of the monolayer films on different substrates. At ambient conditions,

all films evolved with time to change the initial film-thickness. But finally, all the

films formed nearly similar vertically expanded monolayer structures, though

the evolution paths are different, which is quite interesting and requires further

investigation.
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Chapter 6 deals with the structural evolution of multi-transferred LS films

of AuNPs on H-passivated Si substrates have been investigated using XR and

GISAXS techniques. The observation reveals that the number of layers transferred

onto the substrate is proportional to the number of transfer but the coverage of the

layer decreases considerably with the increase in the number of layer. Such frac-

tional coverage multilayered structures are quite unstable at ambient conditions.

The instability mainly arises from three factors: (i) the room-temperature thermal

energy (kT) induced fluctuation, (ii) the change in substrate surface energy (δγ)

induced repulsion and (iii) the dissimilar film-substrate and film-air interfacial

interactions induced attraction toward substrate. Such instability, in one hand,

creates hindrance in the control and formation of desired 3D-nanostructures

through bottom-up approach. On the other hand, same instability decreases

the film-thickness and tries to form a near unique thickness (NUT) through

reorganization of AuNPs for different duration.

Chapter 7 is based on X-ray radiation evolution of thiol capped AuNPs. The

structural evolution of single-transferred LS films of AuNPs on H-passivated

Si substrates under the synchrotron irradiation have been investigated using

GISAXS techniques. The GISAXS measurements were carried out using intense

x-ray beam of small divergence (from P03 beamline of Petra-3) to enhanced

in-plane resolution limit and by shifting the sample in-plane to minimize the

effect of beam induced damage. Initially at t ≈ 0, the films are predominantly

of monolayer structures made of networked disk-like islands which are made of

self-assembled and close packed DT-AuNPs as revealed from the eartier studies

described in Chapter 4. But during irradiation the AuNPs melts to form cluster

of larger size. The dimension of the newly developed clusters is almost same for

LS films deposited at different Π values. The growth of new correlated clusters

almost saturates after a characteristic time as well as the melting rate also follows

linear path after a certain characteristic time. All the films shows a certain phase

transition after a particular time interval of starting the irradiation process.
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In Chapter 8 the growth and evolution of Au nanolayers on native oxide

coated Si surfaces have been presented. The Au/Si interfaces for Au nanolayers

deposited at different power and time duration using magnetron sputtering

technique have been studied by using XR technique. The result obtained from

EDP shows formation of sharp interface of inter diffused Au layer between

Au/Si system. The interface shows interesting evolution with time for a fixed

deposition power. The nature and thickness of the interface investigated for a

fixed deposition time and different wattages as well as for a fixed wattage and

different time duration. The origin behind such evolution has been discussed in

this chapter.

Chapter 9 concludes the thesis with a brief summary of the major experimental

findings from our experiments to investigate ordering and pattern formation in

self-assembled nanostructured materials.



2

E X P E R I M E N TA L S E C T I O N

In this chapter we will discuss in details about the sample preparation and their

characterization. Basic principles of the techniques involved in the work have

been portrayed together with brief description of the instrumentation.

2.1 Si surface cleaning

2.1.1 Ultrasonic cleaning

Cleaning of sample substrates using sonication technique is done initially to

remove the organic contaminants from the substrate surface. In this cleaning

process, substrate is kept into trichloroethane/acetone (for about 10 min) and

methyl/ ethyl alcohol (for about 10 min) solution separately and placed into

the water bath. Using sound energy in the ultrasonic frequency (>20 kHz)range

is used to agitate the particles of organic contaminants only, preserving the

native-oxide layer on the surface.

2.1.2 RCA cleaning

The RCA (Radio Corporation of America) cleaning technique [232] is a standard

set of wafer cleaning process which needs to be performed before any application

in semiconductor technology.

In the first step is the standard cleaning process Si substrates are cleaned in a

solution of ammonium hydroxide (NH4OH, Merck, 30 %), hydrogen peroxide

(H2O2, Merck, 30%) and Milli-Q water (H2O), with a proportion of 1 : 1 : 2,

27
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by volume of chemical agents, at a temperature of approx. 80
◦C for about 10

minutes. The solution removes organic contaminants and forms a continuous thin

silicon oxide layer on the substrate surface. Thus it is proved to be a very efficient

method for removing organic contaminants and as well as in the formation of

continuous oxide layer.

The second treatment step exposes the rinsed wafer to a solution, which is

a hot mixture of H2O2 (30%), HCl (37%), and H2O in the proportion of 1 : 1 : 6.

This cleaning solution is designed to remove the metallic contaminants.

2.2 Substrate surface modification

Substrate preparation essentially means the preparation of the surface of Si

substrate. Depending upon the treatment procedure, one can get differently

terminated or passivated Si substrate. In the following we will discuss briefly

the preparation procedure for different types of passivated or terminated Si

substrates (X-Si, where X = H and OTS), which are of our interest.

2.2.1 H-Si substrates

The Si substrates are treated with HF solution after ultrasonic cleaning. Since

the etching of Si substrate strongly depends on the concentration of HF solution

and the time of immersion into it [161, 233], we have optimized the concentration

and deposition time by using XR measurements. The minimum thickness of

oxide layer and least surface surface roughness condition as obtained from XR

calculation has been opted which comes from using 10% HF solution and 60 sec

immersion time. Such substrates are labelled as H-Si, as HF treatment produce H-

passivated surface after removing oxide layer. The HF etching has been performed

just before the deposition of nanolayers because the Si surface are very reactive

due to the open and unsaturated dangling bonds after the etching. This step has

to be performed in HF resistant plastic beaker.



2.3 nanolayers of dt-aunps 29

2.2.2 OTS-Si substrates

Si substrates is immersed in trichloro(octadecyl)silane [n-OTS, CH3(CH2)17SiCl3]

solution to prepare OTS (of monolayer thickness) self-assembled Si (OTS-Si)

substrates [234, 235]. Before that they are treated for 15 min at 80
◦C in a mixture

of concentrated ammonia (25% NH4OH): concentrated hydrogen peroxide (31%):

water with a volume ratio of 1:1:5. This helps to grow a thin oxide layer with lots

of silanol (Si-OH) groups. These groups are needed for OTS adsorption. After

rinsing the substrates further with deionised water and drying in nitrogen flow,

the substrates are now immediately subjected to silanization. OTS solution in

toluene of desired mM concentration is used for silanization.

2.3 Nanolayers of DT-AuNPs

2.3.1 Preparation of DT-AuNPs

There are many conventional methods for synthesis of AuNPs like bottom-up

approach [46], reduction of AuHCl4 by using citrate [236] or Schmid’s cluster

method for studying quantum-dot nanomaterial [237]. However The AuNPs

synthesized for our experiments have been done following the path breaking

Brust method [33, 238]. It’s known as a two phase reduction process.

In this method gold ions first transferred to an organic phase, followed by

reduction reaction in the presence of capping agent like alkanethiols having

sulphur with a strong affinity toward the gold core and attach themselves to

their surfaces progressing further growth. The size of AuNPs could be varied by

tuning the gold to thiol molar ratio.

A typical preparation involves the mixing of 1 mL of 25 mM aqueous solution

(golden yellow in color) of HAuCl4 (Hydrogen tetrachloroaurate) and toluene so-

lution of the well known phase transfer reagent Tetra-octyl Ammonium Bromide

(TOABr), 220 mg in 5mL solvent, in a beaker. Toluene floats over the aqueous so-

lution. The liquid is then stirred vigorously with the help of a magnetic stirrer for
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some minutes. Immediately after shaking the beaker the transparent toluene layer

becomes light brown in color and HAuCl4 is rendered colorless due to transfer of

gold ions from the aqueous layer to the toluene layer in a process known as phase

separation. In the next step 82 µ L of Dodecanethiol is added to the solution drop

by drop with continuous stirring. The toluene layer gradually becomes milky in

color. Then 5 mL aqueous solution of 80 mg of NaBH4 (Sodium Borohydride) is

added as a reducing agent with rapid shaking resulting in production of dark

brown color toluene solution. The color signifies the formation of AuNPs in the

solution. The reaction proceeds as

AuCl−4 (aq) + N(C8H17)
4 + T −→ N(C8H17)4AuCl4(T)

mAuCl−4 (T) + nC12H25SH(T) + 3me− −→ 4mCl−(aq) + Aum(C12H25SH)n(T)

where aq is aqueous phase and T is toluene. The solution is then rinsed and

washed thoroughly with water and precipitated with excess of Ethanol. The

precipitated AuNPs are then filtered out using a filtration set-up on a filter paper

(shown in Fig. 3) of intercalated pore size 0.45 µm and stored on it for further

usage.

All the chemicals used were freshly bought from Aldrich, USA. AuNPs of

different core sizes could be successfully synthesized by tuning the molar ratios of

Gold to Dodecanethiol (Au:Thiol). The AuNPs remain in the form of a dark brown

film on the filter paper and are stable for years. When using for experiments a

small section of the filter paper containing the AuNPs is cut off and immersed in

a known quantity of toluene.The AuNPs disperse in the solution. The density of

the AuNPs in the toluene solution can be calculated easily which will be further

used to calculate surface pressure Π of Langmuir monolayer.
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Figure 3: Schematic Representation of the Brust method.

2.3.2 Characterization of AuNPs

The shape, size distribution and degree of polydispersity of the synthesized Au

AuNPs have been characterized by using different techniques.

2.3.2.1 UV-vis spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) involves the spectroscopy of photons

in the UV-Visible region. Metals have unique optical properties [239] compared

to other materials which are actually manifestations of the conduction electrons

which is subject to modification on reducing the shape and size [239]. The

optical spectra of noble-metal clusters exhibit pronounced resonance lines caused

by collective excitations of surface conduction electrons (as shown in Fig. 4) in

presence of electromagnetic radiation. These excitations are known as surface

plasmons [60, 239, 240]. Surface plasmons oscillate with a resonance frequency

at a peak value when the wavelength of the e.m. radiation λ exactly matches

with the diameter d of the clusters. Mie theory provides the exact relation of d
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and λ by solving Maxwell’s equations [241]. Under certain approximations for

small spherical particles the Full Width at Half Maximum (FWHM), Γ of surface

plasmon peak, a Lorentzian provides [239],

d =
2νF

Γ

where νF is the Fermi velocity of the bulk metal. The amplitude of the peak is

proportional to the concentration of the solution. The peak position changes with

the density of electrons, size and shape of the charge distribution and also on the

dielectric constant of the surrounding medium [60, 242, 243].

Similar to nanoclusters, optical properties of AuNPs are also sensitive to

size, shape, concentration, agglomeration state, and refractive index near the

AuNP surface, which makes UV-vis spectroscopy a valuable tool for identifying,

characterizing, and studying these materials. A strong band in the visible region

of the absorption spectra of AuNPs arises from the surface plasmons in response

to an external e.m. field [240, 244]. We have used this technique to observe the

plasmon modes of the AuNPs and determine their sizes.

Figure 4: Schematic of plasmon oscillation in a metal sphere [242].

2.3.2.1.1 Basic principles A typical UV-Visible spectrometer (see Fig. 5 for

schematics) comprises of the following major components: (a) A radiation source

which provides illumination of the appropriate wavelengths (usually tungsten-

iodine or xenon lamp), (b) a Czerny-Turner monochromator [245] which selects
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the wavelength of interest, (c) a Chopper, (d) a detector/amplifier system (usually

a Si photo diode), which measures the amount of light transmitted by the sample

and (e) the sample compartment (quartz cuvettes) to place the sample to be

studied.

The sample is placed between the source and detector, and the intensity of the

radiation beam is measured after passing through the sample w.r.t. an unaffected

reference beam. The sample beam interacts with the sample exposing it to

ultraviolet light of continuously changing wavelength. The chopper is used here

to separate the reference beam from the sample beam, allowing only one to reach

the photomultiplier at any given time. When the emitted wavelength corresponds

to the energy level which promotes an electron to a higher molecular orbital,

energy is absorbed. The detector in transmission mode records the ratio between

reference (I0) and sample beam (I) intensities. And in a typical absorbance mode,

the photons that are not absorbed or scattered by the sample are measured which

is equal to − log10(I/I0). The quartz cuvettes accommodates samples in the form

of films and liquids and has a lid to protect the detector from strong external

light.

2.3.2.1.2 Instrument All measurements related to the thesis were performed

on dilute solutions of the AuNPs in toluene using a UV-vis spectrophotometer,

Lambda 750, Perkin Elmer, USA (schematics shown in Fig. 5), in transmission

mode to determine their size. It is suitable for measurements in the scanning

wavelength range between 190 and 3300 nm with a resolution of 0.17 - 5.00 nm.

We have worked with thiol-capped Au AuNPs dissolved in toluene. Absorp-

tion spectra was recorded taking toluene as a reference. The scan range used for

our measurements was 300-800 nm with a Tungsten-Iodine lamp. To calculate the

average size of the AuNPs after a linear background subtraction around the plas-

mon peak absorbance is plotted as a function of angular frequencies, ω = 2πc/λ.

Then Γ was obtained from its Lorentzian fit. The diameter d was found ≈ 1.5 nm.
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Considering the chain length of the capping layer of dodecanethiol as ≈ 1.0 nm,

the size of AuNPs was obtained as ≈ 2.5 nm.

Figure 5: Schematic Representation of the Basic Uv-Vis Spectrometer Components [246].

2.3.2.2 Transmission electron microscopy

Both the high resolution real space information from image mode as well as

reciprocal space information in diffraction mode can be obtained from TEM

using a single sample [223] by passing a beam of electrons. This technique offers

a high magnification ranging from 50 to 106. When electrons are accelerated

to a high energy value (few hundreds of keV) and focused on a material, they

can scatter or backscatter elastically as well as inelastically, or produce many

interactions, which are source of different signals such as X-rays, Auger electrons

or light [223, 247]. The different kind of information is obtained by probing

differently generated signals after interaction of electron beam with the sample.

Like, diffraction pattern is obtained from elastically scattered electrons which

undergoes no loss of energy during the interaction process. On the other hand,

inelastic collisions between electrons originated due to heterogeneities such as

grain boundaries, dislocations, second phase particles, defects, density variations
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etc. cause complex absorption and scattering effects [223] leading to a spatial

variation in the intensity of the transmitted electrons.

The high magnification or resolution of TEM is associated with the very small

de-Broglie wavelength of electron given by

λ =
h√

2meV
=

1.23√
V

nm

where me and e are the electron mass and charge, h is Plank’s constant, and

V is the accelerating potential. Hence only a hundred volts are needed to

accelerate electrons to wavelength comparable to atomic length scales. The

higher the operating voltage of a TEM instrument, the greater is its lateral spatial

resolution. In TEM one can switch between imaging the sample and viewing its

diffraction pattern by changing the strength of the intermediate lens [247]. The

shortcomings of TEM are its limited depth resolution and radiation damage of

organic specimens [247, 248]. The most common mode of operation for a TEM is

the bright field imaging mode. In this mode the contrast is formed directly by

scattering and absorption of electrons [247] in the sample. Thus thicker regions

of the sample, or regions with a higher electron density will appear dark, whilst

regions with no sample or lower electron density regions in the sample in the

beam path will appear bright—hence the term "bright field". These contrast

differences provide information on the structure, texture, shape and size of the

sample.

2.3.2.2.1 Basic principles A typical schematic of the imaging system in TEM

is shown in Fig. 6. The basic principles of functioning is same as the optical

microscope. Electrons are emitted in the electron gun by thermionic, Schottky,

or field emission and accelerated to high energies (200 keV) by an electric field.

Field emission gun provides better resolution with higher brightness than the

thermionic systems. The accelerated electrons are projected onto the sample

through the condenser lenses. The aperture and illumination area is controlled by
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Figure 6: Schematic Representation of the Basic Transmission Electron Microscope Com-
ponents in both image and diffraction mode [249].

the three- or four-stage condenser-lens system. The electron intensity distribution

behind the specimen focused by the objective lens system composed of multiple

lenses [247] onto a fluorescent screen [shown in Fig. 6]. The image can be

recorded by direct exposure of a photographic emulsion or an image plate inside

the vacuum, or digitally via a fluorescent screen coupled by a fiber-optic plate to

a CCD camera. A JEOL-JEM 2010 Transmission Electron Microscope operated at

200 kV was used in our experiments.

2.3.3 Thin film deposition techniques

2.3.4 Langmuir monolayer

The molecules having a polar and hydrophilic head part in one side and hy-

drophobic tail e.g. long chain fatty acid or alcohol on the other side, [206] can
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align themselves to form a surface of one molecular layer when spread over water

or formed at the water-air interface. This monolayer of insoluble amphiphiles

at the air/water interface is known as a Langmuir monolayer [Fig. 7 (a)]. A

Langmuir monolayer is generally prepared by placing a known number of water

insoluble molecules on the surface of an aqueous subphase; a measured vol-

ume of a dilute solution is deposited drop by drop. The monolayer spreads

spontaneously onto the clean water surface and the volatile organic solvent, e.g.

chloroform, methanol, or benzene, evaporates after some time. For convenience

and cleanliness, the subphase is generally contained in a Teflon (PTFE) container,

known as trough. Since the number of molecules added to the surface is known,

the monolayer area is generally expressed as area per molecule. Measurement of

the force exerted on a hydrophilic plate (made of e.g. filter paper or Wilhelmy

plate) passing through the air/water interface is the most common method of

determining the surface tension (γ). The force measurement is made using an

electrobalance or a sensitive spring with a position sensor. The surface pressure

(Π) is then calculated as Π = γ0 − γ where γ0 is the surface tension of the bare

subphase.

There are two possible methods of transferring the monolayers from the

liquid–air interface onto a solid substrate. The most conventional method that is

used is the vertical deposition of the substrate (Langmuir–Blodgett method). The

second method is the horizontal deposition of the substrate onto the Langmuir

film, which is known as the Langmuir–Schaefer method.

2.3.4.1 LB deposition technique

The LB technique was pioneered by Irving Langmuir and Katharine Blodgett [250–

252]. Films can be transferred to a solid substrate by passing it through the

Langmuir monolayer and known as LB films [206, 253]. These can be single

layered or multilayered depending upon the number of passes made through

the water surface. The commonest form of LB film deposition is shown in
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[Fig. 7 (b-d)]. It involves the vertical movement of a solid substrate through the

monolayer/air interface [253]. For LB film deposition, holding the Langmuir layer

Figure 7: (a) Langmuir monolayer of amphiphilic molecules, (b-d) LB deposition schemat-
ics and (e) Π-A isotherm showing thermodynamic phase transition in the
monolayer.

at a constant surface pressure, a solid substrate is dipped through the air/water

interface at a controlled speed . Surface pressure (Π) is measured as a function

of molecular area (A) at constant temperature, known as a Π - A isotherm. This

is the standard thermodynamic measurement made on Langmuir monolayers

[see Fig. 7 (e)]. It can be considered as a 2-D equivalent of a pressure-volume

isotherm curve. Thermodynamic phase transition in the monolayer similar to

Gas↔ Liquid↔ Solid, are generally reflected in an isotherm as singularities such

as flat regions (plateaus) or kinks (changes in slope) as shown in Fig. 7 (e).

2.3.4.2 LS deposition technique

The AuNPs which have been synthesized and well characterized are now cast

as thin films to carry out experiments. We have prepared thin films of AuNPs

mostly by horizontal lift-off of the the compressed insoluble monolayer of AuNPs

at the air-water interface in a Langmuir trough using the LS technique [254].In

the Langmuir–Schaefer method, a flat substrate is placed horizontally onto a
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Figure 8: Pressure-area (Π− A) isotherm of DT-AuNPs layer, recorded at the Langmuir
trough, showing various phases, namely gaseous (G), liquid-expended (LE) and
liquid-compressed (LC). Inset: corresponding derivative curve to emphasize
the changes.

compressed monolayer on the liquid–air interface. When the substrate is lifted

horizontally and separated from the water subphase, the monolayer is transferred

onto the substrate. In this technique the floating Langmuir monolayer is less

affected by the disruptive forces than in the LB method.

A Langmuir trough (KSV 5000 alternating trough) was used for deposition

of monolayer films [see Fig. 10] of thiol encapsulated AuNPs on Si substrates at

desired surface pressures and temperatures [refer to Fig. 10 for schematics of the

experiment].

About 1500 µL of the solution (AuNPs in toluene with concentration 0.25

mg/ml) was spread on the trough and the hydrophobic dodecanethiol encapsu-

lated AuNPS lay suspended at the air-water interface [159–161] once the solvent

evaporated. The solution has been spread dropwise on different parts of the

trough using a micro pipette containing 100 µL of the solution at a time and then

some time is allowed for the complete evaporation of the solvent. The amount

of solvent spread decides the initial average area available to each molecule in

the monolayer. If M is the molecular weight of the AuNPs, ρ is the concentration

of the AuNPs solution and V be the volume of the solution and total surface
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Figure 9: (a) Langmuir monolayer of hydrophobic AuNPs, (b) Compression and forma-
tion of monolayer (c) LS deposition of the monolayer on the substrate.

area covered by the monolayer is S (which is basically the area of the trough),

then the area per molecule can be calculated using A = SM/ρV. Here ρ and

V are selected in such a way so that the area per molecule is large enough for

the monolayer to be in the G phase. Various phases obtained in a typical Π− A

isotherm of AuNPs is shown in Fig. 8.

In gaseous state (G) the molecules are well separated whereas in liquid-

expended state or extended monolayer phase (LE) they come closer to interact.

On further reduction of the molecular area, a condensed phase, liquid-compressed

(LC) is obtained where molecules are closely packed. Above a critical surface

pressure,Πc the monolayer starts buckling or collapsing. Below Πc the isotherms

are reversible on compression and decompression depending upon the stability

of the monolayer. Film deposition corresponding to pressures at different phases

has been done in the present thesis work. Prior to deposition the substrate has
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Figure 10: The schematics of the experiment for transfer of thin film of AuNPs to solid
substrate from water surface using LS method

been chemically treated. Hydrophobic silicon substrates were then attached

horizontally to a homemade Teflon substrate holder(vacuum chunk) 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 film deposition, top water

surface was properly cleaned and the substrate holder was approached toward

the air-water interface very slowly in a parallel manner until it just touched the

interface. After few seconds the substrate again was drawn backwards. Transfer

onto Si (100) were done at room temperature, with the substrate moving at the

rate of 1 mm/min, in this LS method [254] at a desired surface pressure. The

reproducibility of the film was monitored by measuring the XR profile.

2.4 Nanolayers of metal

2.4.1 Deposition by magnetron sputtering

The magnetron sputtering is a very simple and reliable process which is used

from several years for industrial deposition of thin films and coatings. Magnetron

sputtering has emerged to complement other vacuum coating techniques such as

thermal evaporation and electron-beam evaporation. Magnetron sputtering has

many advantages like high deposition rates, broad range of sputtering metals,
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alloys or compoun. High-purity uniform films can be deposited with excellent

coverage of steps and small features. Thus sputtering is a very powerful technique

which can be used in a wide range of applications.

2.4.1.1 Principle of sputtering deposition

Figure 11: Schematic view of magnetron sputtering

Within the sputtering process a DC voltage is applied across the two electrodes

in a gas at low pressure to accelerate the gas ions out of a plasma toward a target

(cathode) consisting of the material to be deposited. This gas further becomes

ionised making plasma which strikes the target. Material is detached (’sputtered’)

from the target and afterwards deposited on a substrate in the vicinity. This

process is known as DC sputtering.

The ignition of plasma is done by feeding up argon Ar) into the chamber. In

the DC-sputtering a negative potential U up to some hundred Volts is applied to

the target. As a result, the Ar− ions (already present in the system due to cosmic

radiation) are accelerated toward the target and set material free producing

secondary electrons which further further ionize the gas. The gas pressure p and

the electrode distance d determine a break-through voltage UD from which on a

self sustaining glow discharge starts- following the Eqn.

UD = A
pd

ln(pd) + B
(2–1)
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where, A and B are materials constants. This is Paschen’s Law. Graphically

spoken the ionization probability rises with an increase in pressure and hence the

number of ions and the conductivity of the gas also increases. The break through

voltage drops. For a sufficient ionization rate a stable burning plasma results,

where from a sufficient amount of ions is available for sputtering of the material.

To increase the ionization rate by emitted secondary electrons even further, a

ring magnet below the target is used to create magnetically confinement plasma.

The strong magnetic field generated by magnetron traps the electrons in a spiral

shape increasing the probability of confinement of plasma near the target. This

eventually increases the deposition rate. So the technique is called magnetron

sputtering.

The DC-sputtering is restricted to the conducting materials like metals or

doped semiconductors. For preparing dielectric films another method called

radio frequency, RF-sputtering is used. A periodically reversible high frequency

voltage is applied to the target here to charge neutralize the surface of the target

made of insulating material. Hereby also sputtering of non-conducting materials

is possible.

2.4.1.2 Instrument

The instrument used to grow metal nanolayers is a magnetron sputtering unit

(PLS 500, Pfeiffer Vacuum) shown in Fig. 12. The system has three major units

(a) pumping system; (b) sputtering chamber; and (c) control panel. The main

chamber, shown in Fig. 12, can be evacuated to a base pressure of ≈ 1× 10−6

mbar with the help of a turbo molecular pump (Pfeiffer, TMH 520) backed by a

rotary pump (Pfeiffer, DUO 016 B). Different types of gases like Ar, N2, etc. can

be introduced into the main chamber for plasma discharge. The gas flow rate is

controlled by a mass flow controller. Two DC and one RF sputtering units are

availabe which can be operated at different wattage. The maximum power that

can be applied to the dc magnetron is 0.5 kW. Both static and rotational modes
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Figure 12: Left: Magnetron sputtering instrument (PLS 500). Right: Inside view of the
deposition chamber

available for the sample stage. In our study, as we have used more than one

samples for deposition at a time using the rotation mode to get smooth films of

uniform thickness for all samples..

2.5 Thin film characterization

2.5.1 Microscopic measurement techniques

2.5.1.1 Scanning electron microscopy

To overcome the limitations of the light microscopes such associated with the

magnification and resolution power, Scanning electron microscope (SEM) were

developed [224]. SEM comes under the category of electron microscopes. A beam

of highly energetic electrons is used to image the specimen on a very fine scale and

to get it’s structure and composition. The analysis provides information related to

the topography, morphology, composition and the crystallographic orientation of

the sample [255]. There are two kinds of electron microscope namely Transmission

electron microscope (TEM) and Scanning electron microscope (SEM) that are
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commonly used in the surface science. In our work, we have used SEM to

characterize the surface morphology of the metal nanolayers.

2.5.1.1.1 Basic formalism Electron column, scanning unit, detector(s), display,

and vacuum unit are the main parts of a typical SEM instrument. The scanning

unit and the detectors are kept in vacuum during operation. A beam of electrons

is generated from the electron gun using tungsten tip located at the top of the

electron column which is always in high vacuum vacuum environment. This

beam is attracted through the anode, condensed by a magnetic lens and focused as

a very fine probe (<10 nm in diameter) on the specimen by the objective lens. The

scan coils are energized (by varying the voltage produced by the scan generator

∼ 1-40 kV) and create a magnetic field, which deflects the beam back and forth in

a controlled pattern. Once the beam hits the sample, the electrons interact with

the surface atoms of solid specimens and produces a variety of signals such as

secondary electrons, high-energy backscattered electrons, characteristics X-rays,

visible light. The emitted signals escape from the sample surface with specific

angles with the incident electrons.

As for as the SEM is concerned, when the electron beam hits the sample

surface, the secondary electrons produced from the sample are collected by the

secondary electron detector or the backscatter detector, which has been converted

into a signal resulting in an 2D intensity map in the viewing screen known as

SEM image. The resulting image is generally straightforward to interpret, at

least for topographic imaging of objects at low magnifications. The schematic of

various components of a SEM instrument is shown in the Fig. 13.

A very important point in the study of SEM is that the sample should be

conductive to avoid electron cloud accumulation on the top of the specimen which

ultimately results in lower contrast of the image. And for this reason conductive

tape is pasted in the lower face of the insulator/semiconductor sample surface

before the process of imaging.
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Figure 13: Schematic Representation of the Basic SEM Components [256].

2.5.1.1.2 SEM instrument FEI Quanta 200F schottkey field emission gun (FEG).

Scanning Electron Microscope has been used in our divisional laboratory to image

the topography of thin films in large scale. The photograph of the instrument is

shown in the Fig. 14. The instrument can be operated in three different vacuum

modes as per necessity depending upon the nature of the samples:High Vacuum

(HV) for observing conducting sample, Low Vacuum (LV) and environmental

SEM (ESEM) for scanning nonconducting materials without having any metal

coating on the sample. It also possesses different types of detectors like Everhart-

Thornly detector (ETD), large-field gaseous secondary electron detector (LFD)

and solid state detector (SSD). The accelerating voltage of the electron beam can

be varied from 0.2 kV to 30 kV. For low and high vacuum modes, the spatial

resolution of the microscope is 3.5 nm at 3 kV and 2 nm at 30 kV respectively. We

have imaged the AuNPS films using operating voltage= 5 kV while the pressure

is kept at 0.37 torr.
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Figure 14: Scanning Electron Microscope

2.5.1.2 Atomic force microscopy

SPM is a branch of microscopy that forms images of surfaces using a physical

probe that scans the specimen and AFM is one member in the family. SPM,

founded with the invention of the scanning tunneling microscope in 1981 [257].

An image of the surface is obtained in AFM by mechanically moving the probe in

a raster scan of the specimen, line by line, and recording the probe-surface inter-

action as a function of position [227, 228]. By changing the probe material and

configuration, detection scheme is modified to determine different characteristics

of a sample.

AFM has a widespread usage in real space imaging of a large variety of

specimens spanning across vast boundaries of physical, chemical, material and

biological science. Also, it can be used both in ambient conditions as well as in

vacuum according to the specific requirement of the experiment. Basic principle
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governing the mechanism and modes of operation are being discussed in the

following sections.

2.5.1.2.1 Basic principles In AFM, a sharp tip mounted on a cantilever is al-

lowed to scan over a sample surface and deflection of the tip due to its interaction

with the sample surface atoms is monitored. Schematics of AFM is shown in

Fig. 15. Under normal working conditions the interaction forces between the tip

Figure 15: Working principle of AFM [258].

and sample atoms bend the cantilever following Hooke’s law.

F = −κx (2–2)

The cantilever deflection is detected by an ’optical lever’ principle and converted

into an electrical signal to produce the images. In the optical lever setup, a laser

beam reflected from the backside of the cantilever is made incident on a Position

Sensitive Photo Detector (PSPD). As the cantilever deflects, the angle of reflected

beam changes and the spot falls on a different part of the detector. Generally

the detector is made of four quadrants (shown in Fig. 15) and the signals from

the four quadrants are compared to calculate the position of the laser spot. The
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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 scanning (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 of the order of several nanometers, the van der Waals forces usually

dominate the Pauli repulsion due to overlapping electron orbitals. The force can

be derived from the Lenard-Jones potential V(r) where

V(r) ∝ [(σ/r)12 − (σ/r)6] (2–3)

σ is the finite distance at which the inter-particle potential is zero and r is the

distance between the particles. Thus using the relation the force can be written as

F(r) = −∂V(r)/∂r

∝ [σ6/r7 − σ12/r13] (2–4)

The variation of interaction force with the distance is depicted in Fig. 16. For

larger r weak attractive force exists between the tip and sample. As they are

gradually brought closer the attractive force between them increases until the

electron clouds begin to repel each other electro statically. This electrostatic

repulsion gradually weakens the attractive force as the inter-atomic separation

continues to decrease. When the distance between the atoms reaches a couple of

Angstroms, the interatomic force becomes zero. And the force acting is totally Van
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Figure 16: Variation of inter-atomic forces with distance. Working regime for the different
modes of AFM.

der Waals repulsive force. In AFM, the tip-sample interaction force is measured

and mapped to generate the three dimensional images of the surface.

2.5.1.2.2 Modes of operation There are various modes of operation of the

AFM among which (a) contact mode, (b)non-contact mode and (c) tapping mode

are frequently used to probe surfaces.

(a) Contact mode Contact mode is the simplest and fastest mode of AFM

operation since the deflection of the cantilever gives us the topography of the

sample directly. In contact mode, the tip and the sample remain in close contact

(within a few Å) during the scanning, i.e. the force experienced by the tip is the

Van der Waals force [as shown in Fig. 16]. In this mode, imaging can be done in

two different methods:

1. Constant force imaging: The force between tip and sample remains same

during scanning that means the cantilever deflection is maintained at a constant

value. A feedback circuit connected to the z-piezo-drive is used to adjust the

height of the tip. Voltages applied to the x and y piezoelectric drives determine

the corresponding positions along the both axis. The signal obtained in terms

of voltages can finally be translated into ’topography’ h(x, y) provided that the

sensitivities of the three orthogonal piezoelectric drives are known.

2. Constant height imaging: In this method the scanning at a constant height

arises the variation in tip-sample interaction force which reflects the atomic-scale
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topography of the sample. The feedback loop is turned off in this mode setting

and the image signal comes entirely from the deflection of the cantilever.

The constant height mode suffers from the disadvantage that any steep step

in the sample surface may cause the tip to crash against the sample and thus

damage the tip. So the constant force mode is the most commonly used mode

of operation. But, constant height mode is often used for taking atomic scale

images of atomically flat surfaces, where the force variation is small. This is also

efficient where high scan speed is essential. A significant disadvantage 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 artefacts 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.

(b) 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

sample surface at such a distance that the forces of interaction remain in the

attractive force regime of the inter-atomic force curve as indicated in Fig. 16. Since

the force is very small, this mode is advantageous for studying soft or elastic

samples. To avoid pulling and crushing at sample surface stiffer cantilever is

used. The NC-AFM signal is very small in value and difficult to measure. So

a sensitive AC detection scheme is used for NC-AFM operation. The cantilever

vibrates slightly above its resonant frequency (typically from 100 to 400 Hz) with

an amplitude of a few nm. When comes in close proximity of the sample, the

resonant frequency of the cantilever is decreased by Van der Waal’s force result-

ing in a change in oscillation amplitude. By monitoring changes in resonance

frequency/vibrational amplitude of the cantilever which results in force gradient,

the tip-to-sample spacing or sample topography is mapped. By keeping the

resonant frequency or amplitude constant, the average tip-to-sample distance
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is mained at a constant value in this mode. As with contact AFM, the voltage

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

does not suffer from the tip to sample degradation effects as seen in contact AFM,

the contact AFM provides better resolution than the NC-AFM. This is because

the attractive Van der Waal’s forces are substantially weaker than the forces used

by contact mode. Hence, even when the sample-tip separation is successfully

maintained, non-contact mode provides substantially lower resolution than the

contact mode. Ultra-high vacuum conditions and active anti-vibration devices is

needed to diminish moise effects and for smooth functioning of this mode. Due

to these disadvantages, applications for non-contact mode AFM imaging have

been somewhat limited.

(c) Tapping or intermittent-contact mode Tapping mode imaging is im-

plemented in ambient condition. The stiff cantilever oscillates at or near it’s

resonance frequency with a high amplitude (typically greater than 20 nm) at a

very close separation with the sample. The oscillating tip is then moved toward

the surface until it begins to lightly touch, or ’tap’ the surface intermittently

reducing the oscillation. The amplitude of oscillation changes when the tip scans

over the bumps or depressions. 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.

The advantage of this mode is that it inherently prevents the tip from sticking

to the surface and making damages during scans. Unlike contact and non-contact

modes, when the tip contacts the surface, it has sufficient oscillation amplitude to

overcome the tip-sample adhesion forces. Also, the surface material is not pulled

sideways by lateral forces since the applied force is largely vertical. As a result

lateral forces are virtually eliminated and the possibility of tip crashes is avoided.

Damage and distortion to the sample can be minimized also. For these reasons,

tapping mode AFM is well suited for the study of polymer, AuNPs, soft matter

and fragile objects.
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2.5.1.2.3 Details of AFM used in present experiments The detailed top sur-

face morphologies of the films in the present thesis have been mapped in tapping

mode using the Agilent 5500 SPM using etched Si cantilever in ambient conditions

(see Fig. 17). Details of the measurements have been discussed in corresponding

Figure 17: Components of Agilent 5500 SPM [258].

chapters.

2.5.1.2.4 Statistical analysis of images WSXM software has been used to pro-

cess and further analyse AFM images [259]. Height information of each point in

x-y plane within the scan resolution limit is stored in the AFM image in height

mode. Using this information roughness, height correlation function etc. can

be analysed [260]. For example, considering an AFM scan with digitized data

consisting of N×N points in the x-y plane, the r.m.s. roughness can be calculated

as

σ =
1
N

√√√√[
N

∑
i=1

N

∑
j=1

h(xi, yj)− hav]2

where,h(xi, yj) denotes height at a point (xi, yj) and hav is the average height of the

scan area. Using r.m.s. roughness only height-height correlation C(X, Y) function
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can be calculated since it only deals with height fluctuations along vertical

direction. These experimentally obtained correlation functions are then fitted

with different types of surface correlation functions such as Gaussian, exponential,

power-law, self-affine, liquid-like, self-affine liquid-like etc. to characterize the

surface under observation [260].

All the positional correlations between different points which give the surface

quantities like featured wavelength, homogeneity and lateral correlation length

remain unidentified. This can be attained by transforming the height profile in

the reciprocal space or Fourier space. The 2D finite length FFT (Fast Fourier

Transform) for a square image is given by:

H(qx, qy) =
∫ L/2

−L/2

∫ L/2

−L/2
h(x, y) exp−i(qxx+qyy) dxdy (2–5)

where, the image size L × L. qx and qy are the reciprocal wave vector compo-

nents along x-axis and y-axis respectively. For isotropic sample, periodicity is

same in all direction. So only one dimensional PSD is sufficient. The spots in

FFT image describe the preferred orientation of structures on surface, whereas

its position determines the characteristic spatial frequency i.e., wavelength of

the structures. The width of the spot gives the homogeneity and the spatial

correlation among the periodicities on the surface. The presence of additional

spots in FFT, multiple of the first one, denote the higher lateral ordering of the

structures. Higher number of spots indicate the better lateral ordering. However,

for better quantitative estimation of these quantities, the one dimensional PSD (qy)

function [261, 262] can be considered. It can be noted that the PSD is the angular

averaged distribution of the Fourier transformed AFM image [260], which can

be expressed in its limiting integral form for continuous data as

PSD(qy) = lim
L→∞

1
L

∣∣∣∣∫ L/2

−L/2
dy h(y) e−iqyy

∣∣∣∣2 (2–6)
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where L is the scan length, qy = 2π fy sin θ with scattering angle θ and spatial

frequency fy due to periodicity along y direction. And h(y) is the surface

roughness height as a function of distance y. The above PSD is for one-dimension

i.e. along a line in y direction. The first peak position in the PSD profile gives

the wavelength of structures. The lateral ordering of structures can be quantified

by estimating lateral correlation length (ξ) which can be extracted from the first

order peak. If more than one lateral correlation lengths exist in the system, by

further modelling the definite structures can be found. Detailed modelling will

be discussed in corresponding chapter.



3

X - R AY S C AT T E R I N G T E C H N I Q U E

Since the discovery of X-rays in 1895 by W. C. Röntgen [263], it has been

used extensively as a probe in characterizing atomic, molecular and supra-

molecular structures of matter. X-rays are a form of electromagnetic radiation

with wavelengths in the range of 1 to 100 Å, corresponding to frequencies in the

range 30× 1015 to 30× 1018 Hz and energies in the range 120 eV to 120 keV.Among

this range X-rays of wavelengths 50 Å to 5 Å are termed as Soft X-rays and 5

Å to 0.5 Å are termed as Hard X-rays depending upon their penetrating power

through matter [264].

X-rays can interact with matter through different mechanisms [265]. Nowa-

days, the availability of intense X-rays from the modern synchrotron sources

have accelerated the usage of X-rays in the determination of interfacial structures

of solids as well as liquids. There are various types of X-ray scattering tech-

niques, called - XRD, grazing incidence diffraction, SAXS, GISAXS, XR, diffuse

scattering, etc. In this chapter we have discussed the theoretical formalism be-

hind X-ray scattering,the major scattering techniques used (XR and GISAXS) and

the modeling/fitting of data to extract usable information from such scattering

techniques.

3.1 X-ray reflectivity

XR is a surface sensitive tool which is generally used in different areas specially for

studying thin films or multilayers of metals and MNPs or soft matter (polymers,

surfactants, biological systems, etc.) at both solid and liquid interfaces. X-ray

56
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radiation under specular condition (keeping reflected angle same as incident

angle) is used here to probe the thickness and electron density along the in-depth

direction of the thin films of nm range. Due to non destructive nature XR is used

vastly for surface structure characterization.

We have discussed here two theoretical formalisms of XR. The first approach

is Dynamical Theory. It is based on Maxwell’s equations. Reflectivity calculation

incorporates multiple scattering [221, 265, 266]. The second approach, known

as Kinematical Theory or Born Approximation [221, 265], on the other hand,

greatly simplifies the expression for the intensity of specular reflectivity. When

X-rays scatter from rough surfaces, interact strongly with matter. Using the

corresponding boundary conditions over random surfaces, several simplifying

assumptions are taken to get to the solution of the relevant wave equations.

3.1.1 Dynamical theory of X-ray scattering

X-ray interacts with matter in atomic level when it propagates through it. Basically,

when an electromagnetic (EM) plane wave like X-ray penetrates into a medium

of refraction index n(r), it propagates according to the Helmholtz equation [221,

230, 267] given by

∆E(r) + k2n(r)2E(r) = 0 (3–1)

where, k = 2π/λ, the modulus of the wave vector ki, λ is the X-ray wavelength

and the electric field is described by E(r) = E0 exp(iki.r). Considering N atoms

per unit cell as harmonic oscillators with the resonance frequencies ωj [268, 269],

the refraction index is given by,

n2(r) = 1 + N
e2

ε0m

N

∑
j=1

f j(ω)

ω2
j −ω2 − 2iωηj

(3–2)

where e and m are the charge and mass of the electron, respectively,ω is the

frequency of the wave, ηj is the damping factor and f j is the forced oscillation

strength of electrons of each single atom. It should be noted that f j are com-
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plex numbers as f j = f 0
j + f ′j (E) + i f ′′j (E) with the dispersion and absorption

corrections f ′j (E) and f ′′j (E), respectively which depend on the radiation energy

E. Since for X-ray, ω > ωj, the refraction index may be rewritten as,

n(r) = 1− δ(r) + iβ(r) (3–3)

where the dispersion and absorption terms are

δ(r) =
λ2

2π
ρ(r)

N

∑
j=1

f 0
j + f ′j (E)

Z

β(r) =
λ2

2π
ρ(r)

N

∑
j=1

f ′′j (E)

Z
=

λ

4π
µ(r)

ρ(r) = re$(r) is the scattering length density (SLD), re is the classical electron

radius as re = e2/4πε0mc2 = 2.814× 10−5Å. $(r) denotes the electron density

and Z = ∑j Zj is the total number of electrons per unit cell. Neglecting f ′j (E) and

approximating f 0
j (E) ≈ Zj,

n(r) = 1− λ2

2π
ρ(r) + i

λ

4π
µ(r) (3–4)

where µ(r) is the linear absorption coefficient. The dispersion δ is of the order

of 10−6 for X-ray (wavelength λ ∼ 1.54 Å) and the absorption β is of 10−8 order,

generally one or two orders smaller than δ. Both the parameters are proportional

to the electron density $(r). In such a case we can ignore the β i.e the complex

part of the refractive index and the real part become slightly less than 1. Therefore

in case of refraction of X-ray from vacuum (n=1) to any medium, vacuum acts

like a denser medium. At this point it can be noted that the complex part of

n become more important for elements with high atomic number or when the

wavelength of the X-ray become large (soft X-ray). Since n ≈ 1 for X-ray and

smaller than unity, there exists a critical angle αc , below which the real part of

kt,z vanishes and the incident wave completely reflected back from the interface
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into the vacuum i.e. the total external reflection (r ≈ 1) occurs [221, 267, 268].

Since the angle αc is very small as n is close to unity we can expand cos αc is its

series form. Considering only the quadratic term and neglecting higher orders

term of αc we can can write [221, 267, 268],

αc ≈
√

2δ ≈
√

λ2

2π
ρe (3–5)

The typical value of αc ' 0.1◦ to 0.5◦. For Si, δSi = 7.6× 10−6and corresponding

αc = 0.223◦ with qc = 0.0316 Å−1 for λ = 1.54Å. For a multilayer film, the overall

critical angle is determined by the layer having the highest value of δ.

Figure 18: [A]Schematic representation of X-ray refraction by an interface with a grazing
incident angle αi.[B] the critical angle of incidence αc for the total external
reflection.

3.1.2 Fresnel reflection from a flat surface

When a plane EM wave

Ei(r) = E0 exp(iki.r) (3–6)

hits a smooth vacuum/medium interface of refraction index n at grazing angle

αi, it splits into two wave components a) reflected wave and b) transmitted wave

as shown in Fig.19. Here all the angles are taken with reference to surface plane

as conventionally. The vectors of electric fields of these two wave components are

given by

Er(r) = rs,pEi(r) exp(iqi.r) (3–7)
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Figure 19: A plane electromagnetic wave with wavevector ki hits a surface at a grazing
angle αi. The wave splits into a reflected (α f = αi) and a refracted wave
transmitted at the angle αt [221].

and

Et(r) = ts,pEi(r) exp[i(kt− ki).r] (3–8)

where, ki = k(cos αi, 0,− sin αi), kr = k(cos αi, 0, sin αi), kt = (kt,x, 0, kt,z),

k =| ki |=| kr |= 2π/λ =| kt | /n and rs,p, ts,p and q = (k f − ki) are the reflection

coefficient, transmission coefficient and wave vector transfer, respectively. By

Fresnel formulas on classical optics, in case of s - and p - polarization,rs,p and ts,p

are given as

rs =
ki,z − kt,z

ki,z + kt,z
, rp =

n2ki,z − kt,z

n2ki,z + kt,z
, ts =

2ki,z

ki,z + kt,z
, tp =

2ki,z

n2ki,z + kt,z

where ki,z = ksinαi and kt,z = nksinαt = k(n2 − cos2αi)
1/2 are z-components of

the incoming and transmitted wave vectors, respectively.

In case of small angle of incidence one arrives at the expression of the specular

XR i.e. the Fresnel reflectivity, for an interface separating the two media as a

function of wave-transfer vector, which is given by, RF =| r |2 is given by,

RF(qz) =|
q2

z −
√

q2
z − q2

c −
32iπ2β

λ2

q2
z +

√
q2

z − q2
c −

32iπ2β
λ2

|2 (3–9)

where qz = 2ksinαi, the z-component of the wavevector transfer q and qc =

2ksinαc, the critical wave vector transfer that is related to the SLD and given by

qc =
√

16πρ. When wave-vector transfer is large compared to qc i.e.qz � qc more



3.1 x-ray reflectivity 61

specifically qz > 3qc, the following asymptotic behaviour of Fresnel reflectivity

(RF) is observed.

RF(qz) = [(
qc

2qz
)4] (3–10)

Therefore, for high value of qz, the reflectivity for an ideally sharp interface will

vary with q−4
z .

Figure 20: Calculated Fresnel reflectivity for a flat silicon surface. Red line shows the
asymptotic curve given by Eq. 3–10. Black line shows the experimental
Reflectivity for a monolayer of OTS on flat silicon surface.

It can be seen from Fig.20 that the reflectivity curve or reflectivity profile

consists of three different regimes: It starts with a plateau of total external

reflection R = 1 for q < qc which is followed by a region of very steep decrease

when q = qc and finally the region where R follows 1/q4 power law for q >

3qc. It is worth noting that if the value of qc is measured experimentally, this

immediately yields the value of the electron density in the material [265] since,

qc = 3.75× 10−2√ρe where ρe is the electron density in the units e/Å3 .
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Figure 21: Sketch of a system consisting of N+1 layers with N interfaces. In the case
of reflectivity the condition αi = α f holds. The incident wave amplitude is
normalized to unity, T1 = 1. No wave is reflected from the substrate, i.e.
RN+1 = 0 [221].

3.1.3 XR from a heterogeneous multi layered system

The formalism for describing the scattering at a single sharp interface has been

extended to the multilayer system with arbitrary number of homogeneous layers

having sharp interfaces, by applying the boundary conditions for electric and

magnetic fields at each of the interfaces between the slabs of constant electron

density, as shown in Fig.21. The transmission and reflection coefficients of two

succeeding layers are coupled via matrices by F. Abèles (1950) and L. G. Parratt

(1954) who developed a recursive formalism for analysing the scattering. The

ratio of the reflected to transmitted wave amplitudes for the lower interface of jth

layer is given by the recursion formula (Parratt’s recursion formula) as

Xj =
Rj

Tj
= exp(−2ikz,jzj)

rj,j+1 + Xj+1 exp(2ikz,j+1zj)

1 + rj,j+1Xj+1 exp(2ikz,j+1zj)
(3–11)

where rj,j+1 = (kz,j − kz,j+1)/(kz,j + kz,j+1) is the Fresnel coefficient of interface

j and kz,j = k
√

n2
j − cos2αi is the z - component of the wave vector in layer j
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of refraction index nj. Since there is no reflection from the substrate, RN+1 =

XN+1 = 0.

The specular reflection intensity R is obtained from Eq. after N iterations and

is given as

R =| X0 |2=| R0 |2

with the value of R1 and considering T1 = 1, the amplitudes Rj and Tj for all

layers are given recursively by

Rj+1 =
1

tj+1,j
{Tjrj+1,j exp[−i(kz,j+1 + kz,j)zj] + Rjexp[−i(kz,j+1 − kz,j)zj]} (3–12)

and

Tj+1 =
1

tj+1,j
{Tj exp[i(kz,j+1 − kz,j)zj] + Rjrj+1,j exp[i(kz,j+1 + kz,j)zj]} (3–13)

with the Fresnel transmission coefficient tj+1,j = 1 + rj,j+1 at the interface j.

The reflectivity thus obtained displays oscillations due to interference of

waves reflected from the top and bottom interfaces. These are known as Kiessig

fringes [270]. From the period δαi the layer thickness may be estimated via

d = 2π/δqz ≈ λ/(2δαi), where qz = 2k sin αi is the wave vector transfer as

defined before.

3.1.4 Scattering from rough interface

The formalism described in above section, only deals with the sharp interfaces

of the system. However, real system involves roughness at surfaces/interfaces.

Thus, further modification/correction of the formalism is necessary to describe a

realistic systems. A density fluctuations around a rough interface zj is shown in

Fig.22. So, the sample structure, averaged over (x, y), can be expressed as

nj(z) =
∫∫

nj(x, y, z)dydx (3–14)
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Figure 22: Rough interface with mean z coordinate zj and fluctuations z(x, y) around
this value. The surface is replaced by an ensemble of smooth surfaces at
coordinates zj + z with probability density Pj(z) [221].

The influence of roughness on the reflected intensity may be estimated by

averaging the right hand sides of Eqs.3–12 and 3–13. If the sharp interface is

replaced by an ensemble of interfaces within z and zj + z with a probability

distribution function of Pj(z), the mean value is given by

µj =
∫

zPj(z)dz (3–15)

and root-mean-square (rms) roughness as

σ2
j =

∫
(z− µj)

2Pj(z)dz

. with the function f j(k) is defined as

f j(k) =< exp−ik(z− µj) >Pj(z)= exp(ikµj)
∫

exp(−ikz)Pj(z)dz

After averaging Eqs.3–12 and 3–13 we get

Rj+1 =
1

t̃j+1,j
Tjr̃j+1,j exp[−i(kz,j+1 + kz,j)zj] + Rj exp[−i(kz,j+1 − kz,j)zj]

Tj+1 =
1

ft t̃j+1,j
Tj exp[i(kz,j+1 − kz,j)zj + Rj fr r̃j+1,j exp[i(k− z, j + 1 + kz,j)zj]
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with the respective modified Fresnel coefficients for the rough interface as

r̃j+1,j =
f j(kz,j+1 + kz,j)

f j(kz,j+1 − kz,j)
rj+1,j

t̃j+1,j =
1

f j(kz,j+1 − kz,j)
tj+1,j

. here rj+1,j and tj+1,j are those for smooth interfaces as calculated before and

fr =
f j(kz,j+1 − kz,j)

f j(−kz,j+1 + kz,j)

f j(−kz,j+1 − kz,j)

f j(kz,j+1 + kz,j)

ft =
f j(kz,j+1 − kz,j)

f j(−kz,j+1 + kz,j)

However, for X-ray, we approximate fr and ft as unity. If a continuous refractive-

index profile between layers j and j + 1 is taken as

nj(z) =
nj + nj+1

2
−

nj − nj+1

2
erf(

z− zj√
2σj

)

the error function may be defined by

erf(z) =
2√
π

∫ z

0
exp(−t2)dt,

with a Gaussian probability density Pj(z) at µj = 0 is expressed as

Pj(z) =
1√

2πσi
exp(− z2

2σ2
j
)

So, the modified Fresnel coefficients are given as

r̃j,j+1 = rj,j+1 exp(−2kz,jkz,j+1σ2
j ) (3–16)

t̃j,j+1 = tj,j+1 exp[(kz,j − kz,j+1)
2σ2

j /2]



3.1 x-ray reflectivity 66

It should be noted that in the case of a single surface, these coefficients directly

describe the reflectivity and transmittance of that interface. A comprehensive

overview about scattering from rough interfaces is given in Ref. [221].

The parameter σj is the measure of roughness between j th and (j+1)th in-

terfaces, and roughness acts like a Debye-Waller Factor [267]. σj is actually the

Root Mean Square (RMS)fluctuation of the interface with respect to the average

interface. Equation3–16 also explains the observation that reflectance of rough

surface ˜rj,j+1 deviates more from the reflectance for smooth surface rj,j+1 as kz,j+1

and kz,j increase with kz,0 (or kz). For a surface separating two media (as shown

in Figure 22), Equation3–16 can be simplified [271] as

Rrough(qz) = RF(qz) exp[−2k2
zσ2

1,2] = RF(qz) exp[−q2
zσ2

1,2/2] (3–17)

where RF(qz) is the Fresnel reflectivity given in Equation 3–10 and σ1,2 represents

surface roughness at the interface of the two media. In general, the roughness of

the film surface brings down the reflectivity curve faster while the roughness of

the interface of the film and the substrate reduces the amplitude of multilayer

peaks.

3.1.5 Resolution function

In all the previous calculation of reflectivity for flat surface, homogeneous

medium and heterogeneous system it has been assumed that the beam is

monochromatic, perfectly collimated and the detector is a point detector. Whereas

in the actual experimental situation there is some amount of dispersion in wave-

length, divergence in beam and finiteness in the size of source and detector.

In all the theoretical formalism X-ray beam is assumed to be monochromatic

and collimated. The detector used to catch the reflected beam is a point detector.

But due to wavelength dispersion, divergence in beam and finiteness in the size

of source and detector,the practical reflectivity data does not match with the



3.1 x-ray reflectivity 67

simulated one using the above theoretical approaches. For this purpose a reso-

lution function, taking into account the experimental situations like wavelength

dispersion ∆λ/λ angular divergence of incident beam (∆αi) and outgoing beam

(∆α f ), is convoluted with calculated reflectivity profile as R(qz)⊗ <(qz). The

resolution function is given by [221, 265],

<(qz) =
1√

2πσs
exp(− (qz − q′z)2

2σ2
s

) (3–18)

Therefore the resolution function is given by an Gaussian function. The standard

deviation σs is related to the FWHM δqz of the Gaussian function by the relation

σs = ∆qz/(2
√

2log2). ∆qz is a function of the geometry of experimental set-up

and ∆λ/λ. Usually during XR experiments, the detector slits perpendicular to

the scattering plane is kept widely open to integrate out the component of q

perpendicular to the scattering plane. Considering the x-z plane as the scattering

plane, qz can be written as ,

qz =
2π

λ
(sin αi + sin α f ) = k(sin αi + sin α f )

where k is the magnitude of incident or reflected wave vector and is related to

wavelength λ by the relation

k = 2π/λ

. Differentiating above Eqn. we get,

dqz = k(cos αidαi + cos α f dα f ) + dk(sin αi + sin α f ) (3–19)

Since dαi and dα f are randomly distributed, first moment of distribution 〈∆αi〉 =

〈∆α f 〉 = 0 and ∆qz is given by,

∆q2
z = k2(cos2 αi∆α2

i + cos2 α f ∆α2
f ) + ∆k2(sin αi + sin α f )

2 (3–20)
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In the XR set up used for our experiment, distance between X-ray source

and sample was kept equal to the distance between sample and detector. In this

geometry ∆αi = ∆α f = ∆θ. The ∆θ can be calculated from the profile of direct

beam. Therefore in specular condition Eq.3–20 becomes,

∆qz = k[2 cos2 θ∆θ2 + (
δk
k
)24 sin2 θ]1/2 (3–21)

The first term in Eqn.3–21 comes due to the presence of angular divergence

of the source and detector and the second term represents the dispersion in

wavelength. For perfectly monochromatic X-ray source the wavelength dispersion

term vanishes.

3.1.6 Kinematical theory or Born approximation

As revealed from the name, three approximations are used in this approach called

Born Approximation. First one is not taking account the multiple Scattering at

the interfaces. Secondly, the effects of refraction at the interfaces are neglected.

Third assumption is that reflection coefficient at each interface is proportional to

the difference of electron density.

So, if we consider the multilayered system to be made of an infinite number

of thin layers, using the reflectance of a single layer derived in Eqn.3–12, the total

reflectance of the system using Born Approximation transforms into an integral

over z; and the reflectance takes the form

R(qz,0) =
(4πre)2

q4
z
|
∫ −∞

−∞

dρ(z)
dz

exp[iqz,0z]dz |2 (3–22)

where, ρ(z) is the ED at depth z (from top of the sample) averaged over the x-y

plane, re = e2/mec2 = 2.818× 105 Å is classical radius of electron or the Thomson



3.1 x-ray reflectivity 69

Figure 23: Schematic diagram of the footprint of a beam of size T incident on a substrate
of length L at an angle αi

scattering length. In the simplest possible situation where scattering from a bare

substrate is considered, the ED is a step function and the above equation becomes

R(qz,0) = RF(qz,0) |
1

ρ∞

∫ −∞

−∞

dρ(z)
dz

exp[iqz,0z]dz |2 (3–23)

= RF(qz,0) | F(qz,0) |2 (3–24)

This analytical equation is popularly known as the Master Formula with ρ∞

being the electron density of the substrate and RF(qz,0) as the Fresnel reflectivity

which does not hold at small angle. And F(qz,0) is called the structure factor

obtained from the Fourier transform of the derivative of the EDP ρ(z). But near

the critical angle where multiple scattering is quite strong, there is a obvious

mismatch between the calculated reflectivity using dynamical approach and Born

approximation .

3.1.7 Data correction

Since the beam size used in XR experiments is finite, at the grazing incidence the

footprint of the beam can be greater than the substrate [221] and there occurs a

loss of reflected intensity. This loss is corrected in the footprint correction before

fitting the experimental data using theoretical models . As shown in Fig.23 a

beam of dimension ’T’ incidents on the sample of length ’L’ with an angle αi
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making a footprint of size ’T’ on the sample. The footprint ’F’ of the beam of

thickness ’T’ can be written as ,

F = T/ sin αi

.

Now for αi < αmin the footprint of the beam becomes wider than the dimen-

sion of sample. The loss of incident counts are then corrected for this incident

angle below αmin by multiplying the reflected intensity at any angle αi with the

factor T/L sin αi . The thickness of the incident beam is an intrinsic property

and depends also on the aperture of the slit. Generally for rectangular slit, the

aperture of the slit is taken as the thickness of the beam. However,essentially the

incident slit aperture is chosen properly such that F < L for αi = αc where αc is

the critical angle.

3.2 Off-specular scattering or diffuse scattering

As discussed in the XR section,in case of specular X-ray scattering experiments we

consider only specularly scattered data of the X-ray. But due to a finite roughness

at film surfaces, the intensity of specularly reflected part damps and this missing

intensity is scattered at the reflected angle α f 6= αi i.e. in off specular direction

[221, 265], as shown in Fig.24. Study of the diffusely scattered intensity gives

information about the in-plane density correlation of the films which is used

for shape analysis at surface or buried interfaces. The off-specularly scattered

data is collected by varying the angle of the sample with respect to the incident

beam while source and detector is kept at fixed positions i.e. by taking rocking

curve of the sample. For XR technique only the z-component of momentum

transfer vector (qz) have non-zero value which gives us the in-depth information.

While for rocking curve since α f 6= αi x-component of momentum transfer vector
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Figure 24: Schematic diagram of off-specularly reflected X-ray

Figure 25: Resultant momentum transfer vector for specular and off-specular part of
reflected ray. Figure on the right side indicates non-zero qx for off-specular
reflection

(qx) also has non-zero value, as shown in Fig.25, and thus probes the in-plane

information.

3.2.1 Born approximation

Specular reflectivity from perfectly smooth surface/interface, following the first-

order Born approximation (refer to Eqn.3–22) needs to consider only the FT of the

gradient of ED along the depth (z-axis), however, to study the in-plane structure

of a surface/interface by off-specular reflectivity [221, 265, 272–275] the in-plane
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density variation along lateral direction has to be included. Considering the three

dimensional density function as ρ(r) = ρ(x, y, z) = ρ(z) + ∆ρ. Here ∆ρ is the

lateral fluctuation of density and ρ(z) =< ρ(x, y, z) >(x,y)is the vertical part of

the density. So Eqn.3–22 can be written as

R(q) ∝|
∫

drρ(r) expiq.r |2 (3–25)

∝
∫ ∫

ρ(r)ρ(r′) exp[iq.(r−r′)] drdr′ (3–26)

In order to proceed further we need to introduce the statistical description of

an interface. Considering the difference in heights for the surface/interface at

two different positions (x, y) and (x’, y’) as a Gaussian random variable, a height

difference correlation function can be defined as

g(R) = g(X, Y) =< [h(x, y)− h(x′, y′)]2 > (3–27)

where, the height h(x, y) is defined from an average value of z for a sur-

face/interface. R = (X, Y) with X = x-x’ and Y = y-y’. The average is taken over

all pairs of points on the surface. Further, g(X, Y) in Eqn.3–27 can be expanded as

g(R) = 2[σ2 − C(R)] (3–28)

where, rms roughness σ is defined by σ =
√
< h(0)2 > =

√
< h(R)2 > and

C(R) =< h(0)h(R) > is height-height correlation function.

So introducing this height difference in Eqn. 3–26 we get

R(q) ∝
∫ ∫

ρ(r)ρ(r′) exp[iq.(r−r′)]

∝
∫

ρ(r)dr
∫

ρ(r′)dr′ exp−iq2
z g(X,Y)/2 expi[qxX+qyY]

(3–29)
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where, q.r is taken as qzh(x, y) + qxx + qyy and, exp[iqz(h(x, y)− h(x′, y′)] =<

exp[iqz(h(0, 0)− h(x, y))] >= exp[−iq2
zg(X, Y)/2] since Gaussian distribution is

assumed.

3.2.1.1 Bare substrate interface

As revealed from Eqn.3–26 the scattering intensity depends on electron density

of the sample. In the simplest possible situation where scattering from a bare

substrate is considered, the ED is a step function:

ρ(r) = ∆ρ , z > 0

= 0 , z ≤ 0

Applying this, Eqn.3–29 can be written in three dimension as

R(q) ≈ (∆ρ)2

q2
z

∫ ∫
dxdy

∫ ∫
dx′dy′ exp−iq2

z g(X,Y)/2 expi[qxX+qyY] (3–30)

By performing appropriate change of variables and using Eqn.3–28 one can write,

Eqn.3–30 as

R(q) ∝
(∆ρ)2

q2
z

∫ ∫
dXdY expi[qxX+qyY− q2

z g(R)
2 ] (3–31)

∝
(∆ρ)2 exp−q2

zσ2

q2
z

∫
expq2

zC(R) expi[q‖.R] dR

∝ R(q)spec + R(q)di f f

Here the specular part of the scattered intensity is defined as

R(q)spec ∝
(∆ρ)2 exp−q2

zσ2

q2
z

∫
expi[q‖.R] dR (3–32)

And the Diffuse reflectivity part,

R(q)di f f ∝
(∆ρ)2 exp−q2

zσ2

q2
z

∫
F(qz, R) expi[q‖.R] (3–33)
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where, q‖ = (X, Y) and F(qz, R) = expq2
zC(R)−1. It can be concluded from the

above Eqn. that R(q)di f f can be obtained with different form of g(R) for different

type of surfaces/interfaces. It is proportional to ∆ρ. Also it is evident that

R(q)di f f is not proportional to PSD i.e. Fourier transform of C(R). The important

parameter which is the cut-off length for height-height correlation of a surface

roughness is the correlation length, ξ (for R << ξ, the surface is self-affine,

whereas for R >> ξ, the surface appears to be smooth). Eqn.3–28 can be written

as,

g(R) ≈ 2σ2(1− exp−(R/ξ)2H
) (3–34)

with C(R) = σ2 exp−(R/ξ)2H
. H is called the Hurst parameter or roughness

exponent.

In this thesis work we have employed this technique to study the in-plane

structural evolution of AuNPs thin films for different Π values. For a completely

flat surface rocking curve would be a perfectly delta function. Width of the

rocking curve can be directly related to the roughness of the surface while the

shape of the curve can give an insight about the presence of any surface features.

Studying the evolution of rocking curve with different surface pressure and for

different time of exposure, in this thesis work, we have probed the evolution of

surface structure of the films qualitatively.

3.2.2 Grazing incidence small angle X-ray scattering

The GISAXS geometry used for characterization of the samples is shown schemat-

ically in Fig.26. GISAXS as an advanced scattering technique is performed in

reflection geometry and gives results in reciprocal space. The surface of the

sample is defined as the x-y plane and the plane of the incident X-ray beam

(of wavelength λ) is defined as the x-z plane. αi is the incident angle with the

x -y plane and α f and φ are the exit angles with the x - y and x - z planes,

respectively. In GISAXS technique, we can measure the diffuse scattering around

the specularly reflected beam at fixed incidence angle αi. The scattering angles
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Figure 26: Schematic of the scattering geometry used to perform GISAXS measurements.

(α f and φ) are related to the components of the wave vector transfer, q (qx, qy, qz),

by the following relations

qx = (2π/λ)(cos α f cos φ− cos αi) (3–35)

qy = (2π/λ)(cos α f sin φ) (3–36)

qz = (2π/λ)(sin α f + sin αi) (3–37)

The scattered beam intensity is a function of α f and φ. In a conventional

GISAXS experiment, the recorded data is labeled and analyzed as a map of the

(qy, qz) reciprocal plane by varying α f and φ. In a typical GISAXS pattern the

presence of two sharp peaks is obvious due to the transmitted and specularly

reflected beams apart from specular rod or broad hump arising from diffuse

scattering. The z=0 sample surface is called the horizon while an enhancement

of scattering, the so-called Yoneda peak, is found at an exit angle α f close to the

angle of total external reflection αc. For specular scattering part, the wave vector

components qx = qy = 0 and qz 6= 0 here reveals a depth sensitive information

only. With off-specular scattering, the lateral component is q‖ = (qx, qy) 6= 0

probing the in-plane structure of the sample.
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GISAXS measurements performed at laboratory sources are very limited.

So GISAXS experiments are done using synchrotron sources. In our GISAXS

experiments, we are not interested in the specular reflection and have focused

only on the diffuse scattering part. We are mainly in a search of the hints coming

arising due to in-plane structure of the thin film which can be derived from the

Bragg spot present in the qy - qz reciprocal space in GISAXS pattern.

GISAXS is used to probe the morphology both parallel to (along qy) and

perpendicular to (along qz) the sample surface at length scales typically ranging

from a few nm to a few hundred nm.For GISAXS all angles are assumed to be

small (less than a few degrees). In that case

qx ' 0 (3–38)

qy ' (2π/λ) sin φ ' (2π/λ)φ (3–39)

qz ' (2π/λ)α f (3–40)

i.e., the reciprocal space scales with the angular coordinates.

From GISAXS data we can find out the geometry, size distributions and spatial

correlations present in the thin films on nanometer length scales. Either a Linear

Position Sensitive Detector (PSD) or a 2D Area Detector is employed for recording

data in this geometry. In our GISAXS measurement beam-stops are used to block

the direct beam and the specularly reflected beam from hitting the 2-D detector to

avoid the detector saturation as several orders of magnitude in intensity separate

the diffuse scattering from the specular reflectivity. The GISAXS pattern recorded

on the 2d detector is symmetric with respect to the scattering plane. Due to

refraction and reflection effects the Yoneda peak, which is the maximum of the

off-specular diffuse scattering intensity, is located at the critical angle for total

external reflection, i.e, at αc.

As the angle of incidence in GISAXS study is kept close to the critical angle, the

kinematical approximation of single scattering, the so-called Born approximation
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does not expected to be valid for GISAXS analysis and one has to consider

the distorted wave Born approximation (DWBA) [273, 276, 277]. DWBA can

be thought as a semi-dynamical treatment where the multiple scattering from

interfaces is included in the reference state while the roughness leads to a single

scattering event between reference states and the roughness is viewed as a

perturbation of a known reference state. For poly dispersed systems, the GISAXS

intensity is commonly calculated within the local mono disperse approximation,

which considers locally mono disperse domains that interfere incoherently [278]

I(q) ∝
∫ ∞

0
| F(q) |2 S(q)N(R)dR (3–41)

where F(q) is the form factor of the scattering objects, S(q) is the structure factor

due to the spatial correlation, and N(R) is the size distribution function. Single

particle form factor is expresses as

F(q) =
1

VP

∫
VP

expiq.r dr (3–42)

The form factor depends on the morphology, size and shape of the particle

through the integral over its volume, VP. As for example the form factor for a

sphere of radius R calculated using the above Eqn. will be

F(q) = 3[
sin(qR)− qR cos(qR)

q3R3 ] (3–43)

On the other hand inter particle correlations are accounted for by introducing the

structure factor S(q) which varies if the distribution of particles changes its nature.

Moreover, at grazing incidence conditions, dynamical scattering effects have to

be taken into account since the Born approximation (BA) fails in reproducing

the measured data so long as αi, f are close to the critical angle of total reflection.

Details GISAXS intensity calculation using different particle size and distribution

related to thesis work will be discussed in corresponding chapters.
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Figure 27: GISAXS line profiles along qy direction for the DT-AuNPs/H-Si LS films
deposited at different surface pressure. Curves are shifted vertically for clarity.
The straight dashed line marked the resolution limit along qy direction.

3.2.2.1 Resolution limit along qy-direction in GISAXS

The resolution limit along qy-direction is a very important parameter in under-

standing the long-range in-plane correlations in a system, such as the domains, if

any. Such resolution limit depends upon the detector-to-sample distance, beam-

size and most importantly on the beam divergence. Increase in the value of first

one and decrease in the values of latter two decreases the value of the resolu-

tion limit, which in turn increases the measurement length scale. However, the

scattering intensity decreases for the increase in the detector-to-sample distance

and for the decrease in the beam size. Thus high intensity, low divergence micro-

focused beam is essential which is available at MiNaXS beamline of PETRA-III.1

The detector-to-sample distance and beam divergence imposed resolution limit

along qy-direction (about 0.002 Å−1), as observed from the GISAXS line profiles,

is marked by the vertical line in Fig. 27. Such resolution limit can very well

determine any long-range in-plane correlations within 300 mn length scale.

It is necessary to mention that such low value, which is mainly achievable in

this beamline (due to very small divergence of the micro-focused beam), is abso-

lutely essential for the direct estimation of the long-range in-plane correlations,

such as the domains, if any, along with the short-range in-plane correlations, such

as the separation between AuNPs.
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3.3 Fitting of data and modelling

The X-ray scattering data collected over a lot of samples using both specular

and diffuse scattering techniques is interesting subject to proper extraction of

physically relevant parameters from the data. As discussed in the preceding

sections, the data extraction process is often non-trivial. The fits are highly

dependent on the initial guess model and yield reasonably good results when

the final model is not very far off from the initial one.

The aim of a reflectivity measurement is the determination of the unknown

density profile of a sample. However, in most of the cases the materials which are

involved in the experiments are known beforehand, and hence using their bulk

densities we can approximately define their electron density in the film taking

account the film thickness, surface coverages, thin film material’s weight volume

ratios etc.

To verify the uniqueness of the model different formalisms can be used in

fitting the experimental data. Several assumptions have been made depending

upon the formalism used for the fitting process. In case of XR of thin films

deposited on substrates (performed mostly using a lab source of X-rays), the

data was first normalized and then incorporating the footprint corrections for

individual sample, particularly near the critical angle, the data has been processed.

The corrected data has been fitted using Parratt formalism by self-modified

code using Fortran 90 as well as using Parratt 32 version 1.6 [279]. During

fitting process a constant background is added as well as source resolution

has been incorporated. In some cases, both the Parratt as well as the Born

formalism were independently used to find the EDP of the sample, and were

found to be quite similar. This confirms that the model solution, which has

been extracted independently out of two different formalisms, is quite reasonable

and the possibility of an erroneous solution can be negated to a large extent.For

multilayers or thicker films one has to resort to Parratt formalism only.
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The scattering data collected at PETRA III were extracted from the master

SPEC file using MATLAB. The geometry of the experimental setup, along with

the precise distance between the slits, sample and detector has to be provided

to extract the data files from image format to relevant ASCII format. Most of

the diffuse scattering data of GISAXS are fitted using self-written (modified)

codes using MATLAB. In case of GISAXS data, the scattering cross-section is

calculated by assuming an appropriate height-difference correlation function of

the scattering surface/interface. Once the starting model seemed reasonably

good, the relevant parameters were refined by iterative process till the data was

fitted properly. 2D profiles could be generated by integrating over the entire qz

and q‖ range. For GISAXS data at particular q‖ value, conformality amongst

surfaces was assumed and the fits generated. It is seen that the formalism works

nicely for monolayers. The form factor is used to fit the Bragg spot/hump profiles

which gives a fair estimate of the particle shape and size. Detailed description of

the formalism used to fit the data has been mentioned in the relevant chapters.

3.4 X-ray scattering instrument

In this section we have discussed about the instruments used for X-ray scatter-

ing experiments. In my thesis work I have mainly focused on XR and GISAXS

measurements.For XR only the lab X-ray source has been used. And for GISAXS

measurements we have used synchrotron source since there are huge advan-

tages of using synchrotron X-ray which can not be achieved by lab source. In

Synchrotron, X-ray beam is generated with high intensity, higher degree of col-

limation (i.e. small angular divergence) and lower wavelength dispersion than

the lab source. Moreover we can change the wavelength of the incident X-ray

according to our needs which is not possible with monochromatic laboratory

X-ray source which acts for a fixed energy. Dynamical processes can be probed
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more quickly with the help of Highly intense synchrotron X-ray . Here we have

discussed different X-ray Scattering set ups one by one.

Figure 28: Versatile X-ray Diffractometer

3.4.1 Versatile X-ray diffractometer

Versatile X-ray Diffractometer (VXRD, D8 Discover) from Bruker AXS, Germany

has been used in our laboratory to study thickness and structure of AuNps thin

films. As source of X-ray the instrument has copper sealed tube [2.2 kW power,

0.04×12 mm2 line focus]. Generated X-ray contains both Kα1 and Kα2 lines where

Figure 29: Rotation geometry of the θ, φ and χ motors in VXRD setup with 1/4-circle
Eulerian cradle.
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wavelength of Kα line is λ = 1.54 Å. A Ni/C Góbel mirror is used to enhance

Cu kα radiation. This instrument possesses a 2-circle Huber goniometer (θ and

2θ) and a sample stage with 1/4 circle Eulerian Cradel. The sample stage is

usually mounted on the inner θ circle of the goniometer. The goniometer can

be used in horizontal θ − 2θ,vertical θ − 2θ and vertical θ − θ geometries. The

stage is connected to motors for performing 2-circular rotation χ(97
◦) and φ (360

◦) and 3-translational movement along X, Y and Z. This sample stage contains a

vacuum chuck [ suction by rotary pump]. The detector used is a NaI scintillation

point detector (with dynamics range of 107, count rate 105s−1 and noise rate 2-10

s−1). The instrument is associated with ERL2000 cooling water unit chiller to

maintain the source at a constant temperature. The movements of all parts of the

instrument are operated with software controlled stepper motors. The sample

is kept along vertical during data collection and the scattering plane lies on the

horizontal plane.

A photograph of the instrument is shown in Fig.28 kept in a radiation pro-

tection housing. A lead glass window at the front of the radiation protection

housing enables the samples to be changed and or the diffractometer mounts to

be modified. The window shutter of the X-ray tube stand closes automatically

when this window is opened. The laboratory VXRD can also be used for vari-

ous other purposes; like angle dispersive XR, XRD, small and wide angle X-ray

scattering etc.

It is well-known that XR operates in specular region, having both the incident

and reflected beams in same scattering plane. This condition makes αi = α f = θ.

Under such a condition there exists a non-vanishing wave vector component, qz,

which can be equated to (4π/λ) sin θ with resolution ≈0.002 Å−1. The qualitative

idea about the samples has been obtained from the Kiessig fringes of the XR

profiles. To get a qualitative idea the XR profiles have been further analysed.
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3.4.2 Synchrotron X-ray sources

3.4.2.1 General principles

Synchrotron radiation takes its name from a specific type of particle accelerator.

However, synchrotron radiation has become a generic term to describe radiation

from charged particles. In Fig.30 a schematic of the key components of a typical

experimental beam line at a third-generation X-ray source is shown. The details

will of course vary considerably depending on the particular requirements.

Synchrotron produces linearly polarized X-ray beam rather than the unpo-

larized one produced in lab source. Also the X-ray beam energy can be tuned

at different values for a particular experiment in synchrotron. This is another

special advantage of synchrotron source compared to laboratory X-rays where

the energy is fixed.

A synchrotron source operates in a specific manner described in the following

section: Initially the electrons are accelerated to a high speed in a linear accelerator

called, LINAC, to gain energy ( ∼ GeV). Next the energised electron beam is

Figure 30: A schematic of a typical X-ray beamline at a third generation X-ray
source [267].



3.4 x-ray scattering instrument 84

transferred to the storage ring where electrons are kept circulating. In second

generation synchrotron, bending magnets (installed to make the orbits of electrons

a closed one) and in third generation synchrotron, the insertion devices wigglers

or undulators produces the alternating strong magnetic field which forces the

electrons to follow the curved paths rather than the straight line. And these

accelerated electrons radiate covering a broad range of electromagnetic spectrum

including X-ray region. This radiation is called Synchrotron radiation, coming out

tangentially with the storage ring. So beamlines are set up along that tangential

path to collect this radiation. Depending on the number of arranged magnets and

spacing between them, the individual emission acts are in phase (undulator) or

without a definite phase relation (wiggler). The emission spectrum of synchrotron

radiation is well defined [280]. The angular frequency of an electron in the storage

ring ω0 is typically around 106 cycles per second, so the hard X-ray frequency

cut-off is around 1018 cycles per second. To compare different radiation sources

the quality of the emitted radiation is characterized by its brilliance:

brillance = dN/dt
(mrad)2(mm2sourcearea)(0.1%bandwidth)

Brilliance is the number of photons N, emitted in one second per 1mm2 source

area, into a radiation cone defined by an spatial opening angle of 1mrad2. Then

it is normalized on a spectral bandwidth of 0.1% [281]. The brilliance at Kαof

a fixed tube X-ray source is around 107, whereas for rotating anode and 3rd

generation synchrotron X-ray sources the values are 108 and 1020 respectively.

For designing the scattering experiment a well-collimated and monochromatic

incident beam of sufficient intensity is needed. After a X-ray beam is extracted

from a storage ring, which is considered as white beam, is allowed to pass

through a series of vacuum pipes for its conditioning to use it for any particular

experiment. The incident beam interacts with the sample and scatters into a

definite direction in space. The scattered beam is recorded by a detector. The

beam is probed by using various slit systems. Besides this, sophisticated optical

elements are used that improves the beam quality and increase the intensity at the
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Table 2: P03 Beamline Properties

Source Type Undulator
Energy keV 13

Monochromator Double crystal Si(111)
Detector Type PILATUS 300k, Dectris

Resolution ∆ E/E 0.5 ×10−2

Image area pixels 487× 619

Pixel size µm 172

Beam Dimension nm2
250 × 350

sample site.This whole section of conditioning a beam is known to be Beamlines.

A standard synchrotron beamline consists of the following

The elements of the first group, that increases the beam quality are referred

to as monochromators and analysers, since they reduce the energy or angular

range accepted by the sample or the detector. Double crystal monochromators

extract a particular wavelength from the white beam and align the diffracted

beam along the incident one. Collimator is the another optical element that is

used for making the beam parallel. The second group of optical elements are

flat, parabolic or elliptical mirrors. They collect the photons coming from the

incident beam and deflect toward the sample i.e. collimating the beam but with

increased angular divergence. Lenses are also used in this purpose. Finally the

beam scattered by the sample is detected by ’point-detector’ and/or position

sensitive detector (PSD) which are attached to a six-circle goniometer.

3.4.2.2 P03 beamline at PETRA III

P03 is the microfocus small- and wide-angle X-ray scattering beamline µ SAXS/WAXS

at PETRA III. Among the novel methods that exploit perfectly the most-brilliant

beam, are µGISAXS [282] and µSAXS tomography [283], as well as their ex-

pansion to nanosized beams [284]. Optics for nanofocusing include KB-mirror,

waveguides, and compound refractive lenses. The beamline offers dedicated

micro- and nano-focus end stations with a low emittance source and ultra high

intensity ideal for both transmission and grazing incidence experiments. The
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Nanofocus Endstation (hutch EH2) has been used for our GISAXS experiments.

The minimum beam size is 250 nm × 350 nm and a long focal distance optics is

used here to provide a clear working distance of up to 8 cm. Specifications of the

synchrotron X-ray scattering facilities used are shown in Table 2.



4

S T R U C T U R E O F S I N G L E - T R A N S F E R R E D

D T- AU N P S L S F I L M S A N D G R O W T H O F

L A N G M U I R M O N O L AY E R S

4.1 Introduction

MNPs are attracting significant attention because of their unusual optical, mag-

netic, electronic and catalytic properties. [46, 138, 285–287]. Among them thiol-

capped AuNPs (DT-AuNPs) have attracted considerable interest due to their ease

of preparation and ability of spontaneous self-assembly into large arrays that

offers an accessible route to design regular macroscopic AuNPs layers. [46, 132]

New collective phenomena can be explored from such organized structures

due to interparticle coupling effect in both in-plane and out-of-plane directions.

[46, 129, 132, 138] In that sense, separation between particles and their local order-

ing as well as long-range ordering and/or connectivity become very important,

especially for the preparation of organized structures in large areas.

There are several techniques to prepare packed 2D array or 2D-network

pattern from colloidal DT-AuNPs solutions such as drop casting, spin coating, LB

and LS depositions, etc. [138, 140, 288]. The LB and LS techniques are especially

suitable for the fabrication of uniform nanostructures over large areas, where

an ordered AuNP array formed at the air/water interface on a LB trough at an

appropriate surface pressure (known as Langmuir film) is transferred onto a solid

substrate. [289] Structures of such LB or LS films depend on the initial structures

of the Langmuir films, the transfer process and the film-substrate interaction.

87
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The structures of the Langmuir films of DT-AuNPs have been studied using

microscopy and scattering techniques. Optical microscopy or BAM has been

used to monitor the structures of such films in the micrometer length scales [147,

148] while the scattering, especially GISAXS has been used mainly to monitor

the particle arrangement and the interparticle separation. In some cases, the

presence of islands or domains have been predicted indirectly from the width

of the interparticle separation peak [149, 150] or from the analyzed correlation

length, [151] as expected. [152]

However, the complete structures of the Langmuir films (i.e. the size of

the islands and their separation or connectivity) at different surface pressure

(Π) have never been evident clearly, which is particularly important for the

small size AuNPs where the long range van der Waals (vdW) attraction is weak

compare to the thermal energies. The structures of the LB and LS films of

DT-AuNPs have also been studied directly. The LB films on hydrophilic Si

substrates show nanopatterns formation due to drying mediated agglomeration

of AuNPs in presence of hydrophobic-hydrophilic interaction between thiols and

substrate. [144] The LS films on carbon coated grids have been studied mainly

using TEM, which show the ordering of the AuNPs. However, the LS films

on large hydrophobic substrate, which is expected to mimic the Langmuir film

structure better have never been studied in details using statistically meaningful

techniques, such as GISAXS, [290, 291]to have better structural information of the

AuNPs Langmuir films, which is otherwise not possible.

The fact that the complete structures of the AuNPs Langmuir or LS films

have not been evident so far is mainly associated with the poor resolution limit

of the X-ray beam and/or the beam induced damage. Poor resolution limit

arises from the relatively broad beam size (used to enhance the beam intensity),

relatively large beam divergence (as obtained from most of the sources itself and

also due to the use of additional reflecting mirror to impinge the X-ray beam

onto the horizontal air/water interface) and relatively small sample-to-detector
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distance (required to capture the low scattering intensity). High intensity and

small divergence beam of advanced synchrotron sources can, however, create

better resolution limit. Even then the requirement of additional reflecting mirror,

for the study of Langmuir film, is still a problem. Additionally, intense beam

of the advance source can create beam induced damage, especially considering

the time required to align the beam on the sample. To minimize the effect of

damage, the lateral movement of the beam (or sample) with respect to the sample

(or beam) is required for the actual measurements after alignment, which was

somehow never considered.

Here we have tried to overcome all such problems by transferring the DT-

AuNPs Langmuir films on H-passivated Si substrates using LS techniques and

then measuring those close resemblance LS films using GISAXS techniques [292]

with high intensity small divergence X-ray beam (having better resolution limit)

and by moving the samples laterally before actual measurements (to minimize

the beam induced damage). Indeed, a broad peak or shoulder (related to the

island separation and/or size), the position of which varies with Π, is observed

from such measurements for the first time. Detailed analysis of the GISAXS

data correspond to the structures of networked disklike-islands, which are well

supported by the AFM images. Further, the present study also infer that the

growth of DT-AuNPs Langmuir films is through networked disk-like-islands,

the size and networking of which increases while the interparticle separation

decreases or increases due to further interdigitization or buckling with Π. This

information is important for understanding the self-assembly process and for

controlling the nanostructure formation.



4.2 experimental details 90

a b

10 nm 

2 4
0

20

40

60

C
o
u
n
t

Diameter [nm]

Figure 31: (a) UV-vis spectrum of AuNPs in solution and corresponding background
subtracted spectrum to emphasize the SPR peak and its FWHM and (b) typical
TEM image of AuNPs in grid and corresponding size histogram in the inset.

4.2 Experimental details

4.2.0.1 Size of DT-AuNPs from UV-vis and TEM

The optical absorption spectra of the thiol-coated Au-AuNPs (DT-AuNPs) in

toluene solution were collected with a UV-vis spectrophotometer (Lambda 750,

Perkin Elmer), while the transmission electron micrographs of the DT-AuNPs,

deposited on a carbon-coated copper grid, were observed using transmission

electron microscope (JEM 2100, JEOL). Typical UV-vis spectrum and TEM image

for the DT-AuNPs are shown in Fig. 31. A broad hump near 520 nm is observed

in the optical absorption spectrum (Fig. 31a), which is a characteristic SPR band of

the AuNPs. The peak becomes quite prominent, after subtraction of exponentially

decaying background. The size of the core AuNPs (2R) is estimated from the full

width at half maximum (FWHM) of this peak, which is about 2.5 nm. Formation

of AuNPs is also evident from TEM image (Fig. 31b) and corresponding particle

size histogram is shown in the inset. The value of 2R, as estimated from the

particle size distribution curve, is 2.5±0.6 nm, which is consistent with the size

estimated from optical absorption measurement. The average size of the DT-

AuNPs is then about 4.5 nm, as the dodecanethiol capping thickness is nominally

assumed to be 1 nm.
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4.2.1 Preparation of DT-AuNPs/H-Si LS films

A 1.5 ml toluene solution of DT-AuNPs (0.5 mg/ml) was spread uniformly, using

a micropipette, on the surface of Milli-Q water (Milipore) in a Langmuir trough

(KSV 5000). It was kept undisturbed for some time to let the toluene evaporate

and the hydrophobic DT-AuNPs lay suspended at the air-water interface (at 23
◦C).

A pressure-area (Π-A) isotherm of DT-AuNPs Langmuir monolayer on water

surface was recorded (as shown in Fig. 8) by regulating the barrier movement.

Π was measured with a Wilhelmy plate. Prior to the DT-AuNPs monolayer

deposition, H-terminated Si (H-Si) substrates were prepared through the standard

pre-treatment method (discussed in 2.1, 2.2). In short, Si(001) substrates (of size

about 15 × 15 mm2) were first sonicated in acetone and ethanol solutions to

remove organic contaminants and subsequently etched with hydrogen fluoride

[HF, Merck, 10%] solution for 60 s at room temperature (25
◦C) to terminate the Si

surface with H after removing the native oxide layer. The DT-AuNPs Langmuir

monolayers formed at different pressure were then transferred onto the H-Si

substrates using LS deposition technique (discussed in 2.3.4.2). DT-AuNPs/H-Si

LS films prepared at Π = 2, 4, 6, 10 and 14 mN/m, as shown in the π-A isotherm

of Fig. 8, were used for further analysis.

4.2.2 Characterization of DT-AuNPs/H-Si LS films

The characterization of the DT-AuNPs/H-Si LS films, in reciprocal and real

spaces, were carried out using X-ray scattering (XR and GISAXS) and microscopy

(SEM and AFM) techniques, respectively. The scattering geometry used for the

characterization of samples is already discussed in 3.1, 3.2.2. XR measurements

of the films were performed on a versatile x-ray diffractometer (VXRD) setup

(discussed in 3.4.1). Resolution of the instrument in this mode is 0.002 Å−1. XR

technique essentially provides an electron-density profile (EDP), i.e., in-plane

(x− y) average electron density (ρ) as a function of depth (z) in high resolution
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(discussed in 3.1). From EDP it is possible to estimate film thickness, electron

density, and interfacial roughness.

GISAXS measurements of the films were carried out using a synchrotron

source (MiNaXS beam line, PETRA III) at λ = 0.94 Å(discussed in 3.2.2). The

sample-to-detector distance was 1721 mm. Corresponding angular resolution

(given by the ratio of pixel size and the sample-to-detector distance) is 0.1 mrad.

The resolution limit along qy-direction is less than 0.002 Å−1, for the present

setup. The resolution limit along qy-direction is a very important parameter

in understanding the long-range in-plane correlations in a system, such as the

domains, if any. Such resolution limit depends upon the detector-to-sample

distance, beam-size and most importantly on the beam divergence (discussed

in 3.2.2).

For the data collection, the incident angle α was kept at 0.25
◦, slightly greater

than the critical angle, αc, of the sample. Under such grazing incidence, the

footprint of the micro-focused beam on the sample, along x-direction, is quite

large, as necessary for any statistically relevant information, while along y-

direction, is small, which can be used to map the in-plane inhomogeneity, if

any. To minimize the effect of the radiation damage of the sample (due to high

intensity beam), GISAXS pattern, on a single position, was collected for small

time (10 s). To check the in-plane inhomogeneity and/or to enhance the statistics,

similar GISAXS patterns were also collected at different positions by moving the

sample laterally.

The topography of the DT-AuNPs/H-Si LS films, at large scale, were imaged

by scanning electron microscope (Quanta 200 FEG). The detailed top surface mor-

phology of the films were mapped through AFM (5500 AFM, Agilent) technique,

few days after deposition. Topographic images were collected in a noncontact

(or intermittance contact) mode to minimize the silicon-tip-induced damage of

the soft film. Scans of different sizes and in different portions of the sample
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were carried out to get statistically meaningful information about the topography.

WSXM software [293] has been used for AFM image processing and analysis.

4.3 Results and discussion

4.3.1 Out-of-plane structure from XR

XR data of the DT-AuNPs/H-Si LS films deposited at different Π-values are

shown in Fig. 32. Oscillations with more than a single periodicity are observed

in all the XR profiles. The periodicity even changes with the films suggesting

readily the change in the film with the deposited pressure. However, to get the

quantitative information about the films, all XR profiles have been analyzed using

Parratt’s formalism, [294] after incorporating roughness at each interface. [295]

An instrumental resolution in the form of a Gaussian function and a constant
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Figure 32: Top: XR data (different symbols) and analyzed curves (solid lines) of DT-
AuNPs/H-Si LS films deposited at different surface pressure (Π). Curves are
shifted vertically for clarity. Bottom: Corresponding analyzed EDPs and the
schematic of the model used for the analysis.
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background were also included at the time of data analysis. For the analysis, we

started with a monolayer of DT-AuNPs of different thickness and coverage on

the Si substrate and then replaced some coverage with bilayer and/or trilayer,

according to the fitting requirements. Further, each DT-AuNPs monolayer is

divided into three layers, namely thiol-rich low density bottom layer, Au-rich

high density middle layer and again thiol-rich low density top layer. The best

fit XR profiles along with the corresponding EDPs for all the films are shown in

Fig. 32.

It is evident from the EDPs that only monolayer structure is present in the film

deposited at Π = 2 mN/m. For the films deposited at Π = 4, 6 and 10 mN/m,

a very small amount of bilayer structure and for the film deposited at Π = 14

mN/m, even very small amount of trilayer structure are also present in the films

apart from the monolayer structure. In the film deposited at Π = 2 mN/m, the

monolayer-coverage is partial (low peak ρ-value) and the monolayer-fluctuation

along z-directional is almost negligible (low thickness). In the film deposited at

Π = 4 mN/m, there is no increase in the monolayer-coverage rather decreases at

the expense of some bilayer structure and some monolayer-fluctuation (increase

in monolayer thickness). In the films deposited at Π = 6 and 10 mN/m, only the

monolayer-coverage increases further with the Π-value. In the film deposited at

Π = 14 mN/m, some trilayer structure is also formed in addition to the further

small increase in the monolayer coverage.

4.3.2 In-plane structure from GISAXS

Fig. 33 shows the GISAXS reciprocal space patterns of the DT-AuNPs/H-Si LS

films deposited at different surface pressure collected for a short time duration(

10 sec). Each sample was moved laterally to get GISAXS patters at different

positions and similar pattern was obtained for different positions. Thus we have

ascertained the in-plane homogeneity of the GISAXS profiles. Averaging of all

these patterns has been taken for better statistics and finally presented in Fig. 33.
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In all the profiles for different surface pressures some common signatures has

been observed. The most prominent features present are the two diffraction
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Figure 33: GISAXS patterns of the DT-AuNPs/H-Si LS films deposited at different surface
pressure (Π).
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Figure 34: GISAXS line profiles (different symbols) and analyzed curves (solid lines)
along the qy direction (i.e. lateral cut through the first Bragg rod at qz ≈
0.04 Å−1) of the DT-AuNPs/H-Si LS films deposited at different surface
pressure (Π). Curves are shifted vertically for clarity. Inset: magnified view of
corresponding central portion to have a better idea about the shoulder and
their position.

Bragg rods around qy = ± 0.15 Å−1 and the intensity of the rods varies with Π

value. Secondly, high intensity value is observed near qy = 0, the nature of this

intensed rod again changes with Π. To get a better idea about the position and

intensity of the Bragg rods in the GISAXS patterns and also the nature of the

intensity variation near qy = 0, we have plotted GISAXS line profiles along qz

direction in Figs. 35 and along qy direction in in Figs. 34. The line profiles have

been drawn through the Bragg rods. In case of the line profiles along qz-direction

(in Fig. 35), we have shown only a slow increase in the absolute intensity for

change in Π value. This increase in intensity is obvious since with increasing Π

value the number of AuNPs present in the film also increases(as observed from

the Π− A isotherm and EDPs). Now for the line profiles along qy-direction (in

Fig. 34)we have observed peaks around qy = ± 0.15 Å−1 which arises due to

AuNPs separation. Also broad peaks or shoulders have been found within qy = ±

0.02 Å−1. In the inset of Fig. 34 the central portion i.e. around qy = ± 0.00 Å−1 is
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Figure 35: GISAXS line profiles along the qz direction (i.e. vertical cut along the first
Bragg rod at qy ≈ 0.15 Å−1) of the DT-AuNPs/H-Si LS films deposited at
different surface pressure (Π).

magnified to show the shoulder around qy = ± 0.02 Å−1 more prominently. The

broad peak is only present in the line profiles for the three low Π valued films

and it’s position moves toward lower q value with increasing Π value.

4.3.2.1 GISAXS line profiles

The GISAXS line profiles along qy direction are extracted by integrating different

portion of qz values for the DT-AuNPs/H-Si LS films deposited at three different

surface pressure and are shown in Fig. 36. It is clear from the figure that the

positions of the shoulders (indicated by dashed lines in Fig. 36) around the central

peak, which move toward the center with increasing Π value, remain changed

with the qz value. This indicates that the position of qz value is not very important

for the extraction of horizontal line profile from the GISAXS image.
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Figure 37: GISAXS line profiles (different symbols) and analyzed curves (solid lines)
along the qy direction (i.e. lateral cut through the first Bragg rod at qz ≈ 0.04

Å−1) of the DT-AuNPs/H-Si LS films deposited at different surface pressure
(Π) in log-log scale to have a better idea about the in-plane correlation (such ξ
and d) in different length scales. Curves are shifted vertically for clarity.

The position of the shoulder, however, remains unchanged with the qz value

(as evident from Fig. 36) and thus the role of qz is not very crucial for drawing the

horizontal line profile from the GISAXS pattern. The shoulder observed in the

reciprocal space directly indicates the presence of a certain long range correlation

in real space. The evidence of such observation has never been found before. It

is clear that the horizontal line profiles are of actual interest and need further

analysis and discussion.

The horizontal line profiles, in log-log scale, are shown in Fig. 37, where both

peak at large qy value and broad hump at low qy value (if present) are clearly

visible. The positions of which are marked by the dashed lines and provide the

rough estimate of the in-plane AuNPs separation (d) and in-plane correlation

length (ξ). For the better estimate of these parameters, quantitative analysis

of the horizontal line profiles are necessary. It is known that in the kinematic

or Born approximation the measured scattering intensity can be expressed as
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Figure 38: Schematic of the in-plane film structure used for the calculation. It is con-
sidered that the film is a network of domains or islands of average size ξ
and average separation D, while each domain is composed of DT-AuNPs of
average AuNP size 2R and average separation d.

the square of total scattering amplitude, which is the Fourier transform of the

electron density in the film, as

I(q) =
∣∣∣∣∫ dr ρ(r) e−iq.r

∣∣∣∣2 = |FT[ρ(r)]|2 (4–1)

where ρ(r) is the electron density, which needs to be modelled. To take care the

observed features in the GISAXS line profiles, ρ(r) for the film can be modelled

as shown in Fig. 38.

First it is assumed that the film is composed of networked 2D-islands. The

islands are disk-like of average size ξ and thickness T (which is the thickness of

the film), and their average separation is D (which is ≥ ξ). Under such conditions,

the EDP can be written as [296, 297]

ρ(r) = [ρDSD(r)⊗∑
j

δ(r− rj)].SF(r) (4–2)

where SF(r) is related to the dimension of the film (which is limited along z

direction to the film thickness), SD(r) and ∑ δ(r− rj) are related to the average

dimension and distribution of the islands having uniform electron density ρD.

In reality, each island is actually composed of DT-AuNPs. This means that

the electron density is not uniform throughout an island, rather high electron

density small regions (of size 2R due to core AuNPs) are distributed (with
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average separation d) within low electron density background (containing thiols).

Considering this, the EDP can be expressed as

ρ(r) = [{ρDT + ∆ρSNP(r)⊗∑
k

δ(r− rk)}.SD(r)⊗∑
j

δ(r− rj)].SF(r)

= [ρDT.SD(r)⊗∑
j

δ(r− rj)].SF(r) + [{∆ρSNP(r)

⊗∑
k

δ(r− rk)}.SD(r)⊗∑
j

δ(r− rj)].SF(r)

(4–3)

where SNP(r) and ∑ δ(r− rj) are related to the average dimension and distribution

of the AuNPs having electron density contrast ∆ρ with respect to the thiols

electron density of ρDT. Then the intensity can be written as

I(q)

= |ρDT fD(q). ∑
j

e−iq.rj ⊗ fF(q) + {∆ρ fNP(q). ∑
k

e−iq.rk} ⊗ fD(q). ∑
j

e−iq.rj ⊗ fF(q)|2

≈ |ρDT fD(q). ∑
j

e−iq.rj ⊗ fF(q)|2 + |{∆ρ fNP(q). ∑
k

e−iq.rk} ⊗ fD(q). ∑
j

e−iq.rj ⊗ fF(q)|2

≈ ID + IP

(4–4)

where the cross term (which is a coupled expression) has been neglected. Then

the contributing terms are ID and IP, which are mainly related to the islands

and AuNPs, respectively. The term f (q) = FT[S(r)] gives rise to the form factor

and can be determined considering the shape of the islands or AuNPs, while

the term ∑k e−iq.rk = FT[∑j δ(r− rj)] gives rise to the structure factor and can be

determined considering the distribution of the islands or AuNPs. It is known that

the limited dimension can create a smearing (broadening) effect on the delta-like

function, arise for the perfectly ordered arrangement. However, if we consider

that the islands have polydispersity in size as well as in separation then the island

distribution term should not contribute sharp function. In such a case, square

of the island distribution term convoluted with the sample dimension term can
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Table 3: Parameters such as the size (2R) of the AuNPs as obtained from UV-Vis spectra
and TEM measurements, the in-plane separation (d) of the AuNPs, the in-plane
size (ξ) and the in-plane separation (D) of the islands as obtained from GISAXS
measurements and the in-plane size (ξh) and the in-plane separation (Dh) of the
islands as obtained from AFM measurements for the DT-AuNPs/H-Si LS films
deposited at different surface pressure (Π).

Π 2R± σ2R d± σd ξ ± σξ D± σD ξh ± σξh Dh ± σDh
(mN/m) (nm) (nm) (nm) (nm) (nm) (nm)

2 2.5 ± 0.6 3.8 ± 0.7 32 ± 12 33 ± 12 33 ± 07 47 ± 16

4 2.5 ± 0.6 4.1 ± 0.8 39 ± 15 44 ± 16 45 ± 12 59 ± 18

6 2.5 ± 0.6 3.9 ± 0.7 54 ± 18 56 ± 19 65 ± 19 80 ± 25

10 2.5 ± 0.6 3.6 ± 0.6 > 100 > 100 79 ± 23 85 ± 30

14 2.5 ± 0.6 3.7 ± 0.6 > 200 > 200 30 ± 09 30 ± 30

be expressed as the Fourier transform of the position-position auto-correlation

or pair correlation function of the islands. Similarly, the polydispersity in the

size of the AuNPs is present, which will certainly give rise polydispersity in

the separation. Even if such polydispersity is less, it is sufficient to destroy any

correlation beyond island length scale. In such a case again square of the AuNP

distribution term convoluted with the island dimension term can be expressed

as the Fourier transform of the pair correlation function of AuNPs. Considering

cylindrical islands and spherical AuNPs, the ID and IP along in-plane direction

can be expressed as

ID(qy) ≈ AD
[sin(qyξ/2)− (qyξ/2) cos(qyξ/2)]2

(qyξ/2)6 .
1− e−2q2

yσ2
D

1− 2 cos(qyD)e−q2
yσ2

D + e−2q2
yσ2

D

IP(qy) ≈ AP
[sin(qyR)− qyR cos(qyR)]2

(qyR)6 .
1− e−2q2σ2

d

1− 2 cos(qyd)e−q2
yσ2

d + e−2q2
yσ2

d

.
1− e−2q2

yσ2
D

1− 2 cos(qyD)e−q2
yσ2

D + e−2q2
yσ2

D

(4–5)
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where AD is related to the electron density contrast and number of the domains,

while AP is related to those of the AuNPs, ξ/2 and R are the radius of the

cylindrical islands and spherical AuNPs, respectively, σD and σd are the standard

deviations of the separations D and d, respectively. Eqs. 4–4 and 4–5 are then used

to analyze the GISAXS line profiles along qy direction. In the actual calculation,

Gaussian distributions of the sizes ξ and 2R (with σξ and σ2R as their FWHM) are

also considered. For the analysis, predetermined value of the parameter 2R, as

obtained from the UV-Vis and TEM measurements, is used. The analyzed curves

thus obtained for all the films are shown in Figs. 34 and 37; and corresponding

parameters are listed in Table 3.

It is clear from Table 3 that the value of ξ, D and their distributions increases

with the increase of Π-value. Also it is found that the value of D is quite close to

the value of ξ. However, for the films with high (10 and 14 mN/m) Π-value, as

there is no shoulder in the GISAXS line profiles, no definitive value rather the

lower limits of these parameters are obtained. The d-values for all the films are

found less than the size of the free DT-AuNPs, while the variation of d-value with

the surface pressure, although small, show interesting variation. With the increase

of the Π-value, the d-value of the film first increases (when Π changes from 2 to 4

mN/m) then decreases gradually (when Π changes from 4 to 10 mN/m) and then

again increases (when Π changes from 10 to 14 mN/m). Such variation is quite

consistent with the observed EDPs of the films, namely only monolayer structure

for the film deposited at Π = 2 mN/m, while partially bilayer structures for the

films deposited at Π = 4 to 10 mN/m (thus monolayer structure first become

relaxed which then again become compressed with pressure) and partially trilayer

structure for the film deposited at Π = 14 mN/m (thus monolayer structure again

become slightly relaxed).
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4.3.3 Topography from SEM

Such SEM images for the DT-AuNPs/H-Si LS films, deposited at four different

surface pressure, are shown in Fig. 39. It is clear from the figure that there is

no increase in the coverage of the film with surface pressure, at least, in large

scale. However, the contrast of the image increases with surface pressure, which

is probably associated with the increase in the thickness and/or coverage, in

small scale.

4.3.4 Topography from AFM

So far, we have presented the structures of the films obtained from the X-ray

scattering study. Although the structures obtained from such reciprocal space

mapping is quite complete, nonetheless, it is always demanding to validate it

with real space mapping. With this in view, the topography of the films, as

imaged using AFM, are presented here. Typical AFM images of the films in

different scan ranges are shown in Fig. 40. In the large (5×5 µm2) scan size, large
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Figure 40: AFM images of the DT-AuNPs/H-Si LS films deposited at different surface
pressure (Π) showing topography in three different scan sizes.
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voids are observed for the film deposited at Π = 2 mN/m, otherwise film is

found uniform. Such uniform portion when magnified (i.e. images of scan size

≤ 2×2 µm2) clearly show the presence of networked 2D-islands of monolayer

height. Large voids are however decreases in size and number with the increase

of the surface pressure (see 5×5 µm2 scan size images) and almost vanishes for

the films deposited at Π = 10 mN/m. The presence of networked 2D-islands of

monolayer height are also evident (in the images of scan size ≤ 2×2 µm2) for

the films deposited at higher pressures (Π = 4 to 10 mN/m). The size of which

increases with the pressure. However, separate islands are almost invisible for

the film deposited at Π = 14 mN/m.

To have a better idea about the average size of the islands, power spectral

density (PSD), [298, 299] extracted from the AFM images of different scan size,

are plotted in Fig. 41 for all the films.
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Figure 41: Power spectral density (PSD) profiles (different symbols) and analyzed curves
(solid lines) of the DT-AuNPs/H-Si LS films deposited at different surface
pressure (Π) obtained from the AFM images of different scan sizes.
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It can be noted that the PSD is the angular averaged radial distribution of the

Fourier transformed AFM image, which can be expressed as

PSD(qy) = lim
L→∞

1
2L

∣∣∣∣∫ L

−L
dr z(r) e−iqyr

∣∣∣∣2 (4–6)

where 2L is the scan length. In that sense the PSD profile (Eq. 4–6) is similar to

the GISAXS in-plane line profile (Eq. 4–1). Only difference is that the PSD (topog-

raphy) is related to the height-height correlation, while the GISAXS (scattering)

intensity is related to the density-density correlation and both become same when

density fluctuation creates height fluctuation. In the present system the islands

distribution creates density as well as height variation and thus the PSD can be

expressed similar to the Eq. 4–5, considering only the island distribution, as

PSD(qy) ≈ Ah
[sin(qyξh/2)− (qyξh/2) cos(qyξh/2)]2

(qyξh/2)6 .
1− e−2q2

yσ2
Dh

1− 2 cos(qyDh)e
−q2

yσ2
Dh + e−2q2

yσ2
Dh

(4–7)

where Ah is related to the height contrast and number, ξh is the average size and

Dh is the average separation (with σDh is its standard deviation) of the islands.

Eq. 4–7 is then used to analyze the PSD profiles and for the calculation Gaussian

distribution of the size ξh (with σξh as FWHM) is again considered. The analyzed

curves thus obtained for all the films are shown in Fig. 41 and corresponding

parameters are listed in Table 3.

The values of parameters ξh and Dh are found to increase with the increase of

Π-value similar to the values of ξ and D, with the exception for the film deposited

at Π = 14 mN/m. The values of ξh and Dh (and their differences) are found

more compared to the definitive values of ξ and D (and their differences) for

the films deposited at low Π-values (2 to 6 mN/m), which may be related to the

time evolution and/or tip convolution effects. Additionally, AFM was able to

estimate the islands size, which GISAXS can not, for the films deposited at high

Π-values (10 and 14 mN/m) having large monolayer coverage (as predicted from
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EDPs). This is probably related to the relatively enhanced height fluctuation of

the islands with time due to interfacial instability. For the film deposited at Π =

10 mN/m, the value of ξh is however systematic, which is not the case for the

film deposited at Π = 14 mN/m. For the latter the value is found quite low and

may be associated with the pressure independent characteristic island size of the

DT-AuNPs system on water surface. Such funding is quite interesting and need

further verification.

4.3.5 Structures of LS and Langmuir films

Let us now first try to visualize the overall structures of the DT-AuNPs/HSi

LS films, by combining the information obtained from different techniques and

then discuss its implication in understanding the structures of the DT-AuNPs

Langmuir monolayers. It is clear (from the EDP and topography) that the DT-

AuNPs/HSi LS films, deposited at different Π-values, are predominantly of

monolayer structure. Considering the coverage of the monolayer (as obtained

from the EDPs), such films can be categorized into two groups, namely low

coverage (for Π = 2 to 6 mN/m) and high coverage (for Π = 10 to 14 mN/m),

which is consistent with the classification of the liquid expended (LE) and liquid

condensed (LC) phase diagram of the Π− A isotherm. However, considering

the presence of other structures (namely bilayer, trilayer, etc.), the films can

be categorized into three groups, namely only monolayer structure (for Π = 2

mN/m), monolayer plus very small amount of bilayer structure (for Π = 4 to 10

mN/m) and monolayer plus very small amount of bilayer and trilayer structure

(for Π = 14 mN/m), which is again consistent with the observed variation in

the d-values, namely decrease in d-value associated with the flipping of some

DT-AuNPs from monolayer to form bilayer or trilayer.

On the other hand, it is clear (from the in-plane density-density and height-

height correlations) that the monolayers are made of networked disk-like islands.

The size and separation of which however varies with the Π-values. The size
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Figure 42: Size distribution of AuNPs (2R) as obtained from combined UV-Vis and TEM
measurements and in-plane size distribution of islands (ξ and ξh) as obtained
from GISAXS and AFM measurements for the films deposited at different
surface pressure (Π).

distributions of the islands, for the films deposited at different surface pressure

(Π), are shown in Fig. 42 along with the size distribution of the AuNPs. Increase

in the size of the islands (ξ) is clearly evident from the GISAXS study, although

the size estimation is only accurate for the films deposited at low Π-values and

approximate for the films deposited at high Π-values, due to the resolution limit.

Such variation is also confirmed from the AFM study, however, the sizes, ξh,

are found slightly more compared to the corresponding sizes, ξ (for the low

Π-value films) and can be understood considering time evolution and/or tip

convolution effects. Signature of small size islands is found in the film deposited

at Π = 14 mN/m from the AFM study, which is quite interesting. Probably such

islands are present in all the films, i.e. related to the more pressure independent

characteristic nature of the system. However, enhanced height fluctuation of

these islands with time, in absence of other feathers, probably helps to express

such small islands in the film deposited at Π = 14 mN/m.

Let us now consider that the DT-AuNPs films have been prepared by trans-

ferring the Langmuir monolayers on HSi substrates using LS techniques. Such
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transfer technique and hydrophobic-hydrophobic interaction (between Langmuir

monolayer and HSi substrate) are expected to create least disturbance. Thus it

can be considered that the observed structures of the films, at least in the initial

stages, are in close resemblance of the Langmuir monolayers. Accordingly, at

Π = 2 mN/m, only monolayer height networked islands (of size around 30 nm)

having large voids are formed at the air-water interface. On increase of Π from 2

to 4 mN/m, the size of the islands increases (to about 40), the size and number

of voids decreases and a very small amount of bilayer is formed through flipping

of DT-AuNPs from monolayer. Further increase of Π from 4 to 10 mN/m, the

size of the islands increases, while the size and number of voids decreases and

almost vanishes at Π = 10 mN/m but the amount of bilayer almost remains same.

Increase of Π from 10 to 14 mN/m, the size of the islands increases further and a

very small amount of trilayer is also formed through flipping of DT-AuNPs from

monolayer.

From the structures it can be inferred that the DT-AuNPs in the water surface

first assembled (in a hexagonal close pack) around different points (which act as

nucleation centers) to form disk-like islands of monolayer height, probably due

to the complex balance of the long range van der Waals interactions, electrostatic

forces, and/or short-range steric repulsion of the DT-AuNPs. [135] The critical

size of which is related to the size of the AuNPs and the length of the thiols. On

compression of the barriers of the LB trough, the size of the islands increases (due

to the increase in the local DT-AuNPs concentration), the separation between

AuNPs (or d-value) decreases (due to the increase in their packing) and the

networking of the islands and some flipping of DT-AuNPs take place.

It is necessary to mentioned that in spite of a large number of in-situ structural

study on the thiol coated AuNPs Langmuir monolayers, formation of such

networked island structure has never been observed or reported before, which

can be understood as follows. BAM has been used extensively, however, it is

not expected to resolved such structures, even present, due to its limited spatial
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resolution. Also scattering, especially GISAXS, has been used extensively. For

this the problem is mainly associated with the poor resolution limit and/or the

beam induced damage. Poor resolution limit arises from the relatively broad

beam size (used to enhance the beam intensity), relatively large beam divergence

(as obtained from most of the sources itself and also due to use of additional

reflecting mirror to impinge the x-ray beam onto the horizontal air-water interface)

and relatively small sample-to-detector distance (required to capture the low

scattering intensity). High intensity and small divergence beam of advanced

synchrotron sources can, however, create better resolution limit. Even then the

requirement of additional reflecting mirror, for the study of Langmuir monolayer,

is still a problem. However, the main problem of the advance source is the high

intensity beam induced damage, especially considering the time required to align

the beam on the Langmuir monolayer. To minimize the effect of damage, the

lateral movement of the beam (or sample) with respect to the sample (or beam) is

required after alignment for actual measurement. The inability to move the beam

laterally on the Langmuir monolayer surface is the hindrance in the observation

of their actual (networked islands) structure. while small size intense P03 beam

having better resolution limit and lateral beam movement on the LS film during

actual measurements after alignment, help us to observed that.

4.4 Conclusions

The structures of the DT-AuNPs/HSi LS films, deposited at different Π-value,

were first estimated using XR and GISAXS techniques and then confirmed using

AFM technique. The GISAXS measurements were carried out using intense

x-ray beam of small divergence (from P03 beamline of Petra-3) to enhanced

in-plane resolution limit and by shifting the sample in-plane to minimize the

effect of beam induced damage. It is clear (from XR and AFM) that the films are

predominantly of monolayer structures. Such monolayers are made of networked



4.4 conclusions 112

disk-like islands (as evident from GISAXS and AFM). The size of islands (ξ

or ξh) increases with the increase of Π-value. The islands are again made of

DT-AuNPs, self-assembled into hexagonal-like close pack with inter-digitization.

The average separation between DT-AuNPs (d) either decreases or increases with

Π-value depending upon the competitive effects of packing and flipping due to

compression.

Owing to the least disturbance of the Langmuir films during transfer (using

LS technique) onto the HSi substrates (due to the hydrophobic-hydrophobic

interaction between Langmuir film and HSi substrate), the observed structures

of the LS films, at least in the initial stages, can be considered to represent the

structures of the Langmuir films, which are of immense importance not only for

the understanding of the self-assembly process of AuNPs at air-water interface

but also for their use as template to grow nanodevices with interesting properties

arise from collective phenomenon.



5

I N T E R FA C I A L A N D T H E R M A L E N E R G Y

D R I V E N G R O W T H A N D E V O L U T I O N O F

L S M O N O L AY E R S O F D T- AU N P S

5.1 Introduction

Low dimensional systems or nanoobjects, having size smaller than certain intrinsic

physical length, demonstrate properties that are sometimes completely different

from the bulk one. [138, 286, 300] Such nanoobjects can be used as building blocks

to form organized structures with useful electronic, optical, and magnetic prop-

erties. [46, 301, 302] For examples, thiol-capped AuNPs (DT-AuNPs) have been

found to form self-assembled 2D structures, [46, 132, 133] due to the complex

balance of long range van der Waals (vdW) attractions and short range steric

repulsion of the DT-AuNPs[134–137] initiated by solvent evaporation. [128–130]

Such 2D structures formed at air/water interface, known as Langmuir monolay-

ers, can be readily transferred onto a solid substrate using LB and LS techniques

to grow uniform nanostructures over large areas. [133, 138–141] Understanding

and controlling the final structures of the films on solid substrates, which ac-

tually decides the new collective phenomena arises from interparticle coupling

effects, [46, 138, 142] are of utmost importance for their practical uses.

The structures of such films on solid substrates will be governed not only by

the structures of the Langmuir monolayers but also by the monolayer-substrate

interactions during transfer and their evolution with time. As a hydrophilic

substrate, due to its repulsive force on the DT-AuNP Langmuir monolayer (for

both LB and LS depositions), can perturb and change the monolayer structure,

113
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which with time can evolve further. Also, hydrophilic substrate can trap (or

attract) water molecules (from Langmuir trough), which with time evaporates to

form drying mediated agglomeration and nanopartterning of DT-AuNPs. [153]

Similarly, a hydrophobic substrate, due to its repulsive force on water (for LB

deposition), can perturb and change the monolayer structure, which with time

can reorganize to release the strain. On the other hand, the hydrophobic substrate,

due to its hydrophobic attraction, is expected to create least disturbance on the

DT-AuNP Langmuir monolayer (during LS deposition). [133] Although, this is

presumably be the better choice for the formation of uniform nanostructures

over large areas on solid substrate just by tuning the DT-AuNPs monolayer

structures at air/water interface, the question is, in practice, is it really possible?

To address this question it is important to know if the hydrophobic strength of

the substrates matters at all in creating the least disturbance on the DT-AuNP

Langmuir monolayer or not. Also, it is necessary to know if the ambient condition

creates any instability in the transferred film to change the structure with time or

not.

It is known that the hydrophobic strength of the substrate can be tuned

through termination or passivation of the substrate, differently, which essentially

modifies the surface free energy or contact angle. [145, 146] Though different

terminated substrates have been used for the growth of DT-AuNPs LS films,

the carbon coated grids are mostly used as hydrophobic substrates to study the

structure of the films, directly, using TEM. DT-AuNPs LS films were also grown

on other large hydrophobic substrates, namely H-passivated Si substrates, etc. to

study the structure of the films, indirectly, using X-ray scattering techniques, [133]

however, no systematic work has been carried out to compare the structures of

the DT-AuNPs LS films grown on different hydrophobic (strength) substrates.

On the other hand, the ambient conditions can change the passivation of the

substrate with time, even in presence of a film, which in turn can influence the

structure of the film. For examples, oxide layer has been found to grow on Si
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substrates by replacing the passivated H, Br or Cl atoms, in presence of metal

(Au, Ag), metal-organic (NiA LB) or organic-inorganic (CTAB-silica) nanolayer

films to change the film-structures. [146] Also, the ambient condition can directly

change the structure of the film, through oxidation (due to ambient oxygen),

interdiffusion (due to ambient pressure), fluctuation, diffusion or reorganization

(due to room temperature thermal energy or solvent evaporation), etc. For

examples, oxidation of metal nanolayers, such as Fe, Cu, Ni, etc. are very

common, while interdiffusion of Au inside H-Si substrate and reorganization of

DT-AuNPs on O-Si substrate have been reported, [153] all of which lead to the

change in the film-structure with time at ambient condition. However, no attempt

has been made to find out and compare the structural stability/instability of the

DT-AuNPs LS films on different hydrophobic substrates at ambient condition.

Here, we have investigated the role of hydrophobic strength of substrate

and ambient condition on the structures and stability of DT-AuNPs LS films,

using XR technique, [220, 303] to understand the possibility of formation of

uniform nanostructures over large areas on solid substrate just by tuning the

DT-AuNPs Langmuir monolayer structures. Different initial structures (mono-

layer or monolayer plus bilayer) are observed for films deposited on different

passivated Si substrates, which indeed suggests strongly role of hydrophobic

strength in mimicking the Langmuir monolayer structure. Structural evolution

of the film is observed with time, which is actually a hindrance in formation

of desired nanostructures of DT-AuNPs on solid substrate just by tuning the

DT-AuNPs monolayer structures at air/water interface but formation of simi-

lar expended monolayer structure of DT-AuNPs is observed through evolution,

which is interesting. The probable reasons behind these different observations

are discussed.
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5.2 Experimental details

5.2.1 Preparation of DT-AuNPs LS films

Prior to the DT-AuNPs monolayer deposition, Si substrates (of size about 15 ×

15 mm2) were first pretreated to prepare H-terminated Si (H-Si) substrates and

OTS (of monolayer thickness) self-assembled Si (OTS-Si) substrates (see 2.1, 2.2).

The DT-AuNPs Langmuir monolayers formed at different pressure (namely Π

= 2, 4, 6, 10 and 14 mN m−1) were then transferred once onto both OTS-Si and

H-Si substrates using LS deposition technique (see 2.3.4.2 and are labeled as

DT-AuNP/OTS-Si and DT-AuNP/H-Si, respectively.

5.2.2 Characterization of DT-AuNPs LS films

The details evolution of the films with time were characterized using XR tech-

niques, while after evolution were characterized using AFM technique. XR

measurements of the films were performed on a VXRD setup (discussed in 3.4.1)

to get statistically averaged electron density information. Data were taken in the

specular condition, i.e. reflected angle is equal to the incident angle, θ. Under

such condition there exists a non-vanishing wave vector component, qz, which

is equal to (4π/λ) sin θ with resolution 0.002 Å−1. XR technique essentially

provides an EDP, i.e., in-plane (x− y) average electron density (ρ) as a function of

depth (z) in high resolution (discussed in 3.1). From EDP it is possible to estimate

not only the film thickness, electron density, and interfacial roughness but also

the vertical position of the DT-AuNPs in the film and their evolution with time.

The detailed top surface morphology of the films were mapped through AFM

(5500 AFM, Agilent) technique,as discussed in 2.5.1.2, a few days after deposition,

i.e. after evolution at ambient conditions. Topographic images were collected in a

noncontact (or intermittance contact) mode to minimize the silicon-tip-induced

damage of the soft film. Scans of different sizes and in different portions of the
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sample were carried out to get statistically meaningful information about the

topography.

5.3 Results and discussion

5.3.1 AFM and topography

Typical AFM images of the DT-AuNP/OTS-Si LS films obtained after evolution at

ambient conditions are presented in Figure 43. The network-like structures of the

films with voids are clearly evident from these images. The size of such voids is

found quite large in the film deposited at low Π-value (2 mN m−1) but decreases

with the increase of Π-value and almost disappear in the film deposited at high Π-

value (10 mN m−1). The network-like structures are predominantly of monolayer

height with some fraction having height more than that. The contribution of the

latter is almost negligible for the film deposited at low Π-value (2 mN m−1) but

reasonable for the film deposited at high Π-value (10 mN m−1).

The topography of the DT-AuNP/H-Si LS films obtained after evolution at

ambient conditions were presented before, [133] where 2D-network of disk-like

islands of monolayer height on H-Si substrates were very much evident. The size

of such islands is found to increase with pressure more systematically on H-Si

substrates compared to that on OTS-Si substrates.

5.3.2 XR and EDPs

Time evolution XR data of DT-AuNP/OTS-Si and DT-AuNP/H-Si LS films de-

posited at different Π-values are shown in Figures 44 and 45. Oscillations with

slightly different periodicity and amplitude are observed in the XR profiles of the

as deposited DT-AuNP/OTS-Si LS films (Figure 44). Such periodicity changes

with time suggesting change in the film structure. The change is, however, mini-

mum for the film deposited at high pressure (Π = 10 mN m−1). A broad peak or

hump followed by a dip is mainly observed in the XR profiles of DT-AuNP/H-Si
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Figure 43: AFM images of the time evolved DT-AuNP/OTS-Si LS films deposited at
different surface pressure (Π) showing topography in two different scan sizes.

LS films (Figure 45). The sharpness of the hump and the position of the dip

(as indicated by the dashed line) are found to decrease with time. However,

the decrease in the position is prominent for the low Π-value film and almost

negligible for the high Π-value film suggesting large thickness change for the

previous one, while small thickness change for the latter.

To get the quantitative information about the films, all XR profiles have been

analyzed using Parratt’s formalism, [294] after incorporating roughness at each

interface. [12] An instrumental resolution in the form of a Gaussian function

and a constant background were also included at the time of data analysis. For

the analysis of the XR profiles of DT-AuNP/OTS-Si LS films, first a monolayer

of DT-AuNPs of different thickness and coverage on the OTS-Si substrate was

considered. Next each DT-AuNPs monolayer was further considered to be made

of three layers, namely thiol-rich low density bottom layer, Au-rich high density

middle layer and again thiol-rich low density top layer. Also, the OTS-Si substrate

was considered to be made of three layers, namely high density Si substrate at the

bottom, intermediate density silane related layer at the middle and low density

hydrocarbon layer on the top. The starting EDPs of the OTS-Si substrates were

used considering ideal SAM structure and then some allowance was given to the
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Figure 44: Time evolution XR data (different symbols) and analyzed curves (solid lines)
of the DT-AuNP/OTS-Si LS films deposited at different surface pressure (Π).
Curves are shifted vertically for clarity. Insets: Corresponding analyzed EDPs.

top two layers to find out the actual EDPs of the OTS-Si substrates for each film

from the initially measured XR data. For the analysis of the XR data, measured

at the subsequent stages, the initial EDP of the OTS-Si substrate was kept fixed

apart from the top roughness. The parameters corresponding to the DT-AuNPs

monolayer were, however, varied to fit the XR profiles. The best fit XR profiles

along with the corresponding EDPs for all the films are shown in Figure 44.

Similarly, the XR profiles of DT-AuNP/H-Si LS films have been analyzed

considering a monolayer of DT-AuNPs of different thickness and coverage on the

H-Si substrate first and subsequently a second layer of low coverage was added,
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Figure 45: Time evolution XR data (different symbols) and analyzed curves (solid lines)
of the DT-AuNP/H-Si LS films deposited at different surface pressure (Π).
Curves are shifted vertically for clarity. Insets: Corresponding analyzed EDPs.

if required. Each DT-AuNPs layer was again considered to be made of three

layers, as before. The best fit XR profiles along with the corresponding EDPs for

all the films thus obtained are shown in Figure 45.

Two peaks (one intense and another weak) are clearly visible (see Figure 45)

in the EDPs of the DT-AuNP/H-Si LS films at the initial stages. With time such

distinct nature disappears and a rather broad single peak appears. A single peak

is only observed (Figure 44) in the EDPs of the DT-AuNP/OTS-Si LS films at

all stages. However, the EDP changes with Π-value and time. The change is

mainly related to the peak or maximum value of ρ (ρm) and its full width at half
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Table 4: Parameters such as the peak electron density (ρm,i and ρm,f), the full width at
half maximum of EDP (wh,i and wh,f) and the summation of the deconvoluted
Gaussian peak electron densities [(∑j ρ0j)i and (∑j ρ0j)f] at initial (t ≈ 0) and
final (t ≈ 39 days) stages of measurements and the peak-decay or width-growth
time (τ) for the DT-AuNP/OTS-Si and/or DT-AuNP/H-Si LS films deposited at
different surface pressure (Π).

Table 5: DT-AuNP/OTS-Si

Π ρm,i ρm,f wm,i wm,f τ ∑j ρ0j

(mN m−1) (e Å−3) (e Å−3) (nm) (nm) (days) (e Å−3)

2 1.62 0.90 1.73 3.31 4.8 1.63

4 1.34 0.92 2.14 3.43 6.0 1.68

6 1.63 1.00 1.82 3.22 4.2 1.70

10 1.72 1.54 2.80 3.40 2.5 2.75

Table 6: DT-AuNP/H-Si

Π ρm,i ρm,f wm,i wm,f (∑j ρ0j)i (∑j ρ0j)f

(mN m−1) (e Å−3) (e Å−3) (nm) (nm) (e Å−3) (e Å−3)

2 1.17 1.41 2.55 3.30 1.91 2.61

4 1.25 1.26 2.62 3.64 2.18 2.44

6 1.25 1.59 3.18 3.44 2.46 3.00

10 1.36 1.72 3.14 3.14 2.74 2.96

maximum (wh). The variation of these parameters at initial (i) and final (f) stages

of measurements are plotted as a function of Π-value in Figure 46 for both the

systems, separately and also tabulated in Table 4. It can be observed that for the

DT-AuNP/OTS-Si LS system, the ρm,i-value remains almost same (∼1.6 e Å−3)

at Π = 2 and 6 mN m−1, but decreases (to ∼1.3 e Å−3) at Π = 4 mN m−1 and

increases (to ∼1.7 e Å−3) at Π = 10 mN m−1. Similarly, the wh,i-value remains

almost same (∼1.7 nm) at Π = 2 and 6 mN m−1, but increases reasonably (to

∼2.2 nm) at Π = 4 mN m−1 and appreciably (to ∼2.8 nm) at Π = 10 mN m−1.

This means that both the parameters either remain unchanged or increase with

Π-value with some deviation at Π = 4 mN m−1 and the combination of both the
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Figure 46: Variation of initial and final peak electron density (ρm,i and ρm,f) and peak
width (wh,i and wh,f) of the films with deposited surface pressure (Π) for the
DT-AuNP/OTS-Si and DT-AuNP/H-Si LS systems.

parameters apparently suggests a very small increase in the amount of materials

in the films upto Π = 6 mN m−1 and an appreciable increase there after. On

the other hand, the ρm,f-value is found to increase gradually (from 0.9 to 1.5

e Å−3) with the Π-value. The increase is very small upto Π = 6 mN m−1 and

appreciable after that. While the wh,f-value is found quite high (∼3.4 nm) and

almost remains unchanged with Π-value. For the DT-AuNP/H-Si LS system,

the value of ρm,i is found to increase from 1.2 to 1.4 e Å−3 with the increase of

Π-value. Similarly, the value of wh,i (estimated from the width of the intense

peak) is found to increase from 2.6 to 3.2 nm with the increase of Π-value. The

combination of both the parameters apparently suggests a gradual small increase

in the amount of materials in the films with Π-value. On the other hand, the

ρm,f-value is found to increase (from 1.2 to 1.7 e Å−3) and the wh,f-value is found

to decrease (∼3.6 to 3.1 nm) with the increase of Π-value with some deviation at

low Π-value.

5.3.3 EDP: time dependence

In order to understand the time dependence nature of the films, the variation

of ρm and wh with time (as obtained from Figures 44 and 45) are shown in

Figures 47 and 48 for the DT-AuNP/OTS-Si and DT-AuNP/H-Si LS films de-
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Figure 47: Evolution of peak electron density (ρm) and peak width (∆z) with time of
the DT-AuNP/OTS-Si LS films deposited at different surface pressure (Π).
Dashed lines through the data are the analyzed curves. Insets: corresponding
initial (t ≈ 0) and final (t ≈ 39 days) EDPs and their Gaussian deconvolution
to show the vertical organization of DT-AuNPs and their reorganization with
time.

posited at different surface pressure. The variation is found systematic for the

DT-AuNP/OTS-Si LS films and quite irregular for the DT-AuNP/H-Si LS films.

For the DT-AuNP/OTS-Si LS films, the value of ρm and wh decreases and in-

creases, respectively, with time, which is initially fast then saturates with time.

Such variation of ρm and wh with time (t) at ambient condition can be expressed

quantitatively using standard exponential dependence:

ρm(t) = ∆ρme−t/τ + ρm∞ (5–1)

wh(t) = wh0
+ ∆wh(1− e−t/τ) (5–2)
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Figure 48: Evolution of peak electron density (ρm) and peak width (∆z) with time of the
DT-AuNP/H-Si LS film deposited at different surface pressure (Π). Dashed
lines through the data are to guide the eyes. Insets: corresponding initial
(t ≈ 0) and final (t ≈ 39 days) EDPs and their Gaussian deconvolution to
show the vertical organization of DT-AuNPs and their reorganization with
time. The observed apparent percentage increase in the amount of DT-AuNPs
with time is indicated.

where τ in Eq. 5–1 is the decay time and ∆ρm = ρm0 − ρm∞ is the maximum

change in ρm with ρm0 is its maximum value at t→ 0 and ρm∞ is its minimum

or saturation value at t→ ∞, while τ in Eq. 5–2 is the growth time and ∆wh =

wh∞ −wh0
is the maximum change in wh with wh0

is its minimum value at t→ 0

and wh∞ is its maximum or saturation value at t→ ∞. Considering ρm0 ≈ ρm,i,

ρm∞ ≈ ρm,f, wh0 ≈ wh,i and wh∞ ≈ wh,f, the variations of ρm and wh for the DT-

AuNP/OTS-Si LS films have been simulated using Eqs. 5–1 and 5–2, respectively,

and the simulated profiles are shown in Figure 47. The values of the parameter τ,

used for the simulation, are enlisted in Table 4.
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In order to model the evolution of the film with time quantitative reconstruc-

tions of EDPs are essential. In general, the depth dependence electron density

can be expressed as:

ρ(z) = ρS(z) + ρF(z) (5–3)

where the first term of the right hand side corresponds to the substrate of uniform

electron density with some variation at the top due to surface roughness and

the second term corresponds to the film, which is of prime importance. Here

the film is composed of DT-AuNPs, where the EDP of a single DT-AuNP can be

calculated considering the core-cell structure and can be approximated with a

Gaussian peak function, ρ0 exp(−z/σ0), of ρ0 ≈ 1.8 e Å−3 and σ0 ≈ 1.04 nm as

shown schematically in Figure 49. Accordingly, ρF(z) can be expressed as the

summation of Gaussian peaks:

ρF(z) = ∑
j

ρ0j exp

[
−
(

z− z0j

σ0

)2
]

(5–4)

where ρ0j is the peak value, z0j is the position and σ0 is the standard deviation or

width related term of the jth Gaussian peak. It can be noted that each Gaussian
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Figure 49: Schematic of a DT-AuNP, where the core is of high density Au (ρAu ≈ 4.4 e Å−3)
and the coating layer is of low density DT (ρDT ≈ 0.3 e Å−3). Corresponding
variations of calculated electron density as a function of height (relative to the
center of DT-AuNP); for the complete NP of size ≈ 4 nm and ρ ≈ ρDT, for
the core NP of size ≈ 2.5 nm and ρ ≈ ρAu − ρDT (≈ 4.1 e Å−3), for the linear
combination of them and for the equivalent Gaussian function.
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peak in Eq. 5–4 arises from a layer consisting of DT-AuNPs and not simply from

single DT-AuNP. Accordingly, σ0 ≈ 1.04 nm in Eq. 5–4 corresponds to a layer of

perfect monolayer thickness, while ρ0j infers about the coverage of DT-AuNPs in

the monolayer at z0j. Eq. 5–4 is then used to simulate the EPDs of the films by

considering minimum possible number of Gaussian peaks.

Deconvoluted profiles obtained from the simulation of the EDPs for all the

films at initial and final stages are shown in Figures 47 and 48. The summation of

the deconvoluted Gaussian peak values (∑j ρ0j) for an EDP, which is correlated to

the amount of materials in a film, is expected to be time independent. Although

this is the case for the DT-AuNP/OTS-Si LS films but this is not the case for the DT-

AuNP/H-Si LS films. Accordingly, only initial ∑j ρ0j value for the DT-AuNP/OTS-

Si LS films and both initial and final ∑j ρ0j values for the DT-AuNP/H-Si LS films

are presented in Table 4.

It is evident from the parameter ∑j ρ0j in Table 4 that the DT-AuNP/OTS-Si

LS films can be categorized into two groups. First group is for low Π values (2, 4

and 6 mN m−1) films, where ∑j ρ0j ≈ 1.7 e Å−3, while the second group is for

high Π value (10 mN m−1) films, where ∑j ρ0j ≈ 2.7 e Å−3. These ∑j ρ0j values

apparently indicate full monolayer coverage for the first group of films and more

than monolayer coverage for the second group of films. However, looking at the

AFM images (Figure 43) it is clear that for the first group of films, the monolayer

coverage is not complete, rather voids are present within network-like structures.

The absence of the effect of such voids in the ∑j ρ0j value suggests that the voids

do not contribute in the ρ value estimated from the XR analysis. This is possible

if the size of voids is comparable to the coherent length of the X-ray beam, in that

case the covered film area and the voids area scattered incoherently [304] and

the coherent scattered intensity from the covered film area only contribute in the

XR measurements. It can be noted that the signature of incomplete monolayer

coverage is also available from the ∆ρm and τ values, namely, the large values

indicate less restrictive motion of the DT-AuNPs in the film, which is possible
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if the coverage is incomplete, while the small values suggest restricted motion,

which is applicable if the coverage is complete. On the other hand, the values of

the parameter ∑j ρ0j for the DT-AuNP/H-Si LS films is neither similar to that of

the DT-AuNP/OTS-Si LS films nor time independent. The increase in the value

of this parameter can be visualized by the increase in the area of the large size

voids, which then, by keeping the film materials constant, decreases the effective

in-plane covered area and consequently (considering the incoherent scattering

concept as before) increases the ∑j ρ0j value.

5.3.4 Growth and evolution: control mechanism

Now, let us first try to model the structures of the films and then try to understand

their growth, evaluation and control mechanism. The structures of the DT-

AuNPs LS films grown at low (Π = 2 mN m−1) and high (Π = 10 mN m−1)

pressures on two different passivated substrates (OTS-Si and H-Si) at initial
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Figure 50: Structural models of the as-deposited (t ≈ 0) and time-evolved (t ≈ 39 days)
DT-AuNPs LS films deposited at low and high surface pressures (Π) on the
OTS-Si and H-Si substrates.
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(t ≈ 0) and final (t ≈ 39 days) stages, as visualized from the analysis, are

shown schematically in Figure 50. DT-AuNP/OTS-Si LS film deposited at low

pressure formed monolayer structure with large size voids (i.e. partial coverage),

where the DT-AuNPs are initially (Figure 50a) placed at same z position to

give rise a layer of perfect monolayer thickness and finally (Figure 50b) few are

placed at slightly different z positions to give rise a fluctuating monolayer (of

thickness intermediate between monolayer and bilayer thickness). DT-AuNP/H-

Si LS film deposited at low pressure initially (Figure 50c) formed monolayer

plus very small bilayer structure with large size voids (i.e. partial coverage),

which with time finally (Figure 50d) become symmetrically fluctuated monolayer

structure (of thickness intermediate between monolayer and bilayer thickness)

with increased void size. DT-AuNP/OTS-Si LS film deposited at high pressure

formed highly fluctuated monolayer structure with negligible voids (i.e. full

coverage), where the DT-AuNPs are initially (Figure 50e) accumulated mostly at

central position and finally (Figure 50f) distributed evenly to give rise thickness

less than bilayer thickness. Finally, DT-AuNP/H-Si LS film deposited at high

pressure initially (Figure 50g) formed monolayer plus small bilayer structure with

negligible voids (i.e. full coverage), which with time finally (Figure 50h) become

more symmetrically fluctuated monolayer structure (of thickness intermediate

between monolayer and bilayer thickness) with some voids.

It is known that the DT-AuNPs on the water surface first self-assembled

around different points to form disk-like islands of monolayer height [133] (due

to the complex balance of long range vdW attractions and short range steric repul-

sion of the DT-AuNPs[134, 135, 137] initiated by solvent evaporation [128–130] in

presence of the hydrophobic repulsion of water), which on compression formed

2D-network of buckled or flipped disk-like islands [133, 151] (due to a combined

effect of collision induced coalescence and solid-like behavior resisting deforma-

tion of the islands [134]). The interactions between DT-AuNPs in the islands can

be described phenomenologically by a potential given by Hamaker. [305, 306]
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Considering the size (2R ≈ 2.5 nm, as estimated from the optical absorption

and TEM measurements), the centre-to-centre separation (D ≈ 4 nm, as esti-

mated from the GISAXS measurements) [133] i.e. the edge-to-edge separation

(δ = D − 2R ≈ 1.5 nm) and the Hamaker constant (A ≈ 1.95 eV) [306, 307] of

the AuNPs, the interaction potential energy is less than 10 meV. The growth and

evaluation of such Langmuir monolayers when transferred onto OTS-Si and H-Si

substrates using LS techniques can be understood from the XR data analyses,

which are shown schematically in Figure 51. During LS deposition (Figure 51a,b),

the DT-AuNPs in Langmuir monolayers, in presence of hydrophobic repulsion of

water, feel strong-attraction (Figure 51c) with the relatively strong-hydrophobic

OTS-Si substrate (contact angle θc ≈ 110
◦), [308, 309] to form (Figure 51e) partially

covered monolayer structured (with perfect monolayer thickness) film at low

pressure (Figure 50a) and nearly covered buckled monolayer structured (with

enhanced monolayer thickness) film at high pressure (Figure 50e), while feel

relatively weak-attraction (Figure 51d) with the weak-hydrophobic H-Si substrate

(θc ≈ 80
◦), [310] to form (Figure 51f) partially covered monolayer plus few bilayer

structured film at low pressure (Figure 50c) and nearly covered monolayer plus

few bilayer structured film at high pressure (Figure 50g).

After deposition, evolution of film takes place with time (Figure 51g,h). Such

evolution is unlikely drying mediated, [153] as no trapped water is expected on

the hydrophobic particles and/or substrates. Also, the evolution is unlikely to

relax the strain, which may usually arise due to the hydrophobic substrate-water

repulsion (for LB deposition) or the substrate-film repulsion (for hydrophilic

substrate) during deposition, as such stain is not expected for the LS deposition

on hydrophobic substrates. It is expected that at ambient condition, the room

temperature (T) supply thermal energy kT ≈ 26 meV (where k is the Boltzmann

constant) to the system, which can change the positions of the DT-AuNPs. The

amount and direction of the change, are however, depend upon their interactions

in the film. Absence of the hydrophobic repulsive force of water from the top of
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Figure 51: Schematic illustration of the growth and evolution of DT-AuNPs LS films on
OTS-Si and H-Si substrates.

the film after deposition (which was present during deposition) probably allows

the small thermal energy to fluctuate the DT-AuNPs vertically to enhance the

film-thickness with time. Such kT effect is applicable to the films deposited on

both the substrates (Figure 51g,h). Additionally, instability of the passivated

Si surface, at ambient condition, plays important role. It is known that the

OTS-Si substrate is stable [308, 309] but H-Si substrate is not. [12] For the latter,

desorption of H atoms followed by the growth of oxide layer takes place with

time, which then changes its surface energy or hydrophobic/hydrophilic nature

from weak-hydrophobic (θc ≈ 80
◦ for H-Si) to weak-hydrophilic (θc ≈ 60

◦ for

O-Si) or moderate-hydrophilic (θc ≈ 20
◦ for OH-Si). [146, 311] Such instability

or change in the hydrophobic/hydrophilic nature (i.e. contact angle ∆θc) or
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substrate surface energy (∆γ, which is related to ∆θc) can even takes place in

presence of a film, may be selectively, which then changes the film-substrate

interaction. The change in surface energy will be considerable at the area of voids

and accordingly the DT-AuNPs near the periphery of the voids will experience

inwards force to enhance the size of the voids. This ∆γ effect is applicable to the

films deposited on H-Si substrates (Figure 51h).

The present structural analysis (namely out-of-plane monolayer/bilayer struc-

ture and in-plane island size) indicates that the Langmuir monolayer structure

is better preserved on the H-Si substrate compared to the OTS-Si substrate at

the initial stages, which is quite amazing. The weak-hydrophobic nature of H-Si

substrate probably creates the optimum attraction in mimicking the Langmuir

monolayer structure. Subsequently, the spherically symmetric DT-AuNPs in the

monolayer and/or bilayer positions of a film are found to evolve or fluctuate

with time at ambient conditions due to the presence of room temperature ther-

mal energy and/or change in the substrate surface energy (unlike spherically

asymmetric amphiphilic molecules, where perfect 2D structure is more favorable),

to form extended/broad monolayer or compressed/narrow bilayer structure of

thickness ≈ 6 nm, which is quite interesting. The kT effect probably fluctuates

the DT-AuNPs mainly along vertical direction as observed for the films deposited

on the OTS-Si substrates, where the film-thickness changes with time following

the exponential growth law. The critical growth time (τ) and the change in

the film-thickness are prominent for the film deposited at low pressure, where

initial film-coverage and film-thickness are low. The combination of kT and ∆γ

effects probably fluctuates the DT-AuNPs in different directions as observed

for the films deposited on H-Si substrates. The final thickness, which is more

related to the vertical fluctuation, is probably decided by the room temperature

thermal energy. However, proper theoretical modeling is needed to support such

optimized thickness. Also, further experimental studies are required to find out

the uniqueness of such thickness, which are in progress.
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5.4 Conclusions

The effects of hydrophobic strength of the substrate and ambient conditions on

the structures and stability of DT-AuNP LS films were investigated using the XR

technique for the formation of controlled 2D-structures on solid substrates by

mimicking the Langmuir monolayer structures through a single transfer process.

A partially covered monolayer structured (with perfect monolayer thickness)

film at low pressure and nearly covered buckled monolayer structured (with

enhanced monolayer thickness) film at high pressure are evident on the OTS-Si

substrate, while a partially covered monolayer plus few bilayer structured film

at low pressure and nearly covered monolayer plus few bilayer structured film

at high pressure are evident on the H-Si substrate at the initial stages. These

indicate that during transfer, the OTS-Si substrate, due to its strong-hydrophobic

nature (θc ≈ 110◦), creates too much attraction toward the DT-AuNP Langmuir

monolayer to vertically squeeze the structure, while the H-Si substrate, due to

its weak-hydrophobic nature (θc ≈ 80◦), creates reasonable attraction toward the

DT-AuNP Langmuir monolayer to better mimic the structure.

At ambient conditions, all films evolved with time to change the initial film-

thickness. The evolution of film-thickness deposited on OTS-Si substrates shows

exponential growth due to kT (≈26 meV) energy induced systematic diffusion,

while those deposited on H-Si substrates show anomalous evolution due to

both kT and ∆γ (related to ∆θ ≈ 20◦) energy driven fluctuation. Finally, all the

films formed nearly similar vertically expanded monolayer structures, though

the evolution paths are different, which is quite interesting and requires further

investigation.
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E V O L U T I O N O F L I G A N T- C A P P E D

N A N O PA RT I C L E M U LT I L AY E R S T O WA R D

A N E A R U N I Q U E T H I C K N E S S

6.1 Introduction

It is known from earlier studies [144, 306] that, at air/water interface, AuNPs self-

assembled to form 2D-structures, which then can be transferred onto solid sub-

strate using LB and LS deposition techniques to grow 2D- and 3D-nanostructures

over large areas. [133, 160, 306] Among them, the nanostructures grown on hy-

drophobic substrates using LS technique are of special interest [133, 160], as

the interaction between hydrophobic AuNP-shell and hydrophobic substrate (i.e.

between two hydrophobic or similar nature materials) is attractive, it is likely to

create least disturbance on the structure during transfer and thus expected to

be better controlled. Although some works have been carried out to understand

the structure and growth of LS monolayers of AuNPs on hydrophobic substrates

(i.e. 2D-nanostructures) [160] but no work has been carried out to understand

the growth and stability of LS multilayers of AuNPs on hydrophobic substrates,

which is of utmost importance for the formation of desired 3D-nanostructures

of specific collective properties through controlled bottom-up technique. The

study of LS monolayers of AuNPs on hydrophobic substrates, on the other hand,

suggests that the hydrophobic strength apart from the hydrophobic nature of

the substrate is responsible for creating minimum disturbance on the Langmuir

monolayers [160]. In fact, it was found that the weak-hydrophobic H-passivated

Si substrate creates less disturbance, compared to the strong-hydrophobic OTS

133
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self-assembled Si substrate, to better mimic the Langmuir monolayer structures.

Such structures were again found to evolve with time at ambient conditions

(due to the presence of room temperature thermal energy and/or the change in

interfacial energy) to form similar vertically expanded monolayer structures. The

condition for obtaining the better mimic structure at the initial stages and the

formation of similar vertically expanded monolayer structures through evolution

for LS monolayers are interesting and lead to the questions: i) Do the desired

3D-structures can be formed on H-passivated Si substrate through multi-transfer

of such Langmuir monolayers, atleast at the initial stages, simply by knowing

and controlling the Langmuir monolayer structures, i.e. do the concept of mimic

is valid for the multi-transferred LS films? ii) Do the multi-transferred LS films

evolved to similar vertically expanded monolayer structures, i.e. do the evolution

of multilayer LS films can infer anything about the uniqueness in the thickness

of the evolved structure and its possible origin? It can be noted that the long

keeping time of the LS film may cause some structural changes (toward energy

minimum state) as the transfer process itself is not always carried out under

equilibrium conditions. Hence, finding such energy minimum state or structure

and the associated process are quite demanding, though challenging.

In this chapter we have addressed these questions by investigating the struc-

tures of the multi-transferred LS films of AuNPs on H-Si substrates using com-

plementary XR and GISAXS techniques; and their evolution with time at ambient

conditions using XR technique. It is found that the structures of the films, at the

initial stages, depend strongly on the surface pressure of Langmuir monolayer

and the number of transfer but follow weakly the Langmuir monolayer structure,

both in terms of layer coverage and domain structure. On the other hand, it

is indeed found that the structure (thickness) of film evolves (decreases) with

time at ambient condition to approach toward a near unique thickness (provided

the amount of transferred AuNPs in the LS film is within the amount, which

can be accommodated). The possible interactions and/or energy, responsible
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for the growth of such near unique thickness from different layer-number and

layercoverage films, through evolution, are discussed.

6.2 Experimental details

6.2.1 Preparation of mT−DT-AuNP/H-Si LS films

The colloidal DT-AuNPs of core size about 2.5± 0.6 nm and overall size about

4.5± 0.6 nm were synthesized following a two-phase (water-toluene) reduction of

hydrogen tetrachloroaurate by sodium borohydride in presence of dodecanethiol

(discussed in 2.3.1). Such DT-AuNPs were spread uniformly on the surface of wa-

ter (Milli-Q) in a Langmuir trough (KSV 5000) to form Langmuir monolayer. [133]

The pressure (Π) of the of DT-AuNPs Langmuir monolayer was regulated us-

ing Teflon barriers movement. Prior to the DT-AuNPs monolayer deposition,

Si substrates (of size about 15 × 15 mm2) were first sonicated in acetone and

ethanol solvents to remove organic contaminates and then treated with hydrogen

fluoride [HF, Merck, 10%] solution to prepare H-terminated Si (H-Si) substrates

(discussed in 2.2). The DT-AuNPs Langmuir monolayers formed at different

pressure (namely Π = 2, 4, 6, 10 and 14 mN/m) were then transferred twice and

four times onto the H-Si substrates using LS deposition technique (discussed

in 2.3.4.2). Such multi-transferred films are labeled as mT−DT-AuNP/H-Si LS

films, where m = 2 and 4.

6.2.2 Characterization of mT−DT-AuNP/H-Si LS films

The characterization of mT−DT-AuNP/H-Si LS films, within a day, after a month

and after a year of preparation, were carried out using XR technique, while that at

the initial stages, were also carried out using complementary GISAXS technique.

XR measurements of the films were performed on a versatile X-ray diffrac-

tometer (VXRD) setup (discussed in 3.4.1). VXRD consists of a diffractometer

(D8 Discover, Bruker AXS) with enhance Cu Kα radiation (λ = 1.54 Å) (discussed
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Figure 52: XR data (different symbols) collected within a day (t < 1 day) and analyzed
curves (solid lines) of multi-transferred (2T- and 4T-) DT-AuNP/H-Si LS films
prepared from Langmuir monolayers of different surface pressure (Π). Curves
are shifted vertically for clarity. First order and second order psudo-Bragg
peaks arising from out-of-plane AuNPs layer separation (dout) are indicated
by dashed lines. Insets: corresponding analyzed EDPs.

in 3.4.1). XR technique essentially provides an electron-density profile (EDP),

i.e., in-plane (x − y) average electron density (ρ) as a function of depth (z) in

high resolution. From EDP it is possible to verify the presence of layering in the

film, with their number, position and coverage. GISAXS measurements of the

films were carried out using a synchrotron source (MiNaXS beam line, PETRA

III), (discussed in 3.4.2) at λ = 0.94 Å. The sample-to-detector distance was 1721

mm. Corresponding angular resolution is 0.1 mrad and the resolution limit along

qy-direction is less than 0.002 Å−1. For the data collection, the incident angle

α was kept at 0.25
◦, slightly greater than the critical angle, αc, of the sample.

GISAXS pattern on a particular position was collected for small time (10 s) to

minimize the effect of the radiation damage of the sample. Then GISAXS patterns

were collected at different lateral positions of a sample to rule out the in-plane

inhomogeneity of the sample and to enhance the statistics by averaging.
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6.3 Results and discussion

6.3.1 XR studies of the as-grown films

XR data of the mT−DT-AuNP/H-Si LS films deposited at different Π-values and

collected within a day (i.e. t < 1 day) are shown in Fig. 52. Oscillations with more

than a single periodicity are observed in all the XR profiles. The high frequency

oscillations are the Keissig fringes corresponding to the total film thickness. The

relatively strong peaks near qz ≈ 0.18 and 0.37 Å−1 (indicated by dashed lines)

are the first and second order pseudo-Bragg peaks corresponding to the layered

structures of the films. The position and intensity of which change slightly with

the Π-value and also with the m-value.

To get the quantitative information about the films, all XR profiles have been

analyzed using Parratt’s formalism, [294] after incorporating roughness at each

interface. [133] An instrumental resolution in the form of a Gaussian function and

a constant background were also included at the time of data analysis. For the

analysis, 2T− and 4T−DT-AuNP/H-Si LS films are first modelled with two and

four layers, respectively, of DT-AuNPs of different thickness and coverage on the

Si substrates. Subsequently, considering each DT-AuNPs layer consists of three

layers, namely thiol-rich low density bottom layer, Au-rich high density middle

layer and again thiol-rich low density top layer; the 2T− and 4T−DT-AuNP/H-Si

LS films are actually analyzed using 5 and 9 layers, respectively, of alternate low

and high electron densities. The best fit XR profiles along with the corresponding

EDPs for the mT−DT-AuNP/H-Si LS films are shown in Fig. 52.

Two and four number of peaks are readily evident in the EDPs (insets of

Fig. 52) of the 2T− and 4T−DT-AuNP/H-Si LS films, suggesting bilayer and

tetralayer natures, respectively. However, the peak-value (ρm) is not same for

the different peak positions in a film and also for the similar peak position in

different films. The variation of such ρm-value for different layer number (n) in

the mT−DT-AuNP/H-Si LS films are plotted in Fig. 54 as a function of Π-value.
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Figure 53: XR data collected after a month (different symbols) and analyzed curves (solid
lines) of multi-transferred (2T- and 4T-) DT-AuNP/H-Si LS films prepared
from Langmuir monolayers of different surface pressure (Π). Curves are
shifted vertically for clarity. Psudo-Bragg peaks due to layered structures of
the films are indicated by dashed lines. Insets: corresponding analyzed EDPs.

In case of 2T−DT-AuNP/H-Si LS films, the ρm-value for the first layer is found

relatively high, which increases initially fast then slow (i.e. exponentially) with Π-

value, while that of the second layer is relatively low and decreases exponentially

with Π-value. In case of 4T−DT-AuNP/H-Si LS films, however, the ρm-value for

the first and second layers decreases gradually with Π-value, except for high Π-

value, while that for the third and forth layers increases gradually with Π-value.

The variation of the ρm-value and the peak position (zm) with layer number

are also plotted in Fig. 54 for the mT−DT-AuNP/H-Si LS films deposited at two

extreme Π-values (namely 2 and 14 mN/m). The average out-of-plane separation

between the layers (dout) obtained from the slope of the zm vs n curves for the four

films are tabulated in Table 7. The dout-value (∼3.1 nm) is quite small compared

to the overall size of the DT-AuNPs (2R ≈ 4.5 nm) and found to increase with

the Π-value and also with the m-value. The average film thickness (D) and the

average electron density (ρave) obtained from the EDPs are also listed in Table 7.

For the 2T−DT-AuNP/H-Si LS films, the ρave-value is found unchanged, while

the D-value is found to increase slightly with the Π-value, suggesting very small
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Figure 54: Left: Variation of peak electron density (ρm) with deposited surface pressure
(Π) for the different layer number (n) in the EDPs of multi-transferred (2T- and
4T-) DT-AuNP/H-Si LS films. Right: Variation of peak electron density (ρm)
and peak position (zm) with layer number (n) in the EDPs of multi-transferred
(2T- and 4T-) DT-AuNP/H-Si LS films prepared from Langmuir monolayers
of two different surface pressure (Π).

increase in the amount of transferred materials. On the other hand, for the

4T−DT-AuNP/H-Si LS films, both (ρave and D) values are found to increase

with the Π-value, suggesting reasonable increase in the amount of transferred

materials. Further the ρave-value is found to decrease considerably with the

increase of m-value from 2 to 4, suggesting considerable decrease in the amount

of materials per transfer with the increase in the number of transfer.

6.3.2 GISAXS studies of the as-grown films

GISAXS patterns of the mT−DT-AuNP/H-Si LS films deposited at two extreme

Π-values (2 and 14 mN/m) are shown in Fig. 55. The Bragg rods around qy = ±

0.15 Å−1 are observed in all the patterns, the intensity and actual position of

which varies with Π and m values. To have a better idea about the position and

intensity of the Bragg rods, GISAXS line profiles along qy direction and through

the Bragg rods, for all the films, are also plotted in Figs. 55. The line profiles

along qy-direction clearly show peaks around qy = ± 0.15 Å−1 due to in-plane

AuNPs separation (din). The din-values obtained from the peak positions are

tabulated in Table 7 for four films.
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The din-value (∼4.2 nm) is slightly low compared to the 2R-value but consid-

erably high compared to the dout-value. The din-value is also found to increase

with the Π-value. The increase is, however, small for the 4T−DT-AuNP/H-Si LS

films but appreciably for the 2T−DT-AuNP/H-Si LS films. The peak intensity for

the 2T−DT-AuNP/H-Si LS films decreases slightly with the increase of Π-value,

while for the 4T−DT-AuNP/H-Si LS films increases slightly with the increase of

Π-value.

Further, to have a better idea about the different in-plane correlation lengths

(especially the larger correlation lengths, which should appear at low qy values),

the log-log plot of the same GISAXS line profiles have been presented in the

insets of Fig. 55. A broad hump is observed for the 2T−DT-AuNP/H-Si LS films

(shown by the dashed lines), suggesting formation of domainlike structures in

these films. The average separations between the domains, as obtained from

the hump positions, are about 100 and 50 nm for the films of Π values 2 and

14 mN/m, respectively. This indicates that the separation between the domains

decreases with the Π-values, which is probably due to the increase in the number

of domains. The information about the domains for the 4T−DT-AuNP/H-Si LS

films is however missing.

6.3.3 XR studies of the films after a month

XR data of the mT−DT-AuNP/H-Si LS films deposited at different Π-values and

collected after a month (i.e. t ≈ 1 month) are shown in Fig. 53. Oscillations with

more than a single periodicity are observed in all the XR profiles. However, for

the 2T−DT-AuNP/H-Si LS films, the oscillations are very weak compared to

the as-grown films and even the first order pseudo-Bragg peak is absent, which

indicates the absence of multi-layered structure. For the 4T−DT-AuNP/H-Si LS

films, though the first order pseudo-Bragg peak is present, it becomes broad

and shifts toward lower qz value, which suggests decrease in the layer number

and increase in the layer width. To get the quantitative information of the 2T−
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Table 7: Parameters such as the in-plane AuNPs separation (din) and out-of-plane AuNPs
layers separation (dout) at the initial stages; while the total film thickness (D)
and the average electron density (ρave) at the different aging time (t) for the
multi-transferred, mT−DT-AuNP/H-Si LS films deposited at different surface
pressure (Π), as obtained from the GISAXS and XR data analysis.

mT Π t < 1 day
[mN/m] din [nm] dout [nm] D [nm] ρave [e Å−3]

2T 2 3.9 2.8 6.4±0.6 0.73

14 4.6 2.9 6.8±0.6 0.73

4T 2 4.0 3.2 13.1±0.7 0.49

14 4.2 3.4 13.9±0.7 0.58

mT Π t ≈ 1 month t ≈ 1 year
[mN/m] D [nm] ρave [e Å−3] D [nm] ρave [e Å−3]

2T 2 4.8±1.0 0.97 4.6±0.9 1.02

14 5.0±1.2 0.99 4.5±0.8 1.10

4T 2 11.0±1.7 0.59 6.2±1.2 1.03

14 11.0±1.5 0.70 7.1±1.5 1.08

and 4T−DT-AuNP/H-Si LS films, the XR data are analyzed using 3 and 7 layers,

respectively, of alternate low and high electron densities.

The best fit XR profiles along with the corresponding EDPs for the mT−DT-

AuNP/H-Si LS films are shown in Fig. 53. Only one and two (with weak third)

peaks are observed in the EDPs (insets of Fig. 53) suggesting monolayer and

bilayer (with some trilayer) natures of the 2T− and 4T−DT-AuNP/H-Si LS films,

respectively, after a month, deviating from the original bilayer and tetralayer

natures. The D-value and the ρave-value obtained from the EDPs for the four

films are also listed in Table 7. For the 2T−DT-AuNP/H-Si LS films, the D-value

(∼5 mn) is found to decrease ∼25%, correspondingly the ρave-value (∼1 e Å−3) is

found to increase ∼30% compared to the values of the as-grown structures. On

the other hand, for the 4T−DT-AuNP/H-Si LS films, the D-value becomes about

11 nm for both the films, while the ρave-value becomes about 0.6 and 0.7 e Å−3
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Figure 56: XR data collected after a year (different symbols) and analyzed curves (solid
lines) of multi-transferred (2T- and 4T-) DT-AuNP/H-Si LS films prepared
from Langmuir monolayers of different surface pressure (Π). Curves are
shifted vertically for clarity. Insets: corresponding analyzed EDPs.

for the films of Π = 2 and 14 mN/m, respectively, suggesting ∼20% decrease in

the D-value and ∼20% increase in the ρave-value of the films after a month.

6.3.4 XR studies of the films after a year

XR data of the mT−DT-AuNP/H-Si LS films deposited at different Π-values and

collected after a year (i.e. t ≈ 1 year) are shown in Fig. 56. Weak oscillations are

observed in all the XR profiles but the pseudo-Bragg peak is absent, indicating

disappearance of the multi-layered structures of the films. The best fit XR profiles

along with the corresponding EDPs for the mT−DT-AuNP/H-Si LS films are

also shown in Fig. 56. Single peak is observed in the EDPs (insets of Fig. 56)

suggesting monolayer nature of the films, after a year, deviating from the original

bilayer and tetralayer natures. The D-value and the ρave-value obtained from the

EDPs for the four films are listed in Table 7. For the 2T−DT-AuNP/H-Si LS films,

the D-value (∼4.5 mn) decreases appreciably (∼30%) compared to the value of

the as-grown films, but decreases slightly compared to the value of the films

observed after a month, correspondingly the ρave-value increases significantly

(∼35%) compared to the value of the as-grown films but increases negligibly

compared to the value of the films observed after a month. On the other hand, for
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the 4T−DT-AuNP/H-Si LS films, the D-value (∼6.5 mn) decreases appreciably

(∼50% and ∼40%), while the ρave-value (∼1.05 e Å−3) increases significantly

(∼95% and ∼60%) compared to the values of the as-grown films and the films

observed after a month.
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Table 8: The coverage (CL) of first (1st), second (2nd), third (3rd) and forth (4th) lay-
ers; and the coverage (CS) of monolayer (ML), bilayer (BL), trilayer (TL) and
tetralayer (TtL) thickness structures at the different stages of time (t) in the
multi-transferred, mT−DT-AuNP/H-Si LS films deposited at different surface
pressure (Π), as obtained from the deconvolution of the analyzed EDPs. Note
that CL can have two values (first one is for closer position compared to other
normal position from the substrate), while CS is the total coverage of similar
layered (thickness) structures

mT Π [mN/m] t CL [%]
1st 2nd 3rd 4th

2T 2 1d 19 60 23 38

1m 11 70 46 11

1y 17 58 50 17

14 1d 17 76 17 31 9 0

1m 18 55 43 21 7 0

1y 9 58 60 17

4T 2 1d 17 63 24 47 14 25 2 5

1m 10 86 22 42 26 7 7 0

1y 17 47 63 43 14 0

14 1d 11 62 34 46 23 37 16 18

1m 12 80 42 42 40 11 7 0

1y 14 61 72 45 26 11

mT Π [mN/m] t CS [%] MT
TtL TL BL ML [MMLT] [MNUT]

2T 2 1d 57 26 ∼1.4 ∼0.9
1m 22 94

1y 34 74

14 1d 9 39 45 ∼1.5 ∼1.0
1m 7 32 59

1y 26 92

4T 2 1d 7 32 25 23 ∼1.9 ∼1.3
1m 7 11 45 49

1y 14 46 50

14 1d 29 24 16 27 ∼2.4 ∼1.6
1m 7 16 59 40

1y 25 46 62
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Figure 58: GISAXS line profiles along qy direction for the DT-AuNPs/H-Si LS films
deposited at different surface pressure. Curves are shifted vertically for clarity.
The straight dashed line marked the resolution limit along qy direction.

6.3.5 Growth and stability of mT−AuNP/H-Si LS films

Let us now try to visualize the structures of the mT−DT-AuNP/H-Si LS films at

different stages of time from the analyzed EDPs and then discuss their growth

and stability/instability. To do this first taking into account that the EDP of a

monolayer of DT-AuNPs can be approximated by a simple Gaussian function. It

can be noted that each Gaussian peak in the EDP of a monolayer film arises from a

layer consisting of DT-AuNPs and not simply from single DT-AuNP. Accordingly,

σ0 ≈ 1.04 nm in Eq. 5–4 corresponds to a layer of perfect monolayer thickness

and σ0 ≈ 1.15 nm in Eq. 5–4 corresponds to a layer of near monolayer thickness

as shown schematically in Fig. 58.

Then the analyzed EDP can be expressed using following relation

ρ(z) =
ρs

2

[
1− er f

(
z− z0

σs

)]
+ ∑

i
ρi exp

[
−
(

z− zi

σ

)2
]

(6–1)

where the first term, represented by the error function, corresponds to the

substrate of uniform electron density, ρs with substrate surface (or film-substrate

interface) roughness, σs at position, z0, while the second term, represented by

the summation of Gaussian peaks of different intensity (ρi) and position (zi) but

of same width or standard deviation (σ), corresponds to the film consists of a
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number of similar width (thickness) but different intensity (coverage) DT-AuNPs

layers placed at different vertical positions.

Eq. 6–1 is used to simulate the analyzed EPDs. For the simulation, attempted

has been made to minimize the number of Gaussian peaks by optimizing the

σ value. It has been observed that σ = 1.15 nm, which corresponds to the near

monolayer structure (as evident from Fig. 58), can well simulate the analyzed

EDPs. Deconvoluted profiles obtained form the simulation of the analyzed

EDPs for the mT−DT-AuNP/H-Si LS films (where m = 2 and 4 for Π = 2 and

14 mN/m), at different stages of time, are shown in Fig. 57. It is clear from

Fig. 57 that minimum two Gaussian peaks (one intense and another weak) are

necessary to simulate each single peak of the analyzed EDPs at the initial stages.

The weak peaks are at closer positions (CP) to the substrate compared to the

corresponding intense peaks, which are at normal positions (NP). Considering

these, the coverage (CL) of the different layers (with CP first and NP second) are

estimated from ρi value after normalizing with ρmax = 1.6 e Å−3 (corresponding

to the cent percent coverage) and are tabulated in Table 8 for the four films at

three different stages of time. The coverage (CS) of different layered (thickness)

structures, considering summation of the coverage of similar layered (thickness)

structures even at slightly different positions, are also listed in Table 8. Finally,

the amount of transferred materials (MT), as estimated from the CL or CS values,

are also listed in Table 8.

The values of MT w.r.t. the full coverage of monolayer thickness (MMLT)

indicate that, from Table 8, on average, ∼70% and ∼74% materials (w.r.t. mono-

layer coverage) are transferred each time onto the 2T−DT-AuNP/H-Si LS films

deposited at Π = 2 and 14 mN/m, respectively, while ∼48% and ∼60% onto the

4T−DT-AuNP/H-Si LS films.

Such decrease of the transfer ratio with the increase of the transfer number,

though creates hindrance in the formation of desire layered structures, is quite

natural. The increase of surface pressure is one way in which one can increase



6.3 results and discussion 149

the transfer ratio, to some extent. This is apparent for the 4T-AuNP/HSi LS films,

where about 30% tetralayer is observed for the high pressure (P = 14 mN/m)

film as oppose to the less than 10% tetralayer for the low pressure (P = 2 mN/m)

film. Similarly, by tuning the other deposition conditions, it is possible to further

improve the transfer ratio to better attain the desire layered structures.

The ambient conditions, on the other hand, play interesting role on the

evolution of the structures of the LS films. The multilayered structures tend

toward extended monolayer structures with time, namely for the 2T-AuNP/H-Si

LS film deposited at P = 2 mN/m, the bilayer structure decreases (∼30%) and the

monolayer structure increases (∼40%). It is found that the final thickness attains

by a film depends more on the amount of materials transferred (MT) than on

the number of layers. The film with MT ≈ 1:5 MMLT, attains thickness of about

6 nm, is termed as near unique thickness (NUT) with near full coverage, while

the films with MT < 1:5 MMLT also attain the NUT but without full coverage. On

the other hand, the films with MT > 1:5 MMLT try to attain NUT, but unable, as

excess amount can not be accommodated within NUT. Accordingly, the tetralayer

structure in the 4T-AuNP/H-Si LS film deposited at P = 14 mN/m though

decreases (∼ 30%), in fact vanishes, both the bilayer and monolayer structures

increase (∼30%). It can be noted that the film of NUT can accommodate about

1.5 times materials compared to that of the film of MLT, i.e. MNUT ≈ 1:5MMLT.

Considering this, the values of MT are expressed in terms of MNUT in Table 8 for

different films.

6.3.6 Evolution toward a near unique thickness

The structures of the mT-AuNP/H-Si LS films at a particular stage is modelled

considering the values of CL for different vertically positioned layers at that stage,

which are shown schematically in Fig. 59. Such structures of the films at initial

stages and their evolution with time can be visualized as follows. On the water

surface, AuNPs experience both long range vdW attractions and short range steric



6.3 results and discussion 150

Si Si Si 

t < 1 day t  1 month t  1 year 


 =

 2
 m

N
/m

 


 =
 1

4
 m

N
/m

 


 =
 2

 m
N

/m
 

2
T 


 =

 1
4

 m
N

/m
 4

T 

Si Si Si 

Si Si Si 

Si Si Si 

kT-induced fluctuation: short-range 

-induced repulsion:short-range 

Attraction towards substrate: long-range 

Partially covered NUT layer 

Nearly covered NUT layer 

More than NUT layer 

More than NUT layer 

Figure 59: Structural schematics of multi-transferred (2T- and 4T-) DT-AuNP/H-Si LS
films prepared from Langmuir monolayers of different surface pressure (Π =
2 and 14 mN/m) at initial stages (t < 1 day), after one month (t ≈ 1 month)
and after one year (t ≈ 1 year).

repulsion, after solvent evaporation. [128, 129] Such complex interaction leads

to the formation of self-assembled disk-like islands of monolayer height around

different points, which on further compression formed a thermodynamically

stable 2D-network of buckled or flipped disk-like islands. [131, 160, 161]

During LS deposition, the hydrophobic terminated Langmuir monolayer feels

repulsion from the hydrophilic water and attraction toward the hydrophobic

(H-Si or AuNP covered H-Si) substrate, accordingly layer-by-layer (bi-layer and

tetra-layer) growth takes place (as shown schematically in Fig. 59 for t < 1 day).

However, the multilayers formed on the hydrophobic HSi substrates become

thermodynamically unstable. It is well known that the long keeping time of any

transferred film may cause some structural changes (toward energy minimum

state) as the transfer process itself is not always carried out under equilibrium

conditions. However, finding the energy minimum state or structure and under-

standing the actual process involved in the evolution are very important.

The instability here mainly arises due to the presence of room-temperature

thermal energy, kT (where k is the Boltzmann constant and T is the room

temperature) [91, 160], due to the degradation of thiols at ambient conditions
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and also due to the change in the substrate surface energy, δγ (as some portion

of hydrophobic H-Si surface turn into weak-hydrophilic O-Si surface through

H desorption and O adsorption with time) [156, 160], which induces diffusion

in the AuNPs. Though the thiol oxidation cannot be ruled out at ambient

conditions, [155] it is likely that the oxidation is not completely removing the

capping layer of the AuNPs, otherwise continuous growth, due to coalescence

of AuNPs with time, would have been taken place, which is not the case here

(at least not the dominating effect). Greater coverage of thiols in curved AuNPs

(through defective sites) compared to the planer surfaces [154] probably play

important role in reducing the oxidation of thiols and maintaining some capping

on AuNPs. The certain degradation of thiols (if any) thus considered here to add

extra instability in the system and extra diffusion in the AuNPs and not to the

coalescence of AuNPs.

Each AuNP in the film then experience hydrophobichydrophobic attractive

interaction with other AuNPs and/or H-Si substrate. The AuNPs on the top,

where no AuNPs are present above them, experience net attractive force toward

the substrate. Such AuNPs, depending upon the availability of nearest void space,

start to roll down or move toward the substrate, to reduce the film thickness (from

tetralayers and bilayers toward monolayers) and to increase the film coverage

(as shown schematically in Fig. 59 for t ≈ 1 month and 1 year). However, the

δγ-energy in some portion of the substrate surface creates repulsion and the

kT-energy creates fluctuation on the AuNPs, which altogether imposes restriction

in the thickness-reduction and ideal monolayer formation, rather deviates to form

a thermodynamically favourable and relatively stable extended monolayer of

NUT. It is necessary to mention that, through reorganization, such NUT layer

can be formed if the number (N) of AuNPs in the multilayer is less than (as

shown in Fig. 59 for 2T and P = 2 mN/m film) or equals (as shown in Fig. 59

for 2T and P = 14 mN/m film) to the maximum number (Nc) of AuNPs that can

be accommodated within NUT. Otherwise (if N > Nc), the evolved-thickness
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will increase (as shown in Fig. 59 for 4T films) to accommodate extra particles.

The reorganization process (i.e. the duration of reorganization) depends on the

number of voids and AuNPs. Accordingly, the reorganization or the thickness-

decrease process continues for longer time (t > 1 month) for the films with larger

number of partial coverage layers (as shown in Fig. 59 for 4T films).

It can be noted that the mechanistic origins for lamellar instability and the

convergent reorganization of multilayers proposed here strongly depend on the

roles of the thermal fluctuations, the hydrophobic repulsion between AuNPs

and degradation of thiols. Hence they call for additional experiments to firmly

validate the proposed mechanism. Specifically, it is important to examine how

temperature, surface hydrophobicity (which can be controlled by mixing hy-

drophilic and hydrophobic thiols), and the sizes of AuNPs affect the stability and

NUT. Also, the assumption that the degradation of thiols only add extra diffusion

in the AuNPs and not to the coalescence, though seems to be valid but deserves

direct experimental verification.

6.4 Conclusions

The structural evolution of multi-transferred LS films of AuNPs on H-passivated

Si substrates have been investigated using XR and GISAXS techniques. It is found

from such structural investigation that the number of layers transferred onto the

substrate is proportional to the number of transfer but the coverage of the layer

decreases considerably with the increase in the number of layer. Such fractional

coverage multilayered structures are quite unstable at ambient conditions. The

instability mainly arises from three factors: (i) the room-temperature thermal

energy (kT) induced fluctuation, (ii) the change in substrate surface energy (δγ)

induced repulsion and (iii) the dissimilar film-substrate and film-air interfacial

interactions induced attraction toward substrate. Such instability, in one hand,
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creates hindrance in the control and formation of desired 3D-nanostructures

through bottom-up approach.

On the other hand, same instability decreases the film-thickness and tries

to form a near unique thickness (NUT) through reorganization of AuNPs for

different duration. The duration of reorganization increases with the increase of

layer number. The value of NUT (∼ 6 nm) is greater than the thickness of ideal

monolayer (∼ 4.5 nm) but less than the thickness of ideal bilayer (∼ 9 nm). Such

value of NUT is actually related to the size of the AuNPs (∼ 4.5 nm) plus their

possible fluctuation (∼1.5 nm) due to kT-energy. The formation of NUT layer

(for N ≤ Nc), through reorganization, is quite distinctive. In fact, the NUT layer

is found to evolve through three complex processes and interactions, namely

(i) the decrease of thickness (or roll down of top AuNPs through nearest void

space) due to the anisotropic hydrophobic-hydrophobic interaction mediated

long range attraction toward substrate, (ii) the increase of thickness due to the

anisotropic hydrophilic-hydrophobic interaction mediated short range repulsion

from substrate and (iii) the increase in thickness due to the kT-energy induced

effective outward fluctuation w.r.t. the substrate. However, further experiments

are needed to firmly validate the proposed mechanism.
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X - R AY R A D I AT I O N I N D U C E D

S T R U C T U R A L M O D I F I C AT I O N O F

T H I O L - C O AT E D AU - N A N O PA RT I C L E L S

F I L M S

7.1 Introduction

Monolayer-encapsulated AuNPs are of considerable technological interest because

of the potential electronic, optical, magnetic, catalytic and sensing applications

emerging from the core–shell combinations. The stability of the AuNPs is critical

for all these applications. A controlled self-assembling needs to be guided by a

thorough understanding of ordering kinetics.

It is known from earlier studies [144, 306] that, at air/water interface,

AuNPs self-assembled to form 2D-structures, which then can be transferred

onto solid substrate using LB and LS deposition techniques to grow 2D- and 3D-

nanostructures over large areas. [133, 160, 306] Although some works have been

carried out to understand the structure, growth and evolution of LS monolayers

of AuNPs on hydrophobic substrates (i.e. 2D-nanostructures) [159, 160], which is

of utmost importance for the formation of desired 3D-nanostructures of specific

collective properties through controlled bottom-up technique. AFM results show

that the particle size and interparticle spatial properties are highly dependent on

the surface mobility, surface tension, and adsorption energy of AuNPs on the

substrate [312].

154
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The structures of the LS films, have been studied using GISAXS techniques

[159, 292] with high intensity small divergence X-ray beam (having better reso-

lution limit). GISAXS is widely used to analyze the crystallinity and nanoscale

structure in thin films of soft material. But, intense beam of the advance source

can create beam induced damage, especially considering the time required to

align the beam on the sample. Ionized radiation will generate free radicals that

initiate cross-linking and/or chain scission, and structural damage will impact

the ordering kinetics, thermodynamics, and crystallinity in organic compounds.

As revealed from different studies, radiation damage is a major obstacle for SAXS

since the intense beam generates aggregated particles in the solution and SAXS

beamlines acknowledge the need to check for and avoid radiation [313–316].

So, exploring the change in the film structure in the presence of X-ray beam is

necessary for better understanding of the growth and evolution of LS films of

DT-AuNPs.

Previous reports confirm the evolution of DT-AUNPs under thermal treatment

in solutions from the smaller-sized to larger-sized nanocrystals with the integrity

of the final encapsulating shell structures maintained and formation of the long-

range ordering of the thiolate-encapsulated nanocrystals [215–217]. Researchers

have seen the irreversibility in conductivity changes for thin, LS deposited thiol

encapsulated AuNPs films raised to a high temperature. The conductivity rapidly

increases at higher temperature, to values that remain high and are almost linear

with temperature as a result of electron hopping in metal AuNP films [317]. The

optical properties of 4-methylbenzenethiol encapsulated 3 nm AuNP thin films

have been investigated for a range of temperatures [318]. The SPR peak shift is

found to be sensitive to temperature, heating time and film thickness. AFM data

of the material after heating reveals structural changes corresponding to gold

cluster growth following thiol desorption.

Recent work has revealed that electron beam irradiation can modify a AuNP

assembly. It was also reported that removal of the organic ligands by heating or
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electron beam irradiation leads to coalescence and sintering of metal cores. [319]

NPs of 2 nm gold cores encapsulated with alkanethiolate monolayers has been

studied in solution phase by Maye et.al. [320] using TEM, XRD, UV-Vis and

FTIR spectroscopy. The results demonstrate the evolution in size and shape of

the NPs toward monodispersed larger core sizes encapsulated with the thiolate

shells. Wang et. al. [321] have also concluded from their studies that surface

thermodynamic fluctuations and atomic interaction forces are the causes of the

approach and coalescence behavior of the AuNPs. Another group of researchers

have shown [322] that with desorption of capping ligands, the steric stability

of the nanocrystals decreases and the inclination to aggregation increases. At

low temperature, the alkyl chains behave as a solid with a rigid configuration,

whereas on heating to 323 K, they behave more as a liquid [323]. Pradeep et

al. [218] investigated the temperature-dependent phase behavior and dynamic

freedom of alkyl chains coated on silver and gold clusters and reported that at

325 K, about 70% of the chains contribute to the dynamic activity.

From all the previous reports it seems to be of great importance to explore

the impact of X-ray beam on the structures of DT-AuNPs LS films during X-ray

scattering experiments of the films. Our aim in this chapter is to find out whether

the beam induces damage due to thermodynamic fluctuation (beam induced

heating) similar to the results as obtained when increasing the temperature in

solution phase or something different happens. Here we have studied the films

using GISAXS technique since it had been an important experimental tool in the

thesis.

7.2 Experimental details

7.2.1 Preparation of DT-AuNP/H-Si LS films

The colloidal AuNPs with a core (Au) size of about 2.5± 0.6 nm and an overall

(Au plus thiol shell) size of about 4.5 ± 0.6 nm were synthesized (discussed
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in 2.3.1). The DT-AuNPs Langmuir monolayers formed at different pressure were

transferred onto the H-Si substrates using LS deposition technique (as described

in 2.3.4.2). DT-AuNPs/H-Si LS films prepared at Π = 2, 4, 6, 10 and 14 mN/m, as

shown in the Π-A isotherm as shown in Fig. 31a, were used for further analysis.

7.2.2 Characterization of DT-AuNPs/H-Si LS films

The characterization of the DT-AuNPs/H-Si LS films were carried out using

GISAXS techniques while that at the initial stages, were also carried out using

complementary XR technique (discussed in 3.1). The scattering geometry used

for the characterization of samples is shown schematically in 3.2.2. GISAXS

measurements of the films were carried out using a synchrotron source (MiNaXS

beam line, PETRA III) at λ = 0.94 Å(described in 3.2.2). The sample-to-detector

distance was 1721 mm. Corresponding angular resolution (given by the ratio of

pixel size and the sample-to-detector distance) is 0.1 mrad. The resolution limit

along qy-direction is less than 0.002 Å−1 (discussed in 3.2.2.1). It is necessary to

mention that such low value, which is mainly achievable in this beamline (due to

very small divergence of the micro-focused beam), is absolutely essential for the

direct estimation of the long-range in-plane correlations, such as the domains,

along with the short-range in-plane correlations, such as the separation between

AuNPs.

For the data collection, the incident angle α was kept at 0.25
◦, slightly greater

than the critical angle, αc, of the sample. Under such grazing incidence, the

footprint of the micro-focused beam on the sample, along x-direction, is quite

large, as necessary for any statistically relevant information, while along y-

direction, is small, which can be used to map the in-plane inhomogeneity, if

any. To minimize the effect of the radiation damage of the sample (due to high

intensity beam), GISAXS pattern, on a single position, was collected for small

time (10 s). To check the in-plane inhomogeneity and/or to enhance the statistics,

similar GISAXS patterns were also collected at different positions by moving the
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Figure 60: GISAXS patterns, before (t ≈ 0 s) and after (t ≈ 90 s) irradiation, of AuNP/H-
Si LS monolayers deposited at different surface pressure (Π).
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sample laterally. On the other hand. to see the effect of radiation in the structure

of the film, GISAXS patterns, on a single position, were collected as a function of

irradiation time. Each GISAXS image was collected for 10 s and the collection

were carried out one after another upto 100th second.

7.3 Results and discussion

7.3.1 GISAXS studies of the films

Fig. 60 shows the GISAXS reciprocal space patterns of the DT-AuNPs/H-Si LS

films before (t ≈ 0 s) and after (t ≈ 90 s) the exposure of irradiation, deposited

at different surface pressure collected for a short time of exposure( 10 sec). The

Each sample was moved laterally to get GISAXS patters at different positions and

similar pattern was obtained for different positions. Thus we have ascertained

the in-plane homogeneity of the GISAXS profiles. Averaging of all these patterns

has been taken for better statistics and finally presented in Fig. 60.

In all the profiles for different surface pressures some common signatures

has been observed. The most prominent features present are the two diffraction

Bragg rods around qy = ± 0.15 Å−1 and the intensity of the rods varies with Π

value. Secondly, high intensity value is observed near qy = 0, the nature of this

intensed rod again changes with Π.

The GISAXS line cuts presented in fig. 61 clearly shows two regions behaving

differently with radiation. The higher q value region specially correlation peak

(with Gaussian broadening due to particle size distribution) due to the particle

particle separation shows a decrease in intensity with time. The small q value

region where the correlation peak due to island island separation lies (reported

previously) grows in intensity as radiation time increases.

Thus the two regions can be marked as melting of AuNPs and growth of

clusters. But the most interesting thing in this radiation induced growth of

clusters or new dimensional islands is that it does not affect the initially created
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by arrows.

large sized island which is also considered as the building block for the LS films

(present and recognised by GISAXS imaging for the LS films deposited at lower Π

values i.e. 2, 4 and 6 mN/m. The position of the correlation peak due to growing

island is almost same ∼0.055 Å−1 for all the pressure lying in the isotherm before

the collapsing region. So it is evident that the new island growing is almost of

equal size for all the pressures. The only difference is that the intensity is higher

for higher pressures. For some pressures the higher order diffraction peaks can

be observed though very weak in intensity which is due to broad background

intensity ( mainly the tail due to bigger islands). For Π =22 mN/m, the particle

size seems to be more broadly distributed due to high compression and flipping

of the monolayer film. But the presence of island is evident.

So it is evident that there is loss of small sized as prepared AuNPs due to

radiation damage. It can be also inferred that the lost particles contribute to the

formation of new type of ordering in the system may be in terms of spherical

island or others. But one thing is definite that such type of ordering does not
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destroy the long range ordering already present in the system. So the new

long range ordering is growing in such a way that it is not hampering in the

old one and same group of AuNPs is contributing in these two types of long

range ordering. The newly build large sized particles i.e. AuNPs have the DT

shell intact by molecular re-encapsulation process to protect them from further

coalescence. This type of behaviour i.e. thermally-induced homo-interparticle

coalescence of metal AuNPs at mild temperature elevation (140-160 deg C) is

already reported for heat treatment of DT-AuNPs in solution phase [217].

More interesting characteristics can be revealed from the intensity vs. time

curves for the growth of islands and lapse of AuNPs (see Fig. 62 and Fig. 63) The

growth rate i.e. the slope of the curve is almost same for all the pressures (except

10mN/m) though the coverage and electron density were different initially for

all the deposited LS films (reported previously).
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The growth of the NPs is, however, taking place within the initially formed

disk-like domains. The radiation has no effect on the size of the disk-like domains,

neither the size of such domains has any influence in the growth of the NPs.

The growth of the AuNPs within disk-like domains can be visualized as the

agglomeration of an AuNP with the first nearest neighbors due to radiation

induced damage or modification of thiol coated layer, as shown schematically

in Fig. 64. Such model suggest that once agglomerated such AuNPs are well

separated (with d′ ≈ 15 nm) and thus can not grow further. However, events of

agglomeration of AuNP with their first nearest neighbors increases with radiation

time and the process continue for long for more covered high pressure films.

     Evolution with X-ray radiation 

Figure 64: Schematic illustration of the evolution of AuNPs within disklike domains,
under X-ray radiation, showing the growth of AuNPs from 2R to 2R’ and the
separation from d ≈ 4 nm to d’ ≈ 15 nm.
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The sintering of bare metal AuNPs on a support, e.g., catalyst particles, is often

modelled in terms of Ostwald ripening, in which individual metal atoms leave

a metal particle, diffuse over the support, and attach to another metal particle.

Large particles grow at the expense of small particles. However, when the

interaction between the AuNPs and the support is weak, the diffusion of a whole

particle becomes possible. An alternative sintering mechanism thus arises in

which particles diffuse across the surface and collide with other particles, leading

to coalescence [324] for particles with a diameter of 5 nm. This surface diffusion

is driven by the large surface tension resulting from the small particle size [325].

Even after extended electron beam exposure, the sintering remains localized in a

small area and often involves only three or four adjacent AuNPs cores. AuNPs of

large cores sinter prior to those of small ones. For particle with a smaller core

size of about 2.8 nm, formation of neck is reported between two AuNPs which

again reveals a surface diffusion-dominated sintering mechanism [319].

The dominating driving force for the in-plane motion of AuNPs is attributed

to the attractive van der Waals interaction between the Au AuNPs leading to their

coalescence [326]. At short time scales, it can also be deduced from the analysis

of the GISAXS patterns along the qz direction (form factor) that the diffusion

length is less than the average particle separation since the average size of the

Au nanoparticles has not changed. In the initial stages of diffusion leading to

coalescence, but well before the collision of the nanoparticles, d remains the

same due to invariant particle number density. σd becomes larger as pairs of

particles that are already close together move toward one another and pairs of

particles that are already comparatively far apart move still farther apart. Thus,

this manifests a constant d accompanied by an increase in σd. The resultant

change in σd is a direct measure of the diffusion length of the nanoparticles. The

lateral nanoparticle diffusion or the coalescence coefficient can be defined as [327]
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7.4 Conclusions

The structural evolution of single-transferred LS films of AuNPs on H-passivated

Si substrates under the synchrotron irradiation have been investigated using

GISAXS techniques. The GISAXS measurements were carried out using intense

x-ray beam of small divergence (from P03 beamline of Petra-3) to enhanced

in-plane resolution limit and by shifting the sample in-plane to minimize the

effect of beam induced damage. Initially at t ≈ 0, the films are predominantly

of monolayer structures made of networked disk-like islands which are made of

self-assembled and close packed DT-AuNPs as revealed from the eartier studies

described in Chapter 4. But during irradiation the AuNPs melts to form cluster

of larger size. The dimension of the newly developed clusters is almost same for

LS films deposited at different Π values. The growth of new correlated clusters

almost saturates after a characteristic time as well as the melting rate also follows

linear path after a certain characteristic time. All the films shows a certain phase

transition after a particular time interval of starting the irradiation process.
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G R O W T H A N D E V O L U T I O N O F G O L D

N A N O L AY E R S O N N AT I V E O X I D E

C O AT E D S I S U B S T R AT E S

8.1 Introduction

The controlled self-assembly of MNPs on semiconductor and oxide surfaces

is a research topic of very great current interest. The interface formed due to

the deposition of metal atoms on the elemental semiconductor substrates is of

immense interest not only to produce control diffused junctions in silicon at very

shallow depth from the surface for the newly developed devices but also for

the understanding of the morphological stability of the grown low-dimensional

structures due to the diffusion even at room temperature [91]. It plays a significant

role in the fabrication of micro-electronic devices and interconnects. Au-Si is one

such interface, which has long-standing interest for device fabrications [93, 97].

The interface of the substrate plays a major role in the formation of thin Au-Si

diffuse layer at room temperature. Dependence of diffusion on passivation has

been observed for the Au-Si(001) system [10]. The possibility to understand the

inter diffusion and to form control inter diffused nanolayer, created renewed

interest to study the Au-Si system. It is known that the presence of a native oxide

layer at the interface strongly suppresses the inter diffusion behaviour across a

metal-semiconductor interface [10, 328]. But, if the deposited layer thickness is

increased, will it affect the inter diffused layer when deposited on native oxide

coated Si substrate? This question is unattended till date. Another possibility

of more diffusion of Au atoms through the native oxide is suspected when the

166
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bombarding Au ions are more energetic or precisely have a bigger momentum. It

is thus suspected that the Au layer thickness and deposition condition also play

key role in defining the inter diffused Au layer.

In this paper, our aim is exactly to address the qualitative and quantitative

differences between the Au diffusion not only for different coverages but also for

different deposition conditions. By monitoring the EDP of inter diffused Au layer

as a function of time and studying if the EDP peak is shifting or the FWHM is

changing, it is possible to conclude about the growth and evolution of the Au

nanolayers as well as the inter diffused Au layers.

8.2 Experimental details

8.2.1 Preparation of Au/O-Si films

In our study, Au films of different thickness were deposited on SiO2/Si(100)

by magnetron sputtering. The change in deposition power indicates different

applied voltage difference between the cathode and anode i.e the Au target and

Si substrate.

Two sets of samples were prepared by depositing Au films on Si(001) substrates

using magnetron sputtering technique (PLS 500, Pfeiffer) at 3.5 × 10−3 mbar

Argon pressure. Prior to Au deposition, Si substrates (each of about 10×10mm2

size were sonicated in the presence of trichloroethelene for about 10 min and

methyl alcohol (for about 10 min) separately to remove organic contaminants

only, preserving the native-oxide layer on the surface. The first set of samples

were prepared at a constant time of 60 sec and at different deposition powers

(wattages), 15, 20, 25, 35 and 40 Watt(W) respectively. Another set of samples were

prepared by fixing the deposition wattage at 25 W but varying the deposition

time as 20, 35, 60, 90 and 120 s respectively.
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8.2.2 Characterization of Au/O-Si films by XR

The characterization of Au/O-Si films, within a day and after 6 months of

preparation, were carried out using XR technique, To monitor the structure of

the diffused Au layer in native silicon oxide layer more thoroughly, further XR

profiles studies were done after etching the upper Au layer by Aqua Regia (AR)

XR measurements of the Au deposited films were carried out using a VXRD

setup (already described in 3.4.1). XR profiles were taken for all the films after

deposition. treatment.

8.3 Results and discussion

8.3.1 XR studies of the as-grown films

XR data of the Au/O-Si films deposited at different wattage-values, including

the corresponding AR treated films, and collected within a day and 6 months

are shown in Fig. 65. Films deposited at different wattages are shown separately.

Oscillations with more than a single periodicity are observed in all the XR profiles.

The high frequency oscillations are the Keissig fringes corresponding to the total

film thickness. Similarly the XR profiles of the deposited films with different time

duration are shown in Fig. 67.

Both the XR profiles were analysed using the Parratt formalism (described

in 3.3) to get the EDPs to understand the nature of diffused Au layer considering

three layers (top Au layer, intermediate layer and diffused layer). Fig. 65 and 67

show the XR data along with the analysed curve for the as prepared and AR

treated samples.

8.3.2 Au/O-Si nanolayers within a day

From the EDP of the films (deposited at different wattage) just after deposition

the electron density and thickness of the upper Au layer seems to increase
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Figure 65: XR data (different symbols) collected within a day (1d), during sixth month
(6m) and after AR treatment along with the analysed curves (solid lines) of the
Au/O-Si films deposited at different power (P). Curves are shifted vertically
for clarity. Insets: corresponding analysed EDPs.

significantly with increase in deposition power as revealed in Fig. 66. Though

there is not much change in the layer thickness of the diffused Au inside SiO2
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there is a noticeable change in the peak electron density of the layer. This proves

the increase in Au diffusion i.e. the diffusion coefficient as the deposition power

increases.

For the films deposited at constant power but different time shows significant

increase in the upper Au layer with increasing time as shown in Fig. 67. For

larger time duration increase in coverage is as expected from the normalised

comparison of the XR profiles and EDPs as shown in Fig. 68. But the inter diffused

Au layers are not following any particular behaviour as we have expected. The

peak position of EDPs vary upto 1 nm. For 20 s the depth of diffused layer is

least and then it increases. For 60 and 90 s, Au reaches maximum depth and

layer thickness and peak electron density is almost same. But for 120 s,where the

upper layer coverage is maximum, quantity of diffused Au decreases.

8.3.3 Au/O-Si nanolayers after sixth months

But after a significant time of about 6 months, there is a change in peak electron

density for the larger Au layer, Fig. 66. The peak values decrease for all the films

where as the FWHM increases making the total coverage almost conserved. The

inter diffused Au layers for different films show equal property i.e. same peak

position and width. This indicates saturation of inter diffused au layer thickness

value with time. No more diffusion is expected through the porous oxide layer.

Another interesting fact as revealed from the EDPs of 15 W film, Fig. 65, is that

the decrease in peak electron density is very fast initially (EDP after 6 day) and

the rate decreases afterwards. The EDPs collected after 6 days and 6 months show

a very little change in peak density. This gradual decrease in the rate indicates a

diffusion rate similar to the exponential one.

For the films deposited for different time duration, the upper Au layers show

the same behaviour as the films deposited at different wattage. the peak electron

density decreases and FWHM increases. But all the diffused Au layers shift along

-z axis that means almost 0.5 nm. But the in difference maximum and minimum
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Figure 67: XR data (different symbols) collected within a day (1d), after different days
(nd) and after AR treatment along with the analysed curves (solid lines) of the
Au/O-Si films deposited for different time (t). Curves are shifted vertically for
clarity. Insets: corresponding analysed EDPs.



8.3 results and discussion 173

0.0 0.2 0.4 0.6 0.8

10-8

10-6

10-4

10-2

100

102

  20s

  35s

  60s

  90s

120s

R
/R

F

qz [Å
-1]

1st day

-3 0 3 6 9
0

1

2

3

4

 [
e

.Å
-3
]

z [nm]

0.0 0.2 0.4 0.6 0.8

10-8

10-6

10-4

10-2

100

102

  20s

  35s

  60s

  90s

120s

6th month

R
/R

F

qz [Å
-1]

-3 0 3 6 9
0

1

2

3

4
 [

e
.Å

-3
]

z [nm]

0.0 0.2 0.4 0.6 0.8

10-8

10-6

10-4

10-2

100

102

  20s

  35s

  60s

  90s

120s

After AR-treatment

R
/R

F

qz [Å
-1]

-4 -2 0 2
0

1

2

3

 [
e

.Å
-3
]

z [nm]

Figure 68: Top panels: Normalized XR data (different symbols) and also the analysed
curves (solid lines) of the Au/O-Si films deposited for different time (t) and
collected within a day, during sixth month and after AR treatment. Curves are
shifted vertically for clarity. Bottom panels: Corresponding analysed EDPs.



8.4 conclusions 174

peak positions remains same in nature as shown in Fig. 68. The EDPs of the film

deposited for 20 s after 1, 2, 50 and 170 days show a gradual decrease in peak

electron density, as shown in Fig. 67. Similarly film deposited for 60 s show a

gradual decrease in peak electron density which leads likely to a saturation value.

Thus, a gradual decrease in diffusion rate of the inter diffused Au layer occurs.

8.3.4 Au/O-Si nanolayers after AR-treatment

The AR treated Au-films ( initially deposited at various wattage) shows some Au

still in the upper layer. The diffused Au layer is almost unaffected but a small

decrease in peak electron density is obvious from the EDPs as revealed from the

EDPs shown in Fig. 66. The peak positions are same as that of the 6 months old

films as revealed from the EDPs.

In case of the AR treated Au-films (deposited for different time duration),

behaviour of the etched Au layer is same, shown in Fig. 68. Au layers with a very

coverage are present in all the films. While the position of the inter diffused Au

layers remain same but the peak electron density decreases compared the initial

as-grown films. But the FWHM of the peaks remain same as compared to the

untreated films after 6 months..

8.4 Conclusions

The structure of the as-deposited films and after AR treatment are investigated

using XR technique. In case of Au films deposited at different power, it is clear

that the cluster size changes with deposition power and this induces different

diffusion coefficient. On the other hand, for the films with increasing coverage

with increasing deposition time, the diffused layer thickness initially increases but

then decreases. For both types of films after AR treatment show decrease in peak

density but no change in position w.r.t the aged Au films. Since the AR treatment

was done just after taking the initial XR data within a day, it can be concluded
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that the diffused layers shift very quickly through the oxide layer and attain the

saturation depth compared to the untreated films where the shifting take almost

6 months to reach the ultimatum depth. Further analysis of the system is needed

for a more strong and definite conclusion.



9

S U M M A RY

9.1 General conclusions

In this section we briefly state the main findings from our studies and mention

the inferences that can be drawn from them. The studies on the DT-AuNPs can

be classified into the following two categories. The first category includes (i)

growth of DT-AuNPs thin films, both monolayer and multilayer, due to different

deposition conditions (i.e. different Π values for LS technique) and varying

substrate passivation and (ii) evolution of structure after deposition with varying

time and upon exposure to radiation. The second category is based on the

diffusion of Au into Si substrate and the evolution of diffused layer with time as

a function of different deposition conditions. In what follows we discuss these

points in short

1. The structures of the single-transferred DT-AuNP/H-Si LS films, deposited

at different Π-values were first estimated using XR and GISAXS techniques and

then confirmed using an AFM technique. The films are predominantly made

of a monolayer structure and such a monolayer is made of networked disk-like

islands with some voids. The size of the islands increases with increasing Π.

The average separation between DT-AuNPs (d) either decreases or increases with

Π-value depending upon the competitive effects of packing and flipping due to

compression. Such structures can very well be considered as the structures of the

Langmuir monolayes.

2. The time evolution of single-transferred DT-AuNPs LS films on H-Si

substrate reveals that the bilayer signature initially present in the films diminishes

with time at ambient conditions and the electron density of first layer increases
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due to material gathering from second layer i.e. the fluctuation decreases with

time, which is quite unusual. While the single-transferred DT-AuNPs LS films on

OTS-Si substrate forms near perfect monolayer during deposition but deviates

gradually with time. The different behaviour of two systems can be understood

considering the film-substrate inter facial instability and/or room-temperature

thermal energy.

3. The in-plane evolution of the structures of the DT-AuNPs LS films with

time under X-ray radiation is evident from GISAXS techniques, where relatively

large correlation appear in expense of original particle particle correlation within

the disk-like islands due to the agglomeration of certain AuNPs with their first

nearest neighbours after damage or modification of thiol coated layer in presence

of X-ray radiation.

4. The structure of the multi-transferred DT-AuNP/H-Si LS films is found

to form with disk like islands of similar size, where the initial number of layers

matches with the number of transfer, but with time the packing or coverage

increases and the number of layer decreases. In fact, DT-AuNP monolayer films

of nearly full coverage are formed from partially covered bilayer LS films with

time at ambient conditions.

5. The diffusion of Au into Si substrate has been studied at room temperature,

for SiO2/Si surface. The XR profiles suggest that the diffused layer thickness

increases with increasing power of deposition.

9.2 Scope for future studies

Although we have encountered several interesting features of DT-AuNPs thin

films in this thesis, a lot more can be done using such NPs. In fact, we have

stressed only on the structural aspects of the films. Obtaining a correlation

between the structure and properties of these films will be an interesting option

for future research.
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Yet another possibility is to explore the effect of the size change of the AuNPs

in the structure and evolution of LS films. During LS deposition of the multi-

layered films, the coverage area decreases with increasing number of strokes.

And these multi-layered films show evolution toward NUT. By choosing different

portion of the trough during multiple transfer of Langmuir film, higher coverage

is expected for bilayer and tetra layer. It will be interesting to investigate the

evolution of these films especially to explore if nearly unique thickness proposal

is valid for fully covered films.

To study the room temperature evolution of the as-deposited thin films and

to compare the effect with irradiation induced evolution is also an important

and interesting scope of future studies. Simultaneously, exploring the surface

morphology of the films with the help of microscopy techniques as well as

using X-ray photoelectron spectroscopy to investigate the change in chemical

composition of the films is also necessary.
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