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Synopsis of the thesis

The development of non-lithographic techniques for the growth of ordered and patterned
nanostructures has been the subject of much interest in the recent past. Non-lithographic
techniques such as vapour-liquid-solid technique, template assisted growth, laser and
electric field induced nanostructuring have emerged as viable techniques for many
applications. On the other hand, self organize/ordered nanostructures have been realized in
recent years by a variety of chemical routes. One of the major applications of the
nanostructures, self ordered or those produced by non-lithographic techniques, is in the area
of tunable surface plasmon resonance (SPR) based applications. The applications of SPR
devices include sensors, interconnects and waveguides and require tunable plasmon
resonances to expand the wavelength regime of their applicability. Tunability is typically
achieved by varying the shape, size and spacing of the nanocomponents comprising the
metal nanostructures. There is, however, very little work on exploring the possibility of
growing self ordered structures using industrially compatible physical vapour deposition
techniques such as evaporation and sputtering and their variants. Some efforts have been
made in this direction using ion beam sputtering. Much of this work relates to the formation
of ripple like structures in either already deposited films or bulk surfaces. Nanostructures,
to be functional, have to be grown in the form of nanoparticle arrays or nanowires and there
are very few PVD techniques that have been applied successfully to realize these nano-
forms. Ion beam sputter deposition (IBSD), using Ar ions of energy > 500 eV, is a
technique that has been used for many years to deposit high quality metal and metal oxide
thin films. However, IBSD at energies < 500 eV has not been investigated. It is known that
island like structures form in the early stages of thin film growth. The shape and size of
these structures are then dependent on deposition parameters such as rate of deposition,
substrate temperature and the energy of impact of condensing vapour atoms. Therefore, if
the growth of films can be controlled at the early stages, then it should be possible to realize
discontinuous thin films with a variety of nanostructures. This, in essence, forms the basis

of the current thesis.

The main objective of the current work is to study the microstructure, crystal structure and
optical response of IBSD discontinuous and nanostructured metallic thin films on different
substrates. The material systems studied are (1) single layers of Ag and Au (2) metal-metal

bilayers of Ag/Au, Au/Ag and In/Ag and (3) metal-dielectric bilayers consisting of Ag or
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Au on Si10,, TiO; or ZrO, surfaces. The motivation in all these cases is to understand the
effect of morphology on the optical response of nanostructured metal films in the UV-Vis-
NIR wavelength region from 190 to 2500 nm. Another theme is to demonstrate the
versatility of low energy IBSD as technique for the realization of a variety of

nanostructures in thin film form.

The thesis is presented in the following manner: Introduction in chapter [; Experimental
techniques and characterization are presented in chapter II; Results and discussion on
morphology and structure of metal thin films deposited by IBSD are presented in chapter
III. Investigations on optical response of single layer (Ag and Au) metal thin films are
presented in chapter IV. In chapter V, studies on metal/metal bilayer thin films and
metal/dielectric bilayer thin films are presented. Chapter VI consists of summary of the

thesis and the future prospects.

Chapter I: Introduction

In this chapter, the state of art in deposition and optical properties of Ag and Au films is
reviewed. From the literature review it is concluded that there is very limited work on ion
beam sputter deposition of Ag and Au films. As a consequence there is very little
information on the optical behaviour of these films. There is also, no work on the use of ion
beam sputter deposition for controlled nanostructuring of thin films. The above mentioned

points, therefore, form the main objectives of the present thesis.

Chapter I1: Experimental and Characterization techniques

In this chapter, different fabrication and characterization techniques used in the present
study are described. Ion beam sputter deposition technique was used to deposit the Ag and
Au thin films. Quartz, borosilicate glass and carbon coated Cu grids were used as substrates
to deposit the films. Ag and Au thin films were also grown on sol-gel deposited TiO;, and
ZrO; thin film surfaces to understand the effect of dielectric environment on the optical
behaviour. The details of the experimental conditions are presented here. Different
characterization techniques such as thickness measurement by surface profilometer,
structure determination and crystallite size estimation by X-ray diffraction, optical
properties by UV-Vis-NIR spectrophotometry, grain size analysis, surface roughness, and
surface topography by Atomic Force Microscopy (AFM), microstructures by Scanning
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Electron Microscope (SEM) and structure analysis by Transmission Electron Microscope

(TEM) are described.

Chapter I1l: Morphology and structure of lon Beam sputter deposited metal thin

films

This chapter presents the study of microstructure and structure of single layer Ag and Au
thin films. The Ag and Au films were ion beam sputter deposited onto the dielectric layers.
Ag (99.99% purity) and Au (99.9% purity) targets were sputtered using a Kaufman type ion
source (DC25 of Oxford Applied Research, UK) with Argon ions of energy in the range of
150 to 450 eV and beam currents of 4-6 mA. The target substrate distance was about 14 cm.
The combination of low energy, low flux and large substrate distances resulted in extremely
good control over the microstructural evolution of the Ag and Au films. Two types of
interfaces were investigated in this study. The first set of film-substrate interfaces consisted
of Ag and Au films grown on borosilicate glass and carbon coated Cu grids used as
substrates. A rich variety of nanostructures including self organized arrays of nanoparticles,
nanoclusters and nanoneedles have been achieved. The role of the film-substrate interface is
discussed within the framework of existing theories of thin film nucleation and growth.
Interfacial nanostructuring of thin films is demonstrated to be a viable technique to realize a
variety of nanostructures. The coalescence behaviour in discontinuous silver and gold thin
films deposited on to carbon coated Cu grids and borosilicate glass substrate is also
investigated. Discontinuous Ag and Au films were deposited for durations of 5-15 min and
substrate temperatures from ambient to 300°C. Abnormal coalescence behaviour is
observed on carbon coated Cu grids. This is manifested as decrease in the island sizes both
as a function of increasing deposition time (or thickness of the films) and substrate
temperature from ambient to 300°C. The observed behaviour is abnormal on two counts;
decrease in particle diameters with increase in deposition time and decrease in particle size
with increase in temperature. The abnormal nature of the behaviour is established by
depositing Ag and Au films under the exact same conditions on to borosilicate glass
substrates. In this case the expected coarsening of particles with increase in deposition time
and temperature is observed. The abnormal behaviour is transient and explained using
models of thin film growth on rough substrates. It is proposed that growth of metal films on
rough substrates is a novel method to achieve a variety of nanostructures such as

nanoparticle arrays.
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Chapter IV: Optical response of single layer metal thin films

This chapter presents the optical response of single layer Ag and Au thin films. The
possibility of tuning Surface Plasmon Resonance (SPR) by controlling the particle size and
shape by the deposition process is investigated. Ag and Au films were deposited onto
Borosilicate Glass (BSG) substrates by varying the beam energy from 150 eV to 600 eV,
keeping other parameters constant at a pressure of 4 x 10™ Torr and room temperature. It is
observed that the absorption peak attributable to the SPR from Ag shifts towards the longer
wavelength depending on the particle shape and size. The SPR shifted from 432 nm to 600
nm with the increase in particle size. The SPR was observed at a wavelength of 432 nm for
35 nm particle size and at 600 nm for approximately 100 nm particle size Ag film.
Significantly, the particles were in spherical shape for most of the films and also rates of
deposition as low as 0.01 nm/s are achieved at an Ar ion energy of 150 eV. This leads to the
formation of a random array of nearly spherical Ag particles with a mean size of ~100 nm,
separated by distances of similar order of magnitude. The particles organize themselves into
arrays over lengths of at least 10 pm. As the thickness is increased from 3 to 18 nm there is
a transition in morphology from an array to linear chains and finally a dense continuous
film. It is observed that as the thickness of the films increase, the main plasmon peaks can
be tuned from 380 to 680 nm. The spheroidal shape of the particles induces additional
peaks (localized surface plasmons) centered around 430 £10 nm. Similar behaviour of
optical response is observed in the case of Au thin films. The plasmon resonance shifts
towards red with the increase of thickness of the film. However, optical behaviour is
different in the case of deposition at different temperature. As in the case of the Ag films,
there is a blue shift in the plasmon resonance with increase in substrate temperature. At
room temperature the plasmon resonance is observed at 628 nm, which shifts to 610 nm at
200°C and finally to 600 nm at 300°C. The observed blue-shift is a consequence of the
decreasing particle size with increase in substrate temperature, as discussed later. The
optical behavior of the films deposited at a fixed substrate temperature of 300°C but
varying durations of deposition is very different. It is observed that, for deposition duration
of 5 min, resonance occurs at 534 nm. When the deposition time is increased to 10 min.,
resonance is red shifted to 554 nm. As the deposition time is increased to 15 min., there is a
further red shift of resonance to 566 nm. Detailed simulations have been carried out based
on Maxwell Garnett theory to distinguish the effects of shape and size on plasmon

resonances. It is demonstrated that shape rather than the size of the particles has a stronger
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influence on the shift in plasmon resonances. This study shows the ability to tune the
surface plasmon resonance by controlling the particle size and shape during deposition by

IBS technique with its wide range of control parameters.

Chapter V: Optical response of metal-metal and metal-dielectric bilayer thin films

In this chapter the morphology and optical response of metal-metal and metal-dielectric
bilayer is discussed. The systems studied are (1) Ag/Au (Ag as top layer), (2) Au/Ag (Au
as top layer), (3) In/Ag (In top layer), (4) Ag/TiO, and Ag/ZrO, (Ag as top layer) and (5)
Au/TiO, and Au/ZrO; (Au as top layer) bilayer thin films.

The motivation of this work is two fold. One is to investigate the effect of the metal-metal
interface on SPR behaviour. It has been shown in core-shell metal nanostructures that
there is large tunability of SPR accompanied by spectral splitting of the SPR peak due to
plasmon hybridization. The possibility of demonstrating a similar effect in metal bilayer
is investigated. The second objective is to study the effect of dielectrics environment on
the optical response on metal-dielectric bilayers. There are many studies on core-shell
metal-dielectric nanostructures. In this study, however, it is shown that similar effects can

also be realized in metal-dielectric bilayer systems in a much simpler fashion.

Bilayer metal thin films of Ag/Au and Au/Ag were deposited by ion beam sputter
deposition techniques at very low ion energy (150 eV- 250eV). The thickness of bottom
metal layer was kept constant where as the thickness of top metal layer were varied in
both the cases Ag/Au and Au/Ag bilayer. It was observed that the optical absorption
spectra exhibit features from both metals. In general, at a fixed thickness of the lower

metal layer, there is a red shift in the SPR peak with increase in top metal layer thickness.

In/Ag bilayer thin films were fabricated by maintaining the Ag layer thickness constant at
5 nm while varying the In layer thickness between 3 to 30 nm. It is observed that the
grain size in the films increased with increase in thickness. In the case of the single layer
In films the grain size increased from 60 to 350 nm as the thickness increased from 3 to
30 nm while the grain size increased from 80 to 280 nm in as the bilayer thickness
increased from 8 to 35 nm. There is a red shift in the plasmon resonance from 372 to 522
nm in the case of the pure In layers whereas it was from 492 nm to 618 nm for the bilayer

system. On coupling the In and Ag layers in the bilayers, additional resonances appear in



the spectrum. These shifts are shown to be attributable to the phenomenon of Plasmon

hybridization.

In the metal-dielectric case, the metal layer Ag or Au is deposited on top of the dielectric
layer, which is either TiO, or ZrO,. The dielectric films were prepared by the sol-gel
method whereas the metal films (5-50 nm thick) were deposited on to the dielectrics by
ion beam sputter deposition. The bilayer thin films show enhanced light absorption in the
ultraviolet region and refractive index controlled optical absorption at near infrared
wavelengths. In addition, they display the tunability in surface plasmon resonances
exhibited normally by core-shell and bimetal nanostructures. In the presence of the metal
layer, the absorption coefficient of the bilayer is enhanced, by almost 7 times, in the
region of the band gap. The surface plasmon resonance of the metal exhibits a red-shift
with increase in refractive index of the dielectric underlayer. The plasmon resonance for
Ag is observed at a wavelength of 424 nm on ZrO,, which shifts to 434 nm on TiO,.
Similarly in the case of Au films, the shift is from 630 nm on ZrO; to 640 nm on TiO;.
Interestingly, the optical absorption in the near IR region increases with increase in
refractive index of the dielectric underlayer. A detailed comparison of the optical

response of metal-metal and metal-dielectric systems is presented.

Chapter VI: Overview of the Present Work and Future Prospects

In this chapter, the results of the current work are summarized and the scope for the future

work 1s reviewed.
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Chapter I: Introduction

Abstract

This chapter presents the state-of-literature on the optical properties of Ag and Au metal

nanostructures and their applications.



Chapter I: Introduction

1.1. Introduction

Finite size effects in metals have been the focus of interest of researchers for over a
century. Today metal nanostructures are attracting increasing attention due to their unique
optical and electrical properties compared to the bulk metals. These metal nanostructures
have great potential for applications in several fields of science such as medicine, optics,
and electronics. It is known that below a particular size, the band structure of metals
consists of discrete energy levels and quantum mechanical rules replace those of classical
physics. Size provides an important control over the physical and chemical properties of
nanoscale materials. The structural anisotropy of metal nanostructures show substantially
different optical properties. The remarkable size, surface and shape dependence of the
physical and chemical properties of metal nanostructures make them excellent candidates
in modern technology. Specially, the optical properties can be tuned by controlling the
shape and sizes of particles that constitute these nanostructures. Interest and the

importance of metal nanostructures continues to grow for the following reasons.

1. The ease of fabrication has motivated experimental progress in understanding the
intrinsic size and shape dependent properties.

2. Some of these structures feature optical and electrical properties that make them
desirable for emerging applications including biolabels, photovoltaic behavior,
chemical sensing, surface enhanced Raman spectroscopy (SERS), plasmonic wave
guide etc.

3. The growth mechanism of nanoparticles is amenable to theoretical study, which in
turn makes possible the prediction and systematic manipulation of the final
nanocrystal structure.

4. These nanoparticles provide new template materials for the generation of different

nanostructures [1, 2].

One of the main reasons that great attention is given to metal nanostructures originates
from the strong absorption they possess in the visible region of the electromagnetic (EM)

spectrum. The most commonly studied metals are Ag, Au and Cu but among these, Ag



and Au have attracted more attention in a number of disciplines because their surface
plasmon resonance peaks occur at visible wavelengths that are particularly suitable for

applications.

Gold and silver are among the most widely used metals in the world. Their metallic
properties make them good conductors. The anti-microbial properties of Ag are also
being exploited in several applications. Reducing Ag and Au to nano-sized particles
helps to make the element highly effective, increasing their demand for use in medicine
and electronics. One of the most fascinating characteristics of nano sized Ag and Au
particles is their optical properties. In the nanoscale range, silver and gold exhibit strong
absorption in the visible region of the spectrum with rich colors, e.g., yellowish for silver
and burgundy for gold spherical particles [3-8]. The origin of this absorption is attributed
to collective conduction band electron oscillations in response to the electric field of the
electromagnetic radiation of light. This optical absorption is termed surface plasmon
resonance (SPR). Surface plasmon resonance (SPR) is coherent oscillation of conduction
electrons on the metal surface excited by electromagnetic radiation at a metal dielectric
interface. The SPR depends on dielectric constant of metal nanoparticles and the
surrounding dielectric matrix [9-25]. Surface plasmon resonance of these metal
nanoparticles is responsible for their ability to strongly absorb and scatter light at some
specific wavelengths. Plasmon resonance properties can be exploited for surface
enhanced Raman scattering (SERS) application, which uses the evanescent field at the
surface of nanostructured materials to greatly amplify the weak, but molecule specific
Raman signal [26, 27]. SERS has been used for a wide range of applications in physics,
chemistry and recently biology as well as biochemistry [28-33]. However, SERS is not
the only application that has found major applications among those from metal
nanoparticles. Surface enhanced fluorescence [34, 35], surface plasmon resonance
imaging [36, 37], surface plasmon resonance spectroscopy [38, 39] and surface enhanced
second harmonic generation [40,41] are other examples that have demonstrated the
advantages and promised of metal nanostructure for other applications. Metal
nanostructures in the form of thin films are very important in optoelectronics, solar cells,

sensors, magneto-optics, photonics and in many other applications [42-45].

Experimental and theoretical work on metal thin films has been conducted by many

researchers. The growth of metal thin films and study of their microstructure, structure
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and optical properties forms the focus of the current thesis. The state of art in this field is
reviewed in the following section. Xu et al. have reported on influence of substrate on
tunability of the localized surface plasmon resonance wavelength, A, of silver island
films deposited by magnetron sputtering on different substrate. They have shown that it
leads to red shift and also extendable to large tunable range in Ag,. Such kind of effect can
be greatly enhanced by increasing the mass thickness of the metallic islands. The
resonance wavelength of an island film can be readily adjusted from the visible to the
near infrared region of the electromagnetic spectrum. The capability of tuning the
resonance wavelength can be effectively enhanced by increasing the refractive index of
the substrate and the mass thickness of the metallic islands. In this way, the SPR
wavelength of a standard silver island film was readily adjusted from around 450 nm to
948 nm in the near infrared region and also, the sensitivity of the SPR wavelength to the
interisland dielectric constant was found to be dependent on the silver mass thickness
[46]. Sonnichsen et al. have investigated the optical properties of spherical gold and silver
clusters with diameters of 20 nm and larger. The light scattering spectra of individual
clusters were measured using dark-field microscopy avoiding the inhomogeneous
broadening effects. The dipolar plasmon resonance of the cluster were found to have
nearly Lorentzian line shapes. Polaritonic red shifts of the plasmon line and increased
radiation damping for both gold and silver clusters were observed with the increase of
size. They concluded that apart from cluster to cluster variations of the plasmon lines,
agreement with Mie theory is reasonably good for the gold clusters but it is less
satisfactory for the silver clusters, possibly due to cluster faceting or chemical effects
[47]. Aussenegg et al. have reported that in metal-island kind of films with nanometre
particle size on a transparent substrate, the irradiated light field can be locally enhanced
by electron-plasma resonances. Therefore, nonlinear optical processes should be
enhanced dramatically. However, second-order nonlinear processes as second-harmonic
generation occurring in the surface are strongly reduced by the centrosymmetric shape of
the metal particles. Thus observed that this surface-specific contribution to second-
harmonic generation is less enhanced as is expected from the field enhancement [48].
Gonzalez et al. have theoretically studied the influence of morphology on the optical
properties of metal nanoparticles using the discrete dipole approximation and established
a general relationship between the surface plasmon resonances and the morphology of
each nanoparticle. It is found that as the size truncation of the cubic nanoprticle becomes

larger, the main resonance is blue shifted, overlapping secondary resonances, and
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therefore, increasing the full width at half maximum of the main resonance. For
decahedral particles, the truncation to marks and rounded decahedra shows the same blue
shift effect but the full width at half maximum of the main resonance decreases, maybe
because the secondary resonances no longer exist. It is also observed that nanoparticles
with fewer faces, like the star decahedron, show resonances in a wider range of
wavelengths, perhaps because these geometrical shapes have sharper vertices as
compared to the others [49]. Hao et al. synthesized Au nanoshells via wet-chemical
methods and TEM results showed the indication of non continuous pinhole (several nm)
structures. By using the discrete dipole approximation and Mie theory, it was observed
that the optical properties of metal nanoshells depend strongly on their size and shell
thickness. The calculation showed that the 2-5 nm pinholes have only a small effect on
the extinction spectra; however, they lead to local electric fields that are enhanced by a
factor of 3-4 close to the plasmon maximum which means metal nanoshells (with holes)
is attractive material for surface enhanced Raman spectroscopy applications [50]. Oates et
al. have reported on evolution of plasmon resonances during plasma deposition of silver
nanoparticles. In situ real-time spectroscopic ellipsometry was used to monitor the growth
of magnetron sputtered silver nanoparticles on SiO, substrates, through the percolation
threshold and into the bulk film regime. In this work, they have modelled the plasmon
polariton resonances in the nanoparticulate regime by a Lorentz oscillator. The resonance
energy of the oscillator is observed to reduce to zero shortly after the percolation
threshold, where the oscillation is described by Drude free electron theory. The use of a
generalized Lorentz oscillator to model the data, in which the plasmon oscillation is
assumed to evolve into the Drude free electron oscillation soon after percolation, allows
the Drude theory to be applied qualitatively to the nanoparticulate regime. This provides
insights into the evolution of the electron mean free path during the deposition. The
appearance of a second Lorentz oscillator before the percolation threshold is attributed to
coupling of the plasmon polaritons, and determined to occur at a surface area coverage of
Q=0.52 [51]. Mertens et al. have presented a study of two-dimensional arrays of silver
nanoparticles embedded in amorphous silicon, fabricated by a sequential Si/Ag/Si
electron-beam evaporation process. These particle arrays exhibit surface plasmon
resonance spectra in the near-infrared (0.9 eV), with tails extending below 0.5 eV. They
have described a model for the ensemble averaged plasmon absorption, with
experimentally determined Ag nanoparticle size and shape as input, taking into account

the refractive index of the matrix, shape anisotropy, and interparticle coupling. It is
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observed that the large red shift is mainly due to the high refractive index of the matrix,
with shape anisotropy and interparticle coupling contributing several tenths of an electron
volt. Their data indicates that an increased Ag deposition thickness leads to larger shape
anisotropy and thus larger plasmon redshifts. By further increasing the Ag layer thickness
even larger plasmon redshifts may thus be observed. This achievement of infrared surface
plasmons in silicon enables the use of electromagnetic field enhancements, surface-
enhanced Raman scattering, spontaneous emission enhancement, nanoscale energy
transfer, and several other plasmon-related applications at the important
telecommunication wavelength of 1.5 um [52]. Sosa et al. have carried out a theoretical
calculation using discrete dipole approximation (DDA) to study the main optical features
of the extinction, absorption, and scattering efficiencies of nanoparticles of different sizes
and shapes of silver and gold. The different geometries considered here are spheres,
ellipsoids, cubes, terahedra, cylinders, and pyramids and in most of the cases, it is clearly
identified the main optical signature associated to each geometry. It is observed that the
spectra are more complex as the particle has less symmetry and/ or has more vertexes. It
is found that in the spectra the main surface plasmon resonance associated to a dipolar
excitation, as well as other resonances due to high-multipolar excitations. The physical
origin of these high-multipolar excitations might have two different sources, one due to
the shape and the other due to the size of the particle. In the case of silver particles,
specific features in the optical spectra can be associated to either geometry, size, or
material properties, making optical spectrocopies a very helpful tool for the
characterization of nano particles during and after growth [53]. Zhang et al. provided an
overview of recent research activities in the study of plasmonic optical properties of metal
nanostructures with emphasis on understanding the relation between surface plasmon
absorption and structure. They have done both experiment and theoretical calculation and
the results have indicated that the plasmonic absorption strongly depends on the detailed
structure of the nanomaterials. Here, examples discussed include spherical nanoparticles,
nanorods, nanowires, hollow nanospheres, aggregates, and nanocages and also plasmon-
phonon coupling measured from dynamic studies as a function of particle size, shape and
aggregation state is also reviewed. These kind of fascinating optical properties of metal
nanostructures find important applications in a number of technological areas including
surface plasmon resonance, surface-enhanced Raman scattering, and photo thermal
imaging and therapy. Their novel optical properties and emerging applications are

illustrated using specific examples from recent literature. The case of hollow nanosphere
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structures is highlighted to illustrate their unique feature and advantages for some of these
applications [54]. Choi et al. have investigated the optical properties of silver
nanoparticles films prepared by the chemical synthesis of well-controlled silver
nanoparticles to control the particle size, spacing and ordering. They have found that the
extinction spectrum of the film shows three apparent peaks which are different from those
of colloidal nanoparticles. They also showed that one peak at 390 nm comes from isolated
nanoparticles and the other two peaks at 360 nm and 580 nm come from neighbouring
nanoparticles due to interparticle dipole-dipole coupling by obtaining extinction spectra
of the silver nanoparticle film for different in-plane and out of plane contributions of
linearly polarized components. They also carried out thermal treatment and the thermal
treatment causes neighbouring nanoparticles to be fuse and the extinction peaks due to the
dipole-dipole couplings disappear. Dielectric surroundings such as SiO; and TiO; layers
cause the extinction peaks of the silver nanoparticles to red-shift [55]. Evanoff et al.
reviewed systematically the optical properties of silver nanoparticles as a function of size,
extinction, scattering, and absorption cross-sections and distance dependence of the local
electromagnetic field, as well as the quadrupolar coupling of 2D assemblies of such
particles for a wide range of particle sizes. Such measurements were possible because of
the development of a novel synthetic method for the size controlled synthesis of
chemically clean, highly crystalline silver nanoparticles of narrow size distribution. It was
observed that for nanoparticles much smaller than the wavelength of light, the EM field is
uniform across a particle such that all the conduction electrons move in-phase producing
only dipole-type oscillations manifested by a single, narrow peak in the surface plasmon
polariton spectrum. As the size increases, the field across the particle becomes
nonuniform, and this phase retardation broadens the dipole resonance and excites higher
multipole resonances, such as the quadrupole, octupole, etc. leading to several peaks in
the spectra. The hydrogen reduction synthesis method fulfils the requirements of different
shape, size for silver nanoparticles and perhaps other metals. Because of the chemical
purity of the suspensions and the control that this method provides over particle size and
distribution, the particles can be easily incorporated into a variety of nanocomposites and
further assembled into higher order nanostructures that exhibit novel properties [56].
Gupta et al. have reported on the precise control of thermal evaporation deposition
parameters which allow the reproducible production of silver and gold island films on
glass substrates with tunable surface plasmon resonance wavelengths. It is shown that

thermal evaporation is an effective technique for producing Ag and Au metal island films
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with tunable surface plasmon resonance wavelengths. They have developed the process
and analyzed using a 15-run 3-level Box Behnken experimental design. Specific
combinations of substrate temperature, deposition rate, and film thickness produce films
exhibiting surface plasmon resonance wavelengths that can be adjusted from throughout
the visible and into the near infrared regions of the electromagnetic spectrum. An
empirical predictive equation, second order in the three deposition parameters, was shown
to accurately model and predict surface plasmon resonance wavelength values. The
process was found to be capable of reproducibly producing films exhibiting specific
surface plasmon resonance wavelength values. The most influential morphological effect
on surface plasmon resonance wavelength was determined to be the X-Y in-plane particle
size [57]. Pile et al. have reported numerical analysis and the first experimental
observation of a new type of strongly localized plasmon modes guided by a rectangular
gap in a thin metal film/membrane. They claim that these plasmon modes may be one of
the best options for the design of all-optical nanocircuits and devices, mainly because of
their significant propagation distance, very strong localization, expected low bend losses,
relatively simple fabrication of the required structures. Dispersion, dissipation, and field
structure of these modes are analyzed using the finite-difference time-domain algorithm.
The experimental observation is conducted by the end-fire excitation of the proposed gap
plasmon waveguides and detection of the generated modes using their edge scattering and
charge coupled device camera imaging [58]. Chaturvedi et al. reported a smooth and low
loss silver optical superlens capable of resolving features at 1/12th of the illumination
wavelength with high fidelity. They have demonstrated a unique approach to realize ultra
smooth Ag superlenses with an unprecedented 1/12 resolution capability. Incorporating
few monolayers of Ge drastically improves Ag film quality and minimizes the
subwavelength information loss due to scattering. The theoretical and experimental
results clearly indicate sub diffraction imaging down to 30 nm half-pitch resolution with
380 nm illumination. This ultrahigh image resolution capability can also be extended to
far-field by incorporating a corrugated silver surface on top of Ag—Ge superlens. The
development of such unique superlenses would enable real time dynamic imaging at the
molecular level [59]. Oates et al. presented in situ spectroscopic ellipsometry
investigations of the growth of ultra-thin silver films, from island growth through
percolation and continuous film growth. Silver films were deposited using a pulsed
filtered cathodic vacuum arc, which provides precise control and reproducibility of the

film growth conditions. They have calculated the plasmon polariton resonances for the
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growing islands below the percolation threshold. As the surface coverage increases a
second oscillator, attributed to bulk plasma resonances, is required to accurately model
the ellipsometric data. Post deposition optical and electronic changes are observed for
island films and the origins of these changes are investigated using the ellipsometric data.
The ellipsometric data suggests an increase in the island aspect ratio in the first few
minutes after the deposition. It is observed that instabilities in the optical and electronic
properties of island films were evident for in excess of 1 h after the end of the deposition
process. [60]. Farcau et al. have demonstrated a noble metal nanostructured substrate for
fluorescence enhancement that possesses tunable plasmonic properties. They have
deposited regular arrays of interconnected silver half-shells on self-organized polystyrene
microspheres as plasmonic substrates for metal-enhanced fluorescence. An emission
enhancement of 28 times was demonstrated for Rose Bengal fluorophore placed at about
1 nm above HSs. The enhancement correlates with the spectral overlap between the
fluorophore emission and the plasmonic resonance of the half-shells, indicating a surface
plasmon-coupled emission mechanism for the amplification. As the overlap can be easily
tuned by controlling the diameter of underlying microspheres, such plasmonic structures
could be relevant for building fluorescence-based sensing devices with optimized
efficiency for any given fluorophore. It is observed that by changing the diameter of the
spheres template, the SP resonance of the noble-metal half-shell arrays can be controlled,
which in turn allows the optimization of the enhancement efficiency for the desired
fluorophore. The proposed MEF substrate is highly versatile, providing the ordering,
robustness, reproducibility, and tunability of top-down lithographically fabricated
structures, complemented by the ease of fabrication and low-cost of bottom-up
approaches. Therefore they claimed that this kind of ordered noble metal nanostructure
should straight forwardly find its way into practical fluorescence-based sensing or
analytical applications [61]. Yang et al. have reported on “Silver nanocrystals modified
microstructured polymer optical fibres for chemical and optical sensing”. In this report
they have demonstrated fibre chemical and optical sensors based on silver nanocrystals
modified microstructured polymer optical fibres (MPOFs). The silver nanocrystals
modified MPOFs were formed by direct chemical reduction of silver ammonia complex
ions on the templates of array holes in the microstructure polymer optical fibres. They
have deposited silver nanocrystals in 18 holes in MPOF by using liquid-phase coating
method. The nanotube-like and nanoisland-like Ag-modified MPOFs could be obtained
by adjusting the conditions of Ag-formation in the air holes of MPOFs. It is found that
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tubular Ag- MPOF composite fibre was conductive and could be directly used as array
electrodes in electrochemical analyses. It displayed high electrochemical activity on
sensing nitrate or nitrite ions. These new types of complex fibre materials are claimed to
be important in the fields of electrochemical sensor and MEF-based fibre devices [62].
Politano et al. have reported the effects of the annealing procedure at 400-450 K on the
electronic properties of nanoscale thin films of Ca, Au and Ag grown on Cu (1 1 1) at
room temperature were probed by high-resolution electron energy loss spectroscopy
measurements. Ca surface plasmon underwent to a significant red-shift upon annealing,
due to the oxidation of the topmost Ca layer. A CaO layer (highly reactive towards
hydrolysis at room temperature) was formed upon annealing, while for the Au film the
formation of an Au— Cu alloy was observed by both HREELS and AES measurements. It
is observed that Au surface plasmon disappeared upon annealing the gold film, as a
consequence of the formation of an Au—Cu alloy whereas, Ag surface plasmon red-
shifted both in the annealed adlayer and with increasing temperature compared with the
frequency recorded for the as-deposited silver film [63]. Tominaga has reported that
silver oxide thin films may be a very useful material for dealing with optical near-field
and surface plasmons. Silver oxide decomposes into oxygen and small metallic silver
particles, and this characteristic has been applied to ultrahigh-density optical data storage
to create a strong light-scattering centre that resolves small pits or marks beyond the
diffraction limit. He has described the unique characteristics of AgOXx layers, and their
application to photonic devices using surface plasmons and localized surface plasmon.
The deposited layer can be transformed into Ag nanoparticles and nanowires in a gas
mixture of H, and O,. The diameter and space between each wire or particle can also be
controlled over a limited range by feeding a seed gas before or during the reduction
process. The author claims that in future this material will play an important role in near-
field optics and surface plasmon engineering, as well as in advanced optical storage [64].
Choi et al. have investigated the characteristics of transmitted light from propagating
surface plasmons based on rectangular silver gratings. The results calculated by rigorous
coupled-wave analysis presented that silver diffraction gratings can produce significant
transmittance and conversion efficiency, comparable to the case of dielectric gratings.
From the calculations, it is found that when A=633 nm and a fill factor is fixed at 0.5,
rectangular silver gratings presented a notable performance in terms of transmittance and
conversion efficiency (CE). As a practical sensing application, silver grating-mediated

SPR structure in a water ambience showed a notable SPR signal amplification, which is
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associated with strong excitation of LSP modes and an increased surface reaction area.
This study shows the potential of using transmitted SP waves in a variety of optical
applications, such as optical imaging system, optical biosensor, and light sources [65].
Vasilyuk et al. investigated the interdependencies between the optical, morphological and
enhancing silver films (SFs) characteristics by using the methods of mathematical
statistics. The study demonstrate correlating between the optical density maximum value
with the distance between the islands and their shapes coefficient and the optical density
maximum value ratio to halfwidth band of the optical density with the similar islands
characteristics. The increase of both the optical density and SERS intensity values
happens as a result of structurally dependent resonant increase of a local surface
electromagnetic field of silver clusters (islands) in case of comparable sizes of islands and
distances between them. [66]. Ye et al. have studied the coupling of surface plasmons
between two silver films in a Ag/SiO,/Ag plasmonic thermal emitter with grating
structure. In this article, they have experimentally investigated the reflection and emission
spectra of Ag/SiO, /Ag trilayer plasmonic thermal emitters with different thicknesses of
Si0,. The top Ag film is perforated with periodic slits. The top and bottom surface
plasmon (SPs) will couple together when SiO, layer is thin, which increases effective
refractive index (Neg) and results in the redshift in the thermal emission peak. As the
thickness of SiO, continues to increase, the Ag/SiO; localized surface plasmon polariton
(LSPP) modes become weaker and finally disappear. When the SiO, layer is thick
enough, the Ag/SiO, grating-coupled SP modes become dominant and the dispersion
relation of Ag/SiO; (£1) modes almost coincides with the theory [67]. Perea-Popez et al.
have shown a simple experimental process to produce small holes in thin gold or silver
films simply by applying voltage while doing insitu AFM measurement. The method is
simple because it does not involve the usual sputtering process and complicated substrate
preparation, nor does it require local probe manipulations. They have used the process to
produce small holes in gold films of up to 135 nm in thickness. The process works for
films as thin as 25 nm. For thinner films, the process forms particle-like structures instead
of small holes and they believe that the produced films would find applications in optical
studies on surface plasmon induced transmission as well as other related phenomena [68].
Zhao et al. presented an approach for simultaneously synthesizing and immobilizing
silver nanoleaves (SNLs) on y-mercaptopropyltrimethyoxysilane (MPTS)-modified
chemical vapor deposited (CVD) diamond film surface. The thickness of SNL layer

deposited onto the CVD diamond substrate increased with increasing the deposition time
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and the formation mechanism of SNL films was also discussed. The method reported
provides a versatile and facile pathway to fabricate anisotropic nanostructures onto the
inert diamond film surfaces. Their performance as surface-enhanced Raman scattering
(SERS) substrates was evaluated by using rhodamine 6G (R6G) as the probe molecule. It
is observed that in comparison with self assembled silver nanoparticle film and silver film
from the mirror reaction, the SERS signal of R6G was obviously improved on the SNL
films. Therefore, they have claimed that the SNL-modified diamond film, as a SERS
active substrate could open up tremendous possibilities for exploiting it in highly
sensitive sensors for chemical and biological species analysis [69]. Godbole et al.
deposited silver films on glass substrate by solid-liquid interface reaction technique
(SLIRT) and then the solid film of silver nitrate is formed by spin coating method. These
films were subsequently processed by dipping it in a reducing solution so as to initiate a
reaction at the interface and ultimately transform in to totally silver film. The insitu
transformation of silver nitrate to silver is studied with respect to time,
spectrophotometrically. They have characterized the prepared silver film by XRD, DPS,
TEM and UV visible spectroscopy. It is observed that the complete reduction reaction is
reflected in the saturation of absorption peak in the region 375-425 nm [70]. Tsai et al.
demonstrated extraordinary optical transmission through a two-dimensional Ag film in
the far infrared region. Here, holes were rectangular and arranged in a square lattice.
When either the width or the length size of the rectangular holes was close to the half of
the lattice constant a/2, the degenerate (=1, 0) Ag/Si or (0, £1) Ag/Si modes split into two
peaks. Additionally, the surface plasmon dispersion relations of the square hole array with
different aspect ratios of holes were measured. It is observed that as the aspect ratio
increased, the surface plasmon tended to couple strongly with the local charge dipole
oscillations in a direction perpendicular to the long edges. The charge dipole oscillation
parallel to the long edges gradually disappeared. This was confirmed by experiments
using the polarized light. The direction of the electric field oscillation and that of the light
propagation both affected the SPP dispersion relation. The dynamic properties of the
surface plasmon dispersion relations show the interaction among localized surface
plasmons and its mechanism [71]. Benia et al. investigated the optical properties of silver
nano-particle ensembles as a function of particle density by analyzing the light emission
excited via electron injection from an scanning tunnelling microscope (STM) tip. The
particles are prepared with distinct dome and disk-like shapes on a Al,O3/NiAl(110)
support. The particle density is varied over one order of magnitude by changing the Ag
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deposition temperature and the defect concentration in the oxide surface. The optical
spectra of so-prepared ensembles are dominated by (1, 0) Mie plasmon excitations. For
dome-shaped particles, the Mie mode shows a distinct blue shift with increasing particle
density, attributed to destructive coupling of out-of-plane dipoles in the particle layer. For
disk-like particles nearly constant plasmon energies are detected, manifesting the reduced
influence of dipole—dipole interactions for extremely flat particles. The experiments
demonstrate the possibility to tune the optical properties of Ag particle ensembles
exclusively by changing the inter-particle separation. The observed evolution of plasmon
energy as a function of particle density reflects the influence of electromagnetic
interactions in the ensemble, as verified by model calculations [72]. Gryczynski et al.
demonstrated coupling of excited fluorophores with thin silver or gold films resulting in
directional surface plasmon-coupled emission (SPCE) through the silver film and into the
glass substrate. They have further investigated the spectral and spatial properties of SPCE
from sulforhomamine 101 in polyvinyl alcohol (PVA) films of various thicknesses on 50-
nm silver films. Multiple rings of SPCE and unusual s-polarized emission were observed.
These are consistent with the expected waveguide modes in the silver-PVA composite
film. However, in contrast to their expectations, the average lifetimes of SPCE were not
substantially changed from the PVA films. This observation of SPCE at multiple angles
and with different polarization can open new opportunities for the use of SPCE to study
anisotropic systems or to develop unique sensing devices [73]. Kuzik et al. studied the
effect of a noble metal (silver or copper) island film on the vibrational spectrum of a
natural aluminium oxide film using the reflection-absorption spectroscopy technique. It
was found that the intensity of the absorption band of aluminium oxide near 950 cm’
changes drastically after the deposition of the metal over layer. This band intensity
increases rapidly with increasing of the silver film thickness more than twice, reaching
the maximal value at the silver thickness 0.2 nm, then the band does not change up to the
thickness 2 nm. It was observed that such behavior takes place only in the presence of
aluminium under oxide film. Therefore, they have suggested that this increase of the
absorption band intensity is due to the increase of the aluminium oxide film thickness,
caused by an electrochemical reaction resulting in aluminium anodic oxidation. For
thicker silver films the intensity of the aluminium oxide band falls down slowly due to a
metal screening effect. It will be interesting to study the effect of the thin metal film on
the band of the aluminium oxide created by aluminium oxidation in ultrahigh vacuum

conditions and to investigate the role of water in the increase of the band intensity [74].
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Maaroof et al. demonstrated two distinct electrically percolated types of nanostructured
silver (n-Ag) films on glass substrates by optically and structurally characterizing and
determining effective refractive indices. Sputtered silver films above the percolation
threshold display, over a small range of thicknesses, a wide range of complex refractive
indices across the visible and near infrared. It is found that even though these films are
electrically continuous their nano-grain and nano-void structure contribute to a significant
shift from bulk response. Electrically continuous films of different structure can thus have
widely varying optical response. Grain boundary scattering of electrons is found to play a
role but void content seems to dominate these changes. Extended surface plasmons on the
film surface or local induced currents are observed when an oxide covers the surface and
fills the voids. The latter causes a surprising shift back to ‘‘normal’’ like metal spectral
behaviour, which may indicate a damping of surface plasmon polariton coupling across
the film. The dielectric properties of the neighbouring medium are known to have a
marked effect on SPP properties which are further complicated by the voids. It appears
from the absorptance changes that with no overcoat much incident light is in effect being
shunted through the voids and does not see the metal, while with the overcoat the reverse
occurs and light passes mainly through the metal causing much more attenuation [75].
Altube et al. reported about the preparation and optical characterization of technologically
relevant silver based nanostructures by metal infiltration of monolayered or opal-like
templates of polystyrene (PS) latex spheres. They have demonstrated that low toxicity
electrolytic baths present obvious advantages and facilitate the synthesis, and are
therefore, desirable methods for this kind of processes. Optical reflectance spectroscopy
analysis shows that high quality films may be obtained by this method [76].
Subrahmanyam et al. demonstrated growth of silver doped indium oxide (In, x Agx O3 y)
thin films on glass and silicon substrates at room temperature (300 K) by reactive DC
magnetron sputtering technique using an alloy target of pure indium and silver (80: 20
at%). The magnetron power (and hence the metal atom sputter flux) is varied in the range
40-80 W. The energy dispersive analysis of X-ray (EDAX) results showed that the silver
content in the film decreases with increasing magnetron power. The grain size of these
films was found to be of the order of 100 nm. The resistivity of these films is in the range
107107 Qcm. it is found that the work function of the silver-indium oxide films (by
Kelvin Probe) are in the range: 4.64—4.55 eV. The refractive index of these films (at
632.8 nm) varies in the range: 1.141-1.195. The optical band gap of indium oxide (3.75

eV) shrinks with silver doping. Calculations of the partial ionic charge (by Sanderson’s
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theory) show that silver doping in indium oxide thin films enhance the ionicity i.e. the
silver may be present in more than one valence state, the partial ionic charge on the
oxygen is observed to increase with decreasing silver [77]. de Vries et al. investigated the
optical properties of a growing silver film starting from predeposited gold nanoparticles
using spectroscopic ellipsometry in the visible and near-infrared spectral range. The
effective pseudo dielectric functions, obtained by direct inversion of the ellipsometry
spectra, reveal a surface plasmon resonance for the nanoparticulate films. Upon
prolonged electroless silver deposition, the resonance shifts to lower energies. For longer
deposition times, the optical spectra can be described in terms of a Drude-like free-
electron metal. The development of the Drude-Lorentz parameters, i.e., the relaxation
time and electron density, are compared to values for bulk silver; the latter were obtained
from an optical measurement on a thick bulk silver sample. The saturation values for the
relaxation time and thus the conductivity amount to approximately 40% of the bulk value,
in agreement with direct current conductivity measurements on these films [78]. Winter et
al. have shown that the emission of light from a dye layer through an adjacent thin silver
film is maximal for a silver thickness of approximately 50 nm. This effect is explained as
the result of competition between enhancement of the electric field at the metal surface
due to the excitation of a surface plasmon-polariton mode, the amount of power coupled
to the surface plasmon-polariton mode, and the attenuation of the field transmitted
through the silver, all three of which vary with metal thickness. These results have
relevance for a variety of applications; including the development of fluorescence
biosensors and top-emitting organic light-emitting diodes [79]. Bobb et al. have reported
alloying a noble metal (gold) with another metal (cadmium), which can contribute two
electrons per atom to a free electron gas, can significantly improve the metal’s optical
properties in certain wavelength ranges and make them worse in the other parts of the
spectrum. In particular, in the gold-cadmium alloy it is demonstrated a significant
expansion of the spectral range of metallic reflectance to shorter wavelengths. The
experimental results and the predictions of the first principles theory demonstrate an
opportunity for the improvement and optimization of metals for nanoplasmonic and
metamaterials applications. [80]. Ghoshal et al. have investigated the excitation of
propagating surface plasmons (SPs) on a silver-silica interface by an array of ellipsoidal
silver nanoparticles using numerical simulations as a function of particle volume for three
different nanoparticle aspect ratios with representative resonance frequencies. They

observed that while the SP amplitude depends sensitively on particle volume for each
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selected aspect ratio, the maximum SP amplitude obtained for the different particle
shapes is remarkably similar. These observations are explained in terms of particle-
mediated SP excitation, counteracted by a size dependent particle-induced damping. The
results indicate that control over the NP resonance frequency does not strongly affect the
SP excitation efficiency in large NP-enhanced grating couplers if the NP volume can be
freely modified, but does affect the NP volume at which maximum SP excitation occurs.
They have presented an analytical model that quantitatively describes the observed trends
in SP damping [81]. Chang et al. prepared metallic circular slits onto a glass substrate
coated with silver film by using a focused ion beam. They have investigated the influence
of the number of slits and the focusing light phenomena by capturing the light transmitted
through the circular slits. They demonstrated experimentally that the circular grating
formed by a set of periodical slits can excite both stronger surface plasmon (SP) and
localized surface plasmon (LSP) as the number of slits increases. They found that the SP
tended to congregate at the centre of the circular grating, and that the reemitted light
could be used to achieve a focusing phenomenon. The phase velocity in a circular slit is
related to the sum of the inner and outer radii. The circular slit will allow the light to
focus after propagating in free space even if every circular slit has the same opening
width. Therefore, these parameters could be changed to alter the focusing phenomenon of
the circular grating. This focusing optical head is similar to a traditional optical lens, and
the transmitted light will focus after propagating some distance. The intensity of the
transmitted light increases as the number of circular slits increases, and the SP modes will
possess propagating behavior along the metal surface in addition to possessing a focusing
phenomenon. Thus, they could adopt a SP mode to design a device for nanolithography
applications such that it can reduce the required exposure time due to its high transmitted
energy and can provide a single point light source to write various geometrical patterns

[82].

It is clear from the representative literature review presented above that a study of the
optical response of nanostructured metal films is extremely important both from basic
research perspective as well as applications. It is evident from a detailed literature survey
that there are many issues that still need to be addressed and some of these will form the

objectives of the current work.

A list of some other contributions in this field is also presented [83 - 122].
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Chapter 1l: Experimental and Characterization technigues

Abstract

This chapter describes the different fabrication and characterization techniques used in
the present work. In the present work, IBSD was used to deposit Ag and Au thin films on
Quartz, Borosilicate glass and carbon coated Cu grids substrate and also on sol-gel
deposited TiO, and ZrO; thin films. The deposited films were characterized using atomic
force, scanning electron and transmission electron microscopy, UV-Vis-NIR
spectrophotometry and x-ray diffraction. The details of experimental conditions and

characterization techniques are presented here.
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Chapter I1: Experimental Techniques

2.1. lon Beam Sputter Deposition

The surface atoms of a solid can be sputtered by exposing them to a beam of energetic
particles of energy between 0.1 to 5 KeV. If the sputtered atoms are deposited on a
substrate, then the process is called Ion Beam Sputter Deposition (IBSD). The overall
amount of deposited energy (and therefore the number of sputtered atoms) is sensitive to
the surface. The use of ion beams for processing, as opposed to directly extracting ions
from plasma to bombard a sample, has numerous advantages for the controlled processing
of materials with ion bombardment. The parameters of ion beam, the flux, the energy, the
species and charge state and the direction (and divergence) are all easily quantified and
controlled. IBSD typically operates in the pressure range of 1 x 10~ Torr to 1 x 107 Torr,
which makes it compatible with a number of other physical and chemical processes used
in thin film material processing. This is not possible in other plasma based sputtering
techniques which work at much higher pressures. One other significant advantage to
operation in this relatively low pressure region is that the mean free paths of both the
incident ions and also of the sputtered atoms are long. There is little scattering due to gas
phase collisions and as such the complication of charge exchange modification of the ion

flux is minor.

Many researchers have worked on ion beam deposition techniques for many different
applications. A brief review of literature on IBSD is presented. Todorov et al. have
deposited monolayer thick silver films on an Ni(100) surface using direct ion beam
deposition of '’ Ag+ ions with 20 eV kinetic energy and the substrate at 25°C. The film
deposition was performed by means of a mass-selected, low energy, ultra-high vacuum
ion beam system with a well-defined ion energy. The films were analyzed in situ by time
of- flight scattering and recoiling spectrometry (TOF-SARS) and by low energy electron
diffraction (LEED). They have used classical ion trajectory simulations to model the
TOF-SARS spectra. It is found that the results of the TOF-SARS spectra and azimuthal
scans are consistent with the growth of a monolayer Ag film with a fcc (111) structure on
the Ni(100) surface. The deposited films exhibited a faint hexagonal c(2x8) LEED

pattern. It is observed that molecular dynamic simulations of the deposition process are in
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agreement with the experimental observations. The growth of such isotopically pure
metal monolayers at room temperature with controlled orientations provides the
opportunity for exploring a variety of unique physical properties [1]. Nguyen et al. have
developed high-reflection (HR) and multilayer antireflection (AR) coatings using ion-
beam sputtering deposition (IBSD) for long-wave infrared (LWIR) (A ~ 9.4 um) quantum
cascade lasers (QCL). The high quality, high-density material achieved by IBSD allows
for flexible and robust optical coatings especially compared to electron beam evaporation
(EBE). It was observed that similar to the engineering of the QCL emission wavelength,
both AR and HR coating structures can be customized, by slight adjustment of the layer
thicknesses, for other lasers emitting at any wavelength in the LWIR. The metallic HR
coating achieved a measured reflectance of 96.70%, and the multilayer AR coating
achieved a measured reflectance of 1.64%, within 3% of theoretical simulation. They
have provided a solution to the processing sequence due to problems that arise from the
high-temperature deposition process. Finally, the coatings were applied to a A ~ 9.4 pm
QCL [2]. Liu et al. have used Time—power monitoring technique for monitoring the
thickness of optical films during ion beam sputter deposition with the routine parameters
of the main ion source are 1200 V/ 300 mA for Ta,Os and 1000 V/500 mA for SiO,
respectively. They baked the vacuum chamber at 80°C for 2 h and the baking is stopped
during the coating process. In the beginning stage of sputtering, it was observed that the
change of composition and microstructure in the top layer of targets results in the change
of the sputter rate. For different materials, their sputter characteristics are different. With
the increase of the layer number, the deposition rate for Ta,Os increases, while the
deposition rate for SiO, decreases, and both deposition rates eventually stabilize. It has
been shown that the results of a single layer coating were in fairly good agreement with
those of multilayer coatings. The results show that the film thickness can be controlled
accurately by adjusting the deposition time at the beginning of deposition. This paper has
also provided a simple and effective way to optimize the thickness match of the high- and
the low-index layers for a multilayer stack [3]. Balu et al. have deposited chromium films
by IBSD technique with varied process parameters. The ion energy in this case was 1
KeV with an incident angle of 45° at different fluxes. The energetics involved in the
process has been observed as the important criteria that influence the structural evolution.
Deposition rate has been found to play a major role in the initial structure formation
indicating the necessity of a critical deposition rate. It has been observed that (1 1 0)

orientation sustains even at higher substrate temperatures as high as 700°C. The structural
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transformation of (1 1 0) to (2 0 0) orientation occurs when the process parameters favor
the formation of island growth, which was carried out using oblique incidence technique.
With higher angle of incidence, the film shows (2 0 0) preferential orientation, which is
considered to be the plane of better lattice match to Co-based alloys. The surface
morphology shows a ripple nature with comparatively lower surface roughness. From the
above investigations, it is clear that the energetics of the process controlled by various
factors, such as deposition rate, substrate temperature and film thickness associated with
oblique incidence, plays the major role in the structural transformation from (1 1 0) to (2
0 0) orientation in Cr thin films [4]. Huang et al. have deposited Silicon nitride films on
Al/glass, NaCl, KBr, and silicon substrates by single ion beam sputter deposition. They
prepared the films at various N, ion beam voltages over the range from 500 to 1200 V.
The resulting films were characterized by using secondary ion mass spectrometry, Fourier
transform infrared spectroscopy, transmission electron microscopy, and transmission
electron diffraction. The stoichiometry of these silicon nitride films was controlled by
adjusting the ion beam voltage. It was observed that the films deposited under conditions
of ion beam voltage below about 700 V were nitrogen rich while films made with beam
voltages in excess of 900 V were silicon rich. The film structure changed with the
substrate temperature from amorphous at room temperature to nanocrystalline/amorphous
at 300°C. The lowest occupied (LO) phonon band for stoichiometric SizNj was
approximately 1124 cm™ and the stoichiometry of thin silicon nitride films could be
assessed with the LO phonon position [5]. Lim et al. have reported on Cu films deposited
by ion beam deposition with or without a negative substrate bias voltage were found to
have different states of dependence of electrical resistivity on film thickness. Here, a/Cu-
enriched plasma was generated by an application of a negative bias voltage of -300 V to
the Cu target. In this report, they have attempted to evaluate the effects of the film
thickness, average grain size, impurities, and morphological defect on the resistivity
increase of Cu films in addition to the surface scattering of the Fuch-Sondheimer model
and the grain boundary scattering of the Mayadas-Shatzkes model. When the theoretical
model was fit to the experimental data, the Cu films deposited at a substrate bias voltage
of =50 V showed that the electrical resistivity was in good agreement with the theoretical
curve under the condition that the film thickness was 2.3 times larger than the average
grain size and when p=0 and R=0.24. For the Cu films deposited without a substrate bias
voltage, however, there was a slight deviation between the theoretical curve and the

measured resistivity below a 100 nm thickness, even at the condition of the film thickness
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that was six times larger than the average grain size, which is considered to result from
the effect of solute impurities in the Cu films. Therefore, it was found that the impurity
effect on the electrical resistivity could not be neglected. It was also confirmed that the
morphological defect, such as a columnar structure with noticeable gaps in the Cu films
deposited without the substrate bias voltage, caused a great increase in resistivity even
above the 100 nm thickness [6]. Sasase et al. have deposited ‘Environmentally friendly’
semiconductor B-FeSi, thin films by the ion beam sputter deposition (IBSD) method on
Si(100) substrate. The authors used Ar" ion energy of 35 KeV and Ar" ion current density
of 250 pA/em®. The difference in crystallinity of the FeSi, obtained has been investigated
using Fe and Fe—Si targets at various substrate temperatures. When the Fe target was
used, highly (100)-oriented B-FeSi2 films with relatively smooth surfaces were formed at
700°C. On the other hand, such films were scarcely observed when the Fe-Si target was
used. Sharp edge grains were observed, which consisted of a mixture of a and  phases or
o single phase. In the latter case, it is found that o-FeSi2 is formed at T, above 600°C,
which is lower than the conventional transformation temperature for the f — o phase [7].
Nitti e al. have used the ion-sputtering technique with Ar ions of energies 350 and 700
eV, with a fixed ion current of 50 mA to deposit Csl thin films having a target
stoichiometry not affected by the ion energy of the sputtering gas. It was observed that the
film composition and growth rate were tunable with the experimental conditions. In
particular, the analytical results of the morphological and structural properties of the
films, in comparison to those of evaporated films confirmed the capacity of the ion beam
technique to control and improve these properties. The comparative analysis of all film
properties suggests that the different surface morphology of sputtered films with respect
to evaporated films can be assumed as the main cause of the lower QE of sputtered Csl
films. The more compact surface texture of sputtered films can determine a lower
illuminated and photoemissive effective surface area [8]. Gallasch et al. have deposited
V,05 thin films by means of dc-ion beam sputtering deposition technique. The films were
grown by means of accelerating the ions at acceleration voltage of 600 V towards the
target. The samples were characterized by X-ray diffractometry and transmission electron
microscopy to determine the influence of various deposition parameters. Using electron
energy loss spectroscopy, the oxidation state of vanadium was quantified based on the
chemical shift of absorption edges. It is observed that measurement of in-plane direct
current showed the electronic conductivity varies over several orders of magnitude

depending on the preparation conditions. The desired structure suitable for battery
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applications was achieved by sputtering under partial pressure of oxygen and suitable
post-annealing under ambient atmosphere and they also demonstrated the reversible
intercalation of Li into the produced thin films [9]. Ronning et al. have grown boron
carbide (B,C) thin films via direct ion beam deposition using mass selected ''B" and '*C*
ions. The films were deposited on silicon and ITO-coated quartz glass substrates with an
ion energy of 100 eV at room temperature. The B":C" ion ratio during deposition was
varied between 0:1 (pure carbon) and 1:0 (pure boron), and the resulting composition of
the films matched this ratio, as observed by X-ray photoelectron spectroscopy (XPS). A
detailed analysis of the XPS-spectra revealed that the deposited films undergo a transition
from sp’-bonded diamond-like carbon to a boron carbide phase with a lower density with
increasing B concentration. The formation of carbide bonds has been observed by means
of XPS, and the valence band spectra showed a strong transition from the amorphous
semiconductor ta-C to metallic boron. This transition was also observed by optical and
electrical measurements [10]. Shimura ef al. have reported photoluminescence (PL) from
B-FeSi2 thin film grown by ion beam sputter deposition (IBSD) method. For the first
time, they observed several small PL peaks in the as-grown IBSD films at around 0.77
and 0.83 eV below 100 K. By thermal annealing at 1153 K for more than 24 h, these
films showed a strong peak at around 0.81 eV with increased intensity by more than an
order of magnitude at 6 K. These annealed samples showed luminescence up to room
temperature, while no PL was observed above 100 K for the as-grown films [11].
Ichinohe et al. have fabricated a light emitting Si-doped glass (Si-DG) film using ion
beam sputter-deposition (IBSD) technique. They have used Ar ions of energy 1 KeV, and
the ion current density was adjusted to 0.5 mA cm’. It is observed that the
photoluminescence (PL) intensity increased with increasing annealing temperature up to
approximately 900°C but it often decreased above the critical temperature. According to
the high-resolution transmission electron microscope (TEM) observations, Si crystallites
with a diameter of approximately 3 nm were found in the film after the heat treatment,
indicating that the formation of Si crystallites is closely related to the luminescence
intensity. The luminescent Si-DG film showed extremely broad PL spectra and the full
width at half-maximum (FWHM) typically being approximately 1 eV. To obtain a much
sharper bandwidth for light emission, the Si-DG film was sandwiched by a metal (Ag)
film and a dielectric multilayered reflector. The FWHM value of the PL spectrum was
reduced to approximately 0.1 eV after fabricating the resonator using a 20-paired

Ce0ySi-DG multilayered reflector [12]. Tam et al. have fabricated binary component Ni—
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Si films of different compositions on AISI 304L stainless steels by means of ion-beam
sputter (IBS) deposition. In this study, they have co-sputtered commercial purity nickel
(Ni) (>99.9%) metal disc and silicon (Si) (100) wafer targets by means of low energy
argon ion beams (<500 eV) generated simultaneously from two Kaufman type ion source.
They have analyzed the compositions of the thin films and the chemical states by means
of X-ray photoelectron spectroscopy (XPS) and the phase formation is studied and
discussed in view of Pretorius' effective heat of formation (EHF) model. The chemical
state analyses were carried out by fitting the core level spectra of Ni 2p3,; and Si 2p peaks
with an asymmetry Gaussian—Lorentzian sum function. They observed that chemical state
analyses from the XPS curve-fittings agree well with the compound predictions using the
Pretorius's EHF model. The valence band spectra from the Ni—Si film series samples
show that the bonding changes from predominantly metallic to covalent bonding as the Si
content increases. This could also be concluded from the corresponding Ni 2p3,, and Si 2p
core level spectra through the assessment and study of FWHM values and peak symmetry
parameters. For the very short-range ordered structure in the Ni—Si thin films, the line
broadening effect and limited film thickness (~100 nm) make it impossible to ascertain
the structure of the Ni—Si films by means of GIXRD [13]. Ensinger et al. have deposited
alumina and tungsten carbide powder with gold and platinum by ion beam sputter
deposition (IBSD). For the uniform deposition, the powder grains were agitated in a
rotating conical vessel. It contained a sputter target which was irradiated by a beam of
rare gas ions of energy 60 keV maintaining the ion currents onto the sputter target ranged
from 30 to 100 pA. Metal atoms sputtered from the target were deposited onto the
powders. The amount of deposited noble metals was determined by means of atomic
absorption spectrometry. It increased monotonically with the sputter ion fluenc. Under the
given conditions, up to 0.3 wt.% gold were deposited onto alumina, while tungsten
carbide received up to 0.016 wt.% platinum. While alumina remained non-conductive, the
electrical conductivity of tungsten carbide was found to increase up to a factor 4 by
platinum deposition. Electrochemical measurements showed that the electrochemical
activity of tungsten carbide was considerably enhanced by platinum deposition and they
claim that this material may be used as an electrocatalyst [14]. Kojima et al. deposited
Si0,/Ta,0s multilayers on Si(100) by ion-beam sputter deposition. In this case, the used
ion energy was from 50-1200 eV. They have characterized the layer thickness and
interfacial roughness of the multilayers by using a grazing incidence x-ray reflectivity

technique. In particular, the differences in structural features between the Ta,Os on SiO,
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interface and the SiO; on Ta,0Os interface, as well as the possible inhomogeneity of the
Si0O, layers, were successfully revealed. It is observed that the x-ray reflectivity results
are consistent with the high-resolution electron microscopy observations [15]. Mahendra
Kumar et al. have reported on the pure amorphous silicon thin films deposited by ion
beam sputter deposition onto borosilicate glass substrates at ambient temperature by using
Ar ion energy of 600 eV. They derived the optical constants from spectral transmittance
measurements in the range of 350-2500 nm. It is observed that all the samples, regardless
of thickness, show a Raman peak centered between 460 and 480 cm™. The root-mean-
square variation in the bond angles, Af, obtained from Raman spectra, indicates the
presence of relatively good short range order in amorphous silicon thin films. It if found
that the refractive index at 1.4 eV decreases from 4.35 to 3.52 with an increase in
thickness from 30 to 130 nm. The band gap varies with thickness and at a thickness of
130 nm the band gap is found to be 1.3 eV, which increases to 1.8 eV at 30 nm. The
narrow band gap values of ion beam sputtered a-Si thin films indicate that they can be

explored for photovoltaic applications [16].

It is evident from the review of literature that IBSD is a very effective technique to
provide a large variety of thin films with enhanced properties. Majority of the work
focuses on the use of Ar ions of energies >500 eV. There is very limited work on
investigations of growth of films at energies <500 eV. The focus of current work is,

therefore, to investigate growth of films at Ar ion energies << 500 eV.

2.2. Parameters used for IBSD in this study

Ion beam sputter deposition is an effective approach for creating or enhancing strong,
stable, uniform and direct adhesion of thin films deposited on substrates which is very
useful for applications. The ion beam sputter deposition system used in this work is home
built and consists of a Kaufman type DC ion source (of Oxford Applied Research, Model
DC25, 100 — 1500 eV model). This ion beam is capable of producing ion beams of 2.5 cm
in diameter. The main reason of using such a low energy ion beam sputtering is to obtain
self ordered nanostructured thin films. Figure 2.1(a) shows the schematic diagram of ion

beam sputter deposition system used in the current work.
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Figure 2.1(a). Schematic diagram of ion beam sputter deposition system.

The ion source consists of cylindrical type chamber (anode) where cathode (tungsten
filament) is mounted and surrounded by magnet and water cooled chamber which is
attached to two grids (called screen grid and extractor grid). Ar gas is passed through the
ion source itself. When current is applied to the filament, it emits electron and the emitted
electron collide with the Ar gas which is ionized. The direction of magnetic field causes
the emitted electrons to move in helical path so that they collide with more Ar gas
increasing the ionization process. lons are then extracted by the extractor grid and
accelerated towards the target. They bombard the target and sputter the material. The
screen grid screens the electron from coming out of the ion source. Photographic images

of the system are shown in figs. 2.1 (b) to (e).
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Fig.2.1. (b) View of the 16 inch dia UHV chamber with capability to sputter 3 targets
without breaking vacuum (c¢) Kaufman type ion source (DC25 of Oxford Applied
Research, UK) (d) Full view of ion beam sputter deposition coating unit and (¢) the inner

view of the chamber during sputter deposition.
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Ion beam sputter deposition has many advantages over other physical vapor deposition

techniques like thermal evaporation and normal glow discharge sputtering. Some of the

advantages are listed below:

lon beam sputter

deposition

Glow discharge system

Thermal evaporation

Can sputter at high vacuum

like 107 to 107 Torr.

Sputtering takes place at

pressure > 10~ Torr.

Can evaporate at 10~ Torr or

lower pressure.

Can sputter metals and

insulator.

Can not sputter insulator

unless RF is used.

Can evaporate metals and
insulator but stoichiometry

is a problem.

There is no contamination in

the film as the Ar gas is

Ar gas is filled in the

chamber so there will be

Contamination due to

reaction between evaporant

passed in the ion source | scattering and | and heat source (such as W,
itself and ions are extracted. | contamination. Ta or Mo boat).

Has independent control on | No independent control | Energy and flux is related to
energy, current density and | possible. source temperature, angle of

angle of incidence of ions.

incidence can be controlled.

In the present work, the Ag and Au films were deposited with the following conditions:

Pumping unit : Rotary + turbo pump

Base pressure : 2 x 10 Torr

While sputtering : 4.5 x 10™* Torr

Ion source to target distance : 15 cm

Target to substrate distance : 14 cm

Substrate temperature : RT to 300°C.
Ion energy : 150, 200, 250, 300, 400 and 600 eV

Ion current : 0.2 A.

Extractor voltage : -40 V.

Substrates: Boro silicate glass substrates and fused silica.
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2.3. Characterization Techniques

2.3.1. Thickness measurement

The thickness of the samples was measured using stylus profiler (also known as
profilometer) (Model XP-1, Ambios Technology, USA). Surface profilometry is a direct,
simple and fast measurement technique for determining the physical thickness of thin
films [17]. The only requirement is the existence of a step as shown in figure 2.2. In this
study, the step was made by covering a part of the substrate using a thin stainless steel
shadow mask during deposition. This method involves loading a stylus (generally a
diamond stylus) slightly in contact with the film surface and gently dragging it across the
step as shown in figure 2.2. The vertical deflection measures the change in step height

(film thickness) and the trace is recorded with high accuracy.

\ Film

Substrate

Figure 2.2. Illustration of stylus profillometry to measure film thickness.

2. 3.2. X-Ray diffraction

X-ray diffraction is a well-known technique for characterizing the crystal structure of
materials. X-rays have a wavelength of the order of Angstroms (10 m), which is
comparable to the inter-atomic spacing in crystalline solids. Therefore, a diffraction
pattern can be observed when a beam of x-rays is directed on a crystalline material
(where the atoms are arranged periodically). This diffraction pattern is directly related to
the crystal structure of the material under observation. The diffraction of x-rays by a
crystalline material is illustrated in figure 2.3.

In the present work, two types of X-ray diffractometers with different x-ray source were
used to characterize the samples. One was equipped with Co Ko (A=1.7889A) radiation in
a wide angled powder X-ray diffractometer (INEL Model CPS120) and a position
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sensitive detector while the other one was a conventional X-ray diffractometer operating
in the Bragg-Brentano geometry with Cu K, (A=1.54056 A) radiation (Philips PW 1830
diffractometer). Calibration using a Si standard was done to account for the instrumental
line broadening and the value was approximately 0.05° for the former and 0.10 for the
later. The patterns were compared with standard patterns (JCPDS) and the phases and
degree of crystallinity was determined. A slow scanning rate of 0.5°/min was used to
extract data for the measurement of crystallite size. These results gave important
information regarding the variation in the crystalline orientation of films lattice constants,

crystallite size, strain etc. as a function of processing conditions.

2.3.2.1. Calculation of crystallite sizes from x-ray diffraction patterns

Bragg’s Law:

In figure 2.3 below, consider rays 1 and la in the incident beam. They strike atoms K and
P in the first plane of atoms and are scattered in all directions. Only in the directions 1’
and la’, the scattered beams are completely in phase (because QK — PR = PK Cos 6 - PK
Cos 6 = 0) and are capable of reinforcing one another.

This relationship is true of all the planes separately, and we have to find the condition for
reinforcement of rays scattered by atoms in different planes. Let us take rays 1 and 2
scattered by atoms K and L, and the path difference for rays 1K1’ and 2L2’ is

ML + LN =d sin6 + d sin6 2.1

If this path difference is equal to a whole number n of wavelengths,

Figure 2.3. Diffraction of X -rays by periodically arranged atoms in a crystalline
material.
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n) = 2d sind (2.2)

where, 0 is the diffraction angle, A is wavelength of the X-ray and n is the order of
reflection, which may take any integral value consistent with sinf but not exceeding
unity.

This relation was first formulated by W. L. Bragg and is known as the Bragg law [18]

(2.3)

i.e., nA must be less than 2d. For n =1 the condition for diffraction at any observable
angle 20 is A <2d.

For most sets of crystal planes d is of the order of 3 A or less, which means that A cannot
exceed about 6 A.

Scherrer’s formula is used to estimate the crystallite size, ¢ given by,

0932

- Peost, (2.4)

1
ﬁ—5(291 _202)

where, B is angular width, in terms of 20 and is measured in radian at an intensity equal to
half the maximum intensity and is called full width at half maximum (FWHM) (shown in

figure 2.4 below)
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Figure 2.4. The FWHM of a x-ray diffraction peak.

2.3.3. Scanning Electron Microscopy (SEM)

SEM is a widely used technique to study surface topography of the samples. A schematic
diagram of SEM is shown in figure 2.5. SEM consists of an electron source, a series of
lens system which produces a finely focused beam on the specimen surfaces, two pairs of
deflection coils (scanning coils) at right angles to each other, connected to a saw-tooth
wave generator system, so that the finely focused electron beam can be rastered on the
sample surface. The secondary electrons are gathered in a collector, amplified and fed to a

cathode-ray display tube or a computer.

A high energy (typically 10-30 keV) electron beam, thermionically emitted from a
tungsten filament is focused to a spot size of 1 nm to 5 nm by the condenser lenses. The
focused beam passes through a pair of scanning coils, which raster the beam across the
surface. The incident electrons cause low energy secondary electrons generation. The
secondary electrons emitted from the sample are detected by a scintillator-photomultiplier
device and the resulting signal is rendered into a two-dimensional intensity distribution
that can be viewed and saved as a digital image. The most common imaging mode
monitors low energy (<50 eV) secondary electrons which originates within a few
nanometers from the surface. In the current work we have used Carl Zeiss Model FEG-

Scanning Electron Microscope (Model Ultra 55).
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Figure 2.5. Schematic diagram of a Scanning Electron Microscope (SEM).

2.3.4. Scanning Probe Microscopy (SPM)

Scanning probe microscopy (SPM) covers several related technologies for imaging and
measuring surfaces on a fine scale, down to the level of molecules and groups of atoms.
SPM technologies share the concept of scanning an extremely sharp tip (3-50 nm radius
of curvature) across the sample surface. The tip is mounted on a flexible cantilever,

allowing the tip to follow the surface profile.

When the tip moves in proximity to the investigated object, forces of interaction between
the tip and the surface influence the movement of the cantilever [19]. These movements

are detected by selective sensors. Various interactions can be studied depending on the
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mechanics of the probe. Our interest is in the atomic force microscope (AFM). The
atomic force microscope (AFM) probes the surface of a sample with a sharp tip (often
less than 100A° in diameter). The tip is located at the free end of a cantilever that is 100 to
200um long. Forces between the tip and the sample surface cause the cantilever to bend,
or deflect. A detector measures cantilever deflections as the tip is scanned over the
sample, or the sample is scanned under the tip. The measured cantilever deflection is
mapped as the surface topography [20]. AFM can be used for insulator and
semiconductor as well as electrical conductors [21]. The schematic diagram of AFM is

shown in figure 2.6.

laser diode mirror AD sensor output, ¢, Fe
e .’ v
cantilever ) position sensitive
+spring which deflects as probe tip ‘ A photdetecml’

scans sample surface . .
*tmeasures deflection of cantilever

probe tip

+ senses surface
properties and causes ERROR =
cantilever to deflect actual signal - set paint

feedback loop

« controls z-sample
position

computer
+ controls system piezoelectl‘ic i y

+performs data acquisiton, W
display, and analysis preseaaseaas scanner
+positions sample

(x, ¥, 2) with & accuracy

Figure 2.6. Schematic diagram of atomic force microscopy (AFM) [22].
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Several forces contribute to the deflection of an AFM cantilever. The force most
commonly associated with atomic force microscopy is an inter-atomic force called the
Van der Waals force depending upon the distance between tip and sample as shown in

figure 2.7.

Two distance regimes are labeled in figure 2.7 the contact regime and the non-contact
regime. In the contact regime, the cantilever is held less than a few angstroms above the
sample surface and the interatomic force between the cantilever and sample is repulsive
[23]. In the non-contact regime, the cantilever is held about tens to hundreds of angstroms
away from its attractive regime (largely a result of the long-range Van der Waals

interactions).

Force
repulsive force
intarmittent-
contact
. distance .
{tip-to-sample separation)

attractive farce
Figure 2.7. Nature of forces in the Contact and Non-contact mode of AFM operation.

2.3.4.1. Non-contact AFM

Non-contact AFM (NC-AFM, otherwise known as dynamic force microscope, DFM) is
one of the modes of operation in AFM, where the cantilever is vibrated near the surface
of the sample. The spacing between the tip and sample for DFM is of the order of tens to
hundreds of angstroms. This spacing is indicated in the Van der Waal force curve in
figure 2.7 as the non-contact regime.

DFM is desirable because it provides a means for measuring sample topography with

little or no contact between the tip and sample. Similar to contact-AFM, DFM can also be
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used to measure the topography of the insulator and semiconductors as well as electrical
conductors. The total force between the tip and sample is very low, generally 107°N.
Since the force between tip and sample in the non-contact regime is low, it is more
difficult to measure this region than in the contact regime. In addition, the cantilever used
in DFM is stiffer than those used for contact AFM because soft cantilevers can be pulled
easily onto the sample surface. Hence, both these factors make the DFM signal difficult to
measure. Thus, a sensitive, AC detection scheme is used in this operation. In the non-
contact mode, the system vibrates a stiff cantilever near its resonant frequency (typically
from 100 to 400 kHz). Then, it detects the changes in the resonant frequency or vibration
amplitude as the tip comes near the sample surface. The sensitivity of this detection

scheme provides sub-angstrom vertical resolution in the image, as with contact AFM.

The relationship between the resonant frequency of the cantilever and variations in
sample topography can be explained as follows. The resonant frequency of a cantilever
varies as the square root of its spring constant. In addition, the spring constant of the
cantilever varies with the force gradient experienced by the cantilever. Finally, the force
gradient, which is the derivative of the force Vs distance curve changes with the tip-to-
sample separation. Thus, change in the resonant frequency of the cantilever can be used
as a measure of change in the force gradient, which changes with the tip-to-sample
spacing, or sample topography. DFM does not suffer from the tip or sample degradation
effects that are sometimes observed after taking numerous scans with contact AFM. As
mentioned above, DFM is preferable to contact AFM for measuring soft samples. In the
case of rigid samples, contact and non-contact AFM for images may look the same. In the
present study Seiko SPA-400 scanning probe microscope was used in the DFM mode to
obtain the surface morphology of Ag, Au, Ag/Au, Au/Ag, Ag/TiO,, Au/TiO,, Ag/ZrO,,
Au/ZrO,, and In/Ag thin film samples.

2.3.5. Transmission Electron Microscopy (TEM)

Electron microscopes use electron beams to provide images of nanoscale objects. In
transmission electron microscopy (TEM), the specimen is illuminated with an electron
beam. The electron beam that transmits through the specimen produces a transmitted,
optical image, much like conventional optical microscopy. The wavelength of electron is

much smaller than that of light, therefore the optimal resolution attainable for TEM image
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is several orders of magnitude higher than that for a light microscope. Not all the
electrons are transmitted through the sample, some are also scattered or diffracted. The
scattered and diffracted electrons form the image contrast as denser or thicker parts of the
sample scatter as well as absorb, more electrons, thus appearing as darker areas in the

image [24-25].

In the present work we have used Transmission electron microscope (model: Tecnai 20
G2 STwin, FEI electron microscope operated at 20 kV using Gatan CCD camera) to
investigate nano particle nucleation and growth and to determine crystal structure of Ag

and Au thin films.

2.3.5.1. Imaging Modes of a TEM

The imaging system of a TEM consists of at least three lenses (Figure. 2.8): the objective
lens, the intermediate lens (or lenses), and the projector lens. The intermediate lens can
magnify the first intermediate image, which is formed just in front of this lens, or the first
diffraction pattern, which is formed in the focal plane of the objective lens, by reducing
the excitation [24]. In many microscopes, an additional diffraction lens is inserted
between the objective and intermediate lenses to image the diffraction pattern and to
enable the magnification to be varied in the range 102 to 106. The bright-field mode (BF)
with a centered objective diaphragm is the typical TEM mode, with which scattering
contrast and diffraction contrast can be produced with objective apertures a, between 5
and 20 mrad. For high-resolution phase contrast, the aperture should be larger (o, > 20
mrad) to transfer high spatial frequencies. The only purpose of the diaphragm in this
mode is to decrease the background by absorbing electrons scattered at very large angles.
The resolution is limited by the attenuation of the contrast-transfer function (CTF) caused
by chromatic aberration and not by the objective aperture a,. Normally, the specimen is
irradiated with small illumination apertures a; < 1 mrad. For high resolution, an even
smaller aperture o; < 0.1 mrad is necessary to avoid additional attenuation of the CTF by
partial spatial coherence. When unconventional types of contrast transfer are desired, it is
often necessary to change the illumination condition by tilting the beam or using hollow-

cone illumination, for example.
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In the dark-field mode (DF), the primary beam is intercepted in the focal plane of the
objective lens. Different ways of producing dark-field conditions are in use. The shifted-
diaphragm method (Fig. 2.9 b) has the disadvantage that the scattered electrons pass
through the objective lens on off-axis trajectories, which worsens the chromatic
aberration. The most common mode is therefore that in which the primary beam is tilted
(Fig. 2.9 c) so that the axis strikes the centered diaphragm. The image is produced by
electrons scattered into an on-axis cone of aperture a,. This mode has the advantage that

off-axis aberrations are avoided. There is thus no increase of chromatic error.

Asymmetries in the dark-field image can be avoided by swiveling the direction of tilt
around a cone, or conical illumination can be produced by introducing an annular
diaphragm in the condenser lens. Another possibility is to use a central beam stop that
intercepts the primary beam in the back focal plane for this, a thin wire stretched across a
circular diaphragm may be employed (Fig. 2.9 d). DF micrographs need a longer
exposure time because there are fewer scattered electrons. For high resolution, the
contrast-transfer function (CTF) of DF is nonlinear, whereas the CTF of the BF mode is
linear for weak-phase specimens. The DF mode can also be employed to image

crystalline specimens with selected Bragg-diffraction spots.

Increasing the objective aperture in the BF mode allows us to transfer the primary and
one Bragg-reflected beam through the diaphragm [24]. These beams can interfere in the
final image. The fringe pattern is then an image of the crystal-lattice planes. Optimum
results are obtained for this mode when the primary beam is tilted by the Bragg angle +05.
The Bragg-reflected beam that is deflected by 20g passes through the objective lens with

an angle —0gp relative to the axis.

In the crystal-lattice imaging mode, more than one Bragg reflection and the primary beam
form a lattice image that consists of crossed lattice fringes or an image of the lattice and
its unit cells if a large number of Bragg reflections are used. This mode is most successful
for the imaging of large unit cells, which produce diffraction spots at low Bragg angles so
that the phase shifts produced by spherical aberration and defocusing are not sufficiently
different to cause imaging artifacts. Further operating modes of a TEM are described in

other sections: scanning transmission mode, Lorentz microscopy and the analytical modes
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of x-ray microanalysis, electron energy-loss spectroscopy, and electron diffraction [24].

The Photograph of TEM used in this work is given in figure 2.10.

Source

Condenser diaphragm
Condenser lens

Specimen

Objective lens
Objective diaphragm
First diffraction pattern
First intermediate image
Selector diaphragm
Intermediate lens

Second diffraction pattern

Second intermediate image -

Projector lens
Third diffraction pattern

Final image
Screen

———=

a) b)

Selected—area diffraction

Bright—field imaging

Figure 2.8. Ray diagrams for a TEM in (a) the bright-field mode and (b) selected area
electron diffraction (SAED) mode [24].

1st Image

a) Bright-field
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b) Shifted diaphragm ¢) Tilted beam d) Beam stop

Dark-field modes

Figure 2.9. (a) Bright-field mode with a centered objective diaphragm and production of
a dark-field mode by (b) a shifted diaphragm, (¢) a tilted beam, and (d) a central beam

stop [24].
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2.3.5.2. Electron diffraction (ED)

Electron-diffraction methods are employed for the identification of substances by
measuring the lattice-plane spacing and for the determination of crystal orientations in
polycrystalline films (texture) or single-crystal foils. Extra spots and streaks, caused by
antiphase structures or plate-like precipitates, for example, may also be observed when
imaging a selected area. The selected-area diffraction technique, in which an area of the
order of 0.1-1 um across is selected by a diaphragm in the first intermediate image, is a

standard method [24].
2.3.5.3. Selected-Area Electron Diffraction (SAED)

The cone of diffracted electrons with an aperture of the order of a few tens of milli
radians (mrad) can pass through the small pole piece bores of the final lenses only if the
back focal plane of the objective lens that contains the first diffraction pattern is focused
on the screen. Figure 2.8(b) shows the ray diagram of this technique. A selector
diaphragm of diameter d situated in the intermediate image plane (magnification M
~20-50) in front of the intermediate or diffraction lens selects an area of the specimen of
diameter d/M. This area can be chosen in the normal bright-field mode (figure. 2.8 a), in
which the primary beam passes through the objective diaphragm. When the excitation of
the intermediate lens is decreased, its focal length is increased and the diffraction pattern
in the focal plane of the objective lens can be focused on the final screen after removing
the objective diaphragm (figure. 2.8 b). The excitations of the later projector lenses are
unchanged. These lenses magnify either the intermediate image or the diffraction pattern
behind the intermediate lens. The diameter of the area selected cannot be decreased below
0.1-1 um owing to the spherical aberration of the objective lens. The intermediate images
of the Bragg reflections (dark-field images) are shifted relative to the bright-field image
by a distance [24]

As = (Cs0’; — Azb,) M, (2.5)

which depends on the defocusing Az and the constant Cs (6g = 20 and 0p is the Bragg
angle). It is of course possible to compensate for the shift by a suitable choice of the

defocus Az, but only for one Bragg reflection, not for the whole diffraction pattern
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simultaneously. The consequence is that Bragg reflections of high order with large 6g do
not come from the area that was selected in the bright-field mode. Thus, for 265 = 50
mrad and Cs = 1 mm, the shift is 0.125 um. The diffraction angle 0g decreases linearly
with 1 as the electron energy is increased. A further selection error can result if the
position of the intermediate image is shifted when the intermediate lens changes over

from the imaging to the diffraction mode.

€

Figure 2.10. Photograph of the Transmission electron microscope (model: model: Tecnai
20 G2 STwin, FEI electron microscope operated at 20 kV using Gatan CCD camera)
(established at CFN, UoH) used in the current study.

Diffraction patterns from smaller areas can only be obtained by using the rocking-
beam technique or by producing a small electron probe. The resolution d/Ad of an SAED
pattern can be defined in terms of the smallest lattice-spacing difference Ad that can be
resolved and may be estimated from the ratio Ar/r. Here r denotes the distance from a
diffraction spot to the center of the diffraction pattern in the focal plane of the objective
lens, r = 20t = Af/d (f: focal length), and Ar is the diameter of the spot, which is equal to

the diameter 20,f of the primary beam (a;: illumination aperture):

d/Ad = t/Ar = M2a:d (2.6)
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Thus, for A = 3.7 pm (100 keV), d = 0.1 nm, and a; = 0.1 mrad, we find d/Ad = 200. The
resolution can be increased only by reducing a;, but this reduces the pattern intensity. The
spherical aberration of the objective lens can cause barrel and spiral distortion of the
SAED pattern but this is, however, smaller than 1%; an elliptic distortion can arise due to
astigmatism of the intermediate lens. The most severe distortion is caused by the projector
lens. For the accurate determination of lattice spacing d, the diffraction (camera) length L)
must be calibrated by using a diffraction standard [24]. The photographic image of the
TEM used in the current study is shown in fig.2.10.

2.3.6. Optical Characterization

2.3.6.1. Ultra Violet-Visible Spectrophotometer

Optical properties of the Ag, Au and Ag, Au /dielectric bilalyer and metal bilayer thin
films were studied using a JASCO V-570 UV-VIS-NIR double beam Spectrophotometer.
The optical studies of thin films are mainly concerned with basic optical phenomena
including absorption, reflection and transmission and also the interaction of photon
energy with mater and consequent changes in electronic states [26]. The important
parameters that can be obtained from the measured spectral absorption data include
absorption coefficient and optical band gap. In the present study the data were collected

in the range 190 to 2500 nm, with air as reference.

The Ultra Violet -Visible-Near Infrared (UV-VIS-NIR) spectrophotometer uses two light
sources, a deuterium (D,) lamp for ultraviolet region and a halogen lamp for visible and
NIR region. The light from the source lamp gets reflected from mirror 1 and beam passes
through slit 1 and hits a diffraction grating. The grating can be rotated allowing for a
specific wavelength to be selected. At any specific orientation of the grating, only
monochromatic (single wavelength) beam successfully passes through slit 2. A filter is
used to remove unwanted higher order diffracted beam. The light beam hits a second
mirror before it gets split by a half mirror (half of the light is reflected, the other half gets
transmitted). One of the beams is allowed to pass through a reference sample (air in the
present case), the other passes through the film coated substrate. The intensities of the

light beams are then measured at the end as shown in figure 2.11. The photometer (not
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shown) computes the ratio of the sample signal to reference signal (I/Ip) to obtain the

transmittance.

An electronic transition consists of the promotion of an electron from an orbital of a
molecule in ground state to an unoccupied orbital by absorption of a photon. The

molecule is then said to be in an excited state.

Toroidal Grating D2 Jamp (L)

Ilirror 1
Halogen lamp (Vis-NIR)

Reference Detectar

) 2
(Mmr Reference "'I I
Beam o
Lens 2
Half IWirmor *
I,

’ Iirror 2 Sample Detector
¥ Saraple "’l I
Mirror 3 Beam Lens |

Figure 2.11. Schematic diagram of UV-VIS-NIR spectrophotometer.

Experimentally, the efficiency of light absorption at a wavelength A by an absorbing

medium is characterized by the absorbance A(A) or the transmittance T(A), defined as [27]

A(A)=log,, 1) /1, =-logT () (2.7)
1
T(A)=—
(4) IR

where 1! and I, are the light intensities of the beams and entering and leaving the

absorbing medium, respectively.
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Usually the absorbance of a sample follows the Beer-Lambert law

A(2) =log,, 117_2 = e(A)lc (2.8)

A
where A is the measured absorbance, /; is the intensity of the incident light at a given
wavelength, / is the transmitted intensity, L the path length through the sample, and ¢ the
concentration of the absorbing species. For each species and wavelength, € is a constant
known as the molar absorptivity or extinction coefficient. This constant is a fundamental
molecular property in a given solvent, at a particular temperature and pressure, and has

units of 1 / M * ¢m or often AU/ M *cm.
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Chapter 111: Morphology and structure of ion beam sputter deposited
metal thin films

Abstract

This chapter presents the study of microstructure and structure of single layer Ag and Au
thin films by lon Beam Sputter Deposition (IBSD) with argon ion energy in the range of
150 to 450 eV and beam current of 4 — 6 mA. The films were grown at temperatures from
30 to 300°C. It is shown that IBSD offers better controls over parameters for deposition of
fine uniform thin films with controlled microstructure as compare to other physical
vapour deposition techniques like DC sputtering and thermal evaporation. IBSD can be
used as a non-lithographic technique to deposit self assembled/ordered nanostructured
thin films. Different variety of nanostructures including self organized arrays of
nanoparticles, nanoclusters and nanoneedles have been achieved. The coalescence
behaviour of grown films are discussed and explained using known theory of growth

mechanism of the thin films.
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Chapter I11: Morphology and Structure of ion beam
sputter deposited metal thin films

3. Introduction

Recently, research on nanostructured metals has attracted much attention due to their
applications in plasmonics and photonics. Two approaches are normally followed to
achieve nanostructures in thin film form. The first set of techniques is based on
lithographic techniques such as electron beam lithography, nanoimprint technology etc.
[1, 2]. The second set of techniques is based on non-lithographic and direct writing
methods such as focused ion beam, dip pen lithography, laser shock processing, electric
field induced nanostructuring etc. [3, 4] Both these sets of approaches are post-processing

methods that achieve nanostructures after a film is deposited on a substrate.

A third approach that has been successfully used for realizing a wide range of
nanostructures are those based on soft chemical processes leading to self-organized, self-
ordered and self-assembled nanostructures [5-8]. However, studies on the use of Physical

vapour deposition (PVD) techniques to fabricate such structures are sparse [9, 10].

There are generally four main steps in the evolution of thin films deposited on substrates
by PVD [11]. These are nucleation, island growth, agglomeration and finally continuous
film. The first two stages would lead to largely discontinuous thin films. The
microstructure at these early stages of growth would be controlled by process parameters
like rates of deposition and substrate temperature and most importantly the nature of the
film-substrate interface. For constant temperature and rate of deposition the growth would
entirely be dependent on the nature of film-substrate interface. This is the basic premise
of the current work and it is demonstrated that interfacial nanostructuring is a simple
approach to achieve a variety of nanostructures such as nanoclusters, nanoparticle arrays

and nanoneedles.
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3.1. Comparison of microstructures

As mentioned above, there are many deposition techniques like chemical as well as
physical vapor deposition but in the current work, we have used lon Beam Sputter
deposition (IBSD) technique to deposit metal thin films. IBSD technique has
independently controllable parameters which provide flexibility in the deposition of novel
thin film materials. One of the unique characteristics of IBSD is the ability to deposit
multi component or multilayered materials using a single ion source. lon beam sputter
deposition offers the advantages of conventional sputtering while operating at a lower
pressure. A low operating pressure minimizes the problem of substrate heating and
gaseous impurity incorporation in the growing film. To show the flexibility and quality
of films that can be fabricated by IBSD, we compared the microstructures of metal films
deposited by ion beam sputter deposition technique with thermal evaporation and general

DC sputtering.

Figure 3.1 shows the example of microstructure of Ag films deposited by different
physical vapor deposition techniques. In figure 3.1 (a) Ag film deposited by IBSD at an
Ar ion energy of 600 eV shows a uniform, spherical and dense microstructure compared
to the films deposited by DC magnetron sputtering (at 300 V and 100 mA) and thermal
evaporation technique shown in figure 3.1(b) and (c), respectively. The thickness of the
films shown in the AFM image is 30 + 3 nm for all the three films. It is also observed that
the grain sizes are much smaller in the case of ion beam sputter deposited films compared
to the other two techniques. The observed behavior of microstructure by IBSD is due to
its independently controllable parameters, which is not possible in the other two
techniques as difficult as mentioned in previous chapter. Therefore, it is concluded that
the IBSD technique can be used to prepare very thin continuous films with good

microstructure and also semicontinuous nanostructured thin films.

Some examples of microstructure of different metals deposited by ion beam sputter

deposition are shown in Fig.3.2.
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Fig. 3.1. AFM images of Ag thin films deposited by (a) lon beam sputter deposited at 600

eV ion energy for 30 minutes (b) DC magnetron sputtered and (c) thermal evaporation.
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Fig.3.2. AFM images deposited by IBSD at 550 eV argon ion energy of (a) Ag (b) Au (c)
Cu and (d) Ni thin films and its corresponding 3D view.
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The morphology shown in AFM images in figs 3.1 and 3.2 are all for films deposited at
ion energy of >500 eV.

3.2. Optimization of ion beam parameters

In order to fabricate nanostructured thin films, the films were deposited at ion energy <
500 eV and a systematic study was done to estimate the thickness of the films. A graph of
typical variation in the rate of deposition as a function of ion energy is shown in fig.3.3. It
is evident that the rate of deposition increases with increase in incident ion energy from
150 to 600 eV. In this optimization experiment, the total duration of deposition was
maintained constant as 30 mins., at each energy. The rate of deposition was calculated by
dividing the measured thickness of the films with the deposition time. The minimum rate
of deposition achieved was 0.01 nm/s at an ion energy of 150 eV. At this ion energy, the
films became discontinuous for deposition durations <30 min. and therefore,
measurement of thickness was not attempted for such films. For fixed incident ion
energy, a linear dependence of thickness on duration of deposition was assumed and the
thickness of the discontinuous films was thus estimated by simply multiplying the rate of

deposition calculated earlier by the duration of deposition.

The evolution of morphology with increase in incident Argon ions energy is clearly seen
in the AFM images displayed in Fig.3.4. For the same duration of deposition of 15
minutes, as the energy increases from 150 to 600 eV, the films are island-like at 150 eV
and become continuous at 600eV. There are two effects of increase in the incident ion
energy. The first is an increase in rate of deposition and the second is the consequent
increase in thickness for the same duration of deposition. i.e. the film deposited at an
incident energy of 150 eV for 15 min, will have a thickness of ~9 nm grown at 0.01 nm/s
whereas the film deposited at 600 eV will have a thickness of ~32 nm grown at 0.04nm/s.
In each case the corresponding roughness profiles are also shown. Very little correlation

could be made between surface roughness and ion beam parameters.
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Fig.3.3. Variation in rate of deposition as a function of ion energy.
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Fig.3.4. AFM images of Ag films deposited for 15 min at (a) 150 (c) 200 (e) 300 (g) 400
and (i) 600 eV and corresponding particle distance Vs height profiles are shown in (b),
(d), (f), (h) and (j) respectively.
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The combined effect, of the increase in rate of deposition and thickness, leads to the
formation of a continuous film as the ion energy is increased. In addition, there is
densification of the films as the ion energy is increased. The densification is accompanied
by a decrease in particle sizes as a function of increasing ion energy as observed here.
The particles size for the films deposited at 150 eV is measured to be 60-110 nm, at 200
eV it is 20-40 nm, at 300 eV particle size is 20-50, at 400 eV, it is measured to be 80-120
nm and at 600 eV, the particle size is measured to be 40-60 nm. It is clearly seen that
initially the particle size is larger and then it becomes smaller with the increase of ion
energy and at 400 eV it is much larger and at 600 eV it breaks down to 40-60 nm. It can
be confirmed that at 400 eV ion energy, particle size reaches its critical size and breaks
down to smaller with further increase of ion energy. It may be noted that with increase
in energy there is an increase in thickness from 9 (at 150 eV) to 25 (at 400 eV) and finally
32 nm (at 600 eV).

In general, Physical Vapour deposition of continuous thin films onto substrates involves
the following stages: nucleation, coalescence, island formation and finally continuous thin
films. It has been demonstrated both theoretically and experimentally that at all stages of
growth there is increase in the size of particles/aggregates/islands. The increase in size is
dependent on process parameters such as rate of deposition and substrate as well as
conditions on the substrate. It is observed that the above shown morphology is following

the theories of thin film nucleation which are discussed below.

3.3. Theories of thin film nucleation: Kinetic processes in nucleation and growth

3.3.1. Nucleation rate:

The nucleation rate is a convenient synthesis of terms that describes how many nuclei of
critical size form on a substrate per unit area, per unit time. Nuclei can grow through
direct impingement of gas-phase atoms, but this is unlikely in the earliest stages of film
formation when nuclei are spaced far apart. Instead, the rate at which critical nuclei grow
depends on the rate at which adsorbed monomers (adatoms) attached to it.

The nucleation rate [ is essentially proportional to the product of three terms, namely,

=nar (M) (3.1)

cm
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N* is the equilibrium concentration (per cm?) of stable nuclei and B is the rate at which
atoms impinge (per cm?-s) onto the nuclei of critical area A* (cm?). Upon calculation, the

final nucleation rate becomes,

. PN E —-Eg—AG*
= 2mr*a,sin@ ——2—ngexp (—de—=— (3.2)
0 @TMRTYZ kpT

where, 6 = contact or wetting angle,

r" = critical nucleus size,

ns = nucleation site density,

Eqes = the energy required to desorb it back into the vapor,

E; = the activation energy for surface diffusion.

AG* = critical free energy, ao is adsorbed monomer jump distance and

M is mass of film material and R is the impingement rate.

The nucleation rate is a very strong function of the nucleation energetics which are
largely contained within the term AG*. A high nucleation rate encourages a fine-grained

or even amorphous structure while a coarse-grained deposit develops from a low value of

3.3.2. Atomistic Models of the nucleation rate:

Atomistic theories of nucleation describe the role of individual atoms and associations of
small numbers of atoms during the earliest stages of film formation. An important
advance in the atomistic approach to nucleation was the theory proposed by Walton et al.
[12] which treated clusters as macromolecules and applied concepts of statistical
mechanics in describing them. They introduced the critical dissociation energy, E;,
defined to be that required to disintegrate a critical cluster containing i atoms into i

separate adatoms. The critical concentration of clusters per unit area of size i, N;, is given

by,

1:’1_0 = (Ny/no)" exp(E;" /kgT) (3.3)

which expresses the chemical equilibrium between clusters and monomers. Here, Ei* may

be viewed as the negative of a cluster formation energy, no is the total density of
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adsorption sites, and Nj is the monomer density. Lastly, the critical nucleation rate (cm™-

s1) emerges as,

— i* (i"+1)Eges—Est+Ei.
= amg() " exp (Lt (3.4

Compared to the previous equation 3.2, this has the advantages of expressing the
nucleation rate in terms of measurable parameters rather than macroscopic quantities such
as AG’, y or 0. A thermally activated nucleation rate whose activation energy is dependent
on the size of the critical nucleus is predicted by equation 3.4. This suggests the existence
of critical temperatures where the nucleus size and orientation may undergo change. After

the calculations,

= ngvexp (— M) (3.5)

kpTi-2
T1_., is temperature at which there is a transition from a one- to a two-atom nucleus.
3.3.3. Kinetic models of Nucleation:

Microscopic approaches to the modeling of nucleation processes have stressed the kinetic
behavior of atoms and clusters containing a small number of atoms. Rate equations
similar to those describing the kinetics of chemical reactions are used to express the time-
dependent change of cluster densities in terms of the processes which occur on the
substrate surface. It is appropriate to start with the fate of the mobile monomers. If

coalescence is neglected, then
== - - KNP- N KN (36)

Here, ts is mean free residence time before adsorbed monomer reevaporation.

This equations states that the time rate of change of the monomer density is given by their

incidence rate, minus their desorption rate, minus the rate at which two monomers
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combine to form a dimer. The latter term follows second-order Kinetics with a rate
constant Kj. The last term represents the loss in monomer population due to their capture
by larger clusters containing two or more atoms. The general form of rate equation for
clusters of size i is

aN; _
o = Ki-iNiNioi — KiNiN; (3.7)

Where the first term on the right expresses their increase by attachment of monomers to
smaller i-1 sized clusters, and the second term their decreases when they react with
monomers to produce larger i+1 sized clusters. Transient as well as steady-state (i.e.
where dN; / dt = 0) solutions have been obtained for the foregoing rate equations for a
variety of physical situations and for arbitrary values of i. They typically predicts that
N(t) increases with time, eventually saturating at the value Ns. Venables [13] has
summarized nucleation behavior for cases where i assumes any integer value. In general,

the stable cluster density is given by,
Ny = Any(/nyv)?P exp(E/kgT) (3.8)

where A is a calculable dimensionless constant dependent on the substrate coverage. The
parameters p and E have respectively yielded values for i* and the energies of desorption,

diffusion, and cluster binding.
3.3.4. Cluster coalescence and depletion:

As previously mentioned, the density of stable nuclei increases with time upto some
maximum level before decreasing because of coalescence phenomena. Growth and
coalescence of nuclei are generally characterized by the following features:

1. A decrease in the total projected area of nuclei on the substrate occurs.

2. There is an increase in the height of the surviving clusters.

3. Nuclei with well-defined crystallographic facets sometimes become rounded.

4. The composite island generally reassumes a crystallographic shape with time.

5. When two islands of very different orientation coalesce, the final compound

cluster assumes the crystallographic orientation of the larger island.
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6. The coalescence process frequently appears to be liquid-like with islands merging
and undergoing shape changes after the fashion of liquid droplet motion. This is
specially true at elevated temperatures.

7. Prior to impact and union, clusters have been observed to migrate over the
substrate surface in a process described as cluster-mobility coalescence.

Several mass transport mechanisms have been proposed in order to account for these

coalescence phenomena and they are discussed in turn.
3.3.4.1. Ostwald Ripening:

Prior to coalescence there is a collection of islands of varied size, and with time the larger
ones grow or ripen at the expense of the smaller ones. The desire to minimize surface free
energy of the island structure is the driving force. Consider two isolated islands of surface
tension y of different size in close proximity. For simplicity, assume radii to be spherical
with r; and r; and therefore the free energy (G) of a given island is 47ri? y (I =1, 2). The
island contains a number of atoms n; given by 47r;*/3Q, where Q is the atomic volume.

Defining the free energy per atom p; or chemical potential as dG/dn;, after substitution,

d(4nri2y) __ 8mryjydr; __ 2Qy
Hi d(4nri3/3ﬂ) 4nri2drilﬂ Ti

(3.9)

In chemical thermodynamics the chemical potential is often associated with the so-called
escaping tendency of atoms. Where p is large the effective atomic concentration is large,
forcing them to escape to where p is small. Ostwald ripening processes never reach

equilibrium during film growth.

3.3.4.2. Sintering:

Sintering is a coalescence mechanism involving islands in contact. In the case of sintering
or coalescence of contacting sphere of radius r, theoretical calculations in the

metallurgical literature [14] have shown that the sintering kinetics is given by

X1 = AT (3.10)
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Here X is the neck radius, A(T) is a temperature-dependent constant that varies with mass
transport mechanism, n and m are constants, and t is the time. Of the several mechanisms
available for mass transport in films, the two most likely ones involve diffusion either
through the bulk or via the surface of the islands. For bulk diffusion n =5, m = 2, whereas
for surface diffusion n = 7, m = 3. Typical thumbnail calculations show that surface
diffusion dominates sintering. While surface energy and diffusion-controlled mass
transport mechanisms undoubtedly influence liquid-like coalescence phenomena,

sintering mechanisms are unable to explain the following:

1. Observed liquid-like coalescence of metals on substrates maintained at 77 K
where atomic diffusion is expected to cease.

2. Widely varying stabilities of irregularly shaped necks, channels, and islands
possessing high curvatures at some points.

3. The large range of times required to fill visually similar necks and channels.

4. Enhanced coalescence in the presence of an applied electric field in the substrate

plane.
3.3.4.3. Cluster migration:

The last mechanism for coalescence considered deals with migration of clusters on the
substrate surface. Coalescence occurs as a result of collisions between separate island-like
crystallites (or droplets) as they execute random motion. Interestingly, the mobility of
metal particles can be significantly altered in different gas ambient. Not only do the
clusters translate, but they have been observed to rotate as well as even jump on each
other and sometimes reseparate thereafter. Cluster migration has been observed in many
systems, e.g., Ag and Au on MoS,, Au and Pd on MgO and Ag and Pt on graphite in so
called conservative systems, i.e., where the mass of the deposit remains constant because

further deposition from the vapor has ceased [15, 16].

The surface migration of a cap-shaped cluster with projected radius r occurs with an
effective diffusion coefficient D(r) having units of cm? / s. The movement of peripheral
cluster atoms, the fluctuations of areas and surface energies on different faces of

equilibrium-shaped crystallites, and the glide of crystallite clusters aided by dislocation
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motion are three models which show the dependence of D on r. In each case D(r) is given

by an expression of the form [17],
D(r) = B(T) / r’ exp — (Ec / keT) (3.11)

Where B(T) is a temperature-dependent constant and s is a number ranging from 1 to 3.
The cluster migration is thermally activated with an energy E. related to that for surface

self-diffusion, and that it is more rapid the smaller the cluster.
3.3.4.4. Coalescence and grain size:

The formation of polycrystalline film, particularly terms such as nucleation, growth, and
coalescence, has a familiar ring in the metallurgical literature of solid-state phase
transformations. For example, a cold-worked metal matrix transforms by nucleation of
recrystallized grains (islands) followed by growth, thus consuming the surrounding
matrix so that there is less area available for new nuclei. During recrystallization one
region will start ahead of others because of some favorable local composition,
temperature, defect, or bias in the system. Then nucleation occurs elsewhere, and later
somewhere else, while growth continues independently in regions of prior nucleation.
The situation is much like rain droplets falling on a pond. Where rain impinges on the
pond, surface wave nuclei are created. The circular ripples grow outward and begin to
impinge on one another. When all of the prior untransformed matrix disappears by grain

growth and impingement or coalescence, recrytallization is complete.

An important equation based on an analysis by Avrami [18] is useful in describing the
kinetics of such transformations. For the case of film nucleation and growth in two

dimensions where circular disk like nuclei grow, the form of the equation is
fi)y=1- e_[n/3G2t3] (3.12)

Where f(t) is fractional amount of transformation and t is the time. Furthermore,
(nuclei/cm?-s) and G (cm/s) are the nucleation and linear growth rates respectively. As a

function of log t, f(t) is small during what may be thought of as an initial incubation
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period, then rises sharply when nucleation and growth rates overlap strongly, and finally
saturates at f = 1. The Avrami equation strictly applies to closed systems transforming
under conditions where there is no matter exchange with the surroundings. Inclusion of

the adatom ring apparently extends the equations validity to open systems.

3.4. Morphology and structure on smooth substrate: Normal Coalescence

From the results presented in section 3.2, it is observed that the particles are large and
isolated at very low ion energy deposition because surface mobility of the substrate is
much larger than the material at that point due to which the film material freezes as soon
as the material impinges on the substrate. It is confirmed that the deposition at very low
rate and very low ion energy leads to the isolated and island kind nanostructured thin
films. As given in the theory, there are four main steps in the evolution of thin films
deposited by physical vapor deposition (PVD) technique. These are nucleation, island
growth, agglomeration and finally continuous film. The first two stages would lead to
largely discontinuous thin films. The microstructure at these early stages of growth would
be controlled by process parameters like rates of deposition and substrate temperature.
The film growth is controlled during the island formation stage, prior to the coalescence
stage, leading to self ordered nanoparticle arrays with different sizes, shapes and

interparticle separation.

Fig.3.5. (a) to (c) shows the morphology of the films deposited at 150 eV, for different
deposition times or different thicknesses. As the thickness is increased from 6 to 18 nm,
the films evolve from self-ordered nanostructures at 6 nm (Fig. 3.5.(a)) to semi-

continuous films at 15nm (Fig. 3.5.(b)) and finally to almost continuous films at 18 nm
(Fig. 3.5.(c)).

The AFM images clearly indicate that there is evolution in both shape as well as size of
particles as a function of deposition parameters. The two parameters that have been
controlled here are the rate of deposition (by controlling the incident ion energy at the
target) and the thickness by fixing the duration of deposition time. The effect of increase
in rate of deposition (fig.3.4) is to decrease the particle size, increase density of packing

and thickness. On the other hand, the effect of increasing thickness (at a constant rate of
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Fig.3.5. AFM images of the Ag films deposited at Ar ion energy of 150 eV at total
duration of deposition of (a) 10, (b) 15 and (c) 30 minutes.
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deposition) is to change the shape of particles from ellipsoidal to elongated particle chains

that finally break in to a dense packed microstructure of small spherical particles (fig.3.5).

Fig.3.6. (a) — (c) shows the morphology of Au thin films deposited at 250 eV for different
duration of time. The films were deposited for 10, 25 and 30 min at 250 eV of Ar ion
energy. Here also, we observed that with the increase of deposition time or thickness, the
films becomes denser and continuous as observed in the case of Ag thin films. The reason
for depositing Au film at 250 eV ion energy is because the sputter yield of Au is much
lower than that for Ag. Hence, no film deposition occurred at 150 eV in the case of Au

even for duration of 40 min.

The process of film formation by vapour deposition techniques involves the transition of
a solid source material in to vapour that condenses on impact with the substrate surface in
to a solid film (of the source material). It is clearly observed that the morphological
evolution of films is therefore, profoundly influenced by conditions on the surface of the
substrate and deposition parameters. In other words, the shape, size and spacing of
particles are entirely dependent on accurate control of growth parameters such as
pressure, temperature and rate of deposition. However, in the case of Au it is not
consistent as in the case of Ag. It is due to the wettability of Au to the borosilicate glass

substrate and the contact angle to the substrate.

The observed behaviour can be attributed to two factors namely: low rate of deposition
and high contact angle to the substrate. To distinguish the contributions between each of
these factors Au films were deposited on Carbon coated Cu grids (used for TEM) at the
same beam energy. But it was found that the Au films did not exhibit any observable
growth on carbon for energies upto 450eV, clearly indicating that the interfacial energy
dominated over the low rate of deposition. *“Potato” shaped cluster of particles appeared
when the films were deposited on carbon at an ion energy of 450eV and for a duration of
25 min as shown in fig. 3.7(a). For comparison, the TEM image of an Ag film grown for

20 min directly onto carbon coated Cu grids at 150 eV is shown in fig. 3.7(b).

It is evident from this figure that Ag films have started nucleating as in the case of the
films grown on the BSG substrates. It is observed that the Au films grown on BSG

substrate and CCG are totally different. Au films grown on CCG has a boot shape kind of
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Fig.3.6. AFM images of the Au films deposited at Ar ion energy of 250 eV a total
duration of deposition of (a) 10, (b) 25 and (c) 30 minutes.
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Fig.3.7. Transmission electron microscope images of (a) Au film deposited using an Ar
ion energy of 450 eV for 25 min and (b) Ag film deposited using an Ar ion energy of 150
eV for 20
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structures arranged themselves in array form. In both cases, Ag and Au deposited on
carbon, the particles arrange themselves in the form of array with sizes between 5-20 nm.
Therefore, it can be inferred that the interfacial energy of Au on BSG is lower than that
for Au on carbon leading to the differences in growth on the two substrates. The high
resolution TEM images displayed in figs.3.7.(a) and (b) and the selected area electron
diffraction patterns shown in figs.3.7(c) and (d) for Au and Ag respectively indicate that
the films are crystalline. It is observed that in both the substrates borosilicate glass and
carbon coated Cu grid, the films are discontinuous and arranged in array form. The

corresponding selected area diffraction patter is shown in fig3.7(c) and (d) respectively.

To investigate the growth patterns on a scale larger than those available with AFM and
TEM, the growth was also examined under a scanning electron microscope. The early
stages of growth on BSG substrates for both Ag (150 eV 10 min) and Au (250 eV 20 min)
are similar, as seen from figs 3.8(a) and (b), respectively. The microstructure consists of
an organized array of nanoparticles, as seen in the AFM and TEM images. Interestingly,
in both cases the formation of nanoneedles has also been observed, as shown in figs
3.8(c) and (d) respectively for Ag and Au. They are of 500nm in length with diameters of
the order of 30-40 nm. Interestingly in the case of Ag, the nanoneedle formation follows
the process of organization in to an array of nanoparticles while it precedes it in the case
of Au. The difference in behaviour can be attributed to the differences in interfacial

energies in the two cases.
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Fig 3.8. Scanning electron microscope images of (a) Ag film deposited using an Ar ion
energy of 150 eV for 30 min, (b) Au film deposited using an Ar ion energy of 250 eV for
20 min onto (c) Ag film deposited using an Ar ion energy of 150 eV for 20 min and, (d)
Au film deposited using an Ar ion energy of 250 eV for 30 min onto BSG substrates.
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3.5. Morphology and structure on rough substrate: Abnormal coalescence

So far we have demonstrated the growth of films on different substrates at ambient
temperature without considering the roughness of the surface of the substrate. There have
been some attempts to model the growth of thin films on rough substrates [19-21]. The
main aim of such work has been to study conditions under which smoothening of a thin
film deposited on rough substrate occurs and can be controlled. There have been a few
reports of experimental work where substrate roughness has been used as a control
parameter for thin film growth [22-26]. All the earlier reports focus mainly on roughness
evolution in the initial stages of growth but not on the size of islands/particles that

constitute the film.

In this part, we demonstrate that substrate roughness influences not only film roughness
in the initial stages growth but also the island sizes leading to abnormal coalescence
behavior. Discontinuous Ag and Au films were deposited by low energy lon beam sputter
deposition onto rough carbon coated Cu grids (used for Transmission Electron
microscopy) and borosilicate glass substrates. The evolution of morphology was studied
by transmission electron microscopy (TEM) as well as atomic force microscopy (AFM).
The Ag films were deposited at Argon ion energy of 150 eV while the Au films were
deposited at ion energy of 450 eV. Here, two sets of experiment are done. One set of
experiments was carried out on Ag and Au by varying deposition temperature from room
temperature to 200 and 300°C for a constant duration of 40 mins. Another set of
experiments was carried out on Au at constant temperature 300°C but time was varied

from 5 to 15 mins.

Fig.3.9. shows the typical bright field TEM images of Ag films deposited at various
temperatures. Room temperature sputter deposited films are shown in fig.3.9(a), and the
corresponding particle size distribution is shown in Fig.3.9(b) and deposition at
temperature 200 and 300°C are shown in fig.3.9(c)-(d) — fig.3.9(e)-(f).

It is evident that these films are discontinuous and are comprised of spherical particles
with a peak diameter of 15 nm. As we increase the deposition temperature to 200°C, it is
evident from the micrographs shown in Fig.3.9(c) that these particles are still spherical in

nature with absence of particles of size greater than 15 nm (Fig.3.9(d)). The peak in this
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case occurs at ~ 12 nm. A further increase in substrate temperature to 300°C causes the
particle size to become smaller with absence of particles greater than 12 nm size. The

nanoparticle nature of the films is retained even at this temperature (fig.3.9(e) and (f)).

Fig.3.10. shows the bright field TEM images of the Au films deposited at various
temperatures under a fixed deposition time of 25 minutes. It is observed that, in contrast
to the Ag films, the Au films deposited at room temperatures have shown “boot-shaped”
particles as shown in the micrograph Fig.3.10(a). Corresponding lattice fringes are shown
in Fig.3.10(b). As we increase the deposition temperature to 200 °C, it is clear that these
clusters break up to in to smaller particles that are ellipsoidal in shape (shown in Fig. 3.10
(c)-(d)). At substrate temperature of 300°C, these particles change to spherical in shape as
shown in the micrographs in Fig.3.10 (d)-(f). These gold particles remain crystalline at all
temperatures studied here. The corresponding high resolution lattice fringes are best
indexed with pure gold. It is very interesting that these gold nanoparticles exhibit (111)

texture at all temperatures.
The following observations can be made from figs 3.9 and 3.10.

1. The gold films are less discontinuous than the silver films with lower island
density.

2. At room temperature, the Ag nanoparticles are nearly spherical in shape with
interparticle separation that is larger than the particle diameter

3. The Au particles cluster together to form the boot-shaped aggregates. The number
density of these aggregates is small and the separation is smaller than their size on
average.

4. As substrate temperature increases, the size of particles, in Ag and that of
aggregates in Au decreases. It appears that the number density decreases in Ag but
remains constant in the case of Au.

5. Both films show crystallinity but Au exhibits a (111) texture at all temperatures.

6. The island density increases with increase in temperature from approximately 3
x10"/m? ambient temperature to 1 x10*®/m? at 300°C, but the fragmentation is

accompanied by decrease in inter-island distance.
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Fig.3.9. TEM images of Ag films and corresponding grain size distribution curve
deposited at Room temperature (a)-(b), at 200°C (c)-(d) and 300°C (e)-(f) for 40 min at
150 eV.
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Fig.3.10. TEM images of Au films and corresponding high resolution lattice fringes are

shown, (a)—(b) at RT, (c)-(d) at 200°C and (e)-(f) at300°C, for 25 min at 450 eV.
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The effect of increasing duration of deposition on the microstructure of gold nano
particles, at a fixed substrate temperature of 300°C is shown in Fig.3.11. It is evident from
the micrographs that the nanoparticles in these films have mean grain size of 7-10 nm for
a deposition time of 5 minutes as seen in the fig.3.11(a), which decreases to 3-5 nm for
deposition time of 10 minutes (fig. 3.11(b)) and remains constant at that size for
deposition time of 15 minutes (fig 3.11(c)). Here again the island density increases with
increase in duration of deposition, but the fragmentation is accompanied by decrease in

inter-island distance.

It is evident from these figures that in the initial stages of growth of the Ag and Au films
there is a decrease in particles/island sizes that we term as “abnormal coalescence”
referring to the fact that there is coalescence but the size of the aggregates decreases
instead of increasing. To investigate the origin of this behavior, films were also grown on
BSG substrates (placed next to the CCG substrates) under the same deposition conditions.
The effect of changing the substrate from CCG to BSG on the coalescence behaviour of
the Ag and Au films is presented here. During the same deposition run in which the films
were deposited on CCG, films were also deposited on to BSG substrates. The
microstructure was examined using an atomic force microscope so that the films do not
have to be removed from the substrate and hence the role of the substrate is still evident.
The AFM images of silver films deposited on to BSG substrates maintained at ambient
temperature, 200 and 300°C, respectively are shown in fig.3.12.(a), (b) and (c)
respectively. It is clear that, at all temperatures, the films are continuous and there is no

evidence for islands. The mean particle size was between 40-60 nm.

The surface roughness of these films is plotted in fig.3.13. (a) to (c) and it is evident that
the average surface roughness is of the order of 0.2 to 1.0nm and the peak to valley
height is of the order of 2 nm in all three cases, with no specific dependence on substrate
temperature. It may be noted that the rms roughness values were <1nm for BSG while it

was between 20-25 nm for the CCG substrates.
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Fig.3.11. Bright field TEM images of Au films deposited at 300°C under various
deposition time, (a) for 5 min (b) 10 min and (c) 15min, at 450 eV.
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Fig.3.12. AFM images of Ag films deposited on BSG substrates at (a) room temperature,
(b) 200 and (c) 300°C.
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Fig.3.13. Roughness profiles of the Ag films deposited on BSG substrates at (a) ambient,
(b) 200 and (c) 300°C.
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The morphological evolution of Au films deposited on BSG substrates is shown in
fig.3.14. (a), (b) and (c) for substrate temperatures of ambient, 200 and 300°C,
respectively. As in the case of Ag, the Au films are continuous even at ambient
temperature and remain continuous at higher temperatures. At ambient temperature the
particles are of the order of 20- 40 nm in diameter which increases to 50 to 70 nm at
higher temperatures indicate coarsening of the grains. The particles also acquire elongated
shapes at higher temperatures. The surface roughness of these films is plotted in figs.3.15.
(a) to (c) from which it can be inferred that the average surface roughness is of the order
of 1-2 nm and the peak-to-valley height is of the order of 2-3 nm, as in the case of Ag

films.

The microstructural evolution on BSG is in contrast to that observed for the Ag and Au
films deposited on CCG substrates. Even at the lowest temperatures and thickness the
films are continuous and do not exhibit any evidence of islands or particulate growth. In
both cases there is coarsening of particles with increase in temperature without much

change in the surface roughness.

Several patterns of morphological evolution emerge, based on the results presented in figs
3.9 to 3.15. The first of these relates to the differences arising out of the different film
materials deposited on the same substrate. It is thus expected that the morphological
evolution of Ag on CCG will be different from that of Au on CCG and similarly on BSG.
On both substrates Ag particles are more spherical than the Au particles that grow in the
form of elongated ellipsoidal shapes. This difference can be explained using the free

energy balance equation leading to VVolmer-Weber type of growth [27-32].
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Fig.3.14. AFM images of Ag films deposited on BSG substrates at (a) room temperature,
(b) 200 and (c) 300°C.
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Fig.3.15. Roughness profiles of the Au films deposited on BSG substrates at (a) room
temperature, (b) 200 and (c) 300°C.
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Three types of growth modes are observed, in general, for thin films deposited on
substrates. These modes of growth named, Stranski,-Krastanov, Volmer-Weber and Van
der Merwe, originate from the free energy balance between the free energies of the
substrate surface vys, the free energy of the film surface, vy and the interface between the
film and substrate yi. In addition to these contributions the contact angle 6 between the

film and substrate is also very important. The free energy balance can be expressed as
¥s = i + 7t COSH (3.13)

Some materials have a negative enthalpy of mixing with one another--they are miscible.
These materials tend to mix strongly at the film substrate interface to give a film-substrate
"interface width" that may extend over many atomic layers. VVolmer-Weber type of
growth leads to 3D islands since the film does not "wet" the substrate and the "interface

width" of the growing surface increases with time.

This is manifested in eqn.(3.13) in the term cosO which defines the strength of the
contribution of the vapour-solid contact angle to the growth of the film. It is evident from
the microstructural evidence presented that the contact angle of Au is smaller than that for
Ag on both CCG and BSG. For large contact angles the interface contribution dominates
over that of the film surface free energy. Small contact angles also translate into better
wettability of the substrate by the film material. Thus, wettability of Au on these surfaces
is higher leading to elongated ellipsoidal shapes. The Ag-CCG/BSG contact angle is
higher leading to more spherical shaped particles.

At a temperature, T, the growth of film is characterized by the diffusivity of adatoms, D,
on the substrate surface. It is known that the D, has an exponential dependence on

temperature that can be expressed as

Where Ds is a pre-exponential factor and E, is the activation energy for surface diffusion.

The average grain size at impingement, r;, is defined as

ri= (Alm)*? (3.15)
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where A is the average in-plane area which depends on the relative rates of island
nucleation and growth. The growth rate is also dependent on the distance, 5, over which
atoms adsorbed on the substrate surface can diffuse to a growing island. This, in turn,
depends on the adatom diffusivity on the substrate surface, D.. Once islands have
coalesced, further film thickening generally occurs by further growth of existing crystals

rather than nucleation of new islands.

The increase in particle/grain size of Ag and Au films on BSG substrates follows the
normal pattern of coarsening expected, as a function of increasing thickness and

temperature.

The models discussed above successfully describe the growth of thin films on smooth,
flat and planar substrates and the behaviour is referred to (in this work) as “normal
coalescence”. Normal coalescence indicates grain coarsening as a function of increasing
temperature and thickness of films, in the early stages of growth. These models, however,
do not take into account the roughness of substrates and are therefore unable to predict its
effect on film growth. The effect of substrate roughness on the roughness of films grown
on such surfaces has been reported by a few workers. Anders et al. [22] have investigated
nucleation and coalescence of silver islands on glass by in situ measurements of the sheet
resistance. Sub monolayer amounts of niobium and other transition metals were deposited
prior to the deposition of silver. It was found that in some cases, the transition metals lead
to coalescence of silver at nominally thinner films with smoother topology. The
smoothing or roughening effects by the presence of the transition metal was explained by
kinetically limited transition metal islands growth and oxidation, followed by defect
dominated nucleation of silver. Gyure et al. [23] presented experimental data for the
morphological evolution of InAs buffer layers which are interpreted using continuum
equations of motion and kinetic Monte Carlo simulations. They observe the formation of
mounds in the early stages of growth and the presence of an instability even as an initially
rough surface smoothens during growth. This instability is claimed to be due to the step-
edge barrier which causes a characteristic length to emerge while the surface roughness is
decreasing, well before the formation of the mounds. Coluci and Cotta [24] have carried
out a similar Monte Carlo simulation of the morphology evolution of films grown on
rough substrates. The surfaces considered for the simulation are similar to those of

substrates used for the growth of GaAs films by chemical and molecular beam epitaxy.
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When the growth is simulated, decreasing film roughness is observed until a stable value
is reached. During this decrease the formation of mound like structures of a few
monolayers in height was observed. In some conditions the structures forming the initial
rough surface present a limitation to the lateral size of these mounds. Significantly, their
study predicts a surface roughness dependent size limitation but it has not been
quantified. Another significant work was reported by Mathur and Erlebacher [25] who
investigated the growth of thin (1-10 nm) films of Pt on Au(111). It was found that on
flat Au(111), Pt grows in a layer-by-layer growth mode, but if the gold substrate is
exposed to an acidic environment prior to Pt deposition, then the substrate becomes
nanoscopically rough (islanded) and Pt growth follows a pseudo-Stranski—Krastanov
(SK) growth mode in which an initially thin wetting layer becomes rougher with
increasing film thickness. An analysis of curvature effects on epitaxial growth mode
shows that thermodynamic curvature effects involving surface stress are negligible for the
Pt/Au(111) system. Rather, the apparent SK growth is linked to kinetic effects associated
with inhomogeneous in-plane elastic relaxation of Pt films on rough surfaces that drive Pt
atoms from pits to the tops of islands in the early stages of growth. They observe that
mean island height initially increases and subsequently decreases in early growth (i.e., up
to 4 nm film thickness) and mean island spacing remains initially constant and

subsequently increases (beyond 2 nm film thickness).

The evolution of the interface width has been analyzed experimentally and numerically
by Qi et al. [21, 26] in their work on film growth on non-planar substrates. Interestingly
they report on the growth of ZrO, films deposited on to BK7 glass substrates of
roughness 0.4 nm by ion beam sputter deposition. The films were deposited for durations
ranging from 10 to 150 min at a deposition rate of 1nm/min which is the upper limit of
rates of deposition used in the current study. The authors show that the early stages of
growth can be characterized by three main quantities; (1) the height-height correlation
function determined as a function of lateral position, r and deposition time, t (2) The
interface width, w which is a measure of the interfacial roughness and (3) lateral
correlation length, & which is defined as the largest distance in which the height of
particles is still correlated. They find that the interface width goes through a minimum
and the lateral correlation length goes through a maximum in the initial stages of growth,

i.e for low deposition times.
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Galdikas [20] has done detailed modeling of early stages of thin film formation on rough
substrate surfaces using a phenomenological model. The author has introduced surface
potential dependent sticking coefficients to allow for substrate roughness. The kinetics of
the three main characteristics: surface coverage, island density and average island size are
analyzed. From the theoretical investigation it is found that the shape of the kinetic curves
qualitatively differ for 2D and 3D island growth mode. The island density at any instant

of time is given by the expression

dn
dt

= %aAAiO(QDS +a(t)es) + acoCeo (1 —@Qc— §0ﬁ) (3.16)

The calculated dependence of the total amount of deposited material on deposition time
was normalized to the number of fully covered monolayer (equivalent thickness) for
different ratios of parameters o, aac and aar, i.€. for different film growth mechanisms.
The surface coverage by islands increases when (1) the arriving atom sticks at the already
existing single adatom with probability (or sticking coefficient) o and or (2) it sticks at
the edge of already existing island with probability aac. Surface coverage, initially is
therefore completely dependent on sticking coefficients which are in turn dependent on

substrate roughness.

The other parameters of relevance to the current work are the island size and density. The
process of island migration was described by a parameter B, which is defined as the radius
of circle within which the mass center of island mass can move. At higher values of B the
coalescence (mobility coalescence) occurs at lower values of surface coverage. The island
density also depends strongly on the parameter A, which represents the diffusion length of
adatoms. With increase in the parameter %, the number of islands decreases and the size
of islands increases, because more adatoms can reach and stick at the existing islands.
The author has made a very detailed analysis of the kinetics of island size and densities,
but only relevant portions are discussed here. The calculated kinetics of island densities
revealed that, for fixed value of B, the island density is constant over a large range of
deposition times and decreases drastically thereafter. In contrast for small value of, %,
there is a very sharp initial increase in the island density followed by an exponential
decrease beyond a critical deposition time. Similar analysis of the dependence of island

size on B for fixed 1 values shows that for low B values there is an initial increase in
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island density beyond which it remains constant. The island density then decreases only
for very long durations of deposition (in this case > 1200 s). As the B values increases the
duration for which the island density remains constant decreases presumably due to

increased surface diffusivity.

The temperature dependence of B has been expressed in the following equation

B (V) = Boexp (-Z(t)/Zmax) (3.17)

where B, is the pre-exponential factor, Z(t) is the ratio of the surface coverage ¢ (t) with
islands at a time t to the relative number of islands n(t) on the surface at the same time t.
Zmax IS the maximum island size at which it becomes immobile, or two islands touch each
other. It can be shown from this equation that for small values of t there will be an initial
decrease in diameter of the clusters before it reaches a critical size beyond which it will

increase. This is due to the decrease in island density at longer durations of deposition.

The phenomenological models developed by Galdikas [20] and Qi et al. [21], thus shows
that films deposited on rough surfaces exhibit very different kinetics of surface coverage,
diffusion and island migration than films deposited on flat substrates. There are two
competing processes at the early stages of film growth; desorption and diffusion. A
substrate with high roughness can be modeled as having a number of peaks and valleys,
like a sinusoidal wave. At peak positions, initially, desorption dominates over the
diffusion process leading to either an increase in island density or constant island density
up to a critical duration of deposition beyond which the normal dynamic scaling behavior
occurs. Hence the films remain discontinuous for larger effective thickness retaining the
“memory” of the substrates for larger thickness. The growth on rough substrates can thus
be divided into two broad regimes abnormal and normal coalescence. The abnormal
coalescence observed in the Ag and Au films deposited on CCG substrates, in the present
work, can be explained within the framework of the phenomenological models developed
by Galdikas and Qi et al. [20,21,26]. Evidently, surface coverage is limited by roughness
of the substrates which decreases the sticking coefficients. These and other earlier reports
of film deposition on rough substrates have focused solely on smoothening of films

grown on such substrates and decreasing the island density to form continuous films. In
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the present work it is demonstrated that substrate roughness can also be used to control
shape and size of nanoclusters in the early stages of thin film growth making it a viable

technique for the fabrication of nanostructured thin films.

3.6. Summary

In summary, the growth process of metal thin films (Ag and Au) by ion beam sputter
deposition (IBSD) technique is studied. It is found that the IBSD offers very fine control
over growth of the films compared to DC sputtering and thermal evaporation technique. It
is observed that IBSD offers a great degree of control over the size, shape and
interparticle spacing in the nanostructures and nanostructured films. The films growth is
discontinuous at low ion energy deposition and become island like and continuous with
the increase of deposition time or rate of deposition. This process of growth is very well

explained by the theory of growth and nucleation.

A variety of nanostructures such as non-regular array of nanoparticles, nanoneedles and
nanoclusters have been realized. Discontinuous Ag and Au thin films were grown on
different substrate by IBSD. Two distinct regimes of coalescence are observed depending
on the substrate roughness. Normal coalescence, defined as the regime where grain
coarsening as a function of increasing deposition duration and temperature occurs, is
observed on smooth BSG substrates. Abnormal coalescence defined as the regime where
the cluster sizes decrease as a function of increasing deposition duration and temperature

occurs, is observed on rough CCG substrates.
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Chapter 1V: Optical response of single layer metal thin films

Abstract

Metal thin films have very interesting optical properties in nano-scale range. This chapter
presents the optical response of single layer Ag and Au thin films. The possibility of tuning
Surface Plasmon Resonance (SPR) by controlling the particle size and shape by the
deposition process is investigated. It is observed that the SPR peak of Ag films shifts
towards the longer wavelength depending on the particle shape and size and splitting in
SPR peak is also observed for different shape and size of nanoparticles. Similar behaviour
of optical response is observed in the case of Au thin films. The plasmon resonance shifts
towards red with the increase of thickness of the film. However, optical behaviour is
different in the case of deposition at different temperature. Ag and Au films deposited at
different temperature for fixed time shows blue shift in the plasmon resonance with
increase in substrate temperature. The observed blue-shift is a consequence of the
decreasing particle size with increase in substrate temperature. The optical behavior of the
films deposited at a fixed substrate temperature of 300°C but varying durations of
deposition is very different. In this case, SPR peak shifts towards red with the increase of
deposition time. This is due to the increase in particle size and thickness of the film.
Detailed simulations have been carried out based on Maxwell Garnett theory to distinguish
the effects of shape and size on plasmon resonances. This study shows the ability to tune
the surface plasmon resonance by controlling the particle size and shape during deposition

by IBSD technique with its wide range of control parameters.
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Chapter 1V: Optical response of single layer metal thin
films

4. Introduction

In recent years, interest in thin film metal nanostructures has increased due to their unique
optical properties and potential applications which include ultrafast optical switches,
optical tweezers, labels for biomolecules, optical filters, biosensors, surface enhanced
spectroscopies, plasmonics and chemical sensors [1, 2]. The most important requirement
of these applications is control of size and shape of the metal nanoparticles. These metal
nanoparticles exhibit local surface plasmon resonance (SPR) by interaction of incident
electromagnetic radiation with surface electrons. The ability to tune the SPR wavelength
for various applications is also an essential consideration. Among all the metals, Ag and
Au have attracted much interest for several decades due to their SPR in the visible region

of the spectrum [3-6].

In the present study, thin films of Ag and Au were deposited by lon Beam Sputter
Deposition (IBSD) technique on to borosilicate glass substrates. The chamber was
evacuated to 2 x 10 Torr and maintained at 4 x 10™ Torr after introducing the Ar gas

through during the deposition.
4.1. Optical response of Ag single layer thin films

The optical response of Ag thin films deposited at different Ar ion energies for the same
duration of deposition at ambient temperature is first investigated. The purpose of this is
to see the effect of ion energy on the optical response of the Ag thin films. Fig. 4.1 shows
the absorption spectrum of Ag thin films deposited at different ion energy for the duration
of 15 minutes deposition time. The deposition is reported in terms of duration of
deposition time instead of mentioning thickness since the films were discontinuous in
majority of the cases. The ion energy vs rate of deposition plot is shown in the previous

chapter 111 (fig.3.3) in order to estimate the thickness of the films.
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It is observed that the absorption spectra are red shifted with the increase of thickness of
the Ag films which is due to the increase in ion energy at the deposition. The peak is due
to the surface plasmon resonance (SPR) of Ag. It is observed that initially the absorption
peak was at 382 nm for the deposition energy of 150 eV and shifted to 440 nm for 200 eV
and 450 nm for 250 eV Ar ion energy. The absorption peak shifted up to 682 nm for the
film deposited at 600 eV along with broadening in width with the increase in ion energy
at the deposition. It may be recalled that increase in ion energy causes increase in rate of
deposition as well as thickness of the films. The films deposited at 600 eV are 62 nm
thick, densely packed and continuous films. These films would, therefore, display very
broad plasmon resonances. The films deposited at 150 eV, on the other hand, are only 18
nm thick and discontinuous in nature. These films should display sharper plasmon
resonances as expected. The fig.4.2 shows the absorption peak variation with the increase
in ion energy. It is observed that the plasmon resonance peak red-shifts with the increase
of ion energy. The peak positions compare very favorably with those reported by other
workers. Martens et al. [5] have reported on two dimensional silver nanoparticle arrays in
silicon. They observed that increase in Ag deposition thickness leads to larger shape
anisotropy and thus larger plasmon red shift. Sonnichesen et al. [7] reposted on the
variation of plasmon peaks with the increase of cluster sizes of gold and silver. Noguez
[8] reported on the influence of the shape and the physical environment on gold and silver
nanoparticles on surface plasmon resonance and noted that there is a red shift in the
plasmon resonance peak with increase in grain size. Lee et al. [9] have studied the effect
of the sized silver (Ag) nanoparticles on the optical property of surface plasmon
resonance. They have prepared the Ag nanoparticles on fluorine-doped-tin-oxide (FTO)
coated glass substrates by RF magnetron sputtering with various deposition times and the
subsequent rapid thermal annealing (RTA) to control the particle size. Ag films of
different thicknesses were first deposited on either glass or FTO substrate by a vacuum
sputtering technique. Some of the samples founded nanoparticles by rapid thermal
annealing. The substrate with and without nanoparticles were then sensitized by
immersing them in a 0.2 mM N719 dye solution and they investigated the absorption
coefficient by adsorbing it on fine Ag islands. The surface plasmon resonance enhanced
the absorption by the sample with Ag nanoparticles above that of the sample without
nanoparticles. They have found that the peak position of the surface plasmon

characteristic absorption increased with the grain size of the nanoparticles in a red-shift
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and also observed that the structure and the quantity of Ag particles were very critical to
the surface plasmon resonance effect. Gnanavel et al. [10] have discussed on optical
absorption behaviour of nanostructured Ag films 2, 5 and 10 nm thick obtained by
thermal evaporation. They observed that all films are quasi-amorphous and 2 nm thick
films exhibit nanotriangles in the nature of Mie particles which exhibit surface plasmon
resonance (SPR). They found that the increase of thickness produces a shape change from
nanotriangle to spherical triangle and a red shift in SPR. They also observed that the
systematic iodization throws up a quasi-particle transition namely plasmon-exciton
transition even as Ag metal film is converted into an insulating/semiconducting Agl film.
Thus, the above observed behaviour of surface plasmon resonance peak shifting towards
red shift and increase in width is due to the increase in thickness of the Ag films with the
increase of the ion energy at the deposition. Singh et al have shown how the LSPR of a
silver nanoplatelet colloid can be fine-tuned towards the blue by a controlled exposure to
a femtosecond laser of appropriate fluence. The achieved a blue shift of 40 nm with a
laser wavelength (800 nm) on the red side of the LSPR (600 nm). This shift can be
increased further by using a laser of shorter wavelength. The laser irradiation induces a
reshaping of the particle around the tips and the edges. This changes the aspect ratio
(diameter to thickness ratio) which causes the observed blue shift. They have done
numerical calculations using a model of increasingly truncated nanoplatelets that
supported their results. This controlled tuning of LSPR peak increases the usefulness of
nanoparticles for different applications. They have also shown that the stability of the
nanoplatelets against irradiation at moderate intensities can be increased by adding PVP
to the colloidal solution. The PVP molecules attach to the plane constituting the tips and
suppress the process of tip reshaping [11]. Tilaki et al. have studied the effects of the
surrounding liquid environment on the size and optical properties of silver nanoparticles
prepared by laser ablation by a pulsed Nd:YAG laser operated at 1064 nm. The silver
targets used were kept in acetone, water and ethanol. They observed that nano silver in
acetone showed a narrow size distribution with a mean size of 5 nm and the colloidal
solution was stable. In deinonised waster a rather narrow size distribution with a mean
size of 13 nm was observed and nanoparticles were precipitated slowly after about two
weeks. They observed a broadening in size distribution and optical extinction spectra in
ethanol. Silver nanoparticles in ethanol with a mean size of 22 nm were completely

precipitated after 48 h. In acetone, deionised water and ethanol, the wavelengths of
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maximum optical extinction were at 399, 405 and 411 respectively and these are

attributed in increasing the size of the nanoparticles [12].

These results clearly indicate that the surface plasmon resonances of single layer Ag films
can be tuned from 382 to 682 nm by controlling the ion beam parameters and therefore
the microstructure of the films. The resonances are broad due to the large width of

particle size distribution, as will be discussed in the following sections.

4.2. Optical response of self organized / ordered nanostructure Ag thin films

The results of the study on the optical response of discontinuous and nanostructured Ag
films are now presented. In this case, the Ag self assembled nanostructured thin films
were deposited by ion beam sputter deposition (IBSD) at low ion energy 150 eV for
which the rate of deposition as low as 0.01 nm/sec was obtained. Experiments were
carried out at 150 eV, for deposition times of 10 to 30 mins corresponding to increase in
thickness from 6 to 18 nm. The details of rate of deposition as a function of ion energy
was discussed in the previous chapter [fig.3.3]. The transition from self organized
nanoparticle array to a continuous film occurs by control of these parameters together
with the total duration of the deposition. The films were grown on Borosilicate Glass
(BSG) substrates that were kept at ambient temperature during deposition. Fig.4.3(a) and
fig.4.4(b) shows the optical absorption spectrum of self organized nanostructured Ag thin
films deposited at 150 eV ion energy for the duration of different time / thickness. The
optical absorption spectrum of the semi-continuous 18 nm film consists of a single peak
at 580 nm (curve (iii) in Fig. 4.3(a)) which shifts to 532 nm (curve (ii), Fig. 4.3(a)) for the
15 nm film. In the previous chapter [fig.3.5], it was shown using AFM images that the
microstructure in this case consists of elongated islands that are loosely connected. As the
thickness is further reduced to 6 nm (curve (i), Fig.4.3(a)) completely discontinuous
structures start appearing. This is accompanied by the appearance of two plasmon
resonances, one of which occurs at 380 nm and a broad peak centered at 440 nm (as
shown in the inset). In the case of the 9 nm thick films (curve (i), Fig. 4.3(b)) there are
two resonances one at 380 nm and a weak peak at 425 nm. When the thickness of the film
is increased to 12 nm, the absorption peak (curve (ii), Fig. 4.3(b)) at 436 nm becomes
strong, while the other resonance is relatively invariant. The self ordered nanostructures

are thus characterized by multiple resonances while the continuous films by single
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plasmon peaks. It is significant that the transition from multiple resonances to single
plasmon resonances is very sharp and tunable by microstructural evolution. The variation
in the plasmon resonance peak position and its width is dependent on thickness, packing
density of films (discontinuous or continuous) as well their shapes. However, it is
difficult experimentally to control and isolate the effect of each of these parameters on the
SPR behavior.

4.3. Optical response of Au single layer thin films

Initially, thin films of Au were deposited on borosilicate glass substrates at different ion
energies. The ion energy in this case was varied from 250 eV to 450 eV. Fig. 4.4 shows
the absorption spectrum of Au films deposited at different ion energies for the deposition
time of 30 minutes. The absorption peak for ion energy of 250 eV is observed at a
wavelength of 578 nm and 600 nm for 300 eV ion energy. With further increase of the ion
energy to 400 eV, the absorption peak is further red-shifted to 648 nm. At an ion energy
of 450 eV, the film behaved like a bulk metal with a flat peak centered at 590 nm. It is
very clearly observed that the absorption peak shifts towards red with the increase of the
ion energy. It is also observed that the width of the peak increases with the increase in ion

energy which is observed in the case of Ag thin films.

The shifts in the absorption peak and the increase in the width of the peak can be
attributed to the increase in the thickness of the films which is due to the increase in the
ion energy. The above results very well agree with the work done by others. Sreeja et al.
have prepared gold nanoparticles of different sizes by laser ablation of a gold target in
deionized water. An increase in the particle size was observed with increasing laser pulse
energy and the absorption spectrum was redshifted in wavelength with an increase in the
particle size. The optical absorptive nonlinearity of the nanoclusters showed an optical-
limiting-type nonlinearity, which finds application in the fabrication of optical-limiting
devices. The efficiency of limiting increased with a decrease in the particle size. The
nonlinear refraction of the Au nanoclusters showed a negative index value, indicating
self-defocusing-type nonlinearity. They observed that both the real and imaginary parts of
nonlinear susceptibility increased with a decrease in the particle size, which was
attributed to the size-dependent enhancement in the oscillator strength of the nanoparticle.

The stable and flexible nonlinear devices were fabricated by incorporating the Au
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nanocrystals showing better nonlinearity in a poly vinyl alcohol (PVA) matrix. The
enhancement in the nonlinear refractive index for the Au nanocrystals in the polymer
matrix as compared to the Au nanocrystals in water was attributed to the thermal effects
arising in the solid film [13]. Takeda et al. have studied on optical properties of Au
nanoparticle composites and a grid structure of Cu nanoparticle composite. Negative ion
implantation was applied to synthesize Au and Cu nanoparticles in amorphous SiO, and
Al,O;. Au nanoparticles were embedded within a depth of 30 nm by 60 keV Au
implantation. The surface plasmon resonance (SPR) of Au:SiO, and Au:Al,Os;
composites shifted to red and to blue, respectively, compared to calculated ones by the
Mie theory. They have measured optical nonlinearity with pump-probe femto second
spectroscopy and the transient spectrum of Au:Al,Os composite presented a large red
shift from the SPR peak. Image mapping of far-field transmitted intensity of Cu-
implanted SiO, with a fine grid structure drawn by laser-lithography was observed by a
scanning near-field optical microscopy (SNOM) system [14]. Neff et al. have studied
optical properties of very thin gold films evaluated by Fresnel analysis, with optical
boundary conditions pertaining to the surface plasmon resonance (SPR) at the gold—water
interface and the experimental SPR characteristic was evaluated in the angular
interrogation mode. They have characterized the film morphology by high resolution
transmission electron microscopy. They observed that the magnitude of the resonance,
i.e., the SPR signal, sensitively depends on, and is affected by film thickness and
morphology. A sharply defined thickness of 55 + 5 nm is required, to achieve optimum
SPR excitation conditions, and instrumental sensitivity. With decreasing film thickness,
below 40 nm, the resonance angle starts to shift to larger values. A substantial increase of
the intrinsic resonance broadening parameter is observed below 70 nm, associated with an
increasingly asymmetric SPR line shape. They also observed a similar effect occurs in the
presence of a very thin chromium adhesion layer. Surface roughness and film thickness

modulations determine the experimentally observed line broadening parameter [15].

Fig.4.5. shows the absorption spectrum of Au thin films deposited at 250 eV of ion
energy for duration of different time. The absorption peak deposited for the duration of 10
min was found to be at 552 nm which shifted to 560 nm for the deposition time of 15
minutes. It is observed that the peak shifts towards red with the increase of the deposition
time. The peak for the deposition time of 25 minutes is at 574 nm which shifts to 584 nm

for the deposition duration of 30 minutes. With further increase of deposition time to 35
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minutes, this peak was found to shift to 592 nm. The observed behaviour of the spectrum
is similar to the case of Ag films. The red shift in the absorption peak is due to the
increase in the thickness of the films with the increase of the duration of the deposition
time. As the thickness increases the film behaves like a bulk metal in which the volume
effects dominate over the surface phenomena and hence surface plasmons are not

observed, confirming that SPR is a purely surface and size dependent phenomenon.

4.4. Optical response of Ag and Au single layer thin films deposited at different

temperatures

The Ag and Au films were deposited by ion beam sputter deposition at ion energy of 150
eV and 450 eV for Ag and Au respectively. Here, two sets of experiment were done. One
set of experiments was carried out on Ag and Au single layer thin films by varying
deposition temperature from room temperature to 200°C and 300°C at constant deposition
time. Another set of experiment was carried out on Au single layer thin films at constant
temperature 300°C but deposition time was varied. Fig.4.6. shows the absorption
spectrum of Ag thin films deposited at 150 eV for 40 minutes.

The Ag films exhibit surface plasmon resonance due to their nanoparticle nature, as
observed from Fig. 4.6 (a) to (c). At room temperature there is a single plasmon
resonance at 452 nm which blue shifts to 424 nm at 200°C. There is a further blue shift of
the primary resonance to 384 nm at 300°C, with considerable decrease in intensity. The
absorption spectra of Au films deposited for a fixed duration of 25 mins at 450 eV argon
ion energy and varying substrate temperature is shown in Fig. 4.7. As in the case of the
Ag films, there is a blue shift in the Plasmon resonance with increase in substrate
temperature. At room temperature the plasmon resonance is observed at 628 nm, which
shifts to 610 nm at 200°C and finally to 600 nm at 300°C. The position of the SPR peak in
nanostructured metal films can shift due to variations in particle size or shape or thickness
of films or a combination of these parameters. In the current case although the average
particle increases with substrate temperature, presumably their shape also changes leading
to a stronger dipole coupling and hence a blue-shift in the SPR peak. The optical behavior
of the films deposited at a fixed substrate temperature of 300°C but varying durations of
deposition time is shown in Fig.4.8. It is observed that, for deposition duration of 5 min,

the absorption peak occurs at 534 nm. When the deposition time is increased to 10 min., it
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is red shifted to 554 nm and as the deposition time is increased to 15 min., there is a
further red shift in the absorption peak to 566 nm. Here, the red shift in the absorption
peak is attributed to the increase in thickness with the increase in duration of the
deposition time and as well as increase in the grain size as observed from the

microstructural studies.
4.5. Simulations of optical response based on Maxwell-Garnett Theory

In order to explain the observed optical behaviour of the nanostructured Ag and Au films,
we have chosen the Maxwell-Garnett (M-G) effective medium theory to model the
dielectric constant of the composite medium. Consider small spherical particles, each of
radius a having a complex dielectric constant ey, which are embedded in a host medium
of dielectric constant . The relationship between the effective dielectric constant of the
composite medium &, the dielectric constants of the constituent media and the atomic

polarizability, calculated from Clausius-Mosotti equation is

— =—a 4.1)
8+8h a

where a is the particle dipole polarizability, f (= 4n/3 Na°) is the volume fraction of the
embedded particles and N is the particle number density. For sphere size much smaller
than the wavelength of the incident light, the electrostatic value of the polarizability o is

given as [16]

€., —¢&
o=—"—N 3’ (4.2)
e, +2¢,

Substituting of Eq. (4.2) in Eq. (4.1) and further simplification results in the Maxwell-
Garnett formula [16]

€—g, _§ . Em ~&n 43)
e+2, g, +2¢, '
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This formula assumes particles to be spherical in shape. Further generalization to more
realistic, non-spherical shapes is desirable, which is done by incorporating an additional
parameter into the simple Maxwell-Garnett theory [17] to account for ellipsoidal
particles. If the incident electric field is parallel to the principal axis of the ellipsoid of
volume V, then its polarizability is given as

) VAL (4.4)
€y + L[Sm _Sh]

Then the extended Maxwell-Garnett formula [18] for parallely oriented ellipsoids is

obtained as

€ —g, 3 €n —€p

e, +L[e—¢g,] B e, + L, —¢€,]

(4.5)

The above formula is valid when the ellipsoids are all identical in shape and oriented in
the same direction, with a depolarization factor L. The expression for the spherical
particles (Eq.4.3) can be recovered as a special case of the above by substituting L = 1/3.
Further generalization of the above formula to obtain the effective dielectric constant of a
composite medium consisting of randomly oriented ellipsoid particles is possible and the

formula [19] for the same is

E—¢ fe €
1-f h —— h 4.6
D P N P (46)

where L; (i=1, 2, 3) are the depolarization factors along each of the three axes, such that
L +L,+L3=1.

Let the particle size be D and the shape factor be S. Denoting the ellipsoid diameters
along x, y and z axis respectively as D; , D, and Ds and assuming that the two lower
diameters are equal (D, = Ds), the relation between the particle size and the shape factor

can be expressed as [20].

D, =D ++1-5S) 4.7
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D, =D(1-+v1-S) (4.8)

and the depolarization factor L; is given by

4.9)

L, =2D,D,D, [ du
LT (D2 +4u)| (D2 + 4u)(D? + 4u)(D? +4u)

45.1. Simulation

The surface plasmon spectra are computed as a function of different parameters, viz., the
filling factor f, the shape factor S, the particle diameter D and different layer thicknesses

and some of the results of the current study are presented in the following.

Fig.4.9. shows the dependence of absorption on the shape factor. It is observed that with
decreasing shape factor S (=1 and .992), the resonance is red shifted, together with an
increase in the absorption. It may be recalled that S=1 corresponds to spherical particles
and all other values of S represent non-spherical shapes. We have observed that for
decrease in shape factor, the position of the resonance shifts to the red side, with an

associated increase in absorption.

The absorption spectrum of these localized surface plasmons depends strongly on the
dielectric constant of embedded particles, which in turn is dependent on the volume
filling fraction f. Varying the volume filling fraction of metal nanoparticles embedded in
the host medium (air) changes the effective dielectric constant of the composite layer,
thus influencing the absorption spectra. In fig.4.10., absorption spectra for different filling
fractions are plotted, assuming spherical shaped particles. It is observed that the plasmon
resonance is shifted towards longer wavelengths (red shift), as the filling factor is

increased from 0.5 to 1.

The oscillating behavior of electrons is governed by the geometry, which is determined
by the shape and size of metal particles. In the following analysis, particles of spheroidal
shape (prolate or oblate) alone are considered. For prolate spheroids, in which two minor

axes are equal, one observes two spectrally separated plasmon resonances (as shown in
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fig.4.4), in contrast to the single resonance for the spherical shaped particles. This
resonance position corresponds to the vanishing denominator on the R.H.S. of Eq. (4.5),

which results in the relation
ey +Li(e, —¢,)=0 (4.10)

The dielectric constant is given by

& =8m(1—%) (4.11)

Assuming the dielectric constant to be purely Drude type without any damping,

mz
&, =(1-—) (4.12)
(0]

where @, is the plasma frequency of the free electron. Simplification of the above two

equations gives,

2 mﬁl‘i
® = (4.13)
€m + I-i (1_ 8m)

For the case where L; < L, = Lgs, the plasmon resonance corresponding to L; occurs at
lower frequencies, while that for L, is present at higher frequencies, in contrast to the
behavior from the spherical case. Therefore, change in the shape factor from S=1
(spherical) to values of S<1 (spheroidal) results in splitting of the absorption peak, as
shown in fig.4.10. The separation between the peaks is a function of the filling factor for
a constant S. Significantly, the peak corresponding to oscillations of conduction electrons
along the major axis shows a red shift compared to the plasmon resonance of a sphere of

same volume.
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It is evident from Figs. (4.4) and (4.5) that changing the shape for a constant filling
fraction has a stronger influence on the resonance position as compared to the variation in

filling fraction for a given shape factor.

4.5.2. Experiment vs. Simulation

A basic absorption experiment consists of the sample under study placed in the path of a
light source and a detector. The absorption of the light beam by the sample is then
measured by the detector. The theoretically calculated absorption spectra have been fitted
to experimental data obtained for silver nanoparticles and these are shown in Figs. 4.11 to
4.14. The nanoparticles were realized in Ag thin films deposited on Borosilicate glass
substrates of refractive index ~ 1.5. The mean value of particle diameter in the films was

varied from 50 to 200 nm, with a large distribution.

The result of simulation on the bulk property of silver particles, namely the strong
absorption in the ultraviolet region ( > 4 eV ), is in good agreement with the experiment
as shown in Fig 4.11. For the particle size D = 0.1 pum and the shape factor S = 0.85, with
corresponding depolarization factors L; = 0.1514, L, = L3 = 0.4243 and the volume filling
fraction f = 0.2667, the peak position at 2.74 eV of absorption from the simulation
coincides with the experimental absorption peak, as shown in Fig.4.12. This corresponds
to the spectrum shown in fig. 4.1(deposited at 200 eV). For D = 0.1um and the shape
factor S = 0.7 and corresponding depolarization factors L; = 0.09216, L, = Ls= 0.45166
and a volume filling fraction of 0.2133, the peak position at 2.24 eV obtained from the
simulation again coincides with the experimental absorption peak as shown in Fig.4.13.
This corresponds to the spectrum shown in fig. 4.1(deposited at 400 eV). For D =0.1um
and the shape factor S = 0.5 and corresponding depolarization factors L; = 0.045, L, = L3
= 0.4775 and the volume filling fraction f = 0.0667, the peak position at 1.75 eV predicted
by the simulation coincides with the experimentally observed peak as shown in Figure

4.14. This corresponds to the spectrum shown in fig. 4.1(deposited at 600 eV).
It is apparent from the results presented above, that the theoretical simulation predicts the

localized plasmon peak position; it's splitting and also the position of the bulk plasmons.

However, there is a difference in the width of the peaks. This is probably due to the
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assumption of mono sized particles in our theoretical simulation, in contrast to the large

size distribution observed in the actual experiments.

A comparison with experimental results, presented above, shows that when the films are
discontinuous, the positions of the SPR peak is determined by the shape of the particles
rather than their size or spacing. Evidence for this appears in the form of peaks that are
split and spectrally separated (figs (4.1) and 4.3)). As the film thickness is increased, the
filling factor (referred to as packing density) increases and therefore the SPR peak
positions are completely determined by particle sizes rather than their shapes. This is
because, at higher thickness and higher packing density, the particles naturally assume
spherical shapes. Thus, using the M-G theory the contributions from shape and size of
particles can be distinguished. A point to be noted here is that the peak widths predicted
by theory and those observed in experiments are different. Theory predicts much sharper
peaks since it assumes a medium in which all particles are of the same size. However, real
materials always show a distribution of different sizes leading to larger peak widths in the

spectrums. It is observed that experimental well agrees with the theoretical calculations.
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4.6. Summary

In summary, the optical response of single layer Ag and Au thin films have been studied
briefly. In the case of Ag and Au thin films, the plasmon resonance peak is found to be
red shifting with the increase of the thickness of the films which is due to the increase in
ion energy and increase in duration of the deposition time. It is observed that the
simulation results agrees well with the experimental results and found that the shape

factor has more influence then the volume fractions.

In the case of Ag and Au thin films deposited at fixed energy at different temperature, the
surface plasmon resonance peak shifts towards blue with the increase of the temperature
and this is due to the decrease in the particle size. For the Au films deposited at 450 eV
ion energy for constant temperature 300°C and at varying duration of deposition time, it is
observed that the plasmon resonance peak shifts towards red which is due to the increase
in the thickness of the films due to the increase in duration of deposition time and as well

as increase in the grain size.
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Chapter V: Optical response of metal-metal and metal-dielectric bilayer
thin films

Abstract

This chapter presents the morphology and optical response of metal-metal and metal-
dielectric bilayer thin films. The systems studied are (1) Ag/Au (Ag as top layer), (2)
Au/Ag (Au as top layer), (3) In/Ag (In top layer), (4) Ag/TiO, and Ag/ZrO, (Ag as top
layer) and (5) Au/TiO, and Au/ZrO; (Au as top layer) bilayer thin films. In the case of
Ag/Au and Au/Ag bilayer, the underlayer thickness is constant. Morphology of bilayer is
denser than the single layer films and surface plasmon resonance (SPR) shifts towards red
and width of the peak increases with the increase of the top layer in both the cases. In the
case of Ag/In bilayer, underlayer thickness is varied and top Ag layer thickness is
constant. It is observed that SPR peak shifts towards red with splitting in the peak when
In layer thickness is increased. The observed behaviour of SPR is discussed by
hybridization model. In the case of metal-bilayer films, the bilayer thin films show
enhanced light absorption in the ultraviolet region and refractive index controlled optical
absorption at near infrared wavelengths. It is observed that the SPR of the metal exhibits a
red-shift with increase in refractive index of the dielectric underlayer. The details of this

behaviour are discussed here.
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Chapter V: Optical response of metal-metal and metal-
dielectric bilayer thin films

5. Introduction

Majority of the work on surface plasmons is either on elemental films of Ag or Au or
these elements embedded in a dielectric matrix. Experimental studies as well as theory of
the effect of shape and size of metal nanoparticles on the optical absorption and therefore
plasmon resonances in such systems have been reported [1-15]. Bimetallic and other
complex metallic nanostructures have also evinced considerable interest in the context of
their optical response [16-20]. Tuning of the SPR is usually achieved by controlling the
size, shape and spatial arrangement of nanoparticles. Further tuning of the SPR over a
wide energy range can be obtained using Ag-Au bimetallic nanoparticles, either as core-
shell or as alloyed structure [21]. A simple way to obtain Ag-Au nanoparticle systems is
deposition of metal island films as they can be obtained during the initial stage of the
deposition. Recently metal island films have been used as building blocks for photonic
and plasmonic structures [22]. Typical growth of metal island films results in wide
distribution of size and shape of particles, which can be controlled by the deposition
conditions and post-deposition treatments. However, as in the case of the elemental thin
films much of this work is focused on the Au-Ag bimetallic system with Ag-Cu being
another system that has been studied. It has been shown that bimetallic nanosystems can
be used for tuning surface plasmon resonances that may be useful for SPR applications.
Although metal multilayers with a dielectric sandwiched between the metallic layers have
been studied [23-27], the case of metallic bilayers has not been considered frequently.
Analogous to bimetallic nanostructures, which are essentially core-shell type of
structures, it is expected that the contrast in dielectric functions of two dissimilar metals

should lead to a wide range of plasmon resonances.

In other systems of metal nanoparticles, nanostructured metal/dielectric bilayers films
exhibit a diverse range of optical properties with great potential for application. Bilayers
of Ag and Au with TiO; are extremely useful for photocatalytic applications. It has been

demonstrated that TiO, and Ag/TiO; has an intense absorption of light below 385 nm due
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to the transitions near the band gap which can be exploited for photocatalytic degradation
of environmental pollutants [28-32]. Photochromism and enhanced two photon
luminescence has also been reported in Ag/TiO; [33]. ZrO,/Au nanocomposite thin films
have potential for applications in sensors [34] and catalysis [35]. An important application
of metal-dielectric nanocomposites is in surface plasmon resonance based devices where
tunability of plasmon resonance is the central issue. In noble metal thin films tunability is
generally achieved by controlling shape and size of nanoparticles. Effective medium
theories show that tunability can also be achieved by controlling the dielectric function of
the medium surrounding the metal [2, 36, 37]. This is easily realized by fabricating metal-
dielectric core-shell structures and bimetallic particles to control the position of plasmon
resonance [17, 38, 39]. The aspect of plasmon resonances in metallic and metal-dielectric
bilayers and multilayers is, however, not as well studied as metal-dielectric core shell
structures [40-42]. It has recently been shown that surface plasmon resonances in noble
metal particles can also be effectively exploited to increase efficiency of solar cells by
improving light trapping in regions of the electromagnetic spectrum where the cells have
negligible absorption [43-45]. Therefore, study on optical properties of metal/dielectric
bilayer thin films in the UV-Vis-NIR region is also important since it provides important
insight in to the electronic and band structure of the metal and the dielectric layers. In
addition, it is possible to obtain information on the microstructural origins of the optical

response.

In the present work, two types of bilayer systems were investigated. One is to investigate
the effect of metal-metal interface on SPR behaviour and the second is to study the effect
of dielectrics environment on the optical response on metal-dielectric bilayers. In the case
of metal-metal bilayer thin films the systems studied are (1) In/Ag (Ag as top layer) (2)
Ag/Au (Ag as top layer), (3) Au/Ag (Au as top layer), The metal-dielectric systems
studied are (1) Ag/TiO, and Ag/ZrO, (Ag as top layer) and (2) Au/TiO2 and Au/ZrO, (Au

as top layer) bilayer thin films.

5.1. Optical response of Ag/In bilayer thin films deposited by thermal evaporation

technique.

Silver-indium bilayer films were prepared by thermal evaporation, maintaining a pressure

of 3.5 x 10° Torr during the deposition process on to fused silica substrates at ambient
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temperature. First, pure indium (purity 99.99%) films were prepared. For these single In
layers, the characterization for optical properties, morphology, thickness and structure
analysis was done before the deposition of Ag layer on top. The In layer thickness was
varied between 3 and 30 nm. After characterizing the In layers, silver (purity 99.99%)
films of a constant thickness of 5 nm were coated on the top of all indium films. In both
cases, detailed optimization and calibration of thickness vs time of deposition was carried
out. The error in thickness estimate is of the order of +1 nm based on statistics of several
experiments. The bilayers and individual Ag layers were also characterized for all the

properties mentioned above.

They x-ray diffraction pattern for single layer of both the metal films and bilayer films are
shown in fig.5.1. X-ray diffraction pattern of a single layer In film of thickness 30nm is
shown in fig.5.1.(a). It is observed that the film has crystallized in to the body centred
tetragonal (BCT) structure showing the (101) and (202) reflections. It was observed that
the onset of crystallization occurred at a thickness of ~10 nm. The Ag layers did not show
any evidence for the presence of long-range order as observed in (fig.5.1(b)). The x-ray
diffraction patterns of the bilayers are shown in fig.5.1. (c) to (f). It is evident that the
nature of crystallinity of the Indium layers is not affected by the presence of the Ag
layers. Both the observed peaks can be attributed to Indium and there is no evidence for
crystalline indium oxide formation. The crystallite size measured from the x-ray

diffraction patterns was 40 - 45 nm.

The morphology of pure indium and silver films deposited on fused silica substrates and
silver overlayers on these indium films were studied by atomic force microscopy (AFM).
The morphology of pure Ag and In film is shown in fig.5.2(a) and 5.2(b) respectively.
Thin film deposition at ambient temperature by thermal evaporation leads to large
agglomerates due to low surface mobility of the adatoms. This is evident in the

morphology of the 3 nm thick In film shown in fig.5.2.

Both these images show similar semi continuous nature with grains of mean size 60 and
80 nm. The large grain sizes are a result of the aggregation process that is typical of
thermally evaporated thin films. At 3 nm the grain size is 60 nm, which increases to 210
nm at 20 nm and 290 nm at 26 nm shown in fig.5.3 (a) and (b). It is probably due to

aggregation of a number of smaller sized grains as stated earlier. From table 5.1 it is
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Fig.5.1. XRD patterns of (a) 30 nm thick pure In film, (b) 5 nm thick pure Ag film and In
/Ag bilayer films with In thickness of (c) 3, (d) 10, (e) 20 and (f) 25 nm.
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Table 5.1. Thickness, surface roughness and grain size of pure In and Ag films.

Thickness of film (nm) RMS surface roughness (nm) | Grain size (nm)
In—3nm 1nm 60 nm
In—15nm 6 nm 168 nm
In—20 nm 4 nm 210 nm
In—26 nm 13 290 nm
In-30 nm 9nm 350 nm
Ag-5nm 1nm 80 nm
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Fig.5.4. AFM images of Ag/In bilayer thin films with In thickness of (a) 3, (b) 15 and (c)

20 nm and its corresponding height profile.
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Table 5.2. Thickness, surface roughness and grain size of Ag/In bilayer films.

Thickness of Ag/In film RMS surface roughness Grain size (nm)
(nm) (nm)
8 nm 2nm 80 nm
20 nm 7nm 100 nm
25 nm 5nm 120 nm
31 nm 15 nm 300 nm
35 nm 5nm 280 nm

observed that the surface roughness of the In films increases from 1 nm at 3 nm to 13 nm
at 26 nm and decreasing thereafter at 30 nm. The morphology of the bilayers is much
more uniform as seen in fig.5.4.(a) and (b) for two different thicknesses of In and

presented in table 5.2 for all the films.

The roughness of the films increased from 2.14 nm at 8 nm to 7.26 nm at 20 nm and 5.78
nm at 35 nm. These values clearly indicate the granularity of the surfaces under

consideration.

The growth of the films follows the structure zone models that have been used to describe
the evolution of thin film microstructure as a function of surface adatom mobility which
is described in the chapter 111 [46-50]. At substrate temperatures (Ts) much lower than the
melting point (T,) of the elements the adatom mobility is insufficient for impacting
vapour atoms to move on the substrates. The adatoms freeze instantly on impact on the
substrate and subsequent atoms deposit on these initial layers leading to a columnar
microstructure as observed in the AFM images shown in fig5.2(a). The melting point of
In is 156.61°C and therefore deposition at ambient temperature gives a value of 0.2 for
the ratio of T¢/T, For silver with a melting point of 962°C, this value is even lower. Thus,
the films exhibit the Zone | type of microstructure expected from the structure zone
models. Furthermore in the initial stages there is agglomeration of the condensing atoms
giving rise to a “cauliflower” type of growth on the top surface and therefore a roughness
which is comparable to the thickness or in some cases greater than that. This is again
evident in the morphology shown in fig.5.2(b) where both roughness and height of the

agglomerated objects is comparable to the thickness of the films.
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The absorption spectra of pure indium films deposited on fused silica substrate are shown
in Fig.5.5 (a) to (e) for different thicknesses. From the spectra, it is observed that the
absorption peak for the single layer films is red shifted with increase in thickness. For the
3 nm In film there is a peak centered at 372 nm with a width of 180 nm. On further
increase in thickness to 10 nm, there is appearance of a “shoulder” at the shorter
wavelength side while the main absorption peak shifts to a wavelength of 420 nm and the
width increases to approximately 225 nm. Further increase in the thickness results in
sharpening of the low wavelength peak at 320 nm with the “shoulder” appearing on the
longer wavelength side. In both cases, the peak is centered around 390 nm with a width of
approximately 200 nm. The 30 nm thick film showed a very broad peak in absorption at
685 nm with a very high long wavelength tail. The single layer Ag film (fig. 5.5(f))

showed a peak at 590 nm.

The features in the optical absorption of a metal thin films normally arise from either
scattering, interband transitions or the presence of plasmons. Each of these features are
evident in different regions of the spectrum and can be detected depending on the
crystallographic texture or microstructural evolution of the films. Surface plasmons are an
entirely size dependent effect observed only in nanostructured metal thin films. There are
very limited reports on studies of plasmon resonances in In films [51-54]. In a significant
study, Anno and Tanimoto [51] have investigated the size dependence of interband
transitions and optical plasmon resonances of In nanoparticles in In thin films. They
varied the particle size over the range of 22 to 52 nm with increase in thickness from 4.4
to 11.6 nm and observed two features in the optical absorption spectra one of which was
centred around 234 nm and the other at 335 nm. The latter feature showed a size
dependent shift. While the feature at 234 nm has been attributed to interband transition,
the feature at the longer wavelength is attributed to optical plasmon resonance. Rama and
Pino [52] have studied plasmon resonances of In nanoparticles synthesized by preparing a
hybrid of In and toluene and In and paraffin oil mixtures. In this study by varying the
particle sizes from 1.3 to 12 to 107 nm they found plasmon resonances at 281, 291, 319,
340 and 350 nm.

On coupling the In and Ag layers, very interesting behavior in optical absorption is

observed as shown in fig.5.6 (a) to (e).
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Fig.5.5. Absorption spectrum of pure In films with increasing thickness (a) 3, (b) 10, (c)
20, (d) 25 and (e) 30 nm and (f) absorbance spectrum of the 5 nm thick pure Ag film.
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Fig.5.6. Absorption spectrum of Ag/In bilayer films with In thickness of (a) 8, (b) 10, (c)
20 (d) 25 and (e) 30 nm.
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It should be noted that the thickness of the Ag layer is maintained constant at 5nm in the
following discussion. Only the thickness of the In layer in the Ag/In bilayer is varied and
hence only that thickness is mentioned. For the 3nm thick In film in the Ag/In bilayer two
resonances appear. The first peak is at a wavelength of 495 nm while the second peak is
at a wavelength of 860 nm. For the 10 nm thick In film in the Ag/In bilayer, the splitting
in the resonances is decreased with a peak at 380 nm and a broad shoulder centered
around 480 nm and for 20 nm Ag/In films, the splitting in the resonance further decreased
with a peak at 374 nm and a broad shoulder around 456 nm. Further increase in the
thickness of the In layer causes the merger of these two peaks and the appearance of a
single resonance (fig 5.6(c)) at 560 nm (for the 20 nm In layer) and finally a red shift to
640 nm for the 30 nm thick In layer (fig. 5.6.(e)).

5.2. Optical response of Ag/Au (Ag as top layer) and Au/Ag (Au as top layer) bilayer

thin films

Ag/Au (Ag on top layer) and Au/Ag (Au on top layer) bilayer thin films were deposited
by ion beam sputtering technique on borosilicate glass substrate from Ag (99.99%) and
Au (99.99%) target material at ambient temperature. In both the bilayer case, the
thickness of bottom layer was kept constant whereas top layers thickness was varied by
depositing for different time. The Ag films were deposited at 150 eV of ion energy and
Au films were deposited at 250 eV of ion energy. The chamber was evacuated to 2 x 107
Torr before introducing Ar gas and deposition was carried out at 4 x 10 Torr throughout
the experiment. Optical absorption spectrum was measured from 190 nm to 2500 nm
wavelength using a UV-Vis-NIR spectrophotometer and the microstructure and

morphology analysis were carried out in an atomic force microscope.

The morphology of the single layer Ag and Au is shown in fig.5.7 (a) and (b)
respectively. Morphology of bilayer Ag/Au and Au/Ag film is shown in fig.5.8 and
fig.5.9. It is observed that the morphology of single layer of Ag and Au thin films are
semi continuous with an average grain size of 40 — 60 nm in both the cases. The Ag film
has more spherical in shape and the grains in Au film are island kind connected to each
other. The film becomes denser and continuous in the case of bilayer films in both the
cases and grain size remains same. The continuous nature of the film is due to the

contributions from both the layers.
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Fig.5.10. shows the absorption spectrum of single layer Ag and Au thin films. The surface
plasomon resonance (SPR) peak for single layer Ag is at 444 nm and Au is at 586 nm.
When Au is coated on Ag layer, the SPR peak is found to be shifted and the same case is
observed when Ag is deposited Au single layer. Fig.5.11. shows the absorption spectrum
of Ag/Au bilayer thin films in which case the thickness of Au layer is constant and Ag
layer is varied. Here, it is observed that the SPR peak shifts towards red with the increase
of the thickness of the Ag layer which is very true for the single layer Ag thin films [55].
Fig.5.12. shows the absorption spectrum of Au/Ag bilayer thin films.

Here, Au is top layer with different thickness and Ag is bottom layer with constant
thickness. In the case of Au/Ag too, the SPR peak shifts towards red with the increase of
thickness. It is clearly observed from the SPR peak that the width is increasing with the
increase of the thickness of the film in which case, it could be said that the affect on SPR

is due to the hybridization of the metal layer.

5.3. Origin of splitting and broadening of plasmon resonance peaks in metal-metal

bilayers

The nature of plasmon resonances in a single layer of metal embedded in a dielectric
matrix have been studied theoretically, as stated in chapter 1V, within the framework of
Mie and Maxwell-Garnett theories and the Effective medium approximation [56-58].
These theories describe the modification of the applied electric field by the dipole fields
of individual polarizable spherical metallic particles embedded in a dielectric medium.
These models are valid in the size regime where the macroscopic Maxwell’s equation can
be applied, which is true so long as their dimensions are less than the wavelength of light
in the medium. Starting from Clausius-Mosotti equation it can be shown that if x is the
volume fraction of the insulator then the dielectric function of the metal ¢, and ¢; is that of
the insulators can be expressed in the form

¢(0) — & (v) &n (0) — & (@)

=(1-x)

(5.1)
&(w) +2¢, () &, (@) +2¢, ()
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Equation (5.1) assumes that the particles are spherical in shape. The non-spherical shape
of the particles is taken in to account by introducing the depolarization factors Ly, so that

the equation becomes

@ -s@) (@) )

(5.2)
e(o) + 2¢, (o) Lyén (@) +(@A-L,)e (@)

For spheres L, = 1/3 and in general 0 < L, <1.

These equations have been used to theoretically predict the position of surface plasmon
resonance peaks and that a combination of volume fraction less than 1 and non-spherical
shapes can lead to splitting of the plasmon resonance peaks. The magnitude of splitting is
dependent on the strength of dipole interactions due to a combination of the volume
fraction and anisotropy in shape (also called the “shape factor”). This model has been
used very successfully to describe various features observed in the absorption spectrum
for single layer metal films. Typically effects due to scattering are observed in the
infrared while the contributions due to interband transitions occur at frequencies well
separated from the plasmon resonance. The interband transition for In, Ag and Au occur
at occurs at wavelengths around 950, 310 and 250 nm respectively [59, 60]. It is thus
evident that the features in the absorption spectra of individual metal layers contain
contributions from plasmon resonances with splitting due to shape and volume fractions,
and scattering. In the case of thicker films the scattering effects dominate over the
plasmon resonances leading to complete suppression of the plasmon resonance which is
manifested as a broad peak for the 30 nm film. The red shift with thickness of the films is
due to a combination of the change in shape of particles and the porosity of the films (i.e.

volume fraction).
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The observed plasmon resonance behavior in the metal bilayers can be explained based
on the plasmon hybridization model, proposed by Prodan et al. and refined by other
workers [61-63]. According to this model, the metal nanoshell can be considered as a
two-interface system that supports two distinct plasmon modes, one due to the outer shell-
surface of the sphere mode (top layer in the current case) and the other is the inner shell-
surface cavity mode. These modes couple or hybridize with each other, leading to a
splitting into two new modes. They further show that the antisymmetric combination of
these modes results in a blue-shifted plasmon mode, while the symmetric combination
results in a lower red-shifted plasmon mode. The symmetric combination of these modes
leads to a plasmon resonance that lies in the visible or near-infrared region. The strength
of this plaasmon interaction thus determines both the position of the resonance and the
extent of the splitting. Thus, the absorption spectrum will exhibit features of both metals,
depending on relative concentrations and also a band due to the coupling of the
aggregated particles. This is evidently the case in the metal bilayers, in the current study,
leading to plasmon resonances over a large range of the spectrum from approximately

370 to 686 nm in both the bilayer cases.

5.4. Optical response of metal/dielectric bilayer thin films

In this work, Ag and Au films were deposited on to the TiO, and ZrO, thin films.
Initially, The TiO, and ZrO, films were deposited by the sol-gel approach on to
Borosilicate glass (BSG) and fused silica substrates, respectively, [64] with thicknesses in
the range of 200 to 300 nm. The reason for depositing the ZrO, films on the fused silica
substrates is that their band gap is larger than that for BSG. Hence, to estimate the band
gap it was necessary to deposit on a substrate that had a larger band gap than ZrO,. The
band gap of SiO; is 8.9 eV while that of ZrO, is ~5eV. On the other hand, the band gap of
the BSG substrate is 4.2 eV. The refractive index in the dispersion free region of the
spectrum is 1.9 and 2.2 for the ZrO, and TiO; films, respectively. The prepared films
were characterized for structural, microstructural and optical properties and then the Ag
and Au films were ion beam sputter deposited onto the dielectric layers with Argon ions
of energy in the range of 150 to 450 eV and beam currents of 4-6 mA. The target
substrate distance was about 14 cm. The combination of low energy, low flux and large
substrate distances resulted in extremely good control over the microstructural evolution
of the Ag and Au films.
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The following stacks were studied in the present investigation: Ag(or Au)/TiO2/SiO, and
Ag(or Au)/ZrO,/SiO, and studied for structural, mictrostructural and optical properties

for all the films.

The first objective was to prepare TiO, and ZrO, films with a dense microstructure
suitable for the deposition of Ag and Au films on top of these layers. This was achieved
after a detailed optimization of the sol-gel coating process. Typical morphology of the
optimized TiO, and ZrO, films, obtained from atomic force microscopy, is shown in
fig.5.13 (a) and (b). It is evident that films are smooth and very densely packed with
particle sizes of the order of 30 to 50 nm in both the cases.

The morphology of the 18nm thick Ag films deposited on top of the different dielectric
layers at 150 eV Ar ion energy, obtained from atomic force microscopy, is shown in
fig.5.14 (a) and (b). A typical high resolution TEM image of the Ag film deposited on the
Cu grid is shown in fig. 5.14(c) and the corresponding electron diffraction pattern is
shown in fig.5.14(d). Analysis of the electron diffraction pattern shows that it corresponds
to a polycrystalline Ag film. It is observed that the surface morphologies of Ag films on
TiO, and ZrO; are very distinct. The Ag surface consists of discontinuous particles of size
60-80nm on TiO,. The film deposited on ZrO,, on the other hand, is very dense with
particle sizes of the order of 20-50 nm. In contrast, Au films deposited on TiO; are
continuous whereas the discontinuous nature is observed for films deposited on ZrO,.
This is evident from the AFM images of 30 nm thick Au films, shown in figs. 5.15 (a)
and (b). The TEM image of the Au film deposited on the Cu grid (fig.5.15(c)) shows the
discontinuous nature of the film. The corresponding electron diffraction pattern, shown in
fig. 5.15(d), reveals that the film is polycrystalline in nature. The crystal structure
behavior is similar to that exhibited by Ag films deposited on the Cu grid (fig.5.14(c)).
The differences in microstructure can be attributed to the fact that the wettability of Ag
(Au) on TiO; and ZrO; is not the same. In general, it was observed that the packing
density of the metal films increased with increase in duration of deposition at a fixed

energy as observed from the AFM images.
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Fig.5.13. AFM images showing the dense surface morphology of the sol-gel prepared (a)
TiO, and (b) ZrO; films.

Fig.5.14. AFM images of Ag, ion beam sputter deposited at 150 eV on (a) TiO; and (b)
ZrO; films (c) High resolution TEM image of Ag film on Cu grid and (d) is the

corresponding electron diffraction pattern, showing the polycrystalline nature of the film.
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Fig.5.15. AFM images of Au, ion beam sputter deposited at 250 eV on (a) TiOz and (b)

ZrO; films, (c) High resolution TEM image of Au film on Cu grid and (d) is the
corresponding electron diffraction pattern, showing the polycrystalline nature of the film.
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The microstructural evolution of thin films at low rates of deposition has been the subject
of many simulations [65-68]. It has been shown that the condensation process at low rates
of deposition and ambient substrate temperature is characterized by the formation of
microvoids. The packing density shows a very sharp transition as the substrate
temperature increases for low rates of deposition, of the order of 0.1 nm/s, which is

similar to the current case.

At this rate of deposition, the energy on impact is not sufficiently large to overcome the

activation energy barrier, Q, for surface diffusion. Activation energy, Q, is given as:

20T
Q=05+ ?T_)kTm (5.3)

m
where T is the actual temperature and Ty, is the melting point of the material. From this
equation it can be calculated that at ambient temperature, for silver, Q is of the order of 1
eV. Hence, the incident energy of particles sputtered from the metal target, at low
incident ion energies, is < 1eV on impacting the substrate surface. Therefore, these
particles freeze on impact without diffusing on the substrate surface. At higher rates of
deposition the impacting particles have sufficiently large energy to overcome the

diffusion barrier of 1 eV and agglomerate forming dense microstructures.

The effect of thickness of the metal thin films on the optical response of the bilayers was
first examined and is shown in figs. 5.16(a) and (b). In this case, Ag of 9 nm thick and Au
of 15 nm thick films were deposited on the dielectric layer of TiO, and ZrO; films. The
optical response of Ag (9nm thickness) and Au (15nm thickness) on TiO is shown in
fig.5.16(a) while the optical response of the same thickness metal films on ZrO; is shown
in fig. 5.16(b). In both cases, i.e. Ag/dielectric and Au/dielectric, due to the low metal
layer thickness (Ag = 9 nm and Au=15 nm), the optical response of the bilayer was
dominated by the interference effects of the dielectric layer. A critical thickness of the
metal layer has to be reached for unambiguous observation of surface plasmon resonances
of the metal deposited on top of the dielectric layer. Therefore, the rest of the study was
carried out at higher thickness of the metal films; 18 nm in the case of Ag and 30 nm for
Au.
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Fig.5.16 (a) The measured extinction spectra of  the Ag (9nm)/ TiO, and Au
(15nm)/TiO; bilayers. Also shown is the measured extinction spectrum of the TiO, single
layer. (b) The measured extinction spectra of the Ag (9nm)/ ZrO, and Au (15nm)/ZrO;
bilayers. Also shown is the measured extinction spectrum of the ZrO, single layer.
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The measured extinction spectra have been divided into three distinct regions as shown in
figs. 5.17 (a) and (b). Region I, which is the window of wavelengths between 200 to 350
nm, contains information about absorption in the proximity of the band gap of the
dielectric. Region Il extends from 350 to ~800 nm and reveals information about plasmon
resonances in the metal films. Region Il consists of wavelengths >800nm in the NIR

region and contains information about the optical response due to free electrons.

The extinction spectra (in the region from 200 to 2500 nm) of the bilayers consisting of
18 nm thick Ag films deposited on different dielectrics is shown in fig.5.17(a). The
corresponding extinction spectra (in the region from 200 to 2500 nm) of the bilayers
consisting of 30 nm thick Au films deposited on different dielectrics is shown in fig.
5.17(b).

The optical response of the Ag/dielectric layer in the region | is shown in figs.5.18(a) and
(b). It is evident from these figures that there is an increase in optical extinction by almost
7 times, in the region of the band gap of the dielectric, in both cases. There is enhanced
light absorption in the region of the band gap due to the presence of the metal layer.
Interestingly, the enhancement in absorption is accompanied by a shift in the absorption
edge in both cases. Closer examination of this feature reveals that the onset of the
(shifted) edge occurs at 310 nm or 3.98 eV. The position of this feature is, however,
independent of the dielectric underneath the metal. This suggests that the feature cannot
be interpreted as a shift in the absorption edge of the dielectric underlayer. It is known
that Ag has a strong interband transition at 3.98 eV [69, 70].

Evidently, this feature can be assigned to the interband transition of Ag which in turn
leads to the anomalously large absorption at this wavelength as observed from the

spectrum.

The expanded view of plasmon resonance behavior of the Ag films on dielectric layer,
corresponding to region Il is shown in fig.5.19. It is observed that on both dielectrics,
only a single plasmon peak occurs. The wavelengths at which these appear are 424 and
434 nm, for ZrO, and TiO, respectively. As stated earlier, the refractive index of ZrO,
and TiO; are 1.9 and 2.2 respectively. There is thus a red shift in the plasmon resonance

as the dielectric constant of the underlayer increases.
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Fig.5.17(a). The measured extinction spectra of the Ag/ dielectric bilayers consisting of
18 nm thick Ag films deposited on TiO, and ZrO; films.
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Fig.5.17(b). The measured extinction spectra of the Au/ dielectric bilayers consisting of
30 nm thick Au films deposited on TiO, and ZrO, films.
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Fig.5.18. The measured extinction spectra in region | for (a) Ag(18nm)/ZrO; and (b)
Ag(18nm)/TiO; bilayers. For comparison the extinction spectra of the single layer ZrO,

and TiO, films in region | are also shown.
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Fig.5.19. The measured extinction spectra in region Il for Ag/ZrO, and Ag/TiO; bilayers.
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The region | of the spectrum in the case of Au deposited on ZrO, and TiO; is shown in
figs. 5.20(a) and (b) respectively. The behaviour, in this region is similar to that observed

in the case of the Ag/dielectric bilayers.

When the Au layer is deposited on top of the dielectric, a strong absorption edge at a
wavelength of 220 nm is observed on both TiO, and ZrO,. As in the case of Ag bilayers it
is interpreted as the manifestation of interband transitions in Au [70, 71] and not as a shift

in the band gap of the dielectric.

The effect of dielectric underlayers on the plasmon resonance of the Au layers is shown
in fig.5.21. Two plasmon resonances are observed for the Au films deposited on to ZrOo,
whereas only a single resonance is observed for the film deposited on TiO,. For Au films
on ZrO, these occur at wavelengths of 355 and 630 nm and at 640 nm on TiO,. The red
shift in the main peak around 600 nm can attributed to the increase in the dielectric
constant of the underlayer whereas the appearance of the additional peak is due to the

variation in microstructure of the Au films on each of these dielectric underlayers.

It can be observed from fig.5.16 (a) and (b) as well as fig.5.17 (a) and (b) that the optical
absorption in the IR region (region II) increases with increase in the dielectric constant of
the underlayers. In addition, there is a significant change in the IR absorption of the
dielectric layers with and without the metal layer on top as shown in fig.5.16 (a) and (b).
It is evident that the IR absorption decreases when the metal layer is deposited on top of
the dielectric.

The behaviour observed in regions Il and Il for both sets of bilayers can be examined
within the framework of known theories/models. For a spherical metal nanoparticle of
diameter a(<< A) embedded in a nonabsorbing surrounding medium of dielectric constant

em, the expression for the particle polarizability,  can be written as [2]:

a = 4na® =5 (5.4)
E+2 m

143



20 2.0

. (a) | (b)
—~ 15} A 15 =
- u/Zro .
.3 2
: * Au/T|O2
c 10 10 Ik
9 |
= I
2 / TiO,
">"< 0.5 0.5 -
m =
00 00 i | { | i I
200 200 300 400 500

Wavelength (nm)

Fig.5.20. The measured extinction spectra in region | for (a) Au(30nm)/ZrO; and (b)
Au(30nm)/TiO- bilayers. For comparison the extinction spectra of the single layer ZrO;

and TiO; films in region | are also shown.
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Fig.5.21. The measured extinction spectra in region Il for Au/ZrO, and Au/TiO; bilayers.
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with the complex e=¢(w) describing the dispersive dielectric response of the metal and a
is the particle diameter. From this equation it can be shown that there is a red-shift in the
spectral position of the plasmon resonance with increasing dielectric constant of the

surrounding host.

This is due to the buildup of polarization charges on the dielectric side of the interface,
thus weakening the total restoring force. For ellipsoidal (non-spherical) particles with
principal axes a, b, and c, an analogous expression can be found in the quasistatic
approximation by introducing geometrical depolarization factors L; along these axes,

leading to.

£—g,

a=4rabc——™—
&+ Li(g_gm)

Y L=1fori=123 (5.5)

For spherical particles, L;=L,=L3=1/3. For spheroidal particles, Li=L,, the plasmon
resonance thus splits into a strongly red shifted long-axis mode and a slightly blue shifted

short axis mode.

The optical response observed in the current study is consistent with that predicted by the
model proposed by Yoshida et al. [72].

Hilger et al. have studied plasmon resonance behavior of silver nanoparticles on different
dielectric surfaces, such as Cr,0s3, SiO, and MgF; [36]. They have clearly demonstrated
that the effect of contact area of nanoparticles on the plasmon band is to cause a red-shift
in the position of the plasmon peak as contact area increases. Similarly, as the dielectric
constant of the underlying dielectric surface increases there is a red-shift in the plasmon
resonance. Kelly et al. [37] have also shown that there is a red-shift in the plasmon
resonance peaks of silver as the contact area and refractive index of the host medium
increases. It is thus clear that red-shift in the plasmon resonance peaks observed in the
current experimental study is consistent with the predictions of theoretical models as well

as experimental observations made by other workers.
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The Drude model can be used to explain the absorption spectra of the metal films in the near IR
region shown in figs 5.15 and 5.16) [40]. The dielectric function at a frequency w, from this
model, is given as

2
()

e(w)y=¢, —————— (5.6)
o(o+iw,)

Effects from interband transitions on the background polarizability are included in e-. The Drude
parameters @y and @; describe the plasma frequency and the relaxation rate of the free charge
carriers, respectively. When @, is much higher than IR frequencies and @,<< @, then the Drude
dielectric function has a strong negative real part in the IR region. This corresponds to a
considerably high polarizability. Above the so called plasma edge, the high metallic
reflectivity drops down to values that depend on background polarizability and interband
transitions. The high reflectivity at lower frequencies is related to the small penetration
depth (skin depth) of IR light into the metal. For @, in the mid IR (as in the case of defect-
rich noble metals) the skin depth is typically 10 to 50 nm for metals (the thickness range of the
metal films in the present study). Therefore, metal films of a few nm in thickness are
partially transparent in the IR. In the present case the absorption is also affected by the
presence of the dielectric layer underneath the metal layer. It is also evident that
absorption will be affected by the first term in equation 5.6, which has contributions from
the metal as well as the dielectric. The results clearly indicate that the metal/dielectric
bilayers have interesting optical behaviour in all three regions of the spectrum studied

which can be exploited to many applications.

5.5. Summary

Ag/In bilayer thin films have been deposited on to fused silica substrate by thermal
evaporation and its microstructure, structure and optical properties were studied. It is
observed that the microstructure evolution follows the structure zone models, exhibiting a
largely columnar microstructure with varying degrees of porosity. It is observed that the

surface plasmon resonance can be red shifted by employing a combination of thickness
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and grain sizes as the control parameters. The splitting was observed in the SPR peak

which was explained by a hybridization model.

In the case of Ag/Au (Ag as top layer) and Au/Ag (Au as top layer) bilayer metal thin
films deposited by IBSD technique on glass substrate, the morphology of the films are
found to be denser and continuous in the case of bilayer films than the single layer. It is
observed that the SPR peak shifts towards red and width of the peak also increases with
the increase of the top layer of the films. This shift is again explained by the hybridization

model in the case of metal/metal bilayer thin films.

The Ag and Au films were IBSD on to the thin films of ZrO, and TiO, prepared by sol-
gel technique. It is observed that the growth of Ag on TiO; and ZrO;, is different than the
Au on these dielectrics. It is observed that these bilayers can be used to enhance light
absorption in the UV region of the spectrum. The metal/dielectric bilayers exhibit red-
shift in surface plasmon resonance peaks with increase in refractive index of the dielectric
underlayer. The optical absorption in the near infrared region can also be controlled by

varying the refractive index of the dielectric underlayer.
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Chapter VI: Overview of the present work and future prospects

6.1. Summary

The work presented in this thesis is mainly focused on the study of structure,
microstructure and optical properties of Ag and Au metal thin films. One of the main
objectives of the work was to deposit very thin self assembled nanostructured films by ion
beam sputter deposition (IBSD) technique at very low ion energy. The summary is
categorized in two sections,(1) microstructure and structure and (2) optical response of

single and bilayer metal thin films.

6.1.1. Microstructure and structure

In summary it has been shown that the IBSD technique offers very fine control over
growth of the films compared to DC sputtering and thermal evaporation techniques. It is
observed that IBSD offers a great degree of control over the size, shape and interparticle
spacing in the nanostructures and nanostructured films. Growth is found to be
discontinuous at low ion energy and the process of growth mechanism is very well
explained by the theory of growth of thin films. Varieties of nanostructures such as non-
regular arrays of nanoparticles, nanoneedles and nanoclusters have been realized. In the
growth process, two different coalescence regimes are observed depending on the
substrate roughness. Normal coalescence, defined as the regime where grain coarsening
as a function of increasing deposition duration and temperature is observed on smooth
BSG substrates. Abnormal coalescence defined as the regime where the cluster sizes
decrease as a function of increasing deposition duration and temperature is observed on
rough CCG substrates. It is observed that gold films are less discontinuous than the silver
films with lower island density. At room temperature, the Ag nanoparticles are nearly
spherical in shape with interparticle separation that is larger than the particle diameter.
The Au particles cluster together to form the boot-shaped aggregates. The number density
of these aggregates is small and the separation is smaller than their size on average. As
substrate temperature increases, the size of particles, in Ag and that of aggregates in Au
decreases. It appears that the number density decreases in Ag but remains constant in the

case of Au. Both films show polycrystalline nature.
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6.1.2. Optical response

The surface plasmon resonance (SPR) peak of single layer Ag and Au films are found to
be red shift with the increase of ion energy and the duration of deposition time which
causes in increase in thickness and grain size. Thus the shift here is due to the increase in
the thickness of film and grain size. In the case of Ag and Au thin films deposited at
different temperatures, the surface plasmon resonance peak shifts towards blue with the
increase of the deposition temperature which is due to the decrease in the particle size
with the increase in deposition temperature. In the case of Au films deposited at 300°C for
different durations, the surface plasmon resonance peak shifts towards red with the

increase of the deposition time and this is attributed to the increase in film thickness.

In the case of metal-metal bilayer for Ag/Au (Ag as top layer) and Au/Ag (Au as top
layer) thin films, it is observed from AFM images that the films become denser in the
case of Ag/Au and Au/Ag bilayer than the single layer of Ag and Au. Their optical
response shows that the surface plasmon resonance peak shifts towards red in both the
bilayer case and this shift is very well explained by a model called the plasmon

hybridization model.

In the case of Ag/In bilayer thin films, microstructure showed a large grain size with the
columnar growth in single layer films and in bilayer, microstructure showed aggregation
and forming large grains. It is observed in single layer In films that the SPR shifts
towards red with splitting with the increase of the In thickness and in the case of bilayer
Ag/In thin films, initially the SPR shifts towards blue and splitting with the increase of In
thickness and at higher In thickness, SPR shifts towards red vanishing the splitting. The

observed behavior of SPR is also very well explained by plasmon hybridization model.

In the case of Ag/TiO,, ZrO, and Au/TiO,, ZrO, bilayer thin films, it is observed from the
AFM image that the dielectric layer films are densely packed. Morphology of Bilayer
Ag/TiO; thin films were found to be discontinuous where as Ag/ZrO, thin films was
continuous and dense. The opposite is observed in the Au/dielectric bilayer case. This is
due to the difference in wettability of Ag and Au to the different dielectric materials. In

optical response it is observed that there is enhanced light absorption in UV region in the
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bilayer films. Metal/dielectric bilayer exhibits red shift in SPR peaks with increase in
refractive index of dielectric underlayer and it is found that the optical absorption in the
NIR region can also be controlled by controlling the refractive index of the dielectric

layer.

The current work demonstrates the feasibility of ultra-low energy ion beam sputter
deposition as a technique for the deposition of discontninuous metal thin films with
controllable shape, size and separation of particles leading to tunable optical response in

the UV-Visible-NIR region of the electromagnetic spectrum.

6.2. Future prospects

lon beam sputter deposition offers a very fine control over the growth of thin films as
observed from the recent experiments. We have achieved nanostructured metal thin films
by depositing at low ion energy. The future prospects include deposition of ordered or

patterned nanostructure thin films by controlling various parameters of IBSD system.

Random nanostructure is characterized by a wide distribution in sizes and shapes of
metallic clusters and they exhibit a broad plasmon resonance that can cover from visible
to infrared spectra. Local field enhancement for this kind of structure exists over this
entire spectrum and the magnitude of this enhancement is difficult to predict. Therefore,
the near field optical properties and to map the local field enhancement of these
nanostructures by scanning nearfield optical microscope (SNOM) would be very

interesting.

Another area could be to use these materials in the study of non linear optical properties
because Ag and Au embedded in different dielectric shows interesting non linear optical
properties. It is known that surface plasmon resonance is very sensitive to its shape, size
and the environment in surroundings and iodization of ultra thin metal films causes a
controlled depletion of electron density leading to a gradual disappearance of plasmons.

This could be interesting to study the optical properties by iodizing these metal films.

Another area that is of extreme importance in nanophotonics is the area of sensors and

waveguides. Such applications can also be explored in the future.
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